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High-Frequency Oscillating-Hot-Wire Sensor for Near-Wall
Diagnostics in Separated Flows

Yongxiang Li* and A. M. Naguib'
Michigan State University, East Lansing, Michigan 48824

A new high-frequency oscillating-hot-wire sensor for magnitude and direction measurements of the wall-shear
stress in separated flows is presented. The stress direction is determined from the phase angle between the imposed
and measured oscillation velocity, and the corresponding magnitude is obtained from the low-pass filtered signal
of the sensor, after removal of the modulating influence of the oscillation. The sensor was used to conduct measure-
ments downstream of an axisymmetric backward-facing step (BFS) at different streamwise locations ranging from
0.3 to 10 step heights downstream of the step. The results agreed qualitatively with existing one-point measure-
ments, such as the mean/rms skin-friction distribution, forward flow probability, and power spectra, in planar BFS
flows. However, some fundamental quantitative differences were found including a shorter reattachment length
and a larger streamwise location for the peak rms wall-shear fluctuations. These differences were attributed to the
axisymmetric nature of the present geometry, transverse curvature of the step, or differences in the measurement
methods. Additionally, the power spectra of the fluctuating wall-shear stress revealed the existence of two charac-
teristic frequencies: f* =0.1 and 0.65. The former is associated with low-frequency shear-layer flapping, and the
latter corresponds to the passage of the separated shear-layer vortex structures.

1. Introduction

HE importance of separating and reattaching flows in prac-

tical aerodynamic applications and research of fundamental
fluid mechanics is well known. These flows have been extensively
studied using various experimental and numerical techniques dur-
ing the past decades. However, there is little information available
in the literature on the turbulent wall-shear-stress field beneath sep-
arated flows. In this paper, a high-frequency oscillating-hot-wire
(OHW) sensor is developed for use in time-resolved measurements
of the wall-shear stress in such flows. The operation of the sensor is
demonstrated in the flow past an axisymmetric bacward-facing step
(BES). A review of the pertinent literature on mean and fluctuating
wall-shear measurements in BFS flows follows.

Westphal et al." measured mean and rms skin-friction coefficients
in a BFS flow using a wall pulsed wire. Devenport and Sutton?
investigated an axisymmetric sudden expansion also using a wall
pulsed wire. Later, Jovic and Driver? studied the effect of Reynolds
number on the mean skin-friction coefficient in a BFS flow using a
laser oil flow interferometry (LOI). Most recently, Spazzini et al.*
measured the wall shear to investigate the flapping motion in a BES
flow using a special wall-mounted double hot-wire probe, whereas
Tihon et al.® investigated wall-shear vectors behind a BFS using a
three-segment electrodiffusion probe in a water channel.

Among the different approaches employed in the preceding stud-
ies, LOI is the most accurate wall-shear measurement technique
known today, but it can only provide mean-shear measurements.
An excellent review of this technique can be found in the paper
by Naughton and Sheplak.® The rest of the methods infer the shear
stress from heat/mass transfer from the sensor and require calibra-
tion. Most of the studies utilizing these methods obtained only mean
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and rms wall-shear information. Because the near-wall flow behind
a backward-facing step is highly turbulent and flow reversal occurs
frequently, it is difficult to conduct measurements of the wall-shear
stress in this region. Fernholz et al.” did a comprehensive review of
techniques for measurement of the wall-shear stress in wall-bounded
and separated flows. They concluded that only wall hot wires and
pulsed wires were capable of measuring the unsteady wall shear.
But wall hot wires cannot be used in cases involving flow reversal.
Wall pulsed wires, on the other hand, measure the wall-shear mag-
nitude and direction, but their frequency response is limited to tens
of hertz.

Although the measurements of Spazzini et al.* and Tihon et al.’
are time resolved, the sensor of Spazzini et al.* is fundamentally
based on thermal wake detection like pulsed anemometry, and the
electrodiffusion probe of Tihon et al.” is based on mass-transfer
effects and cannot be used for measurement in airflows.

Recently, Li and Naguib® demonstrated the use of an OHW sensor
to remedy the “direction blindness” of single hot-wire probes. The
concept of this new sensor was verified via comparison with laser-
Doppler-velocimetery data in an unsteady pipe flow. Li and Naguib®
showed that for accurate measurements, the velocity-frequency
product U, fy (where Uj is the oscillation velocity amplitude and f;
is the oscillation frequency) must be larger than twice u s f; (where
uyand fy are characteristic velocity and frequency, respectively, of
the flow unsteadiness). Furthermore, f, must be at least twice f; to
prevent aliasing in the recorded time series if time-resolved data are
desired.

The prototype sensor used by Li and Naguib® was oscillated at
a frequency of 490 Hz and U, of 0.5 m/s using a 63.5-mm long X
31.8-mm wide x 0.58-mm thick piezoelectric cantilever oscillator.
This yielded a Uy fy product that was more than five times larger
than uy f; of the unsteady pipe flow, which had a characteristic
frequency of 15 Hz and flow velocity amplitude of 3 m/s.

The prototypical sensor used by Li and Naguib® is suitable for
use in flows containing unsteady frequencies of the order of tens of
hertz. However, many low-speed separated flow experiments that are
established in the laboratory, for example, over an airfoil, backward
facing step, bluff body, etc., involve significant flow unsteadiness
occurring at frequencies of the order of hundreds of hertz to a few
kilohertz. Therefore, OHW sensors with larger oscillation frequency
are desired for diagnostics in these flows.

The current study is focused on the following: 1) the realization
and characterization of OHW sensors that are capable of oscillating
at frequencies of a few kilohertz (the construction of the sensors
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is based on the use of small-size piezoelectric cantilever oscillators)
and 2) demonstration of the operation of the new sensors to measure
the wall-shear stress in an axisymmetric BFS flow.

