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Turbulence Properties of an Axisymmetric
Separation-and-Reattaching Flow

M. Kiya,* O. Mochizuki,t H. Tamura, T. Nozawa,§ R. Ishikawa,§
and K. Kushioka§
Hokkaido University, Sapporo, Japan

The time-mean and root-mean-squared values, the integral time scale, the phase velocity, and the longitudinal
and circumferential length scales of the velocity and the surface-pressure fluctuations are presented for a
separation-and-reattaching flow formed by the boundary-layer separation at the leading edge of a blunt circular
cylinder at Reynolds numbers of the order of 105, The cross correlations of the surface-pressure fluctuations
suggested that the flow in the reattachment region of the separated shear layer has a cellular structure. A
phase-averaging measurement of the reverse-flow intermittency revealéd an aspect of the spatial extent of the

flow unsteadiness in the reattachment region.

Introduction

SEPARATION-AND-REATTACHING flow is a region

of flow associated with the boundary-layer separation
from and reattachment onto a solid surface. In the present
paper, this will be referred to as a separation bubble. At high
Reynolds numbers, separation-bubble flows are turbulent and
characterized by rolled-up vortices that interact with the solid
surface. Fundamental separation bubbles studied so far are
flow downstream of a backward-facing step; flow down-
stream of the leading edge of a blunt plate; flow downstream
of the leading edge of a blunt circular cylinder; and flow
behind a normal plate with a long splitter plate. Reviews!* on
these separation bubbles are published that contain extensive
lists of references.

Among the four fundamental separation bubbles, the sec-
ond and third are the most fundamental ones in the sefise that
the number of governing parameters is minimal. The turbu-
lence structures of the second configuration are rather exten-

sively studied,% 8 whereas those of the third configuration have .

not yet been obtained to the same extent.’"!2 The purpose of
this paper is to present results on turbulence properties of the
third configuration, i.e., the axisymmetric separation bubble
of a blunt circular cylinder.

The papers of Ota et al.>-!! present the time-mean velocities,
surface pressure, and Reynolds stresses measured by conven-
tional hot-wire probes. Rolled-up vortices are responsible for
the high level of Reynolds stresses, pressure fluctuations, and
heat and mass transfer in the second half of the separation
bubbles. Information on the rolled-up vortices is essential for
the understanding of turbulence properties, especially in the
reattachment region of the separated shear layer. Sigurdson'?
and Sigurdson and Roshko!® demonstrate that the rolled-up
vortices can be controlled by introducing periodic distur-
bances immediately downstream of the separation edge.

Experimental Apparatus and Method

Figure 1 illustrates a definition of the flow configuration.
Experiments were performed in a closed-return wind tunnel
with a working section 1.2-m high, 1.5-m wide, and 6.0-m
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long. The freestream turbulence level was <0.2% at a speed
of 12.0-15.0 m/s. The acoustic pressure level measured near
an air breather at the end of the test section was 0.8-1.2 Pa in
the same range of speed. No significant peaks were found in
the acoustic pressure spectrum. The ceiling of the working
section was slightly curved to eliminate the longitudinal pres-
sure gradient of the main stream.

The blunt circular cylinder tested, which was manufactured
from acrylic resin pipes, was 0.200 m in diameter, 0.5-cm
thick, and 2.0-m long; its leading edge was right angled. The
cylinder was installed into the working section along its central
axis, being fixed by four piano wires 0.9 mm in diameter at
three longitudinal positions x/d = 2.3, 7.0, and 9.5, where d is
the diameter of the cylinder. Since the length of the cylinder
was more than six times the length of the separation bubble
Xr, the unsteady separated flow at the trailing edge of the test
cylinder was assumed to have negligible effects on the leading-
edge separation bubble. The area of the cylinder projected on
to a plane normal to the x direction was as low as 1.7% of that
of the working section; thus, the blockage effect of the work-
ing section was neglected. .

