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Abstract

The development of safe and efficient air traffic separation policies relies on the
accurate quantification of the wake turbulence generated by aircraft and rotor-
craft, and on the accurate understanding of the upset experienced by a follower
aircraft or rotorcraft if encountering such wakes. To date, most research on wake
turbulence has focused exclusively on fixed-wing aircraft. To address the existing
gap in rotorcraft-specific studies, this paper first presents Large Eddy Simulations
of the wake produced by a helicopter rotor in forward flight, performed using
the Vortex Particle-Mesh method coupled with a multi-body solver. The effect
of the airspeed is investigated, from a high value of 100 kt to a low value of 12.5
kt. For each case, the wake is characterized at equivalent dimensionless ages, and
the wake-induced hazard produced on a follower fixed-wing reference aircraft is
quantified using the rolling moment coefficient (RMC) metric. At low airspeeds,
the wake departs from the rolled-up wake configuration typical of fixed-wing air-
craft and rotorcraft flying at high airspeed, exhibiting increased vortex spacing
and higher turbulence levels. The inverse proportionality between flight speed
and vortex circulation is also shown to break down; the RMC value saturates,
and it also rapidly decreases downstream. In a second scenario, the rotorcraft is
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considered as a follower flying through a wake. For three airspeeds of the follower
rotorcraft (100 kt, 50 kt, and 25 kt), simulations of the rotor flying quasi-steadily
through rolled-up wake vortices are performed, and the resulting aerodynamic
loads are quantified. The wake-induced pitching moment, which is the dominant
perturbation, is found to scale with the airspeed of the follower rotorcraft. A
pitching moment severity metric is evaluated against the numerical simulation:
while it provides a useful first-order estimate, it fails to capture the observed
speed dependence.

Keywords: Rotorcraft, Wake turbulence, Wake encounter, Vortex Particle-Mesh
method, Large Eddy Simulation

List of symbols

b Aircraft wing span Γ(r) Vortex circulation distribution

b0 Wake vortices spacing Γ0 Total vortex circulation

D Main rotor diameter Γ̃0 Half-plane circulation

L Lift force ν Air kinematic viscosity

Lx/y/z Dimensions of the CFD domain θ Blade pitch angle

MRoll Rolling moment θ0 Collective pitch angle

MRitch Pitching moment θ1c Longitudinal cyclic pitch angle

MY aw Yawing moment θ1s Lateral cyclic pitch angle

r Distance to a vortex center θ1s,eq Equivalent cyclic angle

rc Vortex core radius θ∗1s,eq Theoretical equivalent cyclic angle

t Wake age ρ Air density

t∗ Dimensionless wake age ω Vorticity field

t0 Wake vortex characteristic time ωx Axial vorticity component

u Velocity field Ω Rotor angular velocity

uθ Vortex induced velocity ∥·∥ Vector norm

uω Rotational velocity field · Time-averaging operator

V0 Wake vortex characteristic velocity AC Fixed-wing aircraft

x Streamwise coordinate RC Rotorcraft

U∞ Flight speed RMC Rolling moment coefficient

y Lateral coordinate TAS True Airspeed

z Vertical coordinate VPM Vortex Particle-Mesh

β Blade flap angle ILL Immersed Lifting Line
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1 Introduction

The projected growth of air traffic in the coming decades, coupled with increasing
concerns over environmental and noise impacts, will stress future air traffic control
systems in unprecedented ways. These pressures will create major operational and
safety challenges, particularly for capacity-limited airports seeking to maximize run-
way throughput. In this context, optimizing safe air traffic separation policies becomes
essential. Yet, most research on wake turbulence, which has led to widely adopted wake
severity metrics, has focused exclusively on fixed-wing aircraft. Rotor-wing aircraft,
such as helicopters, have largely been omitted, mainly due to the limited number of
airports concerned with significant rotorcraft traffic. Unlike fixed-wing aircraft, which
primarily operate along standardized runway-based trajectories, rotorcraft operate in a
wider range of flight regimes and environments, including hover, low-speed transitions,
and non-runway-based operations. While these differences modify the operational con-
text of wake encounters, they do not eliminate the associated hazards, particularly in
mixed fixed-wing/rotorcraft traffic and dense terminal airspace. To address this gap,
this paper examines rotorcraft (here limited to conventional helicopters) in two roles:
as a leader generating wake turbulence, and potentially posing a hazard to a follower
aircraft; and as a follower encountering a wake. These two configurations define the
distinct research questions explored here: (1) characterization of the wake turbulence
produced by a rotorcraft, and also of the perturbation (rolling moment coefficient) on
a follower aircraft; and (2) characterization of the perturbation (mainly in pitching
moment) experienced by a follower rotorcraft flying through a wake.

1.1 Rotorcraft wake turbulence

Aircraft separation policies rely on a detailed understanding of the wake generated
by aircraft in approach configuration. While the wakes of fixed-wing aircraft have
been extensively investigated in previous studies [1, 2] and used in high-impacting
wake severity metrics such as RECAT-EU [3], a substantial scientific gap remains
regarding rotor-wing wake properties. Fatal accidents involving rotorcraft wakes
have been reported [4, 5]. Although some guidance exists, such as the recommended
three-rotor-diameter separation distance [6], it fails to cover the full range of rotor-
craft flight configurations encountered in airport operations. During final approach,
taxi, or departure, helicopter airspeeds can vary from their rated airspeed down to
almost zero, causing more potent wake vortices at lower speeds. This wide airspeed
range, combined with the intrinsic complexity of rotorcraft wakes, complicates the
development of suitable severity metrics for wakes from rotorcraft.

Several experimental campaigns in the 20th century investigated rotorcraft wake
properties and associated hazard, mainly by measuring the vortex-induced velocity
field and the upset experienced by an aircraft crossing the wake. In the early 1960s,
NASA flight tests [7] found a general similarity between fixed-wing rotor-wing wake
effects (in forward flight) and recommended a one-minute separation. In the 1990s, a
FAA study [8] using LIDAR wake measurements identified two flight-speed regimes.
Above 40 kt, wake vortex circulation was proportional to rotorcraft weight and
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inversely proportional to airspeed; below 40 kt, this trend no longer held as the wake
vortex structure began to break down. A DLR study [9] later highlighted the need
for further investigation in the transition region between approach and hover, where
vortex strength is expected to peak as airspeed approaches zero.

