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Abstract

Main tip vortex (MTV) are a fundamental feature of a rotor wake for efficiency, noise production and vibrations.
During the decay of the wake, the initial helicoidal structure is eventually developing into a complex vortical flow
field. To study numerically the late wake age regime, which are of great practical interest to understand the
wake decay, difficulties are related to the correct detection of the MTV. Thus, an automated and easily applica-
ble procedure to track the MTV is proposed. This method, through a series of precautions and considerations,
allows to follow the MTV even far from the rotor plane. The results, in terms of position, wandering, dimensions
and shape of the MTV can be useful regarding a turbulent regime otherwise difficult to analyse.

1. NOTATION
Symbols
T [m?/s] circulation
w [1/s] vorticity
Q[1/s] rotor angular velocity
Viip [m/s] blade tip velocity
Vi, [m/ ] induced velocity
Vo [m/s] tangential velocity in the vortex core
Vazial [m/s] axial velocity in the vortex core
f[HZ] rotation frequency of the rotor
T [N] total thrust of the rotor
Cr thrust coefficient of the rotor
Cr/o blade loading
L [N] blade span-wise lift
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2. INTRODUCTION

The main tip vortices (MTV) created by the rotation of
the blades are the dominant vortical structure of the
flow in a rotor wake. The interest is related firstly to
the possible interactions of the wake and other struc-
tures of the rotorcraft and, secondly, to safety consid-
erations in particular flight conditions, i.e. near the
ground. Specifically, the main tip vortex (MTV) de-
cay is fundamental because it affects the efficiency
and the noise production of rotors, especially in hover
conditions.

The flow under consideration is characterized by
a complex, unsteady, three-dimensional structure
where strong interactions of vortical structures are
present. The complexity of these interactions and the
following breakdown of the wake is still a challenge
for high resolution numerical simulation and therefore
is the subject of many investigations (i.e. Chaderjian
and Buning [1] or Hariharan et al. [2]). In particular,
the MTV, which is well defined at early wake stages,
increasingly interacts with the blade shear layers and
eventually decomposes in a highly turbulent flow field.
The transformation of the wake, from a well defined
helicoidal vortical structure to a chaotic state, hap-
pens by the creation of secondary structures (see Fig.

1).

Figure 1: \s = —0.3 iso-surface of the 2 blade rotor
wake colored through the vertical vorticity magnitude.

These vortices feature a vertical axis, a lower circu-
lation with respect to the MTV, and they are created
from the entrenchment of the shear layer. The main

feature of these vortices is the s-shape structure and
they typically appear as couples of counter-rotating
vortices. These secondary structures, firstly observed
in high fidelity numerical simulations (Hariharan et al.
[2], Abras et al. [3]), were later found experimentally
by Wolf et al. [4] with PIV measurements. (?7?)

The MTV, on the other hand, has been analysed in
detail through a number of studies such as Kindler
et al. [5], Mula et al. [6], Martin and Leishman [7],
Leishman [8]. It evolves from the blade tip and, due
to the interactions with the blade shear layers, even-
tually decays in the chaotic pattern exposed before.
The transformation of the wake, from a well defined
helicoidal vortical structure to the turbulent state is still
not fully understood. In fact, the mechanism of decay
is a particularly complex topic because it involves not
only possible macroscopic instabilities of the MTV he-
lix (see Okulov and Sorensen [9] and Jain and Conlisk
[10]), but also viscous mutual effects due to vortex in-
teractions.

Moreover, difficulties in detecting the wake system of
a rotor is a well known problem also for early wake
ages, especially in experimental campaigns (Leish-
man et al. [11]). Effort to understand the wander of
the MTV, so the spatial movements of the helix fila-
ment, is an outstanding practical question of great sci-
entific interest. Correction techniques for experimen-
tal purposes have been proposed, see McAlister et
al. [12] or Ramasamy et al. [13]. These spatial move-
ments are strongly related to external factors, such
as background turbulence (cfr. Kinder et al. [5]), so
at late wake ages they become stronger and possi-
bly fundamental for the rotor wake decay and for the
creation of the secondary structures.

