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ABSTRACT  

The hydrodynamic and hydroacoustic behavior of a marine 

propeller is investigated with experiments conducted on a 

cavitiation tunnel by Tomographic Particle Image 

Velocimetry (TomoPIV). The investigated domain 

encompasses the range between 0.1 and 1.5 propeller  

diameters. The hydrodynamic study concerns a topological 

survey of the propeller wake characteristics based on the 

analysis of vorticity field and of the tilting and stretching 

terms of the velocity transport equation. The results 

highlights the mutual coiling of the root filaments forming 

the hub vortex and a complex mechanism of vortex pairing, 

which involves the tip vortex and a secondary weaker 

vortex generated at the leading edge of the blade.  

Following Powell’s analogy, the instantaneous spatial 

distribution of the acoustic source term is mapped by the 

second time derivative of the Lamb vector, revealing the 

dominant contribution of the tip vortex in the radiated noise 

from a marine propeller. A three-dimensional modal 

analysis of velocity, vorticity, Lamb vector, and Lamb 

vector second time derivative fields is conducted by proper 

orthogonal decomposition (POD) within the first 9 modes. 

The decomposed velocity and vorticity fluctuations shows 

that the energy is mainly associated with pulsatile and 

travelling waves correlated to the dynamics of the hub 

vortex. The energy associated with second time derivative 

of the Lamb vector modes exhibit a different trend with a 

local maximum localized in correspondence of the tip 

vortices.   
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1 INTRODUCTION 

The in-depth study of the propeller wake dynamics as well 

as the analysis of the correlated effects to the acoustic  

signature and to the propeller-induced vibrations, concerns 

intrinsically unsteady and high turbulent phenomena which, 

in some situations, require to resolve the complete topology 

of the coherent flow structures at an instant. For example, 

this applies to the study of the propeller wake structure 

dynamics, such as in the investigation of instability 

inception mechanisms (Okulov, 2007; Felli et al., 2011a) or 

in the tip vortex breakdown/separation/recombination 

mechanisms when it interacts with the rudder (see e.g. Felli 

et al., 2011b). In these applications it is relevant to 

instantaneously capture the complete stress tensor and the 

vorticity vector for topological and modal analyses as well 

as to estimate important quantities for the analysis of the 

momentum and energy transfer in turbulent flows, such as 

e.g. the divergence of the Lamb vector.  

Another example concerns the estimation of the acoustic 

sources in hydroacoustic research, as documented in Felli et 

al. (2014). To this aim, time and space derivatives of the 

velocity field need to be calculated for the complete 

evaluation of the integrand terms whatever acoustic analogy 

is used for the estimation of the noise sources (e.g. Felli et 

al, 2014; Violato and Scarano, 2013). 

Moreover, the ability to extract instantaneous flow field 

information in a volumetric domain represents also an 

important requirement for the CFD modelling of complex 

flows. In these cases, for example, the information of the 

three-dimensional topology of the largest relevant flow 

structures in such destabilized wake flows might provide 

with inputs to effectively define the size of computational 

domain in DES or LES simulations.  

In the perspective of resolving the instantaneous 3D 

velocity field in a volume, the use of volumetric techniques 

represents the best suited approach in experimental fluid 

mechanics. As a matter of fact, traditional PIV and Stereo 

PIV techniques, widely used for propeller flow analysis 

(e.g. Di Felice et al., 2004; Jessup et al., 2006; Anschau and 

Mach, 2009; Atsavapranee et al., 2010; Miorini et al., 2010, 

Felli and Falchi, 2011), are able to extract respectively two 

and three components of fluid velocity on a planar slice at a 

snapshot and thus they can provide only an on-average 

estimation about the topology of fluid structures. 



Furthermore, planar techniques allow observing the 

turbulent structures only in two-dimensional space, leaving 

open questions regarding the full structure and dynamics of 

turbulence and its structure. Other PIV based methodologies 

for volumetric analysis, such as light-sheet scanning 

techniques, dual-plane systems, result likewise ineffective: 

the former  not yielding truly simultaneous data, the latter 

lacking of resolution in the out of plane direction and being 

too laborious to be extended to more than two planes 

(Arroyo and Hinsch, 2008).  

