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Abstract 

The paper illustrates a research activity carried out at CIRA with the aim to characterize experimentally and numerically 
the blade tip vortices of a small scale four-bladed isolated rotor in hover flight and to evaluate their decay process during 
the convection of the wake downstream. 2C-2D PIV measurements were carried out below the rotor disk down to a distance 
of one radius. The numerical simulations were aimed at assessing the modelling capabilities and the accuracy of a free-
wake Boundary Element Methodology. Several detection criteria were investigated in order to identify a suitable one for 
the analysis of PIV data. The Γ2 vortex was selected as the most robust and reliable criterion and was applied to both 

experimental and numerical results. The tip vortices were characterised in terms of vorticity, circulation, swirl velocity, core 
radius and trajectory. The rotor wake mean velocity field and the instantaneous vortex characteristics were investigated. 
The experimental/numerical comparisons showed a reasonable agreement in the estimation of the mean velocity inside 
the rotor wake, whereas the BEM simulations predicted and under-estimated effect of the diffusion thus generating a 
smaller shear layer region with respect to the experiment. The numerical simulations provided a clear picture of the filament 
vortex trajectory interested by complex interaction starting at about a distance of z/R=-0.5. The time evolution of the tip 
vortices was investigated in terms of net circulation and swirl velocity. The PIV tip vortex characteristics showed a linear 
mild decay up to the region interested by vortex pairing and coalescence, where a sudden decrease, characterised by a 
large data scattering, occurred. The numerical modelling predicted a hyperbolic decay of the swirl velocity down to z/R=-
0.4 followed by an almost constant decay. Instead, the calculated net circulation showed a gradual decrease throughout 
the whole wake development. The comparisons showed discrepancies in the region immediately downstream the rotor 
disk but significant similarities beyond z/R=-0.5. 

 

1 NOMENCLATURE 

Symbol Description Units 

𝑎1 Squire’s coefficient  

𝑐 Chord length 𝑚 

𝐷 2 domain radius  

𝑟 Local radius 𝑚 

𝑟𝑐 Vortex core radius 𝑚 

𝑟𝑐0 Vortex core radius at 𝑡 = 0 𝑚 

𝑅 Rotor radius 𝑚 

𝑡 Time 𝑠 

𝑉𝑇𝑖𝑝 Blade tip speed (= Ω𝑅) 𝑚/𝑠 

𝑉𝜃 Swirl (tangential) velocity 𝑚/𝑠 

𝑤 Downwash velocity 𝑚/𝑠 

𝑥, 𝑦, 𝑧 Geometrical coordinates  𝑚 

𝛥𝑥, 𝛥𝑦 Space resolution 𝑚𝑚 

𝛼 Oseen constant  

Γ0 Vortex circulation at 𝑡 = 0 𝑚2 𝑠⁄  

Γ𝑣 Vortex circulation 𝑚2 𝑠⁄  
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𝛿 Eddy viscosity coefficient  

𝜈 Kinematic viscosity 𝑚2 𝑠⁄  

𝜃0  Collective pitch angle 𝑑𝑒𝑔 

𝜎 Rotor solidity  

𝜔 Out-of-PIV plane vorticity 1/𝑠 

𝜓 Blade azimuth angle 𝑑𝑒𝑔 

Ω  1 Rotor speed 𝑅𝑃𝑀 

2 INTRODUCTION 

A low-budget research activity was carried out at CIRA in 
the framework of the GARTEUR Action Group 22 Forces 
on Obstacles in Rotor Wake (Visingardi et al.[1]) with the aim 

to numerically and experimentally evaluate the mutual 
effects between a small scale helicopter rotor in hover flight 
and a cylindrical load located at different positions below 
the rotor disk. The experimental investigations 
concentrated on the blade tip vortices far from the rotor disk 
and their characteristics were evaluated mainly in terms of 
vorticity, tangential velocity and core radius. The numerical 
simulations were performed with the main purpose to 
assess the modelling capabilities and the accuracy of a 
free-wake Boundary Element Methodology. The results 

permission, or have obtained permission from the copyright 
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offprints from the proceedings and for inclusion in a freely 
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were illustrated in a paper of the 44th European Rotorcraft 
Forum 2018 (De Gregorio et al.[2]). 