II. Experimental Setup

A. Sensor Details

The operation of the OHW sensor is based on taking two very
fast measurements (referred to as forward and backward measure-
ments) from the hot-wire sensor at the center of oscillation: when
it is moving with and against the flow. If the oscillation period is
sufficiently small (i.e., the oscillation frequency is sufficiently high)
for any substantial change to happen in the flow, it is possible to
discern the direction of the flow from comparison of the two mea-
surements during one oscillation cycle. The resulting OHW output
is essentially an amplitude-modulated version of the classical hot-
wire sensor output. To extract the magnitude of the velocity, the
amplitude modulation is removed via low-pass filtering, and the
resulting voltage is converted to velocity using the sensor’s static
calibration. On the other hand, the flow direction is obtained from
the phase of the sinusoidal modulation of the signal. In particular,
the phase difference between the wire output and the piezodriving
voltage at the oscillation frequency experiences an 180-deg jump
when the flow switches direction. Thus, the difference between the
forward and backward measurements will be either positive or nega-
tive depending on the flow direction. Because a full oscillation cycle
must be completed before the direction is determined, the sampling
frequency of the velocity time series is equal to f;.

Figure 1 shows a schematic drawing of the OHW sensor used
in the current study. The sensor is mounted in a 7.62-mm-wide
wall plug with a curved top surface with a radius of 50.8 mm
to match the curvature of the outer shell behind the step of the
test model. The prongs of the hot wire are attached using epoxy
on one end of a 12.7-mm-long x 6.35-mm-wide x 0.58-mm-thick
piezoelectric beam, protruding through 0.51-mm-diam holes in a
Plexiglas® insert in the wall plug. At the opposite end to the prongs,
the piezoelectric beam is rigidly fixed using a clamp made out of
phenolic to electrically isolate the piezoelement’s electrodes. In turn,
the clamp is supported on two dowel pins that are force fitted to the
wall-plug body. The pins provide rigid support to the piezoelement
in the direction of oscillation while allowing the element’s position
to be adjusted in the wall-normal direction to place the hot wire at
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Fig. 1 Drawing of the sensor plug (dimensions in millimeters).

heights y,, up to 5 mm above the wall. Once at the desired location,
two set screws are used to fix the sensor’s position. For the results
reported here, y,, is set to 97 um (see Sec. III.D for more details),
which was determined by viewing the hot wire in a plan normal to
the wall-plug face under a microscope.

A 60-V peak-to-peak sinusoidal voltage was used to oscillate
the hot wire at frequencies up to 4.8 kHz and displacement ampli-
tude in the range 1-12 um (about 0.25-3.25 wire diameters) with
the highest amplitude corresponding to the piezoelement’s resonant
frequency of approximately 2 kHz. For measurements in the BFS
flow, an oscillation frequency of 2.8 kHz was selected. The 2.8-kHz
sensor is capable of time-resolved measurements in flows that have
bandwidths extending to 1.4 kHz: an order of magnitude increased
capability over the early prototype.

B. Calibration Facility

Although typical hot-wire sensors are known to have wide band-
width of 20-40 kHz, evidence of substantial reduction in the dy-
namic response of hot wires near zero mean-flow velocity exists
in the literature.® Therefore, with the use of kilohertz OHW, it is
important to calibrate and check the hot-wire ability to respond to
the imposed oscillation in a controlled environment where the mean
velocity could be adjusted to very small value and the direction of
the flow could be reversed. To this end, a Couette flow facility is
used for calibration and characterization of the sensor response.

Figure 2 displays a cross-section view of the facility. It consists
of a rotating disk with a diameter of 0.317 m that is placed parallel
to but away from a stationary disk. For the current measurements,
the rotating disk is made to spin at speeds up to 1900 rpm using a
dc motor, and the spacing between the two disks is set to 0.6 mm
using feeler gauges. The resulting velocity field between the two
disks is that of a Couette flow, yielding a linear velocity profile
with distance normal to the stationary plate. Thus, it is possible
to mount wall sensors in the stationary plate and calibrate them
against the mean shear stress (known from the rotational speed of
the disk, the gap size, and the radius from the center of rotation to
the location of the sensor) or mean velocity (which can be deduced
from the mean shear stress and y,,). The accuracy of this type of
calibration facility in establishing a Couette flow has been verified
using direct numerical simulation by Khoo et al.!® Using the results
of their simulation in conjunction with the specific probe location
and dimensions of the facility used here, the following was verified:

1) The flow velocity in the rotational (azimuthal) direction of the
disk does vary linearly across the space between the two disks.

2) The radial flow velocity is less than 10% of the azimuthal
velocity. (Because the radial velocity is directed parallel to the wire
axis, its effect on cooling of the wire is an order of magnitude less
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Fig. 2 Couette flow calibration facility: 1, timing belt; 2, timing pul-
ley; 3, bearing assembly; 4, rotating disk; 5, stationary disk; 6, sup-
porting bracket; and 7, spring-loaded support screw (dimensions in
millimeters).
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than the azimuthal velocity; thus, the calibration error caused by the
nonzero radial velocity should be less than 1%.)

3) The wall-normal velocity is less than 0.01% of the azimuthal
velocity, and hence its influence on the calibration could be ig-
nored all together. Finally, it should be added here that Koo et al.'®
also calibrated near-wall hot wires successfully in the same type of
Couette-flow facility and verified their operation in fully developed
laminar and turbulent channel flow.

C. Axisymmetric Backward-Facing-Step Model

The axisymmetric BFS model is mainly composed of two alu-
minum tubings: upstream of the step, the tubing is 127.0 mm in
diameter and 1.213 m in length, with an aluminum half-spherical
nose made with a radius of 63.5 mm fitted at its upstream end;
downstream of the step, the aluminum tubing with 101.6 mm out-
side diameter extends about 900 mm. The difference between the
tubing diameters creates a nominal step height H of 12.7 mm. Fi-
nally, the downstream end of the model is terminated with conical
tail section to avoid abrupt termination of the geometry.

