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Abstract

An analysis of the potential aircraft separation benefits that could be enabled by the installation of wake vortex decay enhanc-
ing Plate Lines has been performed. Because Plate Lines are only effective close to the ground, a special focus was on the
analysis of the results when applying the reduced separations out of ground effect as well. It has been shown that substantial
separation benefits can be enabled by the installation of Plate Lines without compromising safety in ground effect and out
of ground effect.
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separation schemes, such as the ones defined by ICAO [1]
or FAA, have been proven over the last decades to be suf-
ficiently safe [2]. On the other hand, minimum aircraft sepa-
rations due to wake vortices may limit the airport capac-
ity because these can be larger than the separations due to
collision avoidance or the runway occupancy time. For this
reason and due to the again continuously increasing air traf-
fic, there is a demand for an optimisation of those minimum
separations. Any change in the prescribed minimum separa-
tions must not affect the flight safety. However, it is widely
accepted that the common minimum separation schemes
(e.g., ICAO or FAA) are overly conservative for a variety of
aircraft pairings [2].

To redefine minimum separation schemes without com-
promising safety, a huge effort has been undertaken in the
past. For example, RECAT-EU, a re-categorisation effort
performed by EUROCONTROL [3, 4], introduces a bigger
number of aircraft categories (six categories instead of the
four categories as defined by ICAO) considering besides
the aircraft weight the approach speed, wing characteristics
and in parts also the rolling moment exerted on following
aircraft. The lowered minimum separations for many aircraft
types lead to an overall airport capacity gain, while main-
taining acceptable levels of safety. RECAT-EU is already in
operation at several European airports [11].

Although RECAT-EU is able to increase the airport
capacity, it is assumed to be still overly conservative for
many aircraft pairings. Still the safety is benchmarked for the
most vulnerable aircraft of the follower’s category and the
aircraft of the leader’s category generating the most critical
wake vortices. Any pairing of a bigger follower aircraft in
the same follower’s category and/or a smaller wake genera-
tor in the same leader’s category would be at least slightly
overly conservative. As simply increasing the number of cat-
egories is not necessarily efficient, the consequent next step
towards a further optimised use of the airport capacity is the
introduction of pairwise minimum separations. Minimum
separations defined for each combination of leader and fol-
lower aircraft can distribute the level of safety over all types
of aircraft more evenly. This approach improves the use of
the airport capacity significantly without compromising
safety. In Europe, it is realised by the RECAT-EU-PWS [2]
initiative for the introduction of pairwise minimum separa-
tions by EUROCONTROL which is expected to be approved
by EASA in the near future.

Further reductions of the minimum separations could be
achieved either by employing dynamic pairwise wake vortex
separations that consider the involved aircraft type pairing,
the prevailing weather conditions, and the resulting wake
vortex behaviour [5] (RECAT phase III) or by introducing
appropriate means that alleviate the wake’s impact on a

@ Springer

following aircraft as for example investigated in [6]. Sur-
veys on further procedural modifications meant to increase
airport capacity and on wake-vortex advisory systems are
available in [7].

One method to accelerate the decay of wake vortices
in ground proximity is the introduction of so-called Plate
Lines. A Plate Line is a line of vertical plates installed in a
row in front of the runway. The effects of Plate Lines have
been thoroughly investigated in the past with towing tank
experiments, numerical fluid dynamic simulations, and
field measurement campaigns [8, 9]. Along the edges of the
plates, Q-shaped secondary vortices are generated which
wrap around the primary vortices and thus accelerate wake
vortex decay in the final approach shortly before landing,
which is the flightphase with most wake vortex encounters
[10]. Lidar measurements at Vienna airport showed that a
Plate Line is able to effectively reduce the wake vortex life-
time [11], especially of the longest-living vortices. Also, a
flight simulator study revealed that the faster decayed vorti-
ces reduce the severity of a wake encounter and increase the
pilot acceptance of such disturbances [12]. Hence, the pre-
vious investigations showed the effectiveness of the plates
to lower the risk of hazardous wake encounters in ground
proximity and thus increase flight safety.

The Plate Line concept enables five use cases as outlined
in the Plate Line White Paper [13]. As a first use case, the
installation of a Plate Line could be used for a pure safety
gain. Especially airports that show a higher low-level
encounter rate at least under certain weather conditions
could make use of Plate Lines to reduce the encounter fre-
quency. Use case II suggests the simultaneous introduction
of RECAT-EU(-PWS) together with a Plate Line, which
could increase both runway throughput capacity and safety.
Here, the Plate Line shall compensate the expected increase
of uncritical encounters of 60% as estimated in the RECAT-
EU-PWS safety case [2].

The current manuscript deals with use case III, which
applies the RECAT-EU(-PWS) methodology to convert the
accelerated wake vortex decay facilitated by the Plate Line
into some potential for an additional reduction of the air-
craft separations without compromising safety. In contrast
to the previous investigations of use case III [14, 15], which
were focusing on the effects in ground proximity, the current
analysis investigates to which extent the reduced separations
in ground proximity can also be safely applied along the
glide slope. This previous work is summarized in section 2
together with other pre-requisits that have been used for the
current investigations. Section 3 describes the methodology
of the analysis in this work; the results of this analysis are
shown in section 4 thereafter. A conclusion and a brief out-
look towards future work are given in section 5.
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2 Models and measurements

For the work described here, some pre-requisits need to be
explained aforehand. This concerns on one hand a comp-
ehensive measurement campaign at Vienna airport, where
the vortex decay was measured with and without Plate Lines.
On the other hand, some simulation tools are required for
the presented study. Here, the well-established Probabilistic
Two-Phase wake vortex decay and transport model (P2P) for
prediction of the vortex decay under different atmospheric
conditions is used. The Plate Line effects on the vortex decay
and the resulting possible gain in minimum aircraft separa-
tions in ground effect was analysed in a previous study. The
results of that previous study shall only be recapitulated as
far as required to understand the combined analysis in and
out of ground effect as presented in section 3. Details on
the previous study can be found in references [14] and [15].

