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Abstract
Defocusing particle tracking velocimetry (defocusing PTV) is applied in various levels of magnification to investigate the 
flow in an open wet clutch with radial grooving. The magnifications range from M = 0.8 up to M = 15 , whereas the cor-
responding defocusing sensitivities sZ , denoting the rate of the particle image diameter change along the optical axis, range 
from 67.1 to 9.0 µm/pixel. For flows with sub-millimeter structures, as it is the case of this clutch flow application, a high 
spatial resolution is necessary to fully understand the flow phenomena in these confined geometries. It is demonstrated in 
this study that all optical configurations can resolve the miniature flow structures that are present in an open wet clutch. 
Moreover, the M = 0.8 set-up, featuring the largest field of view, captures the entire region between the inner and the outer 
radius of the clutch, providing a comprehensive overview of the three-dimensional clutch flow field, ranging from the small-
est structures to the largest. It is found that the M = 0.8 set-up also yields the lowest uncertainties in the determination of the 
particle locations in x, y direction as well as in z direction along the optical axis. The particle image diameter uncertainty is 
2�di

= 0.24 pixel, which translates (by multiplying the defocusing sensitivity of sZ = 67.1 µm/pixel) into a particle z location 
determination uncertainty of 2�z = 16.1 µm. These results give evidence to the fact that not necessarily the best defocusing 
sensitivity determines the accuracy of the particle z location estimation; to a great extent the signal-to-noise ratio and the 
width of the outer ring of the defocused particle image influence the accuracy.

Graphical Abstract

1  Introduction

The continuous development of new hybrid and battery-
driven drive concepts in automotive industry, forced by 
the desire to save CO2 emissions, led to a large variety of 
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new energy-saving strategies. One of the strategies is the 
optimization of the idling behavior of wet clutches, which 
are installed in the majority of higher-class automobiles. 
The speed difference between drive and output, the sub-
millimeter gap height, and the presence of oil between the 
disks result in a considerably high wall-shear stress, which 
sums up to an adverse so-called drag torque. The potential 
to reduce this quantity as energy-saving strategy was first 
discovered in R  & D departments of industrial companies 
(Schade 1971; Lloyd 1974), but soon also attracted universi-
ties and research institutes with applied scientific fields (Fish 
1991). A vast amount of research and development efforts 
addressed the minimization of this adverse torque, which 
mostly led to different groove patterns on one of the disk 
groups in the clutch package. A variety of different investi-
gations were conducted to clarify the influence of these pat-
terns on the basis of torque measurements (see, e.g., Neupert 
et al. 2018; Grötsch et al. 2019).

However, a precise experimental investigation of the 
cause-effect relations between disk geometry and resulting 
adverse drag torque has ever since been considered to be 
rather difficult, due to the limited availability of apt meas-
urement techniques. When using an estimate to quantify 
the ongoing phenomena in the sub-millimeter gap, the use 
of an integral measurement method inherently leads to the 
loss of information and renders a precise analysis of the 
inter-dependency rather difficult. While the basic fluid flow 
without an application of grooves can be described with 
analytical means, as highlighted by Leister et al. (2021), 
this becomes more difficult with arbitrary shaped groove 
patterns.

This scenario is in need of an appropriate measurement 
technique that meets all mandatory side conditions and per-
sists the fairly rough environment with complex geometries 
and accordingly high amount of reflection when investigated 
with laser-based velocimetry, for instance. As already shown 
by Leister et al. (2021a), the technique of Defocusing Parti-
cle Tracking Velocimetry (defocusing PTV) is able to extract 
the complete 3D3C velocity information within a radially 
grooved open wet clutch, as well as the resulting wall-shear-
stress (WSS) on the stator.

For the present clutch flow study, different optical con-
figurations with magnifications ranging from macroscopic 
( M = 0.8 ) to microscopic ( M = 15 ) were used, in order to 
resolve different levels of detail. Thus, the M = 0.8 set-up 
with the largest field of view serves as an overview meas-
urement, capturing the in- and outflow of the clutch gap. 
For the larger magnifications, it was intended to resolve 
the more complex small-scale flow structures in the vicin-
ity of the groove. The significance of these flow patterns 
appearing in the groove domain for the overall flow field 
was already highlighted by Leister et al. (2021a). This study 
provides a comparative assessment of the different optical 

configurations and their performance in terms of the flow-
field determination, in order to allow for the selection of the 
appropriate set-up for a given measurement task.

