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Wall pressure and wall pressure fluctuations in turbulent flows are of interest in many engineering applications.

This paper focuses on the design and fabrication of aero-micro-electromechanical system surface pressure sensor

arrays and their application towall pressuremeasurements onawall-mounted cylinder. The sensor arrays havebeen

developed to be highly sensitive and mounted flush with the measurement surface. Thus, dynamic properties of the

sensors are not limited by tubing, and an accurate measurement of the wall pressure and its fluctuations becomes

possible. The arrays introduced herein consist of a number of individual sensors, which feature a maximum

sensitivity of 12 �V=�VPa� and a pressure resolution of up to 0.5 Pa. Employing six arrays (three different types)

consisting of up to 13 individual pressure sensors,wall pressuremeasurements have been conducted at theUniversity

of Rostock at a Reynolds number of 200,000. The results prove that the developed sensor arrays are a powerful

measurement tool for experimental fluid mechanics. The wall pressure measurement data obtained are in good

agreement with the results of the laser Doppler anemometry measurements and large-eddy simulations, which are

also presented herein.

Nomenclature

a = size of a square diaphragm
D = cylinder diameter
Ddia = diameter of a circular diaphragm
d = plate thickness
i = number of a finite element node inside Vpiezo

L = cylinder length
l = plate length
n = total number of nodes inside Vpiezo

p = pressure
R = resistance without mechanical stress
Re = Reynolds number
R1, R3 = longitudinal piezoresistors
R2, R4 = transversal piezoresistor
r = radius of a circular diaphragm
S = sensitivity of a pressure sensor
St = Strouhal number
Tu = turbulence level

t = thickness of a diaphragm
u1 = upstream velocity
Voff = offset voltage
Vout = output signal of the Wheatstone bridge
Vpiezo = volume of a piezoresistor
Vsupply = supply voltage
x, y, z = Cartesian coordinates
�p = differential pressure
�R = change of resistance at �p
�R1;3 = resistance change of the longitudinal piezoresistors
�R2;4 = resistance change of the transversal piezoresistors
�44 = piezoresistance coefficient of p-type piezoresistors
�ci;max = maximum mechanical stress of a circular diaphragm
�sq;max = maximum mechanical stress of a square diaphragm
��x = spatially averaged stress component in the x direction
�x;i = x component of mechanical stress at node i; parallel to

diaphragm edge
��y = spatially averaged stress component in the y direction
�y;i = y component of mechanical stress at node i,

perpendicular to diaphragm edge
�1x = longitudinal stress component in the x direction at R1

�1y = transversal stress component in the y direction at R1

�2x = longitudinal stress component in the x direction at R2

�2y = transversal stress component in the y direction at R2

I. Introduction

M ICRO-ELECTROMECHANICAL system (MEMS) sensors
have proven to be of tremendous importance to the field of

measurement engineering. Because of their versatility, excellent
performance, low power consumption, and low manufacturing cost,
many conventional devices have been replaced by MEMS sensors
during the last decades. The application of MEMS to experimental
fluid mechanics and flow research, often referred to as aeroMEMS,
has been one of themost exciting developments in recent years [1–7].

The detection of wall pressure distributions has primarily been
performed using the well-established pinhole method [8,9]. This
method makes use of discrete pressure sensors connected to the

Presented as Paper 271 at the 46th AIAAAerospace SciencesMeeting and
Exhibit, Reno Nevada, 7–10 January 2008; received 6 March 2008; revision
received 16 June 2008; accepted for publication 28 August 2008. Copyright
© 2008 by the American Institute of Aeronautics and Astronautics, Inc. All
rights reserved. Copies of this paper may bemade for personal or internal use,
on condition that the copier pay the $10.00 per-copy fee to the Copyright
Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923; include
the code 0001-1452/09 $10.00 in correspondence with the CCC.

∗Ph.D. Student, Microsensor & Actuator Technology Center, Gustav-
Meyer-Allee 25; berns@mat.ee.tu-berlin.de. Student Member AIAA.

†Ph.D. Student, Microsensor & Actuator Technology Center, Gustav-
Meyer-Allee 25. Member AIAA.

‡Professor, Microsensor & Actuator Technology Center, Gustav-Meyer-
Allee 25.

§Research Engineer, Department of Fluid Mechanics, Albert-Einstein-
Straße 2.

¶Professor, Department of Fluid Mechanics, Albert-Einstein-Straße 2.
∗∗Ph.D. Student, Berlin, Institute of Fluid Mechanics and Engineering

Acoustics, Müller-Breslau-Straße 8.
††Professor, Berlin, Institute of Fluid Mechanics and Engineering

Acoustics, Müller-Breslau-Straße 8.