The BFS model is placed at the center of a low-speed open-circuit
wind tunnel. The test section is 1.829 m long, with a cross-sectional
flow area of 610 x 610 mm?. The freestream turbulence intensity in
the test section was found to be less than 0.45% from measurements
in the velocity range of 5-15 m/s.

Boundary-layer mean-velocity profiles were obtained at 0.5 mm
upstream of the step using a single hot-wire probe. The bound-
ary layer is tripped using sandpaper just downstream of the nose
section and develops to two-dimensional (axisymmetric) turbulent
boundary-layer state at the separation point. The Reynolds number
based on boundary-layer momentum thickness is 1139, 2057, and
2739 for three freestream velocities: 5, 10, and 15 m/s, respectively.

The measurements on the model were taken primarily in the re-
gion extending from the step to 127.0 mm (i.e., 10 step heights)
farther downstream. Figure 3 shows a magnified view of the mea-
surement region. Within this zone, four sensor covers are located
at the top, bottom, left, and right of the cylindrical model surface.
There are static-pressure taps in sensor covers numbered 2, 3, and
4 in Fig. 3. The slot for sensor cover 1 could be used to install an
oscillating-hot-wire sensor for wall-shear measurements or static-
pressure taps mirroring those in cover 3. The static-pressure taps
were primarily used to verify the alignment of the model parallel to
the freestream direction.

III. OHW Sensor Characteristics

A. OHW Magnitude Calibration

Figure 4 shows the hot-wire calibration obtained without wire
oscillation (solid line), compared to that obtained from the mean
hot-wire voltage for wire oscillation frequencies of 1.1, 2, 3, and
4 kHz. The no-oscillation calibration (referred to as STAT in the
legend) extends down to a velocity of 0.1 m/s. On the other hand,
data obtained during oscillation are shown for a velocity range that
is larger than 0.3 m/s. In this range, a good agreement is evident be-
tween the results with/without the oscillation. This verifies that the
high-frequency oscillation of the wire does not result in an anoma-
lous or nonlinear behavior that can affect the wire’s calibration or
its accuracy in retrieving the velocity magnitude.

At mean-flow velocities that are less than U,, rectification of the
hot-wire output starts occurring with full rectification taking place at
zero velocity. (No data are shown in Fig. 4 for this velocity range.)
This nonlinear effect results in the mean hot-wire voltage during
oscillation exceeding that without oscillation with the maximum
error being 0.64U, (mean value of a fully rectified sine wave with
amplitude Up) at zero flow velocity. However, as will be shown in
Sec. III.C, near zero mean velocity the frequency response of the
hot wire is sufficiently attenuated so that it cannot respond to the
rectification frequency (twice fo, or 5.6 kHz here). This was veri-
fied by inspecting the wire output voltage on the oscilloscope during
oscillation in the absence of any flow. No rectification of the wire
output was observed, and therefore this rectification error had no
effect on the results. Notwithstanding the attenuation of the wire
frequency response near zero mean velocity, which would affect the

Sensor Cover 2
Step

A

a)

Sensor Cover 2
with 24 pressure
Sensor Cover taps
3 with 8

pressure taps //

Sensor Cover
1 with an
OHW sensor
(or 8 pressure
taps)

1
Sensor Cover 4 with ‘
8 pressure taps

b)

Fig. 3 Magnified view of the measurement zone showing wall-sensor
covers: a) three-dimensional and b) cross-section view.

EW)
0.95
—— STAT
o f=1100 Hz
0.9 + f=2000 Hz i
« f=3000 Hz
¢ f=4000 Hz

0.85¢

0.8+

0.75¢

0.7 . . . .
0 1 2 3 4 5

U(m/s)

Fig. 4 Calibration of the hot wire with/without oscillation.

measurements only in the immediate vicinity of points of separa-
tion/reattachment, the bandwidth of the sensor was sufficient for
resolving fluctuations of up to approximately 1 kHz near reattach-
ment and 2 kHz or more at other points. This is more than sufficient
for the current application, where most of the fluctuations are con-
tained below 1 kHz, with the most energetic contribution centered
around 160 Hz. The wire bandwidth at different mean velocities was
determined in the Couette flow facility by oscillating the wire at dif-
ferent frequencies in the range 800 Hz—5 kHz while maintaining a
certain mean velocity (or shear stress). A sample of those results at
2 kHz will be discussed in Sec. III.C.
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of the OHW modulation signal: a) OHW output and b) OHW driving
signal.

B. Demonstration of OHW Direction Response

Flow-direction measurement by OHW sensors is based on the fact
that the phase difference between the wire output and the piezodriv-
ing voltage, hereafter denoted by ¢ony, at the oscillation frequency
experiences an 180-deg jump when the flow switches direction. To
demonstrate the concept, the OHW sensor was used to take mea-
surements at different velocities under clockwise as well as counter-
clockwise rotation of the rotating disk in the Couette flow facility.
The results are plotted in Fig. 5a for the velocities of U =0.03, 0.2,
and 0.55 m/s. For each speed, two data sets are plotted (open circles
and dots) representing two opposing flow directions. For orienta-
tion purposes, Fig. 5b contains a plot of the driving voltage of the
OHW. The data clearly demonstrate the reversal of phase of the
wire sinusoidal modulation signal as the flow changes direction for
all flow speeds. For the lowest flow velocity and negative direc-
tion, small (about 0.01 m/s) negative values of the sensor output
are seen in Fig. 5a. Because this is the “raw” output of the sen-
sor before demodulation and extraction of direction information, no
negative values should be observed. The discrepancy is of the or-
der of the accuracy of the calibration process in the vicinity of zero
velocity.

