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interaction between the vortical structures of the wake and 
other components of the system, i.e. the landing gear and the 
tail boom for rotorcraft or the tower for windmills. Further-
more, in the case of aircraft, the correct description of the 
wake decay predicts possible safety problems in particular 
flight conditions, such as low-altitude flights.

The present study considers a complex, unsteady, three-
dimensional flow field in which strong interactions of vor-
tical structures are present (see Fig.  1)). The complexity 
of these interactions and the subsequent breakdown of the 
wake are still a challenge for high-resolution numerical sim-
ulation. As a result, the analysis of wake decay has been the 
subject of many investigations [5, 7].

The wake can ideally be divided into different vortical 
elements (see Fig. 2): the main tip vortex (MTV), the shear 
layers, and the secondary structures. The helicoidal MTVs, 
which are well defined in the early wake stages, increas-
ingly interact with the blade shear layers and eventually 
decompose in a highly turbulent flow field. As illustrated 
by [11], the interaction appears to involve a mechanism of 
enrollment of the shear layers by the MTVs to ultimately 
create vertical vortical structures of lower strengths and 
s-shapes, i.e. the so-called secondary structures. The shear 
layer, which plays a fundamental role in this process, is 

1  Introduction

The wake created by a rotor is an important aerodynamic 
element due to its effects on the rotor performance and on the 
surrounding elements. The study of wake decay has been an 
important aerodynamic topic since the 1950s, but recently 
its importance has grown as there have been increases in 
the number of rotors in rotorcraft, i.e. advanced air mobility 
concepts, or in the density of wind farms.

Thus, a detailed analysis of wake decay under a rotor 
is of scientific relevance. Such an analysis aids in enhanc-
ing the design of aircraft by quantifying the aerodynamic 
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Abstract
The study of wake decay of hovering rotors is of significant aerodynamic relevance because of its influence on rotor 
performance, structural interactions, and safety-critical flight conditions. This paper presents an in-depth numerical and 
experimental analysis into the wake decay characteristics of hovering rotors, focusing on the evolution of main tip vor-
tices (MTVs) and on the development of secondary structures. The emphasis is on the effects of varying the number of 
blades and the rotational speeds. Particular attention is given to the detection and comparison of secondary structures, 
whose accurate identification is challenged by differences in spatial resolution and thus on vortex identification thresholds. 
Consistent trends with experimental data are identified in high-fidelity numerical simulations regarding the formation and 
distribution of secondary structures, notably their increase with blade passage frequency (BPF) and distance from the rotor 
plane. The results demonstrate the ability of numerical simulations to capture the main wake’s decay mechanisms for cer-
tain BPFs, therefore offering a valuable foundation to further studies on the secondary structures’ development and decay.
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formed by small pairs of counterrotating vortices of unequal 
strengths [19].

The MTV has been analysed in detail through sev-
eral studies such as [14, 18, 20], and [15]. It evolves from 
the blade tip and eventually decays in the chaotic pattern 
described above due to the interactions with the blade shear 
layers. The transformation of the wake, from the helicoidal 
vortical structure to the turbulent unsteady state, is not yet 
fully understood. In fact, the mechanism of vortex decay is a 
particularly complex topic because it involves not only pos-
sible macroscopic instabilities of the MTV helix [12, 21]; 
and [16], but also the viscous mutual effects as a result of the 
interactions among vortices.

Secondary structures are key phenomena in wake 
decay. They were first observed in high-fidelity numerical 

simulations [1, 7] and the debate of whether they were 
merely numerical artifacts was considered by [9]. However, 
their presence was later verified experimentally by [23] with 
Lagrangian Particle Tracking measurements. These struc-
tures are a fundamental feature of vortex decay in a rotating 
system. Their number increases moving downwards from 
the rotor plane and is related to the blade passage frequency 
(BPF) of the rotor itself, as described by [10]. Therefore, the 
relevance of these structures in the mechanism at the base 
of the wake decay itself has been demonstrated both experi-
mentally and numerically.

For a deeper understanding of these phenomena, it is 
necessary to compare and validate highly refined numerical 
simulations with the sophisticated experimental data, espe-
cially far from the rotor plane, where the coherence of the 
MTV is lost and the amount of secondary structures is very 
high. This is a very difficult task because of the complexity 
of the flow field in this region and of the amount of numeri-
cal and experimental data that must be processed.

