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Abstract: Wall-shear stress results from the relative motion of a fawidr a body surface as
a consequence of the no-slip condition of the fluid in thentigiof the wall. To determine the
two-dimensional wall-shear stress distribution is of ttgortance in theoretical and applied
turbulence research. In this article, characteristicshef Micro-Pillar Shear-Stress Sensor
MPS®, which has been shown to offer the potential to measure tbedivectional dynamic
wall-shear stress distribution in turbulent flows, will harenarized. After a brief general
description of the sensor concept, material charactesispossible sensor-structure related
error sources, various sensitivity and distinct sensofop@iance aspects will be addressed.
Especially, pressure-sensitivity related aspects wiltliseussed. This discussion will serve
as ‘design rules’ for possible new fields of applicationshaf sensor technology.
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Nomenclature

w(y)

Pillar diameter

Young’'s modulus

Frequency

Undamped eigenfrequency

Damped eigenfrequency

Kolmogorov frequency

Shear modulus

Dynamic fluid viscosity

Kolmogorov length scale

Integral length scale

Viscous length scald { =1 u;/v)

Pillar length

Kinematic fluid viscosity

Pressure fluctuations

Fluid pressure

Pressure load per unit lengi /m]

Shear load per unit lengfiN/m|

Reynolds number based on a local velocity (¢Jg,) and the pillar diameted,,
Reynolds number based on the bulk velotityand flow facility diameter/height
Large-scale turbulent Reynolds number

Reynolds number based tl3, and momentum-loss thickne®s

Fluid density

Pillar material density

Mean wall-shear stress

Wall-shear stress

Wall-shear stress along the direction

Wall-shear stress fluctuations along the direction’ = 1; — T;)

Velocity fluctuations along the streamwise, wall-normad apanwise direction
Friction velocity \/Twan /P

Mean local streamwise velocity

Bulk velocity e.g. in channel/duct/pipe flow

Velocity at the pillar tip € velocity at the edge of the viscous sublayer)
Freestream velocity in boundary layer flow

Lateral pillar deflection

Lateral pillar-tip deflection

Wall-normal variable/along pillar length

Non-dimensional (viscous) distance from the wglt & ury/v)
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1. Introduction

The interaction of a fluid with a surface creates mechanitakses, which can be divided into the
wall-normal pressur@,, and the wall-shear stresg,, acting along the wall-parallel direction. In
Newtonian fluids, the wall-shear stress is expressed by

ou

Twall = N 3y |’ 1)
wheren is the dynamic viscosity of the fluid amtJ /dy is the wall-normal gradient of the mean stream-
wise velocityU (y) adjacent at the wall.
To determine the wall-shear stress is of utter importandkanretical and applied turbulence research.
The mean wall-shear stress defines the friction velagity- \/m wherep is the density of the
fluid. The friction velocity is relevant to determine nominsional variables such as or y™ and
serves as an important reference to judge the quality otiteinice models. The accurate determination
of wall friction would allow the more precise identificatiof scaling parameters and scaling laws, e.g.,
for the mean velocity field or for turbulent energy spectra.
The fluctuating wall-shear stress distribution represariteotprint of near-wall turbulent structures and
its measurement gives insight into the turbulent momentamster processes in the proximity of the
wall and is as such of fundamental importance for the basierstanding of turbulent processes.
Furthermore, the measurement of the skin friction is esaeintmany technical applications, e.g., in
the field of drag reduction and performance enhancementgnsportation vehicles, where the viscous
surface drag plays a major role. In flow control applicatighe assessment of the local wall-shear stress
or of the wall-shear stress distribution is a necessaryeptesite for the formulation of low-dimensional
control models.
First preliminary results of a micro-pillar sensor applioa have been described if[ the static and dy-
namic calibration of micro-pillar sensors have been reggbm [2] and [3], respectively, and successful
applications of the Micro-Pillar Shear-Stress Sensor MRS/e been discussed id7]. The focus of
the present article will be more general. The sensor cheniatits will be discussed allowing the reader
to judge the applicability of the sensor technique in nevd&elt will become evident that the choice of
an appropriate sensor is an intrinsic task due to the comypleidifferent constraints and it needs to be
made with great care taking fluid mechanical restrictiond sensor-sensitivity based requirements as
well as structure mechanical requisites into considematio
The article is structured as follows. First, a brief gendedcription of the sensor concept will be given
in section2.. The sensor manufacturing will be briefly addressed in ge@i before material char-
acteristics are discussed in secttanSensor-structure related errors and several sensisigpgcts and
diverse sensor performances are discussed at length iorset 6. and7., respectively. This discussion
will yields some kind of ‘design rules’ for possible new fisldf applications of the sensor technology.
Finally, a conclusion will wrap up the article.
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2. General Description of the Micro-Pillar Shear-Stress Sesor MPS3

The Micro-Pillar Shear-Stress Sensor MRS based on thin cylindrical structures, which bend due
to the exerted fluid forces, and as such the technique betornifye indirect group§] of sensors since
the wall-shear stress is derived from the relation betwbherdetected velocity gradient in the viscous
sublayer and the local surface friction. Several methodé sis wall-wire measurementd] [ diverse
micro-cantilevers or the assessment of the wall-sheassstrem near-wall micro-Particle-Image Ve-
locimetry (uUPIV) measurementd] have been proposed to indirectly measure the wall-shezsgssby
applying its relation to the near-wall velocity gradientat® sublayer surface fences have been used to
measure mean surface skin friction in turbulent flows, forcllihe shear stress is taken to be propor-
tional to a pressure drapp/dx; across the fenceé[ 11].

The pillars are manufactured from the elastomer polydigisiloxane (PDMS, Dow Corning Sylgard
184) at diameters in the range of microns such that they axibldeand easily deflected by the fluid
forces to ensure a high sensitivity of the sensor. Singlargibre shown in figurega)and1(b), a com-
plete micro-pillar array allowing the assessment of theigpaall-shear stress distribution is illustrated
in figure 1(c), and a schematic of the mechanical model is giveh(d).

As a consequence of the limited region, in which the linekati@n between near-wall velocity gradient
and wall-shear stress applies, the sensor lehgtis forced to be completely immersed within the vis-
cous sublayer of the flow. Experimental and numerical re$ii#t 13] indicate that the velocity profile in
the vicinity of the wall can be assumed linear uyto= 56, wherey™ = yv /u; is the non-dimensional
wall-distance in viscous units with as the kinematic viscosity of the fluid angdas the friction velocity.
The kinematic viscosity of water is approximately £ar? /s, that of air 15 x 10-° n?/s. The friction
velocity can be expressed as a function of bulk Reynolds nuarmkthereby depends on the large-scale
geometry of the flow field and the bulk velocity. Typical pillengths of sensors applied in the past
measurements range in the order of 2300 um. In liquid medium flow facilities with typical bulk-
scale dimensions of 16101 m and typical values of the friction velocity in the order of Z0m/s
this allows the assessment of wall-shear stress at Reynoidbers up tdRg, = 10°+-10°. In boundary
layer facilities with air such as that described 14,[15] with typical dimensions of 19mmeasurements
at Reynolds numbers up tBey = 10°+-10* could be performed with the aforementioned pillar length.
Note that the siz&, = 51" should be considered already an upper limit to the possilit fength.
Due to the integration of the flow field along the pillar lengtivould be desirable to protrude as little as
possible into the viscous sublayer. However, it goes witlsaying, that a shorter sensor structure also
influences the sensor sensitivity and its static response.

