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ABSTRACT appear randomly in both space and time, bring high velocity

A new MEMS shear stress sensor imager has been devé!-'ds down to the walls and create local regions of high shear

4 > > > . = stress which significantly contributes to the total drag. There-
oped and its capability of imaging surface shear stress distribgs e "5 tempts to reduce drag have been focused on methods of
tion has been demonstrated. The imager consists of multi-ro ;

of vacuum-insulated shear stress sensors with u80pitch. V%?tgseg \E)Orret?/ceerg-lng the formation or mitigating the strength of
This small spacing allows it to detect surface flow patterns that ™ 11a statistical size of the drag-inducing vortex pair streak

could not be glrectlyf rr;\easured before. The high frequencyy reases as the Reynolds number of the flow increases. For a
response (30 kHz) of the sensor under constant temperatyigica| airflow of 15 m/s in wind tunnel, the Reynolds number
bias mode also allows it to be used in high Reynolds numbeg™, ot 16 and the vortex streaks have a mean width of about
turbulent flow studies. The measurement results in a fullf ,m The length of a typical vortex streak can be about 2 cm
developed turbulent flow agree well with the numerical andiying the streaks a 20:1 aspect ratio. The frequency of appear-
experimental results previously published. ance of the streaks is approximately 100 Hz. The life-time is

INTRODUCTION around 1 ms [4].

The detection and control of turbulent flows have long SHEAR STRESS SENSORS
been a dream of fluid mechanists because of its potential
impact on aerospace industry [1-3]. Up to now, however, littl
has been done mainly because the unavailability of miniatu
devices whose sizes are comparable to the feature sizes
high-Reynolds-number turbulent flows. It is our goal to first
demonstrate that distributed MEMS sensors and actuators ¢
accomplish active drag reduction. To do this, the first task is t
be able to collect, in real time, the information of distributed"
surface shear stress. This information will then be process
and passed to MEMS actuators to control and reduce the dr
Therefore, the first challenge to achieve the real-time detecti

of surface shear stress is to build a high-resolution MEM

shear stress imager. In this paper, we report the developmentgytially solve the problem was to use low thermal conductivity
such an imager and the results of its field tests in turbulefft€rials such as quartz for the substrate. Reasonable good
flows. sensitivity could be obtained only when such sensors are used

to measure high thermal conductivity fluid such as water. How-
SKIN FRICTIONS AND VORTICES ever, they are not sensitive enough for the measurement in low
thermal conductivity fluids such as air. Moreover, the size of
ftraditional sensors is typically in the mm range [5]. This may
g tolerable in measuring the mean value of shear stress, but is
efinitely not acceptable in shear stress imaging with reason-
able spatial resolution.

Thanks to the development of surface micromachining
technology, we can optimize both the materials and the struc-
T = ua_u ture of the sensors. Fig. 2 shows the cross-sectional structures

w oy of a few types of the micromachined shear stress sensors. Type

whereu is the streamwise fluid velocity,is the axis normal to ! ft_alatures apm gegg VO"I"QUE[W‘ c:_;}{v_i(t_jy Véi.th %0'951 tniCk Ptﬁl'

the surfacey is the fluid viscosity. High skin friction drag has YS!'con V\{[{re emde ae ('jnf e nitni dethlap r?g'm'l t(_are ?\t’ﬁc'
recently been linked to organized structures in turbulent flows!UM cavily 1S designed for good thermal isolation of the
The high drag region is commonly observed near streamwiﬁ%aphragm from the substrate [6]. Type Il has a similar struc-

g ; ; ; : ~pure to type | except that the polysilicon wire is lifteqush
counter-rotating vortex pairs (Fig. 1). These vortices, whic above the diaphragm, thus achieving better thermal isolation.

e Many ways exist to do wall shear stress measurement [5].
/among them, the thermal method, which uses hot film sensors
to determine shear stress indirectly, has many advantages over
other techniques for real time flow measurement and control.
ERr example, it can achieve high sensitivity while keeping the
Sensor size small. The traditional hot film sensors are thin
etal film resistors on substrates, which is electrically heated
operation. Since only the heat convection responds to the
ear stress change, it is desirable to thermally isolate the thin
m resistor from the substrate to minimize the conductive heat
ss, thus increasing the sensitivity. In the past, the only way to

The basic understanding of turbulent flow is important fo
the proper design of the shear stress imager. When a flat pl
is placed in a moving flow, it is subject to a skin friction drag.
The drag is the integration of surface shear strgswhich is
proportional to the flow velocity gradient near the surface, i.e.

counter-rotating vortices streamwise direction Type lll is a conventional polysilicon bridge sitting on the solid
(into the paper) substrate [7]. Type IV is basically a micromachined hot wire
y close to a wall as has been previously reported. The wire is a

few microns above the substrate surface and is in the linear
velocity distribution region so that it measures the wall shear

stress instead of velocity [8]. All four types were fabricated on

_— a single chip to ensure identical thermal and electrical proper-
spanwise direction ties of the sensor materials. Fig. 3 shows their calibration
high shear stress region results in wind-tunnel. The output changes are proportional to

the one third power of shear stress, which agrees with the heat
Fig. 1 Counter-rotating vortex pair. transfer theory [5]. It is obvious that types | and Il are the most
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Fig. 2 Structures of the sensors
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Fig. 3 Wind-tunnel calibration curves of sensors.

ratio polysilicon resistor (i. e. largék, wherel is the length
andw the width). But the diaphragm can not be too thin as it
would otherwise break during fabrication or operatida.lim-

ited by the size of the whole device, which is at most 300
for the application in shear stress imaging. Therefoigecho-
sen to be 15@m. Alsow is limited by the photolithography
and etching technology. In this case, it is designed tojoa 3

to ensure good uniformity.