At low airspeeds, the wake’s turbulent and skewed nature limits the usefulness of
LIDAR-based measurements such as [8, 9], emphasizing the need for numerical
simulations [10]. Yet numerical studies remain scarce. As noted in [10], most works
[11–14] have focused on the near-rotor wake due to its influence on rotor perfor-
mance, noise, and vibration. Far-wake analysis remains challenging for conventional
CFD methods (e.g., finite volume solvers), which suffer excessive numerical diffusion,
underscoring the necessity of high-fidelity and vorticity-based numerical approaches
[14]. In [15], three wake modeling methods were compared and applied to simulate a
wake encounter event, though without yielding quantitative wake characterization.
In [10], an attempt was made to extend the RECAT-EU methodology to rotor-wing
aircraft by classifying helicopters based on weight and rotor diameter. However, due
to the use of a simplified wake model, that study did not address low advance ratio
configurations, pointing to the need for high-fidelity simulations at low airspeeds.

To bridge the gap in rotorcraft-specific far-wake studies (particularly at low air-
speeds), this paper provides an in-depth characterization of a helicopter wake in
forward flight and covering a wide airspeed range: 100, 50, 25 and 12.5 kt. In addi-
tion to a qualitative wake description, a systematic quantitative analysis of key
wake properties (vortex circulation and induced velocity profiles) is conducted. The
associated potential hazard on a follower fixed-wing aircraft is assessed using the
rolling moment coefficient (RMC) metric, also employed in RECAT-EU. To this end,
Large Eddy Simulations (LES) are performed, using the hybrid Vortex Particle-Mesh
(VPM) method with Immersed Lifting Lines (ILL) to represent the blades. Thanks
to its hybrid Lagrangian-Eulerian formulation, this approach combines numerical
performance with minimal numerical diffusion and dispersion errors, enabling wake
capture over tens of rotor diameters downstream [16, 17]. The method was also
validated against experimental data in [18].

1.2 Rotorcraft wake encounter

An accurate understanding of rotorcraft response during wake encounters is essential
for developing future separation policies involving follower rotorcraft. Since the late
1970s, several studies have addressed this issue. Early experiments [19–21] assessed
helicopters encountering the wake from fixed-wing aircraft and concluded that such
events posed limited hazard. Concurrently, numerical investigations using simplified
representations of the vortex-induced and rotor-induced velocity fields [22] challenged
this view, revealing the potential dangerous character of encounter events. Subsequent
works [23, 24] improved the numerical modeling of vortex effects on rotor aerodynam-
ics, showing that wake encounters mostly induce a pitching moment perturbation on
the rotorcraft. Later advancements in aerodynamics fidelity [25, 26] further refined
these models; yet methodological inconsistencies across studies prevented general
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conclusions about rotorcraft wake encounter safety [27].

In the 2000s, numerical approaches evolved to include quasi-static, fully dynamic, and
pilot-in-the-loop simulations. Using FLIGHTLAB, [28] simulated the full multibody
dynamics of a helicopter experiencing a single-vortex wake encounter, quantifying
its pitch and vertical responses under the “frozen vortex” assumption. In the latter,
the rotor and vortex wakes are superimposed linearly, which effectively suppresses
the influence of the rotor wake on the vortex. Using the same assumption, [29] found
the pitch upset to depend on the follower airspeed in a non-monotonic fashion. Later
studies [27, 30] employed the Vorticity Transport Model (VTM), which captures
the blade-wake and wake-wake interactions, to compare several numerical modeling
techniques, with the primary objective of challenging the frozen vortex assumption.
Their results indicated that this simplification is valid only at high airspeeds. At
lower airspeeds, the frozen vortex method fails to capture the dynamic character of
long-time encounters and over-predicts the encounter severity. As most near-airfield
rotorcraft operations occur at low airspeeds, these studies called for higher-fidelity
simulations. Further dynamical simulations using the FLIGHTLAB environment were
conducted in [31, 32], again using the frozen vortex hypothesis. In [31], a simplified
encounter severity metric is proposed, considering an analogy between the transverse
distribution of vortex-induced velocity and a linear velocity distribution across the
rotor disc. However, their study also underlined the need for further research to
ascertain the validity of the superposition principle.

Despite these efforts, the current state of the art still lacks high-fidelity simulations
of rotorcraft wake encounters at low airspeeds that do not rely on the frozen-vortex
hypothesis, which is known to break down in this regime. The present paper addresses
this gap by performing fully coupled simulations of a helicopter flying through a
rolled-up wake, including at low airspeeds, thereby accounting for the two-way inter-
action between the rotor and the wake. By providing a more realistic characterization
of rotorcraft wake encounters at low airspeeds, this work directly supports the devel-
opment of physics-based wake-separation criteria for rotorcraft in mixed traffic. The
simulations are again performed in LES using the VPM-ILL framework. One should
note that since the wake vortex core is significantly larger than the blade chord, the
ILL approach can capture the wake-rotor interactions and hence produce realistic
wake vortex deformations. Encounters are simulated with the rotorcraft flying at 100,
50 and 25 kt, and crossing a fully developed two-vortex system at low lateral speed,
thus corresponding to a long-time encounter. This setup focuses exclusively on the
aerodynamic interaction between the rotor and the wake vortices and on the result-
ing forces and moments, representing worst-case loading conditions. The rotorcraft
kinematics (i.e., the 6 degrees of freedom of the helicopter and those of the blade
joints) are prescribed; the blade flapping being of course left free and dynamically
computed. Finally, the pitching moment severity metric proposed in [31] is then also
evaluated against the VPM-ILL simulation results at the various airspeeds.
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2 Method

The present work builds upon Large Eddy Simulations of a four-bladed rotor based on
available data of the Airbus Helicopter H135 main rotor, performed using a numerical
method coupling the multi-body integrator ROBOTRAN with a massively parallel Vortex
Particle-Mesh (VPM) solver. The former is responsible for the rigid blade dynamics
and rotor control inputs, and the latter for the bulk flow simulation.