To date, a description of the effects of the numerical 
parameters on the secondary structure development, such 
as sub-iterations and the kind of mesh refinement, has 
been given by [1] and [3]. A complete overview of recent 
progress in the field is presented in [8]. In particular, [22] 
presents an experimental and numerical study of secondary 
structures computed with HELIOS on a two blade rotor with 
commercially available rotorblades. In this work, the peak 
of the number of secondary structures is found at z/R = −
0.8, below which a reduction can be seen. Moreover, no dis-
tinct preferential direction of rotation is detected. A further 
analysis on the two blade rotor is illustrated by [4]. Here, 
the focus is on the effects of the numerical and geometri-
cal parameters on the secondary structure characteristics. 
Specifically, the study examines how changes in rotor thrust 
and blade pitch angle offset affect wake decay. However, 
these studies consider only a two blade rotor without fully 
addressing the problem of comparing experimental and 
numerical data.

This paper presents a more complete analysis of the 
numerical and experimental results in terms of MTVs and 
secondary structures for a hovering rotor with varying num-
ber of blades. While the MTV positions can be recovered 
with a high level of accuracy, the detection of the secondary 
structures is more demanding. In particular, the difficulty of 
the task is mainly related to the different resolutions of the 
grids. This aspect affects both the spatial filters that have to 
be used and the threshold of the vortex criterion upon which 
the whole detection method is based. This study offers some 
modifications to this process in order to find a suitable 
way to compare the numerical results and the experimen-
tal data. These comparisons reveal that numerical simula-
tions can capture a similar increasing trend in the number of 

Fig. 2  Schematic description of the main elements on the rotor wake: 
MTVs, shear layers and secondary structures

 

Fig. 1  λ2 = −0.08 iso-surface of the 2 blade rotor wake highlighted 
with the vertical vorticity magnitude
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secondary structures propagating downward from the rotor 
plane. Moreover, the effect of the BPF on the total num-
ber of secondary structures is demonstrated as in previous 
research [10]. Finally, some observations are made on the 
effect of the number of blades and the blade loading on the 
circulation of the secondary structures.

2  Experimental setup

The experiments were carried out at the Hover Test Stand 
(HVG) of the German Aerospace Center (DLR) in Göttin-
gen. The test stand was designed to investigate the aero-
dynamics of an isolated rotor of R = 0.76 m in hover. The 
rotor height varied between 3.1 m (4.1 R) and 3.67 m (4.8 R) 
above the ground, depending on the height of the traverse. 
This ensures two main objectives: remaining outside the 
ground effect and enabling the measurement of secondary 
vortices at various vortex ages. The rotor hub allows for 
adjustments in the number of blades, enabling one-, two-, 
and four-blade configurations. For the measurement of the 
one blade, an approximately 12 cm long counterweight was 
mounted on the opposite side to compensate for the rotor 
blade imbalance. To measure force and torque, a six-com-
ponent piezoelectric balance is mounted directly below the 
propulsion system.

2.1  Particle image velocimetry setup

To investigate primary and secondary vortices, two stereo 
PIV systems were set up; see Fig. 3. The primary blade tip vor-
tices were measured with a low speed PIV system, operating 
at approx. 10 Hz. It consists of two pco DIMAX S4 cameras 
with a resolution of 2024 × 2024 px, equipped with 85 mm 
focal-length lenses and a Quantel TWINS Q-Smart low-
speed laser with a pulse energy of about 200 mJpulse. The 

time delay ∆t was set between ∆t = 50µs and ∆t = 70µs 
depending on the expected hover induced velocity for each 
case. This results in a field of view (FOV) with a height of 
about 0.9 R and a width of between 0.46 R at the top and 
0.72 R at the bottom. Consequently, an average spatial reso-
lution of 4.85  px mm−1 was achieved.

To measure secondary vortices (horizontal plane), a high 
speed PIV setup, operating at 950 Hz was used. For imag-
ing, two Phantom VEO640L with 130 mm lenses and a 
resolution of 2080 × 2208 px were used. The illumination 
was done with a Quantronix DarwinDuo high speed laser, 
providing an energy output of 26 mJpulse−1. The time delay 
between the PIV double frames range from ∆t = 30µs to 
∆t = 50µs, depending on the expected hover induced 
velocity.

The resulting FOV has a size of about 0.4 R × 0.4 R and 
a pixel size of 0.14 mm corresponding to 6.93  pxmm−1. 
The recorded particle images were evaluated with LaVision 
DaVis 10.2 employing a multi-grid cross-correlation. The 
final interrogation window size was set to 16 px with 75 % 
window overlap, yielding a spatial vector resolution of 
0.58 mm for the horizontal and 0.82 mm for the vertical 
plane.

A more detailed description of the experimental setup, 
measurement timing and PIV processing of this measure-
ment campaign can be found in [10].

