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The two-dimensional low-speed structure of a turbulent boundary layer has been clearly
visualized by a combination of a shear stress sensor using micro electro mechanical
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1 Introduction

The presence of near-wall shear stress streaks in turbulent
boundary layers has been observed in flow visualization investi-
gations, [1-5]. These streaks are typically very small at high Rey-
nolds (Re) numbers and can not be properly resolved by tradi-
tional measurement techniques. Numerical simulations indicate
that the streaks are associated with streamwise vortices in the
viscous sublayer. The rotational motion of these vortices imposes
high fluctuation surface shear stresses on the wall, [6]. Several
techniques have been proposed for measuring shear stresses. The
hot-film technique and its variants have been widely used in de-
tailed investigations of fluctuating wall shear stress, [7,8]. The
direction-sensitive laser Doppler anemometer is a technique that
enables for the evaluation of both the magnitude and direction of
the wall shear stress. The optical method proposed by Naquwi [9]
is capable of measuring the wall shear stress at a high spatial
resolution. However, an instrument with a fine spatial resolution,
fast frequency response and high sensitivity for turbulent bound-
ary layer research has not yet been developed.

The recent development of the micro electro mechanical sys-
tems (MEMS) manufacturing process has offered the possibility
of sensing and controlling small near-wall streaks, [10]. A multi-
disciplinary research collaboration between UCLA and Caltech
was initiated to design and fabricate a large-scale distributed con-
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systems and the discrete wavelet transform. The application of two-dimensional discrete
wavelet transforms to the visualization of wall shear stress data obtained using the micro
shear stress imaging chip is described. The experiment was carried out under various
Reynolds number conditions. It is shown that it is possible to visualize the low-speed
streak structure as contours of two-dimensional wavelet level corresponding to spanwise
wave number as a function of Reynolds number. [DOI: 10.1115/1.1516599]

trol system with integrated micro-machined transducers and mi-
croelectronic circuits for surface shear stress control in turbulent
boundary layers, [11,12].

However, the distribution of stripe structure with MEMS is an
integral value composed of various frequency ingredients and can
result in ambiguities in the stripe structure. Therefore, new tech-
niques such as statistical and frequency analysis of the image data
are necessary to perform detailed analysis. The stripe structure
obtained with the micro-imaging chip is clearly visualized and
analyzed using statistical methods, [13). In terms of frequency
analysis, the Fourier transform is a popular method but it removes
the time-space information of the stripe structure.

Recent studies have investigated the use of the wavelet trans-
form for time-space frequency analysis in mechanical engineering
applications. The main advantage of wavelet analysis is its ability
to analyze the frequency and not erase the time-space information.
Wavelet transforms are classified as either continuous or discrete,
[14]. Continuous wavelet transforms have been used for studies of
time-frequency analysis in turbulent shear flow including self-
similarity of a jet inner structure using one-dimensional continu-
ous wavelets, [15], and scale transition in a mixing layer using
two-dimensional continuous wavelets, [16]. In addition, most
studies of time-frequency analysis use continuous wavelet trans-
forms. Conversely, eddy motion in the atmospheric surface layer
has been analyzed using the wavelet thresholding method, [17].
The analysis enables for an image to be decomposing and regen-
erated numerically according to the orthonormal transform. Saito
{18] applied this principle to the analysis of electromagnetic
waves.
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The purpose of this paper is to describe the application of two-
dimensional discrete wavelet transforms to the visualization of
wall shear stress data obtained using a micro shear stress imaging
chip. The stripe structure of shear stresses in a turbulent boundary
layer is extracted for various frequency levels.