2.1 Plate Line measurement campaign

DLR and Austro Control partnered to accomplish a com-
prehensive Plate Line demonstration campaign at Vienna
International Airport between 6 May and 28 November 2019
as described in detail in [11]. Two Plate Lines consisting
of eight and nine plates, respectively, with dimensions of
4.5 m height and 9 m length separated by 20 m were tempo-
rarily installed at runway 16 (see Fig. 1 and Fig. 2). Three
lidars alternatingly situated in measurement positions L1-L5
captured the evolution of vortex position and strength (i.e.,
circulation).

From the recorded landings, 589 individual vortex pair
evolutions with Plate Lines were processed. Without Plate
Lines, 637 individual vortex pair evolutions were processed.
The analysis of the data suggests that the lifetime of wake
vortices in ground proximity can be reduced between 22%
for medium weight class aircraft and up to 37% for Heavies
[11]. This corresponds to a reduction of vortex circulation
at 5 NM behind heavy aircraft (minimum ICAO separation
to medium followers) by about 50%.

2.2 Wake vortex prediction model P2P

Reducing separations in ground proximity with a Plate Line
raises the question whether the reduced separations at higher
altitudes along the glide slope are still safe. To model wake
vortex decay out of ground effect, the deterministic ver-
sion of the Probabilistic Two-Phase wake vortex decay and
transport model (P2P) is used. A detailed description of this
model can be found in the references [16] and [17]. P2P
considers the aircraft parameters wing span, weight, veloc-
ity, and attitude angles and the meteorological parameters air

170 m

170 m 7

170 m

ca.400 m

Fig.1 Positioning of Plate Lines (red dashes) and measurement
instrumentation on the apron at runway 16 at Vienna International
Airport (© Google 2017) [11]

Fig.2 Landing aircraft with Plate Line at Vienna International Air-
port [11]

density, wind (crosswind and headwind components), wind
shear, turbulence, thermal stratification, and ground prox-
imity. P2P has been validated against in-ground effect and
out-of-ground effect measurement data of four US and 10
European field measurement campaigns comprising about
16,000 individual wake vortex evolutions.

Fig. 3 illustrates the two-phase circulation decay charac-
teristics consisting of a diffusion phase followed by rapid
decay as observed in numerical simulations and in lidar
measurements [16]. The aircraft are flying at an airspeed
of 160 kts descending along the glideslope in a weakly sta-
bly stratified atmosphere with a Brunt-Viiséla frequency of
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Fig.3 P2P prediction of circulation evolution for a number of heavy
aircraft types under reasonable worst-case conditions

N =0.01 1/s and weak turbulence with an energy dissipation
rate of &€ = 4-10™ m?/s>. These atmospheric conditions are
considered reasonable worst-case conditions as specified in
the RECAT-EU-PWS safety case [2].

2.3 Analysis considering IGE only

Based on the Vienna Lidar measurements in a first step,
the possible reduction of minimum aircraft separations ena-
bled by the Plate Lines was assessed in ground effect only.
The results of that analysis shall only be summarised here.
Detailed descriptions can be found in the references [14]
and [15]. In that assessment, the method as described in
the RECAT-EU-PWS safety case report [2] was followed as
closely as possible to be most compliant with the RECAT-
EU-PWS method.

This means that only those vortex evolutions measured
by Lidar in Vienna that remain within a flight corridor of
+ 50 m for at least 29 s were considered. The width of the
corridor was chosen because of the lateral range, within
which the plates are effective. By applying this data selec-
tion process, it was guaranteed that only those vortices were
considered that remain within the effectiveness range of
the plates for a sufficiently long time. If a vortex is drifted
outside this corridor by crosswind, it is not affected by the
plates anymore. However, those vortices are not relevant
anymore for the design of minimum separations anyway.

In analogy to the RECAT-EU-PWS safety case, the time
axis of the vortex evolutions was shifted in such a way
that the aircraft’s height above ground at t = 0 is always
at one generator’s wing span. This should allow a proper

@ Springer

= | I /M RECAT-EU reference
“\\\.\ —without plates
0.8 R - - -with plates
— 06"
3
0.4+ e
0.2
A
0 --------
0 2 e 6 8 10

[

Fig.4 The generic reasonable worst-case decay curves with and
without Plate Line and the reference generic decay curve from
RECAT-EU [15]

comparison between the vortices of different aircraft types.
The initial vortex circulation I'j and the initial vortex spac-
ing b, are estimated from the Lidar measurements.

For the further evaluation, the circulation measurements
are not used directly but the vortex decay is modelled by
a two-phase fit according to equation (4) in [18] as done
in the RECAT-EU-PWS safety case report. By fitting this
two-phase decay model to the vortex measurements, a
generic decay curve was generated. For those measure-
ments without plates, only the longest-lived vortices are
used, for which the lifetime is larger than 5 ¢, [19]. The
generic decay curve is the median of all those longest-liv-
ing vortices. By selecting the longest-lived vortices only,
the resulting decay curve can be considered as a generic
reasonable worst-case decay curve. For the measurements
with the Plate Line a generic reasonable worst-case decay
curve was evaluated in analogy to the measurements with-
out the Plate Line. However, as the lifetime of vortices
with plates is much shorter, it makes no sense to use the
same lifetime criterion as without plates. For this reason,
the same percental number of longest-lived vortices was
used for the measurements with plates as without plates,
while it was assured that the relevant parameters control-
ling wake vortex decay, such as aircraft mix, wind speed,
atmospheric turbulence, thermal stratification and flight
altitude above ground, reside in similar ranges for both
cases [15].