3  Numerical setup

The setup described in Sect. 2 has been numerically simu-
lated in the geometry reported in Fig. 4. A simplification has 
been introduced with respect to the rotor axle that connects 
the displacement body and the rotor, which is not modeled. 
For the one blade case, the cylindrical counterweight used 
in the experimental testcase to balance the whole rotor has 
been simulated as well. The pitch angle of the numerical test 
cases have been trimmed to match the total lift generated in 
the experiments.

The numerical investigation is based on the block struc-
tured finite volume RANS CFD code, FLOWer, initially 
developed by the German Aerospace Center (DLR) and 
continuously improved for rotorcraft simulations by the 
research group at the Institute of Aerodynamics and Gas-
dynamics (IAG) in the University of Stuttgart. The solver 
is a finite volume code based on a WENO (Weighted 
Essentially Non-Oscillatory; see [17] of 6th order spa-
tial discretization and 2nd order temporal discretization. 
The simulations are computed as (DDES-SST) delayed 
detached eddy simulations with turbulent shear stress trans-
port model (k − ω) with a time step of ∆α = 0.25◦, 40 sub-
iterations and Tstep ≈ 23 s on 8192 cores. The simulations 

Fig. 3  Measurement setup at the Hover Test Stand (HVG)
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these regions close to the surfaces are created allowing a 
value of y+ = 1 on the wall. The blue region encompasses 
the expected wake position: it does not move and presents a 
refinement of 3%C with constant size cells.

All these regions are immersed in a background mesh 
that progressively increases the size of the elements towards 
the edge of the domain (which is located at 20 · R) in order 
to save computational power. The exchange of informa-
tion among the regions described above and between the 
refinement and the outer background is achieved through 
interpolations.

The refinement of the background grid (the blue region) 
has a toroidal shape, as shown in Fig. 6. This shape is simi-
lar to the one analysed by [3] and aims to concentrate the 
refinement on the region of interaction between the MTVs, 
the shear layers and the secondary structures. The sizes of 
the toroid are 0.7 · R in the spanwise direction and 1.4 · R 
below the rotor plane. Most of the cells are concentrated 
in this portion of space, so the computational effort is only 
slightly affected by the different number of blades of the 
rotor. Thus, the total number of cells is 288 mil. for the rotor 
with one blade , 290 mil. for the two blade rotor and 292 
mil. for the four blade one.

4  Processing

The MTV detection has been done as following. In the 
experimental setup, the evaluation is based on the swirling 
strength (λci) criterion and follows the procedure described 
by [10]. Instead, in the numerical setup the λ2 criterion (see 
[13] has been used as the basis for the workflow described 
by [6]. The methodology applied allows us to detect the 

are computed for 16 revolutions to reach a converged hover 
condition.

The solver is based on the Chimera technique of [2] to 
handle the structured mesh. As illustrated in Fig. 5, the mesh 
is subdivided into different regions, which can be fixed in 
time or move with the rotor itself, and the results of the cal-
culations are eventually interpolated in the overlapping parts 
of the computational domain. The first region is highlighted 
in green, and it is close to the blade: it is devoted to the 
boundary layer development, and it moves with the rotor. 
The red zone is the region devoted to the boundary layer on 
the displacement body, and it does not move in time. Both 

Fig. 6  Mesh refinement.

 

Fig. 5  Different regions of the domain: green is the blade, red is the 
displacement body and light blue is the 3% C refinement of the back-
ground mesh

 

Fig. 4  Geometry of the 2 blade rotor
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parameter to be chosen is the standard deviation σ of the 
filter itself. The following equations have been used:



σexp = σdim

∆sexp

σnum = σdim

∆snum

� (2)

{
Q = Qfiltered · σexp

Q = Qfiltered · σnum
� (3)

where σdim is a dimensional quantity defined as 
σdim = 0.003465 m (see [10], ∆sexp = 0.00054 m and 
∆snum = 0.002 m are the resolution values of the experi-
mental PIV measurements and numerical setups, respec-
tively, and Qfiltered is the Q field filtered by the Gaussian 
filter.

The magnitude of the velocity gradients is significantly 
affected by the spatial resolution of the flow field, and vor-
tex identification criteria are highly dependent on these 
gradients. Consequently, differences in resolution strongly 
affect the magnitude of Q. To account for this effect, a linear 
modification of the threshold Qis applied.

Thus, the following expression has been used:

Qnum = Qexp
∆sexp

∆snum
� (4)

where Qexp = 4.8 × 105 s−2. The influence of the value of 
Qexp on the detection of secondary structures has been pre-
sented by [10]: the value of 4.8 × 105 s−2 results as a good 
compromise between high sensitivity and the exclusion of 
measurement noise and shear layer vortices in experiments.

