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ABSTRACT
A test was conducted to measure and map the unsteady pressure
fluctuations over the surface of a smooth, cantilevered, circular

cylinder in the supercritical Reynolds number range from 2.5 x 105

to 7.5 x 105. Lift fluctuations were measured, hot-wire wake surveys
were made, and the effects of boundary-layer tripping were investi ~
gated. Power spectral densities were computed from recordings of
the fluctuations, and cross-~correlation coefficients were determined.
Pressure fluctuations were found to be small in magnitude but
with relatively high axial correlation except at the points of flow
separation. Definite evidence of periodicity was found in the pressure
fluctuations excluding those in the region of flow separation.
Fluctuating lift was found to be random in nature in the supercritical
regime., Power spectra of wake velocity fluctuations a.fter_.transition
showed largely turbulent patterns with perhaps some dominance at
Strouhal number near 0.4 seen on occasion. Localized boundary-
layer tripping caused earlier flow separation, significant increases
in pressure and lift fluctuations, a greater degree of axial correlation,

and a shift in the power spectra to indicate periodic effects.
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NOTATION

A, List of Symbols:

d Diameter of cylinder
£ Frequency, cycles per second
PX Static pressure at location (x) ,
q Dynamic pressure, ¢ = 1/2 P Vo
t Time
A\ Velocity
Voo Velocity of free stream flow
x Axial coordinate along cylinder axis, X =0 at the base
vy Lateral coordinate from tunnel (and cylinder ) centerline
z  Streamwise coordinate from cylinder trailing edge
P . Mass density of air
v . Kinematic viscosity of air
T Time shift
0 Angular coordinate along cylinder surface, zero reference
is forward stagnation point
L} Power spectral density
Noté: Other symbols are-defined in the text when introduced
B. Superscripts: T
( ) Mean average, equals Lim 1 ()dt
T—w® =T

WA )2’ Root-mean square of ( )

C. Subscripts:

( )i Refers to position x,



NOTATION (cont'd)

( )n Refers to normalized term, e.g., ‘bn

D Dimensionless Coefficients:

CL Local lift force coefficient = _Lift force/ unit span
qd

CD Local drag force coefficient = Drag force / unit span

gd
C Static pressure coefficient = Px - Pref,
P q

Re Reynolds number of the cylinder = Veod
v

S Strouhal number (non-dimensional frequency) = id

Voo
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SECTION I
INTRODUCTION

The study of flow over a circular cylinder is not a new subject
in aerod&namic s. The existence of tones produced by wind blowing
over wires has been known for some time., Strouhal (1) (1878) carried
out experiménts which showed that the frequency of these tones was
directly proportional to the air velocity and inversely proportional to
the cylinder diameter. Experiments by Lord Rayleigh (2) showed that
loads on a cylinder caused oscillations in a direction perpendicular to
the flow, In 1912 von Karman (3) published his theory of the vortex
street which stimulated a lengthy series of flow investigations. While
many experiments have been conducted, the problem of periodicity
and vortex shedding is still essentially unsolved,

Studies of flow over the cylinder were made to measure static
or steady-state (i.e., long-time averages) phenomena such as drag
coefficient and static pressure distributions. Relf (4) (1914) measured
drag of wires for Reynolds numbers up to 104, whereas tests by
Flachsbart (5) (1927) extended the data to about Re = 106. Similar
investigations have been carried on by many others. Fage and Falkner
(6, 7, 8) measured drag by integrating cylinder pressure distributions
in the range 4 x 104 <Re =4 x 105. Goldstein (9) summarizes much
" of the work up to 1938. Studying compressibility effecfs Stack (10)
(1941) measured cylinder drag for 4 x 104 <=Re < 106, and Delany

and Sorensen (11) (1953) measured drag for 104 < Re =2 x 106.

Roshko (12) (1960) measured drag for 2 x 106 < Re 8.4 x 106.

Recently, Bohne (13a) and Buell, et al., (14) have also measured drag



in the range of Roshko's data.
The results of these studies define three major flow regimes,

For 103 =< Re 5 3 x 105 the value of drag coefficient, CD,

between 1. 0 and 1, 2 with the flow regime being called "subcritical. "

lies

At about Re = 3 x 105 a transition occurs and _C—D drops to 0,20 -0, 35'
yielding the ''supercritical' Reynolds number range, and somewhere
near Re = 3 x 106 a second transition seems to occur giving ri‘se‘ to a
third range called "'transcritical' by Roshko where —C—D =0.4t00.7,
Examples of measurements of steady-state surface pressures

are given by Fage (6, 7, 8), Roshko (12, 15) and Bursnall and

Loftin (16). The subcritical regime is characterized by flow separa-

tion at 8 ~ 60° yielding a wide wake (—C-p ~ -1, 0) and consequently
: base
high drag coefficient. The supercritical range has flow separation at
9 ~ 100° with a narrow wake width (C_ =~ -0.2) and low drag
base ‘

coefficient, and the transcritical regime shows a widening of the wake

(E; = -0,5 to -0. 8), and higher drag coefficient with separation at
base. '

8 ~ 80°.

Investigations of the dynamic properties of cylinder flow Began
with measurements of vortex shedding ana wake flow. Based on exper-
imental evidence various wake regimes seem to exist: (1) laminar or
‘Oseen flow in the Reynolds Number range less than 40, (2) stable
range with vorticity pattern extending far downstream (40 < Re < 150),
(3) transition (150 < Re < 300), and (4) an irregular range for Re =300

5

to 107, In the irregular range the vortices are destroyed by turbulent

diffusion as they travel downstream, Roshko's results (17) show that
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wake periodicity begins at Strouhal number S = 0,12 at Re = 50 and
rises to S & 0.2 at Re » 300. Roshko, Kovasznay (18) and Relf and
Simmons (19) as well as others (see Krzywoblocki (20))have verified
that in the wake S = 0.2 for 300 < Re < 105.

After transition the character of the wake changes and nd simple
periodicity has been observed., Relf and Simmons (19) using a hot-
wire with a vibration galvonometer recorded the most prémihent
disturbances in the range 105 =< Re 5’106 as rising from S = 0.2 to
S = 0, 3 with much scatter. Drescher's (21) measurements in water
at 104 =Re =1.13x 105 show also that the dominant freQuencies
gave 8 = 0,2 to 0,3, Delany and Sorensen (11) measured wake
fluctuations at S = 0. 35 to 0. 45 using a pressure transducer in a probe
placed closely behind the cylinder for Re = 2 x 106. Their resul;cs\
were determined by obtaining the dominant frequencies from an
oscillograph trace of the transducer output signal, Roshko ‘(12) used
hot-wire techniques with a wave analyzer for a wake study in the range

2 x 106 < Re = 8.4 x 106. Above Re = 3.5 x 106 he found definite

frequencies were discernible at S = 0,27, while in the lower range no
dominant frequencies could be found, contrary to Delany and Sorensen.
How‘ever, Roshko's hot-wire was 7. 3 diameters downstream aﬁd 0.7
diameters to the side which, according to Roshko, may have placed
" the hot-wire out of the narrow supercritical wake.

Measurements of the unsteady/ forces acting on the cylinder
itself are the most recent of data with Fung (22) discussing the scope

of published work to about 1959, For the higher subcritical regime,

McGregor (23} (1957) measured oscillatory pressure distributions,
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V 5;-2 vs. 0, and estimated VC and VC for

L2 D 2
4,5 x 104 <=Re =l.3x 105 using a microphone as a pressure transducer.

Gerrard (24, 25) measured fluctuating surface pressures in the range

3
4x10 <Re<l.l4x 105 using a capacitance transducer and also

estimated CLZ and VE;?Z from his pressure data. Two-point cor-
relation coefficients for surface pressure fluctuations at 9 = 90° and
180° were measured by Prendergast (26) for 2.5 x 10¥=Re <1. 25x10%,
and el Baroudi {27) measured two-point correlations for velocities at

8 = 90° using hot-wires for 1.1 x 10% <Re = 4.5 x 10%, Humphreys (28)
measured fluctuating lift and drag on a cylinder suspended in a wind
tunnel for 4 x 104 =Re =6 x 105. Keefe (29) measured oscillatory lift
and drag for 6 x 103 =Re =115 x 105 using a strain-gauge load cell in
a one-diameter section of the cylinder model.