Following this activity, new investigations focussed on the 
blade tip vortex characteristics and the dissipation 
phenomena when moving away from the disk of the isolated 
rotor (i.e. without cylinder). Particular attention was 
dedicated to the vortex detection criterion adopted on the 
PIV data, and a Master of Science thesis was assigned to 
this end (Coletta[3]). 

A vortex is an intuitive and easily identifiable flow structure, 
present in many natural phenomena and, as such, it is 
widely investigated in fluid mechanics. In spite of this, a 
universally accepted definition of vortex is still missing. A 
first possible definition was given by Lugt[4]: "a vortex is the 
rotating motion of a multitude of material particles around a 
common centre’’. About ten years later, Robinson[5] stated 
that "a vortex exists when instantaneous streamlines 
mapped onto a plane normal to the vortex core exhibit a 
roughly circular or spiral pattern, when viewed from a 
reference frame moving with the centre of the vortex core”. 
Although the definition of vortex remains quite ambiguous, 
several criteria have been developed over the years for the 
identification of vortices, as discussed by Chakraborty et 
al.[6] and Kolar[7]. 

The most widely used local methods for vortex identification 
are based on the analysis of the velocity gradient tensor 𝜵𝒖 

and its three invariants. Examples are: the 𝑄 criterion by 

Hunt et al.[8]; the ∆ criterion introduced by Dallmann[9], 

Vollmers et al.[10], and Chong et al.[11]; 2 criterion by Jeong 
and Hussain [12], the maximum of the gradient tensor and 
the maximum of the circulation (Vollmers[13]). These local 
vortex-detection criteria are not always suitable for PIV data 
affected by noise and spurious vectors, thus resulting in 
high velocity gradients. A possible solution was offered by 
the Γ2 criterion proposed by Graftieaux et al.[14] and 

successfully applied to complex dynamic stall 
measurements on highly separated flow by Mulleners and 
Raffel[15]. 

The present paper illustrates the results of these new 
numerical and experimental investigations. Section 3 
describes the main characteristics of the four-bladed rotor 
rig and the PIV measurement system. A comparison among 
available vortex-identification criteria and the adopted Γ2 

one is illustrated in section 4; in particular, the assessment 
of the Γ2 method is discussed showing a parametric study 

on single theoretical vortices for different levels of noise and 
making comparisons with the other typical methods. The 
numerical methodology is illustrated in section 5, whereas 
the numerical/experimental comparison of the results 
obtained is fully documented in section 6. The conclusions 
are finally reported in section 7. 

3 EXPERIMENTAL SET UP 

3.1 Rotor rig 

A dedicated rotor test rig was developed based on an 
existing commercial radio-controlled helicopter model 
(Blade 450 3D RTF), but largely customized and modified 
for the scope of the experiment, Figure 1. A four-bladed 
rotor with collective and cyclic control replaced the original 
two-bladed rotor hub. The rotor presented four untwisted, 
rectangular blades with radius of 𝑅 =  0.36 𝑚, root cut-out 

at 16% of the radius, chord length of 𝑐 =  0.0327 𝑚 and a 

NACA0013 airfoil throughout the blade span, Figure 2. The 
resulting rotor solidity value was equal to 𝜎 =  0.116. The 

clockwise rotor maximum speed was 𝛺 =  1780 𝑅𝑃𝑀, and 

the collective pitch angle 𝜃0 varied from 1⁰ to 11.3⁰. 
 

