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Abstract
This article describes recent tests and developments of imaging and evaluation techniques for particle image velocimetry 
(PIV) that exploit the forward scattering of tracer particles by placing the camera in-line with the illuminating light source, 
such as a laser or a light emitting diode. These techniques have been in use for some time in microscopy and in the design 
of optical instruments in astronomy. However, they have not yet been used for macroscopic PIV flow measurements. This 
study highlights the most promising approaches of the various recording configurations and evaluation techniques.

1 Introduction

A common method to visualize and quantify the flow field 
of a transparent fluid is to add small tracer particles follow-
ing the local instantaneous flow field. The tracer particles 
are illuminated by an artificial light source such as a laser. 
More recently, high-power LEDs have been used for illumi-
nation, mainly in combination with larger particles in water 
or helium-filled soap bubbles (HFSB) in low-speed air flows. 
The motion of the illuminated particles is then imaged by a 
camera system which, after appropriate post-processing, pro-
vides a quantitative measurement of the flow velocity field. 
The large family of PIV implementations comprises numer-
ous variants of this principle, utilizing different camera 

setups (single camera, stereoscopic system or multi-camera 
system), image acquisition methods (double-frame or time-
resolved recording) or modes of illumination (quasi-planar 
or volumetric). Closely related to PIV, methods such as par-
ticle tracking velocimetry (PTV) or “Shake-the-Box” (STB) 
use very similar approaches to particle imaging, but differ in 
their evaluation strategies. In any case, sufficient illumina-
tion of the particle images is a challenge, especially in gase-
ous flows. This is due to the small particle size, with particle 
diameters on the order of micrometers to ensure accurate 
flow tracking, along with short light pulses or image inte-
gration times on the order of nanoseconds to microseconds 
required to avoid motion blur. As a consequence, the region 
of interest is often limited by the available power or pulse 
energy of the light source. With increasing energy levels, 
laser safety issues have to be considered, particularly for 
out-of-lab applications. An example within the authors’ 
scope of research are full-scale flight tests, e.g., see Schwarz 
et al. (2022), which include routing a helicopter’s flight path 
through a laser light sheet. Hence, measurement techniques 
with a strongly reduced laser energy are preferable.

Essential for reliable PIV processing are high-contrast 
particle image recordings, that is, the intensity of the scat-
tered light must be sufficiently high to be clearly distin-
guishable from the background. On the illumination side 
the resulting particle image intensity, and therefore the 
contrast of the PIV images, is directly proportional to the 
scattered light power. Rather than simply increasing the 
laser or light emitting diode (LED) power, it is often more 
effective to increase the image intensity by properly select-
ing the tracer particles and optimizing the optical setup. 
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The light scattered by small particles is primarily deter-
mined by the following parameters:

• particle size and shape
• orientation of camera and light source
• ratio of the refractive indices of the particles and the sur-

rounding medium
• light polarization
• observation angle.

For spherical tracer particles with diameters Dp larger 
than the wavelength � of the incident light, Mie scattering 
theory can be applied. A detailed description and discus-
sion can be found in the literature, e.g., see Bohren and 
Huffman (1998) or Raffel et al. (2018).

Figure 1 shows the polar distribution of the scattered 
light intensity for oil particles of different diameters in air 
with a wavelength of 532 nm according to Mie’s theory. 
The intensity is shown on a logarithmic scale and plotted 
so that the value for neighboring circles differs by a factor 
of 100. Mie scattering can be characterized by the normal-
ized diameter, q, given by

The resulting azimuthal distribution of the scatter is com-
plex, but the intensity is higher in the forward direction. 
When q is greater than one, local maxima appear in the 

(1)q =
�Dp

�
.

angular distribution. As q increases, the ratio of forward to 
backward scattering intensity increases rapidly.

In multi-camera setups such as stereoscopic PIV or tomo-
graphic PIV, the cameras can be arranged to take advantage 
of forward scattering to increase the signal in the camera 
images. In the case of conventional planar PIV, however, 
single camera imaging is most commonly performed at an 
observation angle of 90◦ to avoid perspective errors and 
uncertainties due to unfocused particle images resulting 
from the limited depth of focus of the imaging system, see 
Fig. 2a.

Aside from the clear tendency of the scattered light inten-
sity to increase with increasing particle diameter, the scatter 
distributions in Fig. 1 illustrate that the relationship between 
light intensity and particle diameter is characterized by rapid 
oscillations, assuming that only one specific observation 
angle is considered.

When using a camera system with a finite aperture, 
rather than a hypothetical pinhole, the image of each tracer 
particle will include a range of slightly different viewing 
angles depending on the aperture and viewing distance. As a 
result, the intensity curve of an individual particle is greatly 
smoothed, reducing the effects discussed above.