An exact alignment of the cylinder was found by matching
pressures recorded on four tappings located along the circum-
ference with an angle 90 deg in the middle (x/xz = 0.46) and
downstream (x/xr = 1.24) of the separation bubble. The cir-
cumferential deviation of the time-mean surface pressure P <
+0.003 (pU2/2), where p is the density and U.,, is the main-
flow velocity, and that of the rms surface pressure coefficient
was < = 0.007 (pU2/2). The time-mean longitudinal velocity
U in the outer region of the separated shear layer, which was
measured by a single I-wire probe, was uniform within
+ 0.025U,,, whereas the rms values of the longitudinal veloc-
ity fluctuation »’ were uniform within + 10% of its maxi-
mum value at the center of the shedr layer. Thus, the time-
mean flow in the separation bubble had good axisymmetry.

The test cylinder had a number of pressure taps, which were
separately connected to a semiconductor strain-gauged pres-
sure transducer (type PD104K manufactured by Toyoda
Kouki Co.; Ltd.), with a small cavity between the pressure tap
and the diaphragm of the transducer. The sensitivity of the
pressure transducers was 2.04 x 1073 mV/Pa. The gain fac-
tor of the pressure transducers was found tobe 1 + 0.06 for
frequencies less than approximately 500 Hz by comparing
pressure waveforms (produced by a loud speaker) recorded by
the transducers and a standard microphone; the phase shifts
between the transducers and the microphone were negligibly
small.

The longitudinal velocity was measured by linearized con-
stant-temperature, hot-wire anemometers with a single 7-wire
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Fig. 1 Flow configuration and definition of main symbols.
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Fig. 2 Longitudinal distribution of reverse-flow intermittency /, and

frequency of switching of local-flow direction f; measured at height ‘

y/xp=0.003; 0, I,; @, f5.

probe and a split-film probe. The split-film probe of diameter
0.132 mm and working length 2 mm (manufactured by
Thermo-Systems, Inc.) was employed; the plane of the split
was normal to the main flow, and, thus, the probe detected
reversals of the local-flow direction. The split-film probe was
calibrated according to Ref. 14 in a slightly modified manner.

The probes were inserted into the separation bubble with a
long support of L shape. The probes were separately attached
to the end of the shorter part of the support, which was 8.2-cm
long and set normal to the surface of the cylinder. The longer
part of the support, 47 cm in length, was set parallel to the
longitudinal direction, being mounted on the traversing mech-
anism (inside the tunnel) that was located at least 28 cm
downstream of the end of the separation bubble. This allowed
the positioning of the probes to be adjusted with an accuracy
of + 0.1 mm. The possible interference between the probe and
the flow was not checked, but we believe that this was negligi-
ble. The velocity and pressure fluctuations were recorded on
several channels of an analog tape recorder and later analyzed
by a computer to obtain statistical properties. Data recording
time was 80 s; this was approximately equal to 1600 periods of
shedding of large-scale vortices from the separation bubble;
the data were digitized with a frequency of 800 Hz. No sensi-
ble phase lags were found between the pressure transducers
and between the pressure transducer and the hot-wire and
split-film probes.

The Reynolds number based on the main-flow velocity and
the diameter of the cylinder was 2.0 X 10°. The main-flow
velocity was in a range U, = 13.5-14.5 m/s.

Experimental Results and Discussion

Reattachment Length and Time-Mean Velocity

Throughout this paper, the time-mean length of the separa-
tion bubble x will be employed as a representative length and
the main-flow velocity U, as a representative velocity. The
reattachment position was defined as a longitudinal position
where the reverse-flow intermittency I, measured near the
surface was 0.5. The reverse-flow intermittency is a fraction of
time during which the longitudinal velocity near the surface
(which was measured by the split-film probe) is negative. This
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position is shown to coincide with a position of zero time-
mean shéar stress at the surface.!® The reattachment length xz
was found to be (1.60 =+ 0.01)d in terms of the reverse-flow
intermittency measured at a height y = 1 mm (v/xz = 0.003).
The cross talk of the two films of the split-film probe!® ap-
pears to have insignificant effects on the measured I, because
the reattachment length had the small uncertainty for several
repeated measurements. The longitudinal distribution of 7, is
shown in Fig. 2, which also includes the frequency of switch-
ing (denoted by f;) of the local-flow direction from the for-
ward to reverse flow or from the reverse to forward flow. A
dip of I, near the separation edge suggests the intermittent
formation of a secondary separation bubble immersed in the
main separation bubble.