In general these experiments show that end-effects and three-
dimensional aspects of the flow are quite important, Correlation
lengths were found to be from 3 to 6 diameters by el Baroudi, whereas
Prendergast obtained slightly lower values at 8 = 90° while correlation
lengths at 6 = 180° were about one-fourth of values at 0 = 90‘0.
Humphreys estimated a correlation length of 1, 56 dia. at Re =105. At
Reynolds Numbers approaching transition, the correlation lengths drop
rapidly to about one diameter. Distributions of (;E vs. O showg rise
‘to maximum values at 8 = 90° to 150° at S~0,2 with thé second har -

monic becoming evident in the more rearward angular locations (1200

to 180°). Gerrard found the pressure fluctuations to be 180° out-of-

phase between cylinder sides. The values of CLZ vary between tests

with most data lying between 0, 3 and 0,8, Drag, .VCDZ, tends to be



5

one-tenth of CLZ at twice the frequency.

Interest in the dynamics of large cylinders with application to
missiles was stimulated by Ezra and Birnbaum (30) and by the analysis
of Fung (31). In the supercritical regime, Fung (22) was the first to
measure oscillatory lift and drag for 2 x 105 =Re=l.4x 106 uéing a

strain-gauge load cell in a 1. 75 diameter section of the cylinder.

Humphreys (28) also measuredv’é_:—z and CDZ in the supercritical
range but discovered, as did Fung, that the three-dimensional
character fo the flow and high sensitivity to test conditions (surface,
end effects, etc.) brought out the need for more data in this range.
. Using statistical methods of power spectral densities, Fung found
fluctuating lift and drag to be essentially random. However, questions
remained to be answered about the effect of wind tunnel turbulence and
testing techniques on the data,

As part of the program at the California Institute of Tech.nology
under Dr, Fung, L, V. Schmidt (13b, 32) designed and developed a
pressure-transducer technique of measuring sectional 1§ads on a very
smooth cylindef exposed to the flow in a éantilevered, "smokestack'
configuration, Schmidt's data resulted in power spectral densities
also ‘indicating randomness in lift and drag fluctuations for the range
3.8x 105 <Re=7,5x 105. Three-dimensionality became évident with
" correlation lengths of less than one diameter, Schmidt found
\/-C:i:Z = 0. 04 (about one-fourth of Fung's value) and\/é:];g %~ 0,03
{about the same as Fung). Another significant effect was the extreme

sensitivity of the data to model surface smoothness (also noted by

Fung and by Buell (13¢)). By blowing jets of air through 0, 020-inch
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orifices at 0= - 30°, Schmidt was able to change the character of

lift and drag frequency spectra as V CLZ rose to 0,115-0,135, Further
tests by Blackiston (13d, 33) in the same Reynolds number range on the
effects of cylinder tip shape showed significant changes in fluctuating
lift and drag at the tip. Blackiston's cross-correlation data showed
that tip-loading effects are not felt past approximately two diameters
along the cylinder axis for the blunt-end, ''smokestack'' configuration.
Tests by Buell (13c, 14) show general agreement with Blackiston at

the transcritical Reynolds numbers,

It was decided that more information was needed to describe in
greater detail the nature of the flow in the supercritical regime, As
part of the continuing program under Dr, Fung, the test plan for this
report was to map the fluctuating pressures over the surface of the
cylinder, to scan the wake for frequency distributions and to learn
more about the effect of surface disturbances, namely boundary layer
tripping by blowing air from the cylinder surface.

The experimental arrangement is described in Section II with
data reduction described in Section III, The experimental results are
pr‘esented in Section IV, including pressure distributions, pressure

power spectral densities, wake survey results and the effects of

surface disturbance,
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SECTION I1I
DATA ACQUISITION

The objectives of the wind tunnel test were to measure the

following:

1.  Fluctuating and steady pressures over the cylinder to
determine their spatial distribution and frequency content
in the supercritical range,

2, Lift fluctuations as a verification of repeatability of the

‘results obtained by Schmidt,

3. Velocity distributions and fluctuations in the wake of the

cylinder to determine dominate frequencies, and

4. Effects of boundary-layer tripping on the pressure

distribution and wake by blowing jets of air from the
cylinder surface.

Data were recorded for 2.5 x 105 <= Re =7.5x 105 in the
GALCIT* Ten-Foot Wind Tunnel using the cylinder model of Schmidt
(32) and Blackiston (33), A calibration was made of the t.unnel flow,
and the dynamic pressure was corrected to account for model
blockage (2%). A plot of tunnel characteristics for this test is given
in Figure 1. Approximately 85% of the area over the turning vanes in
- the low-velocity settling section was covered with cheese-cloth to
lower turbulence and filter dust particles from the air (vthe entire
tunnel was scrubbed before the test)_.

The model was a smooth cylinder (8. 54-inch diameter) canti-

levered 8. 1 diameters from a flat floor in the tunnel. The model.

* Graduate Aeronautical Laboratories, California Institute of Technology
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passed throggh the tunnel floor to a four-foot diameter steel tank
anchored on ten-inch steel channels to the building structure as shown
in Figure 2. Figure 3 preusents photographs of the model which was
made of interchangeable aluminum sections, allowing the instrumen -
tation package§ to be placed in many different positions along the
cylinder axis, Cylinder sections were made to fine tolerances yielding
a high quality surface with very little discontinuity at the iﬁte rface
between sections. The gap around the model at the floor was sealed
with tapé. The top section of the cylinder contained 40 lIbs. of lead
shot for damping purposes, This was found by Schmidt and Blackiston
to be sufficient to prevent aeroelastic feedback effects on the data.
With the damping, the resonance frequency was about 10 cps (see
Reference 32).

Fluctuating pressures were measured through a 0. 025-inch
orifice by a reluctance-type pressure transducer of the samé design
as developed by Schmidt, Angular position was determined by rotation
of the model to align the orifices with a protractor to within one degree
of the desired value. Proper back pressure was supplied to the trans-
ducer by a second orifice placed 0. 75-inch (0. 088 diameter) below the
transducer orifice at the same angular position. To assure a steady
back pressure, a calibrated ''dashpot' was placed iﬁ the system to
dampen the fluctuations in pressure from the back-pressure orifice,
and this steady-state surface pres sure was rn'easured using a fluid-in-
glass manometer. The instrumented cylinder section is shqwn in
Figure 4.

The transducers had sensitivities of about 2 volts/psi with
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linearity tovi— 0. 75 psi., calibrated statically with a 100 kc carrier
amplifier., " The transducer and orifice system were calibrated
dynamically, using an acoustical driver for sinusoidal pressure
fluctuations up to 0. 16 psi-RMS, by measuring the gain and phase shift
caused by the orifice (see Reference 32 for details), The results
agreed closely with Schmidt, showing the system to have flat response
characteristics up to 200 cps. The pressure "dashpot'" dynamic
calibration showed complete damping in the range of the data.

Lift fluctuations were measured using the instrumentation
sections built by Schmidt. Lift was determined by 18 preséure trans-
ducers, nine on each side of the section, spaced to cover equal.
portions of the cylinder chord. Electrical integration of each nine gave
the loading on each side of the cylinder. A differential 100 kc carrier
amplifier gave the amplified electrical difference between s_i_des, i.e.,
fluctuating lift signal, Back pressure of -EI.) = -0, 8 was supplied to all
lift transducers by a static pressure orifice on a two-inch diameter
cylinder placed out from the tunnel wall (the orifice was out of the wall
boundary-layer).

Data were recorded on one-inch magnetic tape using four
frequency-modulated channels of a seven-channel Ampex FR-100 tape
recorder. A schemat.ic of the pressure and lift daté. acquisition system

is given in Figure 5, In order to make use of the existing differential
carrier amplifiers (which had operéting nois;a levels of 0.4 mv RMS),
a load-balancing transducer was required for each of the pressure
measuring transducers. Care was taken to keep these "dummy"

transducers from registering pressure changes., RMS values of
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pressure and lift fluctuations were recorded using a Ballantine Type
320 True RMS Voltmeter with capactive damping to give a long time
constant. A D.C, 'bucking' voltage was applied to one side of the
Epsco Differential D, C. Amplifiers to null out direct.current voltages
80 as not to overdrive the + 1. 4 volt D, C. (1. 0 volt RMS) range of the
Ampex recorder,

Hot-wire data were taken using a 0. OOOZ-inch_tungs.ten wire,
. approximately 0. 08-inch in length (time constant = 0.00l sec.), spot-
welded to the tips of two needles. The axis of the hot-wire was
parallel to the cylinder axis at all times during the test. A standard
constant-current (50 ma. - maximum) circuit was used. The frequency
response of the hot -wire was corrected using a compensating output
amplifier which had variable-gain capability, Compensation was
achieved by placing a 60 cps square-wave on the wire and adjusting
the amplifier frequency compensation using an oscilloscope. |
Fluctuating output signal was measured by the damped Ballantine
voltmeter before being recorded on magnetic tape. |

After calibration in free-stream flow (model out of tunnel) the
hot-wire was mounted on a probe which moved along a remotely-
opera.ted traverse to scan the wake behind the cylinder, The traverse
could be positioned laterally to within 0, 0005 diameters and up to five
diameters downstream of the model trailing edge. A sketch of the
traverse is given in Figure 6 with a schematic of the hot-wire data
acquisition system shown in Figure 7. The traverse was in the tunnel
only for hot-wire data runs (which excluded most of the basic pressure-

mapping runs),
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Since Fung and Schmidt found the flow to be quite sensitive to
boundary-layer tripping, it was decided to continue this type of study in
the test. Using the system designed and developed for tests by Schmidt
and Blackiston, the flow was disturbed at an axial location (near the
end of a spacer section) by blowing air radially from the surface
through 0, 020-inch orifices at 6 = : 30°, Air was supplied and regu -
lated using parallel lines from a Fischer and Porter flow meter." Air
could be supplied to one or both orifices as desired. The effects of
blowing on lift, pressure distribution, and wake were measured.

