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Introduction

M EASUREMENT of the space–time characteristics of the
unsteady surface shear stress and pressure in separated flows

is significant for validation of computational codes, developing
physics-based models of flow-induced noise and vibration, and
feedback flow control. Examples include validation of the computed
surface stress signature of the large-scale structures in a large-eddy
simulation and development of low-order models for estimating the
flowfield from surface measurements to provide nonintrusive, flow-
state information in feedback control of a separated flow.

Although there has been a wealth of information on single- and
multipointmeasurements of the unsteady surface pressurep0 beneath
canonical and noncanonical separation bubbles (e.g., Cherry et al.
[1], Heenan andMorrison [2], Lee and Sung [3], Hudy et al. [4], and
Greenblatt et al. [5]), the same is not true for the surface shear stress
�0. This is caused by the difficulty in measuring the direction-
reversing shear stress beneath the separation bubble. Fernholz et al.
[6] did a comprehensive review of wall-shear-stress measurement
techniques and concluded that only wall hot wires (i.e., hot wires
placed in the viscous sublayer but not in contact with the wall) and
pulsed wires (Westphal et al. [7]) were capable of measuring the
unsteady wall shear accurately. However, wall hot wires can not be
used in cases involving flow reversal.Wall pulsedwires, on the other
hand, measure the wall-shear magnitude and direction, but their
frequency response is limited to tens of hertz.

In recent years, a number of studies sought to overcome the
difficulty in measuring the wall shear stress in separated flows by
developing new sensing approaches. In particular, Spazzini et al. [8]
developed a wall-mounted double hot-wire probe; Tihon et al. [9]
reportedmeasurements using a three-segment electrodiffusion probe
in a water channel; and Li and Naguib [10] employed a high-
frequency oscillating hot wire (OHW). All of these studies reported
single-point measurements in a backward-facing-step flow.

Although this information is useful in understanding the temporal
behavior and single-point statistics of thewall shear stress, it does not
reveal the associated space–time behavior. To capture this behavior,
the present investigation employs two OHW sensors to obtain the
two-point, streamwise wall-shear-stress correlation in an axisym-
metric backward-facing-step flow. The results are compared with
their counterpart based on surface-pressure measurements on the
same model.

Experimental Setup

The axisymmetric, backward-facing-step model is formed from a
cylindrical surface that abruptly steps down in diameter from 0.124
to 0.10m at 1.214m downstream of the model’s hemispherical nose,
as seen in Fig. 1. The model is placed at the center of a low-speed,
open-circuit, wind tunnel where the freestream velocityU1 is set to
10 m=s. Measurement of the mean streamwise velocity profile
immediately upstream of the separation point exhibits azimuthal
uniformity better than 10% of the azimuthal average. The separating
boundary-layer Reynolds number based on momentum thickness is
2057; the corresponding Reynolds number based on the step height
H is 8700. As reported in Li and Naguib [10], the mean reattachment
position xr is at 4:64H.

Figure 2 shows a schematic drawing of the OHW sensor
construction. The sensor is mounted in a wall plug, the top surface of
which has a curvature matching that of the surface of the test model
downstream of the step. The prongs of the hot wire are attached using
epoxy to one end of a piezoelectric beam, and protrude through
0.51 mm-diam holes in an acrylic insert in the wall plug. At the
opposite end of the prongs, the piezoelectric beam is rigidly fixed
using a clamp made out of phenolic to electrically isolate the
piezoelement’s electrodes. The OHW sensor is driven to oscillate
sinusoidally with/against the flow with an amplitude of a few
microns and a frequency of 2.8 kHz. This imposes a high-frequency,
small-amplitude sinusoidal signal onto the usual hot-wire output.
Thewall-shear-stress direction is determined from the phase between
this sinusoidal signal and the piezoelement’s driving voltage (a 180-
deg jump occurs with the change in flow direction), and the
magnitude is obtained from the low-pass filtered OHW output, after
removal of the imposed oscillation. Because a full oscillation cycle
must be completed before the direction is determined, the sampling
frequency of the velocity time series is the same as the oscillation
frequency. For more details, the reader is referred to Li and Naguib
[10].

To extract the wall-shear-stress information from hot-wire
measurements, the hot wire is placed very close to the wall
(<100 �m), such that the velocity variations in the wall-normal
direction may be approximated satisfactorily with a linear function,
and the wall shear stress is directly proportional to the measured
velocity. The validity of this approximation was checked by
repeating themeasurements for several sensor heights above thewall
to ensure that the results are independent of the hot-wire location (see
Li and Naguib [10]).