This way, two similar generic decay curves were gener-
eated for reasonable worst-case conditions: one for condi-
tions with a Plate Line and one for those without (Fig. 4).
The difference in vortex age between the two curves for
a given circulation can be translated into a difference in
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aircraft separation given the aircraft specific final approach
speed and the actual mass of the aircraft.

For the evaluation of the final approach speed, the BADA
database (Base of Aircraft Data) [20] was used here. The
aircraft mass during approach is estimated to be 85% of the
maximum landing mass (MLM) as found in measurements
conducted at the airports Memphis and Dallas Fort Worth
[21] and as also assumed in the RECAT-EU safety case [4] if
no aircraft type specific data were available. Another method
to estimate the landing masses of aircraft is given in [22]
yielding slightly higher landing masses between 85 and 93%.
However, for simplicity and comparability, the value of 85%
MLM is used here.

As a short recap of the previous work in [14], the absolute
and percental reductions of the minimum aircraft separa-
tions for each considered aircraft pair are shown again here
in Figs. 5 and 6.

As a depiction of each aircraft name would make the fig-
ures barely readable, only an index number of each aircraft
is depicted (as defined in [14]) with increasing number for
decreasing maximum take-off mass (MTOM). Additionally,
to give the reader a better overview, the six RECAT-EU air-
craft categories Super heavy, Upper heavy, Lower heavy,
Upper medium, Lower medium and Light are separated by
dashed lines, even though these categories are not used in
RECAT-EU-PWS.

Due to the accelerated decay stemming from the plates,
a follower aircraft would experience the same circulation at
the reduced separation as with RECAT-EU-PWS minimum
separations without plates. For this reason, within the range
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Fig.5 Absolute reduction of minimum separations due to the Plate
Line based on RECAT-EU-PWS separations (IGE consideration
only) [14]
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Fig.6 Percental reduction of minimum separations due to the Plate
Line based on RECAT-EU-PWS separations (IGE consideration
only) [14]

where the plates are effective, the reduced separations with
plates can be considered just as safe as the RECAT-EU-PWS
separation without plates.

Fig. 5 shows an absolute reduction potential of 0.4 NM
to 1.3 NM, which corresponds to approximately 12 to 24%
in Fig. 6. The average over all aircraft pairings amounts to
14.8%. One can clearly observe in Fig. 5 that the largest
absolute gain is for the light aircraft behind heavy leaders.
This can be explained by the increasing plate effect with
increasing vortex age. The relative gain shown in Fig. 6
shows a wide region of aircraft pairings with a benefit close
to the average of 15%. This means that the relative benefit
is similar for most aircraft pairings. The only aircraft pairs
with larger relative benefits are some of the heaviest follow-
ers behind upper heavy leaders and some light followers
behind leaders of different categories. The first ones can be
explained by the already very low separation distance, for
which even a small absolute gain is already a large percental
gain. The latter ones can be explained again by the large
vortex age for light followers, hence the larger plate effect
connected to it.

As the Plate Line’s effect of reducing the wake vortex
strength and lifetime is only effective close to the ground
(the maximum rebound height of wake vortices generated
by large aircraft amounts to approximately 300 ft [9, 11]),
the results depicted in Figs. 5 and 6 could only be applied
for the in-ground effect (IGE) case without any further safety
analysis. This means that for the out-of-ground effect (OGE)
case, aircraft would need to follow the unchanged minimum
spearations as prescribed by RECAT-EU-PWS. A reduction
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of the minimum aircraft separations close to the ground
along the glideslope can practically not be applied because
the aircraft fly at their respective landing speed already from
an altitude of mostly 1,000 ft above ground. Therefore, the
separations cannot be changed along the glideslope at such
low altitudes.

Having said this, it is evident that the potential to further
reduce the minimum aircraft separations even out of ground
effect needs to be investigated as well.

3 Methodology of the analysis considering
IGE and OGE

For many aircraft pairings the dimensioning case for the
assessment of minimum aircraft separations is IGE. In those
cases, the aircraft separations could theoretically be even
further reduced OGE, but then safety would be violated
IGE. For this reason, a safe reduction of the minimum air-
craft separations IGE justified by the presence of a Plate
Line could be applied along the whole glidepath. Only in
cases where the OGE situation is the dimensioning case, the
benefit from the plates cannot be fully used as a separation
reduction. To evaluate the potential benefit when consider-
ing the glide slope as well, a combined analysis considering
both situations IGE and OGE has been performed.

In the same way as it has been done already for the IGE
analysis, this combined analysis for IGE and OGE followed
the method developed for the RECAT-EU-PWS safety case
report [2] as close as possible. The combined analysis has
not only been performed using RECAT-EU-PWS as ref-
erence but also using RECAT-EU as reference to allow a
comparison between these two reference cases. In the fol-
lowing description, the methodology will be explained using
RECAT-EU-PWS as reference first; the results for both ref-
erence cases are shown thereafter.

As already mentioned in the previous section, land-
ing aircraft typically fly at their respective landing speed
from an altitude of mostly 1,000 ft above ground. Above
this altitude, aircraft are typically starting their approach
at a higher airspeed and then reduce their airspeed while
descending along the glidepath. Because of this decelera-
tion, the separation between the aircraft during approach
is decreasing until the aircraft reach their landing speed.
This reduction of the separation while descending along
the glidepath is commonly called “compression effect” and
needs to be considered by air traffic control because the
necessary separation needs to be ensured all the way down
to the threshold of the runway. Thus, a slightly higher sep-
aration is applied by air traffic control initially to reach the
target separation at the runway threshold. To deal with
this compression effect, in the RECAT-EU-PWS safety
case report [2], an additional separation of 0.5 NM has
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been added to all OGE separations and it has been identi-
fied that this additional buffer, when applied to all separa-
tions, has no significant influence on the resulting target
separations. In the analysis presented in this section, an
additional buffer of 0.5 NM to deal with the compression
effect has been applied as well and, similar to the results in
the safety case report, the influence on the resulting target
separations has been negligible.

