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OVERVIEW

In the last two years several ground based and airborne wake vortex campaigns have
been performed with the DLR coherent Doppler Lidar. The objectives of those cam-
paigns were (i) measurements for comparison with the wake vortex prediction and
monitoring system WSVBS, (ii) the measurement and description of wakes generated
by the new Airbus A380 aircraft and a reference aircraft for the ICAO aircraft separation,
and (iii) the observation of the influence of different aircraft configurations on the vortex
life time in the project AWIATOR.

1. INTRODUCTION

As a consequence of lift, aircraft produce a downdraft beneath the wings air. Because of
the shear between the subsiding and the unaffected air wake vortices are rolled up. The
behaviour of that wake vortices is a major issue in aeronautical research. Besides other
topics in this context (contrails, fuel consumption), wake vortices are a matter of safety
and risk management because following aircraft may be endangered.

Trailing wake vortices can be measured by Doppler radar [1], continuous wave (CW)
Lidar [2] and coherent Doppler lidar. To measure with coherent Doppler lidar is rather
new [3, 4, 5], but the method has been proven to be successful in a number of studies
[6, 7, 8].

This paper gives a brief overview about the coherent Doppler lidar instrument that is
used by DLR, the measurement technique, some campaigns as examples, and corre-
lated results.

2. MEASUREMENT REQUIREMENTS AND INFLUENCE OF METEROLOGIC
CONDITIONS

In the atmospheric boundary layer the measurements can be performed with a ground
based lidar. In the typical configuration, the lidar performs an elevation scan with the
line of sight (LOS) perpendicular to the vortex axis (Fig. 1, left) [9]. A low scanning
speed of 2° or less per second is sufficient because the vortex is moving relatively slow
in the lidar coordinate system. The advantage of this setup is also a generally high
aerosol load and humidity in the atmospheric boundary layer, leading to a high back-
scatter coefficient and high quality vortex measurements. The disadvantage however is
the property of the boundary layer itself. The atmosphere near the ground is either lay-
ered at calm wind conditions and low turbulence or it is well mixed and very turbulent.
Both atmospheric conditions have a significant influence on the behavior of wake vor-
tices. In addition, the topology and surface roughness have an impact that is difficult to
predict if a vortex is generated in proximity to the surface.

In the free atmosphere the conditions are generally more homogeneous, compared to
the boundary layer, and close to neutral stratification. However, the main drawback here
is mostly the lack of aerosol particles resulting in a pretty poor signal to noise ratio mak-
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ing good lidar measurements impossible. This restriction can be overcome by (i) using
smoke generators at the generating aircraft or by flying (ii) under contrail generating
conditions or (iii) in a hazy atmospheric layer. Here limiting factors are either the finite
time of smoke generation or the prediction of these rare conditions. For wake vortex
observations in the free troposphere, the Doppler Lidar is installed in the DLR research
aircraft Falcon F20 in a downward looking configuration (Figure 1b) [8]. Then, the Fal-
con is flying 600 to 1000 m (1800 to 3000 ft) higher than the generating aircraft and
along the wake track. In this case the geometry for the vortex measurement is better
suited because both vortices are separated according to the LOS of the lidar. The scan-
ning speed needs to be higher due to the virtually high relative movement of the vortex
in the lidar coordinate system.

3. LIDAR SYSTEM AND MEASUREMENT GEOMETRY

The DLR lidar system consists of a wind tracer transceiver from Lockheed Martin Co-
herent Technologies. It is operating at approximately 2.02 micron wavelength with 1.5
mJ energy and a repetition rate of 500 Hz.

The DLR custom build scanner in front of the transceiver consists of two Silicon wedges
that can be turned independently by two stepper motors. Thus it is possible to address
each LOS direction inside a cone with +/- 30° opening angle. Such a scanner is com-
pact and - compared to a mirror scanner - insensitive to vibration.

The data system follows the strategy of early digitizing, which means the heterodyning
signal is directly digitized together with a timestamp. All other housekeeping parameters
are also stored in their original data format together with a timestamp in a separate
computer. This computer also controls the scanner. This strategy offers maximal flexibil-
ity during the offline data processing especially for the correction of time and frequency
jitter of the transmitted pulse, or the suppression of pulses where the seeding was not
optimal. The correction of any offsets or systematic errors of housekeeping parameters
Is also easily possible. Thus at wake vortex measurements with a maximum range of 2
km the data rate is roughly 250 MByte per minute that can be handled by a regular
commercial computer with SCSI hard disk. During the measurements preliminary re-
sults with reduced resolution (called quick-looks, e. g. see Fig. 4) can be investigated.