The question how far the near-wall velocity field can be cdex®d an adequate representative of the
local mean and fluctuating wall-shear stress has been disdus great detail inZ, 7]. Some further
discussion can be found in secti6ril. of this paper. The authors concluded that the measurement of
mean wall-shear stress and of its intensity by determirheg/elocity gradient in the vicinity of the wall

is generally possible. That is, the mean velocity and thensity of velocity fluctuations within the vis-
cous sublayer can be assumed constant enough such thatrspomding wall-shear stress properties
can be deduced from the integrative quantity measured byitr®-pillar shear-stress sensor. Nonethe-
less, it needs to be taken into account that due to the integiaracter of the sensor with respect to the
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Figure 1. (a,b) Scanning-Electron Microscope (SEM) images of singleapiliand ¢) image
of a pillar array. ¢) Mechanical model of the pillar sensor.

flow field along the wall-normal direction, any non-constdistribution of statistical turbulence charac-
teristics along the sensor length can hardly be detected@mskquently, values of such terms measured
with the micro-pillar sensor should only carefully be texht suitable direct representative of the corre-
sponding wall-shear stress characteristics. Especighyen-order moments of the velocity fluctuations
in the vicinity of the wall such as the skewness and the flatsesw a non-constant distribution, which
is why these wall-shear stress properties can most likefypbaaeliably determined by integrating the
corresponding velocity fluctuation quantities. Note, tleeassity of linear shear flow exerted on the
structure, i.e., the complete immersion of the sensor peistsn the viscous sublayer is further given
since the sensor structure is statically calibrated initresal shear flow of a plate-cone rheometer. That
is, the load cases during calibration and measurement odeel identical such that calibration results
can directly be used to quantitatively determine turbusdrgtar layer wall-shear stress.

The sensor structure has a minimum dimension in the waéllighiplane thereby reducing the spatial
averaging. For the range of the above mentioned Reynolds ensntire wall-parallel dimension of the
sensor, i.e., its non-dimensionalized diam&gr, in viscous units iDp* < 1, whereDp™ = u;Dp/v.

The current manufacturing process, which will be furthesaded in the following section, allows a
wide range of possible geometric properties of the sensadirig to aspect ratids, /Dy, of up to 15+ 25.
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The dynamic calibration of micro-pillar sensor structuhes evidenced the dynamic behavior of the
wall-shear stress sensor in air to strongly differ from timatvater [3]. That is, in liquids the sensor
structures show low-pass filter characteristics, wheresioag resonance due to the low damping in air
is evident. It is needless to say that the low-pass filteradtaristics are favorable especially if turbu-
lent frequencies larger than the damped eigenfrequendyeo$tructure are expected. However, when
turbulent frequencies are reasonably lower than the daregguhfrequency even a resonant structure
can be used for the measurements. For both fluid media, tlserskas evidenced to possess a reason-
ably constant gain at frequencies below the eigenfrequelhdy needless to say that a large dynamic
bandwidth of the mechanical components of the sensor wauttebirable. On the other hand, the small
detectable forces of the fluctuating wall-shear stressire@usmall stiffness of the sensor, which conse-
quently results in a lower natural frequency and dynamidadith of the sensor structure. To be more
precise, the sensor properties need to be chosen respsiatitgand dynamic characteristics. It further
needs to be taken into account that not only the dynamic rnsgpdetermines the ability of the sensor to
detect the high-frequency fluctuations. Since the highresjuiencies are generally associated with the
smallest scales in turbulent flows, it is necessary thatehsa length is reasonably small compared to
these structures since otherwise, the integration of sseale structures along the sensor length would
impede their detection. Note that only a few of the existingsor designs presented in the literature
have actually been calibrated. One of these sensors is mfcgement shear-stress sensor reported
by [16, 17]. These authors calibrated the sensor in a square duct asiagoustic plane-wave excita-
tion. The plane wave was generated using a compressiorr dngethe instantaneous wall-shear stress
was derived from the acoustic pressure measured by a mimnepinstalled opposite the shear-stress
sensor. This technique, however, can only be applied focdftibration of wall-mounted sensors (e.qg.,
thermal or floating element sensors). A further techniquayteamically calibrate near-wall hot-wires
and hot-films is reported e.g. id§, 19].

Besides the above mentioned aspects, which determine thenomaxallowable sensor length, the pil-
lar length also needs to be chosen reasonably small to erthid sensor structure non-intrusive for
the flow field. In turbulent shear flows, it is generally aceepsufficient that if the sensor structures
are fully immersed in the viscous sublayer no disturbancesaused outside the viscous sublayer, and
hence, global changes of the flow field in the buffer and I|dlyaric region of the shear layer do not
occur. Wall-shear stress statistics, turbulent spectrd,spatial two-point correlations calculated from
measurements with the pillars installed in the streamwirgztion allowed to confirm the low intrusive-
ness of the technique and no interaction of the sensor stesctTo further corroborate the low intrusive
interference of the sensor and to ensure a purely localtedfethe flow field near the sensor structure
the flow field around the pillars has been examined ugiRtV [20]. The flow-field studies have been
performed in a plate-cone rheometer. Such devices gereepa@e linear shear flow with constant shear
rate over a sufficiently wide spatial region and velocitygarsuch that the drag force distribution ex-
erted on the sensor structure is identical to that in theoussublayer of a turbulent boundary layer. The
results showed the flow past the pillar to be well in the Stakgame for the typical range of Reynolds
numbersRey, < 1. To be more precise, the flow is no longer affected in a rethoee pillar diame-
ters downstream of the structure. The streaklines posssgsiaetric curvature. No separation zone
in the wake region of the pillar can be identified. In other egrthe flow past the pillar is well in the
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Stokes-flow or Oseen-flow regime. Consequently, it can benasduhat the flow field is only locally
disturbed in a zone of only a few pillar diameters around th&cture. That is, in the case of arrays, if
a sufficiently large spacing of the pillars has been chosemglobal effect of the presence of the pillars
immersed in the viscous sublayer is expected. Generallgr gpacings of approximately=12 L, i.e.,
15— 25Dy have been chosen. Note, there exist no additional conttrdire to the placement of nec-
essary secondary structure or data read-out devices amepleeling limitation in spatial resolution is
only the aforementioned local disturbance of the flow fieldH®ypillar structure and the interference of
neighboring pillars. In combination with the optical ddten principle this allows extremely high local
resolutions of the planar wall-shear distribution of 8 | ™ at the range of Reynolds numbers in previous
experiments, i.e., compatible to assess characterisbalent length scales.

The sensor concept allows the two-directional detectiotheffluid forces, since the symmetric geom-
etry has no preferred sensitivity direction and furthermdhe sensor does not suffer from cross-axis
sensitivity. Thus, the micro-pillar sensor enables the suemment of the two wall-parallel components
of the wall-shear stress.

Most of today’s representatives of wall-shear stress ser@e so called Micro-Electro-Mechanical Sys-
tems (MEMS) that transform the mechanical reaction of tlmsgeto the exerted forces into an electrical
signal, i.e., a voltage, by capacitive, inductive, or regismeans. Although these techniques possess a
couple of advantages compared to the method describedsinvtik, the mechano-optical principle, on
which the Micro-Pillar Shear-Stress Sensor MRSbased, outperforms in various other regards. Some
of the pros and cons will be briefly discussed in the following

Most other sensor techniques reported in the literatuferdifom the MP$ sensor design by their need
for diverse secondary structures implemented on the grolimg can be either electrical supply wiring
or mechanical read-out devices. It has already been mentitvat due to the optical detection principle
there is no need for further structure on the wall and as shetassessment of the two-dimensional
wall-shear stress distribution at high spatial resolutissmall as 5+ is possible.

The use of more viscous fluids (e.g., the fluid used in the lmlrnel facility described by2[l]) allows

the assessment of wall-shear stress at even higher sgga@ltion in viscous units using the present
sensor dimensions. Additionally, the total number of pdlaan be chosen reasonably high such that
shear-stress evaluations with vector numbers in the ofdgandard PIV evaluations are possible.
Furthermore, the optical detection principle allows th@dianeous determination of all wall-shear
stress components without suffering from cross-axis seitgi which has been experienced by many
other multi-directional devices.

On the other hand, the optical detection requires optica@ss; which can not in all cases be guaranteed,
and limits the sensor at the current state to laboratoryiegdmns. Using conventional digital cameras
limits the data by the available amount of memory. At fullnfrasize, the number of images recordable
at high recording frequency (recent commercially avaddbbh-speed cameras offer on-board memory
of up to 12GByt¢ is generally limited to a few thousand samples and as sucbepstatistical evalu-
ation of the data can not easily be performed. However, byaied the sensor region, several 10000 to
100000 samples can be captured allowing for a reliablessital treatment of the data.

The raw images require a very time-consuming image evaluaiefore the actual wall-shear stress data
is obtained, whereas MEMS devices can output the wall-séteess or a direct representative, e.g., an
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electrical voltage, almost immediately. This limits the s the pillar sensor in flow control application,
which would require a real-time evaluation of the data.