SHEAR STRESS IMAGER

Fig. 4 shows the photomicrograph of the 2.85 cm x 1.0 cm
imaging chip using type | shear stress sensor. It is specifically
designed for the study in the turbulent flow with Reynolds
number near ¥0There are two identical sensor rowsmin

- - e ———

(a) SEM of a single sensor.

(b) One row of 25 sensors.

(c) The shear stress imaging chip (286cn¥).

Fig. 4 Pictures.

apart, parallel to the broad side of the chip. This vertical pitch
is chosen such that at least four data points can be taken from a
streak in the streamwise direction. Each row has 25 sensors
with 300um pitch, which is already the minimum for this type

of sensor. It should give at least three data points from a streak

sensitive ones. Moreover, type | has much simpler fabricatiom the spanwise direction and be able to catch more than one
process than type II, it is therefore chosen as the building blogkreaks. The 1 cm spacing between the sensors and the left and

of this generation of shear stress imaging chip.

right edges of the chip are necessary to avoid the upstream

After the structure is decided, the geometry of each laydsonding wires from interfering with the downstream sensors.

is optimized to give maximum sensitivity. It is found that the

The fabrication process of the shear stress imager starts

sensitivity is higher for thinner diaphragm and larger aspeatith the deposition of 4000A of LPCVD low stress silicon



1. Deposit and pattern LPCVD nitride.

W ikt

6. Seal the cavity.

2. Local oxidation (LOCOS).

7. Deposit, dope and pattern
polysilicon.

8. Deposit thin nitride and open WIND TUNNEL
contact holes.

4. Deposit thick nitride and open

etch holes. Fig. 6 Imaging chip package and wind tunnel setup.
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Fig. 5 Fabrication process of the shear stress imager. " 1 -+
nitride. In some of the area, the nitride is removed by plasm 15y v
with a little over-etch to give a 7000-8000A cavity. Then the
wafer is put in oxidation furnace to grow Juimh thick oxide in shear stress ?%V +1SV?
the cavity. After short time etch in BHF to remove the oxidized sensor :
nitride, 4000A PSG is deposited, patterned and annealed temperature
form the sacrificial layer etching channel. Next, & of ? sensor
LPCVD low stress nitride is deposited as the diaphragm mate Y Y
rial. Etching holes are opened to expose the end of the PS_ CT biasing temperature compensaton
etching channel, followed by a 49% HF etching to completely Fig. 7 Constant temperature biasing circuit,
remove the PSG and thermal oxide underneath the diaphragm. gain stage and temperature compensation stage.

The cavity is then sealed by LPCVD LTO and nitride deposi-

tion at a vacuum of 200 mTorr. The sealing materials on th@0 m/s indicate that the channel consists of a laminar entrance
diaphragm are removed by plasma and BHF etching to minflow region which gradually transforms into a fully-developed
mize the diaphragm thickness. 4000A polysilicon layer igurbulent flow in the downstream 2/3 portion of the channel.
deposited, doped, annealed and patterned to form the resisfif calibration and testing of the imaging chip is carried out in
on diaphragm. Another 2000A of low stress nitride is depositethis region of the channel.

to passivate the resistor. After the contact hole opening, metal- In our experiments, the sensors are biased in constant tem-
lization is done and the wafer is diced to 2.85cm x 1cm chipgerature (CT) mode. Although it is more complicated than the

The fabrication process flow is shown in Fig. 5. constant current mode, it can achieve much higher frequency
bandwidth which is crucial in turbulence measurement. There-
PACKAGING, BIASING AND CALIBRATION fore, arrays of CT circuits and gain stages have been made on

PC boards using op-amps and discrete components (Fig. 7).

The package for the imaging chip is a fine-line PC board’he dc offset of the outputs can be adjusted individually, but
with a recess in the center so that the imaging chip can hie gain is fixed to be 10. A computer-controlled data acquisi-
flush-mounted. The chip and the PC board are electrically conion system is used to measure all the outputs simultaneously.
nected by wire bonding. The electrical leads are soldered on Before the sensors are used to measure the shear stress dis-
the backside of the PC board. The PC board is then flushrbution, their dc outputs are calibrated against known wall
mounted on a specially-made plug which fits into the wall okhear stress levels which are calculated from the centerline
tEe %/lvindat_unn.el (Fig. 6), with the sensor row perpendicular twelocity by using the following relationship [9],
the flow direction.