The Mie scattering plots of Fig. 1 indicate that the light is 
not blocked by the small particles, but spreads out in all azi-
muthal directions. Assuming a sufficiently large number of 
particles in the light sheet, excessive multi-scattering occurs. 
In this case, the light imaged by the camera is not only due 
to direct scattering from the initial light source, but also 
due to light scattered by other particles (secondary scatter-
ing). In the case of heavily seeded flows and planar PIV, this 
greatly increases the intensity of individual particle images, 
because the intensity of the light received directly from the 
particle—at 90◦ to the incident illumination—is orders of 
magnitude smaller than that received via multi-scattering, 
which involves much stronger forward scattering. However, 

Fig. 1  Light ( 532 nm scattering behavior of oil particles with 1 μ m (a) 
and 10 μ m (b) in air, adapted from Raffel et al. (2018)
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Fig. 2  Sketches of sample setups for conventional planar PIV (a) and 
in-line PIV (b)
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since multi-scattering by many particles increases not only 
the intensity of the particle image but also that of the back-
ground image, the image contrast cannot be increased sig-
nificantly and extremely high particle densities are therefore 
usually avoided.

The current work demonstrates the feasibility of several 
in-line imaging configurations and the subsequent evalua-
tion, see Fig. 2. When the camera is placed in-line, the effec-
tive measurement volume in the direction of the line of sight 
is not limited by the well-defined edges of a laser light sheet 
or volume, but by the depth of focus (DoF) of the camera/
lens combination. As an example, images of two 5 μ m hot-
wires recorded with an aperture of f# = 2.8 , see Fig. 3, the 
DoF is only about 2 mm. The DoF can also be calculated 
based on the approach described in the appendix. The maxi-
mum blur that is acceptable is highly dependent on the size 
of the spatial filter, that is used in the post processing of the 
images. In case of Fig. 3 the acceptable blur is around 6 px 
which corresponds to a calculated DoF of 1.3mm.

In the literature, in-line configurations have rarely been 
used for PIV measurements. However, there are other fields 
that use somewhat similar configurations to the current 
work, which also provide some inspiration for the optical 
setup. In particular, one field where an in-line setup is widely 
used is dark field microscopy (DFM). This technique uses 
a dark-field condenser and selective illumination to achieve 
low image background levels and high signal-to-noise ratios. 
In particular, in DFM the path of the unscattered incident 
light is typically excluded from the detection range of the 
scattered signal probe, see Fig. 4a for an example.

A complete review of recent advances in this technique 
can be found in Gao et al. (2021), while a more specific 
application with a detailed setup description is presented 
in Wei et al. (2007). Another research area where an in-line 
setup is commonly used is astronomy. A typical challenge 
is to block out the direct light from a star or other bright 
objects in order to resolve nearby darker objects that would 
otherwise be hidden in the bright glare. To solve this prob-
lem, a coronagraph is often used, which is a special tele-
scope arrangement, an example of which is shown in Fig. 4b. 
There are several ways to achieve the goal of suppressing 

the bright light from a central source, for example phase 
masks (Rouan et al. 2000), occulting disks (Renotte et al. 
2015) or adaptive optics (Jovanovic et al. 2015).

Beyond the aforementioned applications, in-line imaging 
arrangements are also frequently employed in various optical 
flow measurement techniques, most notably for digital inline 
holography (DIH) which is commonly used for reconstruct-
ing particle fields in multiphase flows. A recent review on 
this topic was compiled by Huang and Cai (2022).

The most commonly used optical in-line technique in 
aerodynamics is schlieren or shadow photography (Schar-
din 1942). The optical setup of Toepler’s schlieren method 
consists of spherical mirrors or lenses and a light trap, often 
in the form of a half aperture, e.g., a knife edge. It captures 
variations in light intensity proportional to the first deriva-
tive of the fluid density (Settles 2001). However, setups 
used for schlieren photography can also be used for in-line 
PIV. A setup very similar to Toepler’s schlieren method was 
implemented within this study and is also described in the 
following.

2  In‑line PIV configurations

2.1  Initial test with polarizing filters

The initial idea for an in-line configuration used a principle 
borrowed from microscopy. Two polarization filters with an 
offset of 90◦ , e.g., vertical and horizontal, were placed in the 
direct path between the light source and the camera to reduce 
the illumination intensity sufficiently, see Fig. 5. The tracer 
particles introduced between the two polarization filters 

Fig. 3  Parallel hot-wire probe, two 5  μm-wires, recorded with a 
lens of f = 400mm and f# = 2.8 at a distance of about 1  m. The 
images show the focal plane, dz = 0 , and out of plane positions, 
dz = {−1, 1} mm
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Fig. 4  Related measurement principles: a dark-field microscopy 
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must be able to depolarize the incident light sufficiently to 
allow the scattered light to pass through the second polariza-
tion filter. Since this is not the case for very small particles 
( Dp ≈ 1 μm ) commonly used in aerodynamic PIV measure-
ments, the experiment was performed using larger HFSB 
with Dp ≈ 300–400 μm . The results showed the viability of 
this approach, even with a preliminary setup using only a 
flashlight (MagLite LED 3D, electrical power 0.8 W, LED 
chip size 1.5 × 1.5mm ) for illumination and a mobile phone 
camera for imaging.