Several precautions were taken during the test to assﬁre accu-
rate data. Before each data run the model was cleaned with solvent,
and all nicks and scratches were rubbed smooth, Twice each day of
the test a static pressure calibration was made on all of the transducer
systems to check sensitivities, Noise levels were checked, and most
signal-to-noise ratios were kept at ten or above. Before and after each
data run, calibration voltages of zero and T 1.4 volts D. C. were
recorded on the magnetic tape to provide a proper reference for
adjusting output amplifiers upon data playback. The linearity of the
Amfvex was checked each day to determine reliability.. Frequency
respoﬁse of the tape recorder was not exceeded. Data signals were
monitored by a Dumont Model 411 dual beam oscilloscope at various
points going to the tape recorder and off the tape directly after
recording, All other measuring and fnonitoring equipment were
removed from the circuit during recording to reduce the possibility oﬂf
interference. All data were recorded according to the coordinate

system of Figure 8,
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SECTION III
DATA REDUCTION

3.1 Mathematical Background

In the superc ritical regime, the amount of turbulence present
in the flow makes necessary the treatment of the data by statistiéal
methods. Several texts deal with statistical techniques; see, forl
example, Chapter 8 of Fung (34) and Chapter 6 of James, Nichols, and
Phillips (35). '

Consider the signals from a random process to be given by the

following:

P(xi, t) = P, (t) + 131_ (3.01a)

P(xj, t+ 1) = P, (t+71) + P,

j (3. 01b)

where _13: and TD-:]- are the mean values of P (xi, t) at X, and P(x., t + 7)
at xj averaged over a long time interval while Pi (t) and P, (t + 7) are
the fluctuating components of P (Xi’ t) and P (xj , t + ) respectively.

The auto-correlation function is defined, letting X, = xj, as

A¥ () = P (%, 0 - P (x, t+71) (3. 02)

and gives an indication of how well a process correlates with itself in
a time shift, T. To emphasize the fluctuating part of the auto-corre -

lation function one may remove the mean value Pi and define

A(t) = P.1 (t) - Pi (t + 1) (3. 03)

Note that for zero time shift (t=0) the auto-correlation becomes the



13

mean square of Pi (t) and is proportional to the energy represented

by the signal,

The cross-correlation coefficient measures the spatial corre -

lation of a process at two points, X, and Xj' For zero time shift and
normalizing with respect to the square root of the product of the sums
of the mean square and squared mean of each signal, the cross-corre -

lation coefficient is given by

P g, O P (x, 0)
R (x; %;) = (3. 04)

A further simplification can be made with the assumption of mean

average being zero, i.e., 15: = P_J = 0; therefore,

R (x; x) = P, (t) - P, (t)

j J
Ve Ve e
2 2
P. (t) Pj (t)

where Pi (t) - Pj (t) is now the time average of the product of the

(3. 05)

fluctuating components of the signals, Cross-correlation coefficient
values range over + 1,0 {complete in-phase correlation) to zero
(no correlation) to - 1.0 (180O out-of -phase correlation),

The auto-correlation function is an even function, The Fourier

transform of A (v) is given by

_ 00
& (f) = fA(-r) [cos2mfr]dn~ (3. 06)

o)
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where

0
A(T) = f;)cb (f) [cos2mfT]df (3, 07)

For +=0, the auto-correlation becomes the mean square'of Pi (t)

i.e.,
2 * ‘
A (0) = Pi (t)" = f ¢ (f) df (3.08)
o :
and ¢(f) is defined as the power spectral density. The power spectral

density shows the distribution of energy in the signal as a function of

frequency.

3.2 Analog Reduction

Cross~-correlation coefficients were determined using aﬁalog
techniques on 2. 5-minute traces of the data played back from the mag-
netic tape. An averaging circuit and analog multiplier which could
ha.ndl.e both fluctuating and steady voltages were used. A schematic of
the system is shown in Figure 9. For the averaging circuit a Philbrick
UP A-2 operational amplifier was used with capacitive feedback. The
circuit time constant was 9 seconds with a gain of approximaetly -7.5,
This choice of time constant was made to allow damping for fluct -
uations of 1 cps and up.

Tape data played back through the system consisted of typical

-signals
e (xl, t) = e (t) + e'1 (3. 09a)

e (x,, t) = e, (t) + e—2 (3. 09b)

where e (x1 , t) and e (XZ’ t) corresponded to data recorded simul -
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taneously on two channels from positions Xy and X5) and typically were
either pressure or lift recordings. As explained below, five curves
plbtted with a Moseley 2D-2A, X-Y plotter were required to determine
each cross-correlation coefficient. Data first plotted were the tape

signals which passed through the averaging circuit; this yielded‘

e (x,, t) = (e; (t)+€1) = e (3. 10a)

1’ 1

and

e (x,, t) = (e, (t) +&,) =Te, (3. 10b)

The D. C. 'bucking'' voltages applied to the Epsco differential D. C,
amplifiers were used to bias the output to make the means of both'data
signals approximately zero for a common period of time. "Bucbking"k
was required to nullify any D. C, cc;mponent from the tape.

Without changing any circuit settings, the tape signal was sent
thréugh the Philbrick K5M analog multiplier whose averaged oﬁtput was

plotted against time to yield

e (xl,,t)2 - e )% + @) (3. 11a)

e (x, , 0% = e, )% + (EZ)Z (3.11b)

e (xl, t) e (Xz, t) = ey (‘c)-e2 (t) + e (3.11c)

1° %2

Fér the period of time when e (x1 , t) = e—(x2 , t) =0,

e(x1 , t)z, e (xz, t)z, and e (Xl’ t)"e (XZ’ t) reduce to

ey (t)z, e, (t)z, and ey (t)vez (t). The correlation coef'fiﬂcient,

R (%, x,), was determined according to Equation (3. 05). This method
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has been checked against digital computer results by Schmidt (32) and
has been found to be sﬁfficiently accurate for data reduction. As an
additional precaution, checks were made on the averaging gircuit gain
and time constant, and on the multiplier alignment for each set of
plots,

3.3 Digital Reduction

Selected portions of the data were converted to digifal form
using the Biological Systems Mark II analog-digital conversion uﬁit at
the Booth Computing Cerllter, at the California Institute of Technology. |
The conversion unit had the capability of digitizing at the rate of 10, 000
numbers per second. For the following data analysis the rate of 1000
numbers per second was chosen. The analog signal from the tai:e was
sampled each 0..001 sevcond with the digitizing equipment determining
the signal voltage in one microsecond.

| Before digitizing, a 1000 cps clock signal was recordéd for
10 seconds on an unused direct-reproduce channel of the tape to serve
as the digitizing trigger pulse. The clock signal was genkerated By a
Berkeley Universal Counter and Timer, Model 550I, which in turn
commanded a square-wave Pulse (400 M sec width; 15 volt peak) ffom a
Rutherford Pulse Generator, Model B7B. The signal satﬁrated the
direct-reproduce channel of the Ampex distorting the wave shape but
gave a rapid-rise spike which sufficed for digitizing pui‘poses. The
digital results were printed on tape by the I. B. M. 7040 unit of the
I.B. M. 7094 Computing System at Caltech. Care was taken throughout
the digitizing to use sufficient checks to indicate the vaiidity of the

digitized values. A computer program converted the data
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to the Fortran input tape used in the computation of power spectral
densities.

