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ABSTRACT

Measurements were made of the unsteady air loads, both
lift and drag, developed on a circular cylinder when exposed to flow
in the supercritical Reynolds number range from 0, 38 x 106 to
0,75 x 106. The three dimensional nature of the flow, which is a
consequence of the flow separation effects, is recognized. The
statistical character of spatially varying random type fluctuating air
loads is presented in the form of cross-spectral densities and cross-
correlation coefficients. Information of this type has application to
the problem of determining the response of a cylindrical structure
when exposed to air loads,

The extreme sensitivity of the flow to surface irregularities
in the supercritical Reynolds number region is reported including
the effects upon the local and spatial character of the fluctuating

loads. Local values of steady state lift could be induced by suitably

orienting surface disturbances on the forward portion of the cylinder.
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NOTATION

A, List of Symbols:

D Diameter of cylinder

f Frequency, cycles per second

Px Static pressure at location (x)

q Dynamic pressure, q = -;‘—pV2

t Time

v Velocity of undisturbed flow

x Axial coordinate along cylinder axis, x =0 at the base
p Mass density of fluid

1% Kinematic viscosity of fluid

L4 Ratio of damping to the critical damping

T Time lag

6 Angular coordinate for cylinder surface, zero reference

is forward stagnation point
Power spectral density
Co-spectral density, real part of cross-spectra

Quad-spectral density, imaginary part of cross-spectra

N e ©

Correlation length, dimensionless

Note: Other symbols are defined in text when introduced.
B. Superscripts: T
™ . 1
() Mean average, equals Lim == f dt
ean av ge, eq Toe00 2T ()
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NOTATION (Continued)

C. Subscripts:

( )22 Refers to lift at station X and to lift at station X,
( )d.a Refers to drag at station 3] and to drag at station X,
(), Refers to normalized term, applicable to ¢, , and

D. Dimensionless coefficients:

Lift force/unit span

CL Local 1lift force coefficient = o)
C Local drag force coefficient = Drag force/unit span
D qD
Px - P ef
Cp Static pressure coefficient = q rel.
R Reynolds number of cylinder = VD/9)

Strouhal number (non-dimensional frequency) = fD/V
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SECTION I

INTRODUCTION

The flow of an incompressible viscous fluid past a circular
cylinder has been the subject of numerous studies through the years,
but in spite of the basic simplicity of the geometric form, problem
areas still remain that are difficult to treat analytically or to measure
experimentally. One of these areas of interest relates to the fluctua-
ting lift and drag loads that a circular cylinder experiences when
placed in a flow normal to its axis of symmetry, as a consequence of
the fluctuating pressures acting on the cylinder.

The ability of the wind to produce vibrations in wires (Aeolian
tones) has been know for a long time, It was Strouhal (1) who first
showed in 1878 that the frequency of these tones was directly propor-
tional to the relative air velocity and inversely proportional to wire
diameter. When the frequency of the tone coincided with a wire
resonance frequency, the sound level was reinforced. Further under-
standing was provided by Lord Rayleigh (2) in 1879, In a classically
simple experiment, he disclosed that the motion of a taut string,
when exposed to a chimney draught, was in a direction perpendicular
to the air velocity, a result which was thought to be quite remarkable
at the time,

The periodic nature of the wake was established later. It was
in 1911 that von Karman (3) related his theory of the vortex street
which initiated many investigations of the wake behind bluff bodies.

Outstanding among the problems outlined in von Karman's stability
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papers was the problem of the mechanism controlling periodic
vortex shedding, There is still no suitable theoretical treatment
for this problem. The literature on the subject of vortex shedding
behind cylinders is quite extensive, with notable reviews being given
by Goldstein (4) in 1938, Rosenhead (5) in 1953, and Humphreys (6)
in 1959,

The vortex shedding phenomena can be considered in terms
of the cylinder Reynolds number, R, which is a dimensionless
number expressing the interaction of viscous and inertial forces in
a flow for geometrically similar bodies., The regions of interest will
be classified in order of increasing Reynolds number as subcritical,
supercritical, and transcritical in a manner proposed by Roshko (7)
in 1960, These regions are separated by transition zones, with the
lower, or critical, transition occurring in the range of 2 x 105<
R < 5x 105 while the upper transition occurs in the range of
1 x 106 {R {3.5x 106. In the subcritical regime, the character
of the flow in the wake is predominantly periodic, and a laminar flow
separation occurs on the cylinder forward of the maximum thickness
point. The supercritical flow regime is characterized by a more
turbulent wake without the appearance of any dominant frequencies,
and the flow separation point has moved rearward in the manner of
turbulent separation. In the range of transcritical flows, Roshko (7)
has observed that the wake exhibits periodicity and the separation is
turbulent,

The steady state values of drag force coefficient, CD’

exhibit well known traits in these flow ranges, In the subcritical
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range (1 x 103 <R < 3x 105), the value of CD is between 1.0 and 1. 2;
CD drops markedly in the lower transition zone such that it attains a
value of CD = 0,25 to 0.35 in the supercritical range; and the value
of drag begins to rise in the upper transition zone until a steady value
of CD = 0.7 is obtained in the transcritical flow range.

