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field of the thermal plume reveals a multitude of vortices 
with a smooth temporal evolution and a remarkable coher-
ence in time (see animation, supplementary data). Accelera-
tion fields are also derived from interpolated particle tracks 
and complement the flow measurement. Additionally, the 
flow map, the basis of a large class of Lagrangian coher-
ent structures, is computed directly from observed particle 
tracks. We show entrainment regions and coherent vortices 
of the thermal plume in the flow map and compute fields of 
the finite-time Lyapunov exponent.

1  Introduction

Time-resolved volumetric flow measurements, using meth-
ods such as tomo-PIV (Elsinga et al. 2006), 3D PTV (Maas 
et  al. 1993; Malik et  al. 1993) or Shake The Box (Schanz 
et  al. 2013b, 2016a), are typically restricted to relatively 
small volume sizes of the order of ≤200 cm3 (Scarano et al. 
2015). This limitation stems from the small size of com-
monly used seeding material, to accurately follow the flow 
(diameter range around ~1 μm in air, 10–50 μm in water). 
Currently available high-repetition rate laser systems, which 
are typically used as a light source, do not provide enough 
intensity to allow for illumination of larger volumes, even 
for the larger particles used in water experiments. How-
ever, seeding particles whose density approaches that of 
the medium can be of larger size, while still accurately 
being able to follow the flow (Melling 1997). In line with 
this thought, neutrally buoyant helium-filled soap bub-
bles (HFSBs) have been used in air to allow for large-scale 
flow measurements in the laboratory. Applications range 
from traceline visualizations (Pounder 1956) over large-
scale 2D-PIV measurements (Müller et  al. 2000; Bosbach 
et al. 2009) to three-dimensional tracking of single bubbles 

Abstract  We present a spatially and temporally highly 
resolved flow measurement covering a large volume 
(~0.6 m3) in a pure thermal plume in air. The thermal plume 
develops above an extended heat source and is character-
ized by moderate velocities (U ~ 0.35 m/s) with a Reynolds 
number of Re ∼ 500 and a Rayleigh number of Ra ∼ 106.  
We demonstrate the requirements and capabilities of the 
measurement equipment and the particle tracking approach 
to be able to probe measurement volumes up to and beyond 
one cubic meter. The use of large tracer particles (300 μm), 
helium-filled soap bubbles (HFSBs), is crucial and yields 
high particle image quality over large-volume depths when 
illuminated with arrays of pulsed high-power LEDs. The 
experimental limitations of the HFSBs—their limited life-
time and their intensity loss over time—are quantified. The 
HFSBs’ uniform particle images allows an accurate recon-
struction of the flow using Shake-The-Box particle track-
ing with high particle concentrations up to 0.1 particles per 
pixel. This enables tracking of up to 275,000 HFSBs simul-
taneously. After interpolating the scattered data onto a reg-
ular grid with a Navier–Stokes regularization, the velocity 
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(Klimas 1973) and large-scale tomographic PIV of a con-
vective flow (Kühn et al. 2011). Recently, a feasibility study 
demonstrated that HFSBs are a promising seeding material 
for low-speed wind tunnels (Scarano et al. 2015).

At the uppermost end of the range of large measurement 
volumes, open air experiments in the atmospheric bound-
ary layer reach spatial scales of tens of meters, using, for 
example, snow particles as seeding material illuminated 
with a searchlight (Hong et  al. 2014) or centimeter-sized 
fog-filled soap bubbles illuminated by the sun (Rosi et al. 
2014). These studies show promise as techniques for real-
size flow measurements behind wind turbines, but are of 
minor applicability in a controlled laboratory environ-
ment. Some of the previous particle tracking experiments 
with HFSBs in the laboratory examined large measurement 
areas (Klimas 1973; Biwole et al. 2009), but were limited in 
particle number, often tracking only a few tens or hundreds 
of bubbles. The largest investigated volume that allowed 
the description of instantaneous flow structures was applied 
by Kühn et al. (2011). A convection cell with a volume of 
approximately 56 L was investigated with two-pulse tomo-
PIV. However, a large interrogation window size had to be 
chosen (48 × 48 × 24 mm), limiting the spatial resolution 
to large structures. In the first application of HFBSs for a 
wind tunnel experiment, Scarano et al. (2015) have shown 
that for higher flow speeds (~30  m/s) the production of 
enough bubbles to achieve a sufficient particle concentra-
tion within the measurement volume is a major issue. Due 
to the limitations in bubble number and due to the limits 
of the high-speed laser used for illumination, the volume 
size was restricted to 4.8  L in this experiment and the 
interrogation windows for a tomo-PIV analysis were large 
(96 × 96 × 86 voxels). In a follow-up paper, the same group 
reaches a measurement volume of 12  L at a free stream 
velocity of 8 m/s. To increase the seeding density to a mean 
particle distance of  ~10  mm, they present a piston-based 
seeding generator with an accumulation and release strat-
egy (Caridi et al. 2016). At a free stream velocity of 5 m/s, 
Schneiders et al. (2016) present a 3D tomo-PTV measure-
ment downstream of a surface-mounted low-aspect-ratio 
cylinder in an increased measurement volume of 6 L.

In this paper, we present an LPT experiment with 
helium-filled soap bubbles in a thermal plume with 
an unprecedented measurement volume of 560  L and 
a high spatial resolution (mean inter-particle distance 
d  =  13.0  mm). The application of the Shake-The-Box 
(STB) algorithm allows for an accurate and time-effective 
reconstruction of particle paths at high seeding concen-
trations, providing dense velocity and acceleration fields 
of the flow. The experiment has been designed to apply 
STB LPT to a turbulent low-speed flow with a high seed-
ing concentration of helium-filled soap bubbles. Since 
the seeding generator was limited to six seeding nozzles 

at the time of the experiment, a closed flow chamber was 
chosen. The moderate thermal forcing of the flow allows 
for a precise control of the small flow velocity and the 
involved turbulent structures; this is in contrast, for exam-
ple, to a fan that already induces complex turbulent struc-
tures on the blades. Hence, for the designed convection 
experiment with moderate velocities (0.35 m/s), the bub-
ble production rate and the recording frequency are not 
limiting factors.

The paper is organized as follows. In Sect. 2, we present 
the experimental setup and in Sect. 3 we describe the data 
analysis. The results for the flow field are shown in Sect. 4. 
In Sect. 5, we present the results of a Lagrangian transport 
analysis in the thermal plume. Finally, Sect. 6 summarizes 
the results and discusses future perspectives of the meas-
urement technique.