In this scenario, Tomographic PIV (Elsinga 2006; Scarano 

2007) represents a well assessed and effective tool for the 

investigation of fully three dimensional turbulent and 

unsteady flows, such as the wake of a propeller, and 

represents a very attractive complementary approach to well 

assessed detailed flow measurement techniques for instant-

flow-based analyses.  

As first example in the use of a volumetric technique for the 

study of a naval propulsion problem, the present paper 

documents the application of Tomographic PIV to the 

analysis of an open water propeller wake in a cavitation 

tunnel. Measurements were performed over an axial extent 

of the near wake from the 0.1 to about 1.5 propeller 

diameters. The measurement volume covered the mid-

longitudinal plane of the propeller and was sufficiently 

thick to achieve the calculation of the out of plane gradients 

as well as to resolve the topology of turbulent flow 

structures in the propeller wake. Tomographic 

measurements were phase locked with the propeller position 

to resolve the flow field evolution during a complete 

revolution.  

The first objective of this study is to investigate the 

topology and the three-dimensional evolution of trailing 

wake structures and the tip vortices in the near field, using 

all the components of the vorticity vector, the λ2-criterion 

as well as the main quantities to analyze the behavior of 

turbulent flows.  

In addition, the estimation of the flow phenomena 

underlying the acoustic perturbation in the propeller wake is 

undertaken through the application of the Powell’s analogy 

(Powell, 1964), in which the source term is formulated in 

terms of the second time derivative of the Lamb vector. To 

this aim, taking advantage from the periodical nature of the 

flow and limiting the analysis to the phase averaged 

distributions of the Lamb vector, additional phase locked 

measurements were performed at ± 1 degree and the second 

time derivative was calculated by a second-order central 

difference method. 

The paper is organized as follows. The case study and the 

experimental set up are described in §2. TomoPIV 

experimental set up and data processing are documented in 

§3. The analysis of the results is reported in §4: §4.1 deals 

with the propeller wake hydrodynamics, §4.2 reports the 

results of the hydroacoustic analysis, §4.3 documents the 

results of the modal analysis applied to the velocity, 

vorticity, Lamb vector, and Lamb vector second time 

derivative fields. Conclusions and future works are 

summarized in §5. 

 
Figure 1. The E1601 propeller model 

 

Blade number, n 4 

Scale ratio, λ 24.2 

Diameter, D 227.13 mm 

Pitch-diameter ratio, P/D0.7 1.636 

Expanded/Disc area ratio, Ap/A0 0.703 

Hub/propeller diameter ratio, Dh/D 0.338 

Table 1: Main features of the E1601 propeller model 

 

2 EXPERIMENTAL APPARATUS  

2.1 Facility 

The experimental campaign was performed in the 

Cavitation Tunnel of CNR INSEAN. The tunnel, a Kempf 

& Remmers close jet type circuit, is a vertical apparatus 12 

m long and 8 m high. The test section is 2.6 m long and has 

a square cross section of 0.6 x 0.6 m2. Eight Perspex 

windows on the four walls, two for each side, allow full 

optical access for visualizations and laser based measuring 

techniques. The nozzle contraction ratio is 5.96:1 and the 

water speed can be adjusted from 1 to 12 m/s. The highest 

free stream turbulence intensity in the test section is 2% 

and, in the adopted test condition, reduces to 0.6% in the 

propeller blade inflow at 0.7 r/R, being r the radial 

coordinate and R the propeller radius. In the test section, the 

flow uniformity is within 1% for the mean axial velocity 

component and 3% for the corresponding radial one.   

 

2.2 Propeller model 

The propeller used for current activity was a smaller 

scale replica of the model used in Felli and Di Felice (2005) 

in a large cavitation tunnel. Propeller diameter was reduced 

to 227,13 mm to minimize any blockage effect. The 



propeller was a four-bladed, left-handed model 

characterized by a high skew and a variable pitch 

distribution (Figure 1). The main geometrical parameters 

are documented in Table 1. 

Figure 2: TOMOPIV experimental set up  

 

3 TOMOPIV MEASUREMENTS 

3.1 Experimental set up 

A sketch of the experimental TOMOPIV set up is 

reported in Figure 2. The illumination is provided by a 

double-cavity Nd-Yag laser (2 x 200 mJ/pulse @ 12.5 Hz). 

The laser beam is expanded through a set of two cylindrical 

diverging lenses to obtain an illumination domain extended 

about 170mm x 5 mm in the streamwise and transversal 

directions respectively. Knife-edge filters are employed to 

cut the light intensity beyond the nominal thickness of the 

measurement volume, as the beam tends to diverge along 

the optical path.  