Figure 6a is a raw image showing bright tracer particles 
with parts of the optical setup still visible despite the polari-
zation filter. Applying a spatial high-pass filter matched to 
the expected particle size helps to isolate the seeding from 
the optical components (see Fig. 6b. The gain in particle 
visibility was not satisfactory, but the result is still shown 
as some fluids can carry particles that are non-spherical and 
therefore have the potential to depolarize the scattered light 
to a greater extent. During the investigations it appeared 
that a more effective blocking of the direct light could be 
achieved by removing the filters and using light traps.

2.2  Setup with a light trap in front of the imaging 
lens

Figure 7 shows another example of an in-line PIV setup. 
The light from a small but intense light source is focused 
by an illuminating lens onto a light trap, which in this case 
is located in front of a distant imaging lens. The minimum 
required size of the light trap depends on the geometry of 
the light source, but is much smaller than the aperture of 
the imaging lens. As a result, most of the emitted light is 
blocked and does not reach the image sensor, but light scat-
tered in the forward direction by the particles, as well as 
stray light caused by lens imperfections and lens contamina-
tion, does reach the image sensor. The imaging lens focuses 
the seeding within the depth of field into sharp particle 
images just a few pixels in diameter, while blurred particles 
and parasitic lens imperfections increase the overall bright-
ness of the image.

A first impression of the working principle is given by the 
preliminary setup shown in Fig. 8. The light source was the 

same as in the previous section (MagLite LED 3D), but the 
mobile phone camera was replaced by a Nikon D7100 DSLR 
camera with an image size of 4000 × 6000 pixels . Two 
identical long focal length lenses (Nikon Nikkor 400 mm, 
f# = 2.8 ) were used, one on the illumination side and one 
on the imaging side. The tracer particles of typically 15� m 
diameter were provided by a soap bubble generator (TSI 
BG1000). A raw sample image is shown in Fig. 9a, which 
is dominated by bright cloud-like scattered light structures. 
Similar to the polarization setup, the tracer particles can be 
isolated by an appropriately chosen spatial high-pass filter 

Fig. 5  Sketch of an in-line setup using two polarizing filters

Fig. 6  Sample for in-line image acquisition with polarizing filters, 
raw image (a) and high-pass filtered image (b)

Fig. 7  Sketch of an in-line setup with a light trap in front of the imag-
ing lens, “configuration A”
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(see Fig. 9b. In this case, the low-pass filtered image (ker-
nel size 7px) was subtracted from the original image. The 
contrast of the filtered image is good, but the continuous 
light source and the long exposure time of 1 ms leads to 

particle streaks rather than sharp particle images. However, 
the sharpness and intensity of the streak images proved the 
suitability of the recording setup not only for streak veloci-
metry but also for PIV.

2.2.1  Bluff‑body flow with pulsed LED illumination

To overcome the limitations of the preliminary setup, 
the configuration with a light trap in front of the imaging 
lens, see Fig. 7, was upgraded with a double-pulsed LED 
light source (Hardsoft IL-106 G) that emits green light, 
� = 528 nm . The pulse duration was set to 10 μ s with a 
pulse energy of approximately 100 μ J. The lens system 
was retained from the previous setup, but the images were 
captured by a sCMOS double-shutter camera (PCO, Edge 
5.5) with an image size of 2560 × 2160 pixels . Image pairs 
were acquired at a frame rate of 5 Hz and an inter-frame/
pulse separation of 20 μ s. A Seika CTS-1000 seeding 
device provided a dense stream of di-ethylhexyl sebacate 
(DEHS) tracer particles approximately Dp = 1.5 μm in 
diameter. It should be noted that most of the hardware 
components for this setup are standard PIV equipment. 
The tracer particles were sucked through a test section by 
a vacuum cleaner, which also removed excess particles 
thereby reducing light scattering by particles outside of 
the measurement volume. The flow direction is perpen-
dicular to the optical axis, and a 4 mm diameter wooden 
cylinder was placed at the upstream end of the measure-
ment region to act as an obstacle to the flow. Figure 10a 
shows an example raw image with flow from left to right, 
the shear layers and the wake of the cylinder are already 
visible in the seeded flow. In order to obtain an image 
similar to standard PIV recording, a filter implemented 
in DaVis was used (see Fig. 10b. The chosen filtering 
method involved subtracting the minimum intensity value 
within the whole set of recorded images of each pixel. The 
measurement area is only about 35 × 30mma , limited by 

Fig. 8  Preliminary in-line setup 
with a light trap in front of the 
imaging lens
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Fig. 9  In-line imaging result obtained with the preliminary setup 
shown in Fig.  8, raw image (a) and high-pass filtered image (b) to 
remove stray light
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the aperture of the illuminating lens and the converging 
illumination cone as shown in Fig. 7.

