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How do these 4-vortex wakes behave 
compared to the 2-vortex wake of a 

single aircraft?
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The behaviour of these wakes can 
be investigated through numerical 
simulations using the Vortex 
Particles-Mesh (VPM) method
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The Vortex Particle-Mesh (VPM) method

∇ ⋅ ω = 0

ω = ∇ × u

Dωp

Dt
= [ω ⋅ ∇u + ν∇2ω + SGS]p

⇒ ∇2u = − ∇ × ω
Vorticity - Velocity

Incomp. Navier-Stokes

Finite differences

FFT-based 
Poisson solver

ω u

Winckelmans et al., C.R. Phys, 2005 — Chatelain et al., Comp. Meth. in Appl. Mech., 2008 —  Sbalzarini et al., JCP, 2006 — Caprace et al., SIAM JSC, 2021 — …

+ remeshingReprojection

= ∇ ⋅ (ω̃ + ∇A) with ∇2 A = − ∇ ⋅ ω̃

Dxp

Dt
= up

✓ Low dissipation and dispersion errors

✓ Computational efficiency
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Aircraft representation: Lifting lines

1: The wing is modelled via a line
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Aircraft representation: Lifting lines

1: The wing is modelled via a line

Γwing

2: The circulation on the line is computed with 
the upstream flow and the wing characteristics:


Γ(y) =
1
2

U2
e

U0
c(y)Cl(y, α)
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Aircraft representation: Lifting lines

3: The circulation distribution is 
converted to a vortex sheet

Γwing

4: The vortex sheet is 
converted to vortex particles 
that merge into the flow field 

1: The wing is modelled via a line

2: The circulation on the line is computed with 
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Aircraft representation: Lifting lines
2: The circulation on the line is computed with 
the upstream flow and the wing characteristics:


Γ(y) =
1
2

U2
e

U0
c(y)Cl(y, α)

3: The circulation distribution is 
converted to a vortex sheet

Γwing

4: The vortex sheet is 
converted to vortex particles 
that merge into the flow field 

These lines also:


- Include drag by shedding dipoles into the flow:





-Model control surfaces by modifying the wing polar locally

μ(y) =
1
2

U2
e

U0
c(y)Cd(y, α)

1: The wing is modelled via a line
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Chord shapes and control
The chords of the aircraft have an hyper-elliptic shape

c(y) = croot (1 −
2y
b

n

)
1
n

-  [m] is the wing span


-  [m] is tuned to get the required wing area  [m²]


-  [-] is tuned to get the required vortex spacing  [m]

b

croot S

n b0

The aircraft are controlled in aileron deflection and angle of attack to 
maintain zero roll and zero vertical force

The vortex circulation will be imposed 
by these controllers



r
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Space-Time simulations
Space-Developing (SD) simulation:

-Wake rollup

-Follower wing-vortex interactions

Time-Developing (TD) 
simulation:

-Long time wake behaviours

ΔxTD = U∞ΔtSD
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Space-Time simulations
Comparison of a SD simulation and a SD-TD simulation by I. Ransquin [1]

Γm

Γ0

Γm

Γ0

t/t0 t/t0

t/t0 t/t0

yc

b
zc

b

The trajectories of the vortices are 
almost exactly equal in the two 
simulations


For the circulation, the SD-TD simulation 
is more conservative and the vortices 
live longer

[1] I. Ransquin, ‘Aircraft wake sensing and tracking strategies towards operational formation flight : assessment of data assimilation, reinforcement learning and control approaches within large eddy simulations’
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Vortex characteristics
Computations using the x-averaged streamwise component of vorticity 


The vortex positions are found using a gaussian fit:





where  and  is the domain


From the vortex positons, their circulations are:


 where 

ω̄x(y, z, t)

xc(t) =
1

ω̄x,R

1
πR2 ∫Ω

exp (−
|x′￼− xc |

R2 ) ω̄x(x′￼, t) dx′￼

ω̄x,R(t) =
1

πR2 ∫Ω
exp (−

|x′￼− xc |
R2 ) ω̄x(x′￼, t) dx′￼ Ω

Γm(t) = max
r

Γ(r, t) Γ(r, t) = ∫B(xc,r)
ω̄x(x′￼, t) dx′￼
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Computations using the x-averaged streamwise component of vorticity 