AIAA JOURNAL
Vol. 47, No. 4, April 2009

863

http://dx.doi.org/10.2514/1.37256


measurement surface via pressure taps and tubes. Depending on the
experimental setup, the distance between the sensor and measure-
ment surface can vary considerably. In typical pin hole setups, the
dynamic properties of the pressure sensors suffer from frequency
damping and reflection caused by tubing. An example of frequency
damping is described by Johansen et al. [10]. They presented a fast-
response, multihole probe with embedded �1 psi differential
pressure sensors. Because of the tubes used to connect the sensors to
the front tip of the probe, the sensors’ frequency response was
reduced by a factor of approximately 6.

To avoid any connection-based damping, the sensor itself should
bemounted flushwith the surface. Thus, the dynamic response of the
sensors is unaffected by the experimental setup. Recently developed
pressure sensor arrays optimized for high-frequency response
employ flush-mounted sensor chips. Measurement results show a
substantially wider frequency range of pressure fluctuation signals
than detected before [11,12]. However, due to the relatively large
pressure ranges (up to 100 kPa) of the sensors employed, a low
pressure resolution is obtained.

A different approach to avoid tubes between the sensors and the
surface is the application of capacitive surface pressure sensor arrays.
Zagnoni et al. [13] published the development of a thin-film strip
fabricated by advanced printed circuit board (PCB) technology
consisting of several capacitive pressure sensors based on a
multilayer polymer structure. Because this array is designed for
relatively large surfaces, the sensor area is extensive, resulting in a
low frequency resolution. Palasagaram et al. developed a flexible
capacitive sensor array consisting of 15 sensors featuring different
circular diaphragm sizes (diameters from 2 to 4.8 mm) [14]. The
differential pressure range was approximately 170 kPa. Because of
the capacitive sensing principle, the output signals of these sensor
arrays are strongly nonlinear.

For the characterization of static pressure distributions on surfaces
of various shapes and sizes, the use of pressure sensitive paint (PSP)
has proven to be a versatile measurement tool [15]. In recent years,
the dynamic resolution of PSP has been improved. McGraw et al.
described the application of PSP to the surface of a square cylinder to
measure surface pressure fluctuations [16]. Results showed
frequencies up to 125 Hz and a pressure resolution of approximately
70 Pa. A photo diode and a laser were necessary for the pressure
readout. Calibration was performed with a microscope. The main
disadvantages of PSP are the strong temperature dependence, the
extensive data acquisition, and the low dynamic resolution.

The examples described show that different measurement
techniques for the characterization of wall pressure andwall pressure
fluctuation exist. All those methods exhibit different assets and
drawbacks. According to the specific measurement task, the optimal
sensing principle has to be employed.

For surface pressure measurements in low-velocity flows,
pressure sensors with a pressure range of only a few hundred pascal
are required. Because of the complexity and limited predictability of
flow phenomena and their strong dependence on local geometry and
aerodynamic conditions, it is most important to employ sensors
providing high resolution and excellent dynamic properties. The
AeroMEMS pressure sensors employed to assemble the arrays
presented herein comply with these requirements.

Sensor array development, aerodynamic measurements, and flow
simulation are conducted within the scope of the ImagingMeasuring
Methods for Flow Analysis research project funded by the German
Research Foundation. The main objectives of this program are the
development of new flow measurement techniques and the
improvement of the performance of both existing and new
techniques. To test newly developed measurement tools such as the
sensor arrays presented herein, the complex unsteady flow around a
wall-mounted finite cylinder at a Reynolds number of 200,000 is
investigated. Optical measurements (laser Doppler anemometry, or
LDA; particle image velocimetry, PIV) of such a flow have been
conducted at the University of Rostock [17]. Numerical simulations
of a model similar to the experimental setup have been performed at
the Institute of Fluid Mechanics and Engineering Acoustics at the
Berlin Institute of Technology [18].

II. Micro-Electromechanical System Pressure Sensor
Design and Optimization

A. Basic Sensor Design

Highly sensitive MEMS pressure sensors either employ a
capacitive or piezoresistive sensing principle [19]. The piezoresistive
effect is the change of resistivity of a conducting material due to
applied mechanical stress [20]. In comparison with capacitive
sensors, piezoresistive sensors have the advantages of simple signal
processing and excellent linearity.

Today’s piezoresistive silicon pressure sensors typically consist of
a square or circular diaphragm with four p-type piezoresistors
connected to form a Wheatstone bridge [19]. The piezoresistors are
arranged in parallel and perpendicularly to the edge of the diaphragm
to make use of the longitudinal and transversal piezoresistive effect
[20] (Fig. 1).

The pressure sensors presented feature a square diaphragm
because of its higher sensitivity compared with a circular diaphragm
with similar thickness t and a diameterDdia equal to the side length a
of the square diaphragm. Themaximummechanical stress at the edge
of the diaphragm is a good indicator of the sensitivity of a pressure
sensor. The maximummechanical stresses of a square (�sq;max) and a
circular (�ci;max) diaphragm subjected to the applied uniform
differential pressure �p are given by Eqs. (1) and (2) [21]:

�sq;max �
0:3078 ��p � a2

t2
(1)

�ci;max � 0:75 ��p � r
2

t2
(2)

where t is the diaphragm thickness, a is the width and length of a
square diaphragm, and r is the radius of a circular diaphragm.