 
Figure 1: Rotor test rig 

 

Figure 2: Airfoil (top) and planform (bottom) of the rotor 
blades, different scales in both sketches 

3.2 PIV measurement system 

The rotor downwash characteristics were measured by a 
standard two components measurement system composed 
by a double head Nd-Yag laser with a maximum energy of 
320 mJ per pulse at 532 nm and a single double frame CCD 
camera (2048 by 2048 px). In order to track the blade tip 
vortices in the proximity to the rotor disk, measurement 
were performed using a 200 mm focal length obtaining a 
field of view of about 120 x 120 mm2 and an optical 
resolution of about 17 px/mm. The time delay between the 
laser double–pulses was 25 μs. 

The results presented a velocity spatial resolution of ∆𝑥 =
0.93 𝑚𝑚. The random noise of the PIV cross–correlation 

procedure can be estimated as 0.1 px as a rule–of–thumb. 
Using the current values for the optical resolution (17 
px/mm) and the laser double–pulse delay (25 μs), this leads 
to a velocity error of ∆𝑉 of ≈ 0.23 𝑚/𝑠 for the PIV 

measurements. In the proximity to the rotor disk, the core 
radius rc of the tip vortices was measured. The core radius 
is defined as the distance from the vortex centre to the 
radial position where the maximum swirl velocity is reached. 
Values of rc between 3 and 3.3 mm were measured giving 
a ratio ∆𝑥 𝑟𝑐 ⁄  of about 0.31-0.28 comparable with the value 

of ∆𝑥 𝑟𝑐 ≤⁄  0.02 indicated by Martin et al[16] in order to 

guarantee a correct vortex characterization. 
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4 VORTEX-IDENTIFICATION CRITERIA 

The most widely used local methods for vortex identification 
are based on the analysis of the velocity-gradient tensor 
and its three invariants. In some cases, these local vortex-
detection criteria are not suitable for PIV data, as for 
example in the regions affected by blade passage or the 
lower part of the rotor downwash where the tip vortex 
spirals are concentrated and the flow is highly turbulent. 
The possible solution is offered by the Γ2 criteria proposed 

by Graftieaux et al [14]. The function Γ2 is defined in discrete 

form as: 

(1) Γ2(𝑥i⃗⃗⃗  ) =
1

𝑀
∑

{(𝑥𝑗⃗⃗  ⃗ − 𝑥i⃗⃗⃗  ) × (𝑢⃗ 𝑗 − 𝑢⃗ 𝑚𝑒𝑎𝑛)} ∙ 𝑛⃗ 

|𝑥𝑗⃗⃗  ⃗ − 𝑥i⃗⃗⃗  ||(𝑢⃗ 𝑗 − 𝑢⃗ 𝑚𝑒𝑎𝑛)|𝑥𝑗∈𝑆i

 

with 𝑆i a two-dimensional circle around 𝑥i with radius D, 𝑀 

the number of grid points 𝑥𝑗 inside 𝑆i with 𝑗 ≠  𝑖, 𝑛⃗  the unit 

normal vector and 𝑢𝑗 the velocity at 𝑥𝑗. According to its 

definition, Γ2 is a 3D dimensionless scalar function, with 

−1 ≤ Γ2 ≤ 1. The zones delimited by |Γ2|  =
2

𝜋
 identify the 

vortices depicted by the measurement region. The vortex 
centre is identified as the maximum of the absolute of Γ2 in 

the delimited zone. For each identified vortex, the centre 
position is measured and the main characteristics are 
calculated along the vortex radius in terms of swirl velocity, 
vorticity and circulation. The choice of the domain radius 𝐷 

has an influence on the dimension of the identified vortices 
and on the accuracy of the centre detection. In order to 
assess the reliability of the criteria, a parametric 
investigation was performed using a single or a pair of 
vortices (Coletta et al [17]). Vatistas vortices were 
investigated, eq.(2), varying the spatial resolution, the 
signal-to-noise level, the strength and the distance between 
each other in order assess the capacity of the criteria to 
discriminate each vortex. At the same time additional local 
vortex-identification criteria based on the velocity gradient 
were applied, in particular the Q criterion[8], the Δ 
criterion[9][10][11], the criterion of maximum vorticity[13] and the 
criterion of maximum circulation[13]. 