The numerical data in Sect. 5 and 6 are computed as fol-
lows: after convergence of the numerical simulation, one 
additional rotation is used to extract data at steps of 5◦ rotor 
azimuth. Thus, this leads to 72 distinct flow fields at various 
azimuthal rotor positions. The data extracted from each of 
these positions are then averaged on the whole rotation to 
increase statistical significance. The process is the same for 
both the MTV and the secondary structures detections.

The experimental data for primary vortices are taken 
over 50 rotor rotations at 10 different rotor azimuths, result-
ing in 500 images. In each image, all vortices are detected, 
and their parameters, e.g., position and circulation, are cal-
culated. Afterwards, the vortices are clustered according to 
their corresponding vortex age, allowing for the averaging 
of vortex parameters. For the secondary structures, 2500 
images are recorded for each distance from the rotor plane, 
with each FOV covering about 22.5◦ rotor azimuth. All 
detected secondary structures are averaged with respect to 

MTV up to late wake ages from the blade position even in 
the presence of strong disturbances derived by the complex 
features on the flow field.

In contrast, the post-processing method for detecting sec-
ondary structures has focused on applying the established 
experimental setup described by [10] in the numerical setup, 
as shown in Fig. 7. The first difference between them is the 
median filter, which is applied on the velocity components 
to calculate the Q criterion, to reduce measurement noise. 
It is not required in the numerical computation of the Q cri-
terion. Furthermore, because the FOV of the PIV measure-
ments does not cover the entire domain of interest, the post 
processing of the experiments has been adapted accordingly 
(see [10]. In numerical simulations, the entire domain is 
considered.

The general idea is to study the secondary structures in 
horizontal sections defined at different distances from the 
rotor plane. In each of these planes, the 2D Q criterion is 
defined as (see [4]:

Q = ∂u

∂x

∂v

∂y
− ∂u

∂y

∂v

∂x
− 1

2

(
∂u

∂x
+ ∂v

∂y

)2
� (1)

where u and v are the velocities in the plane. The criterion 
is used to define the position of the vortical structures by 
means of a set Q-threshold Q.

The problem has been proved to be particularly relevant 
due to the different resolutions achieved in the experiments 
and in the numerics. The different resolutions must be con-
sidered in the definition of both the Gaussian filter and the 
value of the threshold of Q, Q, above which a region is con-
sidered to be inside a vortex.

Regarding the Gaussian filter, which is applied to reduce 
the noise in both experimental and numerical data, the 

Fig. 7  Comparison of the different post-processing methodologies for 
the secondary structures detection
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one rotor revolution to compute their mean occurrence over 
360◦ azimuth, denoted as N.

5  Main tip vortices

The MTV positions and features have been carefully ana-
lyzed because of their relevance to the decay of the rotor 
wake. The detection process, briefly explained in Sect.  4, 
has allowed us to compare the numerical and experimental 
results for the considered rotors, as described in Sect. 2.

5.1  1 blade rotor

The vortex structures present in the flow field of the 1 blade 
rotor are shown in Fig. 8, where the isosurface of λ2 is illus-
trated. The wake structure presents a well defined MTV and 
eventually some other vertical vortical structures which can 
be considered as incipient secondary structures. This setup 
has been of particular relevance to prove the validity of the 
numerical detection method due to the simplicity of the 
wake structure.

Figure 9 illustrates the comparison between the experi-
mental data (markers) and the position evaluated from the 
numerical simulations (lines) at different wake ages (Ψ) 
from the position of the blade. The blue line and markers 
are related to the axial position (left y axis), while the red 
line and markers represent the radial position (right y axis). 
The MTV positions are computed compared to the tip of the 
blade, which is placed at z/R = 0.

The axial position of the MTV (blue) shows good agree-
ment between the experiments and the numerics up to 
Ψ ≈ 1450◦. The change in downward velocity due to the 
first blade passage at Ψ = 360◦ is also clearly visible. The 
different overall slope of the axial position after Ψ = 360◦ 
is due to the lower pitch angle in the numerical setup, as 
calculated in the rotor trim study.

Regarding the radial position of the MTV (red), the 
experiments show a spread of the solution after Ψ = 500◦ 
and the numerical position follows the lower values of r/R 
among the calculated ones.

