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Techniques for the Experimental Investigation of the
Near Wake of a Circular Cylinder

R. W. Wlezien* and J. L. Wayt
Illinois Institute of Technology, Chicago, III.

Several techniques used in an experimental investigation of the near wake of a circular cylinder in crossflow
for Reynolds numbers from 5800 to 10,400 are discussed. A thermal tag is applied to one of the cylinder
boundary layers prior to separation, and the instantaneous strength of the contaminant is detected downstream
by an array of high resolution differential resistance thermometers. A generalized form of phase conditioning is
used to determine phase-averaged properties of the amplitude and frequency modulated wake. Examples of
results obtained using the present techniques are given, including typical phase-conditioned mean and rms wake
temperature profiles, and statistics of the amplitude and frequency modulated phase reference signal.

Nomenclature
A = instantaneous amplitude of a modulated signal
D = diameter of the circular cylinder
/ = frequency
fs = sampling frequency of digitized data
Hi = Hilbert transform
/ = imaginary unit
Ld — diffusion length scale
Ly — formation length scale
r — real bandlimited function
f = Hilbert transform of r
R — Fourier transform of r
R = Fourier transform of f
Re = Reynolds number based on cylinder diameter
/ =time
u = velocity component in ̂ direction
U = phasing velocity = Vw2 + v2

UL = phasing velocity with periodic content suppressed
UR = periodic component of phasing velocity
£/«, = freestream velocity
v = velocity component in Y direction
X =streamwise coordinate nondimensionalized with

cylinder radius
Y = cross-stream coordinate nondimensionalized with

cylinder radius
z = complex analytic signal
6 = deviation from freestream temperature
£ = Hilbert transform dummy variable
c/> = instantaneous phase of a modulated signal

Introduction

A PICTURE of shear flow turbulence is emerging which is
characterized by an assembly of repetitive, though not

strictly periodic, structures that interact strongly as they move
with the flow, with the large-scale structures remaining
coherent over large downstream distances. The wake of a
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bluff body is a flowfield in which the formation and evolution
of these structures can be observed readily. In order to lay the
groundwork for measurements relating to wake evolution,
techniques have been developed for the study of wake for-
mation. The underlying mechanisms of the near wake have
proved to be particularly elusive, and the methods presented
here rely on the nearly periodic nature of the flow around a
cylinder to develop a spatial picture of the wake. These
techniques utilize an extension of periodic conditional
sampling to processes that are not strictly periodic, but which,
like the near wake, are modulated in both amplitude and
phase.

Based on experiments and qualitative observations, the
vortex shedding phenomenon has been classified into several
distinct regimes summarized by Morkovin. l The regime of
particular interest here is termed "subcritical," and is
characterized by transition to turbulence after boundary-layer
separation, with the transition point approaching the cylinder
with increasing Reynolds number. Although this regime
extends from Re-300 to /?<?-1.3 x 105, the techniques
discussed here have only been applied in the range
5800 </te<l 1,600.

An interesting aspect of this regime is the relative in-
sensitivity of Strouhal number to Reynolds number. Gerrard2

has postulated that this is a consequence of opposing
mechanisms in the near wake. The downstream distance at
which the Karman vortex forms decreases with increasing
Reynolds number, and this tends to increase the eddy shed-
ding frequency. But the shear layers become unstable sooner
after separation, so the vorticity is more diffuse at the point of
eddy formation and the shedding frequency tends to be
reduced. These offsetting mechanisms could account for the
constant Strouhal number. Gerrard has proposed two wake
length scales, the formation length Lf and the diffusion length
Ld, which are characteristic of these mechanisms.

Lf is a measure of the downstream distance at which the
Karman vortices are formed. Bloor,3 Bloor and Gerrard,4

and Schaefer and Eskinazi5 have used various single-point
measurement techniques to infer this length scale, but its
definition remains somewhat arbitrary. Even more vague is
the concept of LdJ a scale indicative of the diffusion of the
separated shear layer with increasing downstream distance.
Gerrard6 used a two-sensor technique to estimate the in-
stantaneous shear layer thickness, but more objective
methods for scaling the near wake remain to be developed.