The isolated Vatistas vortex centre detection with and 
without noise is depicted in Figure 3. The data including 
noise were obtained by adding a white noise ranging 
between ±20% and ±90% of the value of the maximum 
tangential velocity, respectively. 

The results shown in Figure 4 indicate that all methods are 
able to successfully detect the vortex centre in absence of 
noise or for a noise at ±20%, whereas only the Γ2 criterion 

is not influenced by the random noise and is able to detect 
the vortex region and identify the vortex centre for the 
higher noise value (±90%). The positions of the detected 
centres are indicated by a red circle. 

The occurrence of an incorrect vortex detection leads to a 
complete wrong measurement of the vortex characteristics, 
as shown in Figure 5 for the swirl velocity versus the rotor 
radius. A detailed description of the influence of the different 
parameters on the reliability of the Γ2 criteria is given in 

Coletta et al.[17], where the spatial resolution and signal-to-
noise ratio are also discussed in terms of optimal size of the 
domain radius D. 

 

 

 
Figure 3: Vatistas vortex. Velocity field and centres with 

different methods. Noise 0% (a), noise 20% (b) and 
noise 90% (c). 

 

 

(a) 

(b) 

(c) 
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Figure 4: Vortex detection criteria applied to Vatistas vortex for different noise levels. 
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Figure 5: Vatistas vortex. Tangential velocity with different methods. Noise 0% (a), noise 20% (b), noise 90% (c) 

5 NUMERICAL METHODOLOGY 

5.1 BEM methodology 

The numerical simulations were carried out by using the 
code RAMSYS[18], which is an unsteady, inviscid and 
incompressible free-wake vortex lattice boundary element 
methodology (BEM) solver for multi-rotor, multi-body 
configurations developed at CIRA. It is based on Morino's 
boundary integral formulation for the solution of Laplace’s 
equation for the velocity potential 𝜑. The surface pressure 

distributions are evaluated by applying the unsteady 
version of Bernoulli equation, which is then integrated to 
provide the forces and moments on the helicopter 
configuration and the surrounding obstacles. 

In order to account for the viscous diffusion of the wake 
vortex elements, the Vatistas vortex core model was used, 
according to which the swirl velocity is expressed as: 

(2) 𝑉𝜃 =
𝑟Γ𝑣

2𝜋(𝑟2𝑛 + 𝑟𝑐
2𝑛)1 𝑛⁄

 

where the coefficient 𝑛 has been set equal to “1”, as 

suggested by Scully[19]. 

The applied diffusion model is the one described by 
Squire[20]. In this model, the growth with time of the core 
radius 𝑟𝑐 is given by:  

(3) 𝑟𝑐 = √𝑟𝑐0
2 + 4𝛼𝛿𝜈𝑡 

where the term 𝑟𝑐0 is the initial core radius that removes the 

singularity at 𝑡0, and was set equal to a 5% of the blade 

average chord length 𝑐 in the calculations, the term 𝛼 is the 

Oseen coefficient and is equal to 1.25643. The product 𝛿𝜈 

represents the “eddy viscosity” where 𝜈 is the kinematic 

viscosity and:  

(4) 𝛿 = 1 + 𝑎1

Γ𝑣

𝜈
 

in which Γ𝑣 is the circulation strength of the vortex element, 

while the Squire’s coefficient 𝑎1 is an empirical parameter 

specified to vary between 0.2 and 0.0002, as indicated in 

Bhagwat[21]. For a small-scale rotor, as the one used for 
these investigations, a value of 𝑂(10−4) can be used. 