The wind tunnel supplies a two-dimensional channel flow. u
The channel is 4.87m long with an cross-sectional area of —! = 0.1079(Re) %
60cm x 2.5cm. The walls of the channel are constructed of Ue
2.5cm thick Plexiglas and supported by a steel frame. An axial U.d
blower powered by a DC source supplies the air flow in the Re = TC

channel. At the highest blower speed, the centerline velocity in
the channel is about 25 m/s. Hot-wire velocity measurements at



U, = 050
whereReis the Reynolds nurrfbe.d,c is the centerline velocity i
of the channely; is the friction velocityd is the half width of sl
the channel (=1.27 cmy,is the kinematic viscosity of air,, is 0
the wall shear stress, apds the density of air.

Fig. 8 shows the calibration results for 10 sensors in a row.
Although each sensor has different offset, the trend of all
curves are almost the same. Polynomial f|tt|ng is performed on< <
each curve to extract the fitting parameters for later use in realfg‘5 I o
data processing. S .15 |-

It is important to note that the dc outputs of the sensors ared I
sensitive to the fluid temperature because the shear stress sel@-
sor is essentially a thermal sensor with temperature coefﬂment@
of resistance around 0.1%/. This dc drift can be compensated s

vo/vt| (dB)

fitted

-20

by measuring the sensor temperature sensitivity and monitor-
ing the fluid temperature change using a temperature sensor.
Fig. 9 shows that an order of magnitude of improvement on the

thermal stability has been achieved by the compensation circuit 1ot 10° 10° 10f 10°
given in Fig. 7. Here the temperature sensor is just another Frequency (Hz)
shear stress sensor operated at very low power such that the Fig. 10 Frequency response of a CT sensor.
self-heating is negligible.
To confirm that the sensors have enough bandwidth to pick c D e q, +S7T,,
up all the information in turbulent flow under investigation, the vl
frequency response of a sensor in CT mode is measured using a Vo = s QOSC?
sinusoidal electrical testing signal it has been shown that, if 1+ ot [,
the sensor has a single time constant, the output of the CT cir- 2
cuit in Fig. 6 can be expressed as follows [10], whereG, and$ are the low frequency voltage gain and shear

stress sensﬂwﬂy,ol is approximately the cut-off frequency of
the sensor in CC modé,is the damping factor and, is the
bandwidth of the sensor in CT mode if the circuit is in critical

22 damping. Fig. 10 shows that this bandwidth reaches 30 kHz,
i which is sufficient for the turbulent flow under study. The devi-
2 ation between the experimental data and the fitted curve is due
S ot to the fact that a real sensor has multiple thermal time con-
g 18 stants.
g [
S 6l SHEAR STRESS IMAGING
s 1OT
2 |
g b For real-time shear stress imaging, the output voltage is
c I sampled at 10kHz and converted to shear stress signal based on
é i the calibration performed previously. In order to establish the
L2 credibility of the imaging chip, the turbulence statistics calcu-
i lated from the shear stress fluctuations recorded by a single
i1r shear stress sensor are compared to previously established
S S results. Fig. 11 shows the comparison in terms of the normal-
0.2 0.4 0.6 038 1 ized RMS level, the skewness factor, and the flatness factor. It
Shear Stress 1 (Pa) is obvious that the present results agree very well with previous
Fig. 8 Calibration curves of 10 sensors in a row.
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Fig. 9 Typical temperature sensitivities before and after

temperature compensation of a shear stress sensor. (a) RMS fluctuation.
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Fig. 11 Turbulence statistics based on the shear stress fluctuations U /
recorded by the micro shear stress sensors on the imaging chip. C (m S)
studies in all three areas [11-13]. In addition, the present statis- (a) The length of streaks.

tics appear to be independent of the Reynolds number which is
predicted by turbulence theory. —~
Next, the instantaneous furbulent shear stress distributions € 0.3 —— T
of the channel were recorded by using one of the sensor rows ©.
on the imaging chip. Fig. 12 shows the contour plots of the ¢ ().25
instantaneous shear stress distributions at two different center- —:_é
line velocities. The white streaky structures in the plots repre- ¢ a
sent regions of high shear stress on the wall of the channel = 0.2 \ Cdata |
where the imaging chip is located. They are caused by the pres- ¥ i ‘s ¢ prese ]
ence of near-wall streamwise vortices which bring high © (.15 b
momentum fluid from the freestream to the wall. Due to the [
small-scale nature of these structures, previously experiments g 01
in turbulent boundary layers have only succeeded in qualita- Q@ *~-
tively demonstrating their existence without obtaining any
quantitative information. This is the first time that the instanta- 3 0.05 |
neous shear stress levels associated with the near-wall struc-'S
tures are recorded. 0 N T T T
The contour plots in Fig. 12 indicate that the scales of the ®© 0 5 10 15 20 25 30
streaks are different at different centerline velocities. The oi% - Uc (an/S)d. =~ -

streaks in the high-speed (20 m/s) case appear to be thinner an
Similar phenomena have also been observed in previous exper- (b) The spanwise scale of streaks.
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more densely packed than those in the low-speed (8 m/s) case.
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