The acquired image pairs were processed with the PIV 
software (LaVision DaVis 10) using an adaptive iterative 
cross-correlation algorithm with an initial window size of 
128 × 128 pixels ( 50% overlap) and a final window size of 
32 × 32 pixels ( 75% overlap). A sample result is shown in 
Fig. 11 using the horizontal velocity component as a scalar 
background (a) and the correlation coefficient (b).

The average free stream velocity is approximately 
13 ms−1 , with the turbulent wake of the cylinder clearly vis-
ible in the center of the measurement region. Note that the 
vertical mounting post of the cylinder blocks the line of sight 
of the camera, but it is located outside the measurement 
region and the flow. Therefore, it does not leave a visible 
wake itself. The correlation value is approximately between 
0.25 and 1.0, with the highest values in the external flow and 
the lowest values in the turbulent wake.

2.2.2  Duct flow with laser illumination and high‑speed 
camera

The experiment described next is another variant of the 
with a light trap in front of the imaging lens as depicted in 
Fig. 7. The light of a low-cost laser (NEJE Tool E30130, 
� = 450 nm , Pcont. = 5.2W ) is expanded to about 50 mm 
using an f = −30mm biconcave lens and an f = +250mm 
plano-convex lens. A pair of vertical vignettes then cre-
ates an 8 mm thick light volume that is passed orthogonal 
through the square test section of a small wind tunnel. The 
illuminated volume is imaged by a high-speed CMOS cam-
era (Vision Research V1840) fitted with an f = 200 mm 
macro lens (Nikon Micro Nikkor 200 mm 1:4) and a 2× tel-
econverter (Nikon TC-201). The working distance is 575 mm 
between the plane of focus (i.e., measurement plane) and the 
front of the lens. With the lens aperture at f# = 4.0 and an 
image magnification of 23.6 μm/pixel ( M = 0.65 ) the DoF 
is estimated at 0.5 − 1mm using the equations given in the 

Fig. 10  Sample in-line PIV image with pulsed LED illumination, 
light trap in front of the imaging lens, raw image (a) and high-pass 
filtered image (b)

Fig. 11  Sample result for the raw image in Fig.  10, u-component 
velocity field (a, with every  6th vector in horizontal/vertical direction) 
and corresponding correlation coefficient (b)
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appendix. The light is directed to the edge of the camera lens 
(see Fig. 12) such that the angle between optical axis and 
laser light amounts to about 3◦ . A blind on the edge of the 
lens reduces light scatter.

The channel has a square test section with an internal 
dimension of H2 = 76 × 76mm2 and an overall length of 
1800 mm. Measurement are preformed at x = 1700mm 
downstream from the 10 : 1 contraction nozzle. A tripping 
fence at the test section entry ensures the growth of tur-
bulent boundary layers along the wall of the duct. For the 
measurements, the tunnel is operated at a bulk velocity of 
about 3.5 ms−1 . Seeding is provided globally upstream in the 
settling chamber and consists of Dp ≈ 1 μm paraffin droplets 
generated by a Laskin nozzle seeding generator (PIVTEC 
PivPart14).

Matching the framing rate of the high-speed cam-
era, a pulse-width modulated laser (NEJE Tool E30130, 
� = 450 nm , Pcont. = 5.2W ) is triggered with pulses of 2 μ s 
duration, thereby producing light pulses with an estimated 
energy of 5 μ J per pulse. Due to the blinds only about 20% 
( 1 μJ/pulse) is actually introduced into the test section.

Sample recordings obtained at 10 kHz are provided in 
Fig. 13. The leftmost image, Fig. 13a, represents the average 
intensity computed from a sequence of 20,000 images. Fig-
ure 13b is a combined image of five successive raw images. 
Subtracting the long-term average (a) removes the stationary 

stray light in (b), enhancing the visibility of the tracer parti-
cles in Fig. 13c. Applying an additional low-pass filter fur-
ther improves the contrast of the particles while attenuating 
high-frequency noise that would otherwise reduce the qual-
ity of the cross-correlation processing (Fig. 13d).

Example measurements of the turbulent flow in the square 
duct are presented in Fig. 14. The measurement plane (e.g., 
plane of focus) is located near the mid-plane of the duct. 
The velocity profile is computed from 2 s of image data 
acquired at 20 kHz (40 000 images at 2048 × 200 pixels). 
Using 5 images per time-step, multi-frame PIV processing is 
performed with samples of 32 × 32 pixels ( 0.75 × 0.75mm2) 
at 50% overlap.