2.1 Flow solver

The flow solver [33] relies on a hybrid Lagrangian-Eulerian formulation of the incom-
pressible (∇ · u = 0) Navier-Stokes equations in their vorticity-velocity formulation
(ω − u):

Dω

Dt
= (∇u) · ω + ν∇2ω +∇ ·

(
νsgs

(
∇ωωωs − (∇ωωωs)

T
))

(1)

where D
Dt ≜

∂
∂t+u·∇ denotes the material derivative, νsgs the eddy viscosity provided

by the sub-grid scale model required for Large Eddy Simulations, and ωωωs a filtered
version of the vorticity field. The incompressible velocity field is decomposed as

u = U∞ + uω (2)

where U∞ is the free stream velocity (i.e., the flight speed) and uω is retrieved from
the vorticity field through the resolution of a Poisson equation:

∇2uω = −∇× ω . (3)

The advection term of the Navier-Stokes equations, which corresponds to the left-
hand side of Eq. (1), is handled using Lagrangian vorticity-carrying particles, each
characterized by a position xp and a strength αp =

∫
Vp

ω dx, where Vp corresponds

to the material volume associated to the particle. This Lagrangian treatment of the
flow allows to write Eq. (1) as two sets of ODE’s for the particles:

dxp

dt
= u (xp) , (4)

dαp

dt
=

∫
Vp

[
(∇u) · ω + ν∇2ω +∇ ·

(
νsgs

(
∇ωωωs − (∇ωωωs)

T
))]

dVp . (5)

Both ODE’s are integrated in time using a third-order Runge-Kutta scheme.

The right-hand side of Eq. (5), which comprises the stretching, diffusion and LES
terms, is discretized using fourth-order finite differences on an underlying Cartesian
mesh, thus conferring a Eulerian character to the solver.

The Poisson equation Eq. (3) must be solved at each timestep to retrieve the velocity
field. Its numerical resolution also exploits the background Cartesian mesh, as it is
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solved in Fourier space using the PPM library [34]. This allows the enforcement of
unbounded and inlet/outlet boundary conditions.

In Large Eddy Simulations, only a fraction of the turbulence scales are resolved. The
unresolved fine scales must taken into account through an added sub-grid scale (SGS)
model. To this end, a simplified version of the regularized variational multiscale
model (RVM) is used. In this model, the effective eddy viscosity νsgs only operates
on the filtered LES vorticity field, ωωωs. The effective eddy viscosity is obtained as

νsgs = CRh
2 (2SijSij)

1/2
, with CR a constant coefficient, h the grid cell size, and

Sij the strain rate tensor. The filtered vorticity field is obtained by applying several
times an explicit discrete filter. Additional details can be found in [35].

The hybrid particle-mesh discretization of the flow requires mesh-to-particles and
particles-to-mesh interpolations, which are carried out using high-order kernel
schemes. To alleviate the loss of accuracy due to particle clustering and depletion, a
periodic remeshing of the particles is performed by redistributing the vorticity they
carry onto the underlying mesh. As the method does not preserve the solenoidal
character of the vorticity field (∇ · ω = 0), the vorticity field is also periodically
reprojected onto a divergence-free space by solving a Poisson equation (additional
details can be found in [36]).

The Vortex Particle-Mesh method exploits the non-dispersive properties of Lagrangian
methods, enabling very accurate capture of turbulent wakes over extreme dis-
tances. It also permits the use of larger time steps by partially waiving the classical
Courant–Friedrichs–Lewy condition associated with Eulerian methods.

The flow is not fully resolved around the rotor blades, i.e., the fine-scale bound-
ary layer phenomena are not captured. Instead, the coarse-scale aerodynamics are
modeled through an Immersed Lifting Line (ILL) method [37, 38], which discretizes
the blades into finite segments, where aerodynamic forces are obtained from airfoils
polars. More specifically, a third generation Leishman-Beddoes Dynamics Stall model
[39] uses the instantaneous flow velocity and blade angle of attack to compute the lift
and drag exerted on each local 2D airfoil. Then, the circulation around the airfoil is
recovered from

l = ρVrel × Γ (6)

with l the lift per unit span of the segment, Vrel the relative flow velocity and Γ the
circulation. This circulation on a given blade segment is represented by an equivalent
bound vorticity, which is then transferred to the VPM method through the release of
particles carrying the shed vorticity in the bulk flow. The latter is deduced from the
temporal and spanwise variations of the bound vorticity.

In order to better match realistic atmospheric conditions, the flow solver allows the
injection of turbulence at the inflow of the numerical domain, which is pre-generated
using the Mann algorithm [40, 41].
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2.2 Multi-body solver and rotor configuration

The rigid-body mechanics of the rotor are captured through a weak coupling between
the flow solver and the multi-body integrator ROBOTRAN [42], which efficiently solves
the direct dynamics of the multi-body system formed by the rotor hub and blades. In
this coupling, ROBOTRAN uses a separate temporal integrator to advance in time the
state of the multi-body system, based on the aerodynamic forces computed by the
flow solver and on the rotor control inputs. After each iteration, the new positions of
the lifting bodies are communicated back to the flow solver.

In the present work, a simple rotor model is used. It consists of a rotor shaft rotating
at a prescribed angular velocity Ω, connected to four rigid blades through hinges
allowing two degrees of freedom per blade, namely the flap angle β and the pitch
angle θ. The position and orientation of the rotor are prescribed. The blade flapping
motion results from the inertial and aerodynamic efforts exerted on the blades. The
blade pitch is prescribed to cancel the rolling and pitching moments at the rotor hub
and to achieve the desired thrust target. This is done using the usual collective-cyclic
decomposition:

θ = θ0 + θ1s sinΨ + θ1c cosΨ (7)

where θ0 is the collective, θ1s the lateral cyclic, θ1c the longitudinal cyclic and Ψ
the blade azimuthal angle (equal to zero when the blade is pointing downstream). In
this work, the control input values θ0, θ1s, and θ1c used in the production runs are
obtained in preliminary trim simulations using a closed-loop PI controller.