Therefore, providing an accurate method that allows
to study the MTV at very late wake ages in high fi-
delity numerical simulations is of great scientific value.
Though similar attempts have been done, with par-
ticular focus on the vortex core growth (see Kao et
al. [14] or Kao et al. [15]), finding a method to cor-
rectly and automatically detect the vortex in difficult
conditions very far form the rotor plane is still a great
challenge. This work is devoted to illustrate a possible
way to automatically detect the MTV of a rotor in hover
through a clear and easily applicable procedure.



3. GEOMETRICAL AND NUMERICAL SETUP

The geometry considered is the same as the one pre-
sented by Heintz et al. [16]. The rotor is in hover and
it is hold on a solid support, as shown in Fig 2. Dif-
ferent number of blades are considered, namely 1, 2
and 4.

Figure 2: Geometry of the 2 blade rotor.

For the one blade case, an approximately 12 cm long
cylindrical counterweight is mounted on the opposite
side of the blade to compensate for the imbalance of
the loadings. The blades are the commercial Black-
Belt 685, which were already used in the experimen-
tal and numerical studies of Wolf et al. [4], Bodling et
al. [17] and Schwarz et al. [18]. The SpinBlades are
commercially available and they present a symmetri-
cal airfoil and a parabolic tip shape. The chord length
is C = 0.061 m, the span is 0.685 m and no twist is
applied. In total, considering also the rotor hub, the
tip radius is at R = 0.760 m. Therefore, the solidity o
of the rotors are 0.0128, 0.0255 and 0.0511 for the 1, 2
and 4 blade rotor respectively. The angular velocity of
the main rotor is w = 118.44 rad/s yielding a blade tip
Mach number of Ma = 0.26.

The blade pitch is adjusted to achieve a blade loading
of Cr/o = 0.085.

The numerical investigation is based on the block
structured finite volume RANS CFD code, FLOWer,
developed by the German Aerospace Center (DLR)
and improved for rotorcraft simulations by the re-
search group at the Institute of Aerodynamics and
Gasdynamics (IAG) in the University of Stuttgart. The
solver is a finite volume code based on a 6 or-
der spatial discretization WENO (Weighted Essen-
tially Non-Oscillatory, see Liu et al. [19]) and 2"¢
order temporal discretization. Simulations are com-
puted with a DDES-SST(k — w) scheme.

Figure 3: Different regions of the domain: green is the
blade, red is the displacement body and light blue is
the 2% C refinement of the background mesh.

The structured mesh is used jointly with a Chimera
technique. As illustrated in Fig. 3, the mesh is subdi-
vided in regions. The first one is highlighted in green
and it is close to the blade: it is devoted to the bound-
ary layer computation. A similar one is created on the
surface of the displacement body in the center, the
red zone. The refinement of 2% C on the background
is highlighted in light blue. This region is composed of
constant size cells.

Figure 4: Mesh refinement.

All these regions are immersed in a background mesh
which progressively increase the size of the elements



towards the edged of the domain (which is located at
20 - R) in order to save computational power. The ex-
change of information among the regions described
so far and between the refinement and the outer back-
ground are achieved through interpolations.

The regions close to the surfaces, the red and blue
in Fig. 3, are created allowing a y* = 1 value at the
wall. Regarding the light blue region of refinement,
as reported in Fig. 4, a toroidal shape has been con-
sidered. The shape has been chosen to enclose the
region where the wake decay is expected.

The sizes of the refinement region are 0.7 - R in span-
wise direction and 1.4 - R below the rotor plane. The
most of the cells are concentrated in this portion of
space so the computational effort is only slightly af-
fected by the different number of blades of the rotor.
The main properties of the test-cases are reported in
Table 1.

Test-case cells [10°] blocks
1 blade 287.9 36532
2 blades 289.5 36666
4 blades 292.0 37052

Table 1: Test-cases meshes.

4. METHOD
The detection of the MTV is based on the study of the
A criterion computed on the numerical solution. The
workflow is presented below:

+ Vortex detection criterion: A, criterion

* )\, threshold

+ Choice of the initial point (ro, 2¢)

+ Tracking method

+ Stop criterion

+ Vortex core shape
The procedure hereafter briefly presented is applied

at different time instances during a complete revolu-
tion of the rotor.