The same 86 aircraft types as for the IGE analysis have
been considered in this combined analysis as well. The
methodology will be explained here based on Fig. 7 using
the Learjet 35 (LJ35) as an exemplary follower aircraft. An
aircraft of the RECAT-EU category Light has been chosen
because for larger follower aircraft types, no wake vortex
separation is defined by RECAT-EU(-PWS) when flying
behind relatively small leader aircraft and thus the number
of exemplary data points in Fig. 7 would be much less. On
the horizontal axis, the different leader aircraft types are
indicated by their index number. These are roughly sorted
by their size with the Airbus A380 being the first aircraft
type and the Piper PA-34 being the last aircraft type with
the index number 86. On the vertical axis, the separation in
nautical miles and the rolling moment coefficient (RMC)
that is induced by the wake vortex are shown.

For many combinations of aircraft types, the wake tur-
bulence separation is not dimensioning the separation, but
instead minimum radar separation (MRS) is applied. That
means that the required separation is depending primarily
on the precision of the radar systems in use, but there is
no wake turbulence separation defined. Thus, no further
analysis about the wake turbulence separation is required
in that case. For all other combinations of aircraft types,
a further analysis has been performed according to the
methodology that is described in the following paragraphs.

As a first step, for each individual combination of leader
and follower aircraft types, the RMC that is induced by the
wake vortex at RECAT-EU-PWS separation has been cal-
culated. For this purpose, the previously introduced P2P
model has been used to predict the remaining circulation at
the RECAT-EU-PWS separation (see Fig. 3). Assuming a
true airspeed (TAS) of 160 kts as in the RECAT-EU-PWS
safety case report [2], the vortex age at the respective sepa-
ration distance can be calculated and then used to estimate
the corresponding vortex circulation under reasonable
worst-case conditions with the P2P model. As defined in
the safety case report, the RMC for each individual aircraft
pairing at RECAT-EU-PWS separation has been calculated
using the following equation:

A b
Vb Agt4  \b

with
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Fig.7 Separations and RMCs
for the Learjet 35 as an exem-
plary follower aircraft
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and

a = 0.035 (core parameter of the wake vortex).

The RMC is a function of the circulation I (provided by
the P2P model), the true airspeed V of the follower aircraft
and some geometry parameters of the leader and follower
aircraft that have been extracted from the BADA database
[20]: the wing aspect ratio Ay of the follower aircraft and
the wingspans b, and b; of of the leader and follower air-
craft respectively. The core parameter a of the wake vor-
tex is defined as the ratio between the vortex core radius
to the wingspan of the leader aircraft and is assumed to be
3.5%. Further details about the underlying assumptions of
this RMC definition can be found in [2]. The results of this
calculation are shown in Fig. 7 in red colour for the RECAT-
EU-PWS separations behind the considered leader aircraft
types with the Learjet 35 as follower. In the upper half of
the figure, the red dots show the corresponding RECAT-EU-
PWS separations.

| .
30 40 50 60 70 80
Leader aircraft number

Relatively low RMC values occur for the leader aircraft
numbers 16 and 20-22 which correspond to the aircraft
types MD11, A306, A30B, and A310. These aircraft types
feature relatively small wing spans in relation to their land-
ing masses. Accordingly, they have relatively high initial cir-
culations but also small vortex times scales [16] on the order
of 20 s leading to relatively rapid vortex decay and thus
relatively low RMC values at the considered separations.

After calculating the RMC for each individual aircraft
pairing, the leader aircraft that induces the highest RMC
at RECAT-EU-PWS separation for the specified follower
aircraft can be identified. For the Learjet 35 as exemplary
follower aircraft, when using the P2P model and applying
the mentioned assumptions, the Boeing 737-900 (B739) is
the leader aircraft that induces the highest RMC at RECAT-
EU-PWS separation as indicated in Fig. 7. This RMC is con-
sidered the highest acceptable RMC for the respective fol-
lower aircraft and thus defines the RMC limit that is shown
in Fig. 7 below as a red line. This definition of an RMC limit
is aligned to the method used in the RECAT-EU-PWS safety
case report [2] in which in section “7.1 OGE wake turbu-
lence risk acceptability criteria” as one of several possible
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alternatives, the separation is defined to be acceptably safe
when the RMC is “below the maximum RMC obtained for
the considered follower behind any leader at ICAO separa-
tion in OGE situation.” In the safety case, the maximum
RMC behind any leader at ICAO separation is used as a
reference for defining the RECAT-EU-PWS separation.
Thus, it is here considered as a reasonable method to use
the maximum RMC behind any leader at RECAT-EU-PWS
separation for defining a reduced separation when using
Plate Lines.

In the next step, for each individual combination of leader
and follower aircraft type, the RMC is calculated that would
result OGE when applying the reduced IGE separation with
Plate Lines also for OGE. The reduced IGE separation when
using Plate Lines (IGE-PL separation) had been calculated
previously as published in [14] and described in section 2.
This IGE-PL separation and the resulting RMC for the
OGE case are shown in Fig. 7 with blue dots. Obviously,
there are a number of leaders where the RMC limit would
be exceeded for the LJ35 if the IGE-PL separations would
be applied without consideration of the situation along the
glide slope.