A relevant aspect is the wandering of the MTV, namely 
the movement in time of the MTV in axial and radial direc-
tions. It is calculated as the standard deviation (Σ) of the 
positions in a complete rotation of the rotor and follows a 
trend of monotonic increase (see [14]. In Fig. 10 the experi-
mental data and the numerical results are compared. In 
experimental data, the radial wandering (red markers) is 
higher than the axial wandering for Ψ ≥≈ 360◦. In con-
trast, in numerical results the axial wandering is higher 
and it has a trend that is affected by the blade passage. In 
particular, at late wake ages, there is a periodic reduction Fig. 10  1 blade rotor: comparison of wandering of the MTV in axial 

and radial directions

 

Fig. 9  1 blade rotor: MTV positions comparison between numerical 
and experimental setups

 

Fig. 8  Isosurface of λ2 = −0.08 of the 1 blade rotor and contour of 
vorticity in the z direction

 

1 3



A comparison of numerical and experimental data from wake decay in hovering rotors

of the wandering in both directions at Ψ ≈ 720◦, ≈ 1080◦ 
and ≈ 1440◦ (see Fig. 10). In general, the numerical results 
show a lower wandering of the MTV due to the lower com-
plexity of the wake in Fig. 9, in terms of vortical structures 
other than the MTV, resulting in fewer stochastic move-
ments of the MTV itself.

5.2  2 blade rotor

Apart from the increase in complexity of the wake structure, 
the prominent feature found by experiments of the 2 blade 
rotor is the pairing between the MTVs. Figure 11 shows the 
position of the MTVs measured in experiments (markers) 
and calculated with CFD (lines). Each kind of marker and 
each kind of line represents the MTV that forms from a dif-
ferent blade. The pairing of the MTVs modifies the posi-
tion of one MTV with respect to the other. As can be seen 
in Fig. 11, the pairing grows after the first blade passage, 
so Ψ ≈ 200◦. Most probably, slight imperfections on the 
experimental blades, e.g. pitch angle and elastic behaviour, 
trigger the pairing instabilities.

In the numerical solution, for which the rotor geometry 
of each blade is perfectly identical to the other, the pairing is 
only slightly present, as also described by [4]. The different 
slope of the axial position (blue lines and markers) after the 
first blade passage at Ψ = 180◦ is again due to the different 
pitch angle used to match the rotor lift.

Regarding the radial position (red line and markers), the 
numerical solution is consistent with the position of the 
blade that is not affected by a movement induced by the 
pairing (lower set of points).

Figure  12 shows the wandering of the MTV for the 2 
blade rotor. The experimental data and the numerical results 
are consistent up to Ψ ≈ 550◦, above which the numerical 
results show a strong increase in wandering. This increase 
is related to two different causes: on the one hand, to mutual 
inductions of the secondary structures with the MTVs and, 
on the other hand, to the difficulty of detecting the MTV 
at very late wake ages due to the strong dissipation of the 
MTV in numerical simulations compared to the experimen-
tal test case.

5.3  4 blade rotor

The wake produced by the 4 blade case is the most complex 
among the one studied in this work. It is possible to track the 
position of the MTV up to Ψ ≈ 450◦, as shown in Fig. 13. 
In this case, no pairing is found and the results agree both 
axially and radially. Fig. 13  4 blade rotor: MTV positions comparison between numerical 

and experimental setups

 

Fig. 12  2 blade rotor: comparison of wandering of the MTV in axial 
and radial directions

 

Fig. 11  2 blade rotor: MTV positions comparison between numerical 
and experimental setups
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average. Then, after the drop due to the presence of the 
shear layer, the circulation values are recovered.

The decay of the numerical MTV circulation in the two 
blade rotor at late wake ages is more relevant with respect to 
the one and the four blade rotors. Figure 15 shows the evo-
lution of the numerical vortex tangential velocity, adimen-
sionalized with the induced velocity of the rotor, at different 
wake ages and for the two blade rotor. The vortex tangential 
velocity is calculated using a time average of the tangential 
velocity around the vortex centers. Each solid line repre-
sents a convolution of the numerical values (markers) used 
to make the profile smooth.

It is interesting to note the different trends of the 
tangential velocity profiles at Ψ = 75% Ψmax and at 
Ψ = 95% Ψmax (brown line). In particular, the profile at 
Ψ = 95% Ψmax in Fig. 15ashows a rapid decay in the vor-
tex tangential velocity at short distances, similar to vorti-
ces at younger wake ages. Thus, even though the detection 
method still allows to find a MTV in the flow field, the decay 
of the vortex tangential velocity is almost complete, and it 
explains the sudden strong decrease of circulation shown in 
Fig. 14. This is not the case for the one and the four blade 
rotor, as reported in Fig. 15bfor the Ψ = 95% Ψmax.