While the mean velocity profile closely matches the DNS 
data at similar Reynolds number (Schlatter and Örlü 2010), 
the variances are either over- or underestimated. In part, this 
can be attributed to insufficient record length of about 180 
boundary layer turn-over times ( 2Ucl∕H ). More importantly, 
the integration of particle image data across a depth of field 
covering several mm introduces noise in the correlation sig-
nal and at the same time leads to spatial smoothing of the 
velocity fluctuations.

2.3  Setup with a light trap between imaging lens 
and sensor

One of the main disadvantages of the previous configura-
tion in Sect. 2.2 is the limited size of the measurement area, 
since the illumination cone converges from the aperture of 
the illuminating lens onto the light trap. A parallel or even 
divergent light cone can be facilitated by placing the beam 
trap behind the imaging lens rather than in front of it, see 
Fig. 15. This benefit comes at the cost of an increased com-
plexity of the setup. The setup is basically similar to a simple 
focusing schlieren setup, but in this case, the scattered light 
from the particles in the focal plane is visualized rather than 
the spatial gradients of the refractive index.

2.3.1  Bluff‑body flow with pulsed LED illumination

Except for the position of the light trap, the first test with 
a cylindrical bluff body uses the same setup and hardware 
components as described in Sect. 2.2.1. This includes the 
double-pulsed LED illumination, the double-shutter camera, 
the DEHS tracer particles and the adaptive cross-correlation 
algorithm used to determine the particle displacements. Fig-
ure 16 shows an example raw image (a) and its high-pass 
filtered counterpart (b), while Fig. 17 shows the resulting 
horizontal velocity component as a scalar background (a) 
together with the corresponding correlation coefficient (b). 
For a one-to-one comparison with Figs. 10 and 11, the field 
of view was kept constant.

Fig. 12  Illumination setup for high-speed in-line PIV in a small 
square duct using a blue pulse width modulation (PWM) laser and a 
high-speed CMOS camera
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The correlation value in Fig. 17 is higher compared 
to Fig. 11 which is partly due to the reduced free stream 
velocity, approximately 3 ms−1 instead of 15 ms−1 . However, 
an improved seeding application was also tested using two 
seeding devices simultaneously (Seika CTS-1000 with dual 
flow nozzles and PIVTEC with standard Laskin nozzles). 
This comparison shows that the optimization of the seeding 
density, combined with a lower free stream airspeed, played 
a major role in enhancing the correlation value in the wake 
region for the selected recording parameters.

2.3.2  Wind tunnel test with laser illumination

In this setup, the light trap configuration between the imag-
ing lens and the camera sensor was tested using a double-
pulse PIV laser (Quantel Q-Smart, � = 532 nm ) with a pulse 
separation of 20 μ s as the light source. The laser was oper-
ated in Q-switched mode with a large flash lamp-to-Q-switch 
delay, reducing the light output to a small fraction of its 
usual design output of up to 380 mJ per pulse. The actual 
pulse energy was estimated using a Gentec laser power 
meter and is approximately in the range from 0.28 mJ to 

0.55 mJ, although the measurement does not give an accu-
rate or reliable result due to the very small energy levels. The 
collimated laser beam was expanded through a series of con-
cave laser-grade lenses, rather than a standard camera lens, 
forming a diverging cone in the test section. The experiment 
was carried out in the one-meter wind tunnel (1 MG) at DLR 
Göttingen, which provided a uniform flow over the meas-
urement area with a free-stream velocity of 8 ms−1 . Water 
droplets with a diameter of about Dp = 2 − 3 μm were pro-
vided by a custom-built DLR generator. Due to the short 
lifetime of the water-based particles, the outlet of the seed-
ing generator was placed just upstream of the cylinder test 
object, unfortunately causing some turbulent disturbances to 
the inflow. Again, the pco.edge 5.5 camera was used and the 
system operated at a frame rate of 9 Hz. The imaging lens 
was a Zeiss f = 100mm lens set to an aperture of f# = 2.0 . 
Figure 18 shows an example raw image (a) and the corre-
sponding high-pass filtered image (b).

The image width is about 130 mm, almost four times 
wider than the setups with converging illumination as in 
Fig. 10. Unfortunately, the illumination is less homogene-
ous than in the previous tests with LED illumination. The 

Fig. 13  Images data captured with a high-speed camera at 10  kHz for a turbulent flow in a square channel: mean intensity (a), raw, multi-
exposed image (b), with mean subtracted (c), low-pass filtered (d). Five laser light pulses are overlaid
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main problem with the laser source was that it inadvert-
ently created a laser speckle pattern that did not move with 
the local flow. The resulting horizontal velocity distribu-
tion after cross correlation analysis, see Fig. 19a, reflects 
the true velocity field only in the vicinity of the cylinder, 
see the yellow-red area. Further away from the cylinder, the 
result is erroneous at zero velocity (blue area) due to the 
stationary speckle pattern. Interestingly, the correlation coef-
ficient of this pattern is even larger compared to tracer par-
ticle dominated areas with correct velocity measurements, 

see Fig. 19b. Nevertheless, it can be concluded that useful 
images can be obtained with such a setup, at least for some 
applications.