The character of the fluctuating loads can be described in a
parallel manner by classification according to flow ranges. Based on
observations made in the subcritical Reynolds number range (e. g. ,
Macovsky (8) and Keefe (9)), it has been found that the unsteady lift
load is of the same order of magnitude as the steady state drag value
while the unsteady component of drag is an order of magnitude lower.
It was Fung (10) in 1958 who first presented measurements in the
supercritical range. His results showed that in comparison to
values in the subcritical range the fluctuating lift load had decreased
in value while the unsteady drag was relatively unaltered. In the
subcritical range, the unsteady loads are periodic in nature and
have a non-dimensional frequency (Strouhal number), S = 0.2, As
the lower transition is approached, the fluctuating loads begin to
exhibit a random modulation of amplitude. In the supercritical range,
the unsteady loads lose signs of periodicity and are best described
using power spectrum concepts.

The knowledge of fluctuating loads in the supercritical (and
transcritical) flow regions has engineering application to current
problems of import dealing with the response of large cylindrical
objects such as smokestacks and missiles on launch pads, when

exposed to surface winds. In general, it has been reported
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(References 11 and 12) that the response of a smokestack smoothly
increases with increasing wind velocity (primarily responding in a
direction normal to the wind velocity) and that the frequency of the
motion remains constant at the smokestack's fundamental value,
This suggests that the structure behaves as a narrow band-pass
filter and is responding to forces which are random in nature. The
physics governing smokestack vibrations is also applicable to
missiles on open launch pads. In the case of missiles, structural
weight is quite critical, which in turn places more emphasis on
under standing the problem. Ezra and Birnbaum (13) have reported
in 1960 the results of wind-tunnel measurements made on a
dynamically similar model, One of the highlights of their measure-
ments is the strong dependence of the root bending moment upon
nose shape. They showed that the unsteady loads on a cantilevered
cylindrical body could be modified by nose configuration. However,
their measurements do not yield any information with respect to the
spanwise distribution of fluctuating load.

Macovsky (8) in 1958 noted that the unsteady lift loads on a
two-dimensional cylinder model were three-dimensional in character.
Investigations by Keefe (9) in 1961 showed that altering the axial
location of chordwise fences had a noticable effect upon the fluctuating
forces., The results of Macovsky and Keefe in the subcritical range
are in accord with the observations made by Fung (10) in the super-
critical range, namely ''that the axial correlation of the fluctuating
forces are important and that significant changes can be induced by

end effects and by small axial geometrical perturbations''. The
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instrumentation used by previous investigators had limitations since
it has not been possible in the past to evaluate the axial correlation
of unsteady loads, even though the three-dimensional nature of flow
over a two-dimensional type circular cylinder has been recognized.

In view of the previous remarks, the purpose of the investiga-
tions presented here can be stated as being to establish an
experimental technique for measuring unsteady loads and their axial
correlation with the intent of applying these methods to the response
analysis of a cylindrical structure that is excited by spatially random
forcing functions., The background for this problem has been
presented by Fung (14) in 1960, including a basic formulation of the
structural response equations when the forcing function is a spatially
dependent random variable,

A brief description of the experimental equipment is
presented in Section II, The results of the experimental measure-
ments are shown in Section III, including the direct readings of air
loading, computed values of power and cross-spectral densities,
axial correlation data obtained by analog circuit means, and the
observed response of the cylinder structure. Detailed descriptions
of the experimental techniques used in obtaining and analyzing the
air-load data are presented in the Appendix sections.