Figure 16 illustrates the comparison between the experi-
mentally measured radial section (see Fig.  16a) and the 
numerically calculated ones (see Fig. 16b). These radial sec-
tions are computed by an average over an entire rotor rota-
tion and are taken at a fixed distance from the blade position. 
The out of plane vorticity shows the position of the MTVs 
and the shear layers. In the numerical data (see Fig. 16b) 
the MTV is clearly decaying faster than in the experimental 
results. Furthermore, the shear layer is stronger, especially 
the counterrotating vortex (blue region) at the end of the 
shear layer itself. This difference affects the calculation of 
the circulation shown in Fig. reffig:circulation.

6  Secondary vortices

Secondary structure detection, as described in Sect. 4, is the 
other key aspect of wake decay analysed in this work. The 
complexity of the wake structure varies among the cases 
studied, as can be seen by qualitatively comparing Figs. 8 
and 17).

[10] suggest that the number of secondary structures is 
related to the BPF of the rotor. Thus, different rotors with 
different rotational speeds, but the same pitch angle of the 
blade (and therefore the same CT ), have been considered 
(see Table 1).

Hence, in addition to the 3 base cases (1 base, 2 base 
and 4 base), simulations with double rotational speed (1 aug 
and 2 aug) and with reduced rotational speed (2 red has 

5.4  Circulation

The circulation of the MTV has been computed1 and it 
is illustrated in Fig. 14. The wake age is normalized with 
respect to the maximum numerical wake age upon which 
the MTV can be tracked. The radius of integration of the 
swirl velocity is RC = 0.5 C in the experimental setup 
while in the numerical evaluation RC = 0.8 C.

The higher integration radius RC  used in numerical sim-
ulations is due to the lower resolution achieved with respect 
to experiments, which causes a more spread vortex. How-
ever, increasing the integration radius introduces a drop 
in circulation just after the first blade passage. This effect, 
related to the presence of the shear layer, is more evident 
with higher numbers of blades, and was already described 
by [6].

The comparison in circulation, as reported in Fig.  14, 
shows a good agreement of the numerical results with the 
experiments. This is particularly true for the 1 blade rotor 
(blue) up to very late wake ages; the 2 blade case presents 
an overestimate of circulation up to Ψ ≈ 200◦, where the 
shear layer is considered in the integration radius. The 
error between the two evaluations is, on average, 7.4 % 
for Ψ ≤ 200◦. After the region affected by the shear layer 
(which spans between 20% and 40% of Ψmax), the experi-
mental data are recovered by the numerical solution up to 
Ψ = 600◦ (75% of Ψmax); then the circulation computed 
in the numerical simulation decays faster than in experi-
ments. The four blade rotor is affected by a similar effect 
of the shear layer on the computed circulation of the two 
blade rotor. Outside the affected region, the numerical result 
overestimates the experimental result by around 5.6% on 

1  To have the same postprocessing in both numerical simulations and 
experiments, the formula Γ =

´
C

v · dl is used.
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Fig. 14  MTV circulation comparison between numerical and experi-
mental setups for the different rotors considered and at different per-
centage from the maximum wake age Ψmax
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to the higher spatial resolutions achieved in the experimen-
tal setups with respect to the numerical ones. The resolu-
tion affects the dissipation of the grid and ultimately the 
strengths of the vortices that can be found. Thus, because 
the numerical resolution is too low to detect the vortices in 
the cases 1 base, 2 redred and 2 red, these are of little use 
in this analysis.

6.1  BPF = 37.8 Hz

The cases 2 base and 1 aug have both BPF = 37.8 Hz. The 
comparison of the number of secondary structures is shown 
in Fig. 19. The numerical results of the 2 base case (orange 
line) do not match the experimental results (blue line) even 
though the overall increasing trend moving downward 
from the rotor plane is recovered. In particular, more sec-
ondary structures for −z/R > 0.4 are detected because 

ω = ωbase/
√

2, while 2 redred has ω = ωbase/2) have been 
computed. Thus, the 1 aug and the 2 aug cases present a dif-
ferent rotational speed but same blade loading with respect 
to the base cases.

Secondary structures have been studied at different dis-
tances downward from the rotor plane in terms of number, 
circulation strengths, and radial distribution.

The effect of BPF on the number of secondary structures 
at different axial distances from the rotor plane is shown in 
Fig. 18. The cases with BPF = 75.5 Hz and 37.8 Hz (blue 
and red, respectively) show good agreement between the 
experimental data and the numerical results. In contrast, the 
cases with BPF = 26.7 Hz and 18.9 Hz do not find any sec-
ondary structure in the numerical simulations. This is due 

Fig. 16  Radial sections of the out of plane vorticity and streamlines at 
Ψ = 200◦: comparison of the 4 blade rotor

 

Fig. 15  Average vortex tangential velocity of the MVT at different 
wake ages for rotors with different blade counts
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These structures are less than in the 2 base but more than in 
the 1 base, where none are found.