2 � Experimental setup

2.1 � Convection chamber

The experiments are performed in a cylindrical convec-
tion chamber with a height of 2.00  m and a diameter of 
1.83 m (Fig. 1). The top and bottom plates are constructed 
of wood, the back wall is made of aluminum, and the trans-
parent front window is acrylic glass of 1  mm thickness. 
Non-transparent parts of the floor, walls and ceiling are 
painted black or covered with black self-adhesive film, to 
avoid scattered light and improve the contrast of the par-
ticle images relative to the background. The convection 
chamber is accessible from the rear side through a door in 
the aluminum wall. The chamber is equipped with a circu-
lar perforated tube at the bottom to rinse it with pressurized 
air and remove seeding.

LED illumination enters through an acrylic glass win-
dow of 1 m diameter in the ceiling, covered with a circu-
lar passe-partout (0.75  m diameter) that determines the 
width of the cylindrical measurement volume. The convec-
tive flow is forced by a standard 1500 W electric hot plate 
(D = 188 mm diameter, Silva Homeline EKS 2121) that is 
placed a few centimeters below the measurement volume. It 
is covered by a black circular 250 mm diameter aluminum 
plate of 10 mm thickness that serves as a heat reservoir to 
keep the temperature constant over time. The circular hot 
plate is mounted on a support of ~0.4 m height above the 
floor and with a diameter of roughly 350 mm (Fig. 1b). The 
elevated position of the heat source allows for a vertical 
flow along the contours of the support toward the hot plate, 
feeding the thermal plume over the hot plate. As mentioned 
by Pham et al. (2005), the elevated position stabilizes the 
horizontal position and diminishes strong lateral oscilla-
tions of the thermal plume.
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Before conducting experiments, the hot plate is heated 
up for a few seconds to reach the desired temperature. 
After waiting for some minutes, a uniform temperature 
distribution over the hot plate is attained. Three tempera-
ture sensors (thermocouples Omega 5SC-TT-KI-40-1M, 
AD converter Labjack T7 Pro) are installed in the convec-
tion chamber to monitor the temperature of the heated alu-
minum plate, the air temperature 2 mm above the plate as 
a proxy for the maximum air temperature, and the ambi-
ent air temperature outside of the plume (see Fig.  1 for 
positions of sensors). We also measure the temperature in 
the laboratory and observe that during the experiment no 
measurable increase of the temperature inside the convec-
tion chamber compared to the laboratory can be observed 
(cf. Fig.  2). The accuracy of the absolute temperature 
measurement is estimated to be ±2  °C, while the relative 
temperature differences, relevant for the convective flow, 
are accurate within ±0.5 °C. During the experiments, heat 
is provided by the aluminum plate, while the temperature 
of the hot plate decreased by less than 0.5 K (cf. Fig. 2).

2.2 � Helium‑filled soap bubbles

For LPT, the flow is densely seeded with neutrally buoyant 
HFSBs of 300 μm diameter. They are produced by a bub-
ble generator prototype of LaVision GmbH, based on the 
orifice-type nozzle design discussed by Okuno et al. (1993) 
and used by Bosbach et  al. (2009). A nozzle consists of 

three concentric channels—providing helium, soap solution 
(ASAI 1035, Sage Action Inc.), and pressurized air, from the 
center outward. It is covered by a cap with a small circular 
orifice. The two inner channels produce a thin helium-filled 
soap tube that is transported through the orifice by the sur-
rounding air flow, subsequently breaking up into a single 
chain of equal-sized bubbles in the increasingly turbulent 

Fig. 1   (Left) experimental setup of convection chamber: (a) cameras; 
(b1, b2) front and top view of camera configuration; (c) field of view 
(FOV), (d) hot plate; (e) LED array; (f) bubble generator; (x) posi-
tions of three temperature sensors. (Right) photograph of the interior 

of the convection chamber with elevated heat source in the center and 
illuminated HFSB. In the cylindrical measurement volume, the recon-
structed 3D particle cloud is shown as an overlay

Fig. 2   Temperature log for the different temperature sensors. Meas-
urement time window is marked by the black rectangle. ΔT  is the 
temperature difference between air 2 mm over the hot plate and ambi-
ent air
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air flow (see Fig.  3). Six nozzles are operated in parallel 
with a bubble production rate of ~45,000/s each. This pro-
duction rate is estimated from high-speed camera images at 
the outlet of the nozzle. The nozzles are directly placed at 
the bottom inside the convection chamber to enable a high 
seeding density in the large volume. HFSBs are injected 
vertically close to the wall to avoid the influence of the 
momentum of the nozzle jets toward the center where the 
hot plate is located. Before an experiment, the chamber is 
seeded for 30  s to reach a high particle concentration. A 
waiting period of around 135 s follows, to reach a homo-
geneous spatial distribution of the seeding and to let the 
motion induced by the nozzle jets decay. We adjust the 
neutral buoyancy of the HFSBs by varying the flow rate 
of helium, such that, by visual inspection, a zero settling 
velocity is attained in calm air. Careful experiments by 
Scarano et al. (2015) show that HFSBs follow the air flow 
at high accelerations of ~104 m/s2 in a wind tunnel even for 
a variation of the helium flow rate by a factor of two. Since 
in our convective flow, accelerations are much smaller 
(a ~ 0.1 m/s2 see results of LPT), we expect the tracer to be 
able to closely follow the air flow.

Soap bubbles burst, such that the lifetime can be a 
limiting factor, especially for large convective flows that 
are typically slow and involve long time scales. Bosbach 
et al. (2009) estimate the lifetime of HFSBs to be 1–2 min 
under similar conditions as in this experiment, e.g., room 
temperature and presumably relatively low relative air 
humidity in a laboratory. Here, we further quantify the 
full lifetime distribution of HFSBs at these conditions, 
T = 21 °C and relative humidity of rh = 37%, considering 
a simple population model approach. The convection 
chamber is considered to be a well-mixed box with uniform 
seeding density, experimentally brought about by strong 
mixing with a continuously running fan. The number of 
HFSBs in the convection chamber is assumed to evolve as

with the production rate p(t) and the death rate d(t). The 
production rate p(t) is a step function, controlled by switch-
ing on and off a single nozzle of the bubble generator. The 
death rate is given by

with the probability density function of the lifetime 
�(�), i.e., the death rate is given by integrating over all 
production rates in the past, weighted with the lifetime 
distribution. During the experiment in which the HFSB’s 
lifetime is estimated, the particles are constantly produced 
with a single nozzle for 10 min, after which the production 
is switched off and images are acquired at a frequency of 
1  Hz for a further 10  min. The number of HFSBs in the 
measurement volume N(t) is determined by a particle 
detection algorithm applied to the images of the center 
camera. It turns out that N(t) is well fit by the model when 
assuming �(�) to be a Weibull distribution,

with the scale parameter λ and the shape parameter k. The 
lifetime of soap films has been reported to follow a Weibull 
distribution with increasing decay rate due to an aging 
process (Gilet et al. 2007; Tobin et al. 2011).