Figure 3 shows the time-mean longitudinal velocity U in
three typical sections in the separation bubble. The reverse-
flow velocity near the surface attains a maximum value as high
as 0.37U,, in the middle of the bubble. The outer edge of the
separated shear layer, which is defined as a y position where
the time-mean velocity U attains a maximum value, is approx-
imately at 0.32xp in the reattachment section x/xz = 1.0. The
center of the shear layer where 10U/dy | was maximum was
approximately at 0.15x% in the reattachment section.

Timeé-Mean and Root-Mean-Squared Pressures

THhe time-mean and rms surface pressures are shown in Fig.
4 in terms of the pressure coefficients cp = 2(P — P.)/(pUZ)
and ¢, =2(p ')V2/(pU2). The ¢, profile is presented in the
Roshko-Lau'” form (¢, — ¢, )/(1—c¢, ), where ¢, . is the
minimum value of ¢,. The rms pressure coefficient attains a
maximum of 0.12 slightly upstream of the reattachment line.
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Fig. 3 Distributions of time-mean longitudinal velocity U in three
representative sections: A, x/xgp=0.124; ®, x/xg=0.617; o,
x/xg =1.01.
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Fig. 4 Distributions of time-mean and rms surface-pressure coeffi-
cients ¢, and ¢ ’, respectively: o, (cp, —¢p . )/ (1 - cpmin) by Ota.’?
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_ Figure 5a shows the downstream evolution of the surface-
pressure spectrum E,.(f), f being the frequency. The spectra
vary with f~2 near the separation edge x/xz= 0.11 and in the
middle of the separation bubble 0.33<x/xz <0.77. In the
reattachment region 0.88 <x/xz <1.11, the spectra vary with
f~? at high frequencies; the spectrum further downstream
x/xg =1.33 seems to have a f~! range. In Fig. 5b, the spec-
trum was multiplied by the frequency and is shown on a linear
scale, whereas the frequency is on the logarithmic scale. A
merit of this representation is that we can find a frequency of
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Fig. 5 Evolution of surface-pressure spectra in longitudinal direc-
tion: a) E, /p "2 in log-log plot; b) fE,-/p ’? in semilog plot. Vertical
scale is arbitrary.
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Fig. 6 Integral time scales of longitudinal-velocity and surface-pres-
sure fluctuations in three representative sections: A, x/xg = 0.5; o,
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symbols are for T,-. Solid and broken line is for visual aid only.
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Fig. 7 Growth of minimum value of integral time scale T),- in longi-
tudinal direction.
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Fig. 8 Phase velocities of longitudinal-velocity and surface-pressure
fluctuations in reattachment section x/xg =1.0. Solid circle is for
Ueyp'.
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Fig. 9 Longitudinal length scales of longitudinal-velocity and sur-
face-pressure fluctuations in reattachment section x/xg =1.0. Solid
circle is for L;p-.

the fluctuations that contain a major part of energy F Two
peaks of the spectra are worth noting. The first peak at a
frequency fxg/U,=0.1, which appears shortly downstream
of the separation edge, is attributed to the low-frequency
flapping motion of the separated shear layer.!67-18

The second peak at a frequency fxz/Us=0.6 reflects the
shedding of large-scale vortices from the separation bubble;
this frequerncy is hereinafter referred to as f,. The pseudoperi-
odic formation and shedding of the large-scale vortices are
speculated to be caused by a feedback mechanism. 19 The large-
scale vortex shedding and the low-frequency flapping motion
are probably inherent properties of the separation bubbles
formed by the separation from a salient edge, although Rud-
erich and Fernholz!® found no low-frequency component for
the separation bubble behind a normal plate with a long
splitter plate.

Correlation and Integral Scales

The autocorrelation coefficients of the velocity «’ and the
surface pressure p * were measured at a number of positions in
the separation bubble and used to estimate the integral time
scales T, and T,-. The measurement of u’ was made by the
single 7-wire probe, so that it was limited to the outer region
of the shear layer y/xz > 0.1 where the reverse-flow intermit-
tency was low. The integral time scales are shown in Fig. 6.
The y position where T,. attains a minimum is close to the
edge of the shear layer, whereas the position where 7, attains
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a maximum is far beyond the intermittently turbulent region.
Thus, it is reasonable to take the minimum time scale as a
representative time scale; this is plotted as a function of the
longitudinal distance in Fig. 7.