Let us summarize the aforementioned sensor propertieserid@py on the geometrical properties of
the sensor, the detection of characteristic scales of lembélow is possible mostly at low to moderate
Reynolds numbers. Under certain circumstances, measuteman at high Reynolds numbers can be
performed 6, 22]. Turbulent length scales in the order of F@n and time scales in the order of a few
kHz can be resolved. To find an optimum geometry of the pillardflmiechanical restrictions, sensor
sensitivity based requirements and structure-mechaodraiderations need to be addressed. These re-
quirements are partly controversial and a compromise ®sémsor properties must be found. Secfion
will discuss the sensor performance characteristics irerdetail and will give the reader some ‘design
rules’ for the layout of a proper sensor geometry.

3. Sensor Manufacture

To produce filigree structures such as micro-pillars fromM&elastomer at aspect ratibg/Dy, as
large as 15-25 and at dimensioris, as small as 581000um, replication processes of the sensors from
a master are less intricate and expensive compared to & chaewfacturing of the sensor as a master.
The procedure requires in a first step the manufacture of proppate mold, in which the elastomer is
cured. The molds are made from wax allowing to fabricate@estsuctures in a lost-mold process. The
perforation of the wax with holes of diameters-1T00 pum at high cylindricity is performed by locally
sublimating the wax using laser irradiation. An excimeelgdambda Physik LPX140i laser) operating
at 193nm(ArF) has been used. The procedure allows to fabricate g¢ffirborings or tapped blind holes.
The former provide a precise perforation lengths definechbywax material thickness. Although this
technigue also enables the manufacturing of pillars witarg eonstant diametéy, along the complete
length, the risk of air trapped at the pillar tips cannot ctatgly be avoided (figur@(a)). In the case
of tapped blind holes the energy distribution during pexfion causes a slightly tapered contour of the
pillar (figures2(b) and3(c)). The hole depth, i.e., the pillar length can be varied byrtinaber of laser
pulses. Depending on the desired length, the number of prasges from 100 to 2000. A nearly linear
relation between sensor length and pulse number has besnmiletd. The pulse frequency showed to
have little influence on the resulting structure, only arextely high repetition frequencies, the local
energy input was too high and caused the wax material to agigiplmelt. Therefore, pulse frequency
of only 50+-200Hz have been applied. Even at lower frequencies, the wax mdldates the existence
of a local surface melting zone around the entry hole (fi@{gg), causing the sensor posts to possess
a smooth curvature at the base. The size and strength ofghkimg curvature could be slightly influ-
enced by the laser energy, the focus position and the fregueiaser pulses. It is needless to say that
the curvature at the pillar mount has a major effect on theededin of the pillar, however, this effect is
accounted for when experimentally calibrating the striecttdowever, if the static or dynamic responses
are assessed analytically, the local curvature at the leesisrio be accounted for. At the exits, no similar
effect could be observed.

Depending on the aperture used during the laser perfordt@hole diameter can be varied from a few
ten up to several hundred microns. As mentioned above, #ieci®cus of the laser beam is not moved
during the perforation process, holes with a trombonedha&pe have been perforated resulting in a ratio
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Figure 2. (a) Umbrella-like air inclusion during casting due to insuffict evacuation during
fabrication and remaining gaps between wax mold and castibstrate. if) Typical pillar
geometry mold in a blind hole evidencing a reduced diamétsedo the pillar tip.

(b) (c)

Figure 3. View of perforations into a wax foil at the entry and exit siofethe laser beam.
The entry diameter of the perforations= 38 um (a) and corresponding exit hole with
D = 15 umin (b), respectively. €) Side view of the perforations in the wax. Tapped blind
holes (laser from left) for different number of laser pulses

between the exit and entry diameter of almo&53- 0.4 (figures3(a) and3(b)) during first feasibility
studies at a wax thickness of 5gon. An optimization of the focal position in relation to the wsurface
and the manufacturing of shorter pillars increased thetiaguatio between exit and entry diameter to
0.75--0.85 and even higher values.

The entry and exit holes have been inspected manually bystopy evidencing a high degree of cylin-
dricity. SEM images of final micro-pillar posts confirmed ttiese findings, however, no statistical
evaluation has been done due to the insufficient number gbsemvestigated by SEM.

In a second step, the PDMS elastomer is cast into the mold aed.c Both processes are performed
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under vacuum. Subsequently, the master mold is removedtfreroured elastomer structure. Partly the
removal by peel-off is possible, however, only at aspeabsah the order of 1615, thereby allowing
to keep the mold intact. At larger aspect ratios, the mastéd nvas removed by wash-off.

To allow for a better optical detection of the micro-pillar,a final step highly reflective hollow spheres
are attached to the pillar tip. Further details of the mactuféng are described in great detail ifi.[

4. Material

The micro-pillar sensors are manufactured from Dow Corsitglo-component silicone elastomer
Sylgard®184, which belongs to the group of polydimethylsiloxaneBNFS). Due to its mechanical,
chemical, and optical properties, PDMS has become widelyaspas material for nano- and microflu-
idic devices and for micro-structural mechanical sensercgs such as tactile2p], pressure 24] or
acceleration sensor@3-27).

PDMS possesses a specific gravity of 1@80m>, a tensile strength of.8 MPa and can reversibly be
elongated up to 100928]. Note, PDMS is known to reach its final curing state not befeeven days
after molding. To ensure constant material properties s#resors and the mechanical specimens for
material studies should not be used for at least seven degrscafing.

Its water absorption is less tharil@o after seven days of immersion such that mechanical pgrepean

be expected to not be influenced by a sensor being positionedter flow facilities. The brittle point

of the material is low with—65°C [28], ensuring measurements-aR0°C not to suffer from glasifying
effects and to be well situated on the rubbery plateau of thienal. The material can further be applied
at up to 100C without experiencing any deterioratio2d], however, the temperature dependence of the
mechanical properties needs to be accounted for.

4.1. Young’'s Modulus E

Young’s modulus) of PDMS can be tuned by up to a factor of 10, depending on tieaésilicone
and curing-agent and on the temperature cycle during c(eirng P9]). To determine Young’s modulus
a tensile specimen has statically been extended such thatdbulus can be calculated from the stress-
strain relation. The advantage of this procedure is theilpidigsto identify the distribution of Young’s
modulus as a function of stress. Young’s modulus has beeunlastd from the linear fit to the measured
stress-strain relation. Due to the lateral contractiorhefrhaterial, the non-dilated cross sectigof
the test specimen decreases by approximately 11% at elongaif ¢ = 0.20--0.25. This has been ac-
counted for in the calculation of Young's modulus. The restdr different curing cycles at a constant
silicone to curing-agent ratio of 0l revealed Young’s modulus to vary betweef-92.0 MPa.

This sensitivity of Young’s modulus on the curing cycle teargiure strongly affects the correct determi-
nation of the parameter and tests revealed Young’'s modoldigfer by up to 30% between probes made
of the same charge of silicone and under assumedly idemticalg conditions. As such, it is critical

to transfer Young’s modulus from a specimen to the actuédnstructure, if the curing procedure has
not meticulously been identical. In consequence, this makstatic calibration of the sensor structures
necessary, since Young’'s modulus can not be determined dregpecimen of the same material at a
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Figure 4. (a) Stress-strain relation for the tensile speciméh f¢rce-strain relation for the
tensile specimen.

sufficient degree of accuracy. Furthermore, the determimatf Young’s modulus directly from tests
of the micro-pillar by means of static deflection to a knowrc@®or dynamic excitation, assuming it as
a clamped cantilever, is not possible, because of a largertanaty in the exact determination of the
pillar's geometry, and because of the intricacy and reliiglof micro-structure mechanical tests.

To test the influence of different ambient fluids Young's mlogwof a probe has been evaluated after the
pillar was immersed in water and water/glycerine mixtuigasféur hours up to seven days. The results
indicated Young’s modulus not to be affected by this treaiiytbat is, Young’s modulus can be assumed
constant under the impact of these fluids.

