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Abstract

The paper analyzes the influence of wind on the opti-
mal rendezvous and separation points of a two-aircraft
aerodynamic formation flight. For a set of origin and
destination airports the optimal formation routing is
determined for each day of the year 2012 using an
optimal control approach and a pattern search opti-
mization to maximize the benefits estimated by a sur-
rogate model. The resulting formation geometries are
recalculated to enhance the benefit estimation and sub-
sequently compared to the cases with fixed rendezvous
and separation locations. It is shown, that wind ef-
fects account for a large variability of the achievable
benefits as well as of the geographic location of the
optimal rendezvous and separation points. A fixation
of these locations leads to a significant reduction of
the achievable benefits.

1 General Introduction

The formation flight of birds is a fascinating natural
phenomenon and a transfer of this principle to man-
made aircraft promises substantial fuel savings that
can lead to a reduction of not only emissions but also
cost. Numerous aerodynamic analyses and flight ex-
periments were conducted throughout the years and it
could be shown, that the aerodynamic formation flight
(also called wake-surfing) is practicable. Beside the
technical aspects of building up a formation, the inte-
gration of the new concept into the air transport system
poses many challenges as inefficiencies arising from
detours, the necessity of speed and altitude adaptions,
different aircraft types, timing and delays and not least
wind effects influence the achievable fuel savings. The
wind effects can be assumed to have a considerable ef-
fect on the optimal formation geometry and therefore
on the optimal rendezvous and separation points as
they essentially affect the formation routing. Hence,

this paper will present a method to identify optimal
rendezvous and separation areas for a given set of
origin and destination airports that yield the highest
average benefits under consideration of different wind
situations.

1.1 State of the Art

The analysis of operational aspects arising from fly-
ing in formation was subject of several works wherein
the route optimization and partner allocation problem
was of particular importance. Kent et al. [5] showed,
that a fast creation of optimal formation routes can be
achieved by using a geometric approach. They demon-
strated that up to 8.6% fuel savings can be achieved for
a transatlantic scenario by two-aircraft formations. Xu
et al. [10] showed in another analysis for a North At-
lantic scenario, that for an airline network fuel savings
of up to 6.8% can be achieved by introducing forma-
tion flight. Previous related works by the author deal
with the parametrization of formations [7] and the de-
duction of surrogate models for the benefit estimation
[8] and are the basis for the presented work.

1.2 Approach

In this section the general approach of the study pre-
sented will be described (see figure 1). In the first
step of the analysis the scope including the defini-
tion of the double origin/destination pairs (DODPs) is
defined (see chapter 2). A DODP describes a two-
aircraft formation mission and defines the origin and
destination airports of the leader and follower aircraft
accordingly. Once the DODP is defined, optimal for-
mation geometries (FG) including the rendezvous and
separation points (rendezvous start point; RSP, separa-
tion end point; SEP) will be identified using an optimal
control approach as described in chapter 3.1. The cal-
culations will be performed under the consideration of
wind effects for the time period of a whole year. The
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RSP and SEP locations will be used subsequently to
determine average RSP and SEP locations along with
the resulting FGs (see chapter 3.2). All FGs will be re-
computed by a trajectory calculation (see chapter 3.3)
and finally be evaluated.

Definition of scope
(DODPs, AC-types ect.)
¥
Calculation of optimal
formation geometries

\

Identification of average
RSP and SEP locations

Recalculation of trajectories
\

Evaluation

Fig. 1 : General approach.

2 Scope

To conduct the presented study, several assumptions
need to be taken and boundary conditions are to be
set which will be described in this section. Formation
flight can be performed with a variable number of
members participating in one formation. As it can
be assumed that the two-aircraft formation will be the
first to be realized, this paper focuses on two-aircraft
formations only. Furthermore, it will be assumed, that
both formation members are of the same aircraft type
which was selected to be the Boeing 777-200 as one of
the most prevalent aircraft used on the North Atlantic.
The passenger loadfactors of both aircraft are fixed to
0.8 in accordance with IATA [3]. The formation cruise
altitude (FCA) and the formation cruise Mach number
(FCM) are fixed to FCA = 390001t and FCM = 0.84
representing the standard cruise speed of the B777-
200. In order to construct a formation geometry (FG)
the origin and destination airports of the formation
members need to be known. This so called double
OD-pair (DODP) was selected by analyzing flightplan
data of transatlantic flights in westbound direction.
The two most frequented connections were identified
to be LHR-JFK and CDG-YUL, which were selected as
the main DODP accordingly. For the variation of the
follower airport other major European airports (AMS,
FRA, and HAM) were chosen to guarantee adequate
spatial variation. In order to distinguish the DODPs,

