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Abstract. This document provides a synthesis of recent research studies that have been
conducted in the last decade within several European projects from the 5™ and 6™ Framework
Programmes. All these studies aimed at a better characterization of aircraft wake vortices
and then at their subsequent control. In the latter case, the goal is to minimize the strength of
such vortices in the far-field. At first, characterisation of wake vortex using complementary
tools (testing facilities, flight tests, simulations and theory) will be briefly evoked. Secondly,
information will be provided on the main principles for wake vortex alleviation. At last,
results and then recommendations will be detailed from the considered practical approaches.

1 INTRODUCTION

Research on Wake Vortex Alleviation has been conducted in the last decade within the
framework of European partnership, notably as part of programmes sponsored by the
European Commission like Eurowake, C-Wake, AWIATOR or, more recently, Far-Wake
(Figure 1). Thus, important experimental as well as numerical data have been generated by
several partners, using complementary approaches: on the theoretical side from analytical
models up to sophisticated numerical methods and experimentally from sub-scale tests in
wind tunnel, towing tank or catapult facilities up to full-scale flight trials (each requiring the
development of appropriate instrumentation). Results from such trials will not be covered in
the present paper; information can be found in [17,18,23].
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Figure 1 — Wake vortex studies/projects in the framework of European partnership [33].

The present paper aims at illustrating main results in the field of wake vortex alleviation,
recorded from dedicated testing campaigns. Specific care has been devoted to the generation
of such data bases, since these latter will be used for validation of complementary CFD tools.

The two main strategies, applied for wake vortex minimisation in the framework of the
above-cited European projects, will be developed; results on "what has been achieved so far"
are also discussed in detail. But, at first, some physical background of aircraft wake vortices
will be briefly recalled, as well as some general discussions on experimental and numerical
tools most appropriate for wake vortex characterisation and control.

2 WAKE VORTEX FLOW: CHARACTERISATION AND CONTROL

2.1 Background

The lift force generated by an aircraft wing produces generally two counter-rotating
vortices that can persist for long times. The basic physics of such a single vortex pair wake is
reasonably well understood. When the vortex is generated, its strength 77, follows:

c.. W _,CUb ) _ 2zpU(bs)®  4zARbs® (1)
® pUbs * ARs " w U

with W, b, AR and C; the weight, wing span, wing aspect ratio and lift coefficient of the
aircraft, respectively. U and p are the aircraft speed and air density. s is a dimensionless
parameter defined by the distance between the vortices divided by the wing span b; s depends
on the wing loading and is equal to z/4 for an elliptical lift distribution.

As soon as the vortices have formed, they will move downwards (due to their mutual
induction) and decay. The evolution of the wake vortex behind an aircraft is very often
described versus either its distance x to the aircraft, normalised by the aircraft wing span b,
(x*=x/b), or by a non-dimensional time z* (=t/ty). Here ¢, is the time in which a vortex pair
propagates the distance of one initial vortex spacing downwards and thus equal to by/wy,
where by (=b.s) is the initial vortex spacing and w, the initial sink speed [10,28]. The larger
the value of ¢, [cf. Equation (1) for the expression of #, in terms of aircraft parameters] the
slower the vortex decays. These scaling rules are (believed to be) known, although it has to be
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noted that there is in fact no “full size” proof of the z* scaling (too much scatter in the "in

flight" data sets to discriminate between aircraft of different sizes).

During their evolution, the vortices grow in size, due to diffusion and develop oscillations
caused by flow instabilities that may lead to strong interactions between the vortices and
increased dissipation. During the 1% stage of the decay, as long as the two vortices stay apart
from each other, the vortex circulation /" and the vortex spacing b, are essentially constant.
Only in the later stages, when the two vortices interact, 7" will decrease and b, will increase.
To express the intensity of the vortex the circulation, various quantities can be used:

- ['ss, the averaged circulation between 5 and 15m distance to the vortex core, from Lidar
measurements for real aircraft applications, but usually considered to the integral between
b/12 and b/4 for aircraft models,

- Eun the cross-flow kinetic energy (initial value being related to the induced drag),

- the core radius r. (distance of the vortex centre to the maximum tangential velocity),

- the maximum tangential (or peak) velocity V; ... at the core radius ..

For a particular profile family of the tangential velocity, these 4 quantities can be directly
related to each other [9]. Due to diffusion of vorticity, I's;s, Ex, and V.. decrease
downstream whereas r.. increases.

Figure 2 — Illustrations of wake flow fields a) Regions | & Il iso-contours of vorticity behind high-lift configurations
(AWIATOR, exp. performed by TUM-AER [32]); b) & c¢) Regions I11 to IV (from [40]).