C. Wire Dynamic Response to Imposed Oscillations

To examine how the wire responds to the imposed oscillations
at different frequencies and flow velocities, the mean-removed hot-
wire output was acquired and phase averaged with respect to the
OHW driving voltage. The phase average aids in removing the effect
of any background disturbances related to motor vibration influences
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Fig. 6 Phase-averaged OHW velocity at oscillation frequency of 2 kHz
for different mean velocities.

or other sources of noise. A portion of the resulting signal is shown
in Fig. 6 for an oscillation frequency of 2 kHz and different mean
velocities in the range 0.34-3.8 m/s. The reduced dynamic-response
ability of the wire with decreasing speed is evident from the data as
the amplitude of the measured oscillation velocity u , is attenuated,
and an increased phase lag is observed with the reduction in the mean
flow velocity.

For flow speeds larger than 1 m/s, ug, is fairly constant. How-
ever, when the flow velocity drops below 1 m/s, larger attenuation
is found. The reduction close to zero flow velocity is presumably
caused by shifting of the primary heat-transfer mode of the wire from
forced to natural convection, leading to a larger thermal time con-
stant. Although the constant-temperature-anemometer (CTA) cir-
cuit compensates for the sensor’s thermal response, the compensa-
tion generally works well for flow velocities larger than roughly 1
m/s where the thermal time constant apparently does not vary sig-
nificantly. Below 1 m/s there seems to be appreciable change in the
time constant, for which the CTA does not adapt. Additionally, at
those low speeds the fraction of the heat transfer caused by conduc-
tion to the probe prongs becomes larger, contributing further to the
reduced frequency response.

The reduction in the dynamic response should not cause a problem
in operating the OHW sensors as long as the amplitude attenuation
is not too large for the sinusoidal modulation of the wire output to be
detectable at very low velocities. In Fig. 5a, the modulation signal
at the oscillation frequency is detectable at flow velocities as low as
0.03 m/s.

In addition to amplitude attenuation, as the flow velocity de-
creases, a phase-angle delay is observed between the imposed and
measured oscillation. The delay becomes progressively larger with
decreasing flow velocity. In Fig. 6, the biggest phase lag is less than
90 deg, which is found at the lowest flow speed. Because this lag
does not exceed 90 deg, it does not create a problem in direction
determination, as explained in the following paragraph.

An example of a direction calibration for a wall-shear OHW sen-
sor is shown in Fig. 7. For reference, the ideal ¢, response, ex-
hibiting 180-deg phase jump with flow reversal, is also illustrated
in the figure using a broken line. The deviation between the ideal
and actual ¢y behavior is primarily caused by the limitation of
the wire dynamic response near zero velocity, as just discussed.
However, it is clear that notwithstanding this deviation, ¢y, val-
ues in the positive-shear direction do not overlap with those in the
negative-shear direction, showing that the shear direction can still
be determined without ambiguity.
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Fig. 8 Power spectra for wire heights of y,, =48, 96, and 124 pzm.

D. Effect of Wire Height Above the Wall

For a wall hot-wire sensor to measure wall-shear stress, the wire
must be located within the viscous sublayer, that is, y© <5 (or
Yw <5v/u,), where y* = y,u, /v is the wire height above the wall
in viscous units, u, = /7, /p is the friction velocity, v is the fluid
kinematic viscosity, p is the fluid density, and t,, is the wall-shear
stress. To experimentally check proper positioning of the wire above
the wall, measurements were conducted with the height of the sen-
sor set to three different values: 48, 96, and 124 ym. The streamwise
location downstream of the step for the measurements (x =9.82H)
was chosen to be well downstream of the expected mean reattach-
ment position x, such that ,, has recovered near its largest value after
reattachment. The freestream velocity was set to 15 m/s, correspond-
ing to Reynolds number based on step height of Rey =13 x 10°.
No wire oscillation was imposed during this set of experiments be-
cause the measurement location is well downstream of the expected
reattachment position, and hence there is no directional ambiguity
of the flow. The work of Spazzini et al.* and Tihon et al.’ provide
supporting evidence that the flow at the chosen measurement loca-
tion is always in the downstream direction. More importantly, the
flow-direction-probability results from the current study, given later
in Sec. IV. B, verify that the flow is in fact always in the downstream
direction at x =9.82H.

Figures 8 and 9 display the power spectra P,, and normalized his-
tograms, respectively, for data acquired at the three different wire
heights. The data corresponding to the three different cases collapse
well in both plots. The mean values of the wall-shear stress cal-
culated from the histograms are 0.282, 0.276, and 0.275 Pa. The
small variation of the measurements with the wire height indicates
that all three positions are within the viscous sublayer, where the

Histogram

Fig. 9 Histogram for wire heights of y,, =48, 96, and 124 pum.

velocity is linearly proportional to the wall shear stress. In fact, if
the highest observed t,, value of 0.282 Pa is used one viscous unit
will be 31.3 um. The corresponding wire heights are y* =1.5, 3.1,
and 4.0, that is, all positions are within the viscous sublayer. Based
on this, the wire height was set to 97 um for BFS measurements
conducted here.

E. Effect of Wire Oscillation on the Flow

Although highly unlikely, it seemed appropriate to check whether
the oscillation of OHW sensors disturbs the unsteady direction-
reversing flow downstream of the backstep. For this purpose, data
obtained at Rey = 13 x 10° and x/x, =0.06, 0.92, and 1.54, that
is, before, close to, and after the mean reattachment point, were
utilized. At each location, measurements were conducted when the
oscillation was on as well as off. The former case corresponded
to an OHW sensor with the oscillation frequency of 2.8 kHz, and
the latter represented a conventional hot-wire sensor. The premise
of the test is based on the fact that notwithstanding its directional
blindness the conventional hot-wire output voltage should provide
the correct magnitude of the wall-shear stress. Therefore, the low-
pass-filtered voltage signal of the OHW, which also provides the
magnitude information of the wall shear, should yield the same
voltage output magnitude as the conventional hot wire. If the OHW
operation does disturb the flow, then one would expect that the
frequency spectrum, or some other statistical measure, of the low-
pass-filtered OHW voltage would deviate from that obtained with
the stationary wire.