The mass of the helicopter is taken as 3000 kg. Rotor parameters are provided by
[43]. The main rotor diameter D is 10.2 m and its angular velocity is fixed to 395
RPM. Thus, the considered advance ratios are µ = 0.096, 0.192, 0.383, and 0.766,
respectively at 12.5, 25, 50, and 100 kt. The airfoil profile used in the ILL approach is
a NACA0015. The hub diameter is 0.35 m. The chord length is 0.29 m and is linearly
tapered at the root and tip. The blade twist is 10◦.

3 Rotorcraft wake characterization

This section reports the characterization of the wake shed by a rotorcraft flying at
four different airspeeds: 100, 50, 25, and 12.5 kt, which are representative of various
approach, landing, and taxiing flight configurations. The main objective of the study
is the characterization and comparison of the wake signature at those flight speeds.
The wake properties are also compared to those of the wake shed by an aircraft of
similar mass flying at a typical approach speed of 100 kt.

A second objective is the assessment of the robustness of the simplified wake encounter
severity metric for a follower aircraft encountering those wakes, namely, the rolling
moment coefficient (RMC) metric, widely used in RECAT-EU [3].
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3.1 Numerical setup

The flow solver uses a uniform mesh resolution. For each case considered in this section,
the spatial resolution is set to 96 grid points per rotor diameter (i.e., a Cartesian
cell size of 10.625 cm), which represents a compromise between accuracy and time-to-
solution. The computational domain is a rectangular box, with dimensions that depend
on the extent of the support of the vorticity field and, therefore, on the flight speed:
at high TAS, the wake is more compact but must be simulated farther downstream.
This is because the evaluation of the wake properties must be performed at a similar
dimensionless age t∗ for each TAS. The dimensionless age of the wake at a given
downstream position x is

t∗ =
t

t0
=

x

U∞ t0
(8)

where

t0 =
b0
V0

and V0 =
Γ0

2π b0
(9)

with b0 the distance between the centers of the two rolled-up wake vortices and ±Γ0

the total circulation of each vortex (one being positive, the other one being negative).
Therefore

t∗ =
Γ0 x

U∞ 2π b20
=

Lx

ρU2
∞ 2π b30

. (10)

At constant lift L = ρU∞ Γ0 b0 and assuming b0 remains essentially constant, Γ0

is inversely proportional to the TAS. Therefore, the downstream distance at which
the wake reaches the same dimensionless age is proportional to the square of the
TAS: when the TAS is halved, the distance at which the wake properties should be
evaluated is divided by four. While this argument does not strictly hold for rotorcraft
at low airspeeds–since the lift equation becomes only approximate and b0 varies (as
discussed later)–it still provides a reasonable approximate scaling.

In all cases, the computational domain extends 4D upstream of the rotor center. The
domain dimensions for the different airspeeds considered are summarized in Table 1.
The x axis is aligned with the free stream velocity (positive direction pointing down-
stream), and the z axis points upwards. The approximate total number of grid points
for each simulation is 113 × 106, 71 × 106, 170 × 106, and 382 × 106, respectively for
100, 50, 25, and 12.5 kt.

For each case, the simulation is first run for one convective time tc = Lx/U∞ to allow
the wake to fully develop. At 100, 50 and 25 kt, wake statistics are computed over an
additional two convective times; at 12.5 kt, they are computed over one additional
convective time.

Turbulence is injected at the inflow to simulate a weakly turbulent atmosphere, with
an eddy dissipation rate of ϵ = 1.59× 10−5 m2 s−3.
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Table 1 Dimensions of the computational
domain

U∞ [kt] 100 50 25 12.5

Lx/D [−] 32 20 12 12

Ly/D [−] 2 2 4 6

Lz/D [−] 2 2 4 6

3.2 Qualitative wake characteristics

Figures 1, 2, 3, and 4 show 3D volume renderings of the instantaneous vorticity mag-
nitude, ∥ω∥, for the wake produced by a rotorcraft flying at 100 kt, 50 kt, 25 kt, and
12.5 kt.

Fig. 1 Volume rendering of ∥ω∥ showing the wake at 100 kt (top) and 50 kt (bottom)
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Fig. 2 Volume rendering of ∥ω∥ showing the wake at 100 kt (top) and 50 kt (bottom)

Fig. 3 Volume rendering of ∥ω∥ showing the wake at 25 kt (top) and 12.5 kt (bottom)
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Fig. 4 Volume rendering of ∥ω∥ showing the wake at 25 kt (left) and 12.5 kt (right)

At high and moderate airspeeds (100 and 50 kt), the wake rolls up in a pair of
counter-rotating vortices, which are clearly visible in Figures 1 and 2. The wake is
very similar to that of a fixed-wing aircraft, with well distinguishable vortices. At low
airspeed (25 kt), the wake rolls up to form a coherent two-vortex system, that is still
visible in Figures 3-4 despite the greater complexity of the wake compared to the
cases at higher TAS. At the very low speed of 12.5 kt (Figures 3-4), the wake resem-
bles more a deformed turbulent jet. The wake vortices, although still measurable
when investigating the time-averaged flow, are no longer visible in an instantaneous
flow field: they are overwhelmed by the complex turbulent structures.