Following the lead of Schmidt (32), an I. B. M. 7094 computer ‘
program based on techniques outlined by Press and Tukey (36) and
Blackman and Tukey (37) was used to estimate auto-correlation and
power spectral density. Obtaining the power spectra of the digital
récord assumes that Yi» Yoo voes v, represents a series of data points
at times tl’ t2’ ey tn where all time intervals are equal, To
conform to the basic equations, the first step of the program adjusted
the input data to satisfy that the mean average of a complete sampling

of data (i.e., 10 second digital trace) be zero;

Z’ y, =0 (3.12)

Auto-correlation was estimated next for values of the index L from

0, 1, 2, ..., M to be the following; (3.13)
. n n n
A(L) = ——2r . S
o-1) . YVi-n Vi T Ta-L)2 Yi-L LA
‘ i=L+1 i=L+1 i=L+1

A Fourier Cosine Transformation applied to the auto-correlation for
values of KX from 0, 1, 2, ..., M gives the power spectral density
estimate (3.14)

M-1

5
X (K) = —£— [ A(0) + Z’ o(L) {cos ZEF) A(L)J

L=1
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where

0.5 for K=0orM

6K -
1.0 for all other values of K (3. 14}
- L .
e(lL) = 1 + cos iV Hanning factor.

Details on the use of such a factor in calculations with discrete data
points may be found in Reference 37, and discussion of a similiar, but
- more involved, program may be found in Reference 32. Estimates
were made at intervals of one cycle per second with a band-pass filter
width of 2 cps. In the program it was possible to set the coﬁlputation
cutoff frequency by choosing to work with digital points representing
more than 0. 001 second spacings. This was accomplished by proper
choice of the index, M, and the time shift (i, e., choice of data point
spacing) A T in the program format,

Checks were made on the program by computing the power
spectral density estimate for a sine-wave of known frequency. The
result was a spike at that frequency, Cutting the number of samples
to two to three samples per wave cycle did not hinder the program!'s
abiiity to point out the frequency,

The total energy of the signal, A {(0), was c>mputed, as was
the energy in the range for the computation of power spectral density.
Because of computing time, the upper frequency for the power
spectral density estimate was deterxﬁined by containing over 99% of
the energy of the signal within the limits, This cutoff frequency was

about 125 cps; hence, the power spectral density was normalized by



19

the energy in the frequency range, satisfying the equation:
125 ‘
f o (5 df =1 (3.15)
Q .

Thus, plots of ¢n (f) vs. frequency for different data could be

compared directly,
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SECTION IV
RESULTS

The objective of this study was to gain some insight into the
details of the flow over a cylinder in the supercritical Reynolds number
range. In order to compare the results with those of Schmidt (32) and
Blackiston (33), most data presented were obtained along the cylinder
axis from X/d = 4.86 to 5.87 {cylinder length was 8.1 diameter‘s). The
determining factor in keeping the majority of measurements below
X/d = 6 was the effect of the blunt tip whose region of influence was
found by Blackiston to extend approximately two diameters down the
cylinder.

It was possible to estimate data accuracy in most instances,
The tunnel operating parameter, dynamic pressure (q), could be set
to within * 1%, except for q = 5 psf which was held to within © 5%.
Steady-state pressure coefficient, Fp, was determined using a fluid-in-
glass manometer to within iy 6% for data taken at q = 5psf, dropping
to less than x 1% for q = 40 psf. Error estimates of the fluctuating
pressure and ﬂuctuatihg lift data were based upon the following;
transducer sensitivities were about 2 volts/psi, operating noise levels
were approximately 0. 4 mv, and the signal-to-noise ratio was never
less than five. The root-mean-square (RMS) value of fluctuating
pressure coefficient,_\/a_?, could be determined.to within f 20 % for
the lowest signal levels; these Were/ recorded at angular positions
near the leading edge for data taken at q = 5 and 10 psf. In general,
however, the value of C—:P—Z was determined more accurately, ranging,

for example, from i) 10% at 6 = 900, q = 5psf to * 3% at 0 = 900,
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q = 40 psf. The root-mean-square value of fluctuating lift coefficient,
.\/g—L_Z‘ , varied in accuracy depending on signal strength from
T20% at q= 5 psfto T 6% at q = 40 psf. It should be noted that further
amplification of all fluctuating signals provided by the Epsco amplifiers
brought the levela well into the optimum range of the tape recofder.
The hot-wire system signal exceeded noise level by a minimum factor
of seven in the outer fringes of the wake, whereas the higher velocity
fluctuations near the wake center yielded signal-to-noise ratios of
approximately one-hundred. -

The RMS voltage readings corresponding to \[c:pz_, \/El—i—;, and
\/-{f:—; were obtained from the capacitance-damped Ballantine True
RMS Voltmeter. The inherently unsteady character of the signal
initially created a problem in data recording until capacitive damping
was added to the voltmeter to increase the time constant. The RMS
résuits presented are félt to be the mean values of the signai fluct -

uvations recorded from the Ballantine voltmeter.

To demonstrate that data were obtained in the supercritical

—

regime, static drag coefficient, CD’ is plotted versus test Reynolds
number in Figure 10 together with data from several references.

Values of C D

distributions according to the equation:

were determined by integrating cylinder static pressure

T

C.= Ep cos 6dH (4. 01)

Figure 11 presents steady-state pressure distributions about the

cylinder‘, Ep vs. 0, for each of the five test Reynolds numbers (i. e.,
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Re =2.5x 10°, 3.8 x 10°, 5.3 x 10°,

6.5 x 10°, and 7.5 x 10°).
The shift in the separation point from 6 = 60° to 8 = 110° comes
between Re = 2.5 x 10° and Re = 3.8 x 10° resulting in the drop is
drag coefficient indicative of the supercritical regime.

Fluctuating pressures over the cylinder were obtained by
recording data at each of the angular positions during separate data
runs. The resulting distributions of RMS pressure coeff1c1ent,\/(§=:2‘,
plotted with respect to angular position, 0, are presented in
Figure 12 for each test Reynolds number. Prior to transition, at
Re = 2.5x 105, there is an increase in RMS pressure coefficient
associated with the flow separation point aft of 8 = 60°,  With the
separation point shift to 6 =~ 110°, i.e., for Re = 3.8 x 10°, the
nature of the distribution of (? changes, showing maximum values
occurring near 0 = 110°, The magnitude of -\/é? remains approx-
imately the same for Re = 2.5 x 105 and Re = 3.8 x 105 on thé
portions of the cylinder ahead of the separation points. At Reynolds
number of 5,3 x 105 the magnitudes of@ ahead of the separation
point and on the aft portions of the cylinder attain a distribution pattern
which remains constant through Re = 7.5 x 105. The magnitudes of
pressu.re fluctuations at 6 =~ 110° decrease with Reynolds number
increase from Re = 3.8 x 105 to 7.5 x 105. Data repeatability was
found to be quite good with consistently repeatable valueé of-\/C——ptz—
most angular positions. The exceptlon was found at 6 = 110° for
Re = 3.8 x 105 to Re = 7.5 x 10 . At 9 = 1100, the values of-\/——

obtained from repeated measurements are shown in Figure 12 (ﬂagged

symbols) to indicate the amount of scatter,
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Axial cross~-correlation coeflicients of pressure fluctuations,

R (xl XZ)’ r.ecorded at the same angular position but axially separated
by 0.32 diameter (" 1/, = 5.49 and 2/, = 5.17) were determined,
Results are plotted versus angular position in Figure 13 for each of the
test Reynolds numbers, A drop in the axial cross-correlation
coefficient, R (x1 xz), occurs at the flow separation point for

Re = 3.8x 105 with a small dip prior to 0 = 100° becomihg more
evident with increasing Reynolds number. The drop in correlation
coefficient becomes more acute with increasing Reynolds number
while the degree of correlation ahead of flow separation tends to
remain quite high, At every test Reynolds number the correlation
coefficient between fluctuating pressures recovers in the rearward
portion of the cylinder.