4.1. Vortex detection criterion

The effort to track the vortex position is based on
the determination of the proper criterion for the vor-
tex identification. A number of studies have been pro-
posed (Chakraborty et al. [20]). However, a unique

and generally accepted definition of what is a vortex
is an old problem not fully resolved still nowadays (cfr.
Jeong and Hussain [21] or Hunt et al. [22]).

The intuitive ways to measure vortices, i.e. local pres-
sure minimum, pathlines or streamlines and vorticity
magnitude have been proved to be all not enough for
a correct detection of vortical regions. Most common
vortex identification method, such as A, and Q crite-
rion, are based on the gradient of the velocity instead.

In particular, the A.-criterion is based on the eigen-
values of the tensor J = S? + 2 and considers the
effects of both the rotation and the strain in the fluid.
The tensors S and © are the symmetric and anti-
symmetric part of the tensor Vu respectively. It is
worth recalling that the vortex core regions have a
negative \o.

The absolute value of )\, is highly case dependent.
To account of compressible effects, in this work the
Aqo-criterion is computed starting from velocities ex-
pressed as Mach number (M = u/aine, Gint =
VyRT;). Thus, all the considerations that will be
presented below are based on )\, values having or-
der of magnitude 10!,

4.2. Choice of )\

In order to detect the vortices in the flow field, a
threshold value X, must be defined. Due to the
chaotic flow field, the right choice of the threshold
becomes fundamental for the correct tracking of the
MTV. The main problem related to an excessively low
value of )\, is usually the joining of different vortices
into bigger nonphysical connected regions of no prac-
tical value. The risk is strongly increasing at late wake
ages where the rotor wake has the aforementioned
vortical complexity.

In order to select the most appropriate value of the
threshold )., the suggestion is to use the smallest
absolute value for X, in cleaner setups, such as the
1 blade case. On the other hand, rotors with a more
complex flow field should to be associated with higher
absolute values of \.

We propose to use the following empirical formula to
estimate \,:

(1) /\2 = =" Fmagc ' Nb-
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Figure 5: Span-wise blade circulation.

where T, is the maximum circulation on the blade
in the span-wise direction, as shown in Fig. 5, while
N, is the number of blades. The circulation is com-
puted with the Kutta-Joukowski theorem as I'(r/R) =
L(r/R)/(p-U(r/R)) and it is an estimate of the MTV
strength. In addition, in order to consider also the
vertical distance between MTV coming from different
blades, the number of blades N, is taken into account
in Egn. 1.

Due to the fact that the procedure is computed inde-
pendently at different time instances and the results
are averaged along a whole revolution, the influence
of the threshold is considered for each of these in-
stances. Figure 6 shows, for each wake age ¥ and
for the 2 blade rotor, the percentage of time instances
where the MTV tracking is fully elaborated. The in-
fluence of ), in this detection is to slightly decrease
the ¥ 4ecay, Namely the maximum wake age at which
it is possible to identify the MTYV, for all time instances
(violet line w.r.o. the orange line in Fig. 6). This it
due to the fact that an excessively low value of ), in-
creases the possibility of joining two close regions,
thus stopping the detection method too early. On the
other hand, increasing the value of )\, reduces the
complexity of the wake, thus the possibility of detect-
ing very weak vortical structures such as the MTV at
late wake ages. Thus, an optimum has to be found, in
this case of the 2 blade rotor it is Ay = —0.3.

To conclude, the dotted line at 10% in Fig. 6 is rep-
resenting the minimum number of time instances that
has to be resolved under which the results are not
considered meaningful anymore.
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Figure 6: Number of instances of time with valuable
results w.r.o. the wake age for different As.