More relevant is the circulation of the secondary struc-
tures, which quantifies their effect on the wake itself. Fig-
ure 20 shows the comparison of the cumulative circulation 
of the secondary structures. For the 2 base case, the trend 
of the number of secondary structures presented in Fig. 19 
is recovered. Regarding the 1 aug, the total circulation lags 
behind the number of secondary structures created. Thus, 
on average, lower intensity vortices are formed in the 1 aug 
case than in the 2 base case.

6.2  BPF = 75.5 Hz

The cases 4 base and 2 aug have a BPF = 75.5 Hz. The 
increase in BPF creates a more chaotic wake with more sec-
ondary structures. However, the comparisons between the 
numerical and the experimental results match better than for 

of the presence of a more defined shear layer in numeri-
cal simulations. From −z/R ≤ 0.4 the numerical result is 
lower than the experimental one due to the higher dissipa-
tion in the numerical simulations. Regarding the 1 aug case 
(green line), for which only numerical results are available 
(see Table 1), it presents a number of secondary structures. 

Table 1  Numerical cases considered for the secondary structure analy-
sis
Name

Nb
BPF [Hz] T [N] Exp

1 base 1 18.9 35.97 yes
2 redred 2 18.9 18.28 yes
2 red 2 26.7 37.85 yes
2 base 2 37.8 74.17 yes
1 aug 1 37.8 152.05 no
4 base 4 75.5 151.53 yes
2 aug 2 75.5 314.01 no

Fig. 20  Comparison of the cumulative circulation of secondary struc-
tures, BPF = 37.8 Hz

 

Fig. 19  Comparison of the total number of secondary structures, BPF 
= 37.8 Hz

 

Fig. 18  Number of secondary structures for different BPFs and at dif-
ferent axial distance from the rotor plane

 

Fig. 17  Isosurface of λ2 = −0.08 of the 4 blade rotor highlighted with 
vorticity in the z direction
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7  Conclusion

This paper addresses the problem of studying the wake 
decay of a rotor in hover with different numbers of blades, 
which ultimately affects the complexity of the vortical struc-
tures inside the wake and leads to different blade loading. 
The experimental data, measured through differently ori-
ented PIV planes, are compared to high fidelity numerical 
simulations computed with the structured flow-solver code 
FLOWer.

Regarding the MTV comparison, a good agreement is 
found between numerical results and experimental data in 
terms of position, vortex circulation, and wandering, i.e. 
the temporal movement of the MTV. The one blade rotor 
has a well-defined MTV up to very late wake ages and it 
is possible to track it up to −z/R = 1.2 and Ψ = 1750◦. 
Furthermore, in the numerical simulation the wandering of 

lower values of BPF. The total number of secondary struc-
tures is reported in Fig. 21: the trend of the curve and the 
numerical value of the 4 base (orange line) agree with the 
experimental result (blue line). However, the number of sec-
ondary structures is underestimated in the numerical setup. 
By contrast, the 2 aug (green line, only numerical cases are 
available) shows a curve similar to the one of the 4 base 
case with slightly higher values.

Figure 22 shows the cumulative circulation of the sec-
ondary structures. The results for the 4 base cases match 
very precisely up to −z/R ≤ 0.4, above which the numeri-
cal solution underestimates the total circulation which is 
due to the dissipation of the numerical results. Thus, numer-
ical simulations are able to find the correct amount of cir-
culation within the secondary structures even though the 
number of them is not well retrieved because of the impos-
sibility of detecting the weaker structures. The 2 aug pres-
ents a total circulation that is lower than the 4 base although 
the total number of secondary structures detected is slightly 
higher(see Fig.  21). Thus, the 2 aug case produces more 
but weaker secondary structures on average than the 4 base. 
Moreover, the cumulative circulation of these structures has 
no peak for −z/R = 0.6.