Pressure-to-pressure axial cross-correlation coefficients were
determined for varying axial separation distances at 0 = 1100,‘ the
position of highest pressure fluctuation for Re =3.8 x 105. Figure 14
preéents plots of cross-correlation coefficient, R (xl XZ); versus
axial spacing (XZ/‘d= 5.17, X}~/d ~varied) for 6 = 110° and 6 = 80°,
The spacing for effectively complete loss of correlation at 0 = 110°
drops from approximately 0.8 diameter at Re = 2,5 x 105 to 0. 4 dia-
meter for Re =5.3 % 105. Values of correlation coefficient at 6 = 800,

shown for comparison, indicate higher axial correlation in the attached

flow regions. Correlation lengths defined by
o0
X; = R (x, Ax) d(&E (4. 02)
i i d *
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are on the order of 0.1 diameter for 6 = 110° and an estimated
0.5 diameter at 0 = 80° for Re =5.3 x 10

Normalized power spectral densities of the pressure fluctuations
at x/d = 5,17 were computed according to the procedures described in
Section III. Results are presented at 30° intervals around the cylinder
according to the test Reynolds number in Figures 15 through 19. Since
data points were computed at frequency intervals of one cycle p;ar
second, only the faired curves are shown in any of the power spe.ctra
plots. Definite periodicity is seen to exist at some locations on the
cvlinder for each of the test Reynolds numbers. The periodic nature
of the pressure fluctuations was found to essentially disappear at the
point of flow separation ( 6 = 600, Re=2.5x 105 and 6 =110° to 1200,
Re = 3.8x 105).- The amount of random energy appears to increase
with increasing values of Reynolds number, causing a corresponding
decreé.se in the strength of the periodic portions of the signé,l;
Periodicity is evident in the pressure fluctuations on the rearward
portions of the cylinder except at Re = 7,5 x 105, where definité
periodic frequencies are not discernible,

The dominant frequency found in the pressure fluctuations flor
Reynolds numbers from Re = 2.5 x 105 through Re = 3,5 x 105 occurs
at a Strouhal number S = 0.12. The relative amount of periodic signal
progressively weakens (note the scale change at Re = 6,5 x 105 in
Figure 18); the first indication of harmonics occurs at 6 = 0,

Re = 5,3 x 105, where some hint of S = 0,24 is evident. Power
5

spectral densities of the pressure fluctuations at Re = 6,5 x 10

(Figure 18) indicate multiple harmonics of the basic frequency,
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= 0.12, with the largest portion of periodic energy occurring at
S = 0.24, Several computations to frequencies above 125 cps were
also made; frequency spikes were found for S = 0,12, 0,24, 0,26, and
0. 48 for Re =6.5x 105. Harmonics are again indicated on the for-

5

ward pressure fluctuations at Re = 7.5 x 107, but the increased

proportion of random energy largely overwhelms any periodic fluct-
uations at this Reynolds numbers. |
Measurements of fluctuating li't were made during each data

run; for 95 recordings taken at X/d = 4,86, including all five test
Reynolds numbers, the mean value of RMS lift coefficient,@, was
found to be 0, 041, with maximum and minimum values being 0. 067 and
0. 028 respectively., Additional measurements obtained at X/d = 6.3
showed similar values except at Re = 2.5 x 105 where the mean value
of \/é__l_; was 0. 146.

| .Lift fluctuations were recorded with fluctuating pressures, and
cross~correlation coefficients were determined between the lift and
pressure fluctuations recorded simultaneously at an axial épacing of
0. 32 diameter. Values of the correlation coefficient, R (p, £}, are
plotted versus the angular position of the pressure orifice in Figure 20.
Even though the axial spacing was the same for the results of pressure-
to-pressure correlation shown in Figure 13, the general degree of
correlation is smaller. At Re = 2.5 x 105 the highest Vallue of -
correlation coefficient (0. 30) was {ound at 6 = 60°., With transition,
the amount of pressure-to-1ift correlation drops to very small values,
indicating little correlation between lift and pressure fluctuations, for

Re = 3.8 x 105. For Reynolds numbers from Re = 5,3 x 105 to
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Re=7.5x 105, the angular distribution of correlation coefficient is
generally the same with magnitudes increasing with Reynolds number

(highest value at 0. 46).

Normalized power spectral densities of fluctuating lift recorded
at x/d = 4,86 were computed at each Reynolds number; results for

Re

2.5 x 105 and 5,3 x 105 are presented in Figure 21, Only at
Re

1

2.5 x 105 did a discernible frequency ( S = 0.12) becovrn'e evident.
Note the indication of a 60 cps frequency at Re = 2.5 x 105 caused by
the low signal levels at q = 5 psf. Power spectra of 1ift fluctuations
for Re = 3.8 x 105 toRe = 7,5 x 105 show essentially random energy
content; however, in a few instances (i.e.,, for Re < 5,3 x 105) \ '
evidence of some .dominance at S = 0.4 could be found. More will be
said about flucfuating lift in Section V.

As the second aspect of this study, hot-wire data were recorded
in the wake and reduced according to the methods described bj
Kovasznay (38). The wire was calibrated at constant current in the
clear tunnel (i. e., no model) to measure resistance chang‘e with air
velocity. In the c-ylkinderrwake sufficient measurements were made to
determine the mean-velocity profiles. At one diameter behind fhe
model,‘ Z/d = 1.0, all centerline velocities came within : 10 % of being
0.43 _V:oo with profile shapes similar to developed wakes described by
Goldstein (9). At three diameters downstream the cente'rline velocities
were within & 3 % of 0.93 Ve except for Re = 2,5 x 10° which |
exhibited a lower velocity (0.5 Vo). The voltage fluctuations were

reduced to root-mean~-square (RMS) velocity fluctuations,- VZ, and

referenced to free stream velocity, —'\-/:oo » by the following equation:
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2 ) —
i = 2 . e o VLOC&L_ (4. 03)
Voo . e

Voo

where
_;—2_ = RMS hot-wire signal corresponding to wake vélocity
fluctuations,
e = steady-state hot-wire voltage corresponding to mean
flow velocity (-—\;—I:,ocal Ys
a = normalized wire resistance change due to the local

flow velocity,

Since only a single wire was used, with axis parallel to the cylinder, it
should be noted that velocity measurements were effected by ﬂdw
components in both the stream direction and transverse to the stream
direction.

| Within the limitations of measuring velocity components, the
level of free-stream turbulence was found to be approximately 0.35%
of Veo. Power spectral densities of the free stream indicated mostly
random energy content in the flow. Normalized wake profiles for RMS

velocity fluctuations, “VZ ,» determined for Re = 2,5 x 10

% at ¥/ =5.17
are shown in Figure 22. The wake width (about 2 diameters at
z/d = 1, 0) corroborates with the cylinder data which indicate flow

separation at 0 = 60°, The purpose of the wake profiles is to provide
a reference for thepower spectral densities computed from hot-wire
data recordings, Figure 23 presents several samples of the
normalized power spectral densities for wake velocity fluctuations at

Re=2,5x% 105. Essentially turbulent or random distributions were
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found in the center of the wake at Z/dz 1.0 with perhaps some indi -
cation of lower frequency dominance near the edge of the wake, Down-
st;'eam at Z/d = 3,0 dominance is seen at S = 0. 12 near the edge of the
wake.

After transition, the wake width and velocity profilesrbecéme
quite similar for Re = 3.8 x 105 toRe = 7.5 x 105. Corresponding to
the change in the point of flow separation, the wake width at Z/a =1,0
narrowed to approximately 0.8 diameter. Root-mean-square velocity
fluctuations for Re = 5,3 x 105 and Re = 7.5 x 105 are shown in
Figure 24. Power spectral densities were computed for wake velocity
fluctuations at each test Reynolds number from Re = 3.8 x 105 to
7.5 x 105; examples of the results are shown in Figure 25 (z/db= 1.0)
and Figure 26 (Z/d =~ 3.0). At one diame=ter downstream there is some
indication of frequei:icy dorainance at S = 0.4 near the edge of the wake
as éeeh at Re = 3.8 x 105 shown in Figure 25. Some of the data at
Re =5.3x 105 also seemed to have indicated dominant frequencies
near S = 0.4; however, it was found that most power specfra of the
wake velocity fluctuations showed random energy content with no
perceptible frequency dominance. This fact was eépecially truer of
vspectra of the hot-wire data obtained from the center portions of the

. wake. Velocity fluctuations downstream at /. =3.0 (Figure 26)

d
indicate randomness also.

