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Channelling optics for high quality imaging of sensory hair

C. Skupsch,? T. Klotz, H. Chaves, and C. Briicker
Institute of Mechanics and Fluid Dynamics, TU Bergakademie Freiberg, Germany

(Received 23 November 2011; accepted 9 March 2012; published online 3 April 2012)

A long distance microscope (LDM) is extended by a lens and aperture array. This newly formed
channelling LDM is superior in high quality, high-speed imaging of large field of views (FOV). It
allows imaging the same FOV like a conventional LDM, but at improved magnification. The opti-
cal design is evaluated by calculations with the ray tracing code ZEMAX. High-speed imaging of a
2 x 2 mm? FOV is realized at 3.000 frames per second and 1 zm per pixel image resolution. In combi-
nation with flow sensitive hair the optics forms a wall shear stress sensor. The optics images the direct
vicinity of twenty-one flow sensitive hair distributed in a quadratic array. The hair consists of identi-
cal micro-pillars that are 20 um in diameter, 390 pm in length and made from polydimethylsiloxane
(PDMS). Sensor validation is conducted in the transition region of a wall jet in air. The wall shear
stress is calculated from optically measured micro-pillar tip deflections. 2D wall shear stress distribu-
tions are obtained with currently highest spatiotemporal resolution. The footprint of coherent vortical
structures far away from the wall is recovered in the Fourier spectrum of wall shear stress fluctua-
tions. High energetic patterns of 2D wall shear stress distributions are identified by proper orthogonal
decomposition (POD). © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3697997]

I. INTRODUCTION

Imaging at high magnification is instrumental in many
research disciplines. Important fields are femtochemistry, bi-
ology, solid mechanics and fluid mechanics. In this paper,
the technical emphasis is on imaging of regular arrays of
micro-sized objects in fluid mechanics with high-speed cam-
eras. High-speed imaging requires high magnification be-
cause of larger pixel size, relative to standard CCD sen-
sors. High-speed cameras exhibit a typical pixel size of some
10 microns.! For physical reasons, the chip size increases
with increasing temporal resolution. Thus, for time-resolved
microscopic imaging applications the pixel size is typically
much larger than interesting object structure length scales.
Consequently, the pixel size is the limiting quantity. In order
to avoid this limitation the optical magnification should equal
the ratio of pixel size and required spatial resolution. High-
speed CCD and CMOS cameras are standard tools for flow
visualization. For example, Wong et al.” carried out high-
speed schlieren imaging at 1.000 frames per second (fps).
Brian® presented 3D visualization of turbulent boundary lay-
ers with 500.000 fps. Thoroddsen et al.* observed the dy-
namics of the bubble pinch-off up at frame rates of up to
1 million fps. Recently, Skupsch et al.’ have presented a dig-
ital high-speed Cranz-Schardin camera running at 40 million
fps. Furthermore, high-speed cameras are used for topological
flow measurements. For instance, the two-dimensional distri-
bution of wall shear stress fluctuations is measured by arrays
of wall-attached flexible sensory hair, called micro-pillars,
at high spatial resolution (Briicker,%’ Grosse®). Micro-pillars
are flow-sensitive hair with typical diameters of 30 um or less.
The magnitude and orientation of the fluid-imposed deflec-
tion is a measure of the two-dimensional wall shear stress. As
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the micro-pillar deflection is detected optically, the measure-
ment uncertainty of the sensor is mainly affected by imaging
quality. This motivates effort in developing specialized, high-
quality optics.

In this paper, the micro-pillars are combined with a spe-
cialized optics forming a sensor that is superior for detect-
ing the wall shear stress at high spatiotemporal resolution.
The specialized optics consists of a long distance microscope
(LDM), a lens and an aperture array. This channelling LDM
allows imaging micro-pillars distributed on 2 x 2 mm? at
an improved magnification of factor 17 and 3.000 frames
per second. Up to now, there are no publications on ex-
periments with micro-pillar fields observed at higher spa-
tiotemporal resolution. Each micro-pillar is imaged through
its own optical channel. Otherwise, the whole micro-pillar
field would not fit onto the CCD-chip at present magnifica-
tion. The micro-pillars used in this work are 20 um in diam-
eter, 390 um in length and made from polydimethylsiloxane
(PDMS).

In order to validate correct functionality, the pillar-sensor
is applied to a wall jet. The working medium is air. The
wall jet is generated by a nozzle connected to a plane wall
(Figure 8). Following the definition by Launder and Rodi,'* a
wall jet can be regarded as a shear flow directed along a wall.
Above the wall, the velocity in the shear layer exceeds that in
the free stream. A lot of experimental work regarding the wall
jet was published in last decades. Bajura'! conducted velocity
measurements by means of the hot-wire technique in a lami-
nar plane wall jet. Eriksson'? investigated the initial develop-
ment of the turbulent plane wall jet by means of Laser Doppler
velocimetry. Both found good agreement between experimen-
tal results and theory. Dejoan'? presented a large eddy simu-
lation basing on the results of Eriksson!? consistent with the
experiment. In the present work the wall jet is characterized
by smoke visualization and particle image velocimetry (PIV).

© 2012 American Institute of Physics
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FIG. 1. Optics of the channelling LDM (height not to scale).