only the follower origin airport will be used, as all
other airports remain the same. Table 1 summarizes
the scope of the study.

AC-type Boeing 777-200

FCA 39000ft

FCM 0.84

loadfactor 0.8

1d Origin LHR

Id Destination | JFK

fw Origin AMS, CDG, FRA, HAM
fw Destination | YUL

year 2012

days 366

Tab. 1 : Scope of the study.

2.1 Cases

Within this paper several case studies will be ana-
lyzed (see table 2). In the initial case all wind optimal
RSP/SEP combinations for all DODPs will be calcu-
lated for each day of the year 2012. This case is called
the opt case.

| case | index | RSP/SEP ‘

no wind nwd
optimal opt
direct dct
direct all | all

optimal without wind
optimal with wind
fixed per DODP
fixed for all

Tab. 2 : Examined cases.

The direct or dct case describes the routing of all for-
mations of a distinct DODP over a common RSP/SEP
combination for the particular DODP under consider-
ation. The all case describes the case that all foma-
tions of all DODPs are routed over one single common
RSP/SEP combination. For reference the nwd case de-
scribes the case that no wind influence occurs and the
segments of the FG therefore equal great circle seg-
ments. The construction of the geometrically optimal
RSP/SEP combination according to [5] is not appli-
cable in the presented case as shown by [1] and can,
therefore, not be evaluated for comparison.

2.2 Meteorological Data

The underlying data for the windoptimal calculation is
extracted from the European reanalysis interim data set
(ERA) provided by the European center for medium
range weather forecast (ECMWEF; [2]). The therein
contained reanalysis data is arranged in a coordinate
grid with a resolution of 0.75° in both latitude and
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longitude. The vertical resolution is given by 60 lay-
ers between the surface and a pressure altitude level
of 0.1 hPa. The data contains information on temper-
ature, pressure, relative humidity and wind speeds in
eastward- and northward direction. For the evaluation
the data at 12 UTC on a particular day was used.

3 Methods

3.1 Calculation of optimal RSP and SEP

Figure 2 shows the approach used to derive a wind
optimal FG. In the first step for a given RSP/SEP com-
bination wind optimal route segments are calculated
using the route optimization technique as desribed in
chapter 3.1.1. In this process it is checked, wheather
the top of climb (ToC) and top of descent (ToC) loca-
tions are suitable (see chapter 3.1.5). The single seg-
ments are then assembled to form a FG (see chapter
3.1.2). The achievable benefit of this FG is subse-
quently assessed using surrogate models as described
in chapter 3.1.3. An overall optimization process then
varies the RSP/SEP combination in order to determine
the optimal FG using a pattern search algorithm (see
chapter 3.1.4).

-->| RSP/SEP variation

-
1
1
1

. . ToC/ToD
Benefit estimation ---- . .
verification

A
! Route optimization
¥
'----1 FG construction

¥

Optimal FG

Fig. 2 : Calculation of an optimal formation geometry.