2 � Defocusing PTV

2.1 � Measurement principle

In general, defocusing of particle images uses the additional 
information of a distinct out-of-focus behavior. Historically, 
the technique developed out of Particle Imaging Velocimetry 
(PIV), which serves as robust and well-assessed technique 
for particle-based flow measurements (see e.g. Adrian and 
Westerweel 2011; Raffel et al. 2018). When the velocity of 
an individual particle is tracked, the approach is commonly 
referred to as Particle Tracking Velocimetry (PTV). Here, 
a variety of different techniques was developed to fit each 
specific need, such as 3D-PTV (Maas et al. 1993; Nishino 
et al. 1989), Astigmatism PTV (Cierpka et al. 2010; Kao and 
Verkman 1994), Shake-the-Box (Schanz et al. 2013, 2016) 
and Defocusing PTV. So, Defocusing PTV is one possibil-
ity among others for such a tracking and was introduced 
by Willert and Gharib (1992). Whenever it is necessary to 
resolve fine flow structures in microscopic flows, that are 
smaller than the light sheet thickness, it is favorable to track 
individual particles instead of an ensemble. An overview of 
most of these techniques has been published by Cierpka and 
Kähler (2012). After its introduction, Defocusing PTV was 
soon adapted to fit the micro-fluid needs, e.g., by Yoon and 
Kim (2006) and Pereira et al. (2007). The usage of the com-
plete defocused image was conducted by Wu et al. (2005). 
Analogous, Fuchs et al. (2016) used the complete image and 
determined the depth by analyzing the intensity distribution 
at its edges.

The physical principle of defocusing can be explained 
visually with the help of Fig. 1. Two particles are shown, the 
first particle (  • ) is positioned on the focal plane. The second 

particle ( • ) has a certain distance to the focal plane. The first 

particle is imaged sharp—or in focus—with a high peak 
intensity as shown in the diagram of the figure. The second 
particle is imaged out-of-focus and consequently forms a 
defocused image on the camera chip. The larger the distance, 
the larger the image diameter and the lower the intensity. 
The diameter contains the explicit distance information to 
the focal plane. This technique is thus able to extract a three-
dimensional position—in vicinity to the focal plane—with 
only a single camera.

The theoretical mathematical description of the particle 
image diameter di under absence of optical aberrations is 
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a sum of the geometric image, the diameter change due to 
diffraction and the defocusing term. This relationship has 
been summarized by Olsen and Adrian (2000) and can be 
written as

Here, M appears as magnification, dp as physical particle 
diameter, � as wave length of the emitted light and f# is the 
focal number of the lens. The third term models the defocus-
ing principles and describes the diameter change of the parti-
cle on the image plane as function of the distance z∗ between 
the particle and the focal plane, the distance s0 between the 
lens and the focal plane, and the projected physical diameter 
of the used aperture Da.

For practical defocusing PTV, where a linear interrela-
tion between the particle image diameter di and the coordi-
nate along the optical axis z∗ is valid, this equation can be 
simplified further. As outlined by Olsen and Adrian (2000), 
s0 ≫ z∗ is valid for all imaging applications. With this sim-
plification, Eq. (1) can be simplified to

(1)

di
2 = M2 dp

2
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+ 5.95(M + 1)2�2f#
2
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.