As in former work regarding the transitional wall jet (Hsiau'*)
the jet Reynolds number and the axial measurement posi-
tion is varied. Reynolds numbers range from Re = 1090 to
Re = 2360, the axial section for PIVis 0 < x/d < 5.

After validating the pillar-sensor, first results for wall
shear stress patterns are obtained in the transitional region
of the wall jet. The most common method for obtaining wall
shear stress or skin friction is calculation from velocity data.
For the fully developed turbulent wall jet the mean streamwise
wall shear stress is deduced from the outer velocity profile,
see Glauert.!”” For instance, Kunze'® used the Glauert simi-
larity solution for calibrating his wall shear stress sensor. In
the transition region of the wall jet, it is more challenging
to obtain the wall shear stress from velocity data. Eriksson'?
and Tachie!” measured the velocity gradient at the wall in
order to deduce the wall shear stress. Both worked at huge
flow facilities several meters in length that reduced the reso-
lution requirements for the used sensors. However, for table-
top facilities conventional measurement techniques may lack
in spatiotemporal resolution near walls, because of Fresnel
and diffuse reflection of the used illumination, low density of
tracer particles due to Saffman forces, to mention a few. Us-
ing micro-pillars attached to the wall can be the remedy. In
the present wall jet distributions of wall shear stress fluctua-
tions are investigated at 1 < x/d < 1.2. The sensor provides si-
multaneously frequency spectra of vortical structures and the
corresponding footprints in the wall shear stress fluctuation.
The sensor setup including the optics in detail is described in
Sec. II. Experiments are presented in Sec. III. Results are
shown and discussed in Sec. IV, followed by conclusions in
Sec. V.
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FIG. 2. Lens array and aperture plate.

Il. SENSOR SETUP
A. Optics

The optics in Figure 1 channels periodically aligned sec-
tions of the object via an aperture and a lens array. An LDM
with NA = 0.16 numerical aperture provides 2.5 um optical
resolution within 2.15 mm field of view (FOV) diameter of
the objective. It consists of three off-the-self lenses (menis-
cus, doublet 1, doublet 2) manufactured by CVI Melles Griot,
USA. The lenses are built in retaining plates that are installed
in a Microbench system by LINOS, Germany.

Twenty-one small doublet lenses purchased from
Edmund Optics, Germany are aligned in an array, Figure 2.
The aperture plate in Figure 2 exhibits concentric apertures,
D = 0.94 mm in diameter. The apertures are aligned on-
axis to the corresponding doublet indicated by straight lines.
The lenses are clamped between two perforated mounting
plates forming a frame. Lenses and plates are glued by poly-
dimethylsiloxane (PDMS). The aperture and mounting plates
are cut and etched silicon wafers purchased from GeSiM,
Germany.

The LDM fits into a 35 mm diameter mounting tube. The
working distance is 84 mm, measured from the edge of the
meniscus. The LDM magnification is m,; = 6.25, the array
magnification is m, = 2.75. The overall length from object to
image is 740 mm. Lens parameters are listed in Table 1.

1. Working principle

The idea of decomposing the FOV in single sections for
high-resolution flow measurements of distributed regions of
interest (ROI) was introduced by Bauer et al.'® in 2009. In
Figure 3, the working principle is sketched exemplarily for a
text block as object. There are four ROI marked by circles.
Let us assume only the four ROI are imaged simultaneously.
In conventional imaging not only the circle diameter U of
the ROI, but also the pitch p, is magnified. Consequently,

TABLE I. Lenses of the channelling LDM.

Meniscus Doublet 1 Doublet 2 Array lens
Focal length [mm] 233 160 600
Diameter [mm] 31.5 31.5 31.5 3
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FIG. 3. Channelling LDM applied to a text block (object), showing magni-
fied regions of interest (image on camera chip).

the whole text block fills the whole format of the camera
chip.

Alternatively, one may wish to select the ROI exclusively
and image them at high magnification. The proposed method
of an LDM combined with a lens array can provide decom-
position and recombination of the text block as shown in
Figure 3. The optical path in Figure 1 is as follows: the front
objective (the LDM) images the whole text block on an aper-
ture plate, magnified by factor m,y,;. There, an intermediate
image is generated. The aperture plate transmits the ROI,
which are magnified additionally by the lens array at factor
mg. This leads to factor m,;;m, magnification of the ROI. Vari-
ation of m, does not change the image of pitch p, that is fixed
by the LDM. The resulting image on the camera chip is shown
in Figure 3. The quotient of the magnifications of U and p,
is the reduction factor r. It equals the array magnification r
= m,. In comparison to standard LDMs, at same magnifica-
tion the channelling LDM allows to use a factor > smaller
chip area to image the ROI in Figure 3. Referring to Bauer'®
there is an upper limit for m, that prevents overlapping of
the channel images on the camera chip. With lens array pitch
po and aperture window diameter D the maximal reduction

Rev. Sci. Instrum. 83, 045001 (2012)

factor reads
= pa/D. (1)

It is ™ = 3.33, determined by the geometry of lens and
aperture array (p, = 3.13 mm,D = Umg,; = 0.94 mm).
Another useful parameter is the in-line ROI filling factor
o = Umgmgyi/p,. Substituting mgp; = pa/p, yields Eq. (2).
Maximal chip filling equals o = 1,

o =Um,/p,. 2

The number of ROI that can be imaged in-line on the camera
chip is n = Il/p,, with [ the camera chip size. In the present
setup the parameters are as follows: U = 150 um, n = 5 and
o =0.82.

