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Abstract
In the past years, volumetric velocimetry measurements with helium-filled soap bubbles as tracer particles have been intro-
duced in wind tunnel experiments and performed at large-scale, enabling the study of complex body aerodynamics. A limit-
ing factor is identified in the field of wind engineering, where the flow around ships is frequently investigated. Considering 
multiple wind directions, the optical access for illumination and 3D imaging rapidly erodes the measurement regions due to 
shadows and incomplete triangulation. This work formalizes the concepts of volumetric losses and camera redundancy, and 
examines the performance of multi-directional illumination and imaging for monolithic and partitioned modes. The work 
is corroborated by experiments around a representative ship model. The study shows that a redundant system of cameras 
yields the largest measurement volume when partitioned into subsystems. The 3D measurements employing two illumina-
tion directions and seven cameras, yield the time-averaged velocity field around the ship. Regions of flow separation and 
recirculation are revealed, as well as sets of counter-rotating vortices in several stations from the ship bow to the flight–deck. 
The unsteady regime at the flight–deck is examined by proper orthogonal decomposition, indicating that the technique is 
suited for the analysis of large-scale unsteady flow features.

1 Introduction

Stereoscopic particle image velocimetry (PIV) is a wide-
spread technique for the study of complex three-dimensional 
flows in industrial wind tunnels. However, in the recent 
years, developments from planar to volumetric PIV have 
evolved 3D measurements to a level of versatility and up to 
a scale that enables their application in industrial aerody-
namics. In situ calibration and precise realignments (Wie-
neke 2008, 2013) have simplified the setup of 3D imag-
ing systems. The introduction of the Lagrangian particle 
tracking (LPT) with the Shake-the-Box algorithm (Schanz 

et al. 2016) has accelerated the data processing by orders of 
magnitude, compared to the treatment by tomographic PIV 
(Elsinga et al. 2006). A missing part of the extrapolation to 
industrial scale has been contributed with the introduction of 
helium-filled soap bubbles (HFSB) as tracers in wind tunnel 
flows (Scarano et al. 2015), (Caridi 2018) and (Faleiros et al. 
2019), enabling to cover volumetric domains in the order of 
the cubic meter, with the same illumination devices used for 
planar PIV. Examples of direct applications in aeronautics 
have been given in the work of Faleiros (2021) around a 
tilt–rotor aircraft.

Despite the above advancements, a frequently encoun-
tered bottleneck of 3D measurements is the limited spatial 
coverage around complex model geometries, arising from 
restrictions in the optical access.

A measurement volume in 3D particle imaging is 
achieved by ensuring that the entire region of interest is 
illuminated and imaged clearly without obstructions or 
distortions. This issue is not problematic in laboratory set-
tings where simple geometries are studied, or where the 
object is kept out of view (e.g., wakes, jets and boundary 
layers); however, optical obstructions become limiting in 
some large-scale applications. For instance, in the recent 
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3D measurement around a jet aircraft model (Hysa et al. 
2023), the domain of interest, around the thrust-reversers, 
contains several regions of blocked optical access because 
of the complex configuration, whereby either illumination 
is missing or the imaging is obstructed. The problem is fur-
ther exacerbated in the field of wind engineering, where the 
aerodynamic interaction around groups of objects needs to 
be evaluated over a range of wind directions (often around 
360 degrees).

A variety of techniques have been devised to overcome 
optical blockage in PIV. Challenging applications such as 
velocity measurements inside the geometrically complex 
model of a human carotid were carried out by Buchmann 
et al. (2011). Measurements in internal combustion engines 
(Fajardo and Sick 2009) and turbomachinery also pose 
specific problems related to optical access. In multi-phase 
flows, Poelma (2020) succeeded in the measurement of the 
flow across an opaque medium. Successful extensions to 
the standard optical techniques include the refractive index 
matching (Uzol et al. 2002) in liquid flows, the use of fluo-
rescent tracers to reduce laser reflections (Häfeli et al. 2014) 
and optical coherence tomography (Poelma 2020). Despite 
their innovative character, these solutions mostly apply 
to liquid flows, whereas for air flows, alternatives remain 
limited.

In turbomachinery applications, single-view 3D PIV 
and PTV techniques have been based on plenoptic imag-
ing (Fahringer et al. 2015). This technique operates with 
minimal optical access, at the expense of optical aperture 
and, in turn, the precision of particle depth positioning. This 
highlights the importance of multi-directional imaging as 
twofold: domain imaging coverage and accurate particle 
positioning by large-aperture systems. Attempts to improve 
the latter with a mirror system (multiple eye PIV) have been 
proposed by Maekawa & Sakakibara (2018), but its extrapo-
lation to large-scale measurements has not been yet devised.

Other approaches which could effectively extend the 
measured volume are based on spatial scanning where the 
measurement volume is covered by non-simultaneous ses-
sions. The work by (Hoyer et al. 2005) presents a 3D scan-
ning PTV approach, albeit at small scale. For large-scale 
application, scanning stereo-PIV has been demonstrated 
around helicopter models by De Gregorio et al. (2012) and 
Raffel et al. (2017), and more recently by Faleiros (2021) 
using HFSB. In all these cases, however, obstructed views 
are omitted, which often limits the measurement domain to 
a fraction of the domain of interest.

The introduction of robotic volumetric PIV (Jux et al. 
2018), based on the concept of coaxial 3D velocimetry (Sch-
neiders et al. 2018), was demonstrated with the measure-
ments around the complex geometry of a full-scale cyclist 
model. Furthermore, its application at the German–Dutch 
WIND TUNNELs (DNW) returned the time-average 

velocity field around a scaled turbo-prop aircraft model 
(Sciacchitano et al. 2018). The robotic manipulation effec-
tively circumvents the optically obstructing elements and 
allows a rapid positioning of the axial velocimeter. Among 
the shortcomings of this technique are the lower accuracy 
along the viewing direction (similar to that of plenoptic sys-
tems), the potential aerodynamic interference of the robotic 
system and the flow field and the increased measurement 
time due to scanning. Furthermore, unsteady fluctuations 
are typically not captured by this approach.