3.1. Ground based measurements

For ground based wake vortex measurements, the lidar is ideally placed in 1000 m dis-
tance normal to the flight path of the wake vortex generating aircraft. This distance is a
trade-off between high resolution and good signal to noise ratio requiring a close range
and high volume covered at a higher range. The elevation angles are adapted to the
altitude of the aircraft and range from 0° to 50°. Therefore, wake measurements Out-Of-
Ground-Effect (OGE) as well as In-Ground-Effect (IGE) are possible.
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FIG 1. Scan pattern for ground based (left) and airborne (right) wake vortex
measurements.

3.2. Airborne measurements

As mentioned above the Falcon F20 aircraft is used as platform for airborne wake vor-
tex measurements in a downward looking configuration [10] and is flying 600 to 1000 m
above the flight track of the wake generating aircraft. This distance turns out to be the
optimal compromise between resolution and width of the scanned cross section. The
higher flight level also relaxes safety issues for the operating of several planes close
together. The accuracy of navigation is critical. At a 1000 m range the measuring air-
craft (Falcon F20) has to be right above the vortex pair with an accuracy of better than
+/-400 m laterally. These high requirements for aircraft navigation are difficult to meet
due to the advection of the vortices by crosswind, the low visibility of an older vortex
(even if seeded by smoke or marked by contrail) and the aircraft velocity of 100 - 200
m/s.

In case the vortex of the generating aircraft is seeded by smoke to improve the SNR,
the time of the smoke generator is limited to a total of 10 to 20 minutes. Depending on
the velocity of the generating aircraft, the required vortex ages, the velocity range of the
chasing aircraft with the lidar, and the clearance of the flight control several approaches
are possible to optimize measurements during the limited time of smoke generation.
Where possible the generating aircraft is flying along the local wind direction to minimize
the drifting of the vortex beside the trajectory. The Falcon can fly either the opposite
direction if the measurements need to cover a wide range of vortex ages, or it can fly in
the same direction with a different speed for a higher density of measurements per vor-
tex age.

4. DATA PROCESSING

Data processing is performed offline in a four stage processing procedure. For high
quality results of the circulation strength the homogeneity of the backscatter coefficient
has to be monitored closely. Therefore, automated handling is not advisable. The final
products of the processing are the position of the centre of each vortex and its circula-
tion strength.

The measured signal consists of the monitor signal and the backscatter signal for each
single shot. The monitor signal provides the exact time and frequency of the outgoing
pulse that is necessary to analyze the backscatter signal correctly. The four stages of



processing consist of the estimation of (i) the Doppler spectra (spectra of the power of
coherently detected backscatter signals), (ii) the radial velocity spectra and velocity en-
velopes, (iii) both vortex core positions, and (iv) both vortex circulation values [9].
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FIG 2. Examples for spectra of ambient turbulence (a) and with the spectral contribu-
tion of a wake vortex (b). This contribution here originates from the part of a
vortex that rotates towards the instrument, because negative velocities point
towards the lidar. Here arbitrary units (a.u.) denote a relative frequency of oc-
currence of the corresponding velocities.

At step (ii) the spectra obtained in step (i) are analyzed to achieve both, the radial back-
ground velocity and the contributions that are caused by wake vortices (see Fig. 2). The
latter become apparent by side peaks or broadening of the mean peaks that have to be
above a threshold to avoid noise peaks. Here, the mean peaks are caused by the spec-
trum of background velocities and the threshold is chosen corresponding to the noise
value. The horizontal bars in Fig. 2 denote the threshold while the vertical bars indicate
the respective positive and negative envelopes of velocities.
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FIG 3. Positive velocity envelopes (right) and negative velocity envelopes (left) ob-
tained from spectral analysis plotted versus distance to the lidar and time. The
red dots denote the positions of both vortex cores between the maxima of posi-
tive envelopes velocity and the minima of negative velocity envelopes.

In the next step the vortex core position can be derived from the envelopes (see Fig.
3).The values of the positive and negative envelope velocities are plotted versus dis-
tance to the lidar and time. The scan has been performed like it is shown in Fig. 1 (left)



from top to bottom. The area to the right of the black line is partly influenced by hard
target measurements close to the surface or the surface itself.

Both figures show two velocity minima or maxima, respectively. Both pairs of minimum
and maximum velocity are caused by one of both vortices. In between each pair the
position of the vortex cores can be found, in Fig. 3 these are marked with red dots.
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FIG 4. Velocities induced by a vortex pair. Shown are positive and negative envelope
velocities at vortex core distance versus altitude and velocities of idealized

synthetic vortices to illustrate the contribution of both vortices to the measured
envelopes.