Figure  23 illustrates the probability density function 
(PDF) of the distribution of the secondary structure circu-
lations at different distances from the rotor plane. For all 
positions, but very close to the rotor plane (−z/R = 0.1), 
there is a balance between the number of positive and nega-
tive circulation vortices, as already shown by [3]. Moreover, 
moving downward from the rotor plane, the number of sec-
ondary structures increases, but the trend of the distribution 
is constant, as well as the position of the peaks. Compari-
son of the 4 base cases (blue and orange lines) shows that 
the numerical results are unable to find the right amount of 
weaker structures while the amount of stronger structures 
is recovered and even overestimated in the lower stations 
(−z/R = 0.5 or 0.6). This is in agreement with the fact that 
numerical simulations have a larger dissipation. The 2 aug 
(green line) still exhibits symmetric curve trends, but the 
peaks are at lower values of circulation with respect to the 
4 base case and more weaker structures are recovered. That 
aspect explains the low total circulation shown in Fig. 22 
despite the large number of secondary structures detected. 
Thus, even increasing the blade loading and subsequently 
the strengths of the MTVs, the secondary structures are 
weaker than in the 4 base case. This leads to the conclusion 
that the strength of the secondary structures is not primarily 
related to the MTV strength but to the number of shear lay-
ers, and thus ultimately to the number of blades of the rotor.

Fig. 22  Comparison of the cumulative circulation of secondary struc-
tures, BPF = 75.5 Hz

 

Fig. 21  Comparison of the total number of secondary structures, BPF 
= 75.5 Hz
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Regarding the MTV wandering, it increases because of the 
larger number of secondary structures and resulting vortical 
mutual inductions. However, axial wandering remains pre-
dominant with respect to radial wandering, in contrast to the 
experimental data. The four blade case, which is the most 
complex flow field, shows that no pairing is present on the 
MTV and that a good agreement between the numerical and 
the experimental results is achieved.

The MTV circulation can be calculated; the results are 
highly accurate for the one blade rotor up to very late wake 
ages. However, for the two and four blade rotors, the accu-
racy decreases in the range between 20% and 40% of Ψmax 
due to the stronger shear layer observed in the numerical 
simulations.

Detecting secondary structures has proven challeng-
ing because of the differing resolutions of the numerical 
and experimental setups. Through the modification of both 
the Gaussian filter applied in the post-processing and the 
threshold of the Q-criterion, it is possible to compensate 
for the problem. Different simulations have been performed 
to provide a more comprehensive analysis of the effect of 
the BPF on the development of the secondary structures. In 
addition, the influence of the number of blades on the circu-
lation distribution of secondary structures has been exam-
ined. The formation of secondary structures follows from 
a reorganisation of the vorticity of the MTV and the shear 
layers into coherent structures through the mechanism of 
vortex stretching, contrasting viscous diffusion which ulti-
mately leads to the creation of secondary structures. These 
vortices are subjected to a temporal decay in strength.

The effect of the BPF, at constant blade loading, is to 
increase the total number of secondary structures, as illus-
trated by [10]. This effect is also retrieved in the numeri-
cal simulations: in particular, the increase of BPF increases 
the total number of structures. The lower resolution of the 
numerical simulation precludes the possibility of detecting 
any secondary structure for low values of BPF (18.9 and 
26.7 Hz). For a BPF = 37.8 Hz, the number of secondary 
structures and their total circulation, calculated from the 
numerical data, follow the general trend observed in the 
experimental results. However, these data are affected by 
the shear layer close to the rotor plane and by the higher dis-
sipation far from it. Thus, the numerical and experimental 
values are not accurate with respect to each other. In con-
trast, the comparison with BPF = 75.5 Hz shows a high 
level of consistency in the results, especially in terms of the 
total circulation. The analysis of the circulation distribution 
illustrates that the numerical simulations correctly capture 
the number of stronger structures, while the weaker ones are 
underestimated due to the dissipation of the grid.

Furthermore, simulations with a fixed blade pitch but 
different rotation speeds have been conducted. The results, 

the MTV is lower compared to the experimental data and 
stronger in the axial direction than in the radial one.

The two blade rotor is characterised by a pairing of the 
MTV, which is only slightly recovered in the numerical 
setup (similarly to [4]. However, the position and circula-
tion of the MTV are well recovered in the numerical results. 

Fig. 23  PDF of the distribution of the circulation of the secondary 
structures at different distances from the rotor plane, BPF = 75.5 Hz
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as well as the circulation of the secondary structures, show 
that these structures are indeed affected by the number of 
blades. In particular, reducing the number of blades induces 
a change in the distribution of circulation of the secondary 
structures with the detection of a larger number of weaker 
vortices. Thus, the shear layer position appears to be the 
primary factor in the formation of the secondary structures, 
whereas the MTV strength plays a less significant role.

In conclusion, high fidelity numerical simulations are a 
feasible way to achieve a comprehensive insight into the 
main features of the wake decay in a hovering rotor. How-
ever, these simulations are subject to certain limitations in 
terms of the detection of secondary structures. Given the 
increasing computational power available, further studies 
on the development and on the decay of the secondary struc-
tures can be conducted with a particular focus on the overall 
effects of the blade loading.
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