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Abstract

Accounting for wake-body interference effects
in real-time simulations is still a challenge. To
this aim the Fast Free Wake (FFW) model has
been developed. It consists in a simple elabora-
tion of the free-wake concept: vortex rings are
released every certain time step from the rotor
disk, and then they are free to move, interact-
ing with all the other vorticity sources in the
flow field without constraints. Wake deforma-
tion is accounted for by rings movement and di-
ameter variation, while vorticity strength is di-
rectly related to the instantaneous rotor thrust
value. The model has been developed, imple-
mented, and then validated in hover, forward
flight, vertical flight both In Ground Effect
(IGE) and Out of Ground Effect (OGE). The
computational efficiency of the model has been
deeply investigated and the real-time running
capability has been confirmed. The low compu-
tational cost required by FFW, together with
its fair accuracy, makes the proposed model a
valid tool for real-time flight mechanics simu-
lations.

1 Introduction

The capability of modeling and representing
the wake of a rotorcraft is essential to prop-
erly simulate most of the flight conditions, if
not all. For conventional rotorcrafts, the main

rotor wake typically affects the rotor itself, the
fuselage, the empennages and the tail rotor,
with impacts on performance, trim characteris-
tics and manoeuvring flight. On tilt-rotors, the
wake-body interaction is particularly impor-
tant especially in hover and in low speed flight,
with interesting interference phenomena in lat-
eral and rearward flight. The accurate repre-
sentation of the rotor wakes is still a challenge,
due to the high computational power required
by a complete free-wake model; notwithstand-
ing the constant increase of computer power, it
is still impossible to perform a complete free-
wake simulation of helicopter rotor wakes in
real time, in order to perform pilot-in-the-loop
applications in simulator facilities.

The dynamic effect of the wake on rotor in-
flow has long been recognized. Finite-state dy-
namic wake models [1, 2, 3, 4] represent ma-
jor advances in practical rotor wake simulation
technology; however the hypothesis underlying
these theories are not compatible with the sim-
ulation of certain flight regimes, for instance a
descent flight approaching to the Vortex Ring
State (VRS) condition. Recent developments
on dynamic inflow models for descent flight
make use of a series of vortex rings to create
a non linear effect on rotor induced velocity,
with the specific objective to simulating the
VRS state [5, 6, 7, 8]. These approaches, be-
ing conceived as inflow models, represent only
the near-wake and thus have not been utilized
to investigate interference effects. A different
approach, proposed by Horn et al. [9], sug-



gests to perform a complete and very accurate
free-wake model calculation off-line, and then
extract from the accurate simulations some pa-
rameters which are used to tune a very simpli-
fied free-wake real-time model, with stringent
limitations both in spatial and temporal reso-
lution. The drawback here is the need to tune
the model for every analyzed configuration.

The present work reports a simple elaboration
of the free-wake concept suitable to evaluate in-
terference effects and computationally efficient
so as to allow running in real-time. The two
key element of the proposed approach, labeled
Fast Free Wake (FFW) model, are vortex rings
as elemental wake singularities and free move-
ment of the ring themselves. The wake is con-
sidered as constituted by a set of vortex singu-
larities, released from the tip path plane of the
rotors with a certain frequency, which are free
to move and to interact with other singularities
in the field without constraints, since only the
flight condition, and auto- and cross-induced
velocities between singularities, regulate their
motion. The singularity strength is determined
from the rotor thrust and is kept constant dur-
ing the time evolution of the wake. The num-
ber of vortex rings which represent the wake
is limited by the user. These simplifications
allow the FFW model to run in real-time on
common desktop machines, with good margin
for more complex simulations. The method,
in fact, makes possible the introduction of dif-
ferent rotors, with simulation of mutual rotor
interference, or the introduction of the ground
effect, by means of a simple mirror plane tech-
nique, maintaining sufficient performance for
real-time execution. It is important to under-
line that the model is presented here only as a
wake representation, to be incorporated into a
flight mechanics comprehensive code to evalu-
ate interference effects. Its extension as inflow
model is under development.