2. Building a simple LDM

Commercial LDMs usually contain expensive lens con-
figurations, causing strong push to develop optics basing on
cheap components. Douillet et al.'® propose a simple high-
resolution imaging lens system. It consists of a specially de-
signed meniscus shaped lens (short: meniscus) followed by
two doublets. This lens configuration has been adapted in this
work. The major correction of the LDM regards lower-order
spherical aberration. The correction does not affect off-axis
aberrations like coma, astigmatism and field curvature, be-
cause of axial asymmetry of the LDM.?® A meniscus is the
appropriate front lens to minimize primary spherical aberra-
tion Wyy9 at high object apertures. A mathematical description
of Wy is found in Geary,?!

Woao (u - %)2. 3)

Equation (3) is valid for one lens surface. Wyyg is a function
of the angles u (incident ray) and y/R (surface normal). The
parameter y denotes the position on the pupil and R the radius
of surface curvature. A ray originating at distance w to the
meniscus with an angle u to the horizontal is illustrated in
Figure 4.

Spherical aberration W40 diminishes for rays that are
parallel to the lens surface normal. The same argument is valid
for the second lens surface. In order to retain refractive power,
forward and backward surface curvatures have to be slightly
different.

Accounting the lens maker’s formula,?” a well-corrected
meniscus has a focal length larger than R. As the working dis-
tance w should equal R, a stand-alone meniscus never forms
real images. Doublet 1 in Figure 2 reduces the original focal
length of the meniscus. The focal length of doublet 1 can be

surface
------------- normal

- - optical
axis

FIG. 4. Ray hitting meniscus non-parallel to surface normal.
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calculated by thin lens approximation for imaging to infinity.
The image is formed by doublet 2 defining the total magnifi-
cation of the LDM.

3. Lens array

The simplest lens array is composed by regularly ar-
ranged, identical spheres. The optical axis of each sphere
points a different object position, leading to two characteristic
imaging properties. Firstly, off-axis aberrations over the array
can be reduced.”> Consequently, a lens array can image ex-
tended objects at better spatial resolution than a single sphere
with same focal length. Secondly, each array lens channels a
well-defined part of the object.>* The latter property is more
elementary for this paper, as the spatial resolution is limited
by the LDM and not by the lens array.

The lens array is made of commercial doublets, arranged
with 3.13 mm pitch, see Figure 5. The four corner lenses are
left out for practical reasons. Altogether, there are 21 optical
channels.

The channels are divided into five groups, indicated by
index i of the radius r;, Figure 5. For each of the five groups,
the optical transfer function is calculated. Its modulus, the
modulation transfer function (MTF), is chosen as the criterion
for image quality. Undisturbed object contrast corresponds to
the maximum MTF = 100%. However, in practice, lenses
will attenuate object contrast. The contrast of an object im-
aged through the channelling LDM equals the MTFE.>! As the
LDM is poorly corrected against off-axis aberrations, imaging
quality deteriorates for increasing group index i. At present
conditions with an optical magnification M = 17, the spatial
resolution calculates to 2.5 pm or in other words 23 lines/mm
spatial frequency in the image. The resulting MTF is larger
than 10% for each channel at this frequency confirming the
desired imaging performance.

Further, the benefit obtained by doublets in the lens array
is quantified. The radius of wave-front curvature increases in
propagation direction. Therefore, the imaging quality of the
lens must depend on the ratio of image and object distance.
An optical ray-tracing simulation with ZEMAX considers this
dependency. A doublet is compared to a typical equi-convex
lens with identical focal length. The analysis is carried out
on-axis for the intermediate image aperture N Aj, = 0.03,

FIG. 5. Lens array geometry.

Rev. Sci. Instrum. 83, 045001 (2012)
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FIG. 6. Comparison of rms aberration of singlet and doublet lens at different
magnification.

corresponding to the present setup and for the wavelength
A =532 nm.

In Figure 6, the simulated wave-front standard deviation
rms (wave-front aberration) is plotted in waves as a function
of magnification m,. Large m, means large reduction r of the
channelling LDM. Aberration decreases with increasing mag-
nification for both singlet and doublet. As expected, a doublet
array allows imaging at considerably higher quality. In exper-
iments m, = 2.75 is realized.

B. Micro-pillars

The micro-pillars used in this work are displayed in
Figure 7. They are made from polydimethylsiloxane (PDMS),
L = 390 pum long and d = 20 um in diameter. The PDMS
forming the micro-pillars is free from air pockets. A two-
dimensional array consisting of 30 x 30 micro-pillars is
used for experiments. The micro-pillars are spaced equally by
500 um in a quadratic array. The array is microfabricated in
our laboratory by a specially developed etching process. A
silicon mask is used as mold for casting the micro-structures,
as presented by Kim.?’