Extending the above optical access techniques to the 
context of wind engineering, to additionally include the 
investigation of the unsteady aerodynamic effects, has not 
been afforded so far. In particular, the study of the unsteady 
flow behavior above the ship–flight–deck presents a chal-
lenge, where the fluctuating wind conditions can adversely 
affect the launch and recovery of aircraft and UAV from the 
flight–deck, particularly rotorcraft (Zan 2005).

The specific aerodynamic investigation of the flow around 
a ship has been covered with a number of studies aiming 
at characterizing the complex and turbulent environment 
caused by the wind–ship interaction. Previous experimen-
tal research on ship aerodynamics and the nature of the 
airwake has made use of typically pointwise measurement 
techniques: multi-hole pressure probes (Miklosovic et al. 
2011); hot-wire anemometry (Healey, 2012) and laser Dop-
pler velocimetry. Qualitative inspection of the flow was 
done with smoke flow visualization (Kulkarni et al. 2005). 
Planar PIV was employed to yield more details about the 
spatial organization of the flow (Rosenfeld et al. 2015; Seth 
et al. 2021), and recently, a dual-plane PIV experiment 
(Zhu et al. 2024) has yielded an increased level of detail in 
the organization of large-scale turbulent structures. A first 
study employing tomographic PTV (Vidales et al. 2016) 
was restricted to the rear deck, where the proper orthogonal 
decomposition method was used to understand the global 
structure of the unsteady velocity fluctuations.

More comprehensive investigations of this problem are 
conducted with CFD techniques, which require extensive 
validation in view of the number of parameters involved 
(ship geometry, wind direction, atmospheric boundary layer 
and coherence of flow fluctuations). Therefore, solutions are 
sought that enable comprehensive measurements for com-
parison and verification.

The present work examines the use of a redundant illumi-
nation and imaging system to extend the spatial coverage of 
3D-LPT measurements to include the study of the unsteady 
aerodynamic effects. For this purpose, two-directional illu-
mination and seven-directional imaging have been deployed 
for the case study of the wind aerodynamics around a repre-
sentative ship model.

The article first introduces the problem of optical block-
age, as the basis of the measurement volume reduction. In 
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the first section, the relevant parameters governing the prob-
lem of illumination and imaging with a redundant system are 
introduced. Furthermore, the possible system configurations 
are presented and discussed in terms of the expected meas-
urement performance. The following section describes the 
experimental apparatus, its configuration and the measure-
ment procedure. The fourth section presents and discusses 
the results in terms of global flow field topology, with a spe-
cific discussion about the behavior at the flight–deck where 
most literature is focused.

2  Three‑dimensional imaging 
and volumetric illumination

This section introduces the definitions and operations nec-
essary to study the problem of optical blockage for LPT 
measurements. The geometry used for this assessment is 
the same as that of the model that was tested in the wind 
tunnel, and it is shown in Fig. 1. Although the concepts are 
illustrated using the specific example of the ship geometry at 
several angles, the analysis reported below, in particular the 
equations that describe the volume losses remain of general 
validity, and it can be applied to a variety of experiments 
where a redundant illumination and imaging system is used 
around a complex geometry.

The following variables are defined:  Si denotes the 
shadow volume resulting from the ith illumination source, 
and Vtot,S denotes the total shadow region, resulting from 
a combination of different illuminations. For the imaging, 
Ci denotes the occlusion region (volume) where the opti-
cal access of camera i is blocked, with Vtot,C being the total 

occluded region. The tomographic aperture between sets of 
cameras i and j is measured by �i,j . Measurements are per-
formed around the domain of interest (DOI). If a fraction of 
the domain is not measured, that is considered an imaging 
loss and is represented by the variable Vloss.

In order to quantify the losses in a systematic way, simple 
elements of set theory are used. These are presented sche-
matically in Fig. 2. The largest set is the DOI, plotted here as 
the outlining rectangle. Inside the DOI, subsets are denoted 
as circles, named here A and B. These subsets that represent 
the losses regions can be combined using the operations of 
intersection-∩-or union-∪-, depending on the logics of the 
case.

In general, minimizing the intersection between two sets 
translates to minimizing the number of common elements 
between them. For the union, the opposite is true, minimiz-
ing the union is achieved by maximizing the number of com-
mon elements between the sets.

2.1  Constrained illumination

The problem of optical blockage due to shadow forming 
is simple in principle, by treating shadows with ray trac-
ing of geometrical optics, under the assumption of paral-
lel illumination. However, the problem complexity arises 
when a multitude of illumination directions are considered in 
three-dimensional space, where the illuminated object also 
undergoes rotation. Redundant illumination is an effective 
approach to reduce the measurement volume erosion: A 
region in shadowed from a given direction can be illumi-
nated from a second or a third one. On Fig. 3-top, the shad-
ows around the model are shown for the case of a single illu-
mination, along with the DOI (green rectangle) in the first 
condition. The rotation of the model is denoted by the yaw 
angle � , and the elevation of the illumination source with 
respect to the center of the DOI is denoted by the elevation 
angle � . Shadows are formed at different locations for every 
orientation of the object. A measurement point is considered 
valid when data are obtained at all angular positions. The 
consequence of the latter for the single illumination direc-
tion is that almost no point in the domain is imaged at all 
the rotation steps. The second row illustrates the improved 
situation by adding a second, orthogonal, illumination direc-
tion. The overall losses drop from 75% (additive) with one 
illumination direction, to 41% with a second illumination.Fig. 1  Schematic geometry (at scale) of the ship model along with 

main dimensions and part nomenclature

Fig. 2  Schematic of the ele-
ments of set theory used in the 
volume losses quantification
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Considering a system illuminated from M directions, the 
expression of the volumetric losses due to shadows reads 
as follows:

based on the fact that a region in shadow from a given direc-
tion can be illuminated from an Mth direction, the total shad-
owed region is gradually eliminated with the addition of 
illumination directions.