The third portion of this program was to investigate the effects
of boundary-layer tripping on pressure distributions near the point of

separation., Tripping was accomplished by blowing jets of air through

orifices at 0 = : 30°. In order to provide'a basis for this study, the
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effects of blowing on lift were again measured. Figure 27 shows
typical results found at Re = 5.3 x 105; the dashed line represents
the results obtained by Schmidt (32). Boundary-layer tripping induced
steady-state lift as high as EZ = 0. 3, and the fluctuating lift rose
considerably from the normal RMS lift coefficient, \/é:fz, va.lué of
0. 040 to about 0.110. Effects of blowing below Re = 5.3 x 105 could
not be felt. |

In the following results blowing was established through both
orifices at 0.3 -V—oo; this rate was chosen as the lowest value which
would clearly change the flow pattern. Figure 28 presents normalized
power spectral densities of {luctuating lift at Re = 5.3 x 105 and ;
7.5 x 105 with and without blowing. With blowing the spectra indicate
that the energy content becomes more pronounced in the frequencies
at or below S = 0.12. Normalization hides the fact that lift fluctuations
Wifh biowing also were approximately three times stronger than those
without blowing. Attention should also be given to the slight f{requency
dominance seen at S = 0. 4 in the lift spectra without blowing.

Boundary-layer tripping had deifinite effects on the cylinder -
static pressure distribution, (—3; vs. B, near the isoint of flow
separation as seen in Figure 29. The data appear to indicate earlier
flow separation and higher drag coefficient (estimations ofEI_) with
blowing are shown in Figure 10). Blowing changed the 1évels of
fluctuating pressure as shown in Figure 30 which presents the distri-
bution of\@ for the angular positions of 6 = 80° to 120° for Re =

Re = 5.3 x 105 and 7.5 x 105° Data are presented for two axial

separation distances (AX/d = 0.19 and 0.82) from the location of the
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blowing orifices (X/c1 = 5.68). Blowing effects on-\/(? at Ax/d___ 0.82
are seen to be some what less that at the 0. 19 diameter spacing. Also,
it was found that the static pressure distribution changed very little
with blowing for the larger spacing.

Cross-correlation coefficients between the fluctuating
pressures (AX/d = 1.01) as affected by blowing are shown in Figure 31
for Re = 5,3 x 105 and 7.5 x 105. The correlation coefficient is higher
in magnitude with blowing, and evidence is also seen of the earlier
flow separation point. Qualitatively, the correlation pattern without
blowing conforms with the correlation coefficients presented.for closer
spacing in Figure 13. Power spectral densities of pressure fluctu -
ations at 6 = 95° and 0. 19 diameter from the blowing orifices are

presented in Fiéure 32 with and without blowing for Re = 5.3 x 105 and

Re

7.5 x 105. Note the recovery of periodicity with blowing at
Re = 5.3 x 105 and the ai)parent loss of periodicify at Re = 7, 5. x 105.
Comments about flow separation characteristics will be made in
Section V. |

Effects of blowing were felt in the wake in that the region of
highést velocity fluctuations shifted from the center in the direction
corresponding to a downwash corroborating with the steady-staté lift -
coefficient. Several power spectral densities of wake veldcity
fluctuations in region of highest activity were comi)uted and are
presented in Figure 33. Without blowing the wake at Re = 5.3 x 10°
seems to indicate frequency dominance near S = 0.4. Blowing shifts

the emphasis of frequency dominance to the lower frequencies at

Re=5.3x 105 while the data at Re = 7.5 x 105 indicate randomness.
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SECTION V
DISCUSSION

5.1 Test Results Compared With Other Experiments

The shift in separation point to the rearward position on the
cylinder and the accompanying decrease in drag coefficient ( for‘
Re = 3.8x 105) demonstrate that measurements were indeed made in
the supercritical flow regime. Values of cylinder drag coeffic‘ient
shown in Figure 10 are seen to be somewhat less than corresponding
data from the references. DBursnall and Loftin (16), for example,l
obtained higher values »f E“D using the same pressure-inte.gration
technique defined in Equatior (4.01). The distributions of static
pressure coefficient around the cylinder, ‘(Tp vs. 6, shown in
Figure 11 compare quite favorably with those of Bursnall and Loftin
except for the values of base pressure coefficient (which account for
the differences in value of drag coefficient). The higher basé pressure
with corresponding lower drag coeificient as measured in this invest~
igation has been found by McKinney (39) to be attribuiable to differences
in fineness ratio coupléd with free-end effects. The cylinder used by
Bursnall and Loftin extended completely across the tunnel with a fine-
ness fatio of 18, whereas the model used in this test had a free-end
and a fineness ratio of 8.1. Delany and Sorensen (11) noted that for
the portion of their measurcments in the subcritical regime, values of
drag coefficient were lowered with open gaps around the model where
it passed through the tunnel walls. Their conclusion was that an inflow
of air at pressures approximately equal to free~stream static caused a

rise in the base pressure. This type of phenomena may also account
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foz; the drag difference found in the transcritical range between the
results of Roshko (12) and those of Bohne (13a) and Buell, et, al. »(14).
Roshko's cylinder extended completely across the tunnel with no gaps
at the walls (FD = 0.7), and the models of both Bohne and Buell were
three-dimensional missile configurations (—-C—D = 0. 5). |
The distribution of fluctuating pressures about the cylinder had

not been measured (to the author's knowledge) in the supericritical
| range prior to this test. Considerable difference is found between the
test data shown in Figure 12 and the results of McGregor {23) and
Gerrard (24, 25) for the subcritical regime., Both experiménters
present only RMS pressure coefficients for pressure fluctuations at
the fundamental frequency (S = 0. 2) and at the ''second'' harmonic

(S = 0.4). McGregor's distribution of RMS pressure coefficient at

S ® 0.2 rises from quite low values ( Vé-:z ~ 0.003) at 6 = 0° té a
relatively constant maximum level ( (_3;7?. ~0.3) for 9 = 900.t0 150°
dropping to low values again in the rearward portion of the cylinder.
Gerrard found similar pressure distributions at the fundamental
frequency only with the maximum value of_\/—C:p;z given as 0. 5.
Supercritical flow data from this study show that the values of RMS
pressure coefficient (all frequencies included) remain fairly constant
at low levels, near-\/CT_-? = 0, 04, except in the vicihity 'of the point of

PF
flow separation where CPZ = 0.2,
Axial cross-correlation coefficients determined between two

fluctuating-pressure signals are also not found elsewhere. Gerrard
(25) plots pressure~to-pressure cross-correlation coefficients for an

axial spacing of one-third diameter where one transducer was kept
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at 6 = 90° and the second transducer was rotated to various angular
positions. Gerrard's goal was to determine angular phase relation -
ships, whereas data presented in this report intend to show the vari -
ation of axial correlation with angular position. Nevertheless, |
Gerrard shows correlation coefficients at the one-third diameteI;
spacing with 8 = 90° (both transducers)to be approximately 0. 60 for
Re = 8.5 x 104 and 0.85 for Re = 1.14 x 105. Prendergast (26) presents
pressure-to~pressure axial cross-correlation coefficients for varying
separation distances at 8 = 90° and 180° showing R (x1 XZ) = 0.9 at
approximately one diameter spacing for subcritical Reynolds'numbers.
Both authors indicate a 'relatively high degree of correlation betwéen
pressure fluctuations, similar to the results found in this investigation
for the attached flow regions of the cylinder. Correlation 1engths
estimated from Figure 14 are of the same order of magnitude as the
more extensive results presented by Schmidt (32) for supe.rcriﬁca;lvlift
{and drag) fluctuations. Supercritical correlation lengths (0.5 diam -
eter or less) are much shorter than those found by Prendefgast (26)
and el Baroudi (27) for subcritical Reynolds numbers.

Periodic pressure fluctuations in the subcrifical regime Were
found by McGregor and Gerrard at frequencies corresponding to S=0.2
with aominance shifting to S = 0. 4 on the rearward portiohs of the
cylinder. Periodicify found in this study occurred at S = VO. 12 {or har -
monics thereof) over the entire cylindér with no apparent shift to
higher frequencies at the aft angular positions. Buell (14) shows some

o]

, 105°, and 135°)
6

for the transcritical range from Re = 2.2 x 106 toRe = 6.2x10",

fluctuating-pressure power spectra {(at 6 = 45°, 75
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Buell's data from a smooth cylinder (missile configuration) indicate
random pressure fluctuations with maximum levels occurring at
6 = 105°. However, his spectra for pressure fluctuations near the
model tip or for the models with boundary-layer tripping (using tape
along the forward portions of the cylinder) show periodic effects at

Strouhal numbers near S = 0, 09.