In the next sections, the model is described and
validated in several conditions: hover, forward
flight and descent flight, both in IGE and OGE
conditions. The validation is both qualitative,
in terms of velocity field and wake geometry,
and quantitative, with particular attention to
the descent flight in VRS regime and ground
effect.

2 The FFW model

Vortex ring models have been used in the past
to represent a prescribed wake [10, 11, 12], hav-
ing the advantage of allowing for an analytical
solution of the induced velocity field. They can
however be employed also to model a free-wake:
in the present FFW model the position and
dimension of the vortex rings are determined
only by free stream conditions and the auto
and mutual influences between vortical singu-
larities. Each ring is released from the rotor
disk at a given time interval Ar; it is displaced
with its local velocity until it becomes too ”old”
— when its influence on the field can be consid-
ered negligible — and it is eliminated. A full in-
teraction between all rings present in the field
is retained, although a simplified model is also
introduced where the influence of a ring located
further than a given distance — typically twice
the rotor radius — is neglected.

The adopted general free-wake procedure is the
following;:

1. A new vortex ring is released, correspond-
ing to the circumference of rotor tip path
plane, with given intensity, directly pro-
portional to current rotor thrust. A set
of control points is associated to the ring.
The total number of singularities in the
vortex system, denoted with N, is kept
constant by eliminating the ”older” ring
from the wake.

2. The local velocity at the ring control
points is computed, accounting for free
stream contribution and the velocity in-
duced by the whole vortex system.

3. Each ring is displaced and resized by mov-
ing the control points with local velocity,
but its circular shape is not modified.

4. The geometrical description of the rings
is updated after the movement. The
wake deformation is continued by repeat-
ing steps 2-4.

5. When the time elapsed reaches the value
AT, the procedure is restarted from step
1.



The wake shedding will of course have a tran-
sient where the number of singularities will in-
crease to reach the value N.

Figure 1: Geometrical representation of a vortex
ring

2.1 Induced velocity

The induced velocity, due to an infinitesimal
vortex element, is provided by the Biot-Savart
law:
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For the vortex ring geometry, the unit vector t,
the ring segment ds and the vector R connect-
ing the ring segment to the sample point, are
illustrated in fig. 1 and defined as:
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where r,, is the ring radius, ¥,, %, are the az-
imuthal coordinates of, respectively, a point n
on the ring and the sample point m where the
induced velocity is computed, and x,, r,, are
the axial and radial coordinates of point m.

Integrating eq. (1) along the complete ring,
we obtain the following expression for the axial
and radial velocity components:
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Introducing the non dimensional axial and ra-
dial coordinates x and r as:
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it finally results:
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where K (k) and E(k) are complete elliptic in-
tegrals of the first and second kind, and k is
defined as:
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Equations (6),(7) may become singular: for in-
stance the axial velocity component is singular



for x = 0 and r = 1, on the ring itself; the
radial component is singular also for r = 0, on
the ring axis. Singularity is avoided by impos-
ing vortex core of constant radius € = 0.05r,,
where the velocity is linearly varying. An iden-
tical approach is considered at the ring axis.

The elliptic integrals, given by [13]:
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can be computed in advance using numerical
quadrature and stored as tables, function of the
parameter k. For ¢ (k) — 90°, when the inte-
grals become singular, it is possible to use the
asymptotic expressions:
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To deal with IGE, the classical mirror image
technique [14] can be adopted.

2.2 Ring movement

While moving with their local velocity, the vor-
tex rings may change their dimensions and ori-
entation, with the only limitation of remaining
perfectly circular, in order to exploit the ana-
lytical solution for the induced velocity. Each
ring is marked with four control points (fig. 2),
located along perpendicular rays at radial dis-
tance from the ring axis given by &,r,, where r,
is the present ring radius and ¢,, 0 < g, < 1,
is an empirical coeflicient which is set to the
value 0.7. The ring is uniquely determined in
a global reference system by the location of its
center, its radius and a set of unit vectors which
describe its inclination in the given reference
system, as show in fig. 3.