The model suggested by Donaldson & Bilanin[22] was used 
to take into account the decay of the circulation Γ𝑣 with time. 

According to this model, the circulation of the tip vortex Γ𝑣(𝑡) 
is expressed as: 

(5) Γ𝑣(𝑡) =  Γ0𝑒𝑥𝑝 (−
𝑏𝑞

𝑠
𝑡) 

being 𝑏 a decay coefficient; 𝑞 the ambient turbulence level 

and 𝑠 the aircraft semispan. In the present calculations the 

coefficient 𝑏𝑞 𝑠⁄  was replaced with a single coefficient set 

equal to 2.5. This value was tuned, together with the 
empirical parameter 𝑎1 , finally set to 0.0003, in order to 

match several experimental observations[21],[23],[24] 
according to which the effective diffusion Squire/Lamb 
constant 𝛿 ≈ 8 for small scale helicopter rotors. 

Figure 6 illustrates the decay of the normalized vortex 
circulation with the wake age obtained by applying the 
decay model of eq.(5) and using the value of 2.5 for the 
decay coefficient. Despite the slope is slightly lower than 
the measurements reported in Ramasamy et al.[23], a good 
agreement with the experimental results can be observed. 

 

Figure 6: Normalized vortex circulation vs wake age.  

Figure 7 shows the predicted growth of the vortex core 
radius as a function of wake age obtained by applying 
eq.(3) and using eq.(4) for the diffusion parameter 𝛿 and 

eq.(5) for the circulation decay. The picture highlights the 
close agreement of the calculated parameter 𝛿 with the 

constant value of 8, which is typical for small scale 

(a) (b) (c) 
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helicopter rotors. The slight increasing deviation with the 
wake age from the value of 8 is produced by the application 
of the decay model in the vortex circulation. 

 

Figure 7: Growth of the vortex core radius as a function 
of wake age. 

6 RESULTS 

PIV measurements and BEM numerical simulations were 
carried out with the main purpose to investigate the 
structure and development of the rotor blade tip vortices. 

6.1 Rotor wake ensemble-averaged flow field 

The ensemble-averaged velocity field showed the shear 
layer region surrounding the rotor downwash wake. 

  

Figure 8: PIV (left) and numerical (right) ensemble 
average velocity magnitude colour map 

The comparison between the experimental results, Figure 
8-left, and the numerical predictions, Figure 8-right 

highlighted a general similarity but with two main 
differences: 

a) in the experimental PIV the origin of the shear layer is 
identified at about x/R= 0.96 and slightly above z/R = 0 
because of the deflection produced by the blade 
elasticity. Instead, the numerical results show the origin 
of the shear layer exactly at x/R=1 and z/R = 0, and this 
because the blade was modelled as a fully rigid body; 

b) the diffusion produced by the viscous effects causes a 
marked thickening of the experimental shear layer 
moving downstream from the rotor disk, while the 
dissipation produces a reduction of the velocity 
magnitude which is already visible at around z/R=-0.7. 
These effects are less visible in the numerical results, 
despite diffusion and dissipation models were applied 
in the simulations. 

A deeper investigation of the indicated differences was 
obtained by comparing the experimental and numerical z 
component of the induced velocity at several stations below 
the rotor disk in a region extending up to one radius below 
the rotor, Figure 9. The numerical results shown in the 
figure were evaluated at the several azimuthal stations of 
the last rotor revolution and time-averaged, whereas the 
velocity fluctuations, due to the flow field unsteadiness, was 
evaluated and represented in terms of RMS bars. The 
experimental PIV measurements were made in a fixed 
vertical plane during about 1500 rotor revolutions. The 
values were then ensemble-averaged and the velocity 
fluctuations were represented in terms of RMS bars. 