4.3. Choice of (ro,z)

The choice of the initial vortex position is very im-
portant in order to correctly follow the MTV. To have
a more robust method, the first radial slice consid-
ered is at AV = 5° downstream of the blade posi-
tion. This allows to have an already well defined MTYV,
as illustrated in the radial section of the 1 blade rotor
case in Fig. 7. Here, the initial position of the MTV is
the higher blue region of negative A\, while the other
branches of the MTV helix are visible below. The vor-
tex decay is acting both as an increase of the vortex
core dimensions and a decrease of the strength of it
(i.e. the circulation of the vortex I'(¥)).

Figure 7: Radial section with A\, contour plot of the 1
blade rotor case.



4.4. Tracking method

The tracking of the MTV in the domain is based on
the sampling of the computational domain in different
radial sections, as reported in Fig. 8. The azimuth dis-
tance between sections has been taken as AV = 1°.

The tracking method is based on the detection of all
the connected region in each section with Ay < .
For each of these connected regions, the center of
gravity (CoG) of the \,-criterion is computed as:

N
@) TCoG = Z(Tl —1e) - Aa(ry)
i=1
N
(©) 2006 = (2 — 2¢) - Aa(2i)

i=1

where N is the total number of point of each con-
nected region and (r., z.) is the point where X; is
maximum. The distance between the center point
computed through the maximum of A, and the CoG
is never more that 0.5% R.

Figure 8: Radial sections example in the domain.

Once defined the CoGs of all the vortices and the ini-
tial point (ro, 20), it is possible to follow through the
domain the position of the MTV considering sequen-
tially the different radial sections. For each point, the
closest among all the CoGs in the subsequent radial
section is chosen by means of the smallest euclidean

distance. Other possible more sophisticated criterion,
such as )\, continuity or vorticity direction continuity
between following CoGs are giving the same results
but with increasing computational cost and complexity
of the post-processing workflow.

4.5. Stop criterion

Following the MTV with the tracking method exposed
so far is not enough to allow the right detection of the
MTV. Unfortunately, no robust criterion has been pro-
posed so far a priori to understand whether the proce-
dure is following the right vortex or secondary struc-
tures. In Fig. 9 an example of the problem is shown:
the detection of the MTV in the 2 blade rotor case is
correctly performed up to a point where a wrong helix
branch is followed.

Figure 9: 2 blade rotor wake and detected MTV (red
dots).

The solution to the problem is to consider the stan-
dard deviation ¥ on the radial and axial positions of
the MTYV, as reported in Fig. 10. Here, the standard
deviations are illustrated for the 3 different test-cases
while changing the wake age. They present a mono-
tone increase followed by a sudden jump after a cer-
tain wake age.
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Figure 10: Standard deviation of the MTV positions.

This sudden increase of standard deviation, which is
visible for the 2 blade and the 4 blade rotors (blue
and red lines in Fig. 10), is located at ¥ = 730° and
U =~ 380° respectively. The meaning of this step in-
crease is related to the impossibility, for the detection
method, to detect the correct MTV instead of sec-
ondary vortical structures that increasingly degrade
the vortex itself.

Thus, to avoid nonphysical values, a threshold X on
the standard deviation X has been fixed: we propose
here to choose as a threshold ¥ = 0.15 - R. Values of
¥ above this threshold are discarded. Therefore, the
2 blade rotor detection method is stopped at ¥ = 758°
while the 4 blade rotor at ¥ = 482°, which are in line
with the experimental results of A. Heintz [personal
communication]. The 1 blade rotor, instead, is never
presenting ¥ > ¥ and, thus, no stop criterion is ap-
plied.

4.6. Shape of the MTV

An estimate of the cross-section shape of the MTV
can be computed through an eigenvalue analysis of
the covariance matrix associated to the the connected
region of the vortex. In particular, the covariance ma-
trix 2 is computed as:

(4) =- 1 > cicl

with C; defined as

(5) C;, =

where 7 and z are the mean values on the connected
region. The procedure allows to define an ellipse rep-
resenting the approximated shape (95% confidence)
of the connected region such that the square root of
the eigenvalues of =, namely A, are the semi-major
axes while the eigenvectors represent the orientation
of the ellipse.