Another characteristic that further complicates a
mechanistic understanding of the near wake for subcritical
Reynolds numbers is the low-frequency wake modulation, an
order of magnitude lower in frequency than the eddy shedding
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(see Bloor3 and Maekawa and Mizuno7). Rather than being
strictly periodic with a well-defined shedding frequency, the
wake is a modulated, polychromatic flowfield, characterized
by spectra having peaks of finite bandwidth.

Phase conditioning has been used to advantage in the study
of strictly periodic flowfields found in rotating machinery.
Phase-conditioned averaging permits the conversion of single-
point temporal data taken at many spatial positions during
the independent experimental runs into average spatial data at
a particular phase of the periodic flow. Near-wake temporal
measurements, such as those by Maekawa and Mizuno7 and
Toebes,8 while yielding valuable insight into wake
mechanisms, are also open to subjective interpretation.
DeCoster and Kibens,9 Cantwell,10 and Davies11 have
demonstrated the power of phase conditioning in wake flow.
The technique presented here is a generalization of phase
conditioning that is applicable to processes that are
modulated both in amplitude and frequency.

Analysis
Phase-conditioned averaging techniques have been used by

several workers in the study of wake flow. DeCoster and
Kibens9 treated the velocity fluctuations in the wake of a disk
as the sum of mean, strictly periodic, and random com-
ponents. Peak values in a velocity signal in the wake were used
as a phase reference, and the periodic component of the wake
velocity was then determined by ensemble averaging across
many periods of the shedding cycle, using the reference signal
peaks to initiate each realization at the ensemble. Davies11

employed a similar technique in the wake of a D-shaped
cylinder. Maxima in the signal obtained from a hot wire that
senses fluctuations induced in the potential flow outside the
wake were taken as the phase reference, and were used to
trigger an ensemble average of velocity time series two
Strouhal periods in length. Cantwell10 utilized a modified
technique in the wake of a circular cylinder. The modulated
signal obtained from a surface pressure port was filtered and
then tracked by a phase locked loop. The time interval be-
tween the initiation of two successive cycles was subdivided
into 16 equal phase increments and all velocity samples oc-
curring within a particular phase window were averaged.

Each of these techniques has its particular advantages and
limitations. The methods of DeCoster and Kibens, as well as
Davies, require only the determination of maxima in the
reference signal to trigger the averaging. It is then a
straightforward process to ensemble average the time series in
the proximity of the phase reference. However, as Davies11

says, "... the pattern at the edges of the cycle will become
smeared if the period is too variable." In other words, if there
is significant frequency modulation, the triggered ensemble
averaging of time series will not be equivalent to true phase
averaging. DeCoster and Kibens limit the periodic averaging
to times when the phase reference signal passes a certain
periodicity criterion, but it is not clear that this criterion will
eliminate the smearing due to frequency modulation.

It is possible that the sharp separation lines of the disk and
D-shaped cylinder limit the frequency modulation in these
wakes. Mattingly,12 in dye visualization studies in the wake of
a circular cylinder, concludes that the axial irregularity in a
wake vortex line produces a similar irregularity in the
separation line, and this irregularity is then propagated to
subsequent vortices. This modulation mechanism would be
inhibited for bodies having fixed separation lines; therefore,
the averaging techniques used by DeCoster and Kibens,9 and
Daviesl l might well be adequate.

The wake of a circular cylinder is amplitude and frequency
modulated (see Fig. 5), hence greater care must be used in
obtaining a phase-conditioned average. CantwelPs10

technique takes the cycle-to-cycle variability of the period into
account by linearly interpolating the phase between the end
points of each cycle. The use of a phase-locked loop makes the

hardware a little more complicated, but the phase com-
putation is a straightforward linear interpolation. Its use is
limited to signals having a frequency modulation, such that
the frequency does not change very fast within a cycle, but
instead changes slowly from cycle to cycle.