The numerical predictions show a satisfactory agreement 
with the experiment in the radial region of the blade 
included from the root cut-out (16%) to the position 𝑟 𝑅⁄ =
80%, where the maximum of the inflow is measured. In the 

radial region, where the tip vortex roll up produces its 
greater effect, the numerical results show an upwash that 
is not present in the experiment. Furthermore, 
discrepancies between the numerical results and the 
experiment can also be observed in the region of the rotor 
hub, not modelled in the numerical simulations. 

Finally, the different slope of the derivative 𝜕𝑤 𝜕𝑥⁄  between 

the experiment and the numerical simulation around 80%-
100% of the blade radius was further analysed by 
comparing the PIV measurements made with a finer 
resolution (∆𝑥 = 0.93 𝑚𝑚), with those at a resolution of 

(∆𝑥 = 2.7 𝑚𝑚) and with the numerical results evaluated on 

a grid having a resolution of ∆𝑥 =  ∆𝑧 = 0.6 𝑚𝑚. The results 

showed that the slope evaluated by the finer PIV 
measurements are much closer to the numerical results but 
this happens until the z/R = 0.4. More downstream, the 
slope of the finer and coarser PIVs is about the same. 
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z/R = -0.20 z/R = -0.40 

  
z/R = -0.75 z/R = -0.80 

  
z/R = -0.85 z/R = -0.97 

Figure 9: PIV vs numerical vertical velocity comparison.  

6.2 Blade tip vortices 

The application of the Γ2 method to the PIV and BEM 

instantaneous velocity fields highlighted the presence of 
several tip vortices in the proximity to the blade, Figure 10. 
The PIV measurements were not phase locked with the 
rotor so that the age of the vortices was estimated on the 
basis of the position of the tip vortices with respect to the tip 
blade. In addition, three PIV tip vortices can be counted in 
the measurement region of the figure instead of the four 
predicted by the BEM simulation. This results in larger 
distances between consecutive PIV vortices with respect to 
the numerical ones. 

Once the centres of the tip vortices were detected, the non-
dimensional tangential velocities and circulations were 
calculated and represented versus the non-dimensional 
vortex radius. The characteristics of the BEM tip vortices 

were evaluated at a wake age of 𝜓 = 10°, while the closest 

PIV tip vortices were selected by the analysis of more than 
300 velocity fields.  

 
 

(a) 
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Figure 10: Comparison between PIV (a) and numerical 

(b) tip vortex locations with Γ2 method 

The results shown in Figure 11 provide the 
BEM/experimental comparisons for a set of vortices located 
at about the same distances from the rotor disk. The 
characteristics of the BEM vortices strictly follow the 
variation of the tangential velocity, circulation and vortex 
core radius as dictated by eq.(2), eq.(5) and eq.(3), 
respectively. The decrement of the BEM swirl velocity peak 
follows a hyperbolical trend, whereas in the PIV vortices it 
decreases almost linearly as the distance from the rotor 
disk increases. This turns out in a larger dissipation of the 
BEM vortices, if compared to the PIV ones, thus resulting in 
a smaller intensity of the BEM velocity peak with exception 
for the first vortex. Both BEM and PIV circulations decrease 
as the distance from the disk increases with the PIV, 
showing a vortex strength always larger than the numerical 
results. Similar trend and values are shown by the radius 
core behaviour for both data. 

 

 

Figure 11: Tangential velocity and circulation for each 
vortex. PIV velocity (top), BEM velocity (bottom) 

The distribution of the experimental vortex centres, Figure 
12, showed the highest concentration in the proximity to the 
rotor disk and that their location was enclosed in the shear 
layer region. Moving downstream, the data scattering 
increased distributing the centres of the vortical structures 
both outside and inside the ensemble-averaged downwash, 
whereas the concentration of vortex decreased due to the 
fading and/or merging of vortices. The same representation 
for the numerical vortex centres showed an extremely 
narrow region of the shear layer and an almost full match 
between the boundaries of the shear layer region and the 
path of the vortex centres. 