Figure 8 shows the phase velocities of the velocity and
surface-pressure fluctuations, which are denoted by U,,- and
U,. The phase velocity U, was obtained in terms of the
cross correlation of #’ measured by two single hot-wire
probes arranged along the longitudinal direction with a small
distance Ax =0.4 cm at various heights above the surface. The
phase velocity U, was obtained in the same way in terms of
the surface-pressure fluctuations detected by two pressure
transducers separated in the longitudinal direction with a dis-
tance Ax = 1.5 cm. A large change of the time scale T,,- and the
phase velocity U,,- in the y direction is perhaps a result of
distortion of vortical structures during their motion. The lon-
gitudinal length scales of the fluctuations, which are denoted
by L,, and L, were defined as the product of the phase
velocity and the time scale. The length scales are shown in Fig.
9 for the reattachment section. This figure indicates that the
length scale of the pressure L,,. can be taken as an average
value in the shear layer. This value is approximately equal to
0. lxR

The cross correlatlon coefficient of the surface-pressure
fluctuations at two positions along the reattachment line,
R, ,(Af), A9 being the angle between the two positions, is
shown in Fig. 10. This was measured by two pressure taps
located immediately upstream (x/xp =0.997) and down-
stream (x/xg = 1.003) of the reattachment line; in this experi-
ment, the test cylinder was divided into two parts at the
reattachment line and connected by a screw device to have an
arbitrary value of the angle Af. The circumferential length
scale (denoted by Lo,.) estimated from the cross correlation
was 0.1xz, and, thus the aspect ratio Lo,./Ly, of the large-
scale vortices in the reattachment reglon was approximately
unity.

The cross correlation appears to have several maxima, min-
ima, and plateaus. These are not due to experimental errors
but probably reflect a cellular pattern of the vortical structures
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Fig. 10 Circumferential cross correlation coefficient R, »- on reat-
tachment line.
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Fig. 12 Sample records of simultaneous surface-pressure waveforms
pj' at three positions separated by 12 deg on reattachment line: a)
ji=1, b)j=01 )j=2.
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Fig. 13 Phase-averaged, surface-pressure fluctuations for valleys of
poi— j=0; —, j=1; ... j=2.

in the reattachment region. A Fourier analysis of the cross
correlation in the form

Ry p(A0) =

20
Y. a, cos(nAf)
n=0

revealed that the ninth coefficient a4y was a maximum, as
shown in Fig. 11. The authors’ interpretation of this result is
that the flow along the reattachment line has a cellular struc-
ture with nine cells. The nine-cell structure is not inconsistent
with the just mentioned value of the circumferential length
scale Ly,..

Phase-Averaged Reverse-Flow Intermittency

It is reasonable to assume that the high level of the surface-
pressure fluctuations in the reattachment region of the sepa-
rated shear layer is produced by the motion of the large-scale
vortices impinging on the surface. Thus, the unsteady nature
of flow associated with the large-scale vortices can be obtained
by a phase-averaging technique that employs the surface-pres-
sure waveforms on the reattachment line as conditioning sig-
nals.

The pressure waveforms measured at three positions along
the reattachment line were employed as the conditioning sig-
nals. In view of the fact that a particular cell extends, on the
average, over an angle 40 deg, the three positions were sepa-
rated by an angle A = 12 deg, being assigned azimuthal angles
0= +12, 0, and —12 deg. Pressure fluctuations at these
positions are respectively denoted by p1, p§, and p3, as shown
in Fig. 1. These pressures were well correlated, the cross
correlation coefficients popi/(ph? D2 and pips/(pe 2

P5D12, being approximately 0.6, as can be seen in Fig. 10.

Sample records of the three surface pressures are shown in
Fig. 12. These signals were low-pass filtered with a cutoff
frequency of 50 Hz, which is approximately 2.5 times the
vortex shedding frequency f, = 20 Hz. We intended to obtain
the reverse-flow intermittency structure that was symmetrical
with respect to the plane 8 = 0 deg. It is possible that real
large-scale structures may not have such symmetry, as recently




940 M. KIYA ET AL.

found for turbulence-producing events in a turbulent channel
flow.2’ We have no information on patterns of the surface-
pressure fluctuations associated with such asymmetrical struc-
tures.