Figure 4a shows the evolution of the particle number in 
the convection chamber and the fit function N(t) obtained 
by integrating Eq. (1). The number of detected particles has 
a small dependence on the chosen intensity threshold; the 
curve in Fig. 4a is for a threshold of 150 gray value counts 
of the pco.edge sCMOS camera. It is expected that after an 
initial increase of the particle number, a plateau is reached, 
when production rate and death rate are equal with opposite 
signs such that the net change in particle number is zero. 
In Fig. 4a, a slight decrease of the plateau can be seen; this 
may be due to a non-constant production rate of the nozzle 
or inhomogeneous bubble quality, leading to earlier burst-
ing of the initial bubbles. For the fit of the model to the 
data, data from t ∈ [400, 620]  s is excluded, leading to a 
better fit in the initial rise and the final decay of the curve. 
The blue curve in Fig.  4b shows the lifetime distribution 
�(�) for the best fit. Curves for other intensity thresholds in 
the particle detection, 100 and 200 counts, are also shown. 
According to this Weibull distribution, the mean lifetime 
of HFSBs is � = 97 s which confirms the rough estimate 
of Bosbach et  al. (2009). Beyond a simple mean lifetime 
value, the complete lifetime distribution shows that the life-
times of HFSBs are widespread with a long tail, explaining 

(1)
dN

dt
= p(t) − d(t),

(2)d(t) =

t

∫
−∞

p(t − �)�(�)d�,

(3)�(�) =
k

�

(
�

�

)
−1

exp

[
−

(
�

�

)k
]
,

Fig. 3   High-speed images of the nozzle of the bubble generator. 
a Unstable working conditions with visible external breakup of the 
soap tube. b Stable working conditions where the soap tube breaks up 
internally and equally sized soap bubbles are produced
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the observation that even after times as long as 5 min some 
HFSBs still remain.

Due to their large size, the intensity of the HFSB’s par-
ticle images is high in the experiment (Fig.  5). Beyond 
their limited lifetime due to bursting, however, one also 
has to consider a significant intensity loss over time. The 
mean intensity decays to half the initial value in 10  min. 
Figure 5a illustrates this intensity loss as a mean over the 
whole ensemble of particles. In an experiment with an ini-
tial impulsive seeding for only 2 s and low resulting seed-
ing density, the intensity of individual particle images 
was determined and averaged over the measurement vol-
ume. The number of particles (blue curve) also decays, 

diminishing the size of the particle ensemble with practi-
cally vanishing particle number after 700  s. Figure  5b 
shows the full intensity distributions of HFSBs that narrow 
and shift to lower intensity with increasing time.

Shrinking of the HFSBs is a possible aging process 
responsible for the intensity loss, as helium diffuses  
out of the bubble. Another process that we observed  
qualitatively is the shift of the reflected spectrum toward 
smaller wavelengths. To the eye, old HFSBs appear bluish 
in contrast to the reddish fresh HFSBs. A thinning of the 
bubbles skin with time could be responsible for this spectral  
effect. The detected intensity would consequently be lower, 
since the camera’s quantum efficiency curve drops quickly 

Fig. 4   a Temporal evolution of particle number N(t) (dots) and opti-
mized fit of the model Eqs. (1–3) (blue line). b Weibull distribution 
HFSB lifetime for intensity thresholds of 100 (red, dashed), 150 

(blue, dashed dotted), and 200 counts (black, dotted). Parameters of 
blue curve: Shape parameter k = 1.19, scale parameter � = 103 s, 
mean lifetime � = 97 s, standard deviation �

�
= 82 s

Fig. 5   Intensity loss of aging HFSB. a Decay of mean intensity of HFSBs (black, solid) and number of particles (blue, dotted) in an experiment 
with impulsive initial seeding for 2 s. b Probability distributions of particle intensity evolving with time



	 Exp Fluids (2017) 58:116

1 3

116  Page 6 of 19

toward smaller wavelengths. Apart from aging processes, 
the quality of the soap solution influences the properties of 
the HFSBs. During the measurement campaign, the soap 
solution seems to change over time leading to less intense 
HFSBs. A thorough quantitative investigation of the  
physical reasons for the mentioned effects would require a 
specially designed experiment and is beyond the scope of 
this work.

In conclusion, given the time scales in the lifetime  
distribution and in the intensity loss, HFSBs can be  
recommended for measurements not lasting longer  
than ~2  min after bubble injection. For longer times, a  
continuous seeding is necessary to maintain the seeding 
density and the image quality. Before measurements, old 
and possibly recycled soap solution should be replaced by 
fresh solution.

2.3 � LED light source

The measurement volume is illuminated by a white  
LED array consisting of seven standard collimated LED 
spotlights (Treble-Light, Power LED 20000) with an  
opening angle of 9° and 18,000 lm luminous flux at 170 W 
nominal electric power input each. One spotlight consists 
of 48 LEDs with 3.5 W each. The LED array is located 1 m 
above the ceiling of the convection chamber and a passe-
partout of 0.75 m diameter on the ceiling window defines 
the cylindrical measurement volume. In the experiment, the 
LED light source is synchronized with the camera system 
and is pulsed with a period of 3 ms at 29 Hz, corresponding 
to a ~10% duty cycle.

As a reference, we measure the horizontal profile of the 
continuous light intensity (light meter, Extech HD450) at 

the bottom of the convection chamber (red curve, Fig. 6) 
and at a height of 1.10  m across the measurement vol-
ume (blue curve). The illuminated volume is well defined 
by a sharp decay in light intensity, which helps to avoid 
light scattering from particles outside the measurement 
domain. Due to the opening angle of the collimated LEDs 
of 9°, the illuminated region is widened from 75 cm at the 
top window to around 80 cm in the measurement volume. 
An intensity dip in the center can be attributed to inhomo-
geneous distribution of LEDs in the light source and vari-
ations of intensity output between different LED arrays. 
Overall, the intensity of approximately 4.5 × 104  lx cor-
responds to  ~17,000  lm over the whole area. A comple-
mentary view of the light intensity distribution is given 
in Fig.  6b, which depicts a 2D ensemble average of the 
intensity of all particle as identified by the STB particle 
tracking (see Sect.  3) over a run of 500 images. The x- 
and z- directions of the measurement volume were discre-
tized in 2 × 2-pixel bins and all particles located within 
such a bin are averaged, thus averaging over the stream-
wise y-direction of space. The different intensity of the 
LED spots can be seen. The spot located at x = 200 mm, 
z = 200 mm appears to have nearly double the intensity of 
the weakest one, located at x = −200 mm, z = 200 mm. 
Possibly, the inhomogeneities are due to different types 
of LED arrays and different cable lengths in the experi-
ment. On one hand, these findings document that great 
care should be taken before assembling the illumination 
arrays to achieve homogenous lighting conditions. On the 
other hand, the flow measurement results below indicate 
that the STB particle tracking algorithm can handle even 
the present inhomogeneities in the illumination. In sensi-
tive cases, pretesting with the STB would also allow for a 
direct assessment of the three-dimensional intensity field 