The scattered light is recorded by a tomographic system 

composed of four Imager sCMOS cameras by LaVision (i.e. 

16 bits, 2560 × 2160 pixels, pixel size 6.5 μm, 50 frames/s). 

Cameras are arranged in pairs viewing the measurement 

volume from opposite sides in a symmetrical configuration, 

as shown in Figure 2. More specifically, cameras have the 

optical axis along the horizontal plane and are angled at 

β=0° (cameras 1 and 3) and β=45° (cameras 2 and 4). 

Water-filled prisms are used to minimize the effect of 

astigmatic aberrations in the inclined cameras. Cameras are 

equipped with 85mm (cameras 1 and 3) and 105mm 

(cameras 2 and 4) Nikon lenses, mounted with Scheimpflug 

adapters to retain acceptable focus over the entire 170 mm-

wide volume at the aperture of f/11. The field of view is of 

130 × 100 mm with a digital resolution of 18.5 pixels/mm. 

Further details of the experimental settings are summarized 

in Table I. Camera, laser and propeller synchronization is 

achieved by a programmable timing unit (i.e. LaVision 

PTU). Sequences of 1000 image pairs are recorded in 

frame-straddling mode with a pulse separation time of 120 

μs. Hollow glass particles with 30 μm diameter are 

dispersed homogeneously, achieving a uniform 

concentration of 0.65 particles/mm3. Data acquisition and 

processing is performed on a dual esa-core Intel Xeon 

processor at 2.67 GHz with 48 GB RAM memory. 

 

3.2 Calibration 

Calibration was performed translating a 3D calibration 

target (i.e. 204-15 type by LaVision, dimensions: 204 x 204 

mm) along 11 coplanar and equidistant positions over a 

depth of 100mm (Prasad 2000). The calibration plate 

consisted of a dual-plane array of 3.2 mm white marks on a 

black background. The dots are spaced by 15 mm along 

both the horizontal and vertical directions. The calibration is 

based upon 3rd order polynomial mapping functions in the 

x- and y-directions and linear interpolation along the z-

direction.  

The relation between the image space and the 3D physical 

space is provided by fitting 3rd order polynomial mapping 

functions in the x- and y-directions and by a linear 

interpolation along the z-direction. Volume self-calibration 

(Wieneke, 2008) based on brighter particle detection in the 

actual experimental images and their triangulation in 3D 

space, was applied for misalignment correction. The 

intensity of the disparity vectors after the volume self-

calibration reduced to less than 0.05-0.15 pixels in the entire 

measurement domain (Figure 3). 

 
Figure 3. Z-profile of the averaged reconstructed intensity. 

Red and green refer to the first and second laser pulses. The 

intensity of reconstructed particles outside the light sheet is 

less than 50% of the level inside the illuminated domain, 

indicating a signal-to-noise ratio higher than 2. 

 

  



 

 
Figure 4. Tomographic PIV measurements: distribution of the vorticity magnitude. Iso surface are  defined though the 

lambda-2 method.  
 

 

3.3 Image analysis 

3.3.1 Image pre processing 

Tomographic reconstruction is significantly influenced 

by the effect of any background light recorded by the 

cameras (Elsinga et al, 2006) and is greatly enhanced by 

using suitable pre-processing schemes to improve the 

visibility of the seed particles. To this aim, unilluminated 

regions were masked out using an individual geometrical 

mask for each camera. All eight frames were intensity 

normalized though a sliding average filter over a 

300x300 kernel. In addition, background noise was 

minimized by subtracting a local minimum over kernel of 

5x5 pixel followed by a sharpening filter to enhance the 

shape of particle images. 

3.3.2 Tomographic reconstruction and volume correlation 

Volumetric particle intensity reconstruction from particle 

images  was performed following the Multiplicative 

Algebraic Reconstruction Technique algorithm by 

LaVision (Elsinga et al., 2006).  Reconstructed volume 

size was 150 x 135 x 4 mm³ corresponding to 2200 x 

2000 x 60 voxel. 5 MART iterations with intermediate 

volume smoothing were applied. 