For the same diaphragm thickness t, differential pressure�p, and
r� a=2, the following relation is obtained:

�sq;max=�ci;max � 1:64 (3)

The maximum stress at the edge of a square diaphragm is
considerably higher than at the edge of a circular diaphragm. The use
of a square diaphragm, therefore, can yield a more than 60% higher
pressure sensitivity.

Figure 1 shows a square diaphragm with four p-type
piezoresistors (boron doping) arranged to make use of the
longitudinal �R1; R3� and transversal �R2; R4� piezoresistive effect.
The resistors are oriented in h110i direction on an n-type
(phosphorous doping) silicon wafer with (100) crystal orientation. It
is assumed that the center of each resistor has the same distance from

Fig. 1 Sensor diaphragm with four piezoresistors making use of the

piezoresistive effect.
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the diaphragm edge along the symmetry axis. Furthermore, the zero
stress resistances of the longitudinal piezoresistors R1;3 and the
transversal piezoresistors R2;4 are assumed to be equal. For a square
diaphragm, the longitudinal stress component in the x direction, �2x,
at R2 is equal to the transversal stress component in the y direction,
�1y, at R1. Also, the transversal stress component in the y direction,
�2y, at R2 is equal to the longitudinal stress component in the x
direction, �1x, at R1 (see Fig. 1).

The change of the resistance, which depends on the mechanical
stress that the longitudinal resistors R1 and R3 and the transversal
resistors R2 and R4 are subjected to, can be calculated as follows:

�R1

R1

��R3

R3

� �44

2
��1x � �1y� �

�R

R
(4)

and

�R2

R2

��R4

R4

���44

2
��2y � �2x� � �

�R

R
(5)

where �R1;3 is the resistance change of the longitudinal
piezoresistors, �R2;4 is the resistance change of the transversal
piezoresistors, and�44 is the piezoresistance coefficient of thep-type
piezoresistors. It is assumed that the resistance values of R1, R2, R3,
and R4 are equal for evanescent mechanical stress.

The output signal Vout��p� of the Wheatstone bridge can be
determined by Eq. (6) [19]:

Vout��p� � Voff � Vsupply��R��p�=R� (6)

whereVoff is the offset voltage,Vsupply is the supply voltage,�R��p�
is the change of resistance at �p, and R is the resistance without
mechanical stress.

In the case of a balanced bridge, the offset voltage is zero. Thus, the
change in resistance is directly converted into a change of output
voltage:�Vout��p�. The sensitivity S of the pressure sensor is then
given by

S� ��Vout=�p� � �1=Vsupply� (7)

B. Design Optimization

To determine the sensitivity and nonlinearity of different
diaphragm sizes and thicknesses, a finite element analysis was
performed employing ANSYS. The symmetry of the square
diaphragm allows for only one-eighth of the whole model to be
simulated. For a diaphragm with uniform thickness and a given
resistivity of the piezoresistors, two geometric parameters,
diaphragm size and thickness, define the sensitivity of the pressure
sensor. As shown in Sec. II.A, the parameter dominating the
sensitivity is the mechanical stress on the surface of the diaphragm.
To simulate mechanical stresses, a model of the sensor diaphragm
featuring the size and thickness of the diaphragm as variables and the
surface pressure as load is established. Changing the load while
keeping the diaphragm thickness and size constant provides the
results needed for the calculation of the sensitivity and nonlinearity.
Pressure sensitivities for the various diaphragm sizes and thicknesses
are calculated. Figure 2 shows the z deflection of one-eighth of a
diaphragm (bulk material is also modeled) with an edge length of
900 �m and a thickness of 3 �m under a uniform pressure load of
�p� 100 Pa on the top side. A fixture of the chip at the bottom of
the bulk material is used as the boundary condition. The maximum
deflection of 0:24 �m occurs in the center of the diaphragm.

The mechanical stress component in the y direction (given in
mega-Pascals) is depicted in Fig. 3. Its maximum (tensile stress) is
located at the edge of the diaphragm. Its minimum (compressive
stress) occurs at the corner that is formed by the etching process at the
opposite side of the diaphragm (shown in Figs. 3 and 4).

Because of the high aspect ratio of diaphragm size to diaphragm
thickness, submodelling had to be performed to gain maximum
accuracy. A cutout of the original model (shown in Fig. 3) including
the region of maximum mechanical stress is remodeled and

discretized employing a substantially higher mesh density. Loads
and deflections are transferred from the “coarse model” depicted in
Fig. 3.