The vortex field behind the aircraft is then generally split in four regions (Figure 2):

- the near-wake field (Region I, typically of the order of the chord length ¢) very close to
the wing trailing edge, which comprises vortex sheets and highly concentrated vortices;

- the extended near-wake field (Region 11, typically 0.5<x*<10-15, or 0.25<7*<(.5) in
which the roll-up and merging of the vortex sheet and the vortices occur, in most cases
leading to two main counter-rotating vortices;

- the mid-wake field (Region Ill, at a maximum distance x*~700 or 7*~2.5) where the
vortex system gradually drifts downwards due to mutual interaction of the vortices and
where the instabilities emerge;
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- at last, the far-wake field (Region IV, x*>100 or 7*>~2.5) where developed instabilities
result in strong interactions between these two main vortices leading to their dispersal.
Note that the given values are for quiet air. For other weather conditions with turbulence,
shear or inversions these values can be considerably less.

2.2 Experimental techniques: ground facilities

The wake vortex formation, as well as the roll-up phase, is reasonably well understood
since many investigations have been conducted in standard facilities (wind tunnels), with
appropriate measurement tools [3,8,20,21]. In the mid- to far-wake field, the towing tank and
the free-flight (catapult) facility are the only tools which allow such wake flow scrutinising
(Fig. 3). In the framework of the C-Wake project, several tests conducted in the towing tank
and catapult facility showed anomalies that could be understood from boundary or installation
effects (known as end-effects) and temperature stratification [8]. Specific new test campaigns
have been performed in the AWIATOR project, during which these effects were carefully
investigated and cross-checks were made for these two specific facilities [3,24].
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Figure 3 — Four regions of the wake flow field as well as their dedicated facilities for investigations [3,33].

End-effects were carefully monitored and observed by Airbus-Deutschland, DLR and
ONERA during some dedicated tests; UCL conducted also investigations at the UCL/TERM
towing tank [11]. They are the result of instabilities (axial-type travelling waves) that move
up- and downstream through the vortex core and that are triggered by launching or stopping
the model. They have been studied in the HSVA towing tank by accelerating and decelerating
the model in various ways and in the B20 catapult facility by varying the location of the
observation plane [3]. Former tests made by DLR in the WSG research-type small-size
towing tank confirmed such effects and identified effects on vortex core structure (core size,
velocity peak) and on circulation evolution [1].

It appeared also that temperature stratification could be a limiting factor for towing tank
investigations characterised by specific values of the Brunt-Vaisédla N* frequency (a
parameter linked to temperature gradient and vortex spacing by) [3,19]. It has an important
effect on lateral vortex spacing and strength, the intensity of which was in rather good
agreement with CFD predictions performed by CERFACS at comparable values of N*,
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For investigations of high-lift wing configurations at landing conditions (C,~1.4) and
without any stratification and end-effects disturbance, the validation domain could reasonably
be identified as ~7/50b and ~100b for the HSVA towing tank and B20 catapult facility,
respectively; ground effects usually alter the wake development behind these upper limits [3].
Thus, the combination of the afore-mentioned tools (wind tunnel/towing tank/catapult) is well
suited for wake vortex identification in the near- to mid-/far-wake field. Specific
instrumentation has been adapted or developed in some facilities to fully track wake vortices
and to allow then evaluation of wake vortex minimisation candidates in these facilities [3,24].

2.3 Numerical simulations

Numerical simulations have also advanced significantly, resulting notably from work in the
two last EC projects devoted to wake vortex characterisation and control (C-Wake and
AWIATOR). Figure 4 identifies the different methods that can be used depending upon the
Region of wake flow field (cf. § 2.1).
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Figure 4 — lllustration of the Wake Characterization Prediction/Verification Methodology [24].

As Euler computations were applied to former test cases [8,29], it is now possible to do 3D
RANS computations on a complete high-lift wing configuration down to 0.5 spans for both
sub- and flight-scaled Reynolds numbers with different turbulence models [13,41]. Vortex
methods [30,31] are very powerful and efficient to calculate the roll-up and vortex
interactions from there on and should be considered in that respect. And further downstream,
the interaction between the vortices and/or with atmospheric turbulence can be calculated
with Large Eddy Simulation techniques (“LES”) like the Vortex-In-Cell (“VIC”) (results will
be shown later in Fig. 16). A detailed comparison of various LES methods [12,13], the so
called "bench mark study" done in the framework of the AWIATOR programme, clearly
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indicated the maturity of these techniques. However, their "potential” limitations (2D/3D
temporal, 3D spatial, input conditions, numerical schemes...) were clearly identified too [24].
It is to be noted that the initial conditions for vortex methods and LES simulations are very
often obtained from smoothed experimental results to compute the wake flow subsequently up
till ~120-150 spans. First attempts to create a "numerical chain" are under investigation at
DLR and ONERA by coupling RANS (DLR code) to LES (ONERA code) simulations. The
validation will be carried out, at first, on the reference high-lift wing configuration of the
AWIATOR programme and could then be applied for wake vortex minimisation. Great care is
required to mesh convergence, artificial viscosity effects as well as to RANS data transfer for
LES initialisation at a given wake plane, downstream of the fuselage end. Figure 5 provides
an example of wake data obtained by DLR [41] that will be used as input to LES simulations.
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Figure 5 — Example of RANS data obtained for a high-lift wing configuration (AWIATOR, [41]).