2 Experiments

2.1 Micro Shear Stress Imaging Chip. A micro shear
stress imaging chip, which is composed of multiple thermal type
sensors, [19], is shown in Fig. 1. The chip has three rows of micro
sensors, each of which contain an array of 25 sensors. Figure 2
shows plan and cross-sectional views of the micro shear stress
sensor. Each micro sensor consists of a 150X 3X0.45 um poly-
silicon resistor, and a 200X200X1.2 wum silicon nitride dia-
phragm that seals a 2 um deep vacuum cavity. The purpose of the
cavity is to reduce heat transfer from the resistor to the substrate
and to increase the sensitivity of the sensor, [20]. The sensors are
connected to external constant temperature mode circuits, which
are used in the hot-wire anemometer, to drive at an overheat ratio
of 1.1 through gold bonding wires. Output from the anemometer
circuits is digitized by a 64-channel Keithly Metrabyte ADC
board in a Pentium-based PC. The sensitivity of the shear stress
sensor is approximately 1.0 V/Pa at a gain of 10.

2.2 Shear Stress Sensor Calibration and Temperature
Compensation. The heating power of a shear stress sensor op-
erating in steady state conditions can be correlated with wall shear
stress 7 as follows, [8]:

i’R*=(T;~T)(A+B7'") ()]

where T, and T are the temperature of the heated sensor and the
measured fluid, respectively, R is the resistance of the sensor, i is
the heating current passing through the sensor, and A and B are
calibration constants. Two theoretical methods are used to corre-
late the output voltage with the wall shear stress 7. In the first
method, 7 in fully developed turbulent flow is related to the
streamwise pressure gradient by

dP ldx=—1lh ()]

7.5 mm

Sensor 1-25

Sensor 51-75

Sensor 26-50

Flow direction

Fig. 1 Surface shear stress imaging chip
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Flg. 2 Schematic plan (a) and cross-sectional (b) views of the
micro shear stress sensor

where P, is the local pressure, x is the streamwise coordinate, and
h is the half-height of the wind channel. The pressure drop and
output voltage of the sensor was measured at center velocities
ranging from 8 to 20 mJ/s. If T is constant, the wall shear stress can
be directly related to the output voltage E, by a sixth-order poly-
nomial as

‘r=a0+a1E0+ e +a6E8 (3)

where aga |, a;, ... ag are calibration constants. These constants
were calibrated in the channel flow in a downstream region in
which trbulent flow was fully developed.

In the second method, an empirical relationship between Re and
the wall shear stress in fully developed channel flow is obtained,
[21}, by using

U, up=0.1079 Re~ 008 4)

and

r=ulp, )

where u, is the friction velocity, 4., is the center velocity of the
channel, Re (=hu, /v, where h is the half-width of the channel
and u, is centerline velocity). The streamwise pressure gradient
was measured and 7 calculated using Eq. (2) and the second
method given by Egs. (4) and (5). Good agreement was observed
between the two methods.

When T varies during the measurement process, a thermal cor-
rection should be applied. To determine the correction coefficient,
previous micro shear stress sensor versus fine thermocouple si-
multaneous measurements have done in channel flow of 10 m/s at
room temperatures ranging from 19.0 to 22.0°C. The slope of the
sensor output/temperature curve was —310 mV/°C. Temperature
compensation was achieved by collecting both ambient tempera-
ture and shear stress data and then performing an a posteriori
correction using software.

2.3 Experimental Setup. This experiment was carried out
in a turbulent channel flow facility. The channel, constructed of 13
mm Plexiglas, was 610 mmX25.4 mm in cross section and 4880
mm long. A DC axial blower was used to generate the airflow.
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Previous hot-wire measurements suggested that a centerline chan-
nel flow of 10 m/s consists of laminar entrance flow and fully
developed turbulent flow at the downstream half channel. The
micro shear stress imaging chip was flush mounted on the channel
wall 4267 mm from the inlet. One array consisting of 25 micro
shear-stress sensors covering a distance of 7.5 mm was used to
measure the instantaneous spanwise distribution of turbulent sur-
face shear stress, Re ranged from 6960 to 17,400.