  

Figure 12: PIV (left) and numerical (right) position of 
blade tip vortices with respect to the shear layer region 

An additional characterization of the instantaneous tip 
vortices was obtained by evaluating the component of the 
vorticity orthogonal to the PIV plane 𝜔 =  (∇ × 𝑉)⊥ and 
comparing the experimental results with the numerical 
simulations.  

  

Figure 13: Experimental (left) and numerical (right) 
vorticity = (∇ × 𝑉)⊥ in the PIV plane 

Figure 13 illustrates the results of this comparison. A cut-off 
of the vorticity module was set at 1500 1 𝑠⁄  in order to 

remove as much as possible the flow field small-scale 
turbulence and to have a more concentrated representation 
of the tip vortices. PIV results generally show a stronger 
vorticity. The blade flexibility in the experiment generates 
the tip vortex at a higher and more inboard position with 
respect to the BEM result (𝑥 𝑅⁄ ≈ 0.96; 𝑧 𝑅 ≈ 0⁄  vs 𝑥 𝑅⁄ ≈
1; 𝑧 𝑅 ≈ −0.02⁄ ). The presence of widespread vorticity 

along the blade span around x/R=0.8 and z/R=0 can be 
observed in the PIV due to the blade passage. 
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The numerical simulations allowed the visualization of the 
entire wake structure generated by the rotor. In particular, it 
was possible to visualize the tip vortices and to associate 
them to the generating blades. Figure 14 shows the 
numerical tip vortex structure up to a distance of z=-1.5R 
below the rotor disk. Each of the four colours corresponds 
to a vortex filament generated by the relative blade. The 
image illustrates that the vortex structure keeps a 
geometrical regularity until a distance between z/R=-0.5 
and -0.6, after which the wake starts showing a more 
chaotic behaviour. A second aspect that is highlighted in the 
figure is the pairing phenomenon according to which the 
mutual positions of the vortex filaments tend to interchange 
after a first rotor revolution. More specifically, looking at the 
sequence of the tip vortices at about x/R = +1.0, it is: cyan-
blue-green-red during the first revolution, but becomes 
cyan-green-blue-red during the second revolution. This 
means that the vortices blue and green begin to roll up with 
each other until when they have completely interchanged 
their position after one revolution. Analogously, a similar 
behaviour can be observed at about x/R = -1.0, for the 
vortex filaments red and cyan. This mechanism contributes 
to increase the flow turbulence since from the third 
revolution onward. 

 

Figure 14: Blade tip vortices 

 

Figure 15: Numerical vorticity in the PIV plane and 
association with the generator vortex filaments 

Figure 15 shows the association between the numerical 
vortex filaments and the generated vorticity in the plane 
corresponding to the PIV measurements. The pairing 

phenomenon is clearly visible after the second revolution 
between the green and blue vortex filaments, highlighted in 
figure by the black circle, with the vorticity intensity of the 
first one being smaller than that of the second one. The 
dashed black circle shows that during the third revolution 
the green and blue vortex filaments tend to coalesce. 

Figure 16 shows a comparison between the experiment and 
the numerical simulation in terms of the variation of the non-
dimensional net circulation of all the identified tip vortices 
versus the distance from the rotor disk z/R. The net 
circulation was determined at a distance of 0.25c from the 
vortex centre, and by assuming flow axisymmetry in the 
reference system moving with the vortex core, following the 
specification in Ramasamy et al.[23]. In the wake region 
between the rotor disk and where the pairing phenomenon 
occurs (z/R=-0.5), the experimental/numerical comparison 
shows a reasonable agreement in terms of negative slope, 
while an intensity difference of about 17% arises. Further 
downstream, the experimental slope first suddenly 
decreases and then realigns to the numerical trend but with 
smaller values. 