4.2. Hysteresis and Dissipation Factor

Hysteresis describes the continuation of an effect aftession of its cause, e.g., the path-dependence
of the reaction of a mechanical system to an oscillatingeforto test the hysteresis of PDMS, load-
unload cycles at strain rates in the range ef30%/min have been performed. Figud€a)shows an
exemplary result of the stress-strain relation for a terspecimen, figurd(b) the corresponding force-
strain plot. The graph in figuré(a) shows exemplary values recorded during load and unloa@£t!

a comparably low strain rate and the result clearly inde#te material to possess no or a negligible
hysteresis. Similar findings could be observed for all strates during the experiments. This finding is
in good agreement with the findings reported By [for photo-curable PDMS. However, these authors
evidenced a strong degradation and a material-aging edfgmtoximately 21 days after curing. This
result could not be confirmed in the present study, which leas Iperformed up to 28 days after curing
using Dow Corning’s Sylgaf8184 PDMS.

Furthermore, the loss tanget@n o, which is a measure of the degree of dissipation of a mecakanic
mode, such as an oscillation, has been reported to be exyréomeat values oftan & < 4.102 [27],
indicating the material to possess a very low creep and @ making PDMS ideal for dynamic



Sensorg009 9 2233

measurements and for long-term wall-shear stress ineistics.
4.3. Temperature Dependence of Material Characteristics

The results reported by2f] show the shear moduluS to vary slightly with temperature. In the
temperature rang€ = 0--100°C the authors evidencdd to linearly increase with .1 kPa/°C. Conse-
quently, Young’s modulug, which is related t& by E = 2(1+ v)-G, wherev is the Poisson ratio of the
material, will also experience a temperature dependencoge, ih the case of rubber elastic materials,
the Poisson ratio is approximately (.

The linear and volume coefficient of thermal expansion a€e18~* %/°C, and 96-10~% %/°C,
respectively. The effect of the material temperature ddpece on the measurement accuracy will be
further discussed in the following section.

5. Sensor-Structure Related Errors Sources

This section discusses possible error sources related getisor structure itself. Measurement errors
and the achievable accuracy of the optical acquisitioncila have in detail been discussed 2 [

5.1. Sensor Misalignment

To discuss the different aspects of possible sensor misabgts, first the procedure of the sensor
positioning in turbulent flow fields will be shortly elucigat. The actual micro-pillar sensor posts and
the surface, on which they are mounted, are manufactureddrsimgle step. This sensor ‘chip’ can be
either directly flush-mounted in suitable grooves of a floaility wall or in wall adapters, which can be
further placed in the wall of the flow facility wall.

In the studies reported ir2] 4, 5] the sensor is mounted on an adapter that is placed in tHeratidin
device as well as in the flow facility such that errors resgltirom different sensor positions during
calibration and measurement can be prevented. While the fadating process allows to fabricate
sensor posts with a maximum deviation in orientation fromdhrection perpendicular to the surface of
0.05° and as such at an extremely low level of asymmetry, the lapt s€., the mounting of the sensor
‘chip’ in the flow facility wall, can generally cause non-tigiple misalignment errors. On the one hand,
a parallel offset of the sensor ‘chip’ due to an imperfecttfhess of the sensor chip and the surrounding
wall (protrusion or recession) or on the other hand, a noaljgh orientation of the sensor ‘chip’ and the
surrounding surface causing a one-sided vertical misalegr are possible. However, since the borders
of the sensor mounts can be chosen reasonably far from thal @ensor post position>6 L), local
flow field disturbances caused by sensor-mount misaligreneifitnot affect the sensor functioning.

The positioning of the sensor mount can be performed usirggoamanipulating devices and visual
inspection at microscopic magnification allows the detecof maximum vertical offsets of the sensor
mount of less than im. Performing calibration and the wall-shear stress measemés with identical
setups, any misalignment can be accounted for. Offsetseirottier of less than fm correspond to
0.1 1" at typical Reynolds numbers in the experiments performecdumtv such that no global flow
field disturbance is expected and furthermore, the flow osémsor ‘chip’ can be considered to be non-
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affected by the existence of vertical offsets of this sizes sich, errors due to a misalignment of the
structure can be considered negligible.

However, if measurements at higher Reynolds numbers, imallex absolute geometric dimensions of
| ™ are performed, even higher accuracy needs to be achievesl.cdlid for example be managed by
directly manufacturing the complete sensor on the flowitgailall without having the need to manually
position sensor ‘chips’ on the wall or in wall adapters.

5.2. Aging and Altering Effects

It goes without saying that any change in structure-medadigirelevant sensor parameters and par-
ticularly Young’s modulus will modify the sensors senstiiv The long-term (30 days-180 days) and
short-term (30 min-7 days) repeatability tests at fluchgatind constant load evidenced an excellent
agreement of the mean detected pillar deflections witt2r-3% in all flow media used in the present
studies, hence glycerine, water and air, i.e., no mategialgavas observed. Note, the sensor was stored
in air between the tests. However, sensor calibrations &lswaeys been performed prior to measurements
to ensure that any kind of sensor degradation or aging isuated for.

Furthermore, changes of the sensor material due to lomgdgposure to different environmental influ-
ences could lead to errors. Effects due to water absorpt®negligible following the manufacturer’'s
information P8 and as mentioned above results from measurements of Youmgdulus of a tensile
specimen with the material immersed in water and glycewnep to seven days confirmed a negligible
effect within the measurement accuracy.

5.3. Yielding-Induced Drift

It is well known that elastic materials tend to yield undenst@ant stress causing the sensitivity of
the sensor to change with time. It can be expected that radteriechanical properties and yielding
would influence the mean detected wall-shear stress. Tdkdoe@ possible drift of the sensor due
to mechanical yielding, long-term (up to 33in) measurements at different levels of sensor deflection
and at constant and dynamic wall-shear stress under stealoigr@ conditions have been performed.
Linear regressions of the normalized streamwise sensaratiefhw(Lp)/W(Lp), wherew(Lp) is here
considered the temporal mean pillar-tip deflection durlngtests, possessed gradientstaf0%, i.e.,

a negligible drift. Note, yielding would have caused a clpasitive tendency of the gradient. This
has not been observed. It can further be concluded from tess® that the sensor stays at a constant
temperature and heating of the structure does not occuanibe confidently assumed that any sensor
heating due to internal frictional heating would be suffitieonvected by the flow. A heating of the
structure would have caused the sensor deflection to chariges.

5.4. Calibration-Related Aspects

It would be desirable to calibrate the micro-pillar struetin-situ, that is, to position the sensor for
static calibration directly in the turbulent flow field. Thigould allow to avoid measurement errors
arising from variances in the flow conditions during the mneter calibration and the actual flow case,
e.g., different temperatures, strongly differing ReynoldsnbersRe,, determining the local flow field
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around the sensor structure, or from a possible sensorigrnaatnts.

To obtain the relation between pillar deflection and wabahstress in the flow facility, it is necessary
to quantitatively know the mean wall-shear stress at a higiugh accuracy in the turbulent flow field,
in which the calibration is performed. This requires on the band, the simultaneous application of an
already calibrated device to assess the wall-shear stresstbe other hand, the wall-shear stress to be
determined from an analytical relation assuming it to bedval within the desired accuracy.

A problem of the in-situ calibration is the non-linearity thfe static sensor response at low or high
deflections. The velocity field in turbulent shear flows intienity of the wall and hence, the wall-shear
stress, are known to fluctuate strongly around their mearegalSimply assuming the arithmetic mean
of the measured sensor deflections to be a linear-propaftiepresentative of the mean wall-shear stress
would yield an error especially at low deflections due to tbe-finearity of the static response. Hence,
an approach similar to that used for calibrations of hotdilon hot-wires - in case they are calibrated
in highly fluctuating flow fields - is necessary. 18(] and [12], the use of higher-order polynomials
for the calibration of hot-films is suggested. A similar pedare could also be used for the micro-pillar
shear-stress sensor.

6. Sensitivity Aspects

Commonly, sensors are not only sensitive to one form of exaitaThat is, a sensor response, e.g.,
in the case of the micro-pillar its deflection, not solelygomates from the wall-shear stress, i.e., from
the drag forces of the local small-scale flow field around thecture, but it is rather the consequence
of several contributing effects. To judge the possibilifysach a multi-sensitivity, the influence of
secondary contributions will be discussed in the following
Two different kinds of sensitivity-related aspects aregiae. On the one hand, the direct impact of
forces other than the drag force resulting from the fluid fealdcounding the sensor structure, which we
relate to the wall-shear stress, needs to be accounted $oexi&rnal forces, accelerations (e.g. due to
accelerated flow facilities or test structures, infon whiedhsensor is installed) and pressure forces need
to be addressed. On the other hand, changes in the sensiivggiitself might have an deteriorating
effect on the sensor function. Only temperature-relatéecesf will be discussed in this section, since
chemical and load-related changes of the sensor matedatisamechanical properties have already been
discussed in the preceding section and showed to have idgléifects on the sensor sensitivity.