Then, it is checked whether the resulting RMC is below
the previously defined RMC limit for the specified follower
aircraft. If this RMC is below the limit, then the reduced
IGE-PL separation can be considered as a safe separation
for OGE as well because the IGE case is dimensioning the
separation without interfering with the safe limits OGE. In
that case, the possible IGE-PL separation reduction can be
fully used OGE without compromising safety. Thus, the
reduced separation when using plates for IGE and OGE that
is shown in the upper part of Fig. 7 as black circles is the
same as the IGE-PL separation, which is shown as blue dots.
This is typically the case for relatively light leader aircraft
types as it is visible in Fig. 7 on the right-hand side where
the black circles exactly match the blue dots, but it is also
visible for some heavier leader aircraft types on the left-hand
side. These black circles can be considered as the finally
resulting separation that is reasonably safe when using Plate
Lines without inducing a higher RMC than at RECAT-EU-
PWS separation for this follower aircraft behind any leader
aircraft.

However, if the RMC that would result from applying
the IGE-PL separation for OGE as well is above the limit,
then the possible IGE-PL separation reduction cannot be
fully used for OGE. In that case, starting at the reduced
IGE-PL separation, the separation is increased until the
resulting RMC is at or below its limit. For the worst-case
leader aircraft type (in this example the B739), the finally
resulting separation corresponds exactly to the RECAT-EU-
PWS separation because the RMC corresponds exactly to
the RMC limit for this leader aircraft type per definition.
Thus, for this specific combination of aircraft types (in this
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case LJ35 behind B739), the IGE-PL separation reduction
cannot be used at all because for this combination, the OGE
case is dimensioning the separation where the Plate Lines
are not effective and the RMC is already at the limit for the
OGE case without any possible reduction margins without
exceeding this limit.

For all other aircraft combinations, the RMC limit is
reached at a separation that is somewhere between the
RECAT-EU-PWS separation and the IGE-PL separation.
In that case, the possible IGE-PL separation reduction can
be used partially OGE as well. This is visible in Fig. 7 for
many leader aircraft types on the left-hand side where the
black circles that represent the finally resulting separation
for IGE and OGE lie somewhere between the red and the
blue dots. For these aircraft combinations, the IGE case is
dimensioning the separation without Plate Lines and thus
the Plate Lines enable a separation reduction. Now the IGE-
PL separation reduction potential can only be partially used
because the OGE case becomes dimensioning first before
the full potential of the Plate Lines is reached. However, in
many cases (even for relatively heavy leader aircraft types),
the finally resulting separation reduction that is defined as
the difference between the red dots and the black circles
in Fig. 7 is still in the order of about half a mile which can
be a significant benefit for airports that operate near their
capacity limit.

To sum up this methodology, four different cases are pos-
sible for each individual combination of leader and follower
aircraft type:

1. Minimum radar separation is applied and no further
analysis is performed because the wake turbulence sepa-
ration is not dimensioning the separation anyway. Not
present for the example follower aircraft type in Fig. 7
because for this follower aircraft type, a wake vortex
separation is defined for every leader aircraft type.

2. The RMC that would result OGE when applying the
IGE-PL separation OGE as well is below the RMC limit.
Thus, the possible IGE-PL separation reduction can be
fully used for OGE as well. Black circles match the blue
dots in Fig. 7.

3. The RMC has already reached its limit at the RECAT-
EU-PWS separation. Thus, the possible IGE-PL separa-
tion reduction cannot be used for OGE at all. Only pre-
sent for the worst-case leader aircraft type. Black circles
match the red dots in Fig. 7.

4. The RMC that would result OGE when applying the
reduced IGE-PL separation also OGE is above the limit,
but the RMC at RECAT-EU-PWS separation is below
the limit. Thus, the possible IGE-PL separation reduc-
tion can be used partially for OGE. Black circles are
somewhere between the red dots and the blue dots in
Fig. 7.
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4 Results

The methodology described in the previous section has
been applied for all possible combinations of the 86 con-
sidered aircraft types as leader and follower aircraft for
which a wake turbulence separation is defined according
to RECAT-EU-PWS instead of minimum radar separation.
As mentioned previously, the potential benefits have been
analyzed not only for RECAT-EU-PWS as reference but also
for RECAT-EU as reference. When using RECAT-EU as
reference, the aircraft are grouped in six categories and the
highest required separation for all combinations of aircraft
types in the respective combination of aircraft categories
defines the finally resulting separation. The results refering
to RECAT-EU are shown first, the results for the detailed
analysis refering to RECAT-EU-PWS are shown thereafter.

Table 1 shows the results of the combined analysis for
IGE and OGE when using RECAT-EU as reference. The
separations are rounded up to increments of 0.1 NM to
enhance the clarity. Because the achievable precision of
the separation by the air traffic controllers is limited, the
RECAT-EU-PWS separations are defined in increments of
0.5 NM. However, when applying pairwise separations for
each individual aircraft pairing instead of grouping the air-
craft types in only a few categories, it cannot be demanded
that the air traffic controllers can memorize the required
separations for all possible aircraft pairings. Thus, some
kind of controller assistance system like EUROCONTROL’s
Leading Optimized Runway Delivery (LORD) tool [23] or
the arrival spacing tool Intelligent Approach [24] would be
required for applying a pairwise separation scheme and if an
assistance system is used, a higher precision than 0.5 NM

would possibly be achievable. Because this paper presents
a scientific analysis, it has been decided not to round the
separations up to increments of 0.5 NM but to calculate and
store the numerical values in the full precision that is defined
by the software. Just for reasons of clarity, the separations in
Table 1 are rounded up to increments of 0.1 NM. For some
combinations of aircraft categories, only minimum radar
separation is applied but no wake turbulence separation is
defined. Thus, for these combinations, the respective cells
in Table 1 are kept empty.

When using RECAT-EU as reference, the worst case for
each respective combination of leader and follower aircraft
category defines the separation for the entire category, even
though for some combinations of aircraft types, lower sepa-
rations and thus higher benefits could be possible. Thus, the
separation reductions are generally lower than for RECAT-
EU-PWS as reference.