The change in slope of the experimental data at z/R=-0.5 
and their subsequent scattering at distances z/R < -0.5 
might be explained by an increase in dissipation due to the 
growing of turbulence and by the process of pairing and 
coalescence of vortex filaments, respectively. This process 
was also mentioned in the explanation of the BEM tip 
vortices path of Figure 14. The numerical results resemble 
the trends illustrated in Figure 6. The merging of co-rotating 
vortices, which produce a higher circulation, likely causes 
the presence of higher values in the region 𝑧 𝑅⁄ ∈
[−0.8; −1.0]. 

 
Figure 16: Non-dimensional net circulation. Comparison 

between the experiment (red diamond) and the 
numerical simulation (blue square) 

Finally, Figure 17 shows a comparison between the 
experiment and the numerical simulation in terms of non-
dimensional velocity swirl of all the identified tip vortices 
versus the distance z/R. The experimental vortices show a 
net difference in terms of slope and intensity before and 
after z/R = -0.5. The reason for this behaviour has the same 
explanation as for the net circulation trend discussed in 
Figure 16. The numerical results show a typical hyperbolical 
decay of the velocity intensity according to the model of 
eq.(2) combined with eq.(3). An interesting match with the 
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experiment can be observed for distances from the rotor 
disk lower than z/R = -0.5. The presence of higher values 
in the region z/R ∈ [-0.8; -1.0] is likely caused by the 

merging of co-rotating vortices which produce a higher 
velocity swirl, as also mentioned for the net circulation. 

 

Figure 17: Non-dimensional velocity swirl. Comparison 
between the experiment (red diamond) and the 

numerical simulation (blue square) 

7 CONCLUSIONS 

A research activity was carried out at CIRA with the aim to 
characterize experimentally and numerically the blade tip 
vortices of a small scale four-bladed isolated rotor in hover 
flight and to evaluate their decay process during the 
convection of the wake downstream. 2C-2D PIV 
measurements were carried out below the rotor disk down 
to a distance of one radius. The numerical simulations were 
aimed at assessing the modelling capabilities and the 
accuracy of a free-wake Boundary Element Methodology.  

The 2 vortex centre detection criterion was applied both to 
the experimental and numerical results. A parametric 
investigation was performed using a Vatistas vortex model 
with the aim to assess the capability of the criteria to detect 
the centre. The spatial resolution, the signal-to-noise level 
and the strength were varied for the purpose. Once 
detected the centres, tip vortices were characterised in 
terms of vorticity, circulation, swirl velocity, core radius and 
trajectory.  

The rotor wake mean velocity field and the instantaneous 
vortex characteristics were investigated. The 
experimental/numerical comparisons showed a reasonable 
agreement in the estimation of the mean velocity inside the 
rotor wake, whereas the BEM simulations predicted and 
under-estimated effect of the diffusion thus generating a 
smaller shear layer region with respect to the experiment.  

The numerical results provide a clear picture of the filament 
vortex trajectory interested by complex interaction starting 
at about a distance of z/R=-0.5.  

The time evolution of the tip vortices was investigated in 
terms of net circulation and swirl velocity. The PIV results 
showed a similar behaviour for both quantities. They 
showed a linear mild decay up to the region interested by 
vortex pairing and coalescence, where a sudden decrease, 
characterised by a large data scattering, occurred. The 

numerical modelling predicted a hyperbolic decay of the 
swirl velocity down to z/R=-0.4 followed by an almost 
constant decay. Conversely, the calculated net circulation 
showed a gradual decrease throughout the whole wake 
development. 

The comparisons showed discrepancies in the region 
immediately downstream the rotor disk but significant 
similarities beyond z/R=-0.5. 

The future activities will deal with: 

 Time resolved PIV measurement shall be carried out in 
order to allow a direct comparison with the time history 
of numerical vortices;  

 Implementation and testing of more sophisticated 
vortex decay models; 

 Implementation of a model to take into account the 
vortex strain; 

 Comparison with higher fidelity CFD simulations.  
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