6.1. Sensitivity to Pressure Gradients or Pressure Flutbtunes

Most recent floating-element wall-shear stress sensofsrdudbm a certain degree of sensitivity to
pressure forces. On the one hand, slightly differing pnesgarces in pressure-driven flows act on the
trailing and leading edges of floating-element sensors,cemthe other hand, a pressure gradient be-
tween the sensor surface and the gap between the sensoeasubgirate might be present, resulting in
a wall-normal force, which contributes to the total loadragton the tethering springs. Similarly, it is
possible that pressure forces act on the pillar structugaréi’(a)) and in the following possible pressure
force contributions will be addressed.

If the Reynolds numbeIRebp reaches a certain level, Stokes or Oseen flow around thewgguzan no
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Figure 5. Two-dimensional flow field around a circular obstacle atet#ht Reynolds num-
berRey, based on the diametér, and the local velocity . At Rey,>4 the flow detaches.

longer be assumed and a detachment of the flow field at thaté&eetghe pillar (figuresb(b) to 5(d))
causes additional differential pressure force contrdngion the sensor structure. Since typical Reynolds
numbers aréia)p < 1, the Stokes condition can be assumed valid such that thdi#tmhshould sym-
metrically follow the pillar contour allowing to determiriiee total drag forces exerted by the local flow
field around the sensor structure by analytical estimatesng.g. in 81], [32], or [33].

Mean Streamwise Pressure Gradient in Pressure-Driven Boyhdyers

In pressure-gradient driven flows, the mean pressure grafifgalong the streamwise extension of
the sensor structure leads to a net pressure force. In tlogviog the contribution of these global flow
field pressure forces and the drag forces resulting fromabe IStokes flow around the structure will be
approximated for the typical range of Reynolds numbers @frést and it will be shown that pressure-
gradient forces contributing to the total pillar deflectman be neglected.

It has been shown ir2] that the drag force exerted on the pillar per unit length hy tocal flow field
can be calculated using the Oseen approximation for theldeagper unit length of a cylindeBp]

N 4nn
Ap(y) ~ 5— [oge(Reb,(Y)) -U(y). (2)

The assumption of Oseen flow around the sensor structureligsi/éhe Reynolds numbeRe, =
U(Lp)Dp/v defined by the pillar diameté, and the maximum velocity (Lp) at the pillar tipy = L
is Rep, < 1.

The pressure forces per unit lengip(y) resulting from the mean streamwise pressure gradippo’x,
which act on the sensor structure can roughly be determiped b

Pr(Y)~=Ap- Dy, (3)

whereApis the pressure drop along the pillar streamwise dimens@mD, and, henceyp~dp/dx-Dy.
Typical values of the local velocitid$(y) at the present experimental conditions are of order 10/s,
the Reynolds numbeRe, , is of order 10, and thereby the shear load per unit lengily) becomes
10~4+10"3 N/m for water with a dynamic viscosity being of order 103 Pas With pillar diame-
tersDp of 107°+10"4 m and a pressure drafp along the pillar streamwise dimension, i.B,, of
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10~#+-10-3 N/nm?, the resulting pressure force per unit lengtly) becomes of order 10 N/mand as
such, the ratio between the contributigngy) /gp(y) is of order 104+-103, and hence, can be consid-
ered negligible. Equatioridand3 allow to more generally calculate the ratio of shear anchstrgise
pressure gradient contributions to the pillar lagdy) / pp(y), which should be of order 16.

Mean Wall-Normal Pressure Gradient in Turbulent Shear tsaye

In the following the influence of mean wall-normal pressuradientsdp/dy will be investigated.
The non-dimensional wall-normal momentum equation (td éirder) in the sublayer reads

V2 +2

g—sj% —p- a(;/y = —purg/\/%\;+
wheref3, is parameter defining the curvature of the wall-normal viqarofile, which will be discussed
in further detail later in this section. The second part inagpn4 has been obtained applying equat&n
Typical dimensions, over which this wall-normal presswresacan be considered to be approximately
Dp, and, hence, the resulting wall-normal presshipeexerted on the pillar is approximate#p/dy-Dy.
The ratiopp(y)/qgp(y) resulting from pressure forces due to the mean wall-normesiqure gradient and
the drag forces reads

~— purd/v-AaB2y T, (4)

Pe(y) _ 4 ur

gp(y) 10m v2
At the present experimental conditiops(y)/gp(y) < 0.02. Note, however, that the wall-normal pres-
sure forces act differently than drag forces to the pillandieg. That is, wall-normal pressure forces
can only contribute to the total sensor load in a deflectde stethe pillar, whereas in the non-deflected
state, they only act as a longitudinal force. In the deflestate, the integral of the wall-oriented pres-
sure forces would yield further deflection, whereas thatreggure forces pointing away from the wall
tend to restore the structure into its straight position. &M analysis of sensor geometries at deflec-
tions ofw(Lp)/Lp~0.1+-0.2 accounting for the drag load and the aforementioned presstce acting
concentrated at the sensor tip at similar ratios as disdusseve indicated a negligible influence of the
wall-normal pressure forces resulting from the mean presgradient to the total pillar-tip bending of
~=+0.50%.

B2y D2, (5)

Pressure Fluctuations in Turbulent Flows

In turbulent flows, fluctuating pressure forces resultirmpfrturbulent fluid motion, will exert on the
sensor structure. Such pressure fluctuatighsan, for example, arise from acoustic pressure waves in
gases or from turbulent momentum transfer, i.e., resuthfv@locity fluctuations. Second, turbulent
fluctuations cause local pressure fluctuations, which cexddt on the sensor structure. Both possible
contributions will be discussed in the following.

Similar to the considerations i34, the impact of acoustic pressure fluctuations will be désed here.
Only pressure fluctuationg smaller than the pillar dimension will effectively imposeepsure forces on
the structure. It is reasonable to assume that the pillanetierD,, is the relevant dimension, at which
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wall-parallel pressure gradients induced by acoustic wareturbulent motions can contribute to the
deflection of the structure. For larger dimensions of theguee fluctuations, the effect of the pressure
fluctuations will be felt uniformly across the element. Cludeastic wavelengths corresponding to the
smallest length scales of pressure fluctuations can beastito be in the order of the wavelength of
an acoustic pressure wave or of the smallest scales of éddig®ulent flows. Acoustic pressure waves
have a wavelength depending on the speed of sound 0(8%0 m/s at room-temperature) and on the
acoustic frequency. The acoustic wavelengthy is defined as\y = ¢/ f. For pillar diameters in the
order of 16-50 um, this corresponds to frequencies of approximateBNdHz, a frequency higher than
any frequency expected to occur in the turbulent shear flédwserest for the field of application of the
sensor.

At the Reynolds numbers, at which the sensor is applied, & giameterD,, is less than 1 and as
such, pressure fluctuations induced by turbulent strusttae be expected to not significantly contribute
to the wall-parallel pillar load. However, to study the ingpaf turbulence induced pressure fluctuations
P’ = dp/dx on the total pillar bending in some more detail, the follogvitonsiderations are helpful.
A detailed review on the statistics associated with presfluctuations in turbulent flow at Reynolds
numbers similar those in the experiments is giver8i}.[ Some further insight especially on the turbulent
pressure fluctuations in the vicinity of the wall can be foum{36, 37].

First, the magnitude of pressure fluctuations need to besssdeFrom the Navier-Stokes equations the
rms of local pressure gradients can be expressed by (s4d8%.88])

( ©)
The factor of 2 in this equation is representative for theelenf fluctuations aty™ = 10 and rather
overestimates the pressure fluctuations in the viscousigeibl The second part of equatiéms simply
the non-dimensionalization using viscous scales, whitpshenderstanding the following discussion.
Writing a Taylor series expansion for the streamwise and-n@limal velocities yields

ut(y") = aryt + oyt 7)

VEyh) = Byt + By i+ 8)

with B; being essentially 0. From equatiérthe rms-values of local pressure gradients in the viscous
sublayer read

~ 40- 9)
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Figure 6. (a) Curvature coefficientr, of the non-dimensionalized streamwise velocity pro-
file u™ (y™). (b) Curvature coefficienB, of the non-dimensionalized profile (y*) of wall-
normal velocities.