3.1.1 Route optimization

Within this study, minimum time tracks during cruise-
flight in the horizontal plane are estimated based on
an optimal control approach. Therefore, the aircraft is
assumed to be a massless point, moving along a spher-
ical earth (radius Rg) with a constant true airspeed
V7As at a constant pressure altitude H), with both val-
ues being derived from the specified FCA and FCM
of the formation using the international standard at-
mosphere (ISA). The flight direction can be affected
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by changing the heading angle y g which serves as
control variable.
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Additionally, the surrounding wind and pressure con-
ditions are expected to be stationary. Presuming the
flight path angle y to be very small (H), is constant)
and H, < R, the aircraft’s equations of motion -
constituting the dynamic constraints of the optimal
control problem - can be formulated (see eq. | and 2).
Here, A represents the longitude, ¢ the latitude, uw
the wind speed in eastward direction and vy the wind
speed in northward direction. The cost functional J of
the optimal control problem is chosen to be the flight
time between the initial position O to the final position
f according to eq. 3. Finally, the optimal control
problem is defined as identification of the temporal
evolution of the heading angle yy which minimizes
the flight time according to eq. 3 while satisfying the
dynamic constraints defined by eq. 1 and 2. This for-
mulation represents Zermelo’s problem on a spherical
earth [11]. Applying Pontryagin’s minimum principle
[9] to the resulting optimal control problem, yields the
optimal control law for the heading angle y g as shown
in eq. 4. A detailed derivation of eq. 4 is given by
Liihrs et al. [6].
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The system of differential equations 1, 2 and 4 is in-
tegrated by using a shooting method in order to solve
a two point boundary value problem with given initial
and final values of latitude and longitude or for a given
initial position and various initial headings.

3.1.2  Construction of a formation geometry

The route optimization method described in chapter
3.1.1 is used to construct a formation geometry ac-
cording to [8] that consists of several parts that are
shown in figure 3 and listed below.
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* Reference tracks (index ref)

* Approach segments (index a)

* Formation segment (index ben)
* Continuation segments (index b)

formatlon
- /. fw
fW y SEP RSP »
continuation —( >— approach
reference
_ -
- o)

Id

Fig. 3 : Schematic formation geometry (O=origin;
D=destination).

Except for the formation segment all other segments
as well as the reference tracks need to be determined
both for the leader (index Id) and for the follower (in-
dex fw). The route optimization is therefore applied
for all single segments of the FG summing up to 7 opti-
mization runs. The results are subsequently combined
to form a single FG that can then be used to estimate
the formation benefits. Figure 14 shows exemplary
FGs calculated by the method described above. It can
clearly be seen, that due to the wind influence the op-
timal FGs strongly differ from the great circle routes.

3.1.3 Benefit estimation

For the purpose of describing the benefits obtained by
a formation, the relative formation efficiency metric
AF is used (see eq. 5). Afr describes the absolute
fuel savings AFF in relation to the fuel necessary for
the reference missions Fg,r. The fuel savings AFp
is the difference of Fpr and the fuel necessary for
the formation mission Fgy,.,. Hence, a positive Ap
means, that the formation will save fuel.

AFF FFref FFjorm Z Fref - Z Fﬁ)rm
FFref FFref Z Fref

A = &)

The benefit estimation of a FG is based on surrogate
models. As shown in [8] surrogate models for the rel-
ative formation efficiency metric Ar can be derived
based on a set of geometric and mission data. There-
fore, Ar can be expressed as a function of 11 param-
eters (see equation 6). These parameters include the
relative detours (07), the relative segment lengths of the
approach (£,) and the formation segment (£e,,) (see
eq. 7) as well as a scaling length ().

Ar, AFE = f(T 14, T fvs Eben ids Eben fivs Ea 1d> Ea fins
FCM, FCA’ lflda lffw, Sroute ld) (6)

For the B777-200/B777-200 pairing an analogous
kriging model was used that was derived by a set of
exemplary trajectory calculations taking into account
the aerodynamic benefit of the follower using the tra-
jectory calculation method as described in chapter 3.3.

Sa Sben Sroute - Sref
= b = o=——- (7)
ga Sroute f - Sroute Sref

For a given FG the necessary formation parameters can
easily be derived. However, as the surrogate models
are calculated for the case without wind influence using
ground distances as a baseline, the parameters in the
wind case have to be calculated based on the according
air distances to take into account the wind effects.