Figure 3 illustrates the limiting case of the illuminators 
being at 0° elevation angle. When the elevation angle is 
increased, the shadowed volume decreases, as this particu-
lar model has a convex geometry. The results from the ray 
tracing analysis around this model at three different elevation 
angles are summarized in Table 1. Adding a second illumi-
nation direction and increasing the elevation angle from 0 
to 60° result in a rapid decrease in the overall volume losses 
from 75 to 27% of the DOI.

(1)Vtot,S = S1 ∩ S2 ∩… ∩ SM

2.2  Imaging in the presence of obstructions

In the present section, the concept of optical access to a 
complex object from several directions is discussed with 
the purpose of explaining different approaches and options 
to imaging. As discussed in the literature, systems for 3D 
particle tracking typically comprise 3–4 cameras, which sub-
tend a solid angle such to accurately triangulate the position 
of the illuminated particle tracers in physical space. In the 
present discussion, the algorithm Shake-the-Box (STB), 
used for LPT, is considered as a baseline for the analysis 
of the images set (Schanz et al. 2016). Although a number 
of methods and variants of particle tracking exist and have 
been proposed in the literature (most notably, Maas et al. 
1993, among others), STB is a prominent technique, which 
has been rapidly adopted in the experimental fluid mechan-
ics community (Schröder and Schanz 2023). The use of 
3–4 cameras is typically reported as sufficient to accurately 
describe particle distributions resulting in an image seeding 
density in the order of  10–2 to  10–1 particles per pixel (ppp). 
The losses that would result from a standard three camera 
volumetric system are illustrated in Fig. 4, for three rotation 
angles that correspond to those considered for the illumina-
tion in the previous section, as well as the total. For the sake 
of clarity, only a plane at the ship mid-height is plotted, 
under the simplification of parallel imaging.

Flow measurements can only be performed within regions 
in view by all the cameras; hence, the total losses due to 
optical blockage are in fact equal to the combination, i.e., 
union of all the individual camera losses (as opposed to the 
intersection in the case of illumination) expressed in Eq. (2).

Since the losses are combined, a minimal geometrical 
loss scenario is achieved when the individual losses inter-
sect maximally, i.e., when the cameras are placed as close 

(2)Vtot,C = C1 ∪ C2 ∪ C3

Fig. 3  Top view of the shadows 
(in red) resulting from single 
(top) and double (bottom) illu-
mination directions. The model 
is rotated counter-clockwise in 
steps of � = 45° (from left to 
right) as to represent different 
wind conditions. Last image on 
the right illustrates the cumula-
tive effect over 360° rotation at 
illumination elevation α = 0°

Table 1  Summary of volume 
losses for a full rotation of the 
model, with varying number 
of illumination directions and 
elevation angle

Illumination eleva-
tion angle (α)

V
tot,S

(%)

0° Yaw angle ( �) #1 #2
0° 9 0.2s
45° 16 2
90° 14 0.2
(0:45:360)° 75 41

30° 0° 2 0.2
45° 11 1
90° 10 0.2
(0:45:360)° 48 35

60° 0° 1 0.2
45° 6 0.5
90° 6 0.2
(0:45:360)° 33 27
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to each other as possible, coaxial imaging (�i,j → 0) . How-
ever, this is detrimental for the reconstruction accuracy 
(Scarano 2013).

In all tomographic imaging systems where the total 
number of cameras is equal to the number of cameras 
needed for reconstruction, there is a conflict between mini-
mizing losses and maximizing reconstruction accuracy, as 
�i,j increases → Vloss increases.

The total measurement volume that is not accessible 
to measurements is a result of either a shadow from the 
illumination or the cameras’ blocked line of sight and can 
be defined as follows:

An overview of the total losses for a system compris-
ing three cameras and a single illuminator is given in 
Table 2. It should be remarked that these values are prob-
lem dependent, and as such, they only give an impression 
of the typical losses, rather than to provide exact figures. 
The actual value of the volume loss is strongly dependent 
on parameters such as object shape and connectivity, cam-
eras and laser positioning. Additionally, the same situation 
that was presented previously for the elevation angle of 
the illumination is valid here for the cameras. It is clear 
that in the present case, the losses for the full rotation of 
the model completely hamper the measurements, while at 
each position, they may still be considered as acceptable. 
This motivates the analysis of redundant imaging systems, 
where more imaging directions are necessary in order to 
extend the measured volume, which is presented in the 
following section.

(3)Vloss = DOI ∩
(

Vtot,S ∪ Vtot,C

)

2.2.1  Redundant imaging

In the present context, a 3D particle imaging system is 
denoted as redundant when the number of cameras (viz. 
views) largely exceeds the above minimum of three.

A redundant system can be operated in two different 
modes, depending on the logics imposed for the detection 
of a particle. In the monolithic mode, a particle tracer is 
detected if its image is found on each image of the set. Con-
versely, a partitioned system splits the camera set into inde-
pendent subsets. Each subset operates separately to detect 
particle images. A consequence of the monolithic approach 
is that when a tracer is not in view from one of the cam-
eras (e.g., if the view is blocked by the presence of a solid 
object), the particle is not detected. The same rule applies to 
a partitioned system, but to each subset separately.

A monolithic system, therefore, can potentially recon-
struct particle fields at high concentration with minimal 
occurrence of ghost particles (Elsinga et al. 2011). However, 
for such system, particle detection may be hampered by the 
weakest link, i.e., the particle detection may fail based on a 
single view being obstructed by the object.