+ 2\ +

giw = Z% ~ 4B, (10)
From DNS results of turbulent channel flow at Reynolds numbiendar to those in the present experi-
ments B9, the value ofa, in equatior® has been determined to be ~ 0.06. Note, this value represents
the curvature of the velocity profile through the entire wviss sublayer, or, to be more precise its rms
value (around zero). It has already been discussed thatehe welocity profile can be assumed linear,
but instantaneous velocity profiles apparently possesglat €lurvature, hence a value abp different
from zero. The value o8, is approximately @4 (rms around zero). Figushows the distribution of
az andf; as a function of’ /T, respectively. Whilex, appears to slightly depend on the valug oft, it
is evident that the magnitude B85 does not increase. This suggests that the curvature inrdrenstvise
velocity profile becomes a problem before the wall-normabpure gradient does.

Wall-Parallel Pressure Fluctuations

Let us first discuss the effect of streamwise pressure gresdigp/dx. Similarly to the static pressure
contribution on the total sensor load in pressure-gradienen flow, the effect of wall-parallel turbulent
pressure fluctuationg/(y) can be discussed. Note, wall-parallel pressure fope€g) act in a similar
way as drag forcegp(y) on the sensor structure (figui€a)). Hence, the ratio of shear loagh(y)
and pressure contributigop(y) allows to estimate the influence of turbulent pressure fatatns. With
equation® and9, pp(y)/ge(y) reads

pr(Y) %iu_rz
ge(y) 10m v?

2
u
asz2z0.125# azDp? (11)
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It is evident from equatioil that the effect of horizontal pressure contribution insesawithug, i.e.,
with Reynolds number. Generally valid limits of the Reynoldstiber, at which the pressure contribution
remains negligible, can hardly be given here due to thedef@ndence of sensor and flow characteris-
tics, but the equations allow to estimate the influence odsaree forces on the total sensor load. At the
experimental conditions ir2[ 4], the pressure contribution to the sensor Ipady) is roughly two orders

of magnitude below the corresponding shear force per ungtkegp(y) such that it can be considered
negligible.

Wall-Normal Pressure Fluctuations

Note again, that the way, in which wall-normal pressuredermontribute is different from that of wall-
parallel fluctuations. The ratio between load contribwgicgsulting from the mean wall-normal pressure
gradient and the effect of turbulent wall-normal pressuretflations is approximatellgizzy+3 : B> and
hence 10: 1. That is, wall-normal pressure fluctuationsrdmrie an order of magnitude less to the total
pillar bending.

Some Conclusion on the Pressure Sensitivity

Let us conclude the above findings. The pressure contribtwidhe pillar load resulting from wall-
parallel and wall-normal pressure gradients have beensked. These pressure gradients can represent
mean pressure gradients in the flow or they might be a conseglgause of turbulent motion. At the
present experimental configurations pressure forces dabliebe neglected. However, with increase
in Reynolds number, pressure contributions might represemn-negligible contribution to the pillar
bending. Formula to estimate the influence of pressure gmésihave been extensively discussed in this
section.

6.2. Sensitivity to Cylinder Lift Forces in Shear Flows

It is well known that a spheretp-43] or a cylinder B4] placed in a shear flow experiences lift forces
perpendicular to the mean velocity direction and in the adsthe cylinder perpendicular to its axis
(figure7(b)). The integrative effect of this induced lift could add toefldction of the sensor due to the
applying drag forces. However, due to the small lateral disien of the sensor structure by, < 1,
lateral velocity gradients across the sensor diameteghwiould cause lift-induced deflections of the
sensor structure, can be considered negligible. Note,aéssmaller than the Kolmogorov length
scale or viscous length scalg,andl™, respectively, the fluid motion can be considered unifornd a
lateral velocity gradients, and hence, lift-force indgcshear-flow conditions, will only arise at larger
dimension.

6.3. Inertia Sensitivity

Due to its own mass the sensor is sensitive to inertial eff@esing from exterior accelerations. Sim-
ilar to the considerations in the previous section, oneiptesapproach to estimate the sensor sensitivity
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Figure 7. (a) Overview of possible pressure and Stokes/Oseen drag ¢orgebutions. )
Lift force induced by a shear flow over a segment of the midlaspsensor. €) Effect of
fluid induced drag and inertial forces on a segment of theovpdiar sensor.

to acceleration is to relate a deflection caused by inemiadels to a corresponding wall-shear stress,
which would have caused the same deflection.
The forceFinert. Of @ one-g acceleration exerted per unit length of the pildfnerr. = pp-9-Cp, Where
pp is the density an@,, the cross section of the pillar sensor. The fluid load perlength will again be
assumed by equatidh Assuming a constant velocity bf(y) = U, along the sensor geometry, which
is good enough as a first rough estimate, and further applyigelationtya = ndu /dy ~ nU,/Lp,
equation2 can be reformulated
~ 4rilp
aly) ~ 5— l0ge(Reb,

For Reynolds numbeRey, of 103+-10° equationl2 ranges between

) “Twall - (12)

acy) ~ 2/\L-_"m—pl'wall v 22Tl p Tyl = T pTyall.- (13)
As such, the equivalent wall-shear stress to a one-g aetieleof the sensor can be expressed by

Twall = pp%fp- (14)
At typical pillar dimensiond_j, of order 103 mand Dy of order 10°+10~% mand a density opp ~
10% kg/m?® the equivalent shear stress becomes approximatély®a. Hence, the contribution due to
accelerations on the micro-pillar should be accounteddpeeially if very small wall-shear forces are to
be detected. However, if non-accelerating flow facilitied as such non-accelerated micro-pillar sensors
are used inertial effects can be neglected. Note, equattanindependent of the flow properties, such
that the above discussion applies for any flow medium.
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Figure 8. (a) Temperature dependence of the pillar-tip deflection itteptaone rheometer
flow at constant rotation. Temperature increase due to illation. () Pillar deflection
in turbulent boundary layer flow at freestream velocities= 4, 6, 8 and 10m/s. Pillar
deflection has been normalized with the deflection at thenimégg of the recording.

6.4. Temperature Sensitivity

The sensor material is known to react with an increased shedulusG and Young’s modulu& on
an increase in temperatur2g]. Although the temperature sensitivity of the pillar m#éhas not been
investigated in detail some preliminary aspects should$®midsed in the following.
Eperiments of micro-pillars in laminar shear flow in a platae rheometer and experiments in turbulent
boundary layer flow showed temperature-related problemisoth studies a 108/ halogen light source
has been used to illuminate the pillars. In air, the largewarmof thermal energy, to which the sensor
was exposed, led to a heating of the structure.
Exemplary results evidencing the temperature sensitofitthe sensor are given i Figure8(a) ev-
idences the sensor deflection to decrease by almost 35% dureitmrease of appoximately 35 in
laminar rheometer flow. This decrease in the deflection gelathan that predicted by the change in
the shear modulus followin@p] assuming an inversely proportional relationship betwgesr G and
the pillar-tip deflectiorw(L ), which would have yielded deflections of only 15%. Howevewas not
possible to perform the measurement of the temperaturetlyiia the sensor, which could in fact have
been much higher, thereby causing the higher experiencatyehin the mechanical parameters.
Furthermore, a strong influence of temperature on the elashavior of the pillars was observed in tur-
bulent boundary layer air flow measurements (fig(l®). The measured values of deflection showed an
asymptotic decrease in time at freestream velocities diuttieilent boundary layer flow &f., < 9m/s.
It is evident from figure8(b) that increased convection at higher freestream veloditieseduces the
problem. At 10m/sthe effect evidences to be negligible.
It goes without saying that in water due to the strongly iasesl thermal convection, the problem of
structural heating is less dominant and could indeed notisereed. To completely eliminate thermal



Sensorg009 9 2243

effects, it is advisable to use cold-light illumination sm®s.