Figure 4 shows a close-up view of the submodel and provides
more detailed information about the mechanical stress component in
the y direction (corresponding to the h110i direction in the silicon
crystal) at the symmetry axis of the diaphragm (region of maximum
stress).Mechanical stress is given inmega-Pascals, and itsmaximum
is near the diaphragm edge. According to Eqs. (4–7), piezoresistors
have to be placed in this region of maximum mechanical stress to
ensure maximum sensitivity. For the used Wheatstone bridge
configuration, the output signal for each fixed set of geometric
parameters is calculated by Eqs. (5) and (6). In the previous
paragraph, calculations of the mechanical stress were based on the
geometric center of the resistors. Accurate values for the spatially
averaged stress components are calculated by adding up the stress
component (the x and y component) values at all nodes of the finite

Fig. 2 Simulated mechanical z deflection (in micrometers) of a

diaphragm due to applied pressure.

Fig. 3 Simulated mechanical stress in the y direction (in mega-Pascals)

on an eighth of the sensor diaphragm.

Fig. 4 Close-up view of the submodel showing the region of maximum

mechanical stress.
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element method model included in the volume of the piezoresistor
Vpiezo:

� ��y � ��x� �
1

n
�
Xn

i�1
	�y;i��p; x; y; z� � �x;i��p; x; y; z�
 (8)

The spatially averaged stress has to be calculated for both the
longitudinal and transversal piezoresistors. The appropriate
placement of the piezoresistors ensures the equality of those
averaged stresses. The output voltage of the sensor for a given
differential pressure �p is then calculated by Eq. (9):

Vout��p� � Vsupply��44=2� � � ��y � ��x� (9)

The doping concentration and p–n-junction depth of a
piezoresistor depends on the implantation and annealing parameters
(boron ion dose, implantation energy, annealing temperature, and
time). Thesewere calculated and optimized using SUPREM-IV [22].
The piezoresistance coefficient �44 for all calculations is taken
from Tufte and Stelzer [23] using the spatially averaged doping
concentration in the volume of the piezoresistor (�44 � 95�
10�7 cm=N; p–n-junction depth� 0:3 �m).

Varying the applied pressure, the dependence of output voltage on
pressure is calculated by Eq. (9). The sensitivities of the different
sensor designs are subsequently calculated using Eq. (7).

Based on this approach, the sensitivity and linearity for various
diaphragm sizes and thicknesses are predicted. Figure 5 shows
the simulated sensitivities depending on diaphragm size
(500–1100 �m) and thickness (2–6 �m). A diaphragm with a
thickness of 3 �m and a size of 900 � 900 �m2 exhibits a sensitivity
of 11 �V=�VPa�. The combinations of diaphragm thickness and size
highlighted in Fig. 5 (thickness: 3 �m; sizes: 500, 700, and 900 �m)
are chosen for fabrication. A linearity error of less than 1% (for all
three sets of parameters) is predicted in a pressure range of�500 Pa.

Employing the same ANSYS model used for stress simulation,
resonance frequencies for various diaphragm sizes and three
different thicknesses are obtained by a modal analysis. For the three
selected sets of diaphragm thickness and size, simulated resonance
frequencies of 160 (500), 82 (700), and 50 kHz (900 �m) are
determined.

C. Sensor Chip Layout

The final sensor chip layout is shown in Fig. 6. The positions of the
piezoresistors andmetallization are selected to provide themaximum
sensitivity for the three different diaphragm sizes (the depicted layout
has a diaphragm size of 500 �m). Aluminummetallization and bond
pads enable gold wire bonding. A p–n diode for temperature
measurement on the sensor surface is integrated into the silicon. The
chip size is 2:5 � 4:5 mm2. The relatively large overall chip size
ensures safe and reliable handling during array assembly.
Furthermore, flow disturbances due to bond wires near the sensing
diaphragm are reduced.

The area confined within the square in Fig. 6 shows the
piezoresistor layout with heavily doped contact areas and

metallization and is enlarged in Fig. 7. Longitudinal piezoresistors
are folded to keep them within the region of maximum mechanical
stress near the diaphragm edge. The transversal piezoresistors are
also divided to realize an equal resistivity of all four resistors.

III. Sensor Fabrication and Characterization

A. Fabrication Process

The pressure sensors are fabricated by silicon micromachining
[24]. Silicon-on-insulator wafers (n-type (100)-device layer) are
used to obtain a uniform diaphragm thickness of 3 �m. The
thicknesses of bulk silicon and buried oxide (BOX) are 300 and
0:4 �m, respectively.

The fabrication process flow is illustrated in Figs. 8a–8e. Initially,
a 100 nm SiO2 layer is grown by dry thermal oxidation at 1000�C
(Fig. 8a). Two boron implantations are carried out to form the
piezoresistors, implanted conductors, and the p-doped zone of the
p–n diode (Fig. 8b). A phosphorous implantation completes
the diode. Rapid thermal annealing provides shallow p–n junctions
and activates the dopants [25].

To complete the passivation layer, silicon nitride (low-pressure
chemical vapor deposition Si3N4) is deposited at 780�C (Fig. 8c).
After opening the contact areas by dry and wet chemical etchingFig. 5 Sensor sensitivity for various diaphragm sizes and thicknesses.

Fig. 6 Sensor chip layout.