Finally, the stability of vortex systems has been investigated with linear stability theory.
Since the vortex distance b, is much larger than the vortex core, linear stability theory could
also be applied successfully for a set (two, four or even six) of parallel vortex filaments with
weak sinusoidal perturbations of their spatial positions. This allowed a parametric
investigation in search for the highest levels of amplification for several multiple-vortex
systems [15,16,22].

Thus, nowadays, a complete methodology/chain could be defined with support from
theory, CFD, sub-scale tests and full-scale flight tests (cf. Fig. 4). It was recently validated for
the wake characterisation of a baseline high-lift wing aircraft configuration (AWIATOR
project, [24,28]). One can expect that this methodology can be employed in the future for the
assessment of the wake alleviation potential of modified wing configurations.

3 WAKE VORTEX ALLEVIATION: TWO MAIN STRATEGIES

Knowing that it is impossible to inhibit the generation of the aircraft wake vortices [27,40],
the question that has then to be considered is: “How can we alleviate, destroy wake vortices,
or at least minimise their intensity”?

Two main strategies can be pursued for wake vortex alleviation:
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- to act at the source, in the near-field, by either promoting small scale instabilities and
increasing diffusion of vorticity or by introducing new turbulence in the vortex core,
resulting in a larger but less intense core (reduction of peak velocity). The total circulation
will not be affected, but a weaker rolling moment is expected for the following aircraft.
This can be obtained by devices such as wing-tip, flap-tip ones, fences, spoilers...

- to create in the far-field a multiple-vortex system to promote long-wave instabilities
and/or to trigger perturbations to obtain a premature wake collapse. This can be reached
either by a passive concept leading to spanwise wing loading modification (via
arrangement of flap or spoiler deflections) or by active devices such as blowing,
oscillating flaps, ailerons...

Passive systems exploit the natural evolution of the instabilities modes with the highest
growth rates, while active systems rely on hastening selected modes of instabilities by
“forcing” the vortices. Both can be done using an existing vortex topology or by changing the
vortex topology through a modification of the span load.

Vortices are characterised by a high degree of unsteadiness (Fig. 6); several experimental
tests allowed identifying the presence of both short-wave (wavelength A~O(r.) with ., core
radius) and long-wave (A~O(by)) instabilities [25,39]. The former (of Widnall-type) controls
the merging of co-rotating vortex systems and could be enhanced for aircraft applications for
wing-tip/flap-tip interactions. However, it would be unable to break down the wake vortex
because of its weak dynamics when compared to the dominating mechanism of the rolling-up
and evolution process of the wake vortices. The “classical” Crow instability (1~8by) is able to
destroy a pair of two counter rotating vortices, but its effectiveness is not obvious because of
its low growth rate (~0.8 /(2 x by’)) [7]. Crow himself proposed a forcing scheme using the
control surfaces of a wing to hasten the development of cooperative instabilities of the vortex
pair in its wake. This concept was checked in towing tank tests as well, but the development
of the vortices was not long enough to check its efficiency (in [27]).

short wave (Widnall)

—

o DRGNS

long wave (Crow)

Figure 6 — Illustration of evidenced of short-wave and long-wave instabilities [2,25].

Instabilities are much more powerful for multiple vortex system. This can be realised by a
modification of the wing span loading (either producing additional co- or counter rotating
vortex pairs) possibly enhanced by Horizontal Tail Plane (H.T.P.), normally providing
negative loading and hence a counter rotating vortex pair. The counter rotating vortices can
produce medium-wave instabilities (1~O(b,) referred to as “Omega Q-loops™) that are very
fast growing and lead to strong interaction between vortices and generation of small scales
and turbulence. As a result the vortex will be very much diffused. Consequently, the 2™
strategy is based on the notion that fast growing instabilities can amplify downstream and lead
to the efficient destruction of the wake system. Thus, the two strategies represent different
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concepts that might change the local or the global characteristics of the vortex system. Local
modifications are obtained by adding specific devices to the wing whereas span load changes
can be obtained from Differential Flap Setting (“D.F.S.”) or Differential Spoiler Settings
(“D.S.S.”). These concepts will be discussed more in the following sections.