In the following investigations, the reported statistics and wake properties are mea-
sured in planes normal to the free stream velocity. In Eq. (10), it is shown that the
distance downstream (evaluated in the x direction, and relative to the rotor center)
where the wake properties must be evaluated is essentially proportional to the TAS
squared. The wake properties are measured at a distance of 24D at 100 kt and 6D at
50 kt. At 25 kt, the distance should be 1.5D, and at 12.5 kt, it should be 0.375D,
following the approximate scaling of Eq. (10). However, as shown in Figure 5 (rep-
resenting the circulation distribution, Γ(r), around the center of the wake vortices,
taken as the mean of the distributions around the port and starboard vortices), the
wake cannot properly roll up over such short distances. To have a rolled-up wake
(i.e., one without an overshoot in Γ(r)), the evaluation distance is set to x = 3D at
25 kt, and to x = 1.5D at 12.5 kt.
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Fig. 5 Wake rollup at U∞ = 25 kt and U∞ = 12.5 kt: distribution of circulation Γ(r)
at various downstream locations

When assessing the wake signature, it is useful to compute the time-averaged field of
axial vorticity at a given downstream location x, ωx(x), from which one can retrieve
meaningful mean wake characteristics such as the position of the vortices, their circu-
lation and induced velocity distribution, and the core radius. Figure 6 shows slices of

normalized mean axial vorticity field
ωxD

U∞
at 100, 50, 25, and 12.5 kt.

Fig. 6 Normalized mean axial vorticity at 100, 50, 25, and 12.5 kt
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At 100 kt and 50 kt, the vortex cores are clearly visible in the time-averaged field,
up to far downstream. The wake is port-starboard symmetric. At 25 kt, the vortex
cores are more spread out and port-starboard asymmetric. At 12.5 kt, the two-vortex
system appears (as a reminder, it is not visible in the instantaneous fields), but it is
much more spread out and rapidly diffuses downstream.

3.3 Quantitative wake characterization

A quantitative comparison of the wake properties at the four airspeeds of interest is
shown in Table 2. They are also compared to those of a fixed-wing aircraft flying at
100 kt. The aircraft is based on public data for the Daher-Socata TBM 9001 (with a
flap setting typical of a landing configuration), which has a span and mass similar to
those of the rotorcraft (span b = 12 m and mass of 3000 kg), and is simulated using the
same numerical setup as that used for the simulation of the rotorcraft flying at 100 kt.
The position of the wake vortex cores is determined by optimizing the center position
of a 2-D Gaussian kernel relatively to the time-averaged streamwise vorticity field. At
a given streamwise location x, the circulation profile as a function of the distance to
the vortex center, r, is then obtained by surface integration around the vortex core:

Γ(r) =

∫ 2π

0

∫ r

0

ωx(x, ρ, θ) dρ dθ (11)

The vortex induced velocity is then obtained as uθ(r) = Γ(r)/(2πr). The following
quantities are measured:

• Γ0, the maximum value of the measured circulation distribution Γ(r) of the wake
vortices,

• b0, the measured distance between the two wake vortex cores,
• rc, the effective core radius (defined as the radius of maximum vortex induced

velocity),

• Γ̃0 =

∫
half-plane

ωx dS, the half-plane circulation,

• b̃0 =
I

Γ̃0

where I =

∫
y ωx dS is the impulse.

When it is fully rolled-up, the wake shed by a wing consists of a pair of counter-rotating
vortices of total circulation ±Γ0 and spacing b0 between the vortex centers. The lift
can then simply be expressed as a function of the flight speed and vortex properties:

L = ρU∞ Γ0 b0 . (12)

In general, and as reported in [44], the lift produced by a lifting body, such as a wing
or rotor, can be expressed as

L = ρ

(
U∞

∫
S

y ωx dS −
∫
S

(ux − U∞) uz dS

)
(13)

1Taken in the TBM 900 pilot’s information manual, Daher-Socata, 2017
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Table 2 Measured wake properties

Type AC RC RC RC RC

U∞ [kt] 100 100 50 25 12.5

x [m] 24b 24D 6D 3D 1.5D

Γ0 [m2 s−1] 52.3 52.2 101 153 228

b0 [m] 8.89 9.74 9.87 12.20 12.52

rc [m] 0.63 0.69 0.66 1.41 2.19

Γ̃0 [m2 s−1] 52.5 50.5 97.1 148 223

b̃0 [m] 9.09 9.30 9.72 12.63 16.05

where S is a plane normal to the free stream velocity and enclosing the support of ωx.
If the axial velocity difference ux − U∞ (induced by the wake and also due to the
parasitic drag) is negligible, Eq. (13) reduces to

L = ρU∞

∫
S

yωx dS = ρU∞ Γ̃0 b̃0 . (14)

When the wake consists of almost axisymmetric and compact vortices with a total
circulation Γ0 easily measurable, this equation reduces to Eq. (12).

At high (100 kt) and moderate (50 kt) airspeeds, the rotorcraft wake rolls up into a
pair of compact, counter-rotating vortices, closely resembling those shed by a fixed-
wing aircraft. As shown in Table 2, the wake characteristics of the aircraft and the
rotorcraft flying at 100 kt are very similar, except for a slightly greater vortex spacing
for the latter. At these TAS, b0 does not vary significantly with U∞, and Γ0 provides
a good estimate of the total half-plane circulation. Thus, the general lift Eq. (13) is
well approximated by Eq. (12). In cases where b0 remains approximately constant,
the circulation Γ0 is therefore essentially inversely proportional to TAS:

Γ0 ∝ 1

U∞
. (15)

At low TAS (25 kt), the two-vortex system becomes more diffused, with a notable
increase in core radius, though it remains relatively compact and axisymmetric. The
vortex circulation can still be measured reliably. A notable finding is the significant
increase in vortex spacing b0, which now exceeds the rotor diameter D, with a
ratio b0/D of approximately 1.2. This comes as a somewhat surprising result. For
fixed-wing aircraft, the vortex spacing is always smaller than the wingspan b (i.e.,
b0/b < 1). However, this does not always hold for rotorcraft; it is true at high and
moderate airspeeds, but not at low airspeeds. Since the b0/D ratio at 25 kt differs
from that at 50 and 100 kt, a consequence of Eq. (12) is that Γ0 is no longer inversely
proportional to U∞; specifically, it does not double when U∞ is halved.
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At very low TAS (12.5 kt), the mean wake deviates significantly from a simple two-
vortex system: the mean axial vorticity field is no longer axisymmetric about the
vortex center, and its support is much less compact (see Figure 6). Although Eq. (14)
remains valid, the vortex center is not clearly defined; even when measured approx-
imately, it does not coincide with the centroid of the half-plane vorticity field (i.e.,
the measured b0 differs significantly from b̃0). Since the vorticity field is no longer
axisymmetric about the measured vortex center, the notion of a circulation distribu-
tion depending solely on the radial distance r from the center becomes ill-defined,
making the determination of a representative Γ0 less straightforward.