Conversely, the partitioned system is more prone to the 
occurrence of ghost particles. The main advantage of such 
system is that a particle not in view by one of the cameras in 
a given subset may be in view from all the other cameras of 
another subset. In this respect, the system is more resilient 
to optical obstructions.

The above concepts are depicted schematically in Fig. 5, 
where the situation is exemplified with three particles in the 
surrounding of the model. Particle A is in view of 5 cameras, 
particle B in view of 4, and particle C in view of 3. What 
regions of the domain, and which particles will be detected, 
depends on how the system is operated, more specifically 
on how many cameras are requested for the reconstruction.

The result of a monolithic system where all cameras are 
required is that none of the points will be detected. The 
reconstructed regions for different numbers of activated 
cameras are plotted in Fig. 5 in green, for the same plane 
as in Fig. 4.

An expression can be derived that describes Vloss,I for a 
monolithic system, and it is presented below. The expression 
is given for a system comprising N cameras.

Table 2  Losses for a three camera, one illumination 3D-LPT system

Model yaw angle (°) Vtot,C(%) Vtot,S(%) Vloss(%)

0 21 9 23
45 24 16 32
90 41 14 51
(0:45:360) 100 75 100

Fig. 4  Three-dimensional 
imaging around the ship model 
at rotation of 0, 45, 90° and 
full rotation additive (left to 
right) plotted on a plane at the 
mid-deck height. The different 
colors represent the number 
of cameras with clear optical 
access at any given region
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The same quantity for a system partitioned into subset 
of three cameras reads as follows:

The number of camera subsystems available for recon-
struction is the number of combinations of Nmin, the mini-
mum number of cameras required to reconstructed 3D 
positions, out of N, the total number of cameras available 
and reads as follows:

The losses associated to each operating mode are sum-
marized in Fig. 6 and expanded for the consideration of 
the cameras’ elevation angles 0, 30 and 60° (in accordance 
with the results shown for the illumination). It can be clearly 
seen that requiring fewer cameras for particle triangulation, 
greatly increases the number of camera subsystems avail-
able from 1 when all 6 cameras are required, to 20 when a 
minimum of 3 is required. This results in a dramatic gain 
of approx. 60% of the DOI. It should be retained in mind, 
however, that the reducing the number of cameras of a subset 
will make the system prone to generating ghost particles.

Finally, as the elevation angle is increased, the losses 
decrease, as expected from the analogous results from the 
illumination.

(4)Vloss,C = C1 ∪ C2 ∪ … ∪ CN

(5)
Vloss,C = (C1 ∪ C2 ∪ C3) ∩ (C1 ∪ C3 ∪ C4) ∩ ... ∩ (C4 ∪ C5 ∪ C6)

(6)Nsub =
N!

Nmin!
(

N − Nmin

)

!

One result of Eq. (5) is that when redundant cameras are 
available, and the system is operated in a partitioned mode, 
a larger overall measurement region can be achieved by plac-
ing the cameras such that their occluded regions intersect 
minimally. This corresponds to the condition whereby the 
cameras’ placement maximizes �i,j for every subset. As a 
result, the system does not suffer from the conflict of  Vloss 
and � described for monolithic LPT systems. Furthermore, 
this condition offers increased freedom in the placement of 
the cameras and potential to optimize the imaging system 
for both minimal losses and optimal reconstruction quality.

Based on Eqs. 1–6, a loss parameter is defined to quantify 
the performance in terms of volumetric coverage, of a multi-
directional system.

A criterion based on the condition that the volumetric 
measurement loss does not exceed 5% of the domain of 
interest is introduced, namely:

Although arbitrary, this value suggests that multi-direc-
tional redundant camera systems should be designed to meet 
this criterion, when the losses due to optical obstruction are 
to be neglected.

In Fig. 6, the losses associated to the partitioned mode 
of operation of the redundant camera systems can be con-
tained to 0.3% of the DOI, in contrast with those resulting 
from a single system comprising three cameras, as shown in 
Table 2. Even considering only the case of a single position 
(at 0 degrees yaw), which will be the subject of the follow-
ing sections, the redundant imaging reduces the amount of 
volume losses dramatically, from the initial value of 20%. 
This allows to satisfy the loss criterion and highlights the 
necessity for multi-directional imaging. The concepts given 

(7)Vloss = DOI ∩
(

Vtot,S ∪ Vtot,C

)

< 5% DOI

Fig. 5  Losses (in red) resulting from a redundant camera system 
depending on the mode it is operated. Bottom row: (Left) Monolithic 
system, all six cameras are required for the reconstruction, (Middle) 
partitioned system with groups of 5 and (Right) partitioned system 
with groups of 4

Fig. 6  Plot of the imaging losses and number of available camera 
subsystems resulting from different operating modes of the redundant 
camera system
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above are put into practice and illustrated with an experi-
mental realization of a multi-directional redundant 3D-LPT 
measurement.

3  Experiments around a ship model

3.1  Experimental apparatus

Experiments were performed in the aero-acoustic wind tun-
nel AWT of the Netherlands Aerospace Center (NLR). The 
AWT is a closed section wind tunnel with 80 × 60  cm2 cross-
section, operated at a free-stream velocity of 10 m/s. AWT 
is configured as an open jet for the present experiment, to 
maximize optical access. The ship model was a simplified 
frigate type of 1:60 scale (Van Muijden et al. 2013) mounted 
on a flat plate, reproducing the see surface. The model was 
installed upside down to simplify the placement of the 
cameras and illumination from the ground. The Reynolds 
number (ReH = 60,000) is based on the height of the ship 
superstructure (HB = 8 cm). A typical full scale Reynolds 
number is in the order of  108. Although in general, Reynolds 
equality is required for the wind tunnel scaling, bluff bodies 
with sharp angular features such as the superstructure of the 
ship exhibit only a weak dependence with Reynolds as long 
as the separated region remains in the turbulent regime. For 
reference, a minimum Re of 11 ×  103 is proposed by Healey 
(1992) and widely accepted for ship airwake modeling. Wall 
et al. (2022) have also argued that increasing Re above this 
value the flow behavior is invariant over a wide range of 
Reynolds numbers. Therefore, it is argued that the effects 
are representative of the full scale.