Reconstruction quality is strongly related to the amount 

of ghost particles that are unavoidably created as an 

artifact during volume reconstruction. In the present 

experiment, the quality of the reconstruction is evaluated 

a posteriori comparing the intensity of the real 

reconstructed particles relative to the ghost particles 

within the illuminated domain (Elsinga 2006). To this 

aim, a region larger than the illuminated volume is 

analyzed and the average intensity of the reconstructed 

particles inside the illuminated area, given by both ghost 

and true particles, is compared to that in the immediate 

surroundings, which represents pure ghost intensity. The 

reconstruction signal-to-noise ratio is higher than 2. 

The three-dimensional particle field motion is computed 

using a multi-pass FFT cross-correlation procedure with 

an initial window size of 256 x 256 x 40 voxels with 50% 

overlap and a final window size of 64 x 64 x 20 voxel 

with 75% overlap. The resulting velocity fields contained 

96 x 129 x 7 vectors with a vector pitch of 0.64 mm in all 

tree directions. Volume deformation is applied to each 

correlation window. Vector fields were post processed at 

each correlation pass applying the universal outlier 

detection and recursive replacement procedure 

(Westerweel 2005) by the average of direct neighbor 

vectors over a 3×3×3 range. 

Both the reconstruction and the 3D cross-correlation of a 

pair of volumes required about 10 min, using the 

workstation described in §3.1. 

   



 

Figure 5. Coalescence mechanism of the leading edge 

vortex and the tip vortex. 

 

4 RESULT ANALYSIS 

4.1 Propeller wake hydrodynamics 

Challenging problems in naval propulsion concern 

complex three-dimensional non-stationary flows for 

which standard and stereoscopic PIV approaches provide 

only a partial limited view of the global problem. In 

response to this need the applicability of full three 

dimensional wake-field measurement techniques is a key 

element in learning about the topology and the dynamics 

of unsteady flow structures, as for instance occurs in the 

development, evolution and breakdown of the tip and 

hub vortices. 

As an example of the level of accuracy of the current 

TomoPIV measurement, the present section reports an 

overview of the main flow quantities which define the 

topology of the propeller wake structures.  

Figure 4 shows the tomographic reconstruction of the 

propeller wake topology. Iso-contours refer to the 

vorticity magnitude and iso surfaces are defined through 

the lambda-2 method (Joung & Hussain, 1995). 

TomoPIV measurements gives a reliable topological and 

quantitative information of the wake flow behind a 

propeller (Figure 5). The topology of the vortical 

structures highlights a mechanism of vortex pairing 

which involves the tip vortex and a secondary weaker 

vortex which is generated at the leading edge of the blade 

(Tian and Kinnas, 2014). The leading edge vortex 

detaches from the blade with a mechanisms similar to 

that occurring in a delta wing and then is rapidly attracted 

by the tip vortex, coiling around it. The coalescence of 

the leading edge vortex and the tip vortex is completed 

within one radius downstream of the propeller 

approximatively. Further downstream, the traces of the 

two vortical structures appear indistinguishable and keep 

evolving as a singular vortex. 

Figure 6 reports the distributions of main topological 

quantities associated with the dynamics of the propeller 

wake structures. More specifically, these concern the 

isolated and combined tilting and stretching terms of the 

vorticity transport equation and the helicity.   

The interpretation of the above quantities, as far as the tip 

vortices and the trailing wakes are concerned at least, is 

quite challenging and should involve the projection of the 

tilting and stretching terms to a reference system aligned 

with the vortex, which is out of the scope of the current 

paper and will be the subject of a future dedicated paper.  

Therefore, we will limit to describe just the overall 

features of the topological quantities. More specifically, 

the following comments can be drawn: 

 In the tip vortices, the intensities of the tilting and 

stretching terms keep about constant, at least within 

the whole investigated flow region.  

 conversely, the traces of the tilting and stretching 

terms in the trailing wake show a rapid decay as 

clearly documented by the occurrence of appreciable 

levels of stretching and tilting limitedly only to the 

first spiral.  



 The hub vortex exhibits a significant rate of positive 

radial and axial stretching in the first half of the 

measurement plane and a much less intensity of 

tilting, limitedly to the azimuthal and radial 

directions. Further downstream, stretching intensity 

reduces to less than 50% and keeps about levelled to 

the local values of vortex tilting . The change of sign 

of the radial component of the tilting term can be 

interpreted as due to the incoming spiraling process to 

which the hub vortex naturally evolves, as already 

documented in Felli et al. (2011). The azimuthal 

component of the local tilting shows a sequence of 

positive and negative peaks which is consistent with    

the mutual coiling of the root vortices forming the 

hub vortex. 