It must be emphasized that Eq. (14) holds in all cases. When a two-vortex system is
well-defined (i.e., with a clearly identifiable center and an essentially axisymmetric
vorticity field around that center), the measured b0 value closely approximates b̃0,
and the measured Γ0 is similarly close to Γ̃0; thus, Eq. (12) is also valid in such cases.

3.4 Distribution of circulation and induced velocity

Figure 7 (a) shows the radial distribution of dimensionless circulation Γ(r)/Γ∗ (where
Γ∗ is the circulation evaluated at r = 0.7 b0) for all cases studied, including the
aircraft flying at 100 kt.

The wakes of the aircraft and the rotorcraft at 100 kt exhibit similar circulation
distributions, although the aircraft presents a monotonous increase of Γ(r), while
the rotorcraft shows a slight overshoot. This suggests that the wake is not yet fully
rolled up. It may require an additional 10–15D to reach a monotonous circulation
distribution.

The distribution at 50 kt is very close to that at 100 kt for r/b0 ≥ 0.2, showing the
same overshoot and likewise indicating an incomplete roll-up. Interestingly, it also
closely matches that of the aircraft at 100 kt for r/b0 ≤ 0.2.

At 25 kt, the circulation distribution still resembles that observed at higher TAS, but
with an effective core twice as wide. This similarity disappears at 12.5 kt, where the
shape of the distribution is very different.
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Fig. 7 Radial distribution of circulation and induced velocity

The radial distribution of the dimensionless induced velocity uθ(r)/V0 =
(Γ(r)/(2π r)/V0) is shown in Figure 7 (b). The profiles for the aircraft and for the
rotorcraft at 100 and 50 kt are relatively similar, due to their comparable core radius
ratios, rc/b0 ≃ 0.07. At 25 kt, rc/b0 ≃ 0.12, leading to a noticeably lower maxi-
mum dimensionless induced velocity. At 12.5 kt, where rc/b0 ≃ 0.18, the maximum
dimensionless induced velocity is further reduced.

3.5 RMC metric

The simplified wake severity metric used in RECAT-EU [3] estimates the normalized
rolling moment imparted to a follower aircraft, assuming an encounter centered on
a single wake vortex while neglecting the influence of the other. The rolling moment
coefficient2 (RMC) is estimated as:

RMC =
MRoll

1
2ρU

2
∞,f S b

≃ AR

(AR+ 4)

∫ 1

0

c(η)

c

Γ(η)

U∞,f b
dη (16)

where

• U∞,f is the TAS of the follower aircraft,
• b is the span of the wing,
• S is the area of the wing,
• c̄ = S/b is the mean chord of the wing,
• AR = b/c̄ is the Aspect Ratio of the wing,
• η = y/(b/2),
• c(η) is the chord distribution of the wing.

The RMC metric is thus based on the measured circulation distribution around the
wake vortex.

2As developed by UCLouvain and WaPT: G. Winckelmans and I. De Visscher. Complement note on
metrics for the rolling moment coefficient and the equivalent roll rate due to encounter of an aircraft with
a wake vortex. Technical report, UCLouvain, 2013.
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In this study, the follower aircraft is the same as the leader aircraft used for the com-
parison of the wake properties, i.e., the Daher-Socata TBM 900 with U∞,f = 100 kt.
The values of RMC obtained for an encounter with the various wakes at a distance
xenc from the rotor/wing center are reported in Table 3.

Table 3 RMC values for a follower fixed-wing aircraft flying
at U∞,f = 100 kt

Generator AC RC RC RC RC

U∞ [kt] 100 100 50 25 12.5

xenc [m] 24b 24D 6D 3D 1.5D

RMC [−] 0.046 0.045 0.089 0.107 0.104

The RMC resulting from a centered encounter with a single vortex generated by the
aircraft and the rotorcraft flying at 100 kt is nearly identical, reflecting the similarity
of their induced velocity profiles. For the case of the rotorcraft flying at 50 kt, since
rc/b0 is similar to that at 100 kt and the generator TAS is halved, the RMC doubles.
In contrast, for the rotorcraft at 25 kt, the RMC increases by only about 20 %. At
12.5 kt, the RMC does not increase further.

It should be noted that, at low and very low TAS, the RMC becomes strongly depen-
dent on the streamwise position at which it is measured, as illustrated in Figure 8.
This is attributed to the rapid “aging process” of the wake vortices, which becomes
significant when the wake is very turbulent and the effective core radius increases
fast. Through this mechanism, the vortices interact significantly with each other
through the mid-plane, causing a decrease in the circulation of each vortex. For the
wake generated at 25 kt, the RMC decreases by 15 % between x = 3D and x = 6D;
for the 12.5 kt wake, the RMC drops by 48 % between x = 1.5D and x = 6D.

18



1 2 3 4 5 6 7
x/D

0.05

0.06

0.07

0.08

0.09

0.10

0.11

0.12

R
M

C

U∞ = 25 kt

U∞ = 12.5 kt

Fig. 8 Variation of the RMC with the normalized streamwise distance x/D for the
wakes of rotorcraft at 25 kt and 12.5 kt

4 Rotorcraft flying through a wake

This section summarizes the results regarding the numerical simulations of a rotor-
craft flying through a rolled-up wake, aiming to quantify the loads resulting from its
interaction with the wake of a leader aircraft or rotorcraft. This is done by measur-
ing the wake-induced forces and moments experienced by the rotor when crossing the
wake vortices on an oblique trajectory at a small angle and at the altitude of their
centers. Three airspeeds of the follower rotorcraft are investigated: 100, 50, and 25 kt.
In these simulations, the encountered wake is that produced by the same rotorcraft
flying at 100 kt.