The technique used here is a generalization of the phase
conditioning concept which is useful even when the
modulation is large (or fast). It involves the application of a
Hilbert transform (realized here as a digital filter) to a band-
limited signal and the construction of a complex rotating
vector from which phase, frequency, and amplitude can be
directly computed at each sample time. These time series,
which correspond to sampled continuous functions, can be
treated as any other time series. For example, the in-
stantaneous amplitude can be used to further condition the
wake statistics, and the phase, frequency, and amplitude time
series themselves can be analyzed statistically.

Figure 1 is the normalized power spectral density for the
phasing signal U obtained in the potential flow near the
separation line of the cylinder boundary layer. Although there
is a distinct peak in the spectrum, this peak has a finite
bandwidth characteristic of modulated signals. The velocity
fluctuations contributing to the energy in this peak are a result
of the flow induced by the Karman vortices, and are therefore
indicative of the phase of the shedding process.

The first task in processing this phasing signal is to band-
limit the signal to remove the undesired fluctuations outside
the band of interest. Although it is possible to apply an analog
bandpass filter to the signal before processing, nonrecursive
finite impulse response (FIR) digital filters offer distinct
advantages for this application. Since a phase angle is the
quantity to be computed, any device (such as an analog filter)
that introduces phase shifts into the data is undesirable. It can
be argued from a causality standpoint that a real-time analog
filter without phase shifts is impossible to construct. This
causality problem does not apply to recorded digital signals
because it is possible to look forward as well as backward in
time. By using a nonrecursive digital filter which has an
impulse response symmetric about zero time, no phase shifts
are introduced into the data (see Ref. 13). This is equivalent to
knowing the magnitude of a signal before it actually occurs in
a real-time situation.

Mathematical techniques have been developed for con-
structing the instantaneous phase and amplitude of a band-
limited function. It has its basis in the definition of an en-
velope given by Rice14 for a function consisting of a finite
sum of cosines, each having a distinct magnitude and phase.
Rice's formula is very cumbersome, and its analytical use and
explicit calculation is very difficult, except for simple signals.
Dugundji15 demonstrated that an envelope of a modulated
signal equal to that given by Rice can be calculated by using a
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Fig. 1 Power spectrum of phasing signal.
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Hilbert transform to construct a pre-envelope or analytic
signal. The concept of an analytic signal was first introduced
by Gabor,16 and it permits a straightforward calculation of
the instantaneous phase and amplitude for a given band-
limited signal. Born and Wolf 1 7 have used this representation
of real polychromatic fields in the theory of partially coherent
light.

Given a real function r ( t ] , the Hilbert transform is defined
by the infinite convolution:

r ( t ) = H i [ r ( t ) ] = -
7T -oo — /

(1)

If R(f) is the Fourier transform of r ( t ) , then /?(/), the
Fourier transform of f ( t ) , i s :

R (/)=
f>0

f=o
f<0

(2)

Hence, the Hilbert transform is an all-pass filter which
changes the phase of each spectral component by + ir/2 for
positive frequencies by — Tr/2 for negative frequencies.

If a complex function z ( t ) is constructed, such that,

Z(t)=r(t)-ir(t) (3)

where z ( t ) is called an analytic signal, or the pre-envelope of
/ * ( / ) , then r ( t ) can be said to be the real part of the complex
rotating vector z ( t ) (see Fig. 2) . The functions r ( t ) and z ( t )
are uniquely specified by r ( t ) , and if z ( t ) is expressed in the
polar form

z(t)=A(t)e« (4)

then A ( t ) i s the instantaneous envelope of z ( t ) and r ( t ) ,
while 0(0 is the instantaneous phase.

A property of the function z ( t ) is that its Fourier transform
Z(/) vanishes for all negative frequencies. In fact, z ( t ) can be
constructed by computing R (/), setting R (/) equal to zero
for negative frequencies, and then inverse transforming to get
z ( t ) . In practice, however, this can only be done for time-
limited functions (like the turbulent spots of Caster18)
because the Hilbert transform is an infinite convolution. In
this work, a finite impulse response approximation of the
Hilbert transform is used to overcome this limitation.