Transversal
piezoresistor

Heavily doped
contact area

Longitudinal
piezoresistor

Diaphragm edge

Co

Transversal
piezoresistor

Heavily doped
contact area

Longitudinal
piezoresistor

Diaphragm edge

Contact opening
Metallization

Fig. 7 Piezoresistor layout on the silicon diaphragm.
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(Fig. 8c), the AlSiCu metallization is sputtered and patterned, thus
creating bond pads and conductors (Fig. 8d). An insulating trench
surrounding the p–n diode is realized by the patterning of the
passivation layers and the remaining silicon device layer (3 �m)
using reactive ion etching.

The fabrication of the diaphragm is performed using an optimized
Bosch process (Fig. 8e), featuring nearly vertical sidewalls (Fig. 9).

The BOX is used as an etch stop and is removed together with the
remaining SiO2 layer (Fig. 8e) on top of the diaphragm (the Si3N4

layer was removed previously) in buffered oxide etch.
Figure 10 shows a pressure sensor chip with a size of

2:5 � 4:5 � 0:3 mm3. The silicon diaphragm has a size of 900 �
900 �m2 and appears translucent as the result of a thickness of only
3 �m.

In addition to the AlSiCu metallization including bond pads and
conductors, the integrated p–n diode with the surrounding isolating
trench is visible. Two different implantation areas, longitudinal and
transversal piezoresistors with heavily doped zones, are framed and
displayed in larger-scale scanning electron microscopy micrographs
in Fig. 11.

The piezoresistors are folded and electrically connected to the
aluminum conducting paths via heavily doped implantation zones.
The total length of one piezoresistor is 50 �m at a length-to-width
ratio of 10. The longitudinal piezoresistors extend from the projected
diaphragm edge (shown by the white line in Fig. 11) onto the
diaphragm,whereas the transversal piezoresistors are located 10 �m
away from the edge. To minimize diaphragm deformation due to
internal stress caused by the different material layers, most of the
diaphragm area is cleared of the passivation. Only the implanted
areas on the diaphragm remain covered by a trapezoidal-shaped
passivation. For the same reason, the AlSiCu conductors are placed
on the bulk material at a distance of approximately 50 �m from the
diaphragm edge.

B. Static Sensor Calibration

The fabricated sensors are characterized using a MENSOR
calibration system (PCS-400) featuring an accuracy of 0.25 Pa.
Measurements are carried out in a temperature chamber at
temperatures between 15 and 40�C. Sensors are run with a supply
voltage of 1 V.

To achieve high accuracy regarding the temperature and pressure,
a custom-made calibration box was used. Figure 12 shows two
calibration boxes inside a temperature chamber. Up to nine single
sensors are glued to a PCB with photo resist and contacted by gold
wire bonding. A closed-loop system is realized using O-ring seals on
the top and bottom sides of the board. This allows for pressurization
with a calibration pressure and a reference pressure. In addition, the
sensors are protected from abrupt changes in environmental
parameters caused by ventilation, temperature drift, and noise. A

Fig. 8 Process flow for the manufacturing of piezoresistive MEMS

pressure sensors.

Fig. 9 Cross section of a silicon diaphragm realized by deep silicon

etching employing a Bosch process.

Fig. 10 Pressure sensor featuring a diaphragm size of 900 �m.

Fig. 11 SEM micrographs of the implanted piezoresistors:

a) longitudinal, and b) transversa).
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platinum resistor is used to measure the temperature inside the
calibration chamber and provide signals for temperature control. For
a readout of sensor signals and the provision of the supply voltage,
the sensors are connected with the measurement equipment with a
sealed feedthrough. Calibration using six temperature values takes
approximately 8 h. To gain statistically evaluable calibration data,
approximately 50 sensors of each type are characterized. The
calibration results are compared with the simulated output signals
described in Sec. II.B. Figure 13 shows the output voltages of the
three different sensors developed vs the applied differential pressure.
The scattering of measurement data is caused by the diaphragm
thickness variations of the different sensor chips characterized. The
error bars indicate the range of the measured sensitivities of the
different sensors. The thickness variation of the device layer as
specified by the wafer manufacturer is �0:5 �m.

The output signal drift of the pressure sensors is investigated using
the same calibration box and measurement setup. Sensor signals are
monitored (one measurement every 5 min) over a period of 24 h at a
constant temperature of 25�C and a differential pressure of 0.
Because of the temperature control loop and the high thermal
capacity of the calibration box, the temperature deviation inside the
boxes is lower than 0.1 K. The output signal drift should not exceed
�10 �V in 24 h. Table 1 lists the sensor calibration data of the three
different sensor types. The nonlinearity is determined by the
maximum deviation between the calibration curve and the line of
best fit (principle of minimum error). The pressure resolution is
derived from the maximum hysteresis and sensitivity.

C. Dynamic Sensor Characterization

Measurements of the dynamic behavior are performed by
subjecting sensor chips glued to a TO8 socket to a mechanical

impulse. The output signal is amplified and analyzed with an
oscilloscope. The resonance frequency is derived by Fourier
transformation.