4 WAKE VORTEX ALLEVIATION: WHAT HAS BEEN ACHIEVED SO FAR

Devices, concepts or mechanisms for wake vortex alleviation have been studied in the past
years from extensive sub-scale tests (using the combination of wind tunnels, towing tank and
catapult facilities), from a few full-scale tests and from either CFD simulations or theoretical
approaches. When available, all these different aspects will be evoked in the following
discussions when dealing with i) wing add-on devices; ii) modification of spanwise wing
loading, and iii) active wake control (through either active surface or blowing).

4.1 Wing add-on devices

In the framework of the C-Wake project wind tunnel tests were first conducted with
devices to achieve near-field control like: wing tip and flap tip modifications, flaplet,
turbulence generator, wish-bone and spoilers (Fig. 7) [8]. Results pointed out that in the near
wake region for x*<5, reduction of peak vorticity and maximum cross-flow velocity could be
achieved, in combination with an enlargement of the vortex core [2,5,33,41]. Generally
speaking, spread of the vorticity could be obtained, while the circulation of the controlled
vortex remained unchanged. Some tests revealed that a rather strong re-distribution of the
vorticity with wing tip and flap tip modifications at x*=1 did not have any effect at x*=5 [8].

Spoiler-type config. |

5 ___.;_7{]?5
) :,’_.,]_J

=

Cylinder-type device Half W|Sh -Bone deViCe_ aplet square flaplet turbulence

Figure 7 — Illustration of Wing add-on devices (C-Wake & AWIATOR projects).

Detailed investigations have been carried out later in the framework of the AWIATOR
project in two wind tunnels, the HSVA towing tank and the B20 catapult, for three specific
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devices suggested by Airbus Deutschland, Airbus France and DLR partners. One device
consisted of a cylinder-type device, installed under the pylon extension fairing of the outboard
nacelle (Fig. 7, bottom-left), aiming at injecting periodic perturbations into the flap vortex to
enhance the instability of the four-vortex system generated from the outer edges of the flap
and wing tips. Hot-wire measurements were made by TUM-AER in their wind tunnel using
this device, and verified that the expected frequency emitted in the wake of the cylinder (for
Strouhal number ~0.2) could be recorded very close to the device. However, from a power
spectra analysis, this frequency could not be seen anymore at 4.5 spans behind the model,
indicating that this device could not alter significantly the wake.

Another device, referred to as the "half wish-bone™ device (cf. Fig 7, middle-bottom), was
installed in between the inboard nacelle and the fuselage, on the pressure side of the wing.
The generated counter-rotating vortex (w.r.t. wing tip vortex) could be identified close to the
flap gap vortex, with comparable strength; however, measurements at the DNW-NWB wind
tunnel with a 5-hole probe at x*=1 [41] or at the catapult facility with PIV at x*=1.3, 4.5
[3,24] could only detect the large momentum deficit it caused. Although the vortex of this
device can possibly be combined with the horizontal tail-plane vortex, the half wish-bone as a
stand-alone vortex generator was rather ineffective.
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Figure 8. — Characterisation of wing add-on device (delta-type plate): a) peak vortex velocity and core radius
(HSVA towing tank, PV meas. [24]); b) tangential velocity profiles (B20 Catapult, Lidar measurements [3,24]).

Finally, a device will be discussed that looked like an inclined delta-type wing, installed at
a spanwise location corresponding to that of the outboard nacelle, in the upper side of the
wing trailing edge (cf. Fig. 7, upper left). Former tests, performed at HSVA and INSEAN
towing tanks, provided encouraging results [8,20]. More recent investigations at the HSVA
towing tank pointed out larger vortex cores, r., compared to the baseline configuration with a
substantial reduction in the vortex spacing and in the peak vortex velocities, V/V., (Fig. 8a,
[24]). Complementary tests, at the ONERA B20 catapult, with the same device mounted on
the free-flight model at almost similar high-lift configuration, confirmed the above-cited
observations (Fig. 8b, [3,24]). The change in vortex spacing does suggest that this device also
acted to shift the wing load more inboard.

Some specific winglet-type devices, either standard or larger ones, were also investigated,
to see how the wing tip device (size) might affect the wake turbulence. The effect of a
standard winglet on the wake flow is rather important, of course, in the vicinity of the wing
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tip. However, several wind tunnel tests confirmed that at about one span behind the model,
the effect on the iso-contours of the axial component of vorticity as well as on turbulent
kinetic energy was within the experimental uncertainty [4]. At last, tests performed at HSVA
towing tank with “large-sized” winglets (~3 times the dimensions of a “standard” one),
applied to a large-transport aircraft type model, showed negligible effect on vortex sink speed,
vortex separation distance, maximum tangential velocity or vortex core size.