4.1 Propeller wake hydroacoustics: estimation of the 

quadrupole term 

The present section documents the application of 

TomoPIV data to the prediction of the acoustic 

perturbation associated with the dynamics of the 

propeller wake structures. In this approach, named as 

“indirect approach” (Felli et al., 2014), TomoPIV 

reconstruction of the unsteady flow behavior in the 

propeller region is combined with a proper acoustic 

analogy to return the acoustic field associated with the 

non-linear terms of the Ffowcs‐Williams Hawkings 

(FWH) equation.  

Generally speaking, the key concept at the basis of the 

acoustic analogies consists of a rearrangement of the 

fundamental conservation laws of mass and momentum 

into an inhomogeneous wave equation, in which the left-

 

 

Figure 6. Distribution of the tilting (left  column), stretching (mid column) and total stretching (right column) terms. Axial 

component (first row), azimuthal component (second row), radial component (third row) and magnitude (fourth row). 



 

hand side appears as a linear wave operator and the right-

hand side represents the non-linear fluid motions that are 

interpreted as a source of fluid-dynamically generated 

sound (Lighthill, 1952). The essential assumption of this 

approach is that the production and propagation of 

acoustic waves can be decoupled from the flow. The 

general form of an acoustic analogy can be represented 

as:  

                              Lf = s                                     

where Lf is the wave operator part containing the 

operator L and the field f to be calculated and s 

represents the source term. In the above equation, the 

acoustic source term is non-zero within a compact 

domain in the near-field region. Outside this region, the 

flow is assumed to be at rest and to satisfy the 

homogeneous wave equation for acoustic pressure 

(Figure 7).   

Powell (1964) demonstrated that the sound sources 

within a volume of an incompressible, turbulent flow, as 

in the case of a marine propeller, could be related to the 

vorticity field by means of the Biot-Savart law.  More 

specifically, the formal solution of the inhomogeneous 

wave equation of the Powell acoustic analogy, expressed 

in terms of pressure perturbation in the far field and in 

the absence of any external force acting on the flow 

volume is: 

 

𝑝′(�⃗�, 𝑡) =
−𝜌0𝑥𝑖𝑥𝑗

4𝜋𝑐0
2|𝑥|3

𝜕2

𝜕𝑡2 ∭ 𝑦𝑖(�⃗⃗⃗� × �⃗⃗�)𝑗𝑑𝑦3
𝑉

               (1) 

 

where: 

 x and y are the positions of the observer and the 

source terms, respectively;  

 the volume integral of the Lamb vector within the 

turbulent flow is evaluated at a retarded time τ=t-|x|/c0 

that accounts for the time-lag of the acoustic 

perturbation from x to y. 

 

In Eq. (1), the formulation of the noise source within a 

turbulent, compact region of an unbounded flow field, 

contains a volumetric integral and a second-time 

derivative. This means that the source term is correctly 

evaluated only if three-dimensional time-resolved data 

are available in the source region. This explain the need 

to use time-resolved-volumetric flow data to reconstruct 

the source term in the analogy.  

In the present case, the source term s of eq. (1), 

represented by the second-time derivative of the Lamb 

vector (Figure 8), was determined extending the 

tomographic measure to three instants spaced with 

t=1.4x10-4 sec and corresponding to one and two 

propeller rotation degrees.  

 

Figure 7. Indirect approach: principle of the acoustic 

analogies  

 

 

Figure 8. Phase locked distribution of the Lamb vector 

(top) and of its second time derivative, namely the source 

term in the Powell’s analogy 



It is worth pointing out that the time derivative operator 

is applied at each measurement point and not at the 

integration volume, as should have been in accordance 

with Eq. (1). However, the two approaches are formally 

equivalent as mathematically proven in the contiguous 

method by Powell (2008).  Once known the source 

distribution over the integration volume, the intensity of 

the sound pressure in the far-field is determined applying 

Eq. (1) to a spherical grid as shown in Figure 9.  