3.1.4 RSP/SEP optimization

The achievable benefits vary with the location of the
RSP and SEP and show a distinct maximum (see also
chapter 4.1) allowing the use of regular optimization
techniques. Therefore, in order to find the optimal
locations of the RSP and SEP for a given windfield,
a pattern search algorithm was developed. Figure 4
shows an example of this algorithm optimizing the
RSP/SEP combination (only RSP part shown). The al-
gorithm samples possible RSP/SEP combinations on a
grid centered around a starting combination. The size
of the grid was chosen to be 3 by 3 with a 2.5 ° spacing.
For these resulting 81 RSP/SEP combinations windop-
timal FGs are calculated as described in chapter 3.1.2
and the benefit is estimated using the surrogate model
for Ar (blue points). If a better solution than in the
previous steps is found, it will be chosen as the new
starting combination for the next iteration of the algo-
rithm (red arrows). If no better solution could be de-
termined, the size of the grid is halved (green arrows).
By this process the location of the maximum benefit
is narrowed down. For the initial points RSPy, and
SEPg.,; a point between the reference tracks is cho-
sen. Furthermore, the alogrithm takes into account,
that formation flight can only be established in cruise
flight. Therefore, the ToC and ToD for the calculated
track using the RSP/SEP combination are estimated as
described in chapter 3.1.5. If the RSP and SEP under
evaluation cannot be used due to an unfulfilled ToD or
ToC constraint, the algorithm will not investigate this
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solution any more (black points). In order to accelerate
the algorithm, a pointlist is used that holds the already
sampled RSP/SEP combinations for fast lookup. If
the spacing of the grid falls below 0.078125 °, the stop
criterion for the algorithm is reached. The RSP/SEP
location with the highest Ar will be considered the
optimal RSP, and SEP,;.

(<) ) o
grid adaption N
o o o0 0o o o T TT--. -_
RSP ——8034°
opt [ o
o0 0
o o \ () o
° ° ° RSPstart
o o o o
reference track /T
o o o

o = evaluated position
0 = ToC not reachable \ grid
® = selected RSP

Fig. 4 : Example for the pattern search algorithm (RSP

location only). The same method is used to optimize
the SEP location simultaneously.

3.1.5 ToC/ToD calculation

In order to estimate the location of the ToC and ToD
in the case of wind consideration, a mapping method
was used. This method maps the climb and descent
trajectories of a standard profile (case with no wind
influence) to the optimal route derived by the route
optimization taking into account the wind situation.
This process is shown in figure 5.

TOCnew ToC

mapped climb profile YA

L staﬁdard climb profile

Origin \
optimal ground track

Fig. 5 : Schematic mapping process to estimate the
ToC of a wind optimal route.
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For each timestep the position of the aircraft along
the optimal ground track is estimated, while the local
wind velocity is interpolated at the given position and
superimposed over the aircraft speed derived from the
standard climb profile. Applying this procedure, a
mapped climb profile is constructed and the ToC can
be derived. This method can also be used to determine
the descent profile and the ToD accordingly.

3.2 Determination of common RSP and SEP

In order to determine the optimal rendezvous and sep-
aration areas, the average RSP and SEP locations are
determined. This is done by estimating the density ¢
of the points using radial base functions (RBF) with
an underlying spherical metric. For the kernel of the
RBF the weighted gauss function

k(d,Ar) =exp (—%.dz) A (8)

is chosen with d as the great circle distance from the
origin. The influence r of the points was chosen to
be 0.5° in accordance with the resolution of the op-
timization. The density ¢; at a point P; can then be
calculated by using eq. 8 and is given by

6= Y exp -1 -d3) ar ©)

1

The positions 9,4, with the highest densities are con-
sidered to be candidates for a common RSP and SEP
and will be called RSP, and SEP,. in the dct case
and RSP;; and SEP,; in the all case. Furthermore, the
variation V of the optimal RPSs and SEPs can be eval-
uated by the average pairwise great circle distances
between two points that can be calculated by

1 n
V:ﬁz

i=1 j=

n

d;; (10)
1

with dj; representing the great circle distances between
a pair of points P; and P;.

3.3 Recalculation of trajectories

For the recalculation of the FGs, an adapted version
of the trajectory calculation module (TCM) was used
that calculates the formation flight benefits under con-
sideration of wind. TCM uses the base of aircraft data
(BADA) flight performance models version 4 provided
by Eurocontrol. The formation flight benefits are mod-
eled by calculating the average upwash at the follower
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position created by two hallock burnham vortices gen-
erated by the leader and superposition of this upwash
to the followers speed. For further details on the cal-
culation method refer to [7].