This equation can be further approximated as linear interde-
pendency when considering out-of-focus elements that have 
a sufficient distance to the focal plane, so that the first two 
terms, which are constant in regard to z∗ , can be neglected. 
Equation (2) can thus be simplified to

A comparison of Eqs. (1) and (3) is visualized in Fig. 2, 
with the parameters given in Table 1. Given a particle image 
diameter for the smallest particle images of ≈ 16 px, the 
error between both equations can be stated as 0.36 µm, 
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Fig. 1   Scheme of defocusing explained with two particles. The red 
one is located at the focal plane and imaged sharp. The blue one has 
a distinct distance to the focal plane and is imaged as out-of-focus 
particle image with a much lower peak intensity as shown in the dia-
grams

Fig. 2   Change of particle image diameter d
i
 according to Eqs. (1) and 

(3) (-  -) as a function of z∗ . The gray background indicates the start 
of the measurement region. The used parameters are summarized in 
Table 1

Table 1   Parameters corresponding to Fig.  2. All imaging param-
eters fit to the lowest magnification of M = 0.8 among the conducted 
experiments of the present study

Parameter Symbol Value

Magnification M 0.8
Particle diameter d

p
10 µm

Wave length � 584 nm
Focal length f 50 mm
f-number f

#
2

Projected aperture diameter D
a

25 mm
Lens-focal plane distance s

0
90 mm
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which corresponds to 0.047  px. To now transfer the focal 
plane coordinate z∗ to the coordinate of the experimental 
set-up z, the transformation z∗ = Δz + z is applied, which is 
valid as visualized in Fig. 2.

The slope of Eq. (3) gives the sensitivity of the defocus-
ing function. A link to commonly used parameters can be 
made by MDa∕s0 = sXY∕sZ using the image reproduction 
scale sXY in [µm/px], which is a standard imaging param-
eter, and the defocusing sensitivity sZ in [µm/px], as already 
used by, e.g., (Fuchs et al. 2016; Leister et al. 2021a). sZ 
expresses the physical change in z∗-direction if the diameter 
is changed by one pixel. This pixel-based values are often 
more meaningful, when comparing to other measurement 
set-ups and are used throughout the present work.

Since each commercial lens has correcting-glass elements 
for minimizing a vast array of aberrations (e.g., field curva-
ture, spherical aberration, chromatic aberration), the exact 
intensity distribution—and thus diameter—relies on the lens 
and various further factors. A direct implementation of Eq. 
(1) would, therefore, lead to unacceptably strong deviations 
and errors of the position estimation.

To overcome the gap between the theoretical considera-
tion and the desire to extract meaningful results, the present 
study uses the so-called in situ calibration approach of Fuchs 
et al. (2016), where the extracted diameter is locally trans-
formed in physical units on the basis of known boundary 
conditions in terms of particle displacements.

2.2 � Experimental set‑up

An overview of the experimental set-up is given in Fig. 3 
on the left, while a more detailed view of the clutch geom-
etry is shown on the right. The stator is made from glass 
with a thickness of 3 mm to allow an optical access for 
viewing and illuminating the clutch gap. The rotor is made 
from aluminum, whereas exchangeable polymer clutch 
disks can be added depending on preference. The disks are 

manufactured by 3d printing (Formlabs Form 3 L, layer 
thickness 50  µm), to allow for complex geometries and 
fine details of the groove patterns. The clutch geometry is 
characterized by the following parameters: (1) the inner 
radius R1 = 82.5 mm; (2) the outer radius R2 = 93.75 mm; 
(3) the gap height h = 400 µm between the clutch surface 
and the stator; (4) in case of the radially grooved clutch: the 
groove parameters, which are the width of W = 1.35 mm at 
the groove bottom, the groove height of H = 1.0 mm, and 
the pitch between the grooves of 11.25 ◦ , which corresponds 
to 32 evenly distributed grooves along the perimeter. To 
suppress light reflections on the clutch surface, fluorescent 
melamine resin-based seeding particles with a mean diam-
eter of dp = 9.84 µm were used to seed the white mineral oil 
(CAS No: 8042-47-5, �0 = 850 kg/m3, � = 16 × 10−6 m2/s), 
which is supplying the clutch. The seeding particles, emit-
ting a wave length of �em = 584  nm, were excited at a 
wave length of � = 532 nm with a double-pulsed Quan-
tel Evergreen Nd:YAG laser (210 mJ). A band pass filter 
( � = 590 ± 10 nm) was placed between the camera sensor 
and the measurement domain, to only capture the fluores-
cent light of the particles.