Fig. 6   a Intensity profile of continuous LED illumination across 
the measurement volume at a height of 110 cm (blue squares) and at 
the bottom of the convection cell (red dots) in the continuous mode. 
Black bars indicate the position of the passe-partout. b Horizontal 

profile of particle intensity as given by LPT results, averaged over 
streamwise (y) direction. c White LED array composed of seven LED 
lights with 48 3.5 W LEDs each
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and an optimization of the illumination when setting up 
the experiment.

2.4 � Camera system

The camera setup consists of five sCMOS cameras (pco.
edge 5.5 PCO,) with a resolution of 2560 × 2160 pixels 
(6.5 μm pixel size). They are arranged in a flat M-config-
uration with a small height difference between neighbor-
ing cameras of 15  cm (see Figs.  1, 7). The cameras are 
placed on a circle around the convection chamber with a 
distance of 2.25 m to the vertical center line of the cylin-
drical measurement volume, whereby the cameras look 
perpendicularly through the front window. The lines of 
sight of the outermost cameras have an angle >90° allow-
ing for an accurate reconstruction of the particle posi-
tion in all dimensions. The cameras are equipped with 
f  =  35  mm lenses (Zeiss Contax) with the aperture set 
to F# = 11, yielding sufficient depth of field to image the 
volume with 0.8 m diameter. The cameras are rotated by 
90°, so their FOV has a width of 0.85  m and a height 
of 1.1  m to capture the vertically extended cylindrical 
volume.

The magnification is M  =  0.016, corresponding to 
0.4 mm/pix, such that the two glare points—reflections at 
two points of the soap bubble (Kühn et al. 2011; Scarano 
et al. 2015)—fall into one single peak of an isotropic cir-
cular particle image of ~3 pixel diameter. In general, the 
image quality is one of the best ever seen by the authors 
in comparable experiments. An example of the high image 
quality is given in Fig. 8, showing a detail of a sample run 
at low seeding density and random flow. The sum of five 
consecutive images is shown, documenting the uniformity 
in particle imaging—both between the different bubbles, 

as well as in time for a single bubble. The high intensity 
of particle images due to the large diameter of the seeding 
particle (300 μm) and the absence of coherent light—pre-
venting effects of interference or speckles—contribute to 
the image quality.

For the 3D calibration of the cameras, a large planar 
950mm × 760mm calibration target is placed vertically 
in the convection chamber and manually shifted to 
three positions, each 200  mm apart. Image acquisition, 
synchronization of cameras and the light source were 

Fig. 7   Camera setup with five sCMOS cameras pco.edge around the convection cell. HFSB seeding in the convection cell appears white

Fig. 8   Sum of five consecutive images at low seeding density with 
subtracted background (340 counts). Otherwise unprocessed camera 
image with inverted colors, showing the high quality of the HFSB’s 
particle image
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controlled through the DaVis8.3 software (LaVision). The 
accuracy of the volumetric calibration was enhanced using 
Volume-Self-Calibration (Wieneke 2008); the particle 
imaging was calibrated, yielding a volumetrically resolved 
optical transfer function (OTF, Schanz et  al. 2013a). All 
five cameras were connected to a single PC and the data 
were recorded directly to the hard disc. The recording 
frequency of 29  Hz reflects the maximum write rate that 
was attainable. Connecting each camera to a single PC 
would allow for a repetition rate up to 100 Hz at full frame 
resolution.

3 � Data evaluation

For this study, a single measurement run with high particle 
density and large particle shift was chosen from the avail-
able material. The objective here is to assess the perfor-
mance of the DLR STB algorithm under these conditions. 
The seeding density was found to be 0.08 ppp in the center 
of the image (Fig. 9). The temperature difference between 
the air directly over the hot plate and the surrounding air 
was approximately 8  °C (Fig.  2), leading to maximum 
velocities of around 0.35 m/s, and a maximum particle shift 
of nearly 30 pixels. 1000 images were recorded at a fre-
quency of 29 Hz, of which 500 were evaluated using STB. 
Image preprocessing consisted of subtracting the spatially 
smoothed minimum image and a constant of 50 counts.

3.1 � Shake‑The‑Box processing

The DLR in-house STB algorithm was applied. The main 
novelty of the LPT algorithm is to predict particle posi-
tions in the next time step by extrapolating already existing 
trajectories. By this procedure, the positioning problem 
and the problem of attaching particles to the right trajec-
tory is greatly simplified. For details of the method, please 
refer to (Schanz et  al. 2013b, 2014, 2016a). The follow-
ing parameters were applied to the current dataset: The 

number of triangulation iterations was set to 2—using 
an allowed triangulation error of 1.0 pixel—followed by 
one triangulation iteration using a reduced set of cam-
eras. Each of these was followed by five shake-iterations 
[n1 = 2, n2 = 1, m = 5, ε = 1.0; see (Wieneke 2013)]. For 
the initialization phase (the first four images), the num-
ber of triangulations was doubled. No help of a predictor 
in form of a vector field gained by tomo-PIV processing 
was used in this case. As shown in Fig. 10a, the number 
of tracked particles quickly increases with the number of 
processed images. After the initialization phase, around 
53,000 tracks of length four are found. This number rises 
to 110,000 only three time steps later and reaches 200,000 
at time step 18. For this first pass (going forward in time), 
the number of tracked particles saturates at just over 
250,000 after about 80 images. From there on, the tracked 
particle number decreases, as bubbles burst and disappear 
from the tracking system. When reaching the end of the 
time series, time is reversed and the algorithm walks back-
wards in time through the dataset. By doing so, known 
tracks that were not immediately found within the first 
pass are extended and the first time steps, where the track-
ing system was not yet converged in the first pass, are com-
pletely reconstructed. At the maximum, around 275,000 
particles are simultaneously tracked in the second pass. 
To the knowledge of the authors, this is an unprecedented 
number for particle tracking methods, which typically 
operate with hundreds or a few thousand particles within 
the same image.