 

 

Figure 9. Reconstructed acoustic perturbation from 

Tomographic data and Powell’s analogy. Overall 

acoustic perturbation (bottom-right) and isolated 

contributions from the hub vortex (top-left), from the 

trailing wake (top-left) and from the tip vortices (bottom-

left) 

 

Figure 9 shows an instantaneous distribution of the 

acoustic pressure perturbation over a spherical volume 

with a diameter of 35D (D is the propeller diameter). In 

particular, plots refer to the overall acoustic perturbation 

(bottom-right); the separate contributions of the hub 

vortex (top-left); contribution of the trailing wake (top-

left); and of the tip vortices (bottom-left). 

Acoustic perturbation appears as a quadrupole which 

appears to lie on the propeller plane. The contributions of 

the hub, wake and tip regions to the overall acoustic 

perturbation present different topologies, both in terms of 

pressure levels and directivity patterns. In particular: 

 tip vortex perturbation represents the dominant 

contribution to the radiated noise in the acoustic far 

field. In fact, the intensity of the quadrupole 

associated with the tip vortex perturbation is more 

than one order of magnitude larger than those 

associated with the hub vortex and the trailing wakes.   

 The directivities of the trailing wake and tip vortex 

perturbations are about the same and correspond to 

the directions at ±45° in the transverse plane, at first 

approximation. Conversely, the directivity pattern 

associated with the hub vortex perturbation 

corresponds to the directions at 0° and 90°, in the 

transverse plane. 

 

 
Figure 10. Energy (top) and cumulative energy 

(bottom) distributions across first 1000 modes of 

velocity, vorticity, Lamb vector and second time 

derivative of the Lamb vector 

 

 

4.1 POD analysis 

Proper orthogonal decomposition (Berkooz et al., 1993) 

is a statistical technique to objectively classifying and 



describing turbulent flows in terms of most energetic 

coherent motions that can be used to produce of a low-

order reconstruction of the flow field. When applied to 

velocity fields, such as PIV data or numerical POD 

analysis enables the identification of the coherent 

structures in terms of global eigenmodes. The POD 

principles are briefly introduced here following the 

method of snapshots (Sirovich, 1987). Consider a set of 

data u(x,y,z, tn) that are simultaneously taken at N time 

instants such that the samples are uncorrelated and 

linearly independent. The corresponding fluctuating 

component is defined as:  

𝑢′(𝑥, 𝑦, 𝑧, 𝑡𝑛) = 𝑢(𝑥, 𝑦, 𝑧, 𝑡𝑛) − �̅�(𝑥, 𝑦, 𝑧)          (2) 

where �̅�(𝑥, 𝑦, 𝑧) is the temporal average. The POD 

method extracts orthonormal eigenmodes ψ(x,y,z) and 

orthonormal amplitude coefficients ak(t) such that the 

reconstruction: 

u′(x, y, z, tn) = ∑ ak(t)ψk(x, y, z)∞
k=1                 (3) 

 

is optimal, in the sense that the functions  maximize the 

normalized average projection of  onto u’. The time 

coefficients ak(t) are determined by the projection of the 

flow-fields on the global modes: 

 

 

Figure 11. Topologies of the first 9 POD modes relative to the fluctuating kinetic energy (top left), enstrophy (top right), 

Lamb energy (bottom left) and acoustic source energy (bottom right )  

 



 

ak(t) = [(u′(x, y, z, t), ψk(x, y, z)]               (4) 

 

The snapshot method introduced by Sirovich (1987) is 

less computationally demanding and the above 

maximization problem corresponds to solve a degenerate 

integral equation, in which the solutions are linear 

combinations of the snapshots: 

 

ψk(x, y, z) = ∑ Φn
ku′(x, y, z, tn)   k = 1 … … , NN

n=1    (5) 

 

where Φn
k

 is the nth component of the kth eigenvector. 

The eigenmodes can then be found by solving the 

following eigenvalue problem: 

 

CuΦ = λΦ                                    (6) 

where C is the L2-norm matrix: 

 

Cu =
1

N
(u’(x,y,z), u’(x,y,z))                    (7) 

 

The cumulative sum of the eigenvalues k corresponds to 

the total energy and each eigenmode is associated with 

an energy percentage ek: 

𝑒𝑘 =
𝑘

∑ 𝑖
𝑁
𝑖=1

 

 

POD descriptions of the TomoPIV data are here 

produced choosing different quantities as norm, and 

specifically: 

 the mean square fluctuating velocity which represent 

the kinetic energy of the flow 

 the mean square fluctuating vorticity which represent 

the enstrophy of the flow 

 the mean square fluctuating Lamb vector L = ω × V, 

which is a relevant quantity in aeroacoustics as it 

accounts for the flow state in Powell’s aeroacoustic 

analogy. The above norm will be referred to as mean 

square fluctuating Lamb energy. 

 the mean square fluctuating second time derivative of 

the Lamb vector (d2L/dt2)’, which represents the the 

acoustic source in the Powell’s aeroacoustic analogy. 