To investigate different optical configurations, apco.edge 
5.5 sCMOS camera was equipped with a variety of objec-
tive lens combinations, including a Zeiss Makro-Planar 
f = 50 mm lens and a Questar QM 1 telescope, which is 
further referred to as a long-distance microscope. A detailed 
analysis of the optical characteristics of the lens combina-
tions is outlined in the following. In particular, the use of the 
Zeiss lens, covering a macroscopic field of view, comes with 
optical aberrations, such as, e.g., coma, and a pronounced 
field curvature, both of which are reasons for the necessity to 
use a calibration approach that takes the local particle image 
characteristics into account. Along with this requirement and 
the fact that it is not feasible to move a calibration target 
in the measurement domain or to employ particles in the 
domain as calibration reference, the above-mentioned in situ 
calibration approach was used for evaluation, as described 
in detail by Fuchs et al. (2016).

2.3 � Optical characteristics

Depending on the required spatial resolution, the optical 
set-up can be adapted in terms of varying magnifications. 
However, changing the optics in turn changes the imag-
ing characteristics. Therefore, certain key parameters are 
assessed that characterize a defocusing PTV set-up in this 
section, including the magnification M, the reproduction 
scale sXY , the FOV size, and the defocusing sensitivity sZ . 
The latter parameter denotes the relation between the change 
of the particle-image diameter over the particle z-location, 
i.e., along the optical axis. In principle, this means that a 
stronger change of the particle-image diameter over a certain 
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Fig. 3   Sketch of the experimental set-up (left) and the test rig (right) 
for the conducted defocusing PTV experiments with all relevant geo-
metrical parameters and the used coordinate system
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z-distance means that the particle z-location can be deter-
mined more accurately.

Altogether four different magnifications were inves-
tigated, where the first configuration with the smallest M 
comprised a Zeiss Makro-Planar f = 50 mm at the shortest 
possible working distance together with a 20 mm distance 
ring to yield the largest possible magnification, which was 
still capturing the entire radial extent of the clutch gap. An 
overview of the parameters of all optical configurations is 
given in Table 2, while Fig. 4 illustrates the FOV extent in 
comparison with the clutch geometry. The three larger-mag-
nified configurations comprised a Questar QM 1 long-dis-
tance microscope as imaging optics, which was positioned at 
shortest possible distance of 560 mm. Here, the magnifica-
tion was adjusted by adding magnifying lenses between the 
camera and the lens. Note that the FOV size for the Zeiss 
50 mm configuration was cropped due to optical distortions 
in the image corners, whereas for the Questar configurations 
the entire sensor was used.

In terms of the accuracy of the particle z-location deter-
mination, the defocusing sensitivity sZ , as listed in the last 
column of Table 2, is a decisive factor. With increasing 
magnification sZ decreases, which means that with a certain 
change of the particle z-location, the particle-image diameter 
increases/decreases by a larger amount. However, it becomes 
apparent that sZ does not scale linearly with M, since for the 
first two set-ups (Zeiss 50 mm and Questar + 2× ), the M 
ratio yields around 6, while sZ ratio yields around 3 (cp. first 
two rows in Table 2). This is due to the fact that with differ-
ent lens configurations quantities such as the aperture diam-
eter, Da , change. As can be seen from Eq. (1), Da changes 
the slope of the relation between z and the particle-image 
diameter. Considering only at the Questar configurations, 
also Questar + 6× does not scale linearly with the magni-
fication. The reason for this is the addition of magnifying 
lenses, which actually changes the largest opening diameter 
of the light path Da.

Figure 5 shows a double frame image for the lowest mag-
nification of M = 0.8 . The recordings were evaluated as out-
lined in Fuchs et al. (2016), providing a detailed description 
of the in situ calibration procedure as well as the particle 
image diameter, di , determination scheme. In this approach, 
di is defined as the location where the intensity of the outer 
ring of the defocused particle image at the 4 vertices—i.e., 
the extrema of the extent of the particle image in sensor X 
and Y direction—first reaches a normalized, particle image-
specific intensity threshold, approaching the image center 
from beyond the outer ring of the defocused particle image. 
After evaluating the particle image diameters in the record-
ings, a relation between the particle image sensor location 
(X, Y), the particle image diameter di and the physical parti-
cle ( x, y, and z ) needs to be established.