The measurement results are listed in Table 2 and compared with
the simulated resonance frequencies. Measurements with sensors
featuring a 500 �m diaphragm show no clear results because of the
poor quality of the sensor output signal.

IV. Experimental Setup and Measurements

A. Experimental Setup

A truncated circular cylinder model is mounted on a ground plate
(Fig. 14) and positioned in a Göttingen-type wind tunnel. The wind-
tunnel flow is characterized by a low turbulence level of Tu� 0:4%
in freestream and a blockage ratio of less than 8%. The circular
cylinder has a diameter of D� 120 mm and an aspect ratio of
L=D� 2:0. Measurements are performed at a Reynolds number
(Re) of 200,000 based on the diameter D. This Reynolds number is
obtained by an upstream velocity uoo of 26 m=s. The ground plate
has a length of 1300 mm and a thickness of 15 mm. The trip wire is
necessary to establish a defined inflow boundary condition at the
beginning of the plate. This setup was chosen to investigate the
developing unsteady flowfield and corresponding wall pressure
distributions at the cylinder model and ground plate.

The flowfield around the cylinder was examined preliminary by a
three-component LDA. The results are briefly described in
Sec. IV.B.

B. Flow Topology Around the Wall-Mounted Finite Cylinder

The experimental setup presented in Sec. IV.Awill induce a turbu-
lent flowfield with recirculation areas. Laser Doppler anemometry is

Fig. 12 Photo of the calibration boxes used for pressure and
temperature calibration.

Fig. 13 Output voltages of the three different sensor types developed.

Table 1 Calibration data for the three different fabricated pressure sensor types

Diaphragm size, �m 500 700 900
Pressure range, kPa �1:0 �0:6 �0:2
Nonlinearity <1%
Sensitivity, �V=�VPa� 3 7 12
Pressure resolution, Pa 2 1 0.5
Offset voltage, mV <� 3
Temperature coefficient of the offset,%=K �0:07
Temperature coefficient of the sensitivity, %=K �0:18
Output voltage drift, �V <� 10=24 h
Temperature coefficient of the p–n diode, mV=K �1:8 (with supply current of 100 �A)

Table 2 Comparison of simulated and measured resonance frequencies

for the different sensor types

Diaphragm size 900 �m 700 �m 500 �m Unit
Resonance frequency (simulation) 50 82 160 kHz
Resonance frequency (measurement) 45 65 >100 kHz
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an excellent method for nonintrusive flow exploration. Experimental
results of three-component LDA investigations on a similar setup are
published by Leder [17]. Figure 15 shows the time averaged velocity
field around the cylinder measured by LDA. Flow patterns in the
symmetry plane behind the cylinder (perpendicular to the ground
plate) and in a plane parallel to the ground plate close to the foot
region of the cylinder are visualized. Points Cy and Cz mark the
centers of large separation zone vortices; point R is the reattachment
point at the end of the recirculation region.B indicates the separation
bubble on the free end of the cylinder.

These results are suited for a brief description of the flow topology
around the wall-mounted finite cylinder.

The basic topological model shown in Fig. 16 visualizes the main
features of the three-dimensional separated flow behind the cylinder
model. It features the following different characteristic structures:
1) the region of laminar flow in front of the cylinder; 2) the three-
dimensional flow structure with a small separation bubble on the free
end of the cylinder; 3) a pair of side tip vortices separating from the
top of the cylinder; 4) Kármán-type vortex shedding with typical
oscillating behavior in the middle section of the cylinder; 5) the flow
over the free end and downward in lee of the cylinder, splitting into a
reattaching and a recirculating part; 6) the large region of separated
flow formed by a U-shaped vortex core; and 7) the horseshoe vortex
system in the foot region of the cylinder.

In some of the regions, the flowfield has a significant impact on the
wall pressure distribution. The expected wall pressure distribution is
described briefly.

The laminar boundary layer flow in the middle and upper sections
at the front side of the cylinder results in a positive differential
pressure distribution with low fluctuation intensity. The high
pressure level at the stagnation line drops along the cylinder surface
and reaches its minimum at an angle of about 70 deg (related to
inflow at 0 deg). The increasing pressure gradient initiates the
separation of the boundary-layer flow near 80 deg and merges into
the free lateral shear layers. For the givenReynolds number, the point
of flow transition from laminar to turbulent is expected in the free

shear layer closely behind the separation line. The separated
turbulent shear layers along the side wall of the cylinder finally
induce a vortex shedding process similar to a Kármán vortex shed-
ding. Therefore, enhancedwall pressure fluctuations can be expected
near the lateral separation lines.

The flow inside the separation bubble on the top of the cylinder
model is shown in Figs. 17 and 18. The flow separates at the leading
edge of the cylinder and reattaches downstream, which should
produce an inhomogeneous negative differential pressure distribu-
tion on the top of the cylinder. The flow inside the separation bubble
and along the side wall of the cylinder model induces two side tip
vortices.