For many follower aircraft types, the Airbus A380 is the
leader aircraft type that induces the highest RMC at RECAT-
EU separation and thus for most aircraft categories as fol-
lower behind the Airbus A380, which is the only aircraft
type of the Super heavy category, no separation reduction
is safely possible under the mentioned assumptions. How-
ever, for the worst-case pairings with follower aircraft of the
categories Lower medium and Light, a leader aircraft type
of the category Upper heavy induces the highest RMC at
RECAT-EU separation. Thus, for these two combinations
of aircraft categories, no separation reduction is safely pos-
sible under the mentioned assumptions while for aircraft of
the categories Lower medium and Light behind the category
Super heavy, a small separation reduction of about 0.1 NM
would be safely possible under the mentioned assumptions.

Table 1 Results of the
combined IGE/OGE analysis

Leader/follower Super heavy Upper heavy Lower heavy Upper medium Lower medium Light

for RECAT-EU as reference

Super heavy 3.0NM 4.0 NM 5.0NM 5.0NM 59NM 7.9 NM
(upper rows in each cell show -00NM  —00NM  -00NM  —0.0NM —0.1 NM —0.1 NM
th§ finally resulting separation, —0.0% —0.0% —0.0% —0.0% —17% ~13%
;‘;‘daiig’nwfezll’lzgoili (‘;‘g“’;;‘;g Upper heavy 2.6 NM 3.8 NM 3.9NM 5.0NM 7.0 NM
R ECAT-BU. bottos b8! —04NM  -02NM  —0.INM ~0.0NM ~0.0NM
’ . -13.3% -5.0% -2.5% —-0.0% -0.0%
show the percental separation
reduction compared to Lower heavy 2.6 N\M 2.6 NM 3.8 NM 5.6 N\M
RECAT-EU) —04NM  —04NM —0.2NM —0.4NM
-13.3% -13.3% -5.0% —6.7%
Upper medium 4.3 NM
—-0.7NM
—14.0%
Lower medium 3.6 N\M
—-0.4 NM
-10.0%
Light 2.6 NM
-0.4NM
-13.3%
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Fig.8 Results of the combined analysis for IGE-PL and OGE when
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Fig.9 Results of the combined analysis for IGE-PL and OGE when
using RECAT-EU-PWS as reference (percental values)

The absolute benefit relative to RECAT-EU ranges
between 0 NM and 0.7 NM while the relative benefit ranges
between 0 and 14%. For the combinations with a leader air-
craft of the category Upper heavy or Lower heavy and a
follower aircraft of the category Upper heavy, Lower heavy,
Upper medium or Lower medium that are most relevant for
many airports, the average benefit is at about 7.5% which
can be a significant benefit for airports that operate near
their capacity limit.

When using RECAT-EU-PWS instead of RECAT-EU as
reference and thus considering the individual aircraft types

@ Springer

instead of grouping the aircraft in categories, even higher ben-
efits can be achieved. Figures 8 and 9 show the corresponding
results of the combined analysis for IGE-PL and OGE separa-
tions when using RECAT-EU-PWS as reference in absolute
values and in percental values respectively. As a depiction
of each aircraft name would make the figures barely read-
able, only an index number of each aircraft is depicted with
increasing number for decreasing maximum take-off mass
(MTOM). Additionally, to give the reader a better overview,
the six RECAT-EU aircraft categories Super heavy, Upper
heavy, Lower heavy, Upper medium, Lower medium and Light
are separated by dashed lines, even though these categories are
not used in RECAT-EU-PWS.

For the aircraft pairings for which minimum radar sepa-
ration is applied, the respective areas in the figures are kept
white because for these aircraft pairings, the wake turbulence
separation is not dimensioning the separation anyway and thus
no further analysis has been performed. For the other aircraft
pairings, the results of the analysis show absolute separation
benefits enabled by Plate Lines ranging from 0 NM for the
previously defined worst-case leader aircraft up to 1.22 NM
with an average benefit of 0.45 NM. The percental separation
benefits are ranging from 0 to 23.8% with an average benefit
of 13.1%. The red areas in Figs. 8 and 9 without any separa-
tion reduction potential correspond to cases where the accel-
erated vortex decay facilitated by the Plate Line cannot be
translated into capacity gains as the RMC limits are already
reached OGE. The absolute benefit reaches the highest values
for light aircraft types behind heavy aircraft types while the
relative benefit reaches the highest values for heavy aircraft
types behind heavy aircraft types.

Overall, it is clearly visible that for most aircraft pairings,
substantial separation benefits are possible according to this
combined analysis for IGE-PL and OGE. The benefits are
significantly higher when using RECAT-EU-PWS instead of
RECAT-EU as reference because the full benefits for the indi-
vidual aircraft pairings can be applied instead of capping the
benefits at the values of the worst-case aircraft combination
in each category.

Depending on the traffic mix at a specific airport, the actual
benefits are varying, but the results of this combined analysis
for IGE-PL and OGE show that not only for a small range of
aircraft combinations but for nearly all relevant aircraft combi-
nations, substantial benefits can be achieved when using Plate
Lines. These benefits are possible because in most scenarios,
the IGE case without Plate Lines is dimensioning the separa-
tion and thus the benefit that can be achieved with Plate Lines
can be used OGE partially or fully without compromising
safety.
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5 Conclusions

The potential aircraft separation benefits that could be
enabled by the installation of wake vortex decay enhanc-
ing Plate Lines have been analysed. It has been shown
that even though Plate Lines are only effective close to
the ground, they still support a potential reduction of the
separation further up on the glideslope because in most
scenarios, the wake vortex decay rates in ground proxim-
ity without plates are dimensioning the separations. Thus,
the accelerated decay brought along by Plate Lines dur-
ing final approach may enable a separation reduction also
along the glide path out of ground effect without compro-
mising safety. In contrast to the final approach in ground
proximity, wake vortex transport along the glide slope is
not restricted by the ground surface. Thus, wake vortices
usually exit the flight corridor of follower aircraft by self-
induced vortex descent and not only by advection with
the wind. Therefore, not only wake vortex decay as antici-
pated in this study but also self-induced vortex descent is
a relevant mechanism guaranteeing safe separations along
the glide slope. Further analysis considering all aspects of
wake vortex evolution may be needed for a safety case that
will make the additional separation reduction potential of
Plate Lines fully available at congested airports.