2.4  Setup with multiple light traps 
behind the illuminating lens

The previous setup with a light trap between the imaging 
lens and the image sensor requires very careful and delicate 
adjustment of the trap in relation to the other optical com-
ponents. This is particularly true for laser illumination and 
long observation distances, as the focal point on the trap is 
close to the image plane and can easily damage the sensor.

2.4.1  Wind tunnel test with laser illumination and light 
trap on the illuminating side

A much more robust setup can be achieved by placing the 
light trap right behind the illuminating lens, see Fig. 20. 
In this case, the diverging illumination and the light trap 

a)

b)

( )

(
)

(
)

Fig. 14  Velocity profile (a) and variances (b) obtained with high-
speed in-line PIV in a turbulent channel flow for a sampling rate of 
20 kHz. DNS data from Schlatter and Örlü (2010). Red dashed line 
indicates channel centerline at y∕H = 0.5

Fig. 15  Sketch of an in-line setup with a light trap between imaging 
lens and camera sensor, “configuration B”

Fig. 16  Sample in-line PIV image with pulsed LED illumination, 
light trap behind the imaging lens, raw image (a) and high-pass fil-
tered image (b)
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create a diverging shadow that must cover at least the 
entire aperture of the imaging lens to prevent direct light 
from reaching the image sensor. Of course, this also leaves 
a shadowed area in the center of the measurement area. 
Light scattered by tracer particles outside this shadowed 
area can still be imaged by the camera. The ratio of the 
shadowed area to the illuminated area depends on the opti-
cal setup, such as the angle of divergence of the light cone 
and the focal length of the imaging lens. In practice, the 
shadow of the trap will not perfectly block the incident 
light, partly due to diffraction effects at the edge of the 
trap, which creates a bright corona. In an iterative process, 
it was found that stray light could be reduced by placing 
an additional light trap along the optical axis and in front 
of the imaging lens. Wind tunnel tests with this light trap 
configuration were carried out with an otherwise identi-
cal setup as in the previous section, Sect. 2.3.2. The two 
sub-figures of Fig. 21 respectively show an example image 

before and after application of a high-pass filter. Compared 
to the previous setup (Fig. 18), the shadow of the light trap 
is visible as a dark area, indicated by an yellow circle. The 
cylinder itself is smaller, as indicated by the red circle.

The cross-correlation result is shown in Fig.  22 by 
means of the horizontal velocity component as a scalar 
background (a) and the correlation coefficient (b). The 
field of view is about 160 mm wide, and the seeded area 
is visible by a correlation coefficient with values around 
0.5 (yellow-green area). With this setup, less laser speckles 
were generated, resulting in low correlation values outside 
the seeded area (dark blue areas). The trap shadow and 
cylinder mount have been masked out and appear as white 
areas. The velocity data is affected by some outliers that 
were not removed by post-processing, but the low velocity 
cylinder wake can be clearly seen as a horizontal red line 
in the right half of the velocity field.

Fig. 17  Sample result for the raw image in Fig.  16, u-component 
velocity field (a, with every 6th vector in horizontal/vertical direc-
tion) and corresponding correlation coefficient (b)

Fig. 18  Sample in-line PIV image with pulsed laser illumination, 
light trap behind the imaging lens, raw image (a) and high-pass fil-
tered image (b)
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2.5  Alternative methods which benefit from high 
light efficiency

In contrast to the in-line PIV applications described above, 
we will now focus on two applications that used particle 
tracking instead of cross-correlation evaluation schemes. 

One uses the relatively new technique of event-based image 
recording. The other uses a multiple aperture mask that acts 
as light trap at the same time. Both setups have the light trap 
in front of the imaging lenses as outlined in Sect. 2.2.

2.5.1  Bluff‑body flow with laser illumination and event 
camera

Unlike conventional frame-based cameras, event cameras 
only capture intensity changes rather than the intensity itself. 
Aside from their high dynamic range ( > 110 dB), the major 
advantage is that the data stream is reduced to transmitting 
only the pixels which observed a contrast change. This ena-
bles cost-effective high-speed imaging for a variety of appli-
cations (Gallego et al. 2022). The use of event cameras in 
PIV-like flow diagnostics is discussed by Willert and Klin-
ner (2022), and Willert (2023). The primary motivation for 
use of an event camera in the present study was to assess 

Fig. 19  Sample result for the raw image in Fig.  18, u-component 
velocity field (a, with every 6th vector in horizontal/vertical direc-
tion) and corresponding correlation coefficient (b)

Fig. 20  Sketch of an in-line setup with a light trap behind the illumi-
nating lens, “configuration C”

Fig. 21  Sample in-line PIV image with pulsed laser illumination, 
light trap behind the illumination lens, raw image (a) and high-pass 
filtered image (b)
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whether in-line imaging arrangements provide sufficient 
intensity contrast to trigger contrast change events.