FIG. 7. Subsection of the 30 x 30 micro-pillar field as seen by a standard
microscope. The image demonstrates good quality and homogeneity of the
cylindrical structures.
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lll. EXPERIMENT

A self-made nozzle generates the wall jet in still air,
Figure 8. The nozzle is similar to that used by Kunze et al.'®
It has a rectangular cross section L = 120 mm in length and
d = 5 mm in height. The aspect ratio at the nozzle exit is L/d
= 24. The nozzle is connected to a pressure vessel. The flow
is driven by a constant pressure head with a valve. In order
to learn about the jet formation at certain pressure values, top
views of the flow onto the wall are visualized using nebulizer
fluid. Later, particle image velocimetry (PIV) is applied to de-
termine accurate jet Reynolds numbers and present coherent
flow structures. Referring to Eriksson,'? the flow Reynolds
number is a function of half the nozzle height d and the mean,
maximum axial velocity u,, at the axial position of interest,

Und/2

Vair

Re = “)
After the visualization study, the micro-pillar sensor is ap-
plied to the wall jet. The measurement quantity is the
wall-parallel tip displacement of the micro-pillars and the
bending direction under fluid-imposed load. The bending is
determined relatively to the location of the tip for zero flow
conditions at rest. It can be related to the viscous forces acting
on the cylindrical structure of the micro-pillar and therefore
to the local wall shear stress components. The measurement
uncertainty of the sensor depends mainly on the achievable
optical resolution’ motivating the efforts in developing spe-
cialized optics. An image resolution of 1 um per pixel and
an optical resolution of 2.5 um over the complete field of
view (FOV) are feasible by the developed optics. High tempo-
ral resolution is obtained by a Photron FASTCAM APX-RS
1024 x 1024 px high-speed camera equipped with the LDM.
It records the motion of micro-pillar heads at 3.000 fps. The
flow visualization is presented in Sec. III A. Section III B
is about the static and Sec. III C about the dynamic sensor
calibration, followed by the wall shear stress measurement in
Sec. [II D.

A. Wall-jet visualization

Typical flow structures developing in the transitional wall
jet are documented by classical flow visualization pictures.

high-speed

light sheet G

nozzle

FIG. 8. Wall jet generator and flow visualization system. The light sheet and
camera position is shown in orientation for the PIV-measurements.

Rev. Sci. Instrum. 83, 045001 (2012)

Smoke is injected into the settling chamber upstream of the
nozzle and the jet flow is illuminated downstream by a stan-
dard halogen lamp. Images are taken with a Photron FAST-
CAM APX-RS camera with its optical axis aligned normal to
the wall. Recordings are shown in Figure 9. The flow direc-
tion is from left to right. The images show 30 x 50 mm? of
the x-z plane. The exit of the nozzle is at x = 0. Smoke im-
ages reveal the regular appearance of spanwise large rolled-up
structures, short: roller, downstream of the nozzle exit. These
rollers are formed by the shear layer roll-up. They develop
spanwise instabilities as indicated by the spanwise waviness.
At the leading edge of these waves, streamwise secondary
flow structures are detected as bright horizontal stripes. One
aim of this work is to investigate the developing process of
theses stripes. Therefore, their point of generation needs to be
shifted near the micro-pillar array by varying the Reynolds

.

2x2 mm? pillar field

FIG. 9. Smoke visualization of the wall jet. View from top onto the wall. The
location of observed micro-pillars is indicated by a square in the bottommost
image.
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number, see Figure 9. For increasing Reynolds number the
transitional region shifts closer to the nozzle exit. Turbulent
conditions are reached earlier in the jet history. This is caused
by increasing instability in the outer layer.'* The observed
streamwise oriented secondary structures forming on the jet
are similar to the secondary vortex structures generated in the
wake of a cylinder examined by Williamson et al.?® The ex-
tension of the imaged micro-pillar field is smaller than half a
streamwise period of the visualized rollers, note the square in
Figure 9. Later, this is important for accurate frequency de-
tection of the roller without spatial averaging.

Dejoan'? states the maximum mean velocity u,, in equa-
tion (4) is approximately constant within the range of 0
< x/d < 5. The 2 x 2 mm? micro-pillar array is located in the
section 1 < x/d < 1.2. Consequently, the jet Reynolds number
is constant above the array. The velocity u,, is extracted from
2D velocity fields as displayed in Figure 10, determined by
particle image velocimetry (PIV). The velocity fields are de-
termined within the light sheet from Figure 8. A Pegasus laser
by New Wave Research, USA, with 6 mm beam diameter and
10 mJ peak power is reshaped to a sheet of 500 um thick-
ness by self-designed light sheet optics. The nebulizer fluid
Blitz Reflex by SAFEX, Germany, is used as tracer. It is in-
jected in the nozzle flow via bypass. 2048 images are recorded
at 2500 fps with a FASTCAM APX-RS by Photron, USA.
The interframe time of double images is 50 to 200 us. The
ensemble average of the velocity fields at Reynolds number
Re = 1290 is shown in Figure 10. The velocity profiles are
similar to those shown in Eriksson et al.'> for a transitional
wall jet. Smoke visualization and PIV measurements confirm
the presence of transition at the micro-pillar field location.

The near-wall region of the transitional wall jet is ana-
lyzed for six different Reynolds numbers. At 1 < x/d < 1.2
the corresponding maximal velocities u,, range from 6.7 m/s
(Re = 1090) to 14.5 m/s (Re = 2360).

In Figure 11 one period of the roll-up process of a
large vortical structure is presented for Re = 1290. The snap-
shots are spaced equally in time. Within 1.6 ms, one period
passes through. This equals the roller frequency fper = 625
4 50 Hz. The uncertainty results from 200 us discrete inter-
frame time.