Figure  9 compares the camera image to the virtual 
image, created by reprojecting all tracked particles. The 
high quality of the tracking process is documented in 
Fig.  10b, which shows the statistics track length after 
pass 2. A distinct peak can be seen at 500 images, show-
ing that over 81,000 particles have been tracked over the 
whole time series. These are particles slowly moving down-
wards in the recirculation region. The rest of the tracks 
have lengths that are evenly distributed, reflecting the fact 
that many particles are transported at different speeds into 

Fig. 9   a Details of camera 
image. b Reprojection of parti-
cle distribution as reconstructed 
by STB
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and out of the volume. The computational effort, combined 
for both passes, is around 220 s per time step on a 16-core 
Xeon server. A recently optimized version of the STB code 
further reduced this time to around 40 s for two passes on a 
4-core i7 desktop computer.

Following the second pass, the particle tracks are fit-
ted with a cubic B-spline curve with the TrackFit algo-
rithm (Gesemann et al. 2016). On average, the particles are 
moved by 0.103 px from their original position (0.046 px in 
x-, 0.040 px in y- and 0.083 px in z-direction). The veloc-
ity values and acceleration values are calculated as deriva-
tives of the B-spline curve. After fitting, a particle position 
accuracy of ~36 μm (0.086 px) and a velocity uncertainty 
of  ~0.4  mm/s is estimated from the spatial spectrum of 
the tracks; this corresponds to a dynamic velocity range of 
~875:1.

4 � Flow field results

4.1 � Mean field and velocity profiles

Based on a recording of 1000 consecutive time frames at a 
lower seeding concentration (~42,000 particles), the mean 
field of axial velocity is obtained by bin averaging the scat-
tered velocity data. For the lower seeding concentration, 
a longer time series is available with potential advantages 
for the convergence of the statistics. Despite the relatively 
poor convergence of the statistics, some basic properties of 
the mean field can be observed and compared to another 
experiment (Pham et al. 2005). Figure 11a shows the radi-
ally averaged axial velocity. Directly above the heat source, 
fluid is accelerated by the buoyancy force, reaching a maxi-
mal axial velocity at y∗ = y∕D ∼ 1.5. At larger y∗, axial 
momentum increasingly diffuses into the lateral quiescent 
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Fig. 10   a Development of number of tracked particles over time for both passes of STB. b Statistics of track length after pass 2

Fig. 11   a Mean axial velocity [m/s] averaged in circular bins with 
radius r. Contours are 0.02  m/s apart. Black bar indicates exten-
sion of the heat source. b Central profile of axial velocity v∗

c
 along 

the plume axis (circular bin with radius 0.1 D) with turbulent scaling 
regime. c Compensated axial velocity profile
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fluid and the central axial velocity decreases. Figure  11b 
shows the axial velocity along the central axis of the plume. 
A simple box model of the plume assuming conservation 
of volume, momentum and density deficiency (equivalent 
of heat) (Morton et  al. 1956; Pham et  al. 2005; Plourde 
et al. 2008) leads to an expected −1/3 power scaling of the 
decaying axial velocity at the center v∗

c
(y∗) = Cy∗1∕3, where 

v∗
c
 is the axial velocity at the center normalized to its maxi-

mum. We observe an early initiation of the -1/3 scaling at 
y∗ ∼ 2.0 (Fig. 11b), equivalent to a fully turbulent plume. 
This is earlier than the transition at y∗ ∼ 4 reported by the 
experimental study of Pham et al. (2005). In their setup, the 
heat source is coplanar with the bottom wall, while in our 
setup, it is located on a support of height ~2D. Thus, air 
is entrained into the plume laterally from below the heat 
source and the inward flow around the edges of the heat 
source already generates turbulent instabilities, leading to 
earlier onset of turbulence. With a value of C = 1.17 ± 0.05 
(Fig. 11c), the involved constant is somewhat smaller than 
the value of 1.26 reported by Pham et al. (2005).

4.2 � Acceleration statistics

The acceleration of particles decorrelates faster than the 
velocity and therefore statistics show a better convergence 
for the same data base of 1000 consecutive frames. Fig-
ure  12 shows the mean fields of acceleration in the ther-
mal plume averaged in circular bins. With a bin size of 
10  mm, most bins comprise between 103 and 104 data 
points, with only the central region having a number of 
data points below 103. While the mean of horizontal accel-
eration, ⟨ax⟩ and ⟨az⟩, vanishes, the buoyancy force in posi-
tive y-direction is clearly apparent in the mean field of the 
vertical acceleration ⟨ay⟩. The maximal value of ay = 0.12 
m/s2 is reached at y∕D ∼ 0.5. This mean vertical accel-
eration corresponds to a mean temperature difference of 
⟨ΔT⟩ = T0⟨ay⟩∕g ∼ 3.6K (cf. Eq.  4), which seems real-
istic, given the temperature difference of 8 K between the 
heat source and the ambient air (cf. Fig.  2). A black bar 
at r∕D = 0.5 marks the extension of the heat source at the 
bottom of Fig.  12b. The region of positive upward buoy-
ant acceleration coincides with the edge of the heat source. 
The spatial distributions of fluctuations of acceleration are 
uniform for all three directions (Fig. 12d–f). Contours show 
a similar opening angle of the plume as the mean veloc-
ity field in Fig. 11a. The fluctuations of acceleration reach 
values of up to ~0.12 m/s2 at the center at y∕D ∼ 2.5. This 
maximal magnitude of fluctuations is similar to the maxi-
mal mean upward buoyant acceleration.

Figure 13 shows the probability density functions (pdfs) 
of acceleration at selected points in the thermal plume. 
The grid of reference points is marked in Fig. 12b. Each 
subfigure in Fig. 13 represents a set of pdfs along a vertical 

column in the thermal plume (y∕D = [1, 2, , 3, 4, 5]) at a 
constant distance from the center (r∕D = [0, 0.5, 1.0]), cf. 
Fig.  12b. The pdfs are plotted with a logarithmic y-axis. 
For a better overview, the normalized pdfs have been 
shifted by a constant factor of 10 and ordered such that 
the uppermost curves correspond to the uppermost point 
in the column. At the center (r∕D = 0), the shift of vertical 
acceleration ay toward positive values due to the buoyancy 
can clearly be seen, while the distributions in the two hori-
zontal directions (x, z) have zero mean and are isotropic. 
Toward the top of the plume, the ay-curve approaches the 
curves of the horizontal acceleration (ax, az) and all three 
curves converge at the uppermost point, i.e., the developed 
turbulence leads to isotropic distributions of acceleration. 
At a distance from the center of r∕D = 0.5, in the shear 
layer at the edge of the heat source, the standard deviation 
of the acceleration is smaller than in the center (Fig. 12e). 
However, higher extreme accelerations appear in the 
longer tails of the pdf (Fig.  13b). While the acceleration 
pdfs at the center follow closely a Gaussian distribution 
(bold black line in Fig.  13a, Gaussian distribution with 
standard deviation �ax and zero mean), in the shear layer 
the acceleration pdfs significantly deviate from a Gauss-
ian shape. The distribution at the top of Fig.  13b shows 
an exponential decay. The horizontal acceleration pdfs 
in Fig.  13b fall on top of each other, while in the verti-
cal acceleration (red curve), a positive mean value, i.e., 
a contribution of the buoyancy, can still be observed. At 
a distance from the center of r∕D = 1.0, the acceleration 
pdfs are isotropic without any influence from the buoyancy 
forces. The non-Gaussian shape suggests that in the outer 
part of the thermal plume, the acceleration is dominated 
by turbulent motions (cf. e.g., La Porta et  al. 2001; Rosi 
et al. 2014), i.e., by the pressure gradient.