For the in-line setup shown in Fig. 7, an event camera 
with a resolution of 1280 × 720 pixels (Prophesee EVK2-
Gen4.1) is combined with pulsed laser illumination. The 
same laser as in Sect. 2.2.2 is operated at a frequency of 
5 kHz with a duty cycle of 1 − 2% . A neutral density filter 
with a transmission of 25% in the optical path results in sin-
gle pulse energies of 2.5–6.2 μJ that are spread into a round 
beam of about 35 mm diameter in the measurement domain. 
The system is set up to image the seeded flow issuing from a 
50 mm pipe using a f = 300mm imaging lens with its aper-
ture set at f#4.0 . Seeding is provided paraffin tracer droplets 
of Dp = 0.8 μm dispersed by a Laskin nozzle seeding gen-
erator (PIVTEC PivPart14). A 3mm rod placed across the 
exit of the pipe provides a generic wake flow. The working 
distance between camera lens and measurement domain is 
about 500 mm. The DoF is estimated at 1–2 mm using the 
expressions given the appendix.

Processing of the acquired event-streams using particle 
tracking algorithms reveals the path lines of individual par-
ticles in the wake of the cylinder wake flow (Fig. 23). The 
path-lines are shown as dashed traces, with the color indicat-
ing the corresponding particle velocity. The results clearly 

capture both the external flow outside the cylinder wake with 
a velocity of about 1 ms−1 as well as the slower wake flow 
with several large-scale vortices.

2.5.2  Multi‑aperture imaging setup

Another variant of the setup in Fig.  12, first described 
by Willert and Gharib (1992) and commonly referred to as 
aperture encoded imaging is shown in Fig. 24. In this setup, 
the imaging lens is nearly completely covered by a light trap, 
with the blue laser illumination focused in the central part 
of the trap. The light scattered by the flow tracer particles 
enters the imaging lens through three small off-axis aperture 
holes arranged in a triangular pattern. Particles in the focal 
plane of the lens will form a single sharp particle image on 
the sensor plane. Due to the three aperture holes, a tracer 
particle outside of the focal plane will be imaged as a triplet 
of three individual, nearly focused particle images rather 
than as a single but blurry out-of-focus particle image. The 
result is similar to the superposition of three images taken 
with three individual pinhole cameras with a small angular 
offset. The geometric size of the triplets can be related to 
the distance of the tracer particle to the focal plane, and the 
pattern orientation indicates whether the particle is in behind 

Fig. 22  Sample result for the raw image in Fig.  21, u-component 
velocity field (a, with every 6th vector in horizontal/vertical direc-
tion) and corresponding correlation coefficient (b)

Fig. 23  Sample results for in-line PIV with an event-based camera 
showing pathlines of tracer particles, the coloring shows the corre-
sponding particle velocity
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or in front of the focal plane (Willert and Gharib 1992). 
Combined with a spatial calibration, the system can be used 
to conduct three-component volumetric PTV measurements 
such as described by Pereira et al. (2000). To ensure a reli-
able detection of image triplets on the sensor plane, the num-
ber of particles that can be tracked at a given time is limited, 
resulting in a significant reduction of the spatial resolution 
in comparison to conventional PIV.

Figure 25 shows three samples of particle tracks recorded 
with an event-based camera using pulsed illumination. In 
the image, the tracer particles move from left to right. The 
tracer particle in track (a) is close to the focal plane, form-
ing a triangle pointing to the left, whereas track (c) con-
sists of larger triangular patterns facing the other direction 
indicating an increased distance from the focal plane. The 
switch in triangle orientation indicates that they are located 
on either side of the focal plane. Track (b) is produced by a 
particle moving within the focal plane. Figure 26 provides 
a close-up detail of a particle triplet track outside of the 
focal plane. The image also provides an impression of the 

pixelated nature of the binary image data produced by the 
event-camera. It is noted that the triple-aperture setup itself 
is not directly related to the idea of in-line illumination. Nev-
ertheless, it greatly benefits from in-line illumination, since a 
sufficient illumination intensity is provided despite the small 
pinhole-like aperture sizes.