The sample records of Fig. 12 have peaks and valleys with
widely distributed heights and depths. The peaks and valleys
are perhaps an indication of the three-dimensionality of the
large-scale vortices: Since the surface-pressure fluctuation at a
particular position on the reattachment line is expected to
attain a valley when a large-scale vortex is above the position,
the depth of the valleys is probably a measure of the circum-
ferential distance between the position and an effective center
of the vortices. On the other hand, a peak of the surface-pres-
sure fluctuation is expected to appear when the position of the
pressure measurement is located in the middle of two consecu-
tive large-scale vortices. This consideration led to the idea that
an aspect of the large-scale vortices can be obtained by phase
averaging the velocities in the reattachment region with respect
to the time when the valleys deeper (or the peaks higher) than
a threshold level were recorded.

The phase averaging was made by taking the following two
steps: 1) the time when valleys or peaks of p§ that satisfied the
condition

Ip61/(H' = C 0

was found, being denoted by ¢, and ¢,, respectively; 2) if, at
the time £, or 7, the pressure p{ and p; satisfied the condition

pj/pés<pj>/<p(,>-q—Cz (J=1and2) 2)
then the time # or ¢, was employed as the origin of time to
phase average the velocity field in the reattachment region.
Here, < > implies the phase-averaged value of the pressures
at the valleys or the peaks of p,’.

After a number of preliminary data processings, the value
of C; was chosen as 1.3. With this value of C,, the frequency
of detecting the valleys or the peaks was approximately 8 Hz,
which was approximately 40% of the vortex-shedding fre-
quency f,. Figure 13 shows the phase-averaged pressure fluc-
tuations <p§>, <p;>, and <pi> for the valleys. The
phase-averaged pressures for the peaks were approximately
antisymmetrical to those of Fig. 13 with respect to the origin.
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Fig. 14 Space-time (8, ¢) distribution of reverse-flow intermittency I,
for peaks and valleys of p; measured at height y/xg = 0.003. Contour
interval is 0.04: a) valleys; b) peaks.
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The probability density of A(p//pg)=p;/pi— <p}>/
<p4> (j =1 and 2) had a large dispersion, so that it was
difficult to find a particular threshold level C,. After compar-
ing results of a number of preliminary data processings, a
value of C, = 0.2 was chosen. This was because the right side
of Eq. (2) should be smaller than unity in view of the assumed
symmetry of the large-scale vortices. The values of <p}>/
<p¢> at the time ¢ = 0 are approximately 0.6 as seen in Fig.
13, so that the right side of Eq. (2) < 0.8 at the time ¢} or ¢,
for the previous value of C,. The frequency of detecting the
valleys or the peaks of the pressures pg, p{, and pj that
simultaneously satisfied Eqgs. (1) and (2) was, on the average,
5 Hz, which is approximately equal to f,/4. We did not
systematically change values of C; and C,, but another combi-
nation C; = 1.5 and C, = 0.3 produced insignificant changes
of patterns for their original combination.

The result is shown in Fig. 14, which is the distributions of
the reverse-flow intermittency <I,> measured at a height
y/xg = 0.003. The flow near the cylinder surface is seen to be
generally reversed for the valleys of pj, whereas for the peaks
of pg, the flow near the surface is generally in the forward
direction. The circumferential extent of contours of I, in Fig.
14b is not inconsistent with the nine-cell structure of the flow
in the reattachment region. It is hoped that well-controlled
experiments in the near future will disclose more detailed
structures.

Conclusions

This paper has described turbulence properties of the lead-
ing-edge separation bubble of a blunt circular cylinder aligned
to a uniform main flow at a Reynolds number of the order of
10°. Main results of this study can be summarized as follows.

1) Distributions of the time-mean and rms surface pressures
are presented at several positions in the separation bubble.

2) The integral time scale, the phase velocity, and the longi-
tudinal length scale of the longitudinal velocity and the sur-
face-pressure fluctuations are presented.

3) Flow in the reattachment region appears to have a cellular
structure with nine cells. The phase-averaged reverse-flow in-
termittency in the reattachment region demonstrates the spa-
tial extent of the unsteady-flow region associated with the
large-scale vortices.

4) Flow in the separation bubble has two typical frequen-
cies: one is associated with the low-frequency flapping motion
of the separated shear layer, and the other is associated with
the shedding of the large-scale vortices from the separated
ZOone.
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