5. RESULTS

The 3 different test-case analysed are reported in Ta-
ble 2: while the blade loading Cr /o is kept constant
in order to have comparable wake decay processes,
s, as defined in Section 4, is changing.

a[deg] | T[N] Cr/o | A
1 blade | 9.3 35.97 0.08 -0.1
2 10.3 74.60 0.08 -0.3
blades
4 12.3 153.75 | 0.08 -0.7
blades

Table 2: Test-cases results.

All the results presented below are averages of solu-
tions computed at different time instances.

5.1. MTV positions

The position of the main tip vortex, in terms of ax-
ial and radial position, at different wake ages from
the blade passage, are computed. The results are
compared with the approximated solution proposed
by Landgrebe [23]. In particular, the following rela-
tions are used:

)

{ kW it 0<w< ]277;
B (%)qz:zﬂ/m + k2 (‘I/ — 12\7:) if > 2%

o=

3

% =A+(1- A

where k; and k. are related to Cr /o and Cr as:



8) ky = —0.25(C /o + 0.0016;)

9) ky = —(1.41 4 0.01416,)\/(C7 /2

while A = 0.78 and n = 0.145 + 27Cr. 6, is the twist
angle: in our case 6, =0
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Figure 11: Axial position of the MTV for the 1 blade
rotor.

In Fig. 11 and Fig. 12 the comparison between com-
puted and approximated positions for the 1 blade ro-
tor is shown. For the axial position, a good agree-
ment between methods is retrieved up to ¥ = 1000°.
The first blade passage, in this case at ¥ = 360°, is
increasing the pitch of the helix as expected (higher
slope of the curve). The approximated solution of
Landgrebe, which forecasts a constant pitch of the
helix even far from the blade, is above the computed
values from ¥ = 1000°. Regarding the radial po-
sition, the approximated solution is accurate also at
very high wake ages V.
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Figure 12: Radial position of the MTV for the 1 blade
rotor.
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Figure 13: Axial position of the MTV for the 2 blade
rotor.

The 2 blade rotor test-case (see Fig. 13 and Fig. 14)
is presenting a similar behaviour. The 2 blades MTV
are studied separately. Now, the first blade passage
is at ¥ = 180°, as highlighted by the change of slope
of the axial position. The solution of Landgrebe is
slightly lower than the numerical one. The presence
of the 2 different MTV allows to find vortex pairing,
namely the asymmetric shape of the wake due to the
mutual inductance of the vortices. This result was un-
expected and was only due to vortex dynamics; the
setup, in fact, is perfectly symmetric. The pairing of
the vortices is stronger in the radial direction and be-
tween ¥ = 300° and ¥ = 750°.
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Figure 14: Radial position of the MTV for the 2 blade
rotor, the vortex pairing is visible for ¥ > 400°.

To conclude, Fig. 15 and Fig. 16 present the results
for the 4 blade case. Here, no clear pairing is visible
but at very late wake ages, where the radial positions
start to become very unstable.

Due to the fact that all these results are averages on
a whole rotor revolution, a standard deviation X on
the position can be computed. The wandering of the
MTV, namely the spatial fluctuations of the MTV, can
be analysed with this standard deviation, following the
approach of Kindler et al. [5]. The wandering, which is
caused by external perturbations such as background
turbulence (see Heyes et al. [24]), is, in general, in-
creasing continuously (see Fig. 17).
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Figure 15: Axial position of the MTV for the 4 blade
rotor.
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Figure 16: Radial position of the MTV for the 4 blade
rotor.
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Figure 17: Wandering of the MTV, expressed as the
standard deviation X of the position.

In Fig. 17 it is presented the comparison between
the 3 different test-cases. As reported also in Kindler
et al. [5] for the near field (¥ < 30°) MTV develop-
ment, the wandering is stronger in the axial direction
than in the radial one. This is valid for all the cases
(dot w.r.0. diamond marks) but becomes strongly vis-
ible at later wake ages W. The 1 blade rotor (green
lines) is presenting a X value that is strongly affected
by the Blade Passage Frequency BPF (in this case
¥ = 360°, ¥ = 720° and so on). In particular, each
time these wake ages are reached, ¥ of the axial po-
sition increases and then decreases again, giving a
"wave” trend to the curve. The mechanism is en-
hanced from the second blade passage on. The ra-
dial value of X is less affected by the BPF, which is
reasonable because the effect is related to a down-



wards movement of the MTV. The increase of the axial
wandering is present also for rotors with more blades.
Again, the increase is stronger after the second blade
passage and it eventually leads to the step on the
standard deviation o, so the decay of the MTV. The
mechanism is reasonable and is related to the lower
distance between the MTV filaments (more blades):
an axial movement of the vortex leads to a merging
and a fading of the vortex itself.