Experiment
In order to follow the mechanics of the near wake, the

vortical fluid in the separated region behind the cylinder must
be detected. Due to the wide range of velocity magnitude and
direction in the near wake, conventional hot-wire velocity

measurements are extremely diff icul t , although novel ap-
proaches such as the flying hot wire of Cantwell1 0 have been
successful. Based on previous experience with thermal
tracers,19 the tracer technique was chosen as most viable for
the present work. A slight amount of heat is transferred into
one of the cylinder boundary layers before separation; for a
fluid having a Prandtl number near one, the thermal boun-
dary layer is of the same order of thickness as the momentum
boundary layer. All the vortical fluid in one of the separated
shear layers is tagged at its source, and this easily identifiable
scalar indicates the downstream motion of the vorticity.

The cylinder model is a 5-cm-diam pyrex glass tube with a
25-deg arc of its surface coated with a thin gold film for use as
a resistance heater (Fig. 3). The film is produced by firing a
metallorganic compound to a cylinder surface at high tem-
peratures. Because the film is only about 1000 A thick, it
produces no disturbance in the cylinder boundary layer. Early
experiments indicated that the cylinder heating is not localized
to the strip. Under steady-state conditions, the entire cylinder
attained a temperature slightly above ambient and vorticity in
both cylinder boundary layers received the thermal tracer. A
two-dimensional, finite-difference model showed that coolant
water circulated through the cylinder model and maintained
at the same temperature as the ambient air would localize the
cylinder heating to the near vicinity of the gold strip. A
recirculating water system was constructed, and through the
duration of the experiment, the water temperature was never
allowed to deviate more than 0.04° C from the ambient wind-
tunnel temperature. For a 60-cm-long heating strip, the
typical power input was 60 W, resulting in a maximum air
temperature of 2° C above ambient.

Measurements were conducted in the 90 x 60 cm high-speed
test section of the I.I.T. Environmental Wind Tunnel. Since
the 60-cm-long cylinder has a length-to-diameter ratio of 12,
end plates were designed to effectively isolate the cylinder
wake from the tunnel sidewall boundary layers. Flow
visualization studies were conducted using smoke in the I.I.T.
Flow Visualization Wind Tunnel, and the results indicate two
primary considerations in end plate design. Upstream of the
cylinder, the plates should be blunt enough to prevent flow
separation, but large enough to prevent the stagnation
streamlines from curving toward the wind-tunnel walls. The
upstream portion of the plate should extend no more than
about D/4 ahead of the cylinder with a thickness of about
D/8. Downstream of the cylinder, the plates should be large
enough to prevent communication between the near wake and
the side wall boundary layers. The end plates used in this work
extended about 4D downstream of the cylinder.

The phasing velocity signal was obtained by placing a hot-
wire sensor parallel to the cylinder just outside the boundary
layer near the separation line, as shown in Fig. 3. The
magnitude of this signal was sufficiently small compared to
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Fig. 3 Schematic of near-wake experiment.
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the mean freestream velocity that no linearization was
required. The signal was merely biased to a zero mean,
amplified, and digitized.

The temperature measurements were bound by several
constraints, including compensation for ambient temperature
drif t , high-frequency response, high resolution, and minimum
flow interference. In order to reduce experiment run time to a
reasonable duration, a 6-sensor probe was constructed to
allow simultaneous temperature measurements at several
spatial positions. Platinum-10% rhodium wires of 0.5 /*m
diameter were used as resistance thermometers, and they
exhibited a frequency response of about 1-2 kHz. To com-
pensate for wind-tunnel ambient temperature drift, the
multichannel thermometer circuit described by Wlezien and
Way20 was constructed. This circuit uses a single ambient
sensor to compensate all six wake sensors, and is exactly
linear in wake-sensor resistance. With additional am-
plification, the thermometer circuitry provided a sensitivity of
4 V/°C with a noise level equivalent to 0.01 °C rms.