To calibrate the hot-wire output voltage directly against the wall
shear stress, a Couette flow facility was constructed using two
parallel discs (one rotating and the other stationary) that are separated
by 0.6 mm gap. The facility enabled calibration of the wire in the
range of 0–0.7 Pa which encompassed the shear-stress range
encountered in the flow. Significant to this method of calibration is
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the ability to produce very small values of the shear stress and to
validate the sensor’s directional response by spinning the rotating
disc in opposite directions. For all data presented here, calibrations
conducted immediately before and after acquisition of the data
agreed to within less than 1%. A detailed description of the Couette
facility, calibration process, and validation of single-point
measurements can be found in Li and Naguib [10].

Two OHW sensors are used in the current study. One sensor
(hereafter referred to as the reference sensor) is placed at a fixed
position xref and the other sensor (hereafter termed the movable
sensor) is moved along the streamwise x direction. The two sensors
are assembled together with spacers to form awall plug that fits into a
matching wall opening downstream of the backstep. The height of
the wire above the wall is 97 and 82 �m for the movable and
reference sensors, respectively. Both wires are operated in the
constant temperature mode with the overheat ratio set to 1.6. The
reference sensor location is 5:06H downstream of the step
(xref=xr � 1:09), whereas the movable sensor is placed at 14
different locations extending from the step to x=xr � 2:15. During
data acquisition, the movable sensor’s location is kept fixed; thus, to
compile the entire data set, the experiment is repeated 14 times.

Results and Discussion

The cross correlation C�1�2 of the �
0 time series, measured at xref

with the �0 signal recorded by the movable sensor at different
locations, is shown using a flooded, gray-level, contour plot in Fig. 3.
The abscissa represents the nondimensional streamwise location of
the movable sensor (measured from the step) and the ordinate gives
the correlation time delay �t normalized by the freestream velocity
and step height. Note that �t represents the delay of the movable
relative to the reference sensor’s signal. Also, the correlation value is
normalized by the product of the root mean square (rms) of the shear
stress at the movable and reference sensors’ locations. To enhance
the visibility of low-valued correlations, the upper end of the gray-
level scale is truncated at 0.5; hence, the contour plot saturates in the
neighborhood of the reference sensor location (x=xr � 1:09) and
�t� 0 where the correlation coefficient has a value near unity. The
results in Fig. 3 suggest that the �0 signature is associated with a
downstream-traveling disturbance, where the peak correlation shifts
toward negative time delay with increasing distance downstream of
the step.

Figure 4 (top) shows line plots of C�1�2 results at selected x=xr
locations. For comparison purposes, the wall-pressure cross-
correlation coefficientCp1p2 at streamwise locations, similar, but not
exactly equal, to those ofC�1�2, are shown in the bottompart of Fig. 4.
The Cp1p2 results are obtained from wall-pressure-array measure-
ments by Hudy et al. [4] on the same test model and under the same
flow conditions. Note that the cross correlation is obtained from the
inverse Fourier transform of the cross spectrum. The latter was
calculated from an average over 328 and 256 data records, resulting
in a randomuncertainty of 5.5 and 6.25% for thewall shear stress and
pressure, respectively. It is evident that both C�1�2 and Cp1p2 results
reflect the existence of a downstream-traveling disturbance. In fact,
the convection speed of this disturbance is practically identical if
calculated from the wall-pressure or shear-stress results. This may be
seen in Fig. 5,where the time delay�tp corresponding to the positive
peak of C�1�2 and Cp1p2 is plotted versus the streamwise location of
themovable sensor. The agreement between the�tp values obtained
from C�1�2 and Cp1p2 is very good. To obtain the corresponding
convection velocity, a least-squares, straight-line fit to the data in
Fig. 5 is obtained (shown using a solid line). The inverse slope of this
line gives an average convection velocity of 0:48U1 over the
streamwise domain of the measurements. However, Hudy et al. [4]

Fig. 1 Schematic drawing of the test model (dimensions in meters).
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Fig. 2 Drawing of the OHW sensor plug (dimensions in millimeters): end (left) and side (right) views.
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showed that a quadratic fit describes the variation of thewall pressure
�tp with downstream distance more accurately (see broken line in
Fig. 5). The quadratic fit implies an increase in the convection
velocity with downstream distance, that is, acceleration of the
traveling disturbance. From simultaneous particle image velocim-
etry and wall-pressure measurements, Hudy et al. were able to
associate this acceleration with wakelike vortex structures that form,
while stationary in place at x=xr � 0:5, from the roll up of the
separating shear layer and subsequently convect downstream. This is
also consistent with the results in Fig. 3, where the inclinedC�1�2
contours depicting the convective disturbance are only found
downstream of x=xr � 0:5.