In the near wake solutions (¥ < 250°), the standard
deviation is shown in Fig. 18. The 1 blade rotor is pre-
senting lower values of ¥ (green dots) than the other
rotors. Moreover, it presents a clear smaller wander-
ing in the radial direction than in the axial one. This
is less evident at these ealry wake ages for the 2 and
the 4 blade rotors. The increasing of the axial wan-
dering after the second blade passage is evident for
the 4 blade rotor for ¥ ~ 180° (blue dots).
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Figure 18: Wandering of the MTV, expressed as the
standard deviation ¥ of the position: detail for ¥ <
250°.

5.2. Circulation
The circulation T" of the MTV is computed, for each
wake age ¥, as:

(10) T(T) = £U~d1

where ¢ is a closed circular path, U is the velocity and
dl is the infinitesimal tangential versor of the path &.

Fig. 19 shows the circulation on the 1 blade rotor
test-case as computed with different radius R of the
integration path £. Increasing the radius, the circula-

tion converges to a more constant trend while chang-
ing the wake age ¥ (red symbols as compare to blue
ones).
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Figure 19: Circulation of the MTV for the 1 blade rotor.

This is due to the fact that the MTV dimensions in-
crease during the decay so keeping constant R, does
not allow to consider all the circulation of the vortex.
On the other hand, increasing R, for all wake ages
introduces a drop on the computed circulation (grey
zone in Fig. 19). This drop is related to the shear
layer vorticity, which enters inside the integration path
as shown in Fig. 20. In particular, the circle of integra-
tion of R¢ = 1.0-C (red line) is clearly considering also
the effects of the shear layer. Therefore, the results in
the grey zone of Fig. 19 mujst be treated carefully.

¥ = 560°
—0.15
1120
—0.20 1 840
560
—0.25 1 280 &
SHN N
030 T
CoG 0 o,
—0.35 4 — R =05C 560
Re = 06C
—0.40 — R = 08C 0
— R = 1.0C —1120
0.7 0.8 0.9

r/R
Figure 20: Out of plane vorticity at ¥ = 560° for the 1
blade rotor and corresponding R.

Similar considerations can be done on the circulation
of the 2 blade rotor (see Fig. 21). Here the circulation



is less affected by R, while the drop is more heavily
affected by the shear layer (grey zone). Moreover, the
circulation is strongly decaying for ¥ > 600° proving
that the stop criterion presented in Section 4 correctly
avoids nonphysical results.
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Figure 21: Circulation of the MTV for the 2 blade rotor.

The drop in circulation for the 2 blade rotor (grey zone)
is more evident than with the 1 blade rotor. This is due
to the fact that the shear layer effect on the MTV cir-
culation computation occurs at a lower wake age than
the case of the 1 blade rotor (' ~ 190° instead of
U =~ 490°). Therefore, the shear layer is less dissi-
pated in the 2 blade rotor, as shown in Fig. 22.
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Figure 22: Out of plane vorticity at ¥ = 205° for the 2
blade rotor and corresponding Re.

To conclude, Fig. 23 is presenting the circulation for
the 4 blade rotor.
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Figure 23: Circulation of the MTV for the 4 blade rotor.
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Figure 24: Eigenvalues A computed for the different
test-cases.