Figure 10 shows a comparison between the power spectra of the
raw voltage data of the oscillating- and conventional-hot-wire sen-
sors at x/x, =0.92, labeled as SHW and OHW in the legend. A
low-pass filter with a cutoff frequency of 1.4 kHz, or half of the
oscillation frequency, was also applied to the OHW signal. Because
the sampling frequency of the OHW sensor is also the oscillation
frequency, this filtering eliminates any possible aliasing in the OHW
signal. The spectra obtained from the filtered signal are also included
in the plots in Fig. 10a. Inspection of the figure clearly shows that
within the pass band of the filtered signal the voltage spectrum of
the OHW and SHW sensors agree quite well. The imposed oscil-
lation on the OHW sensor is also evident from the harmonic peak
at f =2.8 kHz. Therefore, one can conclude that the oscillating-
hot-wire operation does not generate any flow anomaly. The energy
level of the oscillation signal is at least two orders of magnitude
larger than that of the flow at the oscillation frequency. This yields
a strong signal-to-noise ratio, which is necessary for successful de-
termination of the flow direction.

Another important observation in Fig. 10a is that the flow energy
contained in frequencies above 1 kHz is only very small component
of the total energy. This can be seen from the fact that the spectrum
level at frequencies higher than 1 kHz is two orders of magnitude
or more lower than the spectral peak value. Hence, the selected
oscillation frequency should be high enough to resolve the wall-
shear signature of the most energetic flow structures.
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Fig. 10 Comparison of conventional- and oscillating-hot-wire data at
x/x, =0.92: a) power spectra and b) histogram.

Further comparison between the oscillating and stationary hot-
wire measurements was conducted by comparing the normalized
histogram of the voltage magnitude obtained in both cases. As ev-
ident in Fig. 10b, OHW filtered and SHW histograms are similar.
This suggests that the two measurement methods produce the same
statistics of the voltage and hence, shear-stress, magnitude.

The data obtained at x/x, =0.06 and 1.54 are similar to those
at x/x, =0.92, and so they are not shown here. Collectively, the
results verify that the wire oscillation does not disturb the flow.

IV. One-Point-Measurement Results in the BFS Flow

A. Mean Reattachment Length

An OHW sensor as shown in Fig. 1 was used to measure t,, at
different streamwise locations extending from x = 0.30H t09.84H.
At the mean reattachment location x,, the mean wall-shear stress
equals zero. Thus, the streamwise distribution of the mean skin-
friction coefficient C; could be used to directly find x,. Figure 11
is obtained for three Reynolds numbers based on step height of
4.3 x10%,8.7 x 103, and 13 x 103, The vertical axis represents the
mean skin-friction coefficient, and the horizontal axis indicates the
corresponding normalized x location. The data for all Reynolds
numbers have the same trend except at the first, most upstream,
point. At Rey = 4.3 x 103, the mean skin-friction coefficient at this
point is less than zero, whereas it is greater than zero for the other
two.

Inspection of the wall-shear direction deduced from the wire os-
cillation [see forward flow probability (percent of the time that t,,
is in the downstream direction), or FFP, in Fig. 12] shows that the
shear stress is predominantly in the downstream direction at the most
upstream location and Rey; = 4.3 x 103, in contradiction to Fig. 11.
This suggests that the negative sign of the shear stress in the lat-

Table 1 Reattachment length values

xr/H x-/H Difference, xr/H
Rey (Cr=0) (FFP = 50%) % (mean)
43 x 10 4.26 433 1.43 4.30
8.7 x 10° 4.60 4.67 1.45 4.64
13 x 10° 4.84 4.88 1.00 4.86
x10°
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Fig. 12 Streamwise distribution of forward flow probability.

ter figure is resulting from the magnitude, rather than the direction
conversion. This is only possible if the output voltage is outside the
calibration range, suggesting that this is an erroneous point.

The mean skin-friction distribution in Fig. 11 displays two po-
sitions where C crosses zero. The first position close to the step
defines the location of the mean secondary separation point or cor-
ner eddy length. The position, where C; =0 at the location farther
downstream, gives the mean reattachment length. The values of x,
for the Reynolds numbers investigated are tabulated in Table 1.

Another method to find the mean reattachment point is using the
distribution of forward/reverse flow probability, as demonstrated in
Spazzini et al.,* Tihon et al.,’ Eaton,'! and Westphal and Johnston.'?
For example, an FFP of 100% means the flow is always towards the
downstream direction. On the contrary, FFP = 0% means the flow
is always towards the upstream direction. At the mean reattachment
point, FFP = 50%. Figure 12 displays three curves representing the
FFP distribution for all three Reynolds numbers, which exhibit the
same trend. Consistent with the distribution of the mean skin-friction
coefficient, there are also two positions where FFP = 50%. The far-
ther downstream one indicates the mean reattachment location, the
values for which are listed in Table 1.

As depicted in Table 1, the difference in determining the reattach-
ment length using the C y or FFP is less than 1.5%. The reattachment
length slightly increases with rising Reynolds number over the range
investigated. The same trend was also found by Spazzini et al.,*
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where Rey was varied from 3.5 x 10% through 16 x 10°. The in-
crease could be attributed to the variation of the boundary-layer
thickness. Both Eaton and Johnston'? and Adams and Johnston'*
found that the reattachment length increased slightly with decreas-
ing boundary-layer thickness. Because the Reynolds number is in-
creased by increasing the freestream velocity in the present study,
the thickness of the boundary layer at separation does in fact de-
crease with increasing Reynolds number.