The large vortex in Figure 11 is a primary vor-
tex generated by Kelvin-Helmholtz instabilities.'* As these
structures interact with the wall, pairs of counter-rotating
secondary vortices are generated, which are oriented in
streamwise direction. Primary vortices induce streamwise

wmu.m.
TR
RS

nozzle
—>
! . _ wall ,
0 5 10 15 20 25
X [mm]

FIG. 10. Ensemble average of the cross-sectional velocity field downstream
of the nozzle, measured by classical PIV. The jet Reynolds number is 1290.
The profiles show the development of the wall jet in the transitional region.

Rev. Sci. Instrum. 83, 045001 (2012)

FIG. 11. Image sequence showing one period of the quasi-periodic roll-up
of larger vortical structures. The dashed line indicates the reference location,
where the first picture of the sequence shows the same position of the roller
structure as the last one. The five vertical, white bars in the uppermost image
indicate the position of the micro-pillars. Each bar corresponds to one micro-
pillar. The height of the bars is enlarged about four times, whereas their lateral
distance scales correctly.

fluctuations, whereas secondary vortices induce spanwise
ones.

B. Static sensor calibration

The calibration of the sensor consists of two steps. In step
one, the static deflection of the micro-pillars is determined
at constant load in a calibration facility. In step two, the fre-
quency response, of the micro-pillars is measured, which is
needed for dynamic measurements.

Calibration step one is performed in a self-made planar
Couette flow facility. A conveyor belt mounted in transparent
mineral oil generates a flow with linear velocity profile. An
electrical motor drives the conveyor. The micro-pillar field is
mounted in such way that the base is flush with the channel
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wall and the micro-pillar tips protrude into the flow. Micro-
pillar tips are imaged onto a mvBlueFOX 224G CCD camera
by Matrix Vision, Germany, with 0.5 ym/px image resolution.
The wall shear stress 7 in a plane laminar Couette flow with
a fixed wall and the opposite belt wall in streamwise motion
varies linearly with velocity U of the belt, e.g., Schlichting,?’
U

T =pv - (®)]
The load on the micro-pillars is varied by changing the belt
velocity. The working fluid is Shell Ondina 913 mineral oil.
Following Shell data the density is p = 839 kg/m>. The kine-
matic viscosity is determined by an Ubbelhode viscometer
made by Schott. It is v = (14.33 & 0.07) mm?/s at a temper-
ature of 21.2 °C. The channel gap between belt and opposite
fixed wall was set constant to 2z = 6.3 mm. The belt velocity
is varied in the range 0.1 < U < 0.6 m/s.

At given wall shear stress an edge-finding algorithm is
used to determine the displacements of micro-pillar tips rel-
ative to their location at rest. Displacements are averaged
over 1000 recordings. Four micro-pillars are imaged simul-
taneously for analysis. The systematic uncertainty is 0.5 pm.
Deflections w scaled by the micro-pillar length L are given
in Figure 12. Correct operation of the calibration facility is
checked by side views of the micro-pillars. The side view
reveals the oil penetrates completely the space between the
micro-pillars. There are no air pockets. Further, the bending
is proved linear elastic.

For characterization of the flow around the micro-pillar,
another Reynolds number formed by the micro-pillar diame-
ter and the tip velocity needs to be introduced. Although, the
Reynolds numbers for the Couette flow and the wall jet are
different, the micro-pillar Reynolds number is similar in both
flows, as confirmed by PIV measurements.

The micro-pillar deflection does not increase proportion-
ally with increasing shear stress, Figure 12. This deviates
from the expected linear trend as derived theoretically by
Briicker.® There are two conditions, which are supposed to

~) 0.1 []
B 3] 1
0.08 -
0.06 2
Py
0.04 S
g
41
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f’*’
0 05 1 15
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FIG. 12. Calibration curve showing the normalized micro-pillar-tip deflec-
tion at different wall shear stress in the lower limit of load range. Calibration
is carried out in a Couette flow apparatus generating a constant velocity gra-
dient within the flow channel. +calibration data; lmicro-pillar side view; —fit
of calibration data to equation w/[um] = exp (t/[Pa] + 2.6099) — 13.597.
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FIG. 13. Visualization of the flow structure in the wake of a wall-bounded
cylinder with a free end at pillar Reynolds number Re = 33. The flow is
from left to right. The illuminated plane is centered with the incoming flow
direction and the pillar axis.

be causing this deviation. Firstly, the theoretical drag coeffi-
cient from the Oseen-approximation is only valid for an in-
finite cylinder.”® Secondly, more critical are the wall effect
and the free-end overflow, which affect the drag force distri-
bution on the micro-pillar structure. Exemplarily, Figure 13
shows the contribution of both effects on the flow around a
pillar structure by means of a flow visualization picture. The
Reynolds number of the displayed pillar is Re = 33.

In the immediate wake of the micro-pillar, there is a
strong wall-normal flow away from the wall towards the tip of
the micro-pillar. This cross-flow meets with a second counter-
acting cross-flow, which results from the flow over the free
end. Therefore, the drag forces per unit-length along the cylin-
der are supposed to vary in a more complex way than a sim-
ple linear trend. Both effects need to be considered for cor-
rect modelling of the micro-pillar bending. The calibration
curves take into account this non-linearity. The derived ex-
ponential curve fit is only valid for small bending condi-
tions with w/L<0.1. Structural excitations of the micro-pillars
can be excluded in the small bending range. Deflections
w/L < 0.05 are realized in experiments.