5.3. Vortex shapes

To study the shape of the MTV while changing wake
age VU, the eigenvalue analysis of the covariance ma-
trix of the corresponding connected region has been
computed, as reported in Section 4. In particular, the
square root of the eigenvalues, A; and A, are rep-
resentative of the semi-major axis of an ellipse ap-
proximating with 95% confidence the connected re-
gion of interest. In Fig. 24 the comparison between
the 3 different test-cases has been reported. The 1
blade rotor (green symbols) is presenting 2 eigenval-
ues (cruxes and dots) of different amplitude at late
wake ages, so ¥ > 600°. Thus, the MTV vortex is
stretched after an initial development where it is more
circular. Increasing the number of blade, the MTV
has eigenvalues A of comparable size. Therefore, the
vortices are presenting a more circular cross section



(smaller eccentricity).

A typical approach for analysing the vortex growth is
the Normalized Vortex Core Diameter (NVCD), de-
fined as the ratio of the core diameter and the rotor
blade tip-chord (see Kao et al. [15]). However, due to
the deformed shape of the vortex core, the definition
of a core diameter is difficult to give.
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Figure 25: Area of the MTV for the different test-
cases.

Thus, an alternative estimation for the MTV area can
be computed from the area of the approximated el-
lipse as Aypy = 7 - VA1 - VAs - 5.9912; 5.9912 is the
Chi-squared valued to achieve 95% confidence with
2 variables. In Fig. 25 it is illustrated how the area
of the MTV increases up to a certain point where the
vortex decays. The maximum of area is dependent of
the test-case. It is remarkable that the 2 blade rotor
(red symbols) presents the less spread MTV.
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Figure 26: Detail of the area of the MTV for the differ-
ent test-cases.

It is also interesting to analyse the trend of the vortex
area for ¥ < 250° (see Fig. 26). The monotonic in-
crease in this near wake region is presenting higher
values of area for the 4 blade rotor (blue symbols)
than the other test-cases. However, the 1 blade rotor
(green symbols) is overcoming the other 2 rotors from
¥ ~ 180°, from which it has the most spread MTV
by far (almost 3 times more than the 2 blade rotor).
This explains why changing the integration radius R,
for computing the circulation affects more the 1 blade
rotor with respect to the other ones.

6. CONCLUSIONS

A detection method to automatically track the main
tip vortex (MTV) in a rotor in hover has been pre-
sented. Difficulties arise due to the chaotic, turbulent
and unsteady flow field characteristic of decaying ro-
tor wakes.

Thus, to allow the correct detection of the MTV, a
number of precautions has been developed in order
to achieve the most reliable results even at very late
wake ages. In particular, the choice of the threshold
) is important for a correct detection of the vortex
regions in the flow field. Moreover, the euclidean dis-
tance has proved to be the easiest and most reliable
way to follow the MTV on the domain. However, the
procedure is not enough to achieve valuable results
due to the possibility of introducing errors in the track-
ing. To avoid it, a stop criterion has been introduced.
It is based on the computation of the standard devia-
tion ¥ of the MTV position through the definition of a
threshold &: all the results lying above the threshold
are discarded as physically meaningless.

The results computed for the test-cases, namely a ro-
tor in hover with different number of blades, has high-
lighted a good agreement with prediction found in lit-
erature. Remarkably, there is a connection between
wandering, namely spatial fluctuation, of the MTV and
the Blade Passage Frequency (BPF). In particular, the
connection between the increase of the standard de-
viation ¥ in axial direction and the decay of the MTV
itself in rotor with more than 1 blade is enhanced after
the second blade passage.

Regarding the circulation computation, a strong de-
pendency on the radius of integration R; has been
found. Moreover, even though an increase in the inte-
gration radius is beneficial to capture all the vorticity
related to the MTV, a problem can arise due to the



presence of the shear layer. This is particularly rele-
vant increasing the number of blade of the rotor and
it leads to a nonphysical drop on the circulation close
to the first BPF.

The different influence of the integration radius R, on
the circulation is related to the shape and size of the
MTV. Thus, the eigenvalue analysis of the covariance
matrix of the connected region of the vortex can be
performed. From this analysis, an approximated el-
lipse of 95% confidence is computed. This allows to
estimate the distortion of the vortex, which is lower for
rotors with more blades. In conclusion, this analysis
allows to find that the MTV of the 1 blade rotor is more
spread with respect of the other 2 test-cases.
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