In conclusion, it needs to be stated that the sensor evideilocbe sensitive to temperature. There-
fore, special care has to be taken to minimize systematrsresulting from thermal effects. To be
more precise, the temperature during measurements nebdsk&pt constant. This, however, is a typ-
ical requirement in fluid flow experiments to ensure consta@asurement conditions, e.g., a constant
Reynolds number. Furthermore, the temperature differeateden static and dynamic calibration and
measurements should be kept identical.

Assuming a temperature sensitiviyG/G) /AT =~ 0.005/°C of the polydimethylsiloxane (PDMS) ma-
terial given by P7], this leads to an overall uncertainty of the measuremesitriigue due to thermal
effects of approximately-0.25%, assuming the pillar deflection to be more or less ineE®por-
tional to Young's modulu& and the shear modulus.

Thermal expansion effects are, as long as the temperatkeptisonstant to within-1°C, in the order of
0.1% and can as such be assumed negligible. However, if lagggrdrature differences are experienced
these effects also need to be taken into account.

7. Sensor Performance

In the following the sensor performance and design rulesfooptimum sensor layout will be dis-
cussed. It has become evident that similar to almost all fhedsurement techniques diverse restrictions
need to be accomplished for an optimum wall-shear stressuremaent with micro-pillars. Since many
of these aspects are closely related to the geometry of thddlalities, e.g., bulk scales, fluid viscosi-
ties, etc., no general Reynolds number range can be givendtesbich the sensor can be used. Up to
now, sensor applications at moderate Reynolds numbers leavedoccessfully performed-7]. How-
ever, the Reynolds number range in the measurements was rastiécted by the flow facilities and
only slight modifications allow the sensor to be used at higteynolds numbers.

7.1. Sensitivity and Dynamic Range

The sensitivity describes the minimum magnitude of an irgigrhal required to produce a specified
output signal. The dynamic range describes the ratio betteesmallest and largest possible detectable
wall-shear stress. From equatitrit becomes evident that the magnitude of wall-shear strepsritls
on the viscosity of the fluid and on the velocity gradient ribarwall and it can range from a fenvPa
up to several 108Pa Depending on whether the flow is laminar or turbulent, thé-slzear stress re-
mains at a constant value or evidences strong fluctuatianmdrthis mean value, where the streamwise
fluctuation intensity reaches up toA0rva [12, 4548, whereT,q) is the mean wall-shear stress. The
fluctuations are characterized by a coexistence of a comgptictrum of turbulent structure scales, such
that a wall-shear stress sensor needs to be capable ofingsséweral orders of magnitude of forces.

In general, the great range of possible magnitudes of thexwad-shear stress and of its fluctuations
implies that sensors need to be adapted to the flow field, iclwihiey are installed. Due to the great
number of partly controversial requirements to be fulfillgda sensor (see secti@), it is however
almost impossible to have a sensor that covers the complege of wall-shear stress values. Therefore,
normally a sensor is restricted to a certain order of mageitf shear stress that can be detected. Note,



Sensorg009 9 2244

some sensors reported in the literature allow the detetramaf up to six orders of magnitud&4.

In many applications the value of the wall-shear stressng logv and to increase the sensor’s sensitivity
most flow cantilevers and floating-element based sensoms wiip the issue ofuforce measurement
by opposing large contact areas to the fluid flow. This autmalit leads to a spatial averaging of the
wall-shear stress fluctuations over the contact area neguit a deterioration of the detected dynamic
shear-stress characteristics. There still exists a cogrs@l dispute on the maximum allowable sensor
lengthL to properly detect the fluctuating velocity or wall-sheaess field in turbulent flows, but a value
of approximatelyL < 10+-201" has been generally accepted sufficient in the litera#@ed0].

To explicitly specify the dynamic range of the micro-pilncept is not an easy task since many aspects
such as the sensor sensitivity, the optical resolution,thadjuality of the recorded images contribute
to the effective dynamic range. Under optimum conditiohs, gensor concept has been shown to de-
tect a range of 19:-10° of magnitude of wall-shear stress at a signal-to-noise (SNRpproximately
SNR= 10 and moreZ, 7].

This implies that the sensor and the optical setup need t@éefed in compliance with the shear-
stresses present in the flow field. Generally, at each coatign; the maximum detectable shear stress
is limited by the endurable mechanical load of the strustuf@n the other hand, a lower limit is given
by the noise of the chosen optical resolution and the imatgetien and evaluation processes.

Under optimum mechanical conditions, i.e., the sensor Wwaitt is not capped by a mechanical over-
load of the structure, the dynamic range is mostly limitedH®/image-evaluation routines and is as such
comparable to the bandwidth of standard Particle-Imagecualetry (P1V) b1] and as such approxi-
mately two orders of magnitude at a sufficient signal-tcsadevel. However, since only single-spot
evaluations are performed, and not as in the case of PIVlatoes of particle patterns, there is rather
no upper limit for the pillar-spot shifts on the recording CChipz  Allowing shifts of up to 100px
increases the possible dynamic range td di8d more with a remaining SNR of 10 even at the smallest
fluctuations.

From equatior? it is evident that the sensor response is slightly non-lia¢amall deflections. Further-
more, the sensor structures possess a non-constant diddgeyealong the length and a non-negligible
curvature at the sensor base. However, as a first rough éstoh#&he achievable sensor deflections,
linear bending theory can be applied assuming a sensor béamamstanD, with a linear response to
the exerting drag forces and the lateral-tip displacemghp) can be approximated by

5
W(Lp) ~ %12%;—?.

Characteristic dimensions and characteristics of sensad in recent studies atg = 350 um, D =

45 umandE = 1.7x10° N/m?. With values of the wall-shear stress in the range of 1000 mPa

pillar-tip deflections of Ql+-10 um can be achieved. Using an appropriately chosen opticaluteso

of the observing camera system deflections df fi@can be achieved. It goes without saying that field

of view decreases at increased optical resolution. Cuyrentlilable cameras with 1 mega-pixel CCD

chips allow to reduce fields of view in the order of 6 mn¥ at reasonable pillar deflections in the order

of 10°=-10 px. The use of modern 4 mega-pixel CCDs enables to further inetbasfield of view at a

constant optical resolution.

Note again, that equatiobb should only be treated as a rough estimate and should not@edpo

(15)
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statically calibrate a sensor. The high degree of unceytanthe exact pillar mechanical parameters,
e.g., Young’s modulus, or in the sensor's geometry, e.@. diameteD,, the lengthLp, or the base
curvature, make a calculation at sufficient accuracy imipess

7.2. Dynamic Response

To detect the complete frequency spectrum of the fluctuatalyshear stress, a high enough dynamic
bandwidth of the sensor structure is required. Dependinthp@flow characteristics, it can be necessary
that the sensor possesses a bandwidth that allows to degqaehcies of a fekHz Furthermore, at
increasing frequencies structural scales decrease arstnidléest scales, in the following considered to
be represented by the Kolmogorov length sdglenight range in the order of only a fewmn depending
on the Reynolds number.

It has been shown ir8] that micro-pillar sensors at typical geometries possagnérequencies in the
order 406-2000Hz Sensors possessing even higher eigenfrequencies of -y have also suc-
cessfully been manufactured. Note, however, that the ase@ stiffness of these structures also results
in a lower sensitivity (equatiot5). The results obtained from an experimental calibratiothefsen-
sor structure reported ir8] showed excellent agreement with the findings of a secoddranalytical
approximation based on experimentally determined damjgethzequencies and damping coefficients.
The results further yielded the first eigenfrequerigyof the structure to be a sufficient parameter to
determine the frequency range, at which the sensor possaseasonably constant gain. To be more
precise, the gain up to approximately3Gy was nearly constant.