In summary, unsteady behavior of the wall pressure is expected as
a result of different cyclic and stochastic flow phenomena. A high
intensity of wall pressure fluctuations is expected along separation
lines, in reattachment zones, and in the vicinity of vortex axes.

It should be noted that no dominant frequency of the vortex
shedding, as in the case of an infinite cylinder, could be observed for
the truncated cylinder. Here the fluctuations are more stochastic. The
characteristic frequency of 43Hz for an infinite long cylinder, related
to a Strouhal number of St� 0:2, has been blurred into a broad range
frequency spectrumwith a peak value atSt� 0:16 (35Hz). The large
three-dimensional separated flow region downstream shows a
U-shaped axis.

C. Numerical Simulation

The cylinder configuration described earlier has been investigated
numerically to obtain a well-established understanding of the flow

Fig. 14 Experimental setup with the truncated cylinder mounted on a
ground plate.

Fig. 15 Time averaged velocity field in two planes perpendicular to

each other [17].

Fig. 16 Topological model of the flowfield around the wall-mounted

cylinder.

Fig. 17 Velocity field inside and around the separation bubble in the

plane of symmetry (y� 0:0) [17].

Fig. 18 Velocity field inside and around the separation bubble in the

plane z=D��2:05 [17].
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around it. To this end, the ambient fluid region has been discretized
such that the spatiotemporal resolution satisfies the requirements for
a well-resolved large-eddy simulation (LES) at the present Reynolds
number. The computational grid consists of nearly 12.5 million cells
with 10 million of the cells concentrated close to the cylinder and its
wake. Figure 19 shows the grid for numerical simulation; on the
walls and at the outflow only every third grid line is depicted. No-slip
conditions are applied to all physical walls; the upper and the lateral
boundaries feature a slip condition. A convective outflow boundary
condition is applied to the downstream boundary. A spatially
variable inlet velocity profile accounts for the blockage of the
cylinder.

The solver used has been developed at the Institute of Fluid
Mechanics and Engineering Acoustics [26]. It can be used to solve
the Reynolds-averaged, filtered, or full Navier–Stokes equations
according to the RANS, LES, or direct numerical simulation
approach, respectively. Different subgrid scale (SGS) models with
varying complexity are implemented in this code, which uses a
conservative finite volume discretization based on general
curvilinear coordinates. It is of second-order accuracy in time and
space. As a result of the high grid resolution, the standard
Smagorinsky SGS model [27] is sufficient to model the energy
dissipation in the unresolved scales. The model constant has been set
to 0.1.

To provide a statistical description of the flow similar to most
experimental results, the predicted turbulent flowfield has been time
averaged over 230 convective units D=u1. The resulting flow
topology is shown in Fig. 20 [28]. The simulated flow topology

shows very good agreement with the flow topology obtained from
the LDA measurements.

In front of the cylinder, the boundary layer on the plate stagnates,
thus constituting a horseshoe vortex. On the top of the cylinder, a
complex recirculation region is surrounded by the oblique separation
at the leading edge and the reattachment close to the trailing edge.
Behind the separation region on the cylinder shell close to 80 deg,
typical alternate vortex shedding is generated but is disturbed
massively by the flowover the free end. A recirculation arch vortex is
formed by the combination of these phenomena; thus, the main flow
reattaches to the plate. Trailing vortices are generated near this
reattachment region by superimposed velocity components. The
analysis reveals that, for this small cylinder aspect ratio, no coherent
longitudinal vortices exist in the whole wake, as stated by most
investigations on finite cylinders [28].

D. Integration of MEMS Pressure Sensor Arrays into the Surface

of the Cylinder

Figure 21 shows the instrumentation for the time resolved
determination of wall pressure distributions on the cylinder surface.
The cylinder is equipped with MEMS surface sensor arrays and
rotated around its vertical axis to obtain measurement data on the
whole surface. A multichannel measurement system (SCXI/PXI
components by National Instruments) is used for signal conditioning
and data acquisition. Pressure sensors can be calibrated employing a
Mensor pressure controller system (PCS-400).

Figures 22a–22d depict the cylinder equipped with a total of 48
MEMS pressure sensors. Three different types of surface sensor
arrays were developed and mounted flush with the surface of the
cylinder to avoid flow disturbances. A PCB) featuring 13 integrated
sensors is located on the top of the cylinder (Fig. 22a). Four vertical
sensor arrays (Fig. 22c and 22d) and a horizontal sensor array
(Fig. 22b) are mounted flush with the curved surface of the cylinder.

Employing a special alignment technique, sensors are embedded
into the arrays with a silicon adhesive [25]. Electrical contacts are
realized by goldwire bonding. The back sides of the sensor arrays are
sealed and connected to the pressure calibration system. Output
signals are transferred via wire connections to a multichannel
measurement system for processing.

E. Measurement and Data Processing

Figure 23 is a diagram of the instrumentation depicted in Fig. 21.
To gain wall pressure data on the whole surface of the cylinder,
measurements are repeated after a stepwise rotation by 5 deg of the
cylinder.