C. Dynamic sensor calibration

Calibration step two, analyzing the dynamic response, is
realized by oscillation experiments in air. Briicker et al.” re-
port comprehensively on the theory of the dynamic response
of micro-pillars. They demonstrate the micro-pillar sensitiv-
ity increases significantly for flow frequencies near the nat-
ural frequency fy because of non-linear ringing. They state
linear response within the range 0 < f/fp < 0.3. Flows with
frequencies beyond that range could lead to erroneous dy-
namic wall shear stress data. It might be noted, the oscillating
nature of micro-pillars in air is barely investigated so far. In
air the range of linear response is larger than in liquids, due
to the larger natural frequency. Especially, the rate of stored
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energy relative to energy dissipation by oscillation (Q-factor)
grows by factor 50 in air compared to water.

The natural frequency of an oscillating micro-pillar is de-
termined experimentally. One micro-pillar is cut out of a com-
plete array and fixed on a carrier. It is positioned in air in
front of a light source and imaged onto the Photron APX-RS
high-speed camera at 34.000 fps. The micro-pillar is excited
by a metal cantilever mounted on a micropositioning unit by
LINOS, Germany. The time signal of the damped oscillation
is analyzed. The natural frequency of the micro-pillars in air
is fo = (2.8 = 0.05) kHz.

In a next step the sensitivity of the micro-pillar field
is determined for the frequency spectrum 200 Hz < f
< 3.000 Hz. Therefore, the complete field is positioned in a
realistic, oscillating air flow. The flow is generated by two
high quality speakers by Beyma, Spain. The speakers are
aligned face to face at 40 mm distance to each other. They
are driven by 80 W electrical power generated by an amplifier
and a function generator providing sine waves. The micro-
pillar motion is recorded by the Photron camera at 10.000
fps. Due to automatic frame size reduction each image is 384
x 560 px corresponding to a number of six simultaneously
observed micro-pillars. The optics is the same as described
in Sec. II. Optics and speakers are vibration-decoupled. The
setup is sketched in Figure 14.

The speakers are characterized by a laser Doppler
vibrometer (Polytec, Germany). As the maximum cone
excursion decreases with increasing frequency, the maximum
particle velocity in the oscillating flow decreases as well. In
order to measure that decrease the maximum velocity of the
speaker cone v,y is determined as a function of the speaker
frequency f, Figure 15. The velocity decreases exponentially
with increasing frequency.

Following Briicker’ the sensitivity of a micro-pillar is
the maximum deflection amplitude scaled by the wall shear
stress. As the wall shear stress is proportional to the velocity
in the flow, the deflection can be scaled by the latter as well.
The resulting sensitivity, the ratio of the maximum deflection
amplitude of the micro-pillars and the maximum cone veloc-
ity Wmax /Vmax » 1 plotted in Figure 16. The maximum deflec-

beam
splitter

<4

illumination

LDM =P

FIG. 14. Setup for dynamic calibration. The micro-pillar field is located di-
rectly between two speakers, observed by the channelling LDM.
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FIG. 15. Maximum velocity of the speaker cone as a function of the speaker
frequency.

tion is determined by an edge finding algorithm in 10.000 im-
ages at six micro-pillars. Deflections range from 3.5to 11 um.
A Fourier transform of the obtained data reveals exact match-
ing of the frequency of the oscillating flow and the speaker
frequency, which is forced by the function generator.

The sensitivity is constant for f < 900 Hz forming
a plateau in Figure 16. Up to f = 1300 Hz it increases
slightly by a factor of 1.6 relative to the plateau. Conse-
quently, the micro-pillar field can be used for frequency
measurements up to f = 1300 Hz. Without comprehensive
knowledge of the sensitivity function the present micro-
pillar field may not be used for frequency measurements at
f > 1500 Hz, as Figure 16 indicates ringing for this range.
Measuring frequencies f > 1500 Hz would require smaller
and stiffer micro-pillar structures. According to Sec. III A,
the most dominant periodic structure for the present wall
jet is the natural roll-up of the spanwise vortices, compare
Figure 11. The roller frequency is fron.r = (625 + 50) Hz.
As this is on the sensitivity plateau in Figure 16, we exclude
significant contribution of non-linearity, like ringing, when
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FIG. 16. Sensitivity of the micro-pillar field as a function of the frequency
of the oscillating flow.
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FIG. 17. Setup for wall shear stress measurements in a wall jet by means of
channelling LDM.

detecting the roller dynamics with the present micro-pillar
field.

D. Wall shear stress measurement

A subset of 5 x 5 micro-pillars is imaged with the chan-
nelling long distance microscope (LDM) at 2.5 um optical
resolution and M = 17 magnification. The optical axis of the
LDM is aligned normal to the wall, see Figure 17. The used
high-speed camera is a Photron FASTCAM APX-RS 1024
x 1024 px with 17.4 um pixel size with 1 um/px image res-
olution. The channelling LDM works in reflected-light mode.
Illumination is realized by a self-designed Kohler illumina-
tion with a high-power LED light source. A beam splitter
separates illumination and object rays. To enhance imaging
quality an interference filter for 532 nm confines the spectrum
of the LED. The optics, including the camera, is vibration-
decoupled.