4.1 Numerical setup

The numerical solver, rotor configuration, and trim are identical to those presented
in Sections 2 and 3. The wake of the leader rotorcraft flying at 100 kt is represented
by a pair of rolled-up vortices obtained from the wake characterization (cf. Section
3), which are continuously fed into the computational domain.

The wake encounter is simulated along an imposed trajectory, as the objective is
to measure the forces and moments experienced by the follower, not its dynamic
response. The follower rotorcraft is initially located at a lateral distance of 4D rela-
tive to the center of the two-vortex system. In an initial phase, it flies parallel to the
wake vortices to properly establish its own wake. Once this wake is well developed,
the rotorcraft changes direction to follow an oblique trajectory with a lateral speed
component of 5 kt relative to the two-vortex system. Through simulations performed
for two lateral velocities (2 kt and 5 kt), it was verified that, as long as this com-
ponent remains small compared to the TAS, its magnitude has a limited impact on
the magnitude of forces and moments experienced by the rotor (with a difference in
maximum pitching moment of about 7%). The resulting loads are therefore close to
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those that would be measured at any position along the trajectory if the rotor were
held fixed at that location.

While accelerating laterally to reach the target lateral speed (at a rate of 25 m s−2),
the rotor also accelerates in yaw to align itself with the new oblique velocity vector,
the magnitude of which equals the TAS and remains constant. This is done by ade-
quately decreasing the streamwise component of the rotor velocity. Thus, the trim
remains valid throughout the maneuver. Once the terminal lateral speed is reached,
the helicopter maintains its velocity until the end of the simulation. The trim is also
maintained; hence, the forces and moments measured when crossing the wake are
solely due to the influence of that wake on the rotor.

The spatial resolution is 64 points per rotor diameter. Based on a grid-convergence
study, the chosen spatial resolution was found to be sufficient to capture the wake
encounter phenomena considered in this work. The computational domain extends
2D upstream of the rotor center. At 100 kt, it extends 10D downstream; at 50 and
25 kt, it extends 6D downstream. The lateral and vertical dimensions of the compu-
tational domain dynamically adapt to the positions of the rotorcraft and of its wake.
No atmospheric turbulence is added for the wake crossing simulations.

4.2 Wake-induced aerodynamic loads

Volume renderings of the vorticity magnitude, illustrating the rotorcraft shortly after
wake crossing, are presented in Figure 9 for the 50 kt and 25 kt cases. Figure 10
displays the wake-induced perturbations in yawing, pitching, and rolling moments,
as well as in lift force, as functions of the lateral distance of the rotor relative to the
vortex pair. This configuration corresponds to a port encounter, i.e., a scenario in
which the port side of the rotor first encounters the starboard wake vortex.

The principal wake-induced loads are a yawing moment, a pitching moment, and a
lift force. The yaw and lift perturbations vary symmetrically with respect to the cen-
ter of the wake, whereas the pitching moment exhibits an essentially antisymmetric
behavior.
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Fig. 9 Volume rendering of ∥ω∥ for the cases of wake crossing at 50 kt (left) and 25 kt
(right)
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While a fixed-wing aircraft primarily experiences a rolling moment and lift distur-
bances when crossing a pair of counter-rotating vortices, a rotorcraft is predominantly
affected by a pitching moment [25]. This behavior reflects the fundamental 90° phase
shift characteristic of flapping rotors (see [45]).

The pitching moment MPitch exhibits a similar profile at 100 and 50 kt, with peak
values occurring near the vortex centers. At 25 kt, the pitching moment becomes less
smooth, as the rotorcraft is more sensitive to fluctuations in its own wake at this low
airspeed.

Notably, numerical results reveal a monotonic relationship between the maximum
value of MPitch and the flight speed U∞. This is rather counter-intuitive, as the
wake-induced velocity field is not dependent on the flight speed of the follower. Con-
sequently, the velocity field experienced by the blades is not a simple superposition
of wake-induced and rotor-induced components. This strongly suggests a non-linear
coupling between the wake-induced velocity field and blade aerodynamics, arising
from the combination of several phenomena: the azimuthal asymmetry of disk loading
(between the advancing and retreating sides of the rotor), the wake-induced modi-
fication of blade angle of attack, and blade flapping, a feature suspected to play a
central role in this non-linear behavior.

In addition, the pitching moment response exhibits a noticeable asymmetry between
encounters with the port and starboard wake vortices, with larger extrema associated
with the port vortex. It can be interpreted as the result of a non-linear combination
of rotor azimuthal asymmetry and wake-induced inflow: when encountering the port
vortex, the wake-induced velocity reinforces the advancing/retreating-side asymme-
try of blade angle of attack, whereas for the starboard vortex both effects partially
compensate each other. The persistence of this asymmetry, despite rotor trim, further
supports the presence of a strongly non-linear coupling involving blade aerodynamics,
blade flapping, and wake deformation.

4.3 Equivalent lateral cyclic angle

As proposed in [31], the pitching moment due to the velocity field induced by a wake
vortex is equivalent to that produced by a certain value of the lateral cyclic angle θ1s.
This equivalent lateral cyclic angle can thus serve as a useful metric for characterizing
a wake encounter.

The maximum pitching moment experienced by a rotorcraft during a wake encounter
occurs when flying through the vortex center. The vortex-induced velocity vvort(r)
causes a local variation in blade angle of attack, αvort(r) = vvort(r)/(Ω r), which alters
blade loading and induces a pitching moment. To quantify the impact of the wake on
rotorcraft dynamics, a theoretical equivalent lateral cyclic pitch angle θ1s,eq is defined,
such that the associated induced velocity is vcyc(r) = (Ω r) θ1s,eq. This corresponds
to the virtual cyclic control input required to generate a pitching moment equal to
that induced by a vortex-centered encounter. It is obtained by equating the pitching
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moment induced by the wake with that produced by this virtual lateral cyclic angle:∫ R

0

1

2
ρ (Ω r)2 c(r)Cl,α αvort(r) r dr =

∫ R

0

1

2
ρ (Ω r)2 c(r)Cl,α θ1s,eq r dr (17)

where Cl,α is the aerodynamic derivative of the local airfoil, c(r) is the chord distri-
bution, and R is the rotor radius. Further assuming that the blade chord c does not
vary with r, this simplifies to:∫ R

0

vvort(r) r
2 dr =

∫ R

0

((Ω r) θ1s,eq) r
2 dr (18)

Thus

θ1s,eq =
4

ΩR4

∫ R

0

vvort(r) r
2 dr (19)

For an encounter with the wake shed by a leader rotorcraft flying at 100 kt, and using
the corresponding measured circulation distribution, this simplified model yields
θ1s,eq = 0.89◦.

