
DEC allocation to ERA, that provides min(DOCExp) at successrate: PEvent(A) = 0.95
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Fuel Planning Strategies considering Opera4onal Uncertain4es of Aircra8
Wake-Surfing for Efficiency
Majed Swaid1,3,*, Tobias Marks1, Florian Linke1, and Volker Gollnick1,2

Proposed Workflow
I. A reference route, based on a wind op4mized forma4on geometry [3], is par44oned

into percentual fragments of air distance 𝑠!"#,%& , whereas each fragment is
represen4ng a DEC. Offside the track, addi4onal DECs are derived and respec4vely
connected to the two closest fixpoints RSP, SEP or ADES. Each combina4on of DEC and
suitable ERA is a designated element of search space

II. Conven4onal and AWSE-DPP fuel scenarios are derived and assigned to each search
space element, referred to as protected and unprotected ac4on, respec4vely

III. Each protected and unprotected ac4on is evaluated with regard to forma4on success
and forma4on failure in terms of fuel consump4on and flight 4me

IV. DOC are derived according to [4], the expected expense is derived by weigh4ng with
assumed values of forma4on success probability P(A) and failure probablity P(B). The
margin between unprotected and protected expected expense is denoted by Φ!"#

Decision Point Procedure adapted to AWSE
Subject of investigation are the two fuel components Trip Fuel (TF) and Contingency Fuel (CF). Further fuel
components are added in form of an allowance. A conventional fuel planning instructs the operator to calculate
the required TF and charge it with a minimum CF share of 5%. The application of DPP allows the operator to
reduce the contingency share, presuming that the contingency fuel is not used along the mission segment
before reaching the predefined Decision Point (DEC).

Initially, the mission is operated according to a flight plan heading to the En-Route-Alternate Airport (ERA). If the
mission is going according to schedule until passing DEC, a second flight plan takes effect, which is heading to
the commercial destination aerodrome. In the case of unexpected complications on the other hand, the
commander will hold on to the initial flight plan, conducting a re-fueling stop at the predefined ERA, which has
to be located along the track (see shaded circular area).

Applying DPP, the required amount of TF and CF is determined according to Equations (1-3). For a set of DEC and
corresponding ERA, the procedure instructs the operator to calculate TF according to Eq. (2), associated to the
original flight plan heading to ERA. Subsequently, the amount TF+CF is calculated for a mission to the intended
destination ADES, according to Eq. (1). Finally, the operator selects the respective higher value according to Eq.
(3). The adaption of DPP includes a full consideration of anticipated AWSE-benefits by Eq. (1), referred to as
schedule (SDL), and a full neglect of AWSE-benefits by Eq. (2), referred to as diversion (DIV).

UD eo✓
Urbaner Drohnen-Verkehr effizient organisiert

Methodology and Scope
Ø Fuel planning scenarios are generated and evaluated using

MultiFly-TCM [5], based on a B777-200 flight performance model
from BADA 4.0 [6]

Ø Four double-origin-destination-pairs (DODPs) are investigated,
originating from London (LHR) and Paris (CDG) and heading to
New York (JFK) and Chicago (ORD)

Ø A set of eight meteorological representative North Atlantic
weather patterns is considered as presented in [7]. Atmosphere
data are obtained from ECMWF ERA Interim archive [8]
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Figure 2. This area of suitable ERAs has a radius equal to 20% of the flight distance and its center is
located at a position of 75%, both with regard to the track’s Ground Distance.

mTF+CF,SDL = mTF (ADEP ! DEC ! ADES) + 0.05 · mTF (DEC ! ADES) (1)

mTF+CF,DIV = 1.03 · mTF (ADEP ! DEC ! ERA) (2)

mTF+CF = max (mTF+CF,DIV , mTF+CF,SDL) (3)

As depicted in Figure 2, a mission conducted with AWSE involves two airplanes, referred to as leader
and follower, heading to the rendezvous starting point (RSP) in order to fly jointly in aerodynamic
formation until passing the separation ending point (SEP). The follower is positioned approximately 30
wingspans behind the leader, utilizing the energy of the wake and can significantly reduce its fuel burn
along the segment between RSP and SEP. After passing SEP, leader and follower individually continue
to their respective destination airports. In [10], it was proposed to adapt DPP to the characteristics
of AWSE. Obeying the idea of original DPP, the SDL scenario assumes an accurate mission progress,
including a full success regarding formation benefits. The expected AWSE benefits of the follower
are therefore fully considered in fuel calculation according to Equation 2. On the contrary, when
deriving Trip Fuel and Contingency Fuel for the case of diversion according to Equation 1, there is
no consideration of expected AWSE benefits at all, assuming a total formation failure. In both cases,
the routing of the follower aircraft remains unchanged until arriving at RSP, reflecting a scenario in
which the crew has no information on the imminent formation failure. Therefore, the crew has to cope
with a situation, in which the option of saving fuel due to a more direct routing to ADES or ERA is not
available. Due to this adaption of DPP, the blue line in Figure 2(c) is vertically shifted to lower values,
effecting the minimum fuel value to be located at DEC positions earlier along the track.