2.4 Shear-Stress Distribution. Statistical values, which are
root mean square, skewness factor, and flatness factor of wall
shear stress measured using the imaging chip, are confirmed, [22],
to be similar to the data obtained in previous experiments, [7,23],
and by numerical computation, [6]. Figure 3 shows the distribu-
tion of two-dimensional shear stresses. The horizontal axis spans
7.5 mm (data number 25), and the vertical axis spans 51.2 ms
(data number 512) for three different values of Re. Each shear
stress value was normalized by

T Ty

6

F=

Trms
using the mean shear stress. ,, root mean square shear stress. ., for
each Re number as shown in Figs. 3(a), (b), and (c). The high
shear stress regions are marked in red while blue represents shear
stress with 11 contour colors. Figure 3(d) shows the original data
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Fig. 3 Shear stress measured with the imaging chip; (a) Re
=6960, (b) Re=12,180, (c) Re=17,400, (d) original data
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in the vertical direction at the point at which the maximum value
was observed before normalization. The streaks were narrower,
closer together, and appeared at shorter time intervals as Re in-
creases. The shear stress fluctuation near to the wall increased
rapidly, resulting in a significant peak in the turbulent boundary
layer, because the velocity gradient increased rapidly due to the
influence of eddies guided by bursting events. From Figs. 3(a) to
(c), the red regions of Re=17,400 are insignificant and the blue
region is larger than those for lower Re number conditions.

3 Discussion

3.1 Spanwise Spacing of Low Speed Streaks. The charac-
teristics of sublayer streaks are well documented. The streaks,
which consist of low-speed fluid in the sublayer, appear randomly
and are typically 10002/u , long in the streamwise direction, [24],
with a mean spanwise spacing of 100v/u,, [5,25]. Here, »
and u, denote the kinematic viscosity and the wall shear velocity,
respectively.

Next, the spanwise spacing of streaks was inspected by wave
number spectrum with sensor data of 25 spanwise profiles as
shown in Fig. 4. Low shear stress areas corresponding to low-
speed streaks and high shear stress areas corresponding to kink
parts of low-speed streaks were observed. Figure 5 shows an ex-
ample of a spanwise wave number spectrum for the determination
of the spanwise interval of streak structure. The figure shows the
wave number spectrum for Re=6960. Local maxima at 200 and
300 {1/m] are not conspicuous peaks, but indicate a spanwise
spacing interval of low speed streak. This result suggests that a
spanwise spacing of low speed streaks is 99-150v/u,. Similar
results were observed for a range of Re numbers. It is concluded
that this value verifies the result of 100v/u, obtained from visu-
alization experiments.

3.2 Streamwise Wave Number Decomposition

3.2.1 Analysis Method and Results Using Two-Dimensional
Discrete Wavelet Multiresolution Analysis. The original data was
derived from 25 data points over 512 epochs. The 25 points were
extrapolated to 32 points (4 on the right side and 3 on the left side)
with Fourier series coefficients in order to afford the power of two
for the discrete wavelet transform. The values of the original
points, which are points 5 to 29 in the extrapolated coordinate
system, were extracted after the calculation. The extrapolated
length measured 9.6 mm (300 umX32). In the case of the 16
input data and fourth-order Daubechies functions, multiresolution
analysis outputs Level O to Level 3. The two-dimensional wavelet
spectrum S was obtained from

S=w,xwI @)

0.5 High shear stress area
o I A
£03 \/—r/ \!
§o2 N N r—
[7,]

0.1 Low shear stress streak

0
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Spanwise sensor location (sensor spacing = 300mm)

Fig. 4 Shear stress distribution in spanwise direction (Re
=6960)
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Fig. 5 Wave number spectrum of shear stress distribution in
spanwise direction (Re=6960)

where W’ is a transpose of W, . From Eq. (7), the discrete inverse
wavelet transform is expressed by

X=WIsw,,. ®)