During the experiment, the temperature in the wind tunnel is
recorded. Calibrations are carried out during the experiment and
allow the temperature drift of the sensors to be determined. Using the
calibration matrix obtained during data postprocessing, the output
signals are converted into pressure values and corrected for the
temperature drift. Each measurement step is 30 s long. A sample
frequency of 2 kHz and a low-pass filter frequency of 1 kHz are used.
Test measurements with an increased sample frequency showed no
characteristic flow phenomena above 1 kHz.

Fig. 19 Block-structured discretization of the wall-mounted cylinder
model with 12.5 million grid points.

Fig. 20 Time averaged flow topology (not to scale) [28].

Fig. 21 Wall-mounted cylinder and the experimental setup with

instrumentation.
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V. Results

A. Time Averaged Surface Pressure Distribution

The contour plots in Figs. 24a and 24b visualize the time averaged
pressure distribution on the surface of the cylinder (Fig. 24a) and the
corresponding results of a large-eddy simulation (Fig. 24b) [18]. The
grayscale bar indicates the level of the surface pressures for both
plots. The region of high differential impact pressure extends from 0
to 30 deg (0 deg refers to the position on the cylinderwhere theflow is
perpendicular to the cylinder surface). In the region of the laminar
boundary layer between 30 and 70 deg, the differential pressure
decreases to a negative value. The pressure gradient increases until
separation occurs (between 80 and 85 deg). Above 85 deg, the
pressure is nearly constant.

Based on the LDAmeasurements, thesemeasurement results have
been predicted in Sec. IV.B. Although the simulated pressure
distribution shows a lower negative differential pressure in the region
of transition, the results are very comparable.

Figure 25 gives detailed information about the pressure
distribution on the top of the cylinder. In contrast to the magnitude
of pressure variation on the cylinder shell, the pressure range is only
100 Pa. Negative differential pressure values occur on the whole
surface. The existence of regions of negative differential pressure has
also been predicted in Sec. IV.B and is caused by the separation
bubble on the top side of the cylinder.

B. Time Resolved Surface Pressure

Figure 26 shows the experimentally determined fluctuation
intensity (standard deviation of the time resolved wall pressure) on
the surface of the cylinder. In the region of laminar flow between 0
and 30 deg, the fluctuation intensity has its minimum. Themaximum

fluctuation intensity occurs between 80 and 85 deg and correlates to
the region of flow separation. On the top of the cylinder, the
maximum fluctuation intensity is located at the positions where the
side tip vortices separate from the cylinder (marked in Fig. 26). The

Fig. 22 Wall-mounted finite cylinder equipped with 48 MEMS pressure sensors.

Fig. 23 Measurement instrumentation.

Fig. 24 Experimentally determined time averaged surface pressure

distribution compared with the results of LES.

Fig. 25 Time averaged surface pressure on the top of the cylinder

(measurement and simulation).

BERNS ET AL. 871



flow features around the cylinder generating such a pressure
distribution are discussed in Sec. IV.B.

To gain information about the spatial frequency distribution on the
surface of the cylinder, time resolvedmeasurement data are analyzed
using fast Fourier transform. The frequency distributions along the
circumference of the cylinder at two different distances from the
ground plate (z� 44 and 188 mm) are plotted against the angle in
Fig. 27. An angle of 0 deg marks the stagnation line (inflow
direction). Both in the lower and upper parts of the cylinder, specific
frequency peaks at 34 and 65 Hz are detected. In the laminar flow
region, fluctuation frequencies remain below 50 Hz. The highest
fluctuation frequencies occur at the separation line and are detected at
both heights investigated. In the upper part of the cylinder, the
highest fluctuation frequencies are limited to the region of separation
whereas a broad range frequency distribution dominates at the lower
part of the cylinder.

VI. Conclusions

Highly sensitive aeroMEMS pressure sensors were designed,
fabricated, and characterized. To enable spatially distributed and
time resolvedmeasurements offlow-inducedwall pressure on awall-
mounted finite circular cylinder, different surface sensor arrays were
designed, realized, and installed. Wall pressure measurements at a
Reynolds number of 200,000 were conducted at the University of
Rostock in a wind tunnel. Experimental results show the excellent
performance of the pressure sensors regarding sensitivity and
dynamic properties and prove them to be a powerful measurement
tool in experimental fluid mechanics. Experimentally determined
results are very consistent with the results of a large-eddy simulation.
Wall pressure fluctuation data are obtained, analyzed, and compared
with the results of the LDA measurements. Combining established
flow measurement techniques such as LDA and PIV with the

presented wall pressure measurement technology, extensive
information about the structure of turbulent flows around blunt
structures can be obtained. The comparison of experimental results
with numerical simulations allows the drawing of conclusions about
the quality of flow simulations. To further optimize the sensor setup,
the development of pressure sensors featuring sealed through-wafer
vias facilitating back side contacts is in process [29].
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