The analysis described here showed that even without
considering wake vortex transport as a relevant safety
mechanism, substantial benefits can be gained for some
relevant combinations of aircraft categories by the instal-
lation of Plate Lines when using RECAT-EU as reference.
When using RECAT-EU-PWS as reference, for most air-
craft pairings, even higher separation benefits of about
0.5 NM or 13% may be enabled by the installation of
Plate Lines, which would be a very significant benefit for
airports that operate near their capacity limits. For some
aircraft pairings, even higher benefits of more than 1 NM
or 20% seem to be possible with Plate Lines. These ben-
efit estimates do not consider yet the limitations brought
along by minimum radar separations and runway occu-
pancy times (depending on parameters like the runway
exit design, weather conditions, airline and aircraft type)
which may occasionally constitute the most constraining
factors rather than wake turbulence.

Current exchanges with airports foresee the installation
of Plate Lines for use case II which provides for the com-
bination of RECAT-EU-PWS with a Plate Line to exploit
enhanced runway capacity without increasing wake vortex
encounter rates. The introduction of use case III analysed
here may follow as a second step to boost further capac-
ity gains. While the current investigation focuses on sin-
gle runway operations, Plate Lines can basically also be
installed at any location that facilitates the acceleration of

the decay of wake vortices that may reach neighbouring
runways that cannot be operated independently. Also, this
use case is currently discussed with an interested airport.

The approval for reducing the minimum separations could
be granted either by national authorities for specific applica-
tions or by an international authority like EASA. In any case,
it is expected that the operational installation of Plate Lines
will be combined at least initially with wake vortex monitor-
ing by lidar to substantiate the expected safe performance in
ground proximity.

Acknowledgments The instructive discussions and the feedback
received from F. Rooseleer from EUROCONTROL and I. De Visscher
from Wake Prediction Technologies are greatly acknowledged. This
project has received funding within the framework of the SESAR Joint
Undertaking “Safely Optimized Runway Throughput” project (VLD3-
W2 SORT) within the European Union’s Horizon 2020 research and
innovation programme under grant agreement no. 874520.

Author contributions A.K. wrote chapters 3 and 4 that are the main
part of the paper and parts of chapter 1 and of chapter 5. D.V. wrote
section 2.3 and parts of chapter 1. F.H. and G.R. wrote sections 2.1
and 2.2 and parts of chapter 5. All authors reviewed the manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL. Open access funding enabled and organized by Projekt DEAL.
This work was supported by SESAR Joint Undertaking, 874520.

Data availability No datasets were generated or analysed during the
current study.

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. ICAO: Procedures for air navigation services—rules of the air and
air traffic services, Doc 4444 (2016)

2. Rooseleer, F., Treve, V., and De Visscher, I.: Wake turbulence
re-categorisation and pair-wise separation minima on approach
and departure “RECAT-EU-PWS” safety case report, edition 2.0,
EUROCONTROL, Brussels, Belgium (2021)

3. EUROCONTROL: RECAT-EU—European wake turbulence
categorisation and separation minima on approach and depar-
ture (2015). https://www.eurocontrol.int/publication/europ

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.eurocontrol.int/publication/european-wake-turbulence-categorisation-and-separation-minima-approach-and-departure

A. Koloschin et al.

10.

11.

12.

13.

14.

ean-wake-turbulence-categorisation-and-separation-minima-
approach-and-departure

EUROCONTROL: European proposal for revised wake turbulence
categorisation and separation minima on approachand departure
‘RECAT—EU’ Safety Case Report, Edition 2.0. Brussels, Bel-
gium: EUROCONTROL (2017)

Holzépfel, F., Strauss, L., Schwarz, C.: Assessment of dynamic
pairwise wake vortex separations for approach and landing at
Vienna Airport. Aerosp. Sci. Technol. 112, 106618 (2021). https:/
doi.org/10.1016/j.ast.2021.106618

Schwarz, C., Hahn, K.-U., Automated pilot assistance for wake
vortex encounters, 1st CEAS European air and space conference,
September 10-13, 2007, Berlin, Germany, https://doi.org/10.
1016/j.ast.2010.09.008

Hallock, J.N., Holzidpfel, F.: A review of recent wake vortex
research for increasing airport capacity. Prog. Aerosp. Sci. 98,
27-36 (2018). https://doi.org/10.1016/j.paerosci.2018.03.003
Stephan, A., Holzipfel, F., Misaka, T., Geisler, R., Konrath, R.:
Enhancement of aircraft wake vortex decay in ground proximity.
CEAS Aeronaut. J. 5, 109-125 (2013). https://doi.org/10.1007/
$13272-013-0094-8

Holzipfel, F., Stephan, A., Heel, T., Korner, S.: Enhanced wake
vortex decay in ground proximity triggered by plate lines. Aircraft
Eng. Aerosp. Technology 88, 206-214 (2016). https://doi.org/10.
1108/AEAT-02-2015-0045