The randomness of the lift (and drag) fluctuations for
Re = 3.8 x lO5 to Re=7.5x lO5 were also found by Fung (22) and
Schmidt (32). Fung's fluctuating lift power spectra for his lbwest
range of Reynolds numbers (Re = 3.3 x 105 to 5.7 x 105) seem to
show peak energy at S = 0, 12; however, the majority of the data
presented in Reference 22 indicate only randomness. Schmidt found
lift power spectfa to contain some indication of energy concentration
near S = 0. 32 close to the model tip. Similar energy dominance was
found occasionally in this investigation at S = 0. 4 in the 1lift fluct -
qa°: 4.86 for Re = 3.8 x 105 andat-x/d

for Reynolds numbers to 7.5 x 105. Schmidt attributed this phenomena

uations recorded at -/ = 5,87
to a tip effect since evidence of such frequency content was more
proﬁounced closer to the tip. Subcritical load data from Keefe (29)
show that lift fluctuated at S = 0, 2 while the drag periodicity appeared
at S ® 0.4 in contrast to lift fluctuations measured at Re. = 2.5 x lO5
ihdicating periodic dominance at S = 0. 12,

The hot-wire wake surveys for velocity fluctuations shown in
Figures 22 and 24 are similar in shape to those seen in Reference 17

except that the magnitudes of the RMS velocity fluctuations are quite

high owiﬁg to the close proximity to the cylinder. The appearance of
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dominant frequency at S = 0.12 for Re = 2,5 x 105 differs from the data
of Drescher (21) and Roshko (17) who found S = 0, 2 for wake velocity
fluctuations in the upper subcritical range. Power spectral densities

showing frequency dominance at S # 0. 4 presented in Figure 25

i

5.3 x 105, no blowing) agree some-

what with the findings of Relf and Simmons (19) at Re =5 x 105 to 106

(Re = 3.8 x 105) and Figure 34 (Re

and Delany and Sorensen (11} at Re = 2 x 106. The absence of definite
periodicity in the wake for supercritical Reynolds numbers was also
noted by Relf and Simmons (who took measurements at two diameters
downstream) and by Delany and Sorensen (who took measurements

. between one and two diameters downstream). Neither reference

pre sents any distribution of frequency across the wake, whereas’
results of this sfudy show that periodic effects were seen only near
the edges of the wake. The increasing amount of randomness found in
the velocity fluctuations with increasing Reynolds number agrees with
results of hot-wire investigation of the wake at supercritical
Reynolds numbers by Tani (40). Roshko's (12) findings of randomness
below Re = 3.5 x lO6 in the wake seven diameters downstream are
seei'ningly confirmed by the spectra found at three diameters down -
stream. Also in the transcritical range, using the model which gave
periodic pressure fluctuations, Buell (14) recorded both fluctuating
static and total-pressure fluctuations. The tunnel free-stream static
pressure was found to fluctuate at S : 0. 09 comparable to the cylinder
surface pressures, while total-head pressure fluctuations (e. g.,
velocity fluctuations) were found to oscillate at S = 0, 18.

The effects of boundary-layer tripping caused by orifice



36
blowing again show that the flow is quite sensitive to disturbances as
noted by Fung (22), Schmidt (32), Blackiston (33), and Buell (13c)
among others. Blowing effects on lift fluctuations were found to be
somewhat different from the results presented by Schmidt (see
Figure 27); however, the blowing rates required to initiate a change
in the flow pattern were found to be quite close to the values used by
Schmidt. The shifts in fluctuating lift power spectra with blowing
compare well with lift spectra presented by Schmidt whose data showed
definite frequency dominance near S = 0.12. Also, the increased axial
correlation between fluctuating pressures is similar to higher correl -
ation coefficients found for lift and drag data with blowing by Schimidt.

5.2 Discussion of the Results

The data acquired in this investigation provide some insight
into the flow over a cylinder at supercritical Reynolds numbers but
also raise new questions to be answered. The primary purpose of
obtaining steady-state data was to confirm that measurements were
made in the desired testing regime. Measurement of fluctuating
pressures around the cylinder, along with fluctuating lift, was one of
the key objectives in the program. The mapping of unsteady pressure
fluctuations showed that values of \/—C;Z were rather low in the super -
critical regime except in the region of flow separation where levels
rose by a factor of five or more. At all test Reynoids numbers axial
correlation between pressure measurements remains high on the
portions of the cylinder where flow is attached, but much correlation
is lost at the points of flow separation. Axial correlation data indicate

the high degree of three-dimensionality in the flow field. Power
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spectral densities computed from records of the fluctuating pressures
show definite periodicity at frequerncies corresponding to S = 0,12 or
harmonics thereof except at points of flow separation. The amount of
random energy was found to increase until periodic pressure fluct -
uations fail to recover on the rearward portions of the cylinder at
Re=17.5x% 105. The amount of correlation between pressure and lift
fluctuations was quite small at transition to supercritical flow; Power
spectra of the lift fluctuations corroborate with the correlation data by
showing essentially random loading except for Re = 2.5 x 105 where a
discernible frequency appears at S = 0.12. |

Wake widths and profiles determined from hot-wire measure -
ments verified the transition to the supercritical flow. Power spectra
of the wake velocity fluctuations were determined; a large portion of
the energy in the wake is random in character. At Re = 2.5 x 105 the
indication of wake periodicity at S ® 0.12 seemed to reveal vortex
shedding. Near the edges of the wake some evidence of dominant
frequencies near S ® 0.4 was found; however, the majority of power
spectra showed only turbulent velocity fluctuations.

Boundary~layer tripping by orifice blowing showed that super -
critical flow is quite sensitive to small disturbances. Tripping was
achieved only from Re = 5.3 x 105 to Re = 7.5 x 105 Whiqh seems
significant after studying the RMS pressure coefficient distributions
(Figure 12). There may be some evidence concerning flow stability
found in the uniformity of the distribution of C;Z for Re = 5.3 x 105.

Results of blowing indicated carlier flow separation, higher steady-

state drag, flow inclination and accompanying steady-state lift, much
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higher amplitudes of (_Z;E and \/—C?, axial correlations of increased
magnitude, and a shift in power spectra toward S = 0,12.

The existence of periodicity at S = 0,12 instead of the familiar
subcritical value, S = 0.2, appears to be related to the higher base
pressure associated with the free-ended model. Roshko (15) postulates
that vortex shedding frequency is dependent upon wake paramecters
{width, dw’ and velocity, ~V~w) and that there exists a universal
Strouhal number, S* , independent of the body producing the wake.

Roshko relates the actual Strouhal number to the universal value by

the following equation:

—_ / .
Vv o 2
S _ d w _ d (1-C ) (5.01)
R — Pw
S d Vo a
w W
where
dw = wake width defined as the distance between the {ree
shear layers, and
C = wake static pressure coefficient which is equal to
Pw

the cylinder base pressure, C
Phase.

In reference 12, Roshko shows that the value of dW is calculated from

the following;

a - ~d( <h ) (5.02)
W -

C
Phase
Thus, the Strouhal number can be determined simply by using static
measurements as seen in the following;
roll 1
S = —S* Cpbase 1 - -5- /2‘ (5.03)
é—D Phase
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On the basis of experimental data for cylinders of various cross-
sections, Roshko found that the value of universal Strouhal number was
S;:< = 0.16. This value corroborated with wake velocity fluctuations
measurea in the subcritical regime (see Reference 15) and in the trans-
critical range (see Reference 12). The measurements made in f;his
test, prior to the shift in separation point, at Re = 2.5 x 105 show
that"c‘D = 0.74 and ’C‘base= -0.49; Equation (5. 03) gives s = 0.13 which
is quite close to the measured frequency of S. = 0.12, Also, the cal -
culated wake width, dw = 1,5d, is seen to be in fair agreement with
the wake profile at z/d = 1.0 in Figure 22. Subcritical fluctuating lift
was found by Keefe (29) to occur at the same frequency (S= 0. 2)‘ '
measured in the wake velocity fluctuations by other experiment.ers.» ‘
Similar results were found in this study at Re = 2.5 x 105 in that wake
velocity fluctuations seémed to occur at the same frequency (S = 0.12)
asvthe. pressure and lift fluctuations. Thus, subcritical data indic’ate
that vortex shedding does occur.

After transition to the supercritical flow regime fiuctuating
pressure periodicity continued at S = 0.12 until the appearance of
harmonics at Re = 6.5 x 10°. For data taken from Re = 3.8 X 165 to
7.5 x 105 the base pressure coefficient averaged at ~0.17 and the mean
value of drag coefficient was about 0.15. Equation (5.03) then shows
that the Strouhal number should be S = 0.196 which hardiy agrees with
the measured values at S = 0.12. The calculated wake width,
dW = 0.87d, is in good agreement with test data at Z/d =1.0 presented
in Figure 24. Roshko (12), using data from many experiments, was

also unsuccessful in establishing a proper Strouhal number in the
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supercritical range.