Table 2   Optical parameters for the different optical configurations, 
where sXY denotes the reproduction scale and sZ the defocusing sen-
sitivity in [µm/pixel]

Configuration M FOV sXY sZ

[-] [mm2] [µm/px] [µm/px]

•
 
Zeiss 50 mm 0.8 12 × 12 7.57 67.1

•
 
Questar + 2× 5.2 3.2 × 2.7 1.25 23.4

•
 
Questar + 3× 7.6 2.2 × 1.8 0.86 15.5

•
 
Questar + 6× 15 1.1 × 0.9 0.43 9.0

M=0.8
M=5.2 M=7.6

M=15

Fig. 4   Overview of the FOV locations and the corresponding magni-
fications, M, for all optical configurations listed in the first column of 
Table 2

Fig. 5   False colored, gray scale, cropped, double frame raw image 
for configuration • M = 0.8 ; Frame A (•), Frame B (•). The inten-
sity was inverted for visual purposes. The image was acquired with a 
Zeiss 50 mm f2 macro lens
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To do so, the particle image displacement field is deter-
mined from the set of double-frame recordings, resulting 
in a distribution of displacements ( ΔX , ΔY  , and Δdi ) and 
the corresponding coordinates (X, Y, and Δdi ). Further con-
sideration of the no-slip condition provides two bound-
ary conditions for the present case of a clutch flow: (1) 
the displacements approach zero at the clutch stator plate, 
whereas (2) the displacements match the circumferential 
velocity at the clutch rotor. Taking these boundary con-
ditions into account, the application of a linear fit to the 
particle image displacements close to the rotor or the stator 
yields a di value, which represents a particle at the stator or 
rotor wall. In the present configuration, the particle image 
diameter increases from the stator toward the rotor, which 
means that the focal plane is located closer to the camera 
than the measurement domain. With the knowledge of the 
gap height between the clutch rotor and stator, or the clutch 
rotor groove depth, these particle image diameters can then 
be transferred into a physical location, since the particle 
image diameter changes linearly along the optical axis, 
as it was demonstrated in Sect. 2.1. Some further details 
on the evaluation method, specifically for this clutch flow 
application, can also be found in the treatise of Leister 
et al. (2021a). The subsequent section addresses the accu-
racy of the particle z-location in relation to the defocusing 
sensitivity sZ.

3 � Results

3.1 � Particle location uncertainty

As already generally outlined from a theoretical perspective 
in Sect. 2.1, a stronger rate of change of the particle-image 
diameter over the particle z-location, i.e., along the optical 
axis, yields an increased resolution. Theoretically, at a given 
numerical aperture, higher magnifications, leading to lower 
sZ-values, should have a higher particle location accuracy. 
However, changing the optical configuration also changes 
the imaging characteristics and, therefore, the appearance 
of the particle images. Thus, the intensity distribution of 
the particle images change, which in turn also changes the 
signal-to-noise ratio (SNR), among other factors. For the 
optical configurations presented in this study, the relation 
between sZ and the uncertainty of the particle z-location 
determination are estimated in the following to elaborate 
on the applicability of the theoretical considerations for the 
problem at hand.

In an attempt to estimate the particle location determina-
tion uncertainty from the measurement data, it is assumed 
that velocity component uz approaches zero in the vicinity 
of the stator. It has been demonstrated in previous studies 

by Leister et al. (2021a) and Leister et al. (2022) that this 
assumption holds true for the purpose of this uncertainty 
estimation procedure. With uz being close to zero, the change 
of the particle image diameter between a double-frame 
recording is supposed to be close to zero as well. However, 
as a consequence of the uncertainty in the particle image 
diameter determination procedure, the particle image diam-
eter varies. Using the defocusing sensitivity, sZ , the standard 
deviation of this particle image diameter variation, �di , can 
be translated into the particle z location determination uncer-
tainty, �z , by multiplication, i.e.,