Another important observation is that the reattachment length
x,/ H reported here is smaller than that in the bulk of the literature,
for example, x,/H =6.00 at Rey; =5 x 10> (Jovic and Driver?),
5.39 at Rey =5.1 x 10° (Spazzini et al.*), 5.1 at Rey; =4.8 x 10°
(Tihon et al.®), and also smaller than the minimum x, (4.9H) re-
ported in the review by Eaton and Johnston.'? But in all of these
studies, either a two-dimensional planar BFS geometry or sudden
expansion of a pipe was used. Although the flow in the sudden ex-
pansion is also axisymmetric, the geometry has concave curvature,
and the boundary-layer characteristics at separation can be different.
Therefore, it is possible that the shorter reattachment length found
here is caused by the geometry difference. Kim et al.'> also found
that the reattachment length in laminar boundary-layer separation
over an axisymmetric BFS, composed of an elliptic-cone-shaped
obstruction placed in front of a cylinder tube, was always shorter
than that of the planar BFS flow. They attributed this phenomenon
to the effect of transverse convex curvature.

To examine the reasonableness of this hypothesis further, the reat-
tachment mechanism needs to be scrutinized. As argued by Eaton'!
and Adams and Johnston,'* the reattachment physics could be at-
tributed to the mass balance between the fluid reentrained into the
shear layer and the pressure-driven backflow. For example, if there
is more pressure-driven backflow, the reattachment length will in-
crease so that the shear layer has a longer length to entrain the
backflow, and the pressure gradient decreases leading to a reduction
in the backflow. On the contrary, increasing entrainment rate to the
shear layer will decrease the reattachment length, which has been
verified in the control experiments of the backward-facing step flow,
for example, Chun and Sung!® and Lai et al.!”

It is conjectured here that because of the axisymmetric geometry
of the BFS the vortical structures at separation are substantially more
coherent in the transverse (azimtuthal) direction than in the planar
geometry and more capable of sustaining higher entrainment rates
than in the planar geometry, leading to a shorter reattachment length.
In the planar geometry, the transverse coherence, or two dimension-
ality, of the vortices is influenced by sidewall effects directly, as
well as indirectly, through the imperfect two dimensionality of the
mean flow itself. The coherence (and energy) of the vortices can be
enhanced through artificial excitation of the flow. Chun and Sung!®
employed local forcing to control the turbulent flow separating over
a planar BFS. The reattachment length was reduced from 7.8H to
5.0H. It was shown that the forcing enhanced the shear-layer growth
rate and produced roll up of a large vortex at separation, leading to
higher entrainment rate and shorter reattachment length. In a similar
manner, one could imagine a highly coherent vortex ring shedding
from the transverse convex curvature at the step and growing quickly
to a large size through pairing interactions, affecting a higher en-
trainment rate.

Another factor to consider in examining x, results is the
ratio of the boundary-layer thickness & just upstream of the
step to step height. In the current study at Rey =13 x 103,
Rey (Reynolds number based on boundary-layer momentum
thickness) =2.739 x 103, §/H = 1.72, and x,/ H = 4.88. This can
be compared with two well-documented experiments in a pla-
nar BFS flow: Rey =39.455 x 10°, Rey; =852, §/H =0.23, and
x,/H =7.95 for Eaton,'! and Rey; =33 x 10%, Rey = 1.340 x 103,
8/H =0.41, and x,/H = 7.8 for Chun and Sung.'® The boundary
layer in all studies is turbulent. The current §/H is the biggest, so
that the reattachment should be the smallest.

B. Mean/rms Skin-Friction Coefficient and FFP
The mean skin-friction coefficient distribution is replotted in
Fig. 13 after normalization of x using x,. Data from the litera-

ture are also added to the figure for the purpose of comparison. The
mean skin-friction plots in Fig. 13 are divided into two parts: for
Rey < 10° (Fig. 13a) and for Rey > 10° (Fig. 13b), in order to show
the data points clearly. Despite differences in the experiments, such
as geometry and Reynolds number, all data sets exhibit the same
trend. From the separation point to x/x, = 0.33, the value of the
mean skin friction is very small and slightly above zero. This region
is referred to as the secondary recirculation zone, or corner eddy.
Kim et al.'’ studied the axisymmetric separation and reattachment
of alaminar boundary layer and were able to identify the corner eddy
only when the diameter ratio of the up and downstream cylinders
at the step was less than 2.0. In the current study, the diameter ratio
is 1.25, and hence the finding of the corner eddy here is consistent
with the conclusions of Kim et al.'3

From x/x, ~0.33 to 1.0, that is, within the primary recircula-
tion region, the mean C; is negative, and the maximum “reverse”
Cy is at x/x, ~ 0.68. Downstream of the reattachment, the mean
C; rises slowly to a steady value at x/x, ~2. The magnitude of
mean C in Tihon et al.’ is generally higher than all other measure-
ments. Hence, these data are not used for comparisons concerning
C; magnitude. The data at Rey =13 x 10° agree well with those
at Rey =10.4 x 10° (Jovic and Driver®) and Rey = 10° (Spazzini
et al.*) except for the region around the maximum negative shear,
where the present data are closer to those from Spazzini et al.*
than the others. Similarly, the data at Rey; = 8.7 x 10° collapse on
those at Rey; = 6.8 x 10° (Jovic and Driver’) and Rey = 5.1 x 10°
(Spazzini et al.*) except for the region around the maximum shear
reversal (x /x, = 0.68). The magnitude of C ; from the current data is
somewhat smaller than that obtained from the other studies around
x/x, =0.68.
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Fig. 13 Comparison of the mean skin-friction coefficient results with
other studies: a) Rey; <103 and b) Rey >103.
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Fig. 14 Minimum skin-friction coefficient vs Rep.

Finally, at the lowest Reynolds number of Rey =4.3 x 103, the
results are consistent with Rey; =3.5 x 103 data (Spazzini et al.*)
upstream of reattachment. However, farther downstream, the data at
Rey =4.3 x 10° are obviously larger than those at Rey; = 3.5 x 10°
(Spazzini et al.*). The discrepancy might be caused by the differ-
ences in the geometry and/or the separating boundary-layer state. In
Spazzini et al.,* the step has planar geometry, and the flow upstream
of the point of separation is a two-dimensional fully developed chan-
nel flow.