Although C�1�2 and Cp1p2 imply the same convective flow
structure, they exhibit some notable differences. In particular, it is
clear fromFig. 4 thatC�1�2 values are substantially smaller than those
of Cp1p2 at the same x=xr location. Moreover, C�1�2 curves do not
possess a negative correlation peak similar to that seen in the Cp1p2
results. It is believed that these differences are related to the nature of
�0, which is broadband and dominated by low-frequency
disturbances, as seen in Fig. 6. The figure depicts a comparison
between �0 and p0 spectra at the reference sensor location. Note that
both spectra are normalized by the corresponding fluctuation energy
to compare the plots on the same graph. It is interesting to observe
that although the wall-pressure spectrum has a broad peak at
fH=U1 � 0:06 (which was shown by Hudy et al. [4] to correspond
to the convective structure frequency), the wall-shear-stress
spectrum does not show any preferred frequency.

In an attempt to understand the stark difference in the spectrum
shape of the wall shear stress and wall pressure, the ideas of
Devenport and Sutton [11] are employed. These authors proposed a
one-dimensional model in which the near-wall streamwise velocity
fluctuation (and hence the associated fluctuating, streamwise wall
shear stress) is driven by the fluctuating pressure gradient (@p0=@x)
imposed by the separating shear layer from above. Employing this
model, it is straightforward to show (Li [12]) that, at a given
frequency, the rms �0 fluctuation is proportional to �@p0=@x�=

����

!
p

(where !� 2�f is the angular frequency). The denominator of the
latter quantity results from viscous damping, which becomes
progressively larger with increasing frequency. Figure 7 provides a
comparison between the normalized �0 and �@p0=@x�= ����

!
p

spectra.
The comparison is shown at three different streamwise locations:
upstream, near, and downstream of xr. Although obtained from p0

data, qualitatively, the �@p0=@x�=
����

!
p

spectrum is quite similar to that
of the wall shear stress, that is, broadband, dominated by low
frequencies, and does not exhibit evidence of the vortex-passing
frequency. This suggests that the “smearing” of the vortex-passing
signature in the shear-stress spectrum is related to the viscous
damping term

����

!
p

, which attenuates high frequencies relative to low
ones. In turn, this weakens, although does not eliminate altogether,
the �0 two-point correlation values associated with the convective
flow structure in comparison to their pressure-based counterpart
(Fig. 4). Quantitatively, the normalized �0 and �@p0=@x�= ����

!
p

spectra
agree best near the mean reattachment point. Upstream of
reattachment, the �0 spectrum decays slower with increasing
frequency. Downstream of reattachment, the opposite takes place.
Thus, the one-dimensional model of Devenport and Sutton [11] is,
strictly speaking, most applicable in the vicinity of the mean
reattachment location. Devenport and Sutton provided support for
their model using pulsed-wire measurements of the rms streamwise
velocity fluctuation. They did not, however, provide spectral
information, nor did they have access to surface-pressure
measurements under the same flow conditions to provide
spectrum-based validation of the model as done here.
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Conclusions

The recently developed oscillating hot-wire sensing technique is
used to conduct two-point, surface-shear-stress measurements
beneath the separation bubble of an axisymmetric, backward-facing-
step flow. It is found that, although the wall-shear-stress spectra do
not exhibit a peak at the passage frequency of the separating-shear-
layer vortices, the signature of the convecting structures is evident in
the two-point correlation. The convection speed implied from the
latter is in agreement with that obtained from wall-pressure-array
measurements in the same flow. By examining the results, in light of

the one-dimensional model of Devenport and Sutton [11], the
smearing of the vortex-passage frequency in the wall-shear-stress
spectra could be linked to viscous damping of higher-frequency,
wall-shear-stress fluctuation. Moreover, it is found that Devenport
and Sutton’s one-dimensional approximation is most accurate in the
vicinity of the reattachment point.
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Fig. 7 Comparison between the true and pressure-gradient-derived
wall-shear-stress spectra.
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