The thermometer probe was of special low-interference
design, since flow visualization diagnostics indicated that any
body having a large stagnation area can drastically alter the
near wake. A two-sided printed circuit board with conductors
etched into its surface was mounted parallel to the mean flow,
and jewelers broaches were soldered to pads on the board at a
45-deg angle to form the sensor supports. The sensors were
mounted parallel to each other, 0.254 cm apart. Because of
their extreme fragility, any vibration of the long broaches
would result in sensor destruction, so a truss consisting of fine
glass fibers was constructed about 1 cm from the sensors to tie
the broaches together. This was sufficient to protect the wires
from breakage during the course of all the experiments.

Data Acquisition and Processing
The LIT. data acquisition and processing system was used

to sample and digitize analog data and to perform a portion
of the data processing. The system is built around a PDP-
11/10 processor, with a 16-channel, 12-bit analog-to-digital
converter used for signal acquisition. Data are acquired
directly into memory using a programmable clock to set the
sampling rate, and the digital data are then stored on
magnetic tape for further processing. Other peripherals in-
clude a graphic display and hard copy unit, a hardware
multiply/divide unit, and a 60-cycle line frequency clock. A
more detailed description of the system is given by Way.21

The majority of the data processing was accomplished on the
LIT. Univac 1108 computer, a large time-shared system.

In a typical data acquisition configuration, data are
sampled and stored in memory until an entire block is
completed, then the sampling is stopped and the data are
recorded on tape. When digital filtering is required, it
becomes desirable to acquire long blocks of continuous data.
Due to hardware limitations, particularly in computer
memory size, it is not desirable to have physical magnetic tape
record lengths of more than a few thousand samples.
Therefore, it becomes necessary to write the data on tape in
multiple blocks with the data continuous between blocks. The
flexibility of the computer-based acquisition system permits
continuous acquisition using a double buffering technique.
Data recorded at each spatial position consists of essentially
one continuous time series of 153,000 samples.

Data were acquired at three Reynolds numbers using the
continuous acquisition program. Due to the change in
shedding frequency with Reynolds number, the sampling rates
were adjusted so that the number of samples per shedding
period was maintained at approximately 74. This essentially
nondimensionalized the data with respect to sampling
frequency so that identical filters could be applied to the data
for all three runs. Temperature data were acquired at 80 probe
positions in the wake, resulting in 480 individual temperature
time series, each containing 200 Strouhal cylces of data. In
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Fig. 4 Frequency response plots of FIR: a) bandpass filter; b)
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addition to the six temperature channels, the phasing velocity
was also simultaneously acquired and recorded digitally on
magnetic tape.

The discrete implementation of a bandpass filter and
Hilbert transformer requires a certain amount of care. Given
a filter response in the frequency domain, the time domain
representation will, in general, be infinite in duration. An
approach known as finite impulse response filtering involves
the approximation of an infinite impulse response by a finite
sequence. A naive way to determine this finite sequence is to
simply truncate the infinite sequence. This can lead to large
errors in frequency response due to Gibbs phenomenon. An
optimization program written by McClellan and listed in
Rabiner and Gold13 has been used to generate the optimal
equiripple filters used in the present work.

Since the sampling rate corresponds to 74 samples/Strouhal
cycle, the phasing signal is grossly oversampled. The energy in
the sampled signal is concentrated in an extremely small band
relative to the Nyquist frequency; hence, the required digital
filter would need to have sharp changes in amplitude response
over a very small frequency band. This can only be ac-
complished by using a very long and computationally inef-
ficient digital filter.

In order to produce a more reasonably sampled signal, the
sampling rate must be effectively reduced through data
decimation before an efficient filter can be constructed.
Decimation by eight, that is, using only every eighth value of
the phasing signal time series in computations, yields a more
reasonably sampled signal. However, this decimation cannot,
in general, be carried out blindly. Only if the signal has
negligible spectral content at frequencies above the decimated
Nyquist frequency will be the decimated signal be free from
aliasing.