It must be emphasized that this highly simplified analysis neglects the forward veloc-
ity of the follower rotorcraft, effectively assuming hover conditions. Its applicability
to forward flight can only be assumed, and must be verified. This verification is the
object of the following analysis.

To assess the validity of the simplified theoretical expression in forward flight, one
may compute the actual equivalent cyclic control angle based on the measured pitch-
ing moment, denoted θ∗1s,eq. This is achieved by determining the derivative of the

pitching moment with respect to the lateral cyclic angle, MPitch,θ1s = ∂MPitch

∂θ1s
. The

derivative is obtained by measuring MPitch for several values of θ1s under steady
conditions, followed by a linear regression of the resulting data. The equivalent lateral
cycling angle is then computed as follows:

θ∗1s,eq =
MPitch

MPitch,θ1s

(20)

The equivalent lateral cyclic angle is presented in Figure 11 for the three TAS values
of interest, and are also compared to the theoretical equivalent cyclic angle θ1s,eq,
which does not account for flight speed. The extrema of the equivalent lateral cyclic
angle for the three TAS of interest are listed in Table 4.

The simplified metric predicts a constant equivalent angle of 0.89◦, independent of
the airspeed of the follower. At 100 kt and 50 kt, this simplified estimate under-
predicts the actual maximum equivalent angle, whereas at 25 kt, it overpredicts it.
Although the simplified model provides values of the correct order of magnitude,
the discrepancies remain significant. These differences arise from the port-starboard
anti-symmetry of the local relative velocity field experienced by the blades in forward
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flight, combined with the simplified linear nature of Eq. (17). As a result, flight speed
U∞ cannot be accounted for within such a simplified framework.

Table 4 Extrema of the computed equivalent lat-
eral cyclic angle

U∞ [kt] 100 50 25

min (θ∗
1s,eq) [deg] - 1.40 - 1.12 - 0.55

max(θ∗
1s,eq) [deg] 1.13 0.85 0.57
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Fig. 11 Computed equivalent lateral cyclic angle as a function of the rotorcraft lateral
position at 100, 50, and 25 kt

5 Conclusions

In this study, Large Eddy Simulations of a helicopter rotor in forward flight were
performed using the a Vortex Particle-Mesh method with Immersed Lifting Lines,
coupled with a multi-body rigid dynamics integrator. Two research questions were
addressed. First, how does the rotorcraft’s airspeed influence its wake properties, and
what is the resulting hazard to a follower aircraft? Second, how does the airspeed of a
follower rotorcraft affect the perturbations it experiences when flying through a wake?
The key findings of this study are summarized below:
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Rotorcraft wake characterization

• For the first time, a systematic characterization of the far wake of a rotorcraft flying
from high to very low airspeeds was achieved using a numerical method capable of
accurately capturing the wake transport, turbulence and deformation phenomena.

• At low airspeeds (25 and 12.5 kt TAS), the wake departs from classical fixed-wing
and high-speed rotorcraft behavior. The wake decay is rapid and coherent vortical
structures are only visible in the vicinity of the rotor. The inverse proportionality
between vortex circulation and TAS breaks down due to increased vortex spacing,
turbulent diffusion, and loss of symmetry around each vortex center.

• The diffused nature of the wake vortices at low airspeeds translates into much larger
vortex cores. Consequently, the radial profiles of circulation and induced velocity
are significantly different from those of fixed-wing aircraft and rotorcraft at high
airspeeds.

• The potential hazard to a following fixed-wing aircraft, measured using the rolling
moment coefficient (RMC) metric, is inversely proportional to the TAS at high
airspeeds, but saturates at low airspeeds. It also decreases rapidly downstream at
low airspeeds.

Rotorcraft flying through a wake

• The simulations presented here constitute the first effort to capture the wake-rotor
interactions across a range of follower airspeeds (100-25 kt) while accounting for the
two-way coupling between wake vortices and rotor aerodynamics, thus waiving the
need for the “frozen vortex” assumption.

• At low follower airspeeds, non-linear coupling between the wake-induced velocity
field and rotor blade dynamics leads to significant deformation of the vortices near
the rotor. The pitching moment scales with the follower TAS in a nontrivial way. To
explain the observed non-linear coupling and its dependence on airspeed, future work
should employ high-fidelity simulations resolving the fine blade-vortex interaction
phenomena, and also including the elastic blade deformation.

• The encounter severity metric proposed by Padfield et al. [31] was evaluated by
comparing its estimate with the pitch perturbation measured in simulations. Owing
to its simplified character, the metric fails to capture the speed dependence observed
in the numerical results, though it provides a useful first-order approximation of
encounter severity.

This work provides valuable insights into low-speed wake phenomena of rotorcraft
operating out of ground effect, as well as into the perturbations experienced by a rotor
when flying through a wake. By doing so, it contributes to a foundation for future
developments of separation matrices that explicitly account for rotorcraft as both
leaders and followers. Future studies could investigate rotorcraft wakes at low speeds
in ground effect and also include a representation of the fuselage and tail rotor to
capture the early development stages of the wake more accurately. Further research on
wake encounters experienced by rotorcraft should also include full dynamic and pilot-
in-the-loop simulations, while preserving adequate fidelity in modeling the rotor-wake
coupling. In addition, extending the present analysis to other rotorcraft architectures
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involving multiple rotors and/or tilt-rotors would be of interest to assess the impact
of rotor configuration on wake structure and encounter severity.
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