4.3 � Instantaneous flow results

Figure  14 shows an instantaneous flow situation depicted 
by ~275,000 particle tracks, whose velocity vectors are 
drawn for three consecutive time steps and color-coded 
by streamwise velocity. A front view and a top view of the 
entire measurement volume are provided. The convex hull 
around all particles has a mean volume of 560 L. A large 
region of slowly moving particles surrounds the rising ther-
mal plume. Due to the confining boundaries of the convec-
tion cell, outside of the thermal plume the flow is slightly 
downwards on average. In the center of the plume, the max-
imum velocity values are ~+0.35 m/s. In the presented time 
instant, the plume is broadened in the z-direction, compared 
to the x-direction, despite the circular symmetry of the hot 
plate. Figure  15 focuses on a central slice of the particle 
trajectories, giving an impression of the spatial sampling of 
flow structures with the dense seeding.
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Locations of vortical structures can already be identi-
fied by looking at the particle tracks in Fig.  15; however, 
a quantitative description of vortices expressed as vorticity 
or using the Q-criterion would be desirable. To this end, 
the discrete Lagrangian information of velocity and accel-
eration at the scattered particle location is interpolated onto 
an Eulerian grid using the DLR in-house algorithm ‘Flow-
Fit’ (Gesemann et al. 2016). In the FlowFit algorithm, the 
interpolating function is composed of a weighted sum of 
three-dimensional and evenly spaced cubic B-splines. To 

determine the weights, the interpolant is fitted to the meas-
ured velocity and acceleration values at scattered parti-
cle positions using velocity and pressure as fit variables. 
In the most advanced version of FlowFit used here, a full 
Navier–Stokes regularization is implemented. The cost 
function of this optimization problem includes six terms: 
the difference between data points and the B-spline inter-
polant for (1) velocity and (2) acceleration (fit it data); 
the penalization of high wavenumbers of the (3) velocity 
and (4) pressure field (smoothing); (5) the penalization of 

Fig. 12   a–c Mean and d–f fluctuations (standard deviation) of the particle acceleration. Bin size is 10 mm in both radial and vertical direction. 
Contours have a separation of 0.01 m/s2
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divergence of the velocity field, ∇ ⋅ � (incompressible); 
and finally, (6) the penalization of ∇ ⋅ ��∕�t. The last term 
being zero translates to a simplified coupling of the veloc-
ity and the acceleration field through the material deriva-
tive. The material derivative introduces a non-linearity 
into the cost function, leading to a non-linear least squares 
problem which is solved with the L-BFGS method. Once 
the interpolant is computed, it can be sampled on a regu-
lar grid, including its first and second spatial derivatives 
that are analytically obtained from the B-splines. Vorticity 
or the Q-criterion can thus directly be computed without 
numerical differentiation. The FlowFit interpolation was 
applied to each of the 500 time steps, taking velocities and 
accelerations of the respective tracked particles as input 
data. The B-spline system is setup, such that on average ten 
B-spline cells are present for every particle (0.1 particles 
per cell), leading to a spacing of ~6 mm between the cells. 
The flow was assumed to be incompressible which is rea-
sonable to first approximation, given the small temperature 

differences in the flow. The L-BFGS algorithm is iterated 
until convergence and the resulting continuous function is 
closely sampled on a grid with 3  mm spacing, ultimately 
leading to volumes of 254 × 334 × 254 vectors. On a single 
core processor, the FlowFit interpolation takes about 2  h 
per frame. Performing the FlowFit interpolation for several 
frames simultaneously is embarrassingly parallel.

An example of the results gained by applying Flow-
Fit to the STB track data is given in Fig. 16, which shows 
isosurfaces of the Q-criterion for the same time step 
shown in Fig. 15. The full amount and extent of the vorti-
cal flow structures in the plume becomes apparent. Long, 
undisturbed vortices are identified in the shear layers sur-
rounding the center of the plume. Central structures are 
smaller, but show equal strength. Movies of the temporal 
evolution of the plume are available in the supplementary 
data [link to Suppl. Data]. When looking at a time series 
of such images, a high temporal coherence is noticeable, 
i.e., isosurfaces evolve smoothly in time. The Q-criterion 

Fig. 13   Probability density functions of particle acceleration based 
on bin averaging over a circular bin with 50 mm width in both radial 
and vertical direction. The central position of the bins are ordered 
on a grid which is marked in Fig.  12b above. Pdfs are shifted such 

that the lowest corresponds to y∕D = 1 and the uppermost to 
y∕D = 5. The number of data points is a n ∼ 7000, b n ∼ 130, 000, c 
n ∼ 280, 000. Bold black curves in a and b are Gaussian distributions 
for comparison
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is derived from the velocity gradient tensor. As such, the 
temporal coherence is a clear indication that the LPT meas-
urement at high seeding density in combination with the 
FlowFit interpolation strategy is able to recover the vast 
majority of the present flow structures. The high quality of 

the tracking process translates directly into the quality of 
the Eulerian representation.

The high position accuracy in the reconstructed trajec-
tories, which is achievable due to the high particle image 
quality, allows for an evaluation of the particle accelera-
tions; these are the second temporal derivative of the trajec-
tory. Figure 16 shows tracks that are color-coded by stream-
wise acceleration. The acceleration varies smoothly in the 
measurement volume. Around vortices oriented with their 
axis in x-direction (out of plane), the centrifugal accelera-
tion of the circular motion can be observed.