Imaging at high spatial resolution is realized by the high
aperture of the LDM. The resulting shallow depth of focus
leads to blurred images of the micro-pillar tips for large de-
flections, which are therefore analyzed by an edge-finding
algorithm. The displacement of micro-pillar tips is resolved
to £0.5 um. Micro-pillar deflections for small jet Reynolds
numbers are analyzed by means of 2D cross-correlation in
MATLAB. Only deflections smaller than one micro-pillar di-
ameter (w < 20 pum) are considered for this analysis. Under
practical conditions the sub-pixel accuracy for detecting the
center of the tip is approximately 15% of the pixel size, lead-
ing to an uncertainty ey = 0.15 um. This calculates to a res-
olution of the wall shear stress of 7 mPa.

Wall shear stress measurements are carried out in a wall
jet at 1 < x/d < 1.2. The laser Doppler vibrometer is used
to measure vibrations of the wall (Figure 17), which might
affect the micro-pillar motion. Detected vibration amplitudes
are less than 0.2 um at frequencies lower than 150 Hz. There-
fore, external contribution to the micro-pillar oscillation is ne-
glected. For each Reynolds number, 2048 images are recorded
at 3.000 fps. Raw images are displayed in Figure 18. The up-
per image contains the micro-pillar field at rest. The lower one
shows deflected micro-pillars at Re = 1650. Note the slight
blurring of the deflected micro-pillar tips because of the shal-
low depth of focus of the LDM.

Rev. Sci. Instrum. 83, 045001 (2012)
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FIG. 18. Images of the micro-pillar array at rest (top) and with arbitrary
deflection at Re = 1650 (bottom). The flow direction is from left to right.

IV. RESULTS AND DISCUSSION
A. Sensor validation

The wall shear stress is calculated from measured deflec-
tions of the micro-pillar tips, Figure 18, and the calibration
function given in Figure 12. Mean wall shear stress for dif-
ferent Reynolds numbers is shown in Figure 19(a). It is de-
termined by means of temporal (2048 recordings) and spatial
averaging (over the span of the micro-pillar array).

The mean local friction coefficient Cr is displayed in
Figure 19(b). Experimental data is compared to theory. The
dotted line is the theoretical wall shear stress for a turbu-
lent wall jet given in equation (6).%” It is deduced for a fully
turbulent wall jet at the nozzle exit, without any laminar
entrance flow,

wl—

2%,
pU?

= C; =0.0592 (%)_ . (6)
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FIG. 19. (a) mean wall shear stress in streamwise direction 7, (b) mean friction coefficient Cy for different Reynolds number of wall jet. The location of the

micro-pillar field is at 1 < x/d < 1.2.

The observed deviation from theory is due to entrance flow
effects and transition in the outer layer of the wall jet. When
measuring in a transitional flow, it is worth having a look
on the probability density function (PDF) of the wall shear
stress fluctuations. The wall shear stress dynamic fluctuations
may be analyzed, as there is no excitation of the micro-pillars
due to flow conditions like non-linear ringing and no exter-
nal vibration of the experimental apparatus. Fluctuations of
the streamwise wall shear stress component reach up to 18%
of the mean in the present experiment. In Figure 20, the PDF
is shown for each Reynolds number in streamwise direction.
Fluctuations in spanwise direction are left out, as their am-
plitude is much smaller. Yet, spanwise fluctuations must be
regarded in the structural analysis.

At Re = 1090 the PDF exhibits almost laminar char-

acter. At Re = 1290 the PDF becomes asymmetric with
regard to 7, = 0 indicating the transitional nature of the
flow. For clarity the PDF at Re,, = 2360 is plotted in
Figure 21. The measured fluctuations are fitted by a skewed-
distribution

normal PDF = 0.003 - exp[8.5(t, /[ Pa]

PDF

FIG. 20. Probability density functions (PDF) of streamwise wall shear stress
fluctuations 7, for different Reynolds numbers of the wall jet. The location
of the micro-pillar field is at 1 < x/d < 1.2.
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FIG. 21. PDF of 7;, at Re = 2360, fitted by a skewed Gaussian profile.
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FIG. 22. Spectrum of wall shear stress fluctuations in the transitional wall
jetat 1 < x/d < 1.2. The frequency of the shear layer roll-up f = 625 Hz and
its doubling are highlighted.
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FIG. 23. Mean deflection and arbitrary snapshot fluctuation of micro-pillars in the transitional wall jet at Re = 1090 and 1 < x/d < 1.2. The direction of the

flow is from left to right.

—0.712)%]-[1 + erf(7.97t,/[Pa])]. Due to the roll-up of
secondary vortices at the measurement position, the maxi-
mum of the skewed Gaussian is at r, = —0.04 Pa. The long
positive tail of the PDF in Figure 21 indicates more frequent
positive fluctuations than negative ones. Positively skewed
PDFs are typical for turbulent shear layers as reported by
Colella, for instance.?’