For supercritical data a seeming contradiction exists between
the lift and pressure power spectra. A complete explanation of the
dichotomy between periodic pressures and random lift has not been
found. Some insight on the problem may be gained by considering the
distribution of C-I;.Z vs. 0 in conjunction with the pressure power
spectra. It was found that slightly over one-half of the energy input
to lift comes from the region of essentially random pressure fluc -
tuations occurring about the flow separation point. However, this fact
does not completely solve the problem since each side of the lift
package electrically integrated all transducer signals (taken for each
11.1% of the chord), some of which would sense periodic pressure
fluctuations (for instance, those transducers located ahead of the
separation region). The absence of any definite indication of period -
icity in the lift spectra (and drag also) for supercritical Reynolds
numbers may possibly be attributed to pressure fluctuations of
differing phase around the cylinder. The high degree of periodicity
in the pressure fluctuations at Re = 3,8 x 105, the randomness found
in t\he corresponding lift fluctuations, and the accompanying low corre-
lation between pressures and lift indicate that some cancelling effect
exists in supercritical flow. Alternate shedding of vortices appears
'not to occur in the fashion found in the subcritical regime. One of the
possible reasons for the failure of Equation (5.03) in the supercritical
range lies in the assumption of the {ree-streamline flow model and its
accompanying vortex shedding phenomena,

Perhaps some further insight into the problem may be gained
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by considering another aspect of the flow field. Consider Figure 34
which summarizes the results of pressure mapping around the cylinder
for Re = 5,3 x10 . There is some evidence of a small separated
region ahead of the point of full flow separation, i.e., a separation
"bubble' similar to that found by Bursnall and Loftin (16, 41). The
slight rise in-(_:_; aft of ® = 95° has been known for some time, being
shown by Flachsbart (5) and Fage (8) among many others. This steady-
state effect is corroborated by the slight rise in\/a———?at 6 = 95° anci
the corresponding drop in axial cross-correlation coefficient.
Figure 35 shows power spectra of pressure fluctuations measurgd in
this region; note the absence of periodicity at 8 = 95° as well as at
6 = 110° and 120° (the region of complete flow separation). Fage (8)
measured the boundary-layer velocity profiles over this portion of the
cylinder finding initial flow separation beginning close to 6 = 95° with
seemingly reversed flow prior to complete separation at 6 = 110°,
These profiles are sketched in Figure 35 along with the change in
boundary-layer thickness.,

Several authors have discussed the existence of the separation
bubiale. Bursnall and Loftin (16) based their comments on this bubble
in part upon previous experience with laminar separation bubbles on
an airfoil as described in Reference 4l. Roshko discusses the super -
critical flow separation bubble in Reference 12, I.ately, Tani (40) has
conducted an investigation which see;rningly Ashows the definite exist -
ence of the bubble. A simple description of the flow field is proposed
using ideas from the above references combiﬁed with the results of

this test.
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With increasing Reynolds number in ‘the subcritical range the
point of transition from laminar to turbulent flow seems to move
forward through the wake until at the "critical” Reynolds number this
transition occurs on the cylinder itself, The flow, which up to this
point had been subject to laminar separation on the forward portion of
the cylinder, becomes influenced by the transition and reattaches to
the surface. The final flow separation point then shifts quite abruptly
to the rearward position on the cylinder wtih the flow pattern
apparently consisting of a laminar separation, transition, reattachment,
and final turbulent separation. The angular position of transition seems
seems to move forward around the cylinder as Reynolds number
increases, and the separation bubble narrows until it finally disappears
at the onset of transcritical flow.

At both subcritical and transcritical Reynolds numbers definite
periodic vortex shedding has been measured. Both regimes seem to
exhibit somewhat similar separation phenomena (i.e., separation
- simply caused by adverse pressure gradient) except that the turbulent
boundary-layer causes the franscritical separation to occur further
back on the cylinder. Perhaps the supercritical flow does attempt to
separéte simply, but the reattachment and almost immediate turb -
ulent separation cancels any simple vortex shedding. The discovery
of periodic pressure fluctuations for the early supercritical Reynolds
numbers indicate that the cylinder flow attempts to shed a periodic
vortex which is effectively obliterated by the second separation as is
quite evident at Re = 3.8 x 105; however, some indication of period - _

icity in the wake at S # 0.4 shows that the problem is not simple.' With
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increasing Reynolds number to Re = 7.5 x 105 even the periodic pres-
sure fluctuations degenerate as the amount of turbulence increases,

Orifice blowing as a boundary-layer tripping technique indicated
the general return of periodicity. Possibly blowing caused a local
increase in Reynolds number which shortened the separation bubble
and brought on the earlier flow separation point. It appears that even
though the separation bubble existed in a subdued form a change in the
character of the flow allowed some periodic vortex shedding., The
periodicity in the pressure fluctuations on the cylinder to the point of
final flow separation is corroborated by Figure 31 where the. dip in the
axial correlation coefficient prior to separation no longer is found with
blowing. At Re = 7.5 x 105 the earlier flow separation point effectively
cancellmed the pressure periodicity at @ = 95° as shown in Figure 32,
Apparently simple periodic vortex shedding will occur where final
flow separation is not effected by a laminar separation bubble. Thus,
the supercritical regime is the Reynolds number range where trans -
ition to turbulence and vortex shedding interact quite dramatically.

5.3 Future Investigations

To learn more about the supercritical separation phenomena
and thé related vortex shedding problem, more testing needs to be
done. One of the first priorities of such a test would be to determine
the phase relationships in the pressure fluctuations around the cylinder
This could be accomplished by constfucting an instrumentation package
consisting of individual pressure transducers located at various angular
position on both sides of the cylinder. By the use of a switching circuit

it would be possible to relate the phase of pressure fluctuations to that
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at same point, say 6 = 0°. The answer to the question about random
lift and periodic pressures could be found. By testing at both sub -
critical and supercritical Reynolds numbers some knowledge of the
stability of the location of the separation points could be gained which
might indicate something about the nature of vortex formation. |

A second aspect of any future test would be to make a detailed
study of the region close to the supercritical separation.poin’c.‘ This
would include not only measuring the magnitudes and phase of pressure
fluctuations, but the boundary-layer would have to be surveyed as well.
Some time history of the flow pattern is desirable. The hot;wire
technique and the power Sp‘ectral density computer program ar‘é\ |
important tools in such a study. Perhaps some answers about the
existencé of periodicity at S = 0. 4 in the wake can be found. The flow
field appears quite complex, and earlier studies of this problem
lacked the improved instrumentation and digital computer techniques

available today.
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SECTION VI
CONCLUDING REMARKS

The study of supercritical flow over a cylinder has been a
subject of interest for almost one-half century, chiefly for the reason
that abrupt and curious changes in the flow pattern are found. Many
investigations and tests have been made, and gradually a picture of
the flow field is being pieced together. This study was an éttempt to
add more pieces to that picture.

To some extent a certain amount of new knowledge about t-:he
problem has been gained. Subcritical flow, with its periodic vortices,
is characterized on the cylinder by periodic pressure and lift fluct -
uations, lift fluctuations caused by the alternately shedding vortices,
With transition, supercritical flow is characterized by an apparent
se.par.ation bubble followed by turbulent separation, with pressure
fluctuations of greatly increased magnitude at this point. As can be
seen from the test results the large random pressure fluctuations
near the separation point appear to be responsible for thé shortening
of the axial correlation length from the comparatively large values
found in subcritical data. Periodic pressure fluctuations (S = 0.12
for th.is test) on the surface remain but are attenuated as the Reynolds
number increases beyond the initial transition values. Without the
- simple vortex shedding, lift fluctuations become randofn in nature and
much smaller than subcritical values. At the '"early'’ supercritical
Reynolds numbers, there seems to be some indication of lift and wake
velocity fluctuations near S = 0.4 which is unexplained. It may be that

a complicated shedding takes place, perhaps a double shedding, which



46

is eventually overcome as the point of turbulent transition moves
forward., With the forward movement of the transition point, the
separation bubble disappears and transcritical vortex shedding begins.

Much of the preceding description of supercritical flow needs
to be verified by a careful study of the dynamics of flow separation.
With the testing equipment available it seems but a matter ot time
until a detailed flow picture can be drawn. Perhaps then the

phenomenon of vortex shedding can be more fully understood.
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a. Side View

b. Front View

FIG., 3 CANTILEVERED CYLINDER MODEL
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