Neutrally buoyant HFSB with 0.45 mm mean diameter 
were employed as flow tracers. An in-house developed seed-
ing rake comprising 56 generators is installed in the set-
tling chamber of the AWT. The pitch between generators 
is 15 cm in either direction. The system delivers approx. 
1.4 ×  106 tracers per second. The seeding generator unit was 
controlled through an in-house built fluid supply unit. At a 
free-stream velocity of 10 m/s, the seeding concentration of 
the undisturbed flow is estimated as approx. 1.1 tracers/cm3, 
(varying from 1 to 2 tracers/cm3 across the measurement 
domain) resulting in a particle per pixel value of approx. 
0.01.

The particles were illuminated with a Quantel Ever-
green Nd:YAG (2 × 300 mJ/pulse, λ = 532 nm). Bi-direc-
tional illumination was achieved by sending the laser beam 
through a beam splitter, which greatly reduces the regions 
of total shadow in the domain of interest. The two split 
beams were then expanded with f = −100  mm spheri-
cal lenses and diffused through diffuser grids to achieve 
a more homogeneous illumination intensity. This setup 

resulted in the illumination of the domain from two direc-
tions as depicted with green arrows in Fig. 7.

Fig. 7  Sketch of the 3D-LPT setup (distances not to scale)
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3.1.1  Imaging and recording

The 3D imaging system comprised seven LaVision Imager 
LX CCD cameras (1620 × 1220 pixels, 4.4 μm pixel pitch, 10 
bits), equipped with f = 35 mm objectives, set at a numerical 
aperture f# = 8. The latter yielded sufficient depth of field 
to obtain sharp particle images along a depth of 40 cm. 
To achieve a compromise between the field of view (FoV) 
and spatial resolution, given the dimensions of the model 
(120 cm length to 40 cm width), the domain was analyzed 
in three separate sections, covered by translating the model 
and separated by 50 cm. This was achieved without re-
arrangement of illumination and imaging systems. A sche-
matic view of the cameras’ positions and viewing directions 
is shown in Fig. 7.

The largest tomographic angle in the setup is 85°, and the 
smallest in a subsystem is 40°. The elevation of the cameras 
under these imaging conditions is approx. 45°. At the chosen 
free-stream velocity, a time separation of ∆t = 350 μs yields a 
maximum particle image displacement of approx. 10 pixels. 
Measurements sequences are acquired at a rate of 7.55 Hz, 
with 230 recordings for each segment. Table 3 summarizes 
the measurement parameters.

System calibration is crucial for the accurate recon-
struction of particle positions. Several advancements have 
been recent proposed in the field of calibration from mul-
tiple cameras for large-scale experiments. One such study 
is that by Muller et al. (2020), where calibration was done 
using a freely moving calibration target. However, in the 
present study, to minimize the complexity of the setup, the 
imaging system calibration yielding the world-to-image 
mapping function was performed with a standard PIV cali-
bration plate, translated along the depth, prior to model 
installation. The geometric calibration was followed by 
a correction procedure (volume self-calibration, Wieneke 
2008) reducing residual reprojection errors to a fraction 
of a pixel. Synchronization of illumination and image 
acquisition and data recording and display were achieved 

with a LaVision programmable timing unit (PTU-X) and 
controlled with DaVis 8 software.

3.1.2  Particle reconstruction

Data processing was done in DaVis 10, using the Shake-
The-Box (STB) algorithm (Schanz et al. 2016) adapted 
for double-frame recordings, in a research version of 
the software. Within STB, specific modifications for the 
processing of data acquired with a system of redundant 
cameras are only necessary in the iterative particle recon-
struction part (IPR) procedure (Wieneke 2013; Jahn et al. 
2021), where the algorithm needs to be adapted to allow 
for sub-groups of cameras to contribute to the reconstruc-
tion. Within IPR, particles were added in four iterations 
(of the outer and inner loops of the algorithm), within an 
allowed triangulation error of 0.5 px. A minimum of three 
cameras was specified as a lower limit for particle recon-
struction. The number of detected tracks (paired particles) 
obtained from the monolithic approach is approximately 
20% that returned by the partitioned method (approx. 
15,000), as shown in Fig. 8. The ratio of 20% for the 
monolithic approach is consistent with the analysis per-
formed in Sect. 2. For completeness, the results from some 
subsystems of three or four cameras are shown. Clearly, 
the choice of the observation direction largely impacts the 
volume losses and, in turn, the amount of detected tracks. 
A minimum of only 700 tracks  are tracked with the sub-
systems 2–5–7, due to the limited field of view of camera 
7 (placed directly above the model). In general, systems 
of three or four cameras yield 1000–3000 tracks, which 
is a visibly smaller amount compared with the redundant, 
partitioned imaging system.