There are unfortunately no CFD results for wing add-on devices for wake vortex control,
partly due to the complexity of the calculations though some applications were reported for
flap tip vortex manipulation with passive flaplets [8], partly related to noise assessments and
concentrating only on the immediate near-wake flow field.

Finally, few computations (mainly Euler-type) and experiments demonstrated that the
wake structure could be modified significantly in a region where vortex and engine jets are
present [8]. Such work will be pursued in the Far-Wake project and will provide a systematic
insight into the interactions of a wake vortex with either a cold or a hot jet flow.

4.2 Modification of spanwise wing load distribution: theoretical considerations.

This concept has got much attention in Europe for the last years [4,5,14,29], though it was
investigated in the US in the 1970s. It was first evaluated experimentally by ONERA and
DLR in the framework of the European C-Wake project [8], as part of their collaborative
research programme [5], but also by ONERA under national research activities [4]. The
European AWIATOR project provided the means to go in more detail using both theoretical
and numerical approaches prior to and/or parallel to testing campaigns.

COUNTER-ROTATING
Vortex

I Outboard
loading

Baseline

LOAD
LOAD

LOAD

hhhhhhhhhh

Figure 9 — Possible modifications of wing span load distribution ([38]).

The basic idea is to enhance instabilities by creating multiple-vortex system. For a specific
span load distribution 77y), Betz theory states that i) vortices are created at the maximum of
the absolute value of the derivative of 77y), ii) the vortex strength is proportional to the area
between two local extremes to the 2™ derivative of 77y). Hence, by changing the load
distribution, e.g. by flap deflection, multiple vortex systems can be generated in principle.
Normally, for a high lift wing configuration (the baseline configuration), two main (co-
rotating) vortices originate from the outer flap tip and wing tip (Fig. 9, left) that merge very
quickly, within a couple of spans behind the model. ONERA did calculate the baseline load

10
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distribution and its variation for specific flap arrangements using 2D viscous computations on
high-lift wing sections, combined with a 3D lifting surface [38]. The aim was to promote a
strong inboard vortex, either co-rotating or counter-rotating relative to the combined outer
flap / wing tip vortex (Fig. 9, middle and right, respectively). Illustrations of recorded wing
span loading modifications as well as their effects in the wake flow field will be detailed later
on, for large aircraft-type models (cf. Fig. 13).

Subsequently, UCL performed roll-up computations using a vortex method (AWIATOR
project, [31,36]) starting from initial conditions taken from available data either from wind
tunnel tests (using a rather fine grid resolution as in Fig. 13d) or from predicted lift
distribution provided by ONERA (such as Fig. 13a). These calculations showed the evolution
of the vortices and their final, double vortex pair, topology (Fig. 13e).

Figure 10 — Long wave perturbation in the wake of a 4-vortex system: a) linear stability theory [22]; b) Experiments
[26]; c) iso-contours of vorticity at t*=0.48 for LES [30,31,36].

Stability theory could be applied subsequently, starting from such a multiple vortex
system. It was shown that a configuration with two vortex pairs of opposite sign (counter-
rotating vortices) leads to much higher amplification rates than the "usual” Crow instability
for a single vortex pair [15,16,22]. Figure 10a provides some result of the linear theory for
I/T,=-0.3 (ratio of the circulations of the inner vortex to the outer one) and b,/b,=0.30 (ratio
of the corresponding vortex spacings). The most amplified perturbation (over all wave
numbers) was plotted after one revolution of the inner vortices around the outer ones; it was
amplified by a factor three orders of magnitude greater than that of Crow instability [22].
These calculations confirmed available towing tank results on very generic configurations
[1,26,27,37] for comparable values of 7;/7;, (-0.37) and b/b, (0.5) (Fig. 10b). Since stability
theory is restricted to linear perturbations, the observed highly non-linear character of the
interaction could not be calculated. But 3D vortex filament simulations by UCL [30,31,36]
were able to capture the non-linear dynamics up to and beyond the time of strong interaction
between vortices as well (Fig. 10c).

UCL made also many 3D LES simulations to further investigate instabilities and decay of
counter-rotating four-vortex systems, taking into account the influence of different initial
perturbations and the effect of spatial resolution [30,36]. Their parametric investigation

11
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pointed out that a counter-rotating four-vortex system could significantly enhance vortex
decay for appropriate ratios of circulation and spacing between vortices. The simulations
visualised strong interactions between the counter rotating and the main vortices [36], with
partial reconnection leading to fast generation of small scales, vortex bursting waves and
turbulence. The so called “Q-loops”, which develop on the secondary vortices, interact
strongly with the primary vortices, resulting in increased dissipation (up to 80 % of the initial
kinetic energy) due the generated small scale turbulence and eventually vorticity exchange
through the mid-plane. Depending upon the configuration, one could observe that the
remaining weak vortices were embedded in a relatively strong turbulence field.
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Figure 11 - Strategy for effective 4-vortex determination - left): numerical strategy; right): temporal
development of iso-surfaces of vorticity for a given configuration [29].