Figure 14 depicts the magnitude of the minimum skin-friction
coefficient C s, Which is the maximum skin-friction coefficient
of the backflow, against the Reynolds number. More data points
from Jovic and Driver? are included in the figure for the purpose of
comparison. All data points collapse fairly well onto a straight line
with —% slope when plotted using logarithmic scale. This kind of
power-law relationship between C i, and Rey was also found in
Tihonetal.,’ who included data from Westphal et al.,! Devenport and
Sutton,? and Jovic and Driver.> They concluded that the flow near
the wall in the primary recirculation region is viscous dominated
or laminar like, where the local skin-friction coefficient is inversely
proportional to square root of the Reynolds number.

Despite differences in various experiments, a universal empiri-
cal correlation between C i, and the Reynolds number provides
a fairly good agreement with all data sets. Jovic and Driver® stud-
ied the airflow over a two-dimensional BFS geometry, Tihon et al.’
investigated the skin-friction coefficient inside a water channel us-
ing a two-dimensional BFS geometry, whereas the current study is
concerned with the airflow over an axisymmetric backward-facing
step.

Figure 15 shows a comparison with published results for the
forward flow probability. All of the measurements show an FFP
value that is close to 100% just downstream of the step. This
value decreases rapidly to 50% at x/x, ~0.33, which marks the
boundary between the corner eddy and primary recirculation re-
gion. Downstream of this position, the FFP decreases to 0% fol-
lowed by an increase to 50% again at x /x, ~ 1, or the reattachment
position. The FFP continues to rise until it reaches 100% around
x/x, = 1.33. The x/x, location corresponding to 50% FFP at the
point separating the primary and secondary recirculation zones be-
comes smaller with increasing Reynolds number. This suggests that
the size of the secondary recirculation zone becomes smaller relative
to the primary recirculation zone as the Reynolds number increases.

The observations from Figs. 13 and 15 are quite consistent.
Positive values of the mean skin-friction coefficient correspond to
FFP > 50% (i.e., most of the time the flow is in the downstream di-
rection), while negative C is found at locations where FFP < 50%.
AtFFP =50%, C ;s ~ 0, thus, the consistent agreement found earlier
in determining x, from FFP and C/ (see Table 1). Finally, the loca-
tion of the maximum reverse shear (x/x, ~0.68) is different from
the location of FFP~ 0 (x /x, =0.57).

Figure 16 displays the rms skin-friction coefficient from the cur-
rent measurements and those from the selected studies. The trend
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Fig. 15 Comparison of forward flow probability results with other
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Fig. 16 Comparison of rms skin-friction coefficient results with other
studies: a) Reyy <10° and b) Rey > 10°.

of C’; is the same for all measurements. It increases monotonically
with increasing x, reaching a maximum in the vicinity of the mean
reattachment point, followed by a slow decay thereafter. Qualita-
tively speaking, the C’; results bear similarity to those associated
with the rms wall-pressure fluctuation in Lee and Sung'® and Hudy
et al.,' where the rms pressure rises with increasing downstream
distance till x /x, & 1 and continues to decay afterward.

This suggests that the driving mechanism of wall-shear fluctu-
ations is linked to that of wall-pressure fluctuations. Such a link
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would be consistent with the conclusions of Devenport and Sutton?
that the fluctuations of the streamwise velocity near the wall are
driven by pressure gradient fluctuations imposed by the separated
shear layer. One component of this pressure gradient is that associ-
ated with the low-frequency flapping of the shear layer. The other is
that generated by the momentary passage of the vortical structures
above the point of t,, observation.

The detailed characteristics of the shear-layer vortices were ex-
amined recently by Kostas et al.?’ using particle-image-velocimetry
(PIV) measurements within the separated flow region. They also
proposed that small-scale vortical structures were responsible for
Reynolds stress and turbulent kinetic energy upstream of reattach-
ment while large-scale structures were dominant downstream of
reattachment. Moreover, Scarano et al.2! found that the vortex for-
mation started from x/x, & 0.17 and that the vortices approached
the bottom wall at x /x, & 0.58 in their PIV investigation of a BFS
flow. Owing to their smaller size and larger distance above the wall,
the smaller vortices found near separation presumably have less of
an effect on the wall shear than the larger ones, farther downstream.
The gradual increase in C'; with x/x, is, thus, partly a manifestation
of the increase in energy of the passing vortices and their movement
closer to the wall.

Near the step, the very small skin-friction fluctuation could be
caused by the unsteadiness of the corner eddy, which is associated
with the flapping of the shear layer. Downstream of the reattachment,
C';decays slowly because of the lack of free shear-layer activity
there. The energized vortical structures from the separated shear
layer decay and diffuse as they travel downstream.

Comparing the magnitude of C’; from the vaious investigations,
the data from Tihon et al.> are higher than others, as was the case
with the mean C; results (see Fig. 13). Although the data from
Westphal et al.' and Adam and Johnston'# are close to those from
Spazzini et al.,* they were obtained at a much higher Reynolds num-
ber. Except near x,, the current rms skin-friction coefficient values
at Rey =4.3 x 10° fall between the data at Rey =3.5 x 10° and
5.1 x 103 from Spazzini et al.* At Rey; =8.7 x 10° and 13 x 10,
the current data are smaller than that at Rey =10 x 10° and
Rey =16 x 10, respectively. However, the reader is reminded of
the axisymmetric geometry of the backstep used here, which might
be the cause of some of the observed differences. Additionally, with
the exception of the data from Tihon et al.,’ all other investigations
employed one or more variation of thermal-wake tagging by a heated
wire to detect the flow direction. The present investigation is the first
to employ flow direction detection that is not based on thermal-wake
detection.