Table 3  Volumetric measurement parameters

Parameter Value

Laser pulse separation (double-pulse) [μs] 350
Recording frequency [Hz] 7.55
Sensor size [pixels] 1620 × 1220
Image sensor pixel pitch [μm] 4.4
Magnification 0.0126
Objective focal length [mm] 35
Numerical aperture f# 8
Measurement domain 0.6 × 0.5 × 0.4  m3

Nr. of recordings 230 Fig. 8  Number of particles tracked with different approaches/camera 
sub-groups
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3.1.3  Velocity evaluation

The instantaneous velocity of each particle tracer is evalu-
ated at the midpoint of the particle pair, at scattered loca-
tions. The time-average velocity is brought into a Cartesian 
grid by ensemble averaging the velocity of particle tracers 
belonging over cubic cells of 2 × 2 × 2  cm3. Given the spatial 
concentration and the number of recordings, each bin col-
lects approximately 2500–5000 samples. Furthermore, the 
velocity vectors are spaced by 0.5 cm as a result of 75% over-
lap among neighboring bins. Each separate measurement 
domain encompasses 60 × 50 × 40  cm3, and the velocity field 
is described with a grid of 158 × 131 × 105 nodes. The com-
posite measurement covers a domain of 130 × 50 × 40  cm3 
with 260 × 151 × 80 nodes. At the edges of the DOI, the con-
centration of detected tracers decays and with it the number 
of samples comprised in a single bin. The validity criterion 
for a velocity vector from a given bin is set to a minimum of 
50 samples. Model translation resulted in small non-over-
lapping regions, visible as data gaps in the velocity fields 
presented in Sect. 4.1. This is due to the pyramidal shape of 
the FoV from each camera, unlike the assumption of parallel 
viewing rays taken for simplicity in the imaging analysis.

The main sources of velocity uncertainty estimation are 
identified as system calibration, particle triangulation and 
detection uncertainties, signal-to-noise (SNR) ratio of the 
particle images and errors in particle matching and tracking.

Regarding the calibration and particle detection uncer-
tainties, after performing volume self-calibration (Wieneke 
2008) on the particle images, the geometric calibration in 
this measurement was corrected to below 0.05 pixel accu-
racy. Additionally, given the relatively low ppp value of 0.01 
and the tomographic aperture of most camera subsystems 
exceeding 45°, the ambiguities in particle detection and tri-
angulation are minimal with the IPR algorithm (Scarano 
2013; Wieneke 2013). The SNR of the pre-processed images 
is approx. 500, averaged across the domain, with the illu-
mination intensity being approximately constant across the 
domain, spatially and temporally, and with minimal reflec-
tions due to the matte black painted model. Errors in match-
ing and tracking are known to be higher for double-pulse 
measurements as compared to multi-pulse or time-resolved 
measurements where particles can be followed over sev-
eral frames. A convergence analysis on the time-averaged 
results (omitted here for the sake of brevity) shows that the 
value of the mean velocity (for each component) converges 
within 2% (1%) of the free-stream value including 60 (180) 
measurements.

The maximum measured velocity is ~ 11 m/s. For the 
minimum resolvable velocity, an estimation of the local 
velocity uncertainty is determined by amplitude of velocity 
fluctuations u’ divided by the square root of amount of par-
ticles Np in a bin. The latter estimator is averaged across the 

measurement domain, yielding a value of approx. 0.05 m/s, 
which corresponds to approx. 0.5% of the maximum meas-
ured velocity. A further discussion on the variation of the 
velocity fluctuations across the domain, particularly over the 
ship–flight–deck, is provided in Sect. 4.2.

The flow topology is illustrated displaying the time-
averaged velocity field (velocity component iso-surfaces 
and cross-sections). Furthermore, when relevant, vorticity 
and Q-criterion are employed to describe the topology of 
vortices. The data are overlaid onto the CAD geometry of 
the ship model.

4  Results

4.1  Time‑averaged flow topology

The airwake over the ship front side exhibits flow struc-
tures characteristic of flows over delta wings (bow segment), 
forward facing step (FFS) in the superstructure (Graziani 
et al. 2018; Largeau & Moriniere 2006; Barbosa-Saldaña 
& Anand 2007), surface-mounted prisms (the funnel) 
(Schröder et al. 2020; Sousa 2002) and backward facing step 
(BFS) at the rear deck (Chun & Sung 1998; Scarano et al. 
1999; Spazzini et al. 2001; Piirto et al. 2003; Sung et al. 
2004; Chovet et al. 2017). Many of the mentioned studies 
pertain to a Reynolds number in the order of  103 and on a 
simplified 2D FFS or BFS geometry; nevertheless, some 
topological similarities are discussed.

Figure 9 shows a top and side view of the combined meas-
urements over the entire ship, where time-averaged stream-
wise velocity contours are plotted in two planes: immedi-
ately above the superstructure (z = 0.145 m) and along the 
symmetry line (y = 0). Flow separation and recirculation is 

Fig. 9  Time-averaged streamwise velocity contours on a horizontal 
plane at z = 0.145 m (top) and on the symmetry plane y = 0 (bottom) 
along with iso-surfaces of zero streamwise velocity. Dashed lines 
added around the recirculation regions, partially padding the data 
gaps
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observed in five regions as reported in Fig. 9:  R1 denotes the 
recirculation due to the FFS imposed by the superstructure; 
given the sharp edge of the latter, the flow separates again 
when surpassing the front edge of the superstructure, result-
ing in  R2.

The flow separation in front of the prismatic funnel is not 
captured in the present experiments, likely due to the small 
size of its cross-section and the limited spatial resolution. 
Instead, the separated wake past it is clearly visible as  R3. 
Finally, the BFS imposed by the lower flight–deck produces 
a relatively large, separated region  R4 that will be scrutinized 
further with details of the fluctuating flow field. A last region 
of separation is observed trailing the fight–deck due to the 
downstream sharp edge of the deck. For better visibility, 
these recirculation regions are encompassed by the zero 
streamwise velocity iso-surfaces in the plot.

For the flow over the FFS, compared to studies of FFS 
flow in a 2D configuration, the three-dimensional effects 
(aspect ratio of the step W/Hf = 2.8) cause a pronounced dif-
ference. First, the finite span of the structure allows the flow 
to escape from the sides, which mitigates the strength of the 
adverse pressure gradient and delays the position of separa-
tion. The extent of the recirculation bubble at the foot is 0.8 
 Hf (as defined in Fig. 1). Atop the superstructure front edge 
flow separates as the result of the sharp-edged structure. 
The reverse flow region extends downstream for a distance 
2.8  Hf.