A strategy for the optimization of 4-vortex systems to alleviate the wake vortex hazard was
also described by DLR [29] based on the coupling of Euler and LES codes (Fig. 11, left).
Once the parameters of the 4-vortex configuration, optimised for reducing rolling moment,
are determined, the configuration of the considered aircraft is modified. This could be verified
with a steady Euler-simulation for the modified aircraft configuration. The outcome of
temporal LES simulation was displayed as iso-contours of the vorticity up to z*=1.76 (Fig.
11, right). A significant decrease of rolling moment was calculated up to ~50% of the
maximum rolling moment of a “standard” 2-vortex system. For this candidate 4-vortex
system, the horizontal tail plane deflection was set such that it produced strong counter-
rotating vortices

4.3 Examples of wing load modifications on models

Figure 12 illustrates some of the aircraft models that were used in the C-Wake and
AWIATOR programs. For realistic aircraft configurations spanwise wing loading
modifications could be obtained by specific flap arrangements. This is usually referred to as
“D.F.S.” or Differential Flap Setting. Thus, inboard wing loading is obtained with larger
deflection angles of the inboard flap than of the outboard flap, and vice-versa for the outboard
wing loading.
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generic airfoil + tail-plain (negative incidence) B

Figure 12 — Illustration of Differential Flap Setting “D.F.S.” concepts for 2- and 3-flaps high lift systems, and
generic airfoil for generating four-vortex system.
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Figure 13 — Spanwise wing loading modifications for “Large transport aircraft-type model: a) computed load
distribution [38]; b) load distribution deduced from measurements in the near-wake [24]; ¢) tomoscopy of the
wake flow field [4]; d) measured wake flow field at x*=1 [5,38]; ) computed wake flow field at x*~14 [30,31].

This concept was applied to two high-lift wing configurations with either two or three
flaps. From numerical and theoretical investigations as discussed above, inboard and outboard
wing loading configurations were defined and subsequently tested both in the B20 catapult
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and HSVA large towing tank facilities (AWIATOR project) [24]. A synthesis of towing tank
tests results will be discussed below in relation with the Figures 14 & 15 [3,24].

DLR employed more generic-type models [1], similar to investigations made in the US
[27,37]. Several horizontal tail planes (different chord lengths and spans) were tested in the
DLR WSG towing tank to generate a vortex that interacts with the tip vortex of a rectangular
wing (Fig. 12, bottom-left). This study showed that the interaction of counter-rotating tail
vortices with tip vortices resulted in a promising self-destructive mechanism within the wake
system similar to what was found in the calculation discussed above [1].

Figure 13 illustrates the modification on the load distribution, as well as the impact on the
topology of the wake flow. In Figure 13a the load distributions as calculated by ONERA are
shown for some typical D.F.S. configurations tested in the AWIATOR program. From wake
surveys in the NWB wind tunnel of the DNW at x*=0.5, it is possible to derive the spanwise
wing loading (Fig. 13b) which looks very similar to the computed ones. Figure 13e gives a
typical result of the vortex method as applied by UCL in the roll-up calculations showing a
double pair of co-rotating vortices probably on its way to a final merger. Typical flow
measurements evidenced too the multiple vortex system, depending upon the loading case
(Figures 13c and 13d).

Some results for inboard loaded wings

Baseline, o = 8.84°, C = 1.43
————— Inboard Loading, o.= 10.9°, C_ = 1.39
7 yi(bl2) VIV, [-] T [m?s]
x*=x/b x*=x/b x*=x/b
I I I I I 1 T T T T T T T T : T T T = T L T = T . I = T . T
0 20 40 60 80 100 12t 0 20 40 60 80 100 120 0 20 40 60 80 100 120

Figure 14 — Towing tank PIV results for inboard loading case on vortex spacing, peak velocity and circulation [24].

For inboard loading cases, tomoscopy applied at the ONERA B10 catapult facility clearly
identified two co-rotating vortices per each half-plane at x*=5 (Fig. 13c). This four-vortex
system subsisted till ~25 spans, where it merged into a single vortex pair, more closely
spaced, provoking then a steeper vortex descent [4] and (theoretically) a faster decay.