4 Results

In this chapter the results of the studies will be pre-
sented. First, the contours of the benefits will be pre-
sented followed by an analysis of the RSP/SEP loca-
tions. After a short statistical overview, the benefits
will be analyzed on a daily, monthly and yearly basis.

4.1 Formation efficiency contours

The benefits that are achievable by a formation vary
with the locations of the RSP and the SEP. Figure 6
shows the resulting Ar = const levels as contour plots
for the case without wind (black) and the windfield of
5t of January 2012 for the DODP CDG for the RSP
location and the SEP location. The calculations were
performed using the method described in chapter 3.1
and by a varying the RSP location while fixing the
SEP location at the same time and vice versa. For
the fixed RSP and SEP locations the optimal locations
of the nwd case (see table 3) were used. It can be
seen, that the wind strongly influences the contours of
the achievable benefits and thereby the location and
magnitude of the maximum benefit. The contours,
however, show a distinct maximum. Therefore, regular
optimization techniques (e.g. pattern search as shown
in chapter 3.1.4) can be applied in order to localize this
maximum.

24°W  18°W  12°W  &°W 0° 6°E

Fig. 6 : Ap contours for the DODP CDG; no wind
(black), wind field of 5™ of J anuary (red); SEP varia-
tion (left), RSP variation (right).

4.2 RSP/SEP distributions

Figure 7 shows the wind optimal RSP locations for
the DODPs under consideration. The colour and the
size of the points indicate the magnitude of Ap. It

can be observed, that the optimal positions and the
AF values strongly vary with the wind situation. The
extent reaches basically from Wales and the Celtic Sea
over the Irish Sea up to Northern Ireland and Scotland.

]
AMS CDG

52°N v AMS  52°N
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50°N 50°N
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48°N 48°N
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58°N 58°N
FRA HAM
56°N 56°N
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50°N 50°N
48°N 48°N
12°W 8w 4w 0° 3 12°W 8w 4w 0° 4

Fig. 7 : Locations and density contours of the wind
optimal RSPs separated by DODP; average RSP of dct
case (green), nwd case (yellow).

Furthermore, the observed spread of the RSP locations
strongly varies with the DODP. While CDG and FRA
show a more compact pattern, the scatter of the RSP
locations for AMS and HAM is much higher. This
result can also be found in table 4 that shows the vari-
ations V of the formation points. The densities show
distinct maxima (green). The optimal RSPs in the nwd
case generally differ from these maxima.

case | DODP RSP | SEP
lat [ lon [ lat | lon
nwd | AMS 528 [ -38 [ 467 [ -674
CDG 518 | -38 [ 46.8 [ -70.0
FRA 5247 3.6 | 466 | 676
HAM 538 | 52 [ 465 | -684
dct [ AMS 529 | 44 [ 471 [ -70.0
CDG 522 | 42472 ] -689
FRA 525 | -37 [ 470 | -695
HAM 544757 [ 468 -707
] all [ 525 -39 470 [ -69.9 |

Tab. 3 : Coordinates of the common RSP and SEP
positions for the nwd, dct and all case.

The graphs in figure 8 show the wind optimal SEP lo-
cations for the DODPs under consideration. The SEP
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locations vary from Nova Scotia to Quebec. However,
the extent of the SEP locations appears to be generally
more consistent regarding the geographical variation
of the DODP than in the RSP case. The maximum
densities (green) and the optimal SEP locations of the
nwd case (yellow) also differ more strongly.

. AMS ° CDG
48°N 48°N
e, o
9
46°N 32 46°N *
Vv "ss Vo . .,n’\.
3 CERTAS
44°N . 44N ‘e
42°N 42°N
O e O

75°W 72°W 69°W 66°W 63°W 60°W 75°W 72°W 69°W 66°W 63°W 60°W

50°N 50°N

FRA HAM

48°N . 48°N .
.
46°N -~ 46°N 2. .
v R &‘.'. ° Vo o
oy

YUL

o) o JFK N
40°N 40°N

75°W 72°W 69°W 66°W 63°W 60°W 75°W 72°W 69°W 66°W 63°W 60°W

Fig. 8 : Locations and density contours of the wind
optimal SEPs separated by DODP; average SEP of dct
case (green), nwd case (yellow).