The vicinity of the vortex core position can be used to find the circulation value (velocity
times the vortex radius integrated between 5 m and 15 m from vortex centre). The en-
velope velocities at vortex core distance above and below the core (see Fig. 4) are used
for the integration where the contribution of the background velocities mutually are can-
celled out between both sides of the vortex [11, 12]. In Fig. 4 the discrepancy between

the positive envelope and the idealized vortex at lowest levels is caused by the contribu-
tion of the other vortex.

5. WAKE VORTEX MONITORING

At Frankfurt Airport (Germany) a high number of measurements have been performed
with the focus on wake vortex displacement in the context of WSVBS [13, 14, 15] (Wir-



belschleppen-Vorhersage- und -Beobachtungssystem, German for Wake Vortex Predic-
tion and Monitoring System). Therefore, wake vortex transport has been tracked for the
monitoring of the predictions of a probabilistic vortex model [16] that are used for dy-
namical adjustment of aircraft separations.

These measurements between December 2006 and February 2007 covered a variety of
meteorological and ambient conditions with a real traffic mixture. The lidar site was situ-
ated laterally to the glide slope of the runways 25R and 25L and close to the touch-
down zone (see Fig. 6). Three different azimuth directions have been chosen to cover
the last nautical mile before the touch-down zone. This corresponds to the most critical
area because there wake vortices can not descend significantly below the flight corridor.
Consequentially, most encounters occur at heights below 100m [17, 18]. The elevation
angles have been reduced to a range from 0° to 6° (up to 8° for the outermost azimuth
direction) to obtain a high temporal resolution for the landing aircraft. Approximately vor-
tices of 1100 heavy aircraft have been monitored.
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FIG 5. Measurement scheme at Frankfurt airport, Germany. Xa, Zac denote the dis-
tance to touch-down zone and the height of landing aircraft in the three vertical
scan planes of the LIDAR (dashed lines); The local operation center of DWD
(German weather service) and the meteorological profiler were situated be-
tween both extended runway centrelines. Map reprinted by courtesy of Fraport
AG.

Figure 6 shows three results of vortex core position displacements obtained during this
campaign as an example. Each pair of vortices was generated by the same aircraft at
different distances to the touch-down zone corresponding to different initial altitudes. It
Is obvious, that the right vortices first subsided and then rebounded while the left ones
remained in lower altitudes. At the time of measurement a weak crosswind to the right
side has been present, which is responsible for the asymmetric vortex rebound.



80
70 /../. ®
L]
= 60 —e— D3, left vortex
= ¢ —e— D3, right vortex
o 50 o
S / D2, left vortex
2 i —eo— D2, right vortex
ﬁ 40 \ ; D1, left vortex
Z§ 30 \: ° —.0— D1, right vortex
e Distances (appr.):
2 5 D3 = 1780m
D2 = 1260m
10 D1 = 680m
0+ L IO AL AL B L L I L A BN AL A BN AL B
0 20 40 60 80 100 120 140 160
Time since first measurement [s]

FIG 6. Altitude of vortex cores over time at different distances (D1-D3) to the touch-
down zone for a single aircraft on Jan 30", 2007, Frankfurt, Germany.

6. EFFECTS OF AIRCRAFT CONFIGURATIONS

Another interesting topic is whether static or dynamic settings of flaps can have an in-
fluence on the vortex strength or lifetime. One idea is that instabilities are introduced in
the wake vortex that cause early rapid decay [19]. Experiments with a model in a towing
tank are limited by Re number effects and the size of the tank. Again, the Doppler lidar
is currently the only instrument that can probe high-accuracy wake vortex characteris-
tics in the atmosphere generated by a real aircraft.

For such investigations, the influence of the atmosphere on the wake vortices has to be
as small as possible. Consequently, those measurements took place above the atmos-
pheric boundary layer. An A340-300 from Airbus with smoke generators mounted below
both wings was used as vortex generator. It was flying above the atmospheric boundary
layer at approximately 3000 m altitude where the temperature is still high enough to al-
low the operation of smoke generators. The lidar was installed on the DLR Falcon F20
looking downward. Four sets of flights were performed in total on two days.



Airborne wake vortex measurements basically imply that the scanning plane is not per-
pendicular to the vortex axes because of the movement of the lidar flying with the air-
craft, i.e. the different scans are cutting the vortices in a zigzag pattern.
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FIG 7. Quick-looks (preliminary figures obtained during the measurements) of back-
scatter (left) and velocity (right) for a single scan during the AWIATOR cam-
paign, see corresponding colour codes above.

In order to measure nonetheless perpendicular to the vortex axis the double wedge
scanner control has been modified such that the LOS points forward at the beginning of
a scan and backward at the end. This strategy compensates the the aircraft flight speed
such that the laser beam cuts the wake vortices effectively perpendicular to the flight
direction. This mode has been operated during the AWIATOR measurements for the
first time. A drawback of this method can be seen in Figure 7. The backscatter (left)
shows the vortex clearly, because of its seeding with smoke, while the vortex signature
inside the rainbow-like velocity plot (right) is hidden because of the alternating contribu-
tions of the flight speed to the measured velocities.