Korner, S., Holzépfel, F.: Assessment of the wake-vortex proxim-
ity to landing aircraft exploiting field measurements. J Aircraft 56,
1250-1258 (2019). https://doi.org/10.2514/1.C035252
Holzipfel, F., Stephan, A., Rotshteyn, G., Korner, S., Wildmann,
N., Oswald, L., Gerz, T., Borek, G., Floh, A., Kern, C., Kersch-
baum, M., Nossal, R., Schwarzenbacher, J., Strobel, M., Strauss,
L., Weil3, C., Kauczok, S., Schiefer, C., Czekala, H., Maschwitz,
G., Smalikho, I.: Mitigating wake turbulence risk during final
approach via plate lines. ATAA J. 59(11), 4626-4641 (2021).
https://doi.org/10.2514/1.J060025

Vechtel, D., Stephan, A., Holzépfel, F.: Simulation study of sever-
ity and mitigation of wake-vortex encounters in ground proximity.
J Aircraft 54, 1802-1813 (2017). https://doi.org/10.2514/1.C0339
95

Holzipfel, F., Rotshteyn, G.: Plate lines—mitigating wake tur-
bulence risks and increasing runway throughput. Zenodo (2023).
https://doi.org/10.528 1/zenodo.7941052

Vechtel, D., Holzipfel, F., and Rotshteyn, G., Assessment of
aircraft separation reduction potential for arrivals facilitated by
plate lines, AIAA 2022-2010, AIAA SciTech Forum, January

@ Springer

15.

17.

18.

19.

20.

21.

22.

23.

24.

3-7, 2022, San Diego, CA & Virtual, https://doi.org/10.2514/6.
2022-2010

Holzipfel, F., Vechtel, D., Rotshteyn, G., Stephan, A.: Plate lines
to enhance wake vortex decay for reduced separations between
landing aircraft. Flow Appl. Fluid Mech. 2, 2 (2022). https://doi.
org/10.1017/10.2021.16

. Holzipfel, F.: A probabilistic two-phase wake vortex decay and

transport model. J. Aircraft 40, 323-331 (2003). https://doi.org/
10.2514/2.3096

Holzipfel, F.: Probabilistic two-phase aircraft wake-vortex model:
further development and assessment. J. Aircraft 43, 700-708
(2006). https://doi.org/10.2514/1.16798

Bourgeois, N., Choroba, P. and Winckelmans, G., Conditional
reduction of ICAO wake turbulence separation minima on final
approach. In: 5th international conference on research in air trans-
portation, 22-25 May 2012, University of Berkeley, CA, USA
De Visscher, 1., Winckelmans, G., Treve, V., Characterization of
aircraft wake vortex circulation decay in reasonable worst case
conditions, AIAA 2016-1603, 54th AIAA aerospace sciences
meeting, 4-8 January 2016, San Diego, CA, USA, https://doi.
org/10.2514/6.2016-1603

N.N., Base of Aircraft Data (BADA) Revision 3.13, May 2015,
Eurocontrol, Brussels, Belgium

Delisi, D. P., Pruis, M., Wang, F. Y., Lai, D. Y., Estimates of the
initial vortex separation distance, b0, of commercial aircraft from
pulsed lidar data, ATAA 2013-0365, 51st AIAA aerospace sci-
ences meeting, 7-10 January 2013, Grapevine, TX, USA, https://
doi.org/10.2514/6.2013-365

Holziépfel, F., Rotshteyn, G.: Estimating aircraft landing weights
from mode S data. J Aircraft 60, 589-593 (2023). https://doi.org/
10.2514/1.C036689

Cappellazzo, V., Treve, V., Chalon, C., De Visscher, 1., Design
principles for a separation support tool allowing optimized run-
way delivery, AIAA 2018-4237, AIAA AVIATION Forum, June
25-29, 2018, Atlanta, GA, https://doi.org/10.2514/6.2018-4237
N.N., Intelligent Approach website, https://www.intelligentappr
oach.aero/. Accessed 23 July 2024

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://www.eurocontrol.int/publication/european-wake-turbulence-categorisation-and-separation-minima-approach-and-departure
https://www.eurocontrol.int/publication/european-wake-turbulence-categorisation-and-separation-minima-approach-and-departure
https://doi.org/10.1016/j.ast.2021.106618
https://doi.org/10.1016/j.ast.2021.106618
https://doi.org/10.1016/j.ast.2010.09.008
https://doi.org/10.1016/j.ast.2010.09.008
https://doi.org/10.1016/j.paerosci.2018.03.003
https://doi.org/10.1007/s13272-013-0094-8
https://doi.org/10.1007/s13272-013-0094-8
https://doi.org/10.1108/AEAT-02-2015-0045
https://doi.org/10.1108/AEAT-02-2015-0045
https://doi.org/10.2514/1.C035252
https://doi.org/10.2514/1.J060025
https://doi.org/10.2514/1.C033995
https://doi.org/10.2514/1.C033995
https://doi.org/10.5281/zenodo.7941052
https://doi.org/10.2514/6.2022-2010
https://doi.org/10.2514/6.2022-2010
https://doi.org/10.1017/flo.2021.16
https://doi.org/10.1017/flo.2021.16
https://doi.org/10.2514/2.3096
https://doi.org/10.2514/2.3096
https://doi.org/10.2514/1.16798
https://doi.org/10.2514/6.2016-1603
https://doi.org/10.2514/6.2016-1603
https://doi.org/10.2514/6.2013-365
https://doi.org/10.2514/6.2013-365
https://doi.org/10.2514/1.C036689
https://doi.org/10.2514/1.C036689
https://doi.org/10.2514/6.2018-4237
https://www.intelligentapproach.aero/
https://www.intelligentapproach.aero/

	Improved pairwise aircraft separation minima applying Plate Lines
	Abstract
	1 Introduction
	2 Models and measurements
	2.1 Plate Line measurement campaign
	2.2 Wake vortex prediction model P2P
	2.3 Analysis considering IGE only

	3 Methodology of the analysis considering IGE and OGE
	4 Results
	5 Conclusions
	Acknowledgments 
	References