Induced velocity components are evaluated
at the control points, making use of equa-

Figure 2: Location of ring control points

Figure 3: Ring local reference frame

tions (6),(7) and measured in an inertial refer-
ence frame. The control points displacements
are computed through a simple forward Euler
scheme with time At. Once the updated loca-
tion of the four control points is computed, the
location of the ring center and its radius are
simply obtained as:
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Finally, the unit vectors which describe the ring
orientation are recomputed as:
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2.3 Vortex strength and release time

A constant value of the circulation is associated
to the vortex singularity at the instant of its
release, as:
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with 7" instantaneous value of the rotor thrust,
Viip = wR rotor tip speed, R rotor radius, A ro-
tor area and o rotor solidity; the coefficient kp
is an empirical scale factor, determined from
comparison studies with a classical free-wake
vortex lattice model, thus assuming the value
kr = 1.2. The coefficient £, is a second scal-
ing factor, related to the fact that the vortex
rings are not released at every blade passage,
but with a periodicity which aims at having
a reasonable ring distribution within the wake.
From numerical experiments, it has been found
that the optimal wake ”density” is achieved
with four vortex rings within the distance of
one rotor radius. The coefficient &, is obtained
as:
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where ugq = 4 /T/2 pA is the induced velocity in

hover from momentum theory; &, is a reason-
able estimation of the time needed to cover a
distance equal to R.

The release time interval At is closely linked
to kp, inasmuch that four rings shall be located
within one rotor radius from the tip path plane;

therefore we select A7 = %p.

2.4 Computational efficiency
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Figure 4: Computational requirements in hover
IGE and OGE.

The computational efficiency of the proposed
algorithm has been evaluated introducing a
quantitative index, labeled frame-rate: it cor-
responds to the reciprocal of the CPU time
needed to perform one step of wake movement
for a wake made of N singularities.
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Figure 5: Computational requirements in hover
using the full and simplified FFW models.

In figure 4 are reported the frame-rate values,
as function of the number N of the vortex
rings in the field, for a test case in hover con-
ditions, both IGE and OGE. Quite obviously
the IGE condition, performing more calcula-
tions because of the mirror image technique,
has the lowest frame rate for a given N. Since
the wake may usually be well represented using
20 < N < 30, the achieved computational cost
is compatible with a real-time analysis. Since
the computational burden depends only from
the value of N, similar results may be found
for other flight conditions.

A simplified method has been evaluated, in
which the influence region of each singularity
is limited to a distance of 2R from its axis.
In OGE condition (fig. 5a) the simplified ap-
proach improves the frame-rate, still predicting
a wake shape very close to that of the original
method. In IGE (fig. 5b), on the contrary, no
improvement can be noticed, because the pres-
ence of the ground makes the wake much more
compact.

Since the method that accounts for the full in-
fluence of the wake elements is compatible with
a real-time analysis, it is retained for the vali-
dation activity described in the next section.



3 Model validation

The following sections present a thorough vali-
dation of the FFW model in the most significa-
tive flight regimes: hover and forward flight,
both in IGE and OGE conditions, climb and
descent flight. Results in terms of wake geome-
try and velocity fields are compared against ex-
perimental data and computations from other
models found in the literature.

3.1 Hover OGE

In this section a description of the results ob-
tained for hovering flight out of ground ef-
fect is presented. The first test case that has
been considered refers to the model rotor in-
vestigated by Boffadossi and Crosta [15]. The
rotor has four rectangular blades, with a ra-
dius of 0.8m, and a solidity of 0.0955. Experi-
mental tests were performed at C;/o = 0.075.
Hot wire measurements were taken in a ra-
dial plane at sixty spanwise locations in the
range 0.288 < r/R < 1.025 at several z/R ax-
ial distances and compared with numerical re-
sults gathered from a free-wake vortex-lattice
method.