For the inboard loading case, HSVA towing tank measurements confirmed a significant
reduction of the vortex spacing and a faster sink speed. In addition, a reduction of the
maximal circumferential velocity, V; ..., and an increase of the core radius (“fatter” vortex)
were observed (Fig. 14). This latter point was also confirmed from catapult tests when
plotting the tangential velocity profiles (Fig. 15, bottom-right). The evaluated circulation
strength, 755, was lower than the baseline case, the decrease being greater than that recorded
from the catapult tests.
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These results seem to suggest that the 4-vortex system does not exist for a sufficiently long
time to enable the instabilities to develop and amplify to enhance the dissipation. Instead, the
co-rotating vortices merge to establish a "conventional” vortex system, more closely spaced
with a theoretically faster decay. It is also to be noted that instabilities, notably short wave
instabilities, play a role in the merger of co-rotating vortices but this apparently doesn’t lead
to significantly increased dissipation. It remains to be seen if for other vortex topologies (e.g.
a larger spacing for the two co-rotating vortices) the situation would have been different, or
that merging would occur anyhow, though at larger distances. Nevertheless, the inboard
loaded cases indicated some modest improvements relative to the base line.

Some results for outboard loaded wings
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Figure 15 — Towing tank PIV results for outboard loading cases on vortex spacing, peak velocity and circulation ([24])
and catapult Lidar results on tangential velocity profiles for inboard and outboard loading cases ([38]).

Measurements, performed in the wind tunnel for the outboard loaded case at x*=/.0 in a
half-plane normal to the free-stream direction, revealed two intense counter-rotating vortices
at a distance of about 1/4™ of the half wing span (cf. Fig 13d, [4,5]). It appeared that the two
visible vortices from the wing tip and outer flap tip (cf. same Fig. 13d), had merged rapidly at
x*=2.25. However, when tested in the mid-wake field in the B10 catapult facility, this
multiple vortex system only lasted up till about 5 spans behind the wing, leading rapidly to a
"conventional” vortex pair which went slower towards the ground, in agreement with the
recorded increase in vortex spacing [4,5,8].

For similar outboard loaded configurations, the circulation strength 75,5 as well as the
maximum tangential velocity, V..., Or the vortex core size, r., were almost the same as for
the baseline configuration (Fig. 15). No significant advantage seemed to be offered. The
catapult Lidar measurements confirmed that the effect on velocity profiles was smaller than
that for the inboard loading case. Thus, apparently the generated inboard counter-rotating
vortex is too weak, compared to the main vortex from the outer part of the wing (flap and
wing tip) or is destroyed too rapidly, or has escaped, so that the generated multiple-vortex
system could not sustain for too long and thus did not allow instabilities appearance.
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4.4 Active control (through either active surfaces or blowing)

The idea is here to act “actively” in order to trigger the most powerful instabilities. Crouch
et al. [6] successfully demonstrated in a towing tank an active control system to break up a
four-vortex system, the wake of which comprised two co-rotating vortex pairs. The instability
was forced by a symmetric excitation scheme of the control surfaces, preserving both total lift
and aircraft symmetry.

Active surfaces
a) b)

&4 g SN "_; P b &7 3 »
ki an i e ki
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“
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T =145

Figure 16 — Iso-vorticity surfaces from 3D LES simulations a) of the baseline configuration without oscillating
ailerons at 1*=1.14 [13]; b) of the baseline configuration with oscillating ailerons at t*=1.45 [30,31].

Temporal 3D LES simulations (over a large computational domain of about one oscillation
cycle) were made recently by UCL to investigate the forcing of instabilities via periodic anti-
phase inboard and outboard moving ailerons. They used the Vortex-In-Cell method combined
with the parallel Fast Multi-Pole methods (“VIC-PFM”) [30,31]. Results plotted as iso-
vorticity plots clearly demonstrated the growth of the Crow instability mode (Fig. 16b), the
main vortices being substantially deformed, while the same plots for the reference
configuration, at a comparable vortex life-time time, did not reveal such perturbation (Fig.
16a) [13]. Spectral analysis confirmed a large increase of the temporal evolution of the Crow
instability mode.