The frequency response of the filter used to process the
phasing signal is shown in Fig. 4a. This filter has a 63-point
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impulse response, and bandpass filtering is accomplished by
digitally convolving the filter with the decimated phasing
signal time series. This particular filter was chosen after a
parametric run of the design program; a general conclusion is
that low error can only be achieved at the cost of filter length
and selectivity.

The Hilbert transformer is implemented as a relatively
short digital filter. The primary problem in designing a
Hilbert transformer is the step discontinuity in the frequency
response about zero frequency. The 31-point Hilbert trans-
former used to process the present data was also designed
using the McClellan program, and its frequency response is
shown in Fig. 4b.

Care must be also be taken when convolving the filter
weights with the sampled data, as a portion of the time series
required to start the filters is lost in the filtering process. For
the 63-point filter and the 31-point Hilbert transformer, a
total of 46 data values are lost. The continuous acquisition
process permits the filtering to be continued across record
gaps, resulting in a significant reduction in lost data.

In order to be able to conditionally sample all the acquired
temperature data, the sampling rate of the computed phase
and amplitude functions must be restored to that of the
original phasing signal. This requires an interpolation routine
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Fig. 6 Power spectrum of frequency computed from phasing signal.

to increase the sampling rate by a factor of eight. Since the
results of the phase and amplitude computations are functions
which are not aliased, the interpolation process can also be
accomplished through filtering (see Crochiere and Rabiner22).
The missing data are simply filled with zeros and, after low-
pass filtering, the sampling rate is increased without altering
the shape of the signal spectrum.

Results
Examples of results obtained for Re - 7600 will be discussed

here to demonstrate the scope of the present techniques.
Figure 5a is a sample of the phasing velocity signal which has
the power spectrum of Fig. 1. Two features should be noted:
there is modulated periodicity in a band near 10 Hz and there
are less regular fluctuations at lower frequencies. The content
near 10 Hz can be immediately identified with the Strouhal
frequency of the wake, and a similar periodicity is exhibited in
the simultaneous wake temperature signal of Fig. 5b. The
fluctuations in the temperature signal appear to be phase
related to the periodic part of the phasing signal, although
there is variation in the temperature signal from cycle to cycle.

The digital bandpass filter is applied to the phasing signal to
extract the periodic content, and this yields the signal UR
shown in Fig. 5c. The low-frequency fluctuations are no
longer present and UR is in phase with the periodic variations
in U. The analytic signal is then constructed, with UR taken as
the real part and URt its Hilbert transform, taken as the
negative imaginary part. Amplitude and phase can be
determined from this pre-envelope through Eq. (4).

Figure 5d is the instantaneous amplitude computed for this
segment of UR. It varies slowly in comparison with the
shedding frequency and a simple visual evaluation of several
records indicates a somewhat ramp-like structure, slowly
growing and decaying. The amplitude modulation is rather
large in magnitude, with a root mean square value equal to
30% of the mean.

The phase function of Fig. 5e is computed as the in-
stantaneous angle that the complex vector z ( t ) makes with the
positive real axis (see Fig. 2). It is a continuous function of
time, except when a branch cut is made to keep the phase on a
single branch of the complex plane. Although <j> appears to
have a constant slope or frequency, further analysis of the
data verifies the presence of frequency modulation. The
frequency time series is formed by numerically differentiating
the phase time series. For these data, the rms frequency
modulation is 4% of the mean, or about 0.4 Hz, with the peak
deviations, of course, being considerably greater.

The time series computed through this decomposition can
be treated as any other time series in order that statistics such
as correlations and spectra can be computed. For example,
Fig. 6 is the power spectrum of the frequency time series.
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Although it might be unusual to discuss the frequency
distribution of frequency fluctuations, this statistic is simply
an indication of how fast the Strouhal frequency is being
modulated. The sharp peaks near 10 and 20 Hz are a con-
sequence of the discrete Hilbert transformer. These peaks can
be made arbitrarily small by increasing the duration of the
Hilbert transformer. The broad peak around 4 Hz is of
particular interest because it yields some insight into the
frequency deviations in the wake. This peak corresponds to
approximately 40% of the Strouhal frequency. Thus, when an
eddy shedding cycle proceeds rapidly, the shedding frequency
will tend to drop below the mean within one to two cycles. The
frequency regulating mechanism in the near wake appears to
act over spans of a few cycles rather than over spans of many
cycles.