3  Discussion

We tested various methods of in-line PIV recording and evalu-
ation of which the most promising ones have been presented 
in this article and are summarized in Table 1. A pretest, that 
showed limited potential for macroscopic settings proved the 
feasibility of the in-line setup using two polarization filters. 
configuration A allowed for the recording of a transient flow 
with a limited field of view (FoV) due to the converging light 
cone. However, since small spherical particles do not alter the 
polarization direction of the scattered light, the polarization 
approach is limited to applications that allow for either larger 
or non-spherical particles. In configuration B the limited FoV 
was avoided by using a diverging light cone, but this exposed 
the recordings to imperfections of the imaging and illuminat-
ing lenses. Better results could be obtained with LED illu-
mination in a controlled environment, and this configuration 
was then tested in the wind tunnel with a low-power laser. 
Since configuration B required careful positioning of the light 
trap between the imaging lens and the image sensor, a task 
critical for setups using laser illumination and long observa-
tion distances, the next step was to construct a more robust 
setup (configuration C in Table 1) with a double light trap. 
All alignments had to be done very carefully, as the proxim-
ity of the focal point to the image plane increased the risk of 
sensor damage. Another problem associated with this setup 
was the presence of the light trap shadow on the images. The 
first variation of configuration A mirrored the previous setup, 

Fig. 24  Variant of a light trap in front of the imaging lens with three 
off-axis aperture holes

Fig. 25  In-line particle imaging with a triple-aperture light trap and 
pulsed laser illumination at 5 kHz (image width 440 pixel)

Fig. 26  Detail of a particle image track obtained for a particle outside 
of the focal plane using pulsed illumination at 5 kHz (12 pulses are 
shown, image width 220 pixel)
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but was used outside of the wind tunnel environment. The use 
of an event-based camera in this version extended our range 
of length scale resolution and demonstrated a considerable 
reduction of the required light intensity due to the increased 
sensitivity of the event-based sensor. Finally, a triple-aperture 
placed in front of the lens functioned as a light trap and pro-
duced self-similar image triplets on the sensor that allow a 3d 
reconstruction of particle in the imaged volume. Each con-
figuration provided valuable insights into the nuances of our 
approach, offering distinct advantages and considerations. The 
set-ups shown were the ones that could be most easily real-
ized. However, the maximum observation field size of some 
arrangements is restricted by aperture of the illuminating lens. 
Others demonstrated the feasibility of obtaining larger fields 
of view. The herein described in-line PIV techniques show 
potential for PIV measurements in open spaces, since they 
allow for the use of LED light sources instead of pulsed lasers, 
even when small tracer particles with diameters in the range of 
1–3 μ m are being used. The techniques worked best with high 
particle concentrations in the regime of the focal plane, but 
low particle concentrations in the surrounding area. Based on 
the configurations described in the previous sections several 
commonalities can be summarized:

• Tracer seeding within the imaging path, which are out of 
focus, will significantly reduce image contrast. Similarly, 
intermediate surfaces such as test section windows and 
lenses should be kept clean and scratch-free.

• For in-line imaging the depth of the measurement domain 
is defined by the DoF of the imaging lens. A combination 
of long focal length with large aperture and a consider-
able working distance can achieve a DoF in the millim-
eter range. For highly three-dimensional flows a limited 
depth of field requires the reduction of the separation 
time between both exposures to prevent loss of particle 
image pairing, just as in conventional PIV where the light 
sheet thickness defines the DoF.

• The in-line imaging arrangements have in common a rel-
atively high background intensity level on which brighter 
particle images can be detected. Ideally this background 
is constant in time such that it can be removed through 
subtraction. For event-based imaging (c.f. Sect. 2.5.1), 
which relies on contrast changes, the difference between 
background and particle image has to be higher than the 
contrast detection threshold which typically is on the 
order of 20%.

4  Concluding remarks

Several configurations for in-line tracer particle illumination 
in seeded flows have been proposed and tested. The lim-
ited experimental results did not allow for a final rating, but 

demonstrated feasibility and identified first characteristics 
enabling future investigations. The use of forward scatter-
ing has a significant influence on the required pulse energy 
of the light source used. Typically, sufficient illumination 
is achieved with about 1% of the pulse energy that would 
normally be used for a conventional orthogonal PIV arrange-
ment employing a laser light sheet. It should be noted that 
the present work does not cover all possible configurations, 
nor have all aspects of this interesting technique been fully 
explored. Nonetheless, it can be concluded that for some 
experimental setups, both in gaseous and liquid media, inter-
esting variations of the recording arrangement and along 
with reductions in the required light power can be achieved.

Appendix

Depth of field estimation

The depth of focus (DoF) for a given imaging setup depends 
on a number of parameters, in particular, the lens aperture 
(or f-number, f# ), the focal length of the lens f, the working 
distance s and a quantity known as the circle of confusion or 
blur disk diameter d′ . Related to these quantities is the mag-
nification factor M which depends on the lens focal length f 
and working distance s.

Using the length of the Fraunhofer diffraction pattern df  
along the line of sight, Adrian (1991) provides the following 
expression:

with � being the wavelength of light. For macroscopic lenses 
or lenses with teleconverters operating at magnifications 
near unity ( 0.1 ≲ M ≲ 1 ), the effective f-number is given 
as f#,eff . = f#(1 +M) . This value needs to be used in Eq. 2.

Using geometrical optics an alternative approximation of 
DoF for macroscopic imaging is provided by Naumann and 
Schröder (1992) and is based on an acceptable amount of 
blur on the sensor known as blur disk diameter, d′:
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