It is also interesting to examine the location of the peak rms skin-
friction coefficient. The data from Westphal et al.! and Spazzini
et al.* peak at x/x, ~0.72, Tihon et al.’ at x /x, ~0.76, Adam and
Johnston'* at x/x, &~ 1.25, whereas the current results exhibit the
peak at x/x, =1. It is well documented that the peak rms wall
pressure occurs slightly upstream of the reattachment point in two-
dimensional BFS and splitter plate. Lee and Sung!® found the peak
rms wall pressure at 0.93, Hudy et al.' at 0.92, Driver et al.>> at
x/x,~0.91, and Heenan and Morrsion?® at 0.91. Because of the
limited number of measurement locations, there are no sensor data
available from x/x, =0.9-1.0 in the current study. It is possible
that the maximum rms skin-friction coefficient found here could
be located at x/x, =0.9-1.0, which would be consistent with the
wall-pressure measurements.

C. Power Spectrum Results

The power spectra of the fluctuating wall-shear stress t,, at dif-
ferent locations are plotted in Fig. 17 for Reynolds numbers of
8.7 x 103. To avoid clutter of the plot, each spectrum was shifted up
by one decade relative to that obtained one x location upstream of
it. The spectra magnitudes and frequency f are normalized using
the dynamic head and the reattachment length/freestream velocity,
respectively. The resulting nondimensional quantities are denoted
using an asterisk superscript.

Two primary observations can be made from Fig. 17. First, the
spectrum value decays with increasing frequency at all x locations.
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Fig. 17 Wall-shear power spectra at different x locations for Rey =
8.7 x 10%.
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Fig. 18 Power spectra of the fluctuating wall pressure at different x
locations and Rey =8.7 x 103 (Hudy, private communication, 2003).

This is fundamentally different from wall-pressure spectra, which
exhibit a spectrum peak switch with increasing x. To demonstrate,
wall-pressure spectra measured by L. M. Hudy (private communi-
cation, Michigan State University, East Lansing, Michigan, Nov.
2003) on the same model and at the same Reynolds number of
Rey; =8.7 x 10* are shown in Fig. 18. Unlike 7, spectra, the peak
of the wall-pressure spectrum switches from being within the low-
frequency range near separation to a frequency of f*=0.5 for
x/x, >0.9.

Although no ), spectrum peak is found around f*=0.5 in
Fig. 17, there is a clear “filling” of the spectrum in the vicinity
of this frequency as x increases. This can be identified by the de-
crease in the spectrum slope in the middle range of frequencies as
identified in the figure. For x approximately less than 0.3x,, a slope
of —% is found. At larger x locations, the slope becomes —1. Also at
locations sufficiently far downstream x /x, > 0.8, the spectral slope
at the high-frequency end exhibits a —% slope. This is indicative
of the establishment of an inertial subrange, presumably associated
with the redevelopment of the boundary layer after reattachment.

The rise in the spectrum energy in the middle range of frequencies
(around f*~0.5) as x approaches x, can be seen more clearly by
plotting the spectra on a semilog plot, as seen in Fig. 19. For these
plots, the horizontal axis is log( f*), and the vertical axis is linear and
represents the product of P, x f*. In this fashion, the geometrical
area under the spectra represents the energy level. For example,
the area under the spectra around x/x, =0.06 is smallest, which
corresponds to very small energy, thatis, very small fluctuation of 7,,,.
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Fig. 19 Wall-shear power spectra plotted on semilog scale for different
x locations and Reg =8.7 x 103,

On the contrary, the area under the spectra around the reattachment
position is largest, where the fluctuation is highest.

At x /x, = 0.06, most contributions to the total energy come from
low frequencies for all three Reynolds numbers. The energy con-
tent is concentrated around a frequency of f* A 0.1. Spazzini et al.*
also detected a peak at f* =~ 0.08 in the wall-shear spectra measured
upstream of 0.28x,. A peak at f*~(0.16 was found in the pressure
measurements of Hudy et al.' upstream of 0.25x, . For the locations
downstream of x/x, = 0.30, the buildup of energy up to the reat-
tachment location clearly falls in a frequency range that is centered
around an f* value 0.65 (Fig. 19). This frequency range encom-
passes the passage frequency of the shear-layer vortices, as reported
in the literature. Thus, it is apparent that the increased level of wall-
shear fluctuations is a manifestation of the increased energy and
proximity of these vortices as they approach the reattachment point.

The two frequencies of f*=0.1 and 0.65 were also identified
in the limited wall-shear literature available. For example, Spazzini
et al.* found the low and high frequencies to be f*=0.08 and
1.0, respectively. More abundant observations of these frequencies
are available from wall-pressure measurements. Peak frequencies
of f*=0.11 and 0.50 were found by Lee and Sung'® in BFS flow,
f*=0.12-0.18 and 0.6-0.9 by Hudy et al.'” in a fence/splitter-plate
model, and f* =0.18 and 0.6 by Driver et al.”? in BFS flow.

V. Summary

A high-frequency oscillating-hot-wire (OHW) sensing technique
for measurement of the flow-velocity/wall-shear-stress magnitude
and direction was developed for the first time in the current work.
The calibration and characterization of the OHW sensor were con-
ducted in a Couette flow facility. The new sensor, oscillating at a
frequency of 2.8 kHz, was used to investigate the wall-shear sig-
nature beneath an axisymmetric BFS flow at different streamwise
locations downstream of the step.

The mean reattachment length is found to be smaller than those
reported in the literature for planar BFS flows. It is hypothesized
that the reduction in the reattachment length is caused by enhanced
entrainment of the separated shear layer in the axisymmetric case
and/or transverse curvature of the test model. The distribution of
mean and rms skin-friction coefficient is consistent with the wall-
shear literature. The power spectra of fluctuating wall shear re-
veal two characteristic frequencies: shear-stress unsteadiness with
f*=0.1 was found to be dominant very close to the step; and wall-
shear fluctuation with f* =2 0.65 dominated farther downstream po-
sitions. Comparison of wall-pressure and wall-shear spectra shows
some difference. In wall-pressure spectra, the spectral peak switches
from the lower frequency corresponding to shear-layer flapping to
the higher frequency associated with vortex passage as x increases
beyond the reattachment location. This peak switching was not ob-
served in wall-shear spectra.
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