Table 3 gives an overview of the uncertainty values for each 
optical configuration, revealing that 2�di is the lowest with a 
value of 0.24 pixels, for the Zeiss lens. The diameter uncer-
tainty is one order of magnitude larger for the Questar config-
urations, reaching up to almost 11 pixels. Intuitively, it might 
seem obvious that the set-ups with the significantly larger 
magnifications of up to M = 15 (which is 19 times larger than 
the Zeiss lens configuration) yield better spatial resolutions. 
However, the values in Table 3 clearly prove the first-glance 
intuition wrong. In fact, the set-up with the largest magnifi-
cation shows the highest uncertainty in the particle image 
location determination, being 6 times larger than for the Zeiss 
lens. The other Questar configurations show an uncertainty 
increased by a factor of 3. Relative to the measurement depth 
of around 1400 µm, the uncertainty of the particle z location 
determination yields only 1.17% for the Zeiss lens.

The lower performance of the Questar QM 1 optics has 
a variety of reasons. One is that the minimum working dis-
tance of around 560 mm is relatively large: compared to a 
microscope objective with a small working distance of less 
than 10 mm used by Fuchs and Kähler (2019), at a similar 
magnification (13 vs. 15, here), the defocusing sensitivity 
was sZ = 2.05 µm/pixel, whereas here a value of only 9.0 
was achieved. Moreover, the optical characteristics of the 
Questar lead to particle image shapes where the defocused 
ring is spread out over around 20 pixels combined with a 

(4)�z = �di
⋅ sZ .

Table 3   For the different optical configurations: the uncertainty of the 
particle-image diameter determination, 2�di , and the related uncer-
tainty of the particle z-location determination, 2�z

Configuration M [-] 2�di [pixel] 2�z [µm]

•
 
 Zeiss 50 mm 0.8 0.24 16.4

•
 
Questar + 2× 5.2 2.12 49.6

•
 
Questar + 3× 7.6 3.12 48.4

•
 
Questar + 6× 15 10.98 98.8



Experiments in Fluids           (2023) 64:94 	

1 3

Page 7 of 9     94 

very noisy intensity distribution that barely exceeds the 
background intensity (see Fig.  6 for the examples of the 
intensity distribution). In terms of the SNR, this result is 
a significant detriment relative to the Zeiss lens, since for 
the latter, the defocused ring has a width of around 3 pixels 
with a very distinct intensity distribution. These conditions 
are perfect for determining the edge location of the parti-
cle images with high accuracy. Comparing the �di values 
achieved in this experiment using the Zeiss lens against ear-
lier findings by Fuchs et al. (2016), it becomes apparent that 
the uncertainty here is significantly lower, ∼ 0.25 pixel vs. 
∼ 1 pixel before, even though the optical configuration was 
similar. However, in the current experiment seeding particles 
with a diameter of 10 µm were used in a liquid flow, whereas 
in the previous study an air flow using DEHS particles with 
a diameter of around 0.35 µm was used. As a result the SNR 
was lower and so is the accuracy of the diameter estimation, 
which is also observed when comparing the Questar con-
figurations with the Zeiss configuration in the present study.

3.2 � Fluid mechanic outcomes

The previous sections focused on the accuracy of each mag-
nification, while the present section takes the fluid mechanic 

results into consideration. The smallest magnification of 
M = 0.8 enables an investigation along the entire radius of 
interest. This is important knowledge in terms of an appli-
cability for clutch manufacturers, since such information 
up-to-now has only been achieved with numerical efforts. 
A considerably wide FOV, with an accuracy, that is sufficient 
to depict the most important fluid mechanic phenomena, is 
beneficial for this flow scenario.

As benchmark comparison case, the middle of the groove 
at �Rm∕W = 0.5 and r = Rm ± 500 µm is chosen, since all 
magnifications recorded this area. Figure 7 shows the nor-
malized circumferential velocity u

�
 along the normalized 

z-coordinate in the middle of the groove at �Rm∕W = 0.5 
for all FOVs. To enable a fair comparison between all set-
ups, the same amount of particles were used ( ≈ 500 ). The 
z-values were divided in 100 µm divisions. All velocity data 
are normalized with their corresponding disk velocity ΩRm , 
since small deviations of the velocity existed over the dif-
ferent experiments.