Three different wing configurations have been tested against one standard setting
(baseline). At those flights the A340 and the Falcon with the lidar were flying in opposite
direction. At a flight level below the A340 a Fairchild Metro Il from NLR, equipped with
video cameras, was flying in the same direction and straight below the Falcon aircraft.
This way a correlation of the vortex parameters obtained from the lidar measurement
with the optical appearance of the smoke seeded wake vortex pair is possible.



The video of the vortices seeded by smoke taken from NLR have been “stitched” to an
image shown in Fig. 8 (Courtesy of A. de Bruin). Clearly visible are the different stages
of vortex deformation, linking, and ring formation. The effluence of smoke indicates vor-
tex bursting phenomena occurring at various locations along the vortices, corresponding
to different vortex ages.
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FIG 8. “Stitched”- video image of smoke traces taken from NLR aircraft flying below the
Airbus. Timescales are given in seconds and normalised age of vortex t*.
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FIG 9. Normalized circulation against vortex age for four different wing configurations.
Red colours denote the baseline configuration.



Figure 9 shows the evolution of the circulation strength as a function of vortex age for
the four different configurations. Shown are the single data points as well as mean
curves derived from all eight single measurements for each configuration. Detailed in-
formation about the different configurations can be found in reference [19]. Considera-
tion of the respective meteorological conditions allows to adapt the circulation evolutions
to nominal identical atmospheric conditions which in turn enables to identify the most
promising aircraft configuration [20].

7. AIRBUS A380 VORTEX MEASUREMENTS

The DLR Doppler lidar system has been used to assess the wake vortices of the new
Airbus A380. In that context DLR acted as a subcontractor for Airbus.

The measurements for the A380 started in April 2005 at the airport Blagnac during the
normal flight test program with only a few landings a week. This set of measurements
confirmed the value of Doppler lidar measurements for the characterization of wake vor-
tices. In consequence, a regular measurement series started with measurements in dif-
ferent altitudes above ground in order to study the wake vortices IGE as well as OGE.
Sodar and RASS wind profiler were used to probe the atmosphere in terms of wind,
temperature, and eddy dissipation rate (EDR). To get a comparison with existing air-
craft, most of the measurements were done alternatingly with passes of other heavy
aircraft in order to obtain comparable results under similar atmospheric conditions con-
cerning turbulence, temperature stratification, and cross wind. Those measurements
were observed by a member of Eurocontrol and/or the FAA.

The behaviour of a wake vortex pair generated by an aircraft at cruising altitude is also
a point of consideration. Because smoke generators do not work reliably at cruising alti-
tudes, meteorological conditions with persistent contrails had to be searched. Therefore,
airborne measurements took place, where the A380 and the heavy reference aircraft
were flying during appropriate conditions at cruising altitude in parallel so that the wake
vortices could be measured simultaneously and the results could be compared against
each other. The vortices of both generating aircraft were measured starting directly be-
hind the aircraft up to a distance of 25 nm, which corresponds to a vortex age of roughly
4 minutes. Some additional ground based measurements have been performed with the
focus on measurements in a very calm atmosphere.

The result of these measurements is reflected in the present update of the ICAO guid-
ance regarding A380 wake turbulence separations [21].

8. CONCLUSIONS

Doppler lidar is the leading instrument for measuring wake vortices of real aircraft be-
cause of its long range and high accuracy. The manuscript describes capabilities of the
DLR Doppler lidar focusing on the possibility of fast scanning at different ranges and the
usage on different platforms (airborne and ground based) and different measuring ge-
ometries.

In particular it demonstrates that:

e The DLR Doppler lidar is an instrument that is able to characterise wake vortices
from ground proximity up to the free atmosphere.

e Wake vortex transport can be monitored within the critical height range of up to
100m of the final approach to an airport. Thus, lidar is well suited to monitor wake



vortex predictions of a wake vortex advisory system that aims to increase the ca-
pacity of congested airports.

e Lidar is capable to estimate the effects of modifications at the aircraft wings pro-
vided that the impact of ambient conditions on vortex decay can be neglected or
considered appropriately.

e Very detailed investigations of wake vortices of single aircraft (A380) are possible
with DLR Doppler lidar. Air traffic control can benefit due to the categorization of
typical circulation strengths for different aircraft types.

In future it is intended to automate the lidar and the processing of the wake vortex algo-
rithm to receive the locations and circulation strengths of wake vortices close to real
time.
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