In this study, a 16th-order Daubechies function was used as the
analyzing wavelet. A multiresolution analysis was performed us-
ing the inverse wavelet transform in Eq. (8), after the wavelet
transform in Eq. (7) was operated to 25X 512 shear stress distri-
bution data in Fig. 3. In the case of the sixteenth-order Daubechies
function and 512 (=2°) time data (total measurement time
=51.2 ms), the multiresolution analysis with respect to time clas-
sifies to seven levels as shown in

X=WISW,=WIs,W,+ WIS, W,+WIs,W,+WIs,w,
+ WIS, W, +W,SsW,,+ WISW,, . ©)

In Eq. (9), WZSOW,,, is denoted Level O, which indicates the
lowest frequency, WZSGW,,, is denoted Level 6, which indicates
the highest frequency. In data point 32, the wavelet level of the
multiresolution was decomposed from level O to level 3. The ab-
solute values by Fourier transform and wavelets are shown in Fig.
6 and Fig. 7. Each level operates a form of band pass filter.

Figures 8, 9, and 10 show the multiresolution with nine con-
tours for low Re number, middle Re number, and high Re number
conditions, respectively. Low shear stresses are denoted blue and
high shear stresses are denoted red. Minus values are produced
because the values were normalized. Level 6 is not shown because
noise was dominant. The patterns adding all levels from Level 0
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Q0.25 c\ Nyt
7] : )2
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Fig. 6 Space frequency of 16th Daubechies
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Fig. 7 Time frequency of 16th Daubechies

to Level 6 enable the complete recovery of the original shear
stress distributions in Fig. 3, because Daubechies analyzing wave-
lets are orthonormal functions. The relation between the represen-
tative frequency, which was calculated with the maximum P.S.D.
in Figs. 6 and 7, and each wavelet level is shown in Table 1 and
Fig. 11.

From these figures, the original input data were decomposed
from the low-frequency component Level O to the high-frequency
component Level 5. I have done the above section of spanwise
spacing of low-speed streaks, if spanwise spacing is around 100
times of the wall unit, the spanwise wave number correspondin
to Re=6960 and 17,400 becomes 0.24 mm™' and 0.61 mm ™',
respectively. Level 0 shows a low-speed domain in Re=6960 and
level 1 corresponds to Re=17,400. The stripe structures due to a
series of bursting events in the low-speed shear stress area are
visualized clearly for each frequency level without erasing the
time and space information. In particular, red and green regions
appear more clearly on Levels 0 and 1 for low Re numbers. The
shear stress distribution appears until Level 3 and wave patterns
are observed on Levels 4 and 5.

3.2.2 Discussion According to the Kolmogorov Turbulence
Theory. The relation between wavelet level and wave number is
discussed by application of the Kolmogorov turbulence theory to

Table 1 Relation between wavelets level and representative
frequency
Time Space frequency
frequency
Representative 2.0 1.04
frequency on Level 0 X 10'[Hz) X107 (mm™']
Representative 1.4 1.00
frequency on Level 1 X 10*{Hz] X107 (]
Representative 2.3
frequency on Level 2 X 10%[Hz]
Representative 4.5
frequency on Level 3 X 10%[Hz]
Representative 8.8 1.2
frequency on Level 4 x10?[Hz] X 10°(am]
Representative 1.7
frequency on Level § X 103 [Hz]
Representative 4.7
frequency on Level 6 X 103[Hz]
Maximum frequency on 4.7 1.6
Level 6 fou X 103{Hz] X 10° [mm']
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the time axis of discrete wavelet multiresolved resolution. The
Kolmogorov wave number k; that indicates the highest viscous
dispersion rate is expressed by

& 1/4
kk= Vj‘

where v is the kinematic viscosity, € is the energy transportation
rate, that is

(10)