Additionally, the standard deviation �u
�

 is shown for each 
magnification and z-bin. As already indicated earlier in 
Sect. 3.1, the trend of a lower uncertainty for the smallest 
magnification is not only visible for the spatial considera-
tion, but also within the velocity data. The highest magnifi-
cation yields the largest velocity uncertainty. The reason is 
similar to the already discussed spatial accuracy. The stand-
ard deviation in the gap region is mainly introduced to the 
higher velocity gradient and a finite fragmentation of the 
z-binning. For the largest magnification, additionally some 
outliers at low z-coordinates make a noticeable influence. 

(a) •M = 0.8; (b) •M = 5.2;

(c) •M = 7.6; (d) •M = 15;

Fig. 6   Radial intensity distribution of three exemplary particle 
images for each magnification

Fig. 7   Comparison of the circumferential velocity u
�
 and the stand-

ard deviation �u
�

 at �R
m
∕W = 0.5 along z for all magnifications 

(• M = 0.8 ; • M = 5.2 ; • M = 7.6 ; • M = 15)
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Note that the error is relatively constant within the groove. 
Only for the highest magnification, a slight increase at the 
largest z/h-values is visible, which indicates a too low SNR 
at this part for this specific parameter combination.

4 � Conclusions

In this study, the flow in an open wet clutch was investi-
gated using optical magnifications ranging from M = 0.8 
up to M = 15 , with the intent to increase the resolution of 
the flow field with increasing magnification. It has been 
found that all optical configurations were capable of cap-
turing the flow field, including the sub-millimeter flow 
structures in the clutch rotor grooves. For the M = 15 set-
up, even the particle images with very low signal-to-noise 
ratios of only 10 counts above the background intensity 
were successfully detected and evaluated.

Counter-intuitively, the optical configuration with the 
lowest magnification—a Zeiss macro-objective lens—
yielded the smallest particle location determination uncer-
tainty, and as such the best spatial resolution. The set-ups 
( M = 5 − 15 ) using the Questar QM1 long-distance micro-
scope were outperformed in terms of the particle z location 
determination uncertainty by a factor of 3, at least. Hence, 
the signal-to-noise ratio of the particle images as well as 
the thickness of the outer ring of the defocused particle 
image have more impact on the particle location deter-
mination uncertainty than the fact that the particle image 
diameter increases at a higher rate with z for the Questar 
QM1 configurations.

It has to be emphasized that these results apply for 
imaging set-ups with working distances larger than 
100 mm, where microscopic imaging optics are referred to 
as long-distance microscopes. With standard microscope 
objectives, significantly better particle location determina-
tion accuracies than the optics investigated in this study 
can be achieved. However, simply using standard micro-
scope objectives (which promise the highest accuracy in 
particle location determination) instead of the long-dis-
tance microscope lenses is not feasible for several reasons:

First, the geometric and assembly constraints do not 
allow for placing imaging lenses close to the clutch. Sec-
ond, the measurement depth of more than 1 mm would 
yield particle image sizes of several hundred pixels due 
to the large defocusing sensitivity. As a result the seed-
ing concentration would have to be low and the low SNR 
of these very large particle images would make the par-
ticle location determination inaccurate with distance to 
the focal plane. Altogether, it showed that the Zeiss lens 
with the relatively low magnification of only M = 0.8 was 
both able to resolve the small-scale flow features, while at 

the same time being able to capture a large field of view. 
As such, this configuration allowed for a comprehensive 
investigation of the entire clutch flow domain without 
the necessity of measuring at different locations. Conse-
quently, the latter optical configuration can be considered 
suitable for performing extensive parameter studies over a 
variety of clutch geometries and operating conditions, as 
is as yet pending in rigorous industry-like clutch-design 
optimization efforts.

Finally, the quantification of the particle image signal-
to-noise ratio influence on the particle-location determina-
tion remains an open question, leaving room for a future 
experimental assessment.
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