Figure 9 shows all wind optimal RSP and SEP loca-
tions together with the combined RSP and SEP density
contours and the locations of the maximum densities
(all case, see chapter 2, green). It can be found, that
the densities show distinct maxima (green) that are
not congruent with the maxima for the single DODPs
(yellow).

[ DODP || RSP | SEP |
CDG 1.1959 | 1.8043
AMS 1.4059 [ 1.7763
FRA 11371 | 1.7338
HAM 1.9858 | 1.5684

Tab. 4 : Variations V of the RSP and SEP locations.

The variations V of the RSP and SEP locations as
calculated by equation 10 are shown in Table 4 and
cleary show, that the variation of the RSP location
is changing strongly with the DODP whereas the
variation of the SEP location is more stable.
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All resulting coordinates of the common RSP and SEP
locations are summarized in table 3.

58°NT

56°N [

LHR

12°W 8°w 4°W 0° 4°E

48°NT|

46°NT

44°N T

42°N| T te

© JFK

40°NT

75°W 72°W 69°W 66°W 63°W 60°W

Fig. 9 : Locations and density contours of the wind op-
timal RSPs and SEPs for all DODPs; average RSP/SEP
of all case (green) and dct cases (yellow).

4.3 Statistical overview

In this chapter a short overview on the statistics of the
recalculations will be given. Due to uncertainties in
the surrogate model for the estimation of A, that is
used by the optimization algorithm described in chap-
ter 3.1.4, a deviation AA g of the recalculated benefits
AFrec from the estimated benefits Ay, occurs (see eq.
11). Figure 10 (a) shows this deviation over the values
estimated by the surrogate model for all DODPs and
cases. It can be found, that the deviation is in most
cases less that 10% and normally distributed indicating
a good accuracy of the surrogate model.

AFrec— A
A/lF _ Frec Fsgt (11)
/lFsgt
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Fig. 10 : Deviation of A between recalculation and
surrogate model AAd g (a) and correlation between AFr
and Ag (b).

Figure 10 (b) shows the high correlation (r=0.96) be-
tween Ar and AFF for all calculated missions. There-
fore, the relative efficiency metric A will be used for
further evaluation of the benefits.

4.4 Examination by day and month

In this chapter the metrics and parameters will be
analyzed on both a daily and a monthly basis by
means of the DODP AMS.

Benefits
The analysis of the formation flight benefits is essential
for the determination of the formation flight potential.

Ay
0.06

oT T T T T T T T T T T T

0 31 60 91 121 152 182 213 244 274 305 335 366
day

Fig. 11 : Distribution of Af for the DODP AMS and
the opt case over the day.

Figure 11 shows the daily values of A over the course
of the year under examination. It can be observed,
that the benefits strongly vary over the days between
5% and 8%. Furthermore, it can be seen, that in the
middle of the year a slightly increased variance of A g
occurs compared to the winter months. Figure 12 (a)
shows a boxplot of the distributions of the benefits
AF separated by month. In this figure the change of
the variance of Ap is more evident. The minimum
mean benefits occur in the month of May, the maxi-
mum mean benefits in February. The winter months
generally seem to favor higher benefits.

B AL
ALK asaa b

Ap
0.06
1

Ap
0.06
1

=] opt [=] det [ all [] nwd @

0.04

I FMAMI J A S ON D
month

Fig. 12 : Distributions of Ay for the DODP AMS

and the opt case separated by month (a) as well as the

monthly means for all cases (b).

Figure 12 (b) shows the mean values of Ar and all
considered cases over the year separated by month. It
can be seen, that the mean benefits are strongly reduced
in the dct and all cases. In the dct and all cases the
seasonal effect observed in the opt case is even more
distinct. This can be explained by the phenomenon
that the use of a common RSP/SEP combination curbs
the flexibility of the formations to avoid windfields
with strong headwinds. This results in higher detours
for all formation members, which finally lead to less
benefit.