Figure 7a is a plot of autocovariance of the amplitude time
series. The correlation initially drops very fast, with a
decrease of 40% within two shedding cycles. The correlation
appears to be significant for time delays much larger than the
Strouhal period, and, in fact, the record length for the present
data seems to be insufficient for the autocovariance to decay
to zero. Visual examination of the data indicates that the
amplitude fluctuations appear to be related to the low-
frequency content in the phasing signal. A new function UL
was formed, which corresponds to the phasing signal U with
the contribution near the eddy shedding frequency sup-
pressed, i.e.,

UL = U- UR (5)

Figure 7b is the autocovariance of UL, and it is remarkably
similar to the autocovariance of A. The cross-covariance
between A and UL, shown in Fig. 7c, demonstrates that A and
UL are indeed highly correlated, with a maximum correlation
coefficient of 0.48. The relationship between these two
signals, however, is not fully understood at this time.

The phase function of Fig. 5e was used to conditionally
sample the wake temperature data. The shedding cycle was
subdivided into 32 discrete phases, and all temperature data
for a particular wake position and phase were averaged.

Further conditioning can be performed using the amplitude
and frequency functions, although no such results are
presented here.

Figures 8 and 9 present the phase-conditioned mean and
rms temperature as the vertical coordinate of a surface above
the x-y plane behind the cylinder. Both plots are for a phase of
zero, and the cylinder height corresponds to 2°C for the mean
temperature and 1°C for the rms surface. The rms tem-
perature is an indication of the magnitude of temperature
fluctuations about the value on the mean temperature plot for
the same phase. A total of 32 such surfaces have been plotted
for the mean and rms temperatures, and a movie has been
made which sequences through these plots for a series of
cycles. The temperature values for the lower shear layer
corresponding to negative Y were constructed symmetrically
across the wake centerline using values at a phase removed by
TT rad from the given phase. The signs for the mean values in
the two shear layers were chosen to simulate the sense of
vorticity that is indicated by the temperature. The jaggedness
noticeable in the shear layers close to the cylinder is a
manifestation of the surface plotting routine, the data being
rather smooth there.

The mean surface shows the thin separated shear layer
spreading and decreasing in magnitude in the downstream
direction, eventually rolling up into the Karman vortex, which
is seen as a small hill in the surface. The depression near the
wake centerline farther downstream is the previous vortex
shed from the lower side of the cylinder. The movie clearly
shows each vortex being formed at a fixed location and its
subsequent acceleration from rest and convection down-
stream. Also evident in the movie is the transverse motion of
the shear layer at the Strouhal frequency.

The rms temperature in both shear layers is seen to increase
to a maximum before decreasing. The increase corresponds to
growth of the Bloor instabilities in the early laminar portion
of the layer. The movie shows that, in general, the rms is
higher at the edge of the Karman vortex than it is at the vortex
center, although this is not evident from Fig. 9 alone. Similar
results have been computed for other Reynolds numbers so
that systematic comparisons can be made.
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Conclusions
We have demonstrated that the thermal tracer technique is a

viable method for studying the near wake of a bluff body. A
slight amount of heat transferred into one of the boundary
layers tags the vortical fluid, making it detectable in the wake.
A velocity signal from a single hot-wire sensor, placed in the
potential flow near the separation line, has been decomposed
using a discrete implementation of the Hilbert transform.
This decomposition yields an instantaneous phase time series
even when large amplitude and frequency modulation are
present. Conditional temperature distributions were obtained
by conditioning the near wake temperature averages on the
phase time series. These wake profiles show the formation
and shedding of an average vortex, and should yield intracycle
information on the scaling of the near wake. Furthermore, the
Hilbert transform method produces amplitude and frequency
time series which are available for further processing. In-
tercycle statistics have been obtained for the near wake data
from these time series.
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