The FFW simulation is characterized by a
temporal integration step At equal to 1/10
of the vortex release time, A7, and lasts 600
At.  After 200 At the vortex is considered
dissipated so that, after the initial transient,
the flow field will be always populated by 20
vortex rings.

For comparison purpose with experimental
data at a distance z/R = -0.6 downstream the
rotor, the mean induced velocity is evaluated
by averaging over the 100 last temporal
integration steps of the simulation, when the
wake is already fully developed. Results are
presented in Figure 6 using various values of
kr, to verify that the choice of kr = 1.2 was
justified.

In fact, the trend of the average velocity
profile for kr = 1.2 fits the experimental curve
with a good approximation for values of r/R
greater than 0.8. In the inner zone of the
wake the agreement is not as good, because of

the model inability to describe the inner wake
vortices, which are not taken into account by
the FFW theory. A possible solution, under
investigation, is to release from he rotor disk
additional internal rings, coaxial to the outer
ones, with smaller radius and lower intensity.
It should however be noticed that the choice
of kr = 1.2 is the best compromise also for the
inner zone: the area under the velocity profile,
and therefore the average velocity on the
considered plane, is closest to that obtained
experimentally.

Interestingly, the FFW model, for a radial
distance grater than z/R = 0.85, provides
results closer to experimental ones than those
obtained by Boffadossi and Crosta with a
vortex-lattice method.
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A Boffadossi
Experimental

= Boffadossi Free Wake

0 0.2 0.4 0.6 0.8 1
r/R

Figure 6: Mean induced velocity modulus at a
distance of z/R = 0.6 at various kr and eg = 0.7,
compared with Boffadossi-Crosta numerical and ex-
perimental results

The second considered test case refers to the
seven blade CH53E main rotor, with radius
R = 12m and solidity ¢ = 0.121, for the con-
dition Cy/o = 0.0963. The wake geometry
obtained with FFW has been compared quali-
tatively with the free-wake results reported in
[12]. FFW model parameters are still kp = 1.2
and egp = 0.7, and the simulation time step
and duration are exactly the same as for the
previous case. In Figure 7b the longitudinal
velocity field is compared against the superim-
posed black curve representing the free-wake
geometry obtained by Leishman. In the ro-
tor proximity, up to a downstream distance of
1.5R, the FFW velocity field has a good qual-
itative match with that obtained with a clas-
sic free-wake method. In the far wake, FFW



tries to follow the aperiodic behavior, which is
correctly modeled by the free-wake method; in
fact at those distances the vortex ring radius
increases, as noticed in Figure 7a, before being
canceled to simulate dissipation.

Aperiodic
behavior
in far wake

(a) FFW Rings geometry

(b) FFW Longitudinal Velocity Field

Figure 7: FFW in hover OGE compared against
Leishman free-wake geometry

Finally, in Figure 8 a comparison of the com-
puted wake contraction for the CH53E main ro-
tor against Landgrebe [16] theoretical tip vor-
tex geometry, is reported. A good agreement
is confirmed.

3.2 Hover IGE

In this section results for hovering flight in
ground effect are shown. The CH53E rotor
at a height h = 37ft from the ground is
simulated, with the same parameters and time
discretization used for the hover OGE valida-
tion. The mean velocity at 20 distances from
the ground, between 0 and 12ft, is evaluated
averaging on the last 100 temporal steps and
is compared in figure 9 with the experimental
data from reference [17]. The plot reports
also the minimum and maximum values of the
computed velocity. The FFW result trends are
quite in agreement with the experimental ones.
The corresponding computed wake geometry
is shown in figure 10.
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(b) FFW Velocity Field

Figure 8: Wake contraction for FFW in Hover
OGE compared against Landgrebe tip vortex ge-
ometry (red line)

Furthermore, the ground effect factor f, =

% is calculated for the CH53E rotor and
%or a AW139 main rotor model; the average ve-
locity on the rotor disk is again obtained by av-
eraging on 100 time steps and performing a nu-
merical integration over the rotor surface. The
computed values of f, are compared with ex-
perimental data from Light [18] and with the
empirical models described in [19]. The agree-
ment of FF'W results with empirical and exper-
imental ones is satisfactory.