The vortex positions are found using a gaussian fit:





where  and  is the domain


From the vortex positons, their circulations are:


 where 

ω̄x(y, z, t)

xc(t) =
1

ω̄x,R

1
πR2 ∫Ω

exp (−
|x′￼− xc |

R2 ) ω̄x(x′￼, t) dx′￼

ω̄x,R(t) =
1

πR2 ∫Ω
exp (−

|x′￼− xc |
R2 ) ω̄x(x′￼, t) dx′￼ Ω

Γm(t) = max
r

Γ(r, t) Γ(r, t) = ∫B(xc,r)
ω̄x(x′￼, t) dx′￼

Iterations needed 

Vortex characteristics



Rolling Moment Coefficient (RMC)
The RMC is the non-dimensional rolling moment experienced by a non-participating 
aircraft (NPAC) flying in the in plane x-averaged velocity field :ū(y, z) = (v̄(y, z), w̄(y, z))

  and  RMC(y, z, t, ϕ) =
1
Sb ∫

b/2

−b/2
Cl,α(y′￼)c(y′￼)

ū ⋅ n(ϕ)
U∞

y′￼ dy′￼ RMCmax(t, ϕ) = max
y,z

|RMC(y, z, t, ϕ) |

RMC field 
computation
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 with RMCmax ϕ = 0∘

 with RMCmax ϕ = 15∘

 due to a single vortexRMCmax
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Rolling Moment Coefficient (RMC)
What influences the ?RMCmax

Using two analytical vortices placed 
in  and :


-The  is maximal when the 
NPAC is aligned with the vortices


-For large vortex spacings, the 
 is only influenced by one 

vortex

(−b0/2, 0) (b0/2, 0)

RMCmax

RMCmax



Baseline: single aircraft
The baseline is the case of a single aircraft flying in isolation

Simulated up to Crow
20

Using the Space-Time analogy



E
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Baseline: single aircraft

-The circulation has a very slow decay 
until the time to demise where Crow 
instabilities appear and cancel 


-The  has a first increase due 
to the rollup of the vortex sheet but 
decreases as the vortices diffuse

RMCmax
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Aircraft formation
A follower aircraft is placed at the altitude of the leader’s vortices with a lateral offset 

Aircraft not to scale

Various scenarios are investigated:

-Nominal position


-Normal operating positions


-Join-up positions


-Wake avoidance positions
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Nominal position

Time

LOV
LIV

FOV

FIV
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Nominal position

Time

-The inboard vortices interact and decay quickly creating turbulence


-Left with a turbulent vortex pair with a larger spacing


-The pair descends slower than the reference but lives longer
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Nominal and operating positions

-The  decreases until it 
reaches a constant value


-The circulation evolution shows the 
decay of the inboard vortices

RMCmax
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Nominal and operating positions

-There is a bump in the 


-The circulation evolution shows the 
decay of the inboard vortices

RMCmax
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Nominal and operating positions

-There is a bump in the 


-The circulation evolution shows the 
decay of the inboard vortices

RMCmax

t
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Nominal and operating positions

-The  decreases quickly 
reaches a constant value


-The circulation evolution shows the 
decay of the leader’s vortices

RMCmax
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Nominal and operating positions

-The  decreases quickly 
reaches a constant value


-The circulation evolution shows the 
decay of the leader’s vortices

RMCmax

t
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Full matrix of positions

r

r

Various behaviours are 
observed depending on 
the relative positions
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Full matrix of positions

r

r

-The inboard vortices 
interact


-The leader’s vortices 
interact


-Pathological cases (limit 
of the method)
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Wake avoidance scenario
The investigated case for the wake avoidance scenario is the one where the follower is 
directly below the vortices of the leader

t

After some leapfrogging of the vortices, they merge and form two large 
diffused vortices
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Wake avoidance scenario
The leapfrogging and merging has an effect on the circulation but also the RMCmax
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Conclusions
Using the VPM method, wakes of aircraft formation have been investigated 
for different relative positions


From these simulations, a safety case was build in order to use formation 
flight in commercial aviation 

Any questions ?

Computational resources have been provided by the Consortium des Équipements de Calcul Intensif (CÉCI), 
funded by the Fonds de la Recherche Scientifique de Belgique (F.R.S.-FNRS) under Grant No. 2.5020.11 
and by the Walloon Region