3. Proposed workflow

The proposed procedure to optimize fuel planning scenarios for a formation flight follower aircraft
can be divided into four steps. Initially a search space is generated, each point representing a potential
DEC, using formation geometries as data input. Subsequently, multiple planning scenarios are derived
and evaluated regarding their fuel savings potential for each of these DECs. Finally, the expected
expenses are analyzed for various levels of assumed success rates regarding AWSE execution. In the
following, the four steps according to Figure 3 are discussed in detail.

3.1. Search Space Generation

Following the question, to what extent a minor deviation from the reference track yields potential
to reduce additional mission costs induced by a refueling stop, a search space needs to be designed
to perform an investigation. Since the DOC of a mission might be strongly affected by an increase
regarding flight time in case of a diversion mission, it is examined whether the increase of cost can be
damped in exchange for a marginal increase of fuel consumption on a schedule mission. This trade-off
is implemented by a slight shift of the mission track towards a suitable ERA location. In order to
examine these effects, while mostly maintaining optimality (see Section 4) of the reference track, the
search space is generated as depicted in Figure 3(Step I). Based on a reference mission geometry (black
line) that is processed as input data, the follower routing is subdivided into percentual fragments,
henceforth considered as unit step, with regard to air distance sAir,Fw. Beginning at DEC position 60%,
an initial set of DECs is generated along the reference track, proceeding until DEC position 95% is
reached. Originating in each of these positions, referred to as on-track-DECs, arrays are generated
containing additional DECs that are arranged perpendicularly to the reference track and henceforth
are referred to as off-track-DECs.

Abstract
The concept of aerodynamic formation flight, also known as aircraft wake-surfing for efficiency (AWSE), allows the follower aircraft to utilize the energy of the leader aircraft’s
wake vortex, which can result in rich benefits as long as the formation is perpetuated successfully along the segment between Rendezvous Start Point (RSP) and Separation
End Point (SEP). The follower’s mission fuel requirements therefore depend on the success of formation execution, increasing the level of fuel planning uncertainties.

A conventional fuel planning strategy, that does not take anticipated fuel savings due to AWSE into account, will ensure a follower to complete the mission in the case of a
formation failure. From a long-term perspective however, this strategy might result in high amounts of excess fuel and unnecessary high fuel consumption. A fuel planning
strategy, which takes the expected AWSE-induced fuel savings into account, might provide a significant potential of fuel savings due to a reduced take-off mass.

An analysis is presented in [1] that quantifies the savings potential regarding fuel and direct operating costs (DOC) of a flight planning procedure that fully includes the
anticipated benefits induced by AWSE, balancing them with the additional expenses to be expected from a formation failure. These expenses essentially arise from a detour
for a re-fueling stop along the route, which is optionally scheduled according to an AWSE-adapted variant of the established Decision Point Procedure (DPP) [2].

The optional re-fueling stop has been shown to be feasible at almost neutral cost regarding fuel consumption, but its DOC-wise assessment was found to be highly
disadvantageous. This raised the question whether a flight planning according to AWSE-DPP might be conducted depending on the ratio of achievable values of profit and loss
and the expected benefits from a long-term perspective. Furthermore, it was asked whether a slight adjustment in routing towards available ERAs along the track might affect
this ratio favorably. We investigate these questions for a statistically significant meteorological setting and presumed levels of success probability regarding AWSE.

Savings Poten>al Φ
Ø Poten4al Φ represents the margin between the probability

weighted (expected) outcome of a protected ac4on and its
unprotected counterpart, the two possible op4ons for a
decision maker to pick according to the proposed method

Ø The poten4al quan4fies the saving margin with regard to
monetary expensesΦ'() or fuel consump4onΦ%)*+

Ø The subscripts On and Off refer to the applied boundary
condi4on of search space limita4on. WhileΦ!,#$ represents
the poten4al of a DEC located on the reference track, Φ$,"&&
refers to an offside DEC from the expanded search space

Ø Figures (a-d) show monetary savings of up to 0.5% for P(A) =
0.95 (i.e. 19 out of 20 forma4ons would succeed) derived by
applica4on of AWSE-DPP (colorcode refers to depicted ERAs)

Ø Figures (e-h) show long-term saving poten4als exceeding 1%
in DOC and up to 4.5% in terms of fuel consump4on for a
probability value of P(A) = 0.99 (colorcode refers to P(A))

Ø The op4miza4on poten4al (Φ$,"&& - Φ$,"' ) due to track
shi`ing towards ERA loca4ons is shown to be negligible
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