3.3 Axial climb and descent flight

In this section the behavior of the model in
axial climb and descent flight is analyzed, con-
sidering the CH53E main rotor. Particular at-
tention is addressed to check the model capa-
bility in simulating the condition of vortex ring
state (VRS). Simulations have been performed
for axial speeds between 10m/s and —60m/s
with the same computational parameters used
during hover analysis. Results are compared
with the solution of the extended Momentum
Theory (MT), with theoretical and experimen-
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Figure 9: CH5H3E Main Rotor IGE at h = 37ft,
induced velocity at various distances d from rotor
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Figure 10: FFW wake geometry in hover IGE at

h=37ft

tal data gathered at the ONERA [20] about the
VRS regime, and with Leishman [12] free-wake

geometry.
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Initially a qualitative validation, comparing the
obtained FFW wake geometry with classical
free-wake results reported in [12], is carried out.
In figure 12 is possible to see the velocity fields
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Figure 11: FFW Ground Effect Factor f, in Hover
for CH53E Main Rotor and AW139 Main Rotor
compared against theoretical models and experi-
mental results

of the FFW model at some significant descent
speed, compared with the free-wake geometry
represented by a black solid line. The general
behavior is correctly predicted, except for the
wake instabilities detected by the classical free-
wake model.

For a quantitative comparison with the
extended Momentum Theory curves, and
the theoretical and experimental results by
ONERA [20], the FFW average velocity on
the rotor disk is obtained at various axial
distances d immediately downstream of the
rotor, up to d = 0.25R. The averaging process
is done integrating on effective wake area.
Figure 13 shows that FFW results have a good
correspondence with the extended Momentum
Theory ones, but are slightly underestimated
in absolute value with respect to ONERA
theory. At low rate of descent the curve closest
to the theoretical one is that at a distance
d = 0.25R, while at higher rate the best match
is obtained on the rotor disk(d = 0).

Finally, the good agreement of the FFW
model with the extended Momentum Theory is
demonstrated also in terms of required power
in figure 14. We can observe that FFW is qual-
itatively capable of modeling the phenomenon
of VRS, and can also identify the power settling
zone in which the required power is increasing
rather than decreasing with respect to the de-
scent velocity.
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Figure 12: Comparison between FFW geometry
and velocity field and free-wake (black lines) in axial
descent

3.4 Forward flight OGE

The FFW model is validated in forward flight
conditions simulating the CH53E main rotor,
with usual model and time discretization
parameters.
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Figure 15: Normalized average induced velocity
in forward flight for FFW and Momentum Theory

To perform a quantitative comparison with
momentum theory, the mean velocity on the
rotor disk has been calculated, integrating
the velocity distribution on the disk surface.
Results in term of normalized velocity are
reported in Figure 15, where a good agreement
can be observed.
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Figure 16: Comparison between FFW, experi-
ments and free-wake (black lines) in OGE forward
flight on longitudinal plane

Figure 16 shows longitudinal slices of the FFW
wake geometry and induced flow-field for p =
0.15 and g = 0.23, on a plane normal to the
rotor disk at a distance of 0.3R from rotor disk
axis. Results are compared with free-wake and
experimental ones from Ghee and Elliot [21].
In order to reduce velocity peaks on the exter-
nal boundary of the wake, which could result in
unrealistic local velocity fluctuations affecting
the rotorcraft aerodynamic surfaces, the desin-
gularization core ep has been increased to 0.1
in this simulation. Good qualitative agreement
with free-wake and experiments is found both
for longitudinal and transverse wake shape.