Just as for velocity, the acceleration can be interpo-
lated onto an Eulerian grid using the FlowFit algorithm. 
Figure  17a displays an interpolation with only a smooth-
ing constraint, but no further regularizations. The result-
ing field shows many isolated small structures that seem 
unphysical and point to a poor reconstruction of the accel-
eration field. In a strict sense, adding further regulariza-
tions to the interpolation is limited in the present flow by 
the unknown buoyancy term in the momentum equation 
(last term)

written here in the Boussinesq approximation (e.g., Kundu 
and Cohen 2008). The viscous term is often neglected in 
turbulent flows, since it is small compared to the dominant 
pressure gradient term. If also the buoyancy term was 
negligible, the acceleration field would be curl-free and 
could be regularized with the condition of vanishing 
rotation. However, a rough estimation of the buoyancy 
term with ΔT = 2K, a typical temperature fluctuation at 
100 mm above the heat source, gives a value of ~0.07 m/
s2 for the buoyancy acceleration. This acceleration is not 
small compared to the magnitude of the total measured 
acceleration of ~0.20  m/s2. Maximal temperature 
differences directly above the heat source may be even as 
high as ∆T = 8 K (cf. Fig. 2), making buoyancy locally the 
dominant term in the momentum equation close to the heat 
source.

Nevertheless, when neglecting the unknown buoyancy, 
a joint interpolation of the velocity and acceleration 
fields with the complete Navier–Stokes regularization 
(pressure and viscous force) leads to a reconstruction 
of the acceleration field that seems smoother and 
more physical (cf. Fig.  17a, b). Isolated pieces of the 
isosurfaces become connected and structures of positive 
and negative centripetal acceleration adjacent to vortices 
appear elongated, as expected (cf. Figs. 17b to 16). Why 
and where is the reconstruction improved when applying 
a physically incomplete regularization? The elongated 
vortices are located in the shear layer, where ambient air is 
entrained and the temperature difference is lower, leading 
to a small buoyancy force. Furthermore, in the rotating 

(4)�0� = −∇P + ��� − �0�ΔT∕T0,

Fig. 14   Top view and front view of the entire measurement volume, 
showing ~275,000 particle tracks for three consecutive time steps, 
color-coded by streamwise velocity v. The inclined upper and lower 
bounds of the measurement volume (lateral view) are due to the 
opening angle of the cameras (∼ 25◦)
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vortices, the centripetal pressure gradient force is strong. 
Therefore, applying the Navier–Stokes regularization 
without buoyancy improves the reconstruction of these 
vortex cores. In regions with a large buoyancy term, i.e., 
predominantly in central filamentous regions emanating 
from the heat source, the regularization without buoyancy 
might indeed bias the reconstructed acceleration field. 
Systematically investigating the local magnitude of the 
buoyancy force and the implications on the regularization 
scheme could be done on numerical data, but is beyond 
the intended scope of this paper.

In summary, the presented results demonstrate that 
detailed instantaneous fields of velocity and acceleration 
can be measured in large volumes when tracking HFSBs 
with the STB method.

5 � Finite‑time fluid transport and Lagrangian 
coherent structures

Flow measurements with the Lagrangian particle tracking 
(LPT) method STB for the first time offer a dense tangle 
of experimental particle trajectories that represent a direct 
measurement of the flow map. This flow map is the build-
ing block of the detection of a wide class of Lagrangian 
coherent structures (Peacock and Dabiri 2010; Peacock 
et al. 2015; Haller 2015). The following Lagrangian anal-
ysis of the experimental flow field is concerned with 
transport of fluid in space over finite times. In line with 
the Lagrangian frame of fluid motion, trajectories are 
tracked from an initial position at time t0 to the final posi-
tion at time t = t0 + T  after a predefined time period T. 

Fig. 15   Particle trajectories 
with a length of 11 time steps 
in a central slice with 100 mm 
thickness, color-coded with 
vertical velocity. Detailed view 
(upper right) corresponds to the 
region in the black rectangle 
with 41 time steps in a slice of 
40 mm thickness
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Properties of the fluid are advected along the trajectory, 
where the advective transport of heat, momentum and 
chemical tracers is of special interest in many applica-
tions. The key object for finite-time transport and the 
related Lagrangian coherent structures is the flow map 
Ft
t0
(x) that maps initial fluid positions x0 = x

(
t0
)
 to their 

final position x(t) = Ft
t0
(x0) at a later time. Most flow data 

sets are given as a velocity field from experimental or 
numerical experiments, and the flow map must be com-
puted by integrating �txp(t) = v(x) to obtain trajectories of 
fluid elements. With dense LPT, however, the flow map 
can directly be derived from measured trajectories. This 
idea was put forward by Raben et  al. (2014) for two-
dimensional flows and thereafter extended to 

three-dimensional flows on unstructured grids by Rosi 
et al. (2015). In contrast to their work that focuses on sim-
ple vortical flows, the attainable spatial resolution of the 
flow map with the dense trajectory data in our experiment 
is significantly higher such that more complex flow struc-
tures can be represented. In the following example, we 
reconstruct a detailed flow map and analyze fluid trans-
port in the thermal plume.

The flow map Ft
t0
(x) is given as the concatenation of a 

series of Δt-flow maps

with the time period ti − ti−1 = Δt (Brunton and 
Rowley 2010), where the time increment Δt is the 

(5)F
tn
t0
= F

tn
tn−1

◦⋯◦F
t1
t0

Fig. 16   Isosurfaces of Q-cri-
terion (5 s−2) color-coded by 
streamwise velocity and particle 
tracks (11 time steps, slice of 
50 mm thickness) color-coded 
with streamwise acceleration
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temporal resolution of the measured particle trajectories, 
Δt = 34.5 ms in the experiment. The composed flow map 
F
tn
t0
 covers the time period T = nΔt. A Δt-flow map is given 

only at particle positions xp and must be interpolated to a 
regular grid by the interpolation operator Ix,

For this interpolation, we use the FlowFit routine 
described above. On the level of the flow map, incompressi-
bility of the flow corresponds to the condition | det∇F| = 1.  
This condition can be used for a regularization of the field, 

(6)F
t1
t0
(x) = Ixxp(xp

(
t0
)
, t1).

in the case of poor spatial resolution. Here, for a densely 
seeded flow, we refrain from using this regularization.