3 | (=] all [=] det [] nwd [=] opt @

Oud

S 7 FMAMI I ASORND
month
Fig. 13 : Monthly means o for the DODP AMS and
for all cases separated by leader (a) and follower (b).

Detours
If the detours of the formations from the original routes
o are considered, it can be observed, that they show
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the opposite pattern (see figure 13) than the benefits in
figure 12. Large detours result in reduced fuel savings,
as the detours among other factors can be assumed
to significantly influence the benefits. The seasonal
pattern can be observed in all considered cases. The
highest average detours for the leader occur in the
months of May and September for the follower in July
and October. The average detours range from 0% up
to 4% per month and strongly vary with the case. The
leaders show slightly higher detours than the followers.
This fact can be attributed to changes in the location
of the jetstream, that shifts north and south with the
seasons. As the jetstream shifts south in winter, the
westbound optimal routes will be located more often
north of the jetstream (see [4]). Figure 14 (a) shows
the acccording wind optimal tracks on 21% of February
2012. If the jetstream moves north in summer, the
optimal routes can be more often be located south of
the jetstream. In a formation usually one or both of the
members need to take a detour in order to participate.
This can lead to the typical splitted situation as it is
shown in figure 14 (b) for the 16™ of September 2012.
Here the reference track of the leader is south, the
formation track north of the jetstream, resulting in
large detours and thus reduced benefits.
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Fig. 14 : Exemplary formation geometries of 21 of
February 2012 (a) and 16™ of September 2012 (b).

4.5 Examination by year

In this chapter the metrics and parameters will be an-
alyzed on a yearly basis. Figure 15 (a) shows the aver-
age yearly relative and absolute benefits of the single
DODPs for the considered cases. It can be seen, that
the benefits decrease as the RSP location is shifted
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from the optimal to the common RSP in the dct and
even more in the all case. This decrease accounts for
about 0.5% for the DODP CDG and 0.9% for HAM.
Furthermore, the DODP HAM shows the least and
CDG the highest average benefits. The absolute bene-
fits account for about 4700 kg and 6700 kg of fuel.
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Fig. 15 : Average yearly benefits 1z and AFg for all
DODPs separated by case (a); average yearly detours
o for all DODPs separated by case and position (b).

Considering the nwd case the DODP CDG and HAM
show even higher average benefits than in the al/l and
even in the dct case, indicating, that the position of
the average RSP was not optimal. These findings go
along with the average increase of detours as shown
in figure 15 (b). The mean detours range from about
0.005% up to 0.027%. It can be seen, that in some
cases the order of the maximum mean detours change
from leader to follower indicating splitted situations.

5 Conclusions and outlook

Within this work, methods were described, that allow
the determination of wind optimal formation geome-
tries, geographic RSP and SEP locations, as well as
the estimation of the resulting benefits. It was shown,
that a strong variation of the optimal RSP and SEP
locations caused by wind effects occurs. The daily
benefits, that are achievable during a year, spread over
a large range for the considered routes and show in the
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year under consideration seasonal changes that might
be caused by the shift of the jetstream. The mean
relative benefits range from 5% to more than 7% de-
pending on the DODP under consideration represent-
ing an average of about 4700kg to 6700kg of saved
fuel.Furthermore, it was shown, that a fixed RSP/SEP
combination for a particular DODP, as well as for all
DODPs together, can be determined by a density es-
timation. However, the use of fixed locations lead to
a considerable decrease in the potential relative bene-
fits up to about 1% or 1000 kg of fuel. The more the
flexibility of the formation to adapt to the daily wind
situation is curbed, the higher the detours will be and
the less benefits can be achieved.The common RSP
and SEP locations differ strongly from the locations
of the case without wind consideration. However, the
latter might in some cases lead to higher benefits than
the average locations depending on the DODP.

The results suggest, that wind effects cannot be ne-
glected when determining formation flight routing.
However, uncertainties in the modeling, especially the
aerodynamic model and the determination method of
the average RSP and SEP locations are subject to im-
provement. Also the variation ot flighttimes to the
changing RSP locations needs to be taken into account
for further studies.
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