3.5 Forward flight IGE

The rotor used to analyze the qualitative be-
havior of the FFW model in forward flight IGE,
is the five bladed AW139 model rotor consid-
ered by Biava et al. for RANS calculations
[22], with radius R = 0.9m, solidity o = 0.1025
and C;/o = 0.1. The FFW simulation param-
eters, time discretization, and simulation dura-
tion are the same used in previous validations,
but the number of rings in the flow fields is
augmented to 30, to have a correct match with
the computed RANS velocity field. The rotor
height above ground has been fixed to 2R, the
rotor angle of attack is « = —5°, and the range
of advance ratio considered is 0.02 < p < 0.07.
In Figure 17 is possible to see the longitudinal
FFW velocity fields compared with RANS vor-
ticity contours, represented by the black solid
lines. FFW wake geometries show a good qual-
itative mach with RANS ones.

Finally, in figure 18 is reported the normalized
induced velocity variation with forward speed
at several altitudes on ground, obtained with
FFW and with Heyson’s relations. Through
theoretical and experimental studies, based
mainly on wind tunnel tests, Heyson obtained
a semi-empirical expression for the calculation
of the wake induced speed in forward flight in
ground effect [23] [24]. In particular, the ex-
pression for normalized induced velocity at the
center of the rotor is:

U; Au
= vcos (x) +

(18)

9
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where x = Voo /ujp is the wake skew angle, u;g
is the induced velocity at rotor center in OGE,
u;g the induced velocity in hover and Awu the
induced velocity only due to ground influence,
function of wake skew angle, wind tunnel cham-
ber dimension, and of Heyson’s correction fac-
tor.

Figure 18 shows that the curves trend is well
predicted by the FFW model, although some
quantitative differences can be observed.
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Figure 17: Longitudinal velocity field in IGE for-
ward flight compared with RANS (black solid lines)

4 Conclusions

A new wake model to approach real-time simu-
lation has been presented. The FFW model has
been developed adopting a free-wake concept,
but simplifying the vorticity representation, in
order to optimize the computational cost. The
model has been described and then thoroughly
validated in several significative flight condi-
tions.

The quality of the model has emerged in all
flight conditions from both qualitative and
quantitative standpoints, always giving a good
simulation of the physical phenomenon and
presenting a good agreement with experimental
data or numerical results achieved with more
sophisticated theoretical models. In particular,

11

—h/R=0.5

—h/R=1.0
h/R =2.0

—h/R=oo

~

—

S
—

15
Voo iy

2

(a) Heyson

0.8

o

o --h/R=0.5
-0-h/R=1.0
0 h/R=15

~0-h/R=oo

06

5y
e

/

U/ Uy

0.4

7t

0.2

15
Veo/ Uiy

(b) FFW

2

Figure 18: Normalized induced velocity variation
with forward speed in IGE regime

the model can adequately reproduce and pre-
dict the regime of Vortex Ring State, at which
all released ring vortex correctly concentrate at
the rotor disk. In regard with forward flight
IGE, the model manages to correctly repro-
duce the formation of a pseudo-toroidal vortex
in front of the rotor, of course not open at the
infinity, but closed because of the vortex ring
shape.

It is important to notice that the present model
has been developed to obtain a flexible tool able
to perform fast analysis, compatible with real-
time simulations, but do not pretend to replace
experimentation or the more advanced tools,
such as RANS solvers or free-wake codes, which
are certainly able to describe the physical phe-
nomenon with a level unattainable by the FFW
model, but at a significantly higher cost. On
the other hand, the FFW model is certainly
a flexible tool, able to allow quick and accu-
rate analysis in all flight conditions, as shown
in the validation section. The degree of accu-
racy achieved can be considered sufficient to
perform flight mechanics analysis.
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