Further flow separation is encountered downstream over 
the funnel and above the flight–deck hangar, where the sepa-
rated flow develops into 3D shear layers which enclose the 
regions of flow recirculation  R3 and  R4. From the velocity 
contours in the z-plane, it can be seen that the presence of 
the funnel creates a velocity deficit that extend downstream 
over the deck region.

The flow past the hangar over the flight–deck can be 
compared to 2D BFS along the model plane of symmetry; 
however, the 3D spanwise effects (AR = 2.5) are signifi-
cant. The separated shear layer curves downward toward 
the reattachment zone and impinges on the deck wall. The 
distance from the vertical step wall to the impinging point 
is known as the reattachment length. Eaton and Johnston 
(1981) have reported that depending upon the upstream 
conditions, such as boundary layer state and thickness, 
free-stream turbulence, 2D BFS flows exhibit a reattach-
ment length varying from four to eight step heights. In the 
present experiment, the turbulent incoming boundary layer 
combined with the aspect ratio of the geometry profoundly 
alters the dynamics of the flow yielding a relatively short 
separation, observed at approximately 2.5HB and with the 
reattachment line featuring a straight segment in the mid-
dle plane and tapered toward the side edges. This behavior 
is consistent with the separation length and behavior past 
obstacles and prisms of limited span (Sung et al. 2004). 

The turbulent high-momentum flow at the sides of the sep-
aration entrains low-momentum fluid and such process jus-
tifies the quasi-linear tapered shape of the BFS separation 
region. The recirculation behind the step, which features 
low static pressure, is enclosed by the separated free shear 
layer, and this low-pressure region causes an inboard bend-
ing of the streamlines toward the mid-plane of symmetry 
of the deck. The recirculation zones are noted to be fairly 
symmetric in the time-averaged sense.

Further the streamwise vorticity distribution (Fig. 10) 
indicates the salient aspects of coherent vortices develop-
ing along the ship. Two counter-rotating vortices are 
formed along the edges over the bow, which induce a local 
separation and a pronounced downwash at the symmetry 
plane. This vortex system is more evident by iso-surfaces 
of streamwise vorticity plane in region a of Fig. 10. The 
vorticity is normalized with the free-stream velocity and 
the flight–deck step length, �∗

x
= �x

/

UHB
 . The presence of 

this vortex system has been previously hypothesized by 
Tinney & Ukeiley (2009), interpreting the surface pattern 
of oil flow. Based on these traces along the outer edges of 
the bow segment of the ship, they concluded that it cor-
respondeds to the formation and development of wing 
vortices, which is confirmed by this measurement.

Flow separation and reattachment introduce a high 
level of turbulent fluctuations upstream of the funnel and 
deck. The flow development around this structure exhibits 
some of the typical features reported for surface-mounted 
prisms, such as horseshoe vortex, tip separation and arc 
vortex at the back, (Schröder et al. 2020), which have been 
schematically sketched and plotted in Fig. 11.

The flow around the funnel results in a horseshoe vor-
tex extending over the top of the superstructure and well 
downstream over the deck. Additionally, in the regions 
where separation over the side edges of the step is 
expected (section d, from Fig. 10), the formation of edge 
vortices is observed, as also clarified in Fig. 11, due to the 
spanwise entrainment of fluid from below the surface of 
the step. These findings regarding the flow topology are in 
agreement with the deduced flow topology in the works of 
Tinney & Ukeiley (2009) and Vidales (2016).

Supplementary digital material is provided in form 
animations to aid the detailed visualization of the flow 
structure.

4.2  Unsteady behavior on the flight–deck

The time-averaged flow fields described in the previous 
section result from a complex instantaneous interaction 
between different flow structures. In order to character-
ize the velocity fluctuations on the deck, velocity and 
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velocity standard deviation profiles have been extracted 
at the mid-hangar height z = H/2 and mid deck length 
x = L/2, for each component, and are plotted in Fig. 12.

The streamwise velocity component features a symmet-
rical distribution, with its standard deviation exhibiting 
a central plateau edged with two mild peaks of approxi-
mately 20% intensity, when referred to the free-stream 
velocity.

Fluctuations in the order of 15% are observed for the 
vertical and lateral components, which suggests large-
scale unsteady behavior of the separated wake.

4.2.1  Modal analysis of unsteady behavior at the rear deck

Further analysis of the wake flow topology is conducted 
with proper orthogonal decomposition (POD), using the 
method of snapshots (Sirovich 1987). POD is a mathemati-
cal technique to extract the most energetic features of non-
homogeneous turbulent flows (Taira et al. 2017). The spatial 
modes are ranked based on their kinetic energy (KE) lev-
els. The first three modes are the most energetic, collecting 
approximately 30% of the total energy (Fig. 13). The energy 
distribution rapidly flattens at the 4th mode, with the first 15 

Fig. 10  Normalized streamwise vorticity iso-surfaces (top) and vertical planes of vorticity contours at specified stations (bottom)

Fig. 11  (Left) Schematic 
of the main flow structures 
expected from the literature 
studies. (Right) Iso-surfaces 
of w* = −0.25 and 0.25 and 
Q-criterion = 0.02 s.−2
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modes comprising 50% of the total energy. The latter indi-
cates the chaotic nature of the turbulent fluctuations in the 
separated region, with a broad range of scales contributing 
to the dynamics of the flow. Here, a short analysis is given 
for the most energetic modes.