Vo
e=A E
vo=020 1y

Table 2 Relation between wavelet level and representative
wave humber

v=Bm/s v=14m/s v=20m/s
Re=6960 Re=12180 Re=17400
Representative 7.1 4.4 3.1
wavenumber on Level 0 X 10" ew'] X 10 [ca] x 10" [ew"]
Wavenumber in energy 8.0 8.0 8.0
contain region k, X107 [en'] X107 [em') X107 {en']
Representative 5.4 3.1 2.1
wavenumber on Level | x10°[en ) X10*[en™] X 10°[em]
Representalive 9.2 5.3 3.7
vavenunber on Level 2 X10°[en'] X 10°[em™] X10*[cn']
Representative 1.8 1.0 7.1
vavenumber on Leve! 3 x10'[em™] x10'[cm'] X 10' [cn™]
Representalive 3.4 2.0 1.4
wavenymber on Level 4 X10'[cm'] X 10'{ca'] X10'[cn']
Representative 6.7 3.9 2.7
wavenumber on Level § X 10'[em ™) X 10'[em'] X 10'[en']
Representative L9 1.0 0.7
wavenusber on Level 6 X10*[en] X 10 [em "] X 10*{cn™]
Maxinum wavenumber on 1.96 1.12 0.79
Level 6 k., X 10 [ca] X 10*[en*] x 10 [em)
Kolmogorov wavenumber 3.49 2.67 1.76
ke X 10! [cm!] X 10t [ce'] X 10 [en']

Journal of Fluids Engineering

. 10000 20 — ot
§ a E a
@ °A o
v 0
B o0 o
N £ 1000
~
8 O Re=6960
2 A Re=12180
= a
) Re=17400
= 100 - '
0.001 0.01 0.1 1
Normalized wavenumber log K, /k,

Fig. 12 Relation between whole normalized shear stress and
wavenumber on the time space

where v, is a representative velocity fluctuation that is assumed to
be 0.2 times the mean velocity &, and [, is a length scale in the
energy contain region that is assumed to be the radius of the
pipeline. In this study, the constant A is assumed to be 1.0. The
representative wave number on wavelet level m is obtained by

_27TfR
= o

k., (12)
where f is a representative frequency, which is the maximum
power spectrum density in Fig. 7. The relation between the wave-
let level and the representative wave number is shown in Table 2.
From this table, Level 0 indicates a wave number under the en-
ergy contain region, and Level 6 indicates the vicinity of k; . The
wavelet level covers from the energy contain region to the viscous
dispersion region.

In the following section, all shear stresses on each wavelet level
are defined by

512 25

a=z ; V(Tij)z

to consider the relation between the stress and Re. i is a position
on the time axis, j is a position on the space axis. The results are
shown in Fig. 12. The horizontal axis is the representative wave-
number in Table 1 normalized using k, .

In this figure, the shear stress maintains an approximately con-
stant value until wave number 0.02, which is equivalent to Level
2 irrespective of Re. This is because the wave number is near to
the energy contain region from Table 2. However, at wave num-
bers greater than 0.02, the total shear stress decreases as the wave
number increases. Moreover, the shear stress dramatically de-
creases for low values of Re. This is because the eddy dispersion
is significantly influenced by the viscosity in low Re regions. The
proposed visualization technique is therefore verified.

(13)

4 Conclusions

A micro shear-stress imaging chip was used to measure the
instantaneous shear-stress distribution in a turbulent wall bound-
ary layer in flow with Reynolds number ranging from 6960 to
17,400. The two-dimensional shear stress distributions were visu-
alized with a two-dimensional discrete wavelet transform. The
following conclusions are proposed:

1. The two-dimensional structure of wall shear stress can be
decomposed and clearly visualized on each frequency level
without erasing time-space information using two-
dimensional wavelet multiresolution analysis.
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2. It is possible to visualize the low speed streak structure on
the wall as contours of two-dimensional wavelet level cor-
responding to spanwise wave number as a function of Re
number.

3. The total shear stresses under Level 2 relevant to near en-
ergy contain region maintains the same value irrespective of
Re number. However, the total shear stress over Level 3 in
near viscous dispersion regions under low Re number con-
ditions is lower than that under high Re number conditions.
This is a reasonable observation because the structure is sig-
nificantly influenced by viscosity under low Re number con-
ditions.
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