B. Near-wall flow features

A spectral analysis is carried out for wall shear stress
fluctuations at Re = [1090, 1290, 2360]. Sensing the micro-
pillar motion is very sensitive at lower Reynolds numbers, as
micro-pillar deflections are determined by cross-correlation
here. The power spectral density (PSD) is presented in
Figure 22. A Hanning window filter is applied to the quint-
averaged spectra. The peak at f = 625 Hz clearly corresponds
to the roll-up of the shear layer shown in the visualization
study in Figure 11. The roll-up creates a footprint in the wall
shear stress field. It corresponds to the quasi-periodic convec-
tive passage of the rollers in a plane further away from the
wall in the shear layer. The second harmonic peak at 2f;, .,
~ 1250 Hz hints at the presence of vortex pairing in the
formation of the larger rollers. Therefore, the large coher-
ent structures are very likely generated by vortex pairing at
the early stage of shear-layer roll-up. The discovery of struc-
tural events in the flow in the spectrum of wall shear stress
fluctuations confirms correct dynamic response of the sensor.
We conclude the dynamic wall shear stress fluctuations in the
near-wall region for the most part reflect vortical structures in
the high energetic fluctuation zone of the transitional flow.

The micro-pillar array is also used for topologic mea-
surements in near-wall flows (compare Briicker,’ Grosse?).
An analysis of the topological characteristics of the near-
wall flow structures and the corresponding wall shear stress
distributions is presented for the lowest Reynolds number.
The proper orthogonal decomposition (POD) technique is
applied to micro-pillar deflections, see, e.g., the POD re-

view of Berkooz.’® The mean deflection is subtracted from
the snapshots leading to snapshot fluctuations, Figure 23. The
magnitude of deflection is coded in the arrow length in the
vector plot. Obviously, the mean vectors are not parallel to
the streamwise flow direction. This is due to a non-perfect,
slightly oblique mounting of the micro-pillar array relative to
the main direction of the flow.

The fluctuation in Figure 23 can be composed of fun-
damental modes. These modes represent high energetic flow
structures. They are determined by solving an eigenvalue
problem in the POD. The eigenvalues correspond to the frac-
tion of kinetic energy in the mode. The first three modes ¢',
¢?%, > contain 73.7%, 17.2% and 4.2% of the total kinetic en-
ergy. The time series of POD coefficients ay, a;, a3 is given in
Figure 24.

The fluctuation in Figure 23 is present in the time series at
time step number 1884. It can be recombined for the most part
by the first three modes and their amplitudes 7’(x, z) = a;¢'
+ ay¢p? + az¢>. The ratio of amplitudes for this fluctuation is
apax. a3 =2.2:12:1.

Consider the modes ¢', ¢?, ¢ depicted in Figure 25.
Mode ¢! is a contracting flow structure. It is formed either
in the center of high-speed streaks (in positive direction) or
in the center of low-speed streaks (in negative direction) both
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FIG. 24. Time series of the first three POD coefficients at Re = 1090 and 1
<xld <1.2.
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FIG. 25. High energetic POD modes ¢!, ¢?, ¢ of wall shear stress fluctuations obtained by measuring the fluid-imposed deflections of twenty-one micro-
pillars at Re = 1090 and 1 < x/d < 1.2. The direction of the flow is from left to right. The contribution to the total energy is given in percent above the vector

field.

directed streamwise. These streaks could be the initial distur-
bances of the roll-up process, which may lead to the formation
of the secondary vortex structures shown in Figure 9. With
factor 0.74 contribution to the total energy, it is the most dom-
inant structure. Mode ¢? is a shear structure formed by down-
stream and upstream fluctuations with comparable strength. It
is only present near the edges of the high-speed and low-speed
structures or between both. Mode ¢? is an s-shaped fluctua-
tion in spanwise direction caused by secondary instabilities.?®
The results document the early presence of streamwise dis-
turbances in the transition process. They appear as streak-like
patterns in streamwise orientation, in combination with span-
wise instabilities, which also start growing very near to the
wall.

The measurement area can be enlarged by finer lens ar-
rays that are manufactured lithographically as well as smaller
image sections around the micro-pillars. These improvements
should allow simultaneous imaging of several hundred micro-
pillars.

V. CONCLUSIONS

The present paper is about a wall shear stress sensor con-
sisting of a combination of channelling optics and flow sen-
sitive hair, called micro-pillars. The two-dimensional mean
wall shear stress distributions and its fluctuation are mea-
sured.

The self-designed channelling optics consists of a long
distance microscope (LDM), lens and aperture array. Com-
pared to imaging with a conventional LDM, the required CCD
chip area for covering the same area of sensory hair is reduced
by nearly one order of magnitude. Therefore, the presented
sensor is superior for high-speed imaging that requires high
image magnification.

The magnitude of deflection of a single micro-pillar is a
measure for the wall shear stress.® Enhanced detection of the
fluid-imposed deflections of the micro-pillars enables high-
est spatiotemporal resolution to date. The dynamic deflec-
tion of twenty-one distributed micro-pillars is recorded at
3.000 fps. The measurement uncertainty for the wall shear
stress is 7 mPa. The sensor can be used for frequency mea-
surements up to 1.300 Hz without ringing of the micro-pillars.
The main benefit of the sensor is to detect flow features, like

vortices, with much less influence on the flow compared to
other sensors like micro-fences.?! The sensor is applied to a
wall jet. First results are dominant modes of wall shear stress
fluctuations in the transitional region.

In our opinion, the sensor has great potential for tribology
and turbulence research in air. Fields of application may be
optimization of turbine blades and in-situ control of pipeline
or convection flows.
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