The above norm will be referred to as mean square 

fluctuating acoustic source energy 

 

The decomposition of velocity, vorticity, and Lamb 

vector fields is based on a sequence of 1000 uncorrelated 

snapshots and refers only to one phase. The fully 3D 

reconstruction of the POD modes, which requires the 

above analysis to be extended to all the phases, is 

underway and will be documented in a future dedicated 

paper. Scope of the present analysis is just to show the 

added value of high quality volumetric flow data 

compared to standard PIV or SPIV, for the hydroacoustic 

and hydrodynamic analysis of a marine propeller.   

Figure 10 shows that about 90% of the total energy 

associated with velocity, vorticity, Lamb vector and 

second time derivative of Lamb vector is respectively 

captured by the first 22, 26, 20 and 32  modes. Mode 1 

and 2 of the velocity correspond to 12.7% and 5.9% of 

the total kinetic energy, whereas less enstrophy 

corresponds to vorticity mode 1 and 2 (11.1% and 4.6%). 

The Lamb vector is decomposed with a higher efficiency, 

where mode 1 and 2, respectively, capture 21.3% and 

13.2% of the total Lamb energy. Instead, the first pair of 

modes of the second time derivative of the Lamb vector 

decomposition are, respectively, associated with 10.8% 

and 5.6% of the total acoustic source energy. 

The spatial organization of the first 9 dominant POD 

modes of velocity, vorticity, Lamb vector and Lamb 

vector second time derivative are described in Figure 11.  

An overview of the mode topologies associated with 

kinetic energy, enstrophy, Lamb energy and acoustic 

source energy is documented as follows: 

 Kinetic energy. The energy content of the first 9 POD 

modes is mainly associated with the dynamics of the 

hub vortex. The dominant mode refers to a non-

travelling wake associated with a presumably 

pulsatile motion along the radial direction. All the 

other dominant modes describes periodic travelling 

waves of twisting and pulsating nature.   

 Enstrophy. The POD method applied to the vorticity 

fields highlights the dynamical organization of the 

coherent vertical structures of the propeller wake. 

Analogously to the velocity modes enstrophy content 

is mainly localized in the hub vortex region. The first 

two modes are associated with pulsatile waves 

propagating along the radial direction. The higher 

modes (from mode 3 to mode 9) describe travelling 

twisting waves. The topologies of the POD mode 

associated with the tip vortex are more noisy and 

probably requires a larger number of snapshots to be 

better identified.   

 Lamb energy. Unlike observed for the kinetic energy 

and the enstrophy, the Lamb energy relative to the 

first 9 POD modes show a more balanced distribution 

between the hub vortex and the tip vortices. The 

pulsatile nature of the first two modes tends to not 

manifest itself suddenly, as observed for the kinetic 

energy and the enstrophy, but only after 1 radial 

distance downstream of the propeller. A similar 

behavior is also observed in mode 9. The other modes 

seem to be associated with travelling waves with a 

more or less regular periodic pattern. The topology of 

the POD modes relative to the tip vortices is not 

immediate and requires to extend the POD analysis to 

the full 3D volume.       

 Acoustic source energy. The energy content of the 

acoustic sources is mainly localized in 

correspondence of the tip vortices, differently to what 

observed for the kinetic energy and the enstrophy. 

This result is a further confirmation of the dominant 



contribution of the tip vortices in the radiated noise 

from a marine propeller. The contribution of the hub 

vortex is presumably associated with non-travelling 

pulsatile waves which propagate along the radial 

direction. 

 

5 CONCLUSIONS 

 

The present paper documents the first application of 

Tomographic PIV to the hydrodynamic and 

hydroacoustic analysis of an open water propeller wake.  