For the analysis of the flow of the thermal plume, the 
flow map is computed backward in time. This approach is 
linked to the question where the fluid originates from. The 
flow map is constructed on a regular grid and fluid parti-
cles are tracked back to their origin. Figure 18 shows the 
flow map at a central section of the plume at z = 0 mm. 
The original x-position of the fluid is shown in Fig. 18a, the 
original y-position is shown in Fig.  18b. The color-coded 
representation of original position can also be interpreted 
as the forward advection of particles carrying their original 

Fig. 17   a Isosurfaces of 
streamwise acceleration 
(ay = ± 0.12 m/s2). Reconstruc-
tion of acceleration field with 
smoothness as only regulariza-
tion. b Reconstruction with full 
Navier–Stokes regularization

Fig. 18   Backward time flow map at t
0
= 261,T = −35Δt. Colors 

indicate where a particle—now located at position (x, y)—was at the 
earlier time t = t

0
+ T = 226. Both spatial components Fx and Fy are 

shown. a Fx-component with vortical structures (A
1−4

), and a promi-
nent lateral intrusion of air from the right (C

1
). b Fy-component with 

vertical intrusion of air from below (B
1
)
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position at time t = t0 + T = 226 to their new position at 
time t0 = 261, with T = −35Δt. In the arising pattern, sev-
eral distinct coherent structures can be identified. Several 
circular tracer patterns induced by vortices are marked 
with the letter A. The colors in Fig.  18 show, for exam-
ple, that the small circular fluid region A4, now located at 
(x, y) ≈ (90, 440), was earlier located at 

(
Fx,Fy

)
≈ (50, 300).  

Hence, the fluid region originates from a lower, more cen-
tral part of the plume. The vertical intrusion of air from 
below at the center of the thermal plume is characterized 
by low original y-position (Fig. 18b, blue, B1). Also lateral 
entrainment of air into the rising plume can be observed 
(cf. Pham et al. 2005, their Fig. 9). The region C1 has high 
original x-position (Fig.  18a, orange/red), indicating that 
the fluid was drawn into the rising plume from the quies-
cent right side. These three coherent structures of finite-
time mixing are relevant for the fluid dynamics of the 
plume, especially if they are combined with the momentum 
and temperature fields. Heat is transported from the thermal 
boundary layer of the hot plate upwards, and momentum 
is mixed laterally from the interior of the plume through 
the turbulent shear layer into the quiescent ambient fluid. 
This transport is not continuous in time but is generated by 
intermittent intrusions of air regions carrying the particular 
quantity which can be visualized by means of the flow map.

The deformation of the fluid over a predefined finite 
time gives rise to hyperbolic structures where fluid from 
different origins merge. These hyperbolic structures, a 
subclass of Lagrangian coherent structures (LCS) (Haller 
2015), can be diagnosed from fields of the backward finite-
time Lyapunov exponent (FTLE) (Haller 2001). The FTLE 
�
(
x, t, t0

)
 is a measure of stretching of the fluid over a finite 

time and is computed from the flow map Ft
t0
(x) as

where Ct
t0
(x) = ∇FT

∇F is the Cauchy–Green strain ten-
sor and �max is its largest eigenvalue. Figure  19 shows 
the backward-time FTLE field with the typical elongated 
structures that separate fluid from different origins. Accord-
ing to its definition, the FTLE reaches high values along 
lines of high gradients of the flow map (cf. Fig. 18). With 
its units of 1/s, the FTLE represents an average separation 
rate between neighbored fluid elements over finite time in 
the direction of maximal stretching or shearing. Accord-
ing to their different origins, the patterns in the flow map 
in Fig.  18 are surrounded by lines of high FTLE values. 
Furthermore, lines of high FTLE values coincide with 
filamentary structures in the flow map, since filaments are 
characterized by a high stretching rate in one direction. 
In summary, the flow map constructed purely from dense 
experimental trajectory data from our flow measurement 

(7)�
�
x, t, t0

�
=

1
��t − t0

��
ln
√
�max

�
Ct
t0
(x)

�

allows for the identification of detailed transport patterns 
and opens the possibility to locate LCSs from the FTLE 
field and also from more involved LCS methods that rely 
on accurate trajectory data (Hadjighasem et al. 2016; Haller 
2015).

6 � Conclusions and outlook

A time-resolved volumetric flow measurement of a pure 
thermal plume with extended heat source was presented. 
Helium-filled soap bubbles with a quantified lifetime and 
intensity loss are used as flow tracers and are illuminated 
by an array of white high-power LEDs. In the measure-
ment volume of 560  L, up to 275,000 bubbles could be 
tracked simultaneously using the STB algorithm. To the 
best knowledge of the authors, this investigation involves 
the largest number of tracked particles for LPT experi-
ments so far. Evaluations using an updated version of the 
STB algorithm (Jahn 2017) allowed the processing of 
time series at even higher particle image densities, track-
ing up to 430,000 bubbles instantaneously in the present 
experiment. The results, spatially highly resolved vec-
tor volumes of velocity and acceleration, interpolated 
onto an Eulerian grid using the FlowFit method, show a 
multitude of well-resolved flow structures with a remark-
able coherence in time. We also show that, due to the 
high spatial resolution, the experimental trajectories can 
directly be used to compute the flow map, to visualize 
Lagrangian coherent structures showing the fluid trans-
port during the evolution of the thermal plume.

These achievements are possible mainly due to the high 
image quality in the experiment, i.e., small uniform parti-
cle images. The bubble size distribution is narrow around 

Fig. 19   Lagrangian coherent structures diagnosed from the back-
ward-time FTLE field �

(
x, t, t

0

)
 computed from the flow map in 

Fig. 18
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the peak value of 300 μm (monodisperse) and all bubbles 
reflect the light to all cameras with similar intensity. The 
white, nearly incoherent light produced by the LEDs avoids 
effects like speckles or interference patterns, leading to 
temporally consistent particle images. All these aspects are 
beneficial for a reliable tracking process of STB and allow 
high particle concentrations of up to 0.1 ppp to be used.

The current study successfully demonstrates a large-
volume flow measurement with flow velocities below 
1 m/s. It is highly desirable to extend the general setup to 
higher flow velocities, enabling the operation in typical 
wind tunnel experiments with applications to boundary 
layer research, the car industry or sports aerodynamics. 
The three key factors needing to be addressed for a transfer 
of the presented measurement technique to low-speed 
wind tunnels are: (1) HFSB generators with an augmented 
production rate, i.e., increased number of nozzles, (2) 
high-speed cameras with a resolution of several mega-
pixels and a frame rate of 1–10 kHz, i.e., data throughput 
of several Giga-pixels/s, and (3) pulsed collimated high-
power LED arrays with a small opening angle of the 
emitted light. Modern equipment with these properties 
is available and allows for LPT measurements with high 
seeding concentration in faster flows. This has been shown 
in a recent experiment with an impinging jet in the same 
experimental chamber (U = 16 m/s, V = 13 L, 10 HFSB 
nozzles, frame rate 3.9  kHz) (Schanz et  al. 2016b) and 
another still unpublished experiment at DLR Göttingen in 
a turbulent boundary layer in a wind tunnel (U = 13 m/s, 
V = 180 L, 100 HFSB nozzles, frame rate 2 kHz). Further 
studies report similar developments (Scarano et  al. 2015; 
Caridi et al. 2016; Schneiders et al. 2016).
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