DLR took also the opportunity of dedicated flight tests, in the framework of the
AWIATOR project, to test some active control concept, using the ATTAS aircraft. The basic
mechanism to introduce periodic disturbances into the flow field is a periodic alternation of
the span-wise lift distribution, i.e. of the ratios of both the circulation and spacing of the
distinct vortex pairs. In the flight tests Direct Lift Control ("DLC") flaps were used oscillating
at a frequency corresponding to either long-wave length instability (Crow-type ~0.5Hz) or
medium-wave length one (~2.1 Hz), the adjustment of the respective lift variation being made
by the pilot. Weather issues (clouds) did not allow getting a full documentation of the tests.
However, for the counter-rotating configuration it appeared to be possible to trigger the Crow
instability, while perturbations made at both frequencies gave similar results.
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Blowing devices

Another possibility of active control could be to blow in the vicinity of the outer part of a
wing (outer flap, wing tip and aileron) to trigger instabilities to obtain a premature collapse of
the wake vortex system. ONERA first worked with a simple counter-rotating topology,
obtained from two half wings facing each other [34,35,39]. Continuous blowing at each wing-
tip, in the free-stream direction at flow rate coefficients of about 1 107, decreased noticeably
the maximum level of vorticity and led to the disorganisation of the vorticity field [39] (Note
that the flow rate coefficient is defined as C=p,U”5Sy/p0 U’ 0Ss, Where indices b and 0 refer to
blowing and free-stream conditions, respectively). Pulsed blowing at a frequency close to the
Crow frequency (5.5Hz), but at a slightly higher flow rate (2.5 107®), decreased significantly
the maximum vorticity [34,39].

ONERA investigated subsequently for a more complex initial wake topology (behind
generic large transport a/c type model) the effect of continuous and pulsed blowing on the
extended near-wake field. For the baseline configuration, several types of blowing were tested
at the wing tip: axial, discrete holes or slots, and also at the external flap tip or in the aileron
vicinity, at maximum flow rate coefficients of about 1 10° [4,34]. There was a minor effect
on the maximum value of the axial vorticity component, while turbulent kinetic energy was
increased in the vortex cores. At last, some pulsed blowing, using discrete holes, was applied.
The pulsed frequency corresponded to the long-wave Crow instability that would be
generated behind this model at such flow conditions (5Hz). At the furthest available
downstream station (x*=2.25), hot-wire measurements, in the vortex core and also outside,
indicated that the unsteadiness was still present in the flow. This is rather encouraging since
no unsteadiness was recorded at such vortex age for tests performed for instance with the
wing add-on (cylinder-type) device as discussed before (cf. 84.1).

Further investigations will be devoted to the effect of blowing in the mid-wake field (at the
ONERA catapult facility). Such study will raise challenging technological issues: pressurised
tank as well as appropriate flow rates for the free-flight model.

5 WAKE VORTEX ALLEVIATION: CONCLUSIONS & RECOMMENDATIONS

The main features for wake vortex alleviation concepts have been discussed in the
preceding sections. Some important features either understood or far from being understood,
have been shown, and the main findings could be summarized as follows:

Wake physics, characterisation and simulation:

Thanks to the research in Europe, theoretical understanding, numerical simulation and
measuring techniques have improved considerably over the last 10 years. The aircraft wake
can be characterised in model experiments and in flight cases to sufficient detail. However, in
the far field (at distances behind the aircraft roughly similar to the present day separation
standards) the flow is very sensitive to weather effects (turbulence, stratification). Hence, a
large data set is needed for wake characterisation in flight. Similarly, a large data set will be
needed to validate ground based measurements (towing tank, catapult) with flight data.
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Numerical simulations have advanced significantly, allowing looking into the details of the
flow. The evaluation of the sensitivity of vortex roll-up, merging and evolution to mesh
resolution, longitudinal domain extent, numerical scheme or initial perturbations still needs
further investigations, yet. A full 3-D simulation of the wake of a real aircraft is still a too
large problem. Several LES computations have started from test results or estimates provided
by simplified methods; first attempts to couple LES to RANS methods are under
development. Vortex filament methods in combination with stability theory could be applied
systematically for a quick selection of interesting configurations for wake minimisation.

Wake vortex alleviation:

Research so far has not been very successful in reducing tremendously the wake vortex
strength behind an aircraft. A weaker vortex can only result from design features that affect
the decay characteristics far downstream. The most promising results have been obtained for
the following devices or concepts (though some should be further investigated also with
respect to the implications and applicability for a real aircraft):

- inboard loading: closer vortex spacing, giving more diffused and faster decaying vortex,
was observed from computations and experimentally recorded.

- outboard loading configurations with multiple counter-rotating vortex pairs: enhanced
dissipation due to violent non-linear vortex interactions was obtained numerically but was
not detected from sub-scale tests.

- modification of wing span loading: substitution of differential flap settings by differential
spoiler settings looked encouraging from sub-scale tests. Flight tests have to confirm this.
Moreover, when considering outboard spoilers, significantly more diffused vortex were
observed but the underlying causes were not clear.

- at last, for active control: moving flaps or ailerons, pulsed blowing could enhance
instability modes like the Crow instability giving faster linking of the left and right vortex.
Sub-scale tests are very difficult to handle correctly, notably for active control, and flight
tests could help to state about their efficiency on wake vortex decay.
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