The spatial organization of the first three modes is 
shown in Fig. 14, by means of streamwise velocity contours 
selected at the mid-height plane of the flight deck. The first 
two modes have a similar spatial structure, exhibiting alter-
nating streamwise velocity deficit on the port and starboard 
sides of the flight deck. The two modes show anti-symmetry 
along the mid-plane y = 0, with one mode more focused on 
the port side and the other on the starboard side. If consid-
ered as a pair, they can capture lateral oscillations of the 
separated wake flow. Their mirror symmetry suggests that 
the modes are needed in combination to represent a flow 
behavior which is inherently symmetric (the geometry is 
symmetric around the mid-plane and the measurement is 
done at headwind condition); however, their unequal energy 
distribution suggests that the flow might be biased toward 
one side. The two effects combined could be interpreted as 
evidence that the flow is more aligned with one mode during 
certain periods and switch during others, while maintaining 
an overall symmetry in the time-averaged sense. This obser-
vation is in line with the previous studies on ship airwakes, 
that attribute the most energetic flow features to similarly 
fluctuating, organized flow motion that is bi-stable over the 
flight–deck.

This is reported in the works of (Herry et al. 2011; Vid-
ales et al. 2016; Mallat and Pastur 2023; Zhu et al. 2024), 
among others. In order to investigate the possibility of flow 
bi-stability, the time coefficients of the first two modes were 
examined, as plotted in Fig. 15.

Fig. 12  Component-wise velocities and standard error on a horizontal 
plane in the mid-deck: z =  HB/2, x = L/2

Fig. 13  Energy distribution in the first 20 POD modes

Fig. 14  Streamwise velocity component of the first three POD modes, 
on the mid-plane of the flight–deck, z =  HB/2

Fig. 15  Raw and filtered (bold lines) time coefficients of Modes 1 and 
2
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Bi-stability in this context means that the recirculation 
region may enter a relatively stable state at either port and 
starboard side of the flight–deck and only switch position 
after a long time. In order to define a sufficiently long time 
period that would suggest stability, a transit time scale is 
taken to be that taken by a fluid particle to travel across 
the complete model. In the present experiment, such time is 
approximately 120 ms. During the observation time of 30 s, 
at least two cycles of fluctuations are captured, each lasting 
approximately 15 s. The latter is approximately two orders 
of magnitude longer than the transit time, supporting the 
hypothesis of bi-stability of the wake.

Finally, the third mode is associated with a streamwise 
elongation and contraction of the wake: When the wake 
elongates in the streamwise direction, it contracts in the lat-
eral direction, thus becoming narrower. Such mode structure 
represents a dynamic behavior typically reported in 2D BFS 
studies, as shear layer flapping (Driver et al. 1987).

The present modal analysis is performed on 3D data. 
However, attention is placed here on the comparison 
between 3D data decomposition and 2D. Most of the litera-
ture has focused onto the vertical plane of symmetry of the 
deck y = 0. Figure 16 illustrates the velocity distribution for 
Mode 1 as obtained from the 2D (left) and 3D (right) analy-
sis. Here, some marked differences are observed in terms 
of flow topology. Despite these differences, the 2D results 
compare favorably with the planar PIV experiment by Seth 
et al. (2021), and what was found by Tinney et al. (2020) in 
their numerical study.

The first and most energetic mode of the 2D POD analysis 
shows a streamwise velocity deficit around the reattachment 
region, and a velocity increases in the first half of the deck, 
on top of the hangar. This mode describes a dynamic behav-
ior whereby the recirculation region elongates in the stream-
wise direction and contracts vertically, similar to what is 
observed in Mode 3 of the 3D decomposition. Additionally 
from the energy distribution plotted on the right of Fig. 16, 
it can be seen that in the 2D case, the energy captured in the 
first mode is approx. 30%, which corresponds to the sum of 

the first three modes of the 3D decomposition. Therefore, 
it can be concluded that the 2D POD analysis can mislead 
the interpretation of the large-scale flow dynamics, in that 
the presence of the wake’s lateral fluctuation (which are the 
dominant dynamic in 3D) is projected across the measure-
ment plane, but not captured in the lateral motions.

The 3D analysis shows that in fact the wake dynam-
ics are characterized by a lateral flapping of the wake and 
the change in size of the recirculation bubble behind the 
superstructure. This is obscured in the 2D POD analy-
sis, highlighting the need for large-scale volumetric flow 
measurements.

5  Conclusion

A large-scale volumetric velocimetry measurement with 
helium-filled soap bubbles has been performed at the AWT 
of the NLR with a multi-directional, redundant camera sys-
tem and multiple illumination directions, to measure the 
flow field around a ship model at 10 m/s free-stream veloc-
ity. The measurement volume attains approximately 0.5  m3, 
and it is extensively covered using seven cameras and two 
illumination directions.

The foundational elements of multi-directional redundant 
illumination and imaging are discussed, with the approaches 
needed in large-scale 3D-LPT experiments that extend the 
measurement domain and enable unsteady aerodynamic 
analysis. An optical loss parameter has been defined as a 
guideline for volumetric measurements that feature rotations 
of the model, most specific in the field of wind engineering. 
Overall, the results showed that a redundant system of cam-
eras operated in a partitioned mode significantly decreases 
volume coverage losses in the measurement domain and, 
therefore, allows the study of the global unsteady behavior 
in multi-directional 3D-LPT systems.

The technique is demonstrated on the relevant prob-
lem of ship–wind interaction where velocity measurement 
was obtained around the ship. Multiple zones with shear 

Fig. 16  Streamlines and contour plots of the streamwise velocity component for: Mode 1 of 2D POD (left) and Mode 3 of 3D POD (middle); 
plot of the energy distribution in the two decompositions
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layers and recirculation regions were observed on both the 
superstructure and flight–deck. Three-dimensional POD 
was used to analyze the large-scale unsteady motions on 
the flight–deck, where the first three modes identify lateral 
flapping of the wake and the change in size of the recir-
culation bubble behind the superstructure. The primary 
modes occur close to the flight deck, at a scale in the order 
of the deck length, and support previous finding of recir-
culation region bi-stability.
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