The experiment was performed in a cavitation tunnel and 

concerned the measurement of the fully 3D velocity field 

over a volume covering the mid-longitudinal region of 

the propeller wake from the trailing edge to about 2 

propeller diameters downstream. Volume thickness was a 

trade-off between the needs to instantaneously resolve 

the complete flow topology and velocity gradients (i.e. 

thicker volume), on the one hand, and to assure a good 

signal to noise ratio of the reconstruction (i.e. narrow 

volume), on the other hand.   

The topological analysis of the propeller wake provided 

an accurate reconstruction of the mechanisms underlying 

the development of the tip and hub vortices. In particular, 

these concern i) the mutual coiling of the root filaments 

forming the hub vortex, which emerges from the analysis 

of the azimuthal component of the tilting term of the 

vorticity transport equation, and ii) a complex 

mechanism of vortex pairing, which involves the tip 

vortex and a secondary weaker vortex which is generated 

at the leading edge of the blade.  

The relation between the flow structures developing in 

the propeller wake and the acoustic production was 

investigated recalling Powell’s analogy on the basis of 

the TomoPIV data acquired at three instants, 

corresponding to one and two propeller rotation degrees. 

In particular, this has involved the topological and POD 

analysis of the second time derivative of the Lamb 

vector, which is associated with the acoustic sources. The 

topology of the acoustic perturbation shows a quadrupole 

pattern with directivity axes at 0° and 90° on the 

propeller plane. Tip vortex perturbation represents the 

dominant contribution to the radiated noise in the 

acoustic far-field. As a matter of fact, the intensity of the 

associated quadrupole term appears more than one order 

of magnitude larger than those relative to the hub vortex 

and the trailing wake perturbations. Furthermore, the 

maximum energy content associated with the dominant 

POD modes relative to the acoustic source energy is 

mainly localized in correspondence of the tip vortices. 

Despite the successful and promising application of 

Tomographic PIV in such a complex flow, its usage still 

remains very challenging due to the constraints 

associated with the extent of the measurement domain, 

the required spatial and temporal resolution of the 

accurate reconstruction of the hydrodynamic and 

hydroacoustic mechanisms related to the wake dynamics 

and the huge amount of data to be managed.  
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DISCUSSION 

 

Question from Luca Savio 

Comparison of Tomographic-PIV with Stereo PIV 

Authors’ Closure 

Tomographic PIV allows the investigation of fully three 

dimensional turbulent and unsteady flows and, thus it is 

best suited for instant-flow-based analyses in which the 

complete topology of unsteady flow structures needs to 

be resolved. This for example applies to the study of the 

propeller wake instability in which tip vortex and trailing 

wake deformation play a significant role in the instability 

inception (Felli et al., 2011). Furthermore, a volumetric 

velocimetry technique is the only usable experimental 

approach for acoustic analysis of propeller wake by 

acoustic analogies.  However, following a general rule in 

the choice of the best suited experimental techniques, it is 

worth underlining that the shortcomings in the use of 

volumetric techniques (e.g. large amount of data, less 

resolution and accuracy, processing time) requires 

always a careful evaluation of pros and cons in 

comparison with other measurements approaches, like 

Stereo-PIV, with reference to the specific problem to be 

investigated. In most of the cases, the use of planar 

techniques, such as Stereo PIV or even 2D-PIV, could 

result a better appropriate approach.   

 

 
Figure 12. (Possible) short wave instability on the cavity 

interface of the vortex 

 

Question from Johan Bosschers 

Thank you for your interesting presentation and 

sharing your impressive results. My question is related to 

the instability as observed in non-cavitating and 

cavitating flow: did you see any similarity between the 

short-wave Widnall instability in non-cavitating flow and 

a (possible) short wave instability on the cavity interface 

of the vortex. 

Authors’ Closure 

Thank you for your kind congrats and your question. The 

phenomenon mentioned in your question is reported in 



Figure 12, for reader’s understanding. The answer to 

your question is not immediate and requires an in-depth 

study that is worth to be considered among the future 

works on the topic of tip vortex instability. The pattern 

observed on the cavity interface shows a short wave 

periodicity similar to that associated to the short-wave 

Widnall instability actually. On the other hand, the 

topology of the pattern at the cavity interface in Figure 

12 and the observations of the short-wave Widnall 

instability in propeller tip vortices (see e.g. Figure VI.23 

in Felli et al, 2011) would seem to exclude this 

hypothesis and to ascribe this pattern to a different 

phenomenon, e.g. tip vortex torsion.     

 