The transfer function of the structure in water resemblesagdass filter, i.e., the gain drops at frequen-
cies higher than the damped eigenfrequefigyln air, the sensor shows a strong resonance. Therefore,
if the sensor is applied in air, it is necessary that the seresmnance frequency is higher than any ex-
pected turbulent frequency, which excites the sensor. temhe situation is less critical and the sensor
can even be applied in flows, in which the turbulent frequesmiexceed the dynamic range of the sensor.
Within reasonable accuracy, this eigenfrequeny can bgtcelly approximated by assuming the sensor
an (un)damped one-sided clamped beam given by

fo ~ %/\—12 E : (16)
81Lp? |\ pp

The quantityA; = 1.875 is the first eigenvalue for a clamped beam. Note, equaGassumes a constant
cylinder diameter along the complete length and does nataxtdor non-linear effects at the pillar base.
However, the manufacturing process leads to a smooth cuevat the pillar base. A finite-element (FE)
eigenfrequency analysis of a simple beam geometry shovpachiycurvatures at the base in the order of
the pillar radius to increase the theoretical eigenfregigsrnby 10:- 15%.
That is, again, an exact determination of the sensor priegag impeded by the remaining uncertainty
in the determination of characteristic geometric and meich@arameters of the pillar sensor as has been
discussed ing]. However, for a first definition of the dimension of sensausture, the above approxi-
mation might serve as a useful estimate.
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It has already been mentioned that the dynamic responsedomd the wall-shear stress sensor needs to
be chosen in compliance with the Reynolds number and the stigiipected frequencies of the investi-
gated flow field. As such, itis necessary to make a rough etgiofdahe frequency spectrum of turbulent
fluctuations existent in the flow at the chosen Reynolds nunmldez highest characteristic frequencies
are related to the smallest-scale structures in turbulewsfl These smallest scales are defined by the
Kolmogorov length scalk [7, 52, 53]. In turbulent shear flows the ratio between the Kolmogoemgth
scalelg and integral scalk can be expressed by

I/l ~ Rg~¥/4, (17)

whereRg = (?) 1/zlt/v is the Reynolds number based on the integral skaded the characteristic
velocity of the large-scale eddies represented by therakegald;. The integral scalg can be assumed
to be approximately Q & [54], whered is the thickness of the shear layer, e.g. in turbulent pipe flo
its radiusR and in channel flow the channel half-height The eddy velocity can be approximated by

the intensity of the velocity fluctuations and is as s ct? i = Ums ~ 0.1 Uy, [53], whereU,, is a
characteristics bulk-scale velocity, e.g., the freesitrgalocity in boundary layers or the bulk velocity in
pipe or channel flow. The ratio of the convective time schlg/5)~* and the Kolmogorov time scale
Tk can be expressed as

Tc(Ue/8) ~ Ti (F) Y 2/|t) ~Rq Y2, (18)

At Reynolds numbers dRg, ~ 20000 {] and characteristic geometric dimensions typical for tream
surements performed with the sensor up to now this yieldgufacies of the small-scale Kolmogorov
structures, i.e., the highest frequencies, to be apprderisnd, = 250Hz The corresponding lengths
scales of the smallest structures range in the ordgr-ef60-+- 70 um.

Measurements in a turbulent boundary layer flow in air at REEigoumberdfke; = 780021000 reveal

the general applicability of the sensor technique to suahsfl@, 7]. Note, the use in air is comparably
more intrinsic compared to that in water. First, as mentiaigove, the resonance of the structure causes
the sensor to possess a nhon-constant gain and as such thédRewnmaber, at which measurements can
be performed, is limited. Furthermore, fluid forces in ag aruch lower than those in fluids such that
the sensitivity of the structure needs to be further in@dasrhis, however, is in contradiction to the
aforementioned necessity of a high dynamic bandwidth. Téeous scales in air are smaller compared
to those in water, thereby demanding shorter structureghndgain competes with the necessary sen-
sitivity. However, applying highly magnifying optics alle to resolve sensor displacements reasonably
such that measurements at the aforementioned and evem Rigieolds number are feasible.

7.3. Cross-Axis Sensitivity

Cross-axis sensitivity describes the mechanical couplfgegoendicular axis sensitivities. A one-
directional sensor device can be sensitive to forces ekattag the axis perpendicular to the axis along
which the force is applied. To minimize this kind of crosssagensitivity the stiffness of the sensor
structure along the perpendicular direction can be chosachrhigher than that of the primary axis
causing parasitic off-axis contributions to be negligible
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A second kind of cross-axis sensitivity may arise in the acdspulti-directional devices where mechan-
ical receptors, e.g., strain gages or piezo-resistivecdsydetecting the deflection of sensor elements are
sensitive to deflections along perpendicular directionkinggan identification of the originating force
direction difficult or impossible.

Due to its symmetric shape the pillar sensor possesses @ticalestiffness along the two perpendicular
in-plane directions and is as such a multi-directional seasconstant sensitivity along all radial direc-
tions. Consequently the pillar deflection can be considerdiceat representative of the exerted forces,
in magnitude and angular orientation. Furthermore, thealdetection principle allows a distinct iden-
tification of the two perpendicular wall-shear stress congpas. That is, a cross-axis sensitivity of the
sensor of the second type is not expected.

In consequence of these theoretical considerations, tss-@xis sensitivity has not extensively been
studied. However, tests of pillar deflections under vanangular orientations of the sensor in a mag-
netic field performed in the context of the dynamic calitmatdescribed in3] indicated the cross-axis
sensitivity to be indeed negligible.

7.4. Repeatability

According to the ‘Guidelines for Evaluating and Expresdiing Uncertainty of NIST Measurement
Results’ the repeatability of measurement results is defasetthe closeness of the agreement between
the results of successive measurements of the same medsaraed out under the same conditions of
measurement. Repeatability can be expressed as

(max(wi(Lp)) —min(wi(Lp))) [pX
FSO[pX ’

Repeatability= (29)
where FSO is the full-scale output. Repeatability tests baes performed under ‘standard’ conditions,
i.e., an optical magnification yielding pillar shifts on thexorded images of 10 px has been chosen
such that FSO can be considered to be approximatelyx10lo reliably investigate the repeatability
of the entire sensor measurement chain, i.e., includingittee deflection, the data acquisition and the
image evaluation, measurements need to be performed urdledtefined experimental conditions. As
such, the measurements could not be performed in turbutewn fivith statistical fluctuations. Magnetic
excitation is used to deflect the pillar from its straightifoa. The magnitude of deflection depends on
the strength of the magnetic field, in which the sensor isqaaclhe field strength can very precisely
be adjusted and kept at a constant level. Repeatability aéstisferent levels of deflections have been
performed and evidenced the repeatability of the sensoe twithin +1.5%F SO

8. Conclusion

In this article the Micro-Pillar Shear-Stress Sensor NRghich offers the potential to measure the
two-directional dynamic wall-shear stress distributionurbulent flows, has been discussed in detail.
The sensor is based on flexible micro-pillars protruding thie near-wall region of turbulent flows and
bending in reaction to the exerted drag forces. The deflectidhe pillars is detected by optical means
and is a representative of the local wall-shear stress. dti:i@o additional infrastructure on the wall
thereby reducing additional flow disturbance such that tler pechnique allows extremely high spatial
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resolutions of 18- 10! viscous units and the measurement of the wall-shear stissiudtion with

up to 1000 sensor posts. It possesses the advantage of weflpovo interference. Depending on the
geometry and material characteristics of the sensor tenbgicales down to less than p@n and time
scales in the order of a feldHz can be resolved making the technology a simple techniquestahze
and measure the planar turbulent wall-shear stress digstibof the two wall-shear stress components.
Typical micro-pillar sensors possess eigenfrequencigsarorderfy = 400:-2000Hz and a constant
gain up to approximately.8 fo. Sensors with even higher eigenfrequencies of up to 500Bave also
successfully been manufactured. The sensor concept maaly robust and can be easily mounted on
almost any surface. Only customary high-speed optics idetetd detect the sensor array.

The present article has discussed in detail material ctersiics, possible sensor-structure related er-
rors, various sensitivity and distinct sensor performaasgects. Some guideline to apply micro-pillar
sensors to new fields of application has also been given.

The development of the Micro-Pillar Shear-Stress Sensd8MBn not be considered finished and fur-
ther improvements will be an exciting challenge for futurerkv. The manufacturing of pillar arrays
demands for a better automated positioning of reflectivéolwospheres on top of the sensor posts.
The implementation of sub-pixel window shifting and adeptiross-correlation routines will allow for
higher achievable accuracy in the detection of the pilladéflection in the order of.01 px. A concept
for a strongly increased magnification of the pillar defl@cthas been suggested ifj pnd would, if
applied, allow a further miniaturization of the sensor stawes such that pillar sensors could become in-
teresting in the investigation of aerodynamic flows and wdutther allow the use of the sensor design
at higher Reynolds numbers.
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