An interesting by-product of these investigations was the
observation that the flow traits in the supercritical Reynolds number
range were extremely sensitive to surface condition. Slight surface

disturbances produced significant changes in the unsteady air loads
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from the standpoint of both RMS level and spectral distribution of
power, In addition, asymmetrical flow disturbances resulted in

the development of steady-state local lift values.
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SECTION II

EXPERIMENTAL ARRANGEMENT

The test model was a cantilevered cylinder (8, 54 inch
diameter) that projected approximately 8. 1 cylinder diameters
vertically from the floor of the GALCIT* Ten-Foot Wind Tunnel
test section. The operating range of tunnel air speeds corresponded
to cylinder Reynolds numbers from 0. 38 x 106 to 0. 75 x 106. A
schematic side view of the installation and a photograph of the
installed model is shown on Figures 1 and 2. The model was chosen
in the form of a cantilever in order to permit a future evaluation of
tip effects upon local air loadings. In the group of investigations
reported here, the tip was blunt ended which resulted in the model
having a ""smokestack' type appearance, g

Sectional loads were obtained by means of an electrical
summing network applied to eighteen properly oriented static
pressure transducers at each of two load stations. The measure-
ments of air load were recorded on magnetic tape for convenience of
subsequent data analysis. The data did not require a response
corkrection since the observed frequencies were below 200 cps and
the overall system dynamic response was essentially flat in this

range. The load instrumentation could be oriented to indicate either

lateral (lift) or drag loads.

Graduate Aeronautical Laboratories, California Institute of
Technology.
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The two load stations are defined as channels 1 and 2 for
sake of clarity. The channel 2 (reference) load station was kept
in a fixed location for all of the results presented here, and this
corresponded to measuring local loads at an axial position 4. 86
cylinder diameters above the floor. Relocable spacer sections
made possible the positioning of the channel 1 load station in various

axial positions above channel 2 ranging from adjacent (Xl/ =5,17)

D
to extreme near to the tip (Xl/D = 6,97). A definition of the
instrumentation locations applicable to the data of subsequent sections
is presented on Figure 3,

A more complete description of the model, instrumentation,

and considerations leading to the choice of instrumentation may be

found in Appendix A,
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SECTION III

RESULTS AND DISCUSSION

3.1 Steady-State and Mean Measurements:

The steady state drag values which were measured during the
course of the experiments discussed here demonstrate that the model
was tested in a supercritical flow regime, The general trait

6

observed was that as Reynolds number increased from 0,38 x 10~ to
0,75 x 106, CD increased smoothly from about 0.22 to 0,27. A
visual proof of operation in the supercritical range was provided by
the smear marks left on the cylinder by kerosene and oil particles
blown off a cheesecloth filter that was installed on the turning vanes in
the low-speed settling section of the wind tunnel., The deposited film
on the model showed that the flow separation points were aft of the
6 = 90° location on the cylinder, and that the locus of the flow
separation points formed a reasonably straight line parallel to the
axis of symmetry, The straightness of the separation line indicates
that the joints between model spacer sections did not alter the flow
traits.

The measurements of unsteady lift and drag in the supercritical
range of 0,38 x 106 <R 0,75 x 106 are shown in Figures 4 and 5
respectively. The level of the root mean square value of the lift
coefficient was approximately 0. 035 and remained relatively constant
in the range of Reynolds numbers investigated. The level of the
unsteady drag coefficient was slightly less with the value being

approximately 0, 030. These values were all repeatable, but it was

found that the unsteady lift was extremely susceptible to surface
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roughness. The range of lift values shown as a ([]) represent those
measured early during the test when the surface condition, although
classified as polished, had not been meticuously rubbed smooth, The
lift values eventually settled into a repeatable range providing that
the surface condition was maintained. The point shown as a (A) is
typical of an occurrence that happened suddenly several times during
the course of testing; namely that the RMS level of lift data would
increase to a value considerably above the normal level, Subsequent
tunnel shutdown and model inspection would frequently disclose a
minute indentation on the forward portion of the model instrumentation
package, with the estimated average width of the dent usually being
approximately 0. 005 inches and the estimated height of the slight
ridge above surface contour being about 0,001 inch, After a little
repolishing to remove the slight ridge, the data level would return to
the lower range of values, even though a slight dent remained.
Further observations as to the effects of surface irregularities were
made and results of these controlled disturbances are reported in
Section 3. 4,

The values of fluctuating load presented on Figures 4 and 5
are compared with the results obtained by Fung (10), and it can be
noted that the unsteady drag terms are in accord, but the fluctuating
lift values are about a third of the values that he reported. The
measurements of Reference 10 were made in the GALCIT Ten-Foot
Wind Tunnel using a test model of 12, 6 inch diameter and 6 foot
length horizontally supported between two vertical channel beams

that spanned the tunnel test section. The model mid-section, 1. 75
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cylinder diameters in length, measured forces using a strain gage
balance., Since the axial correlation of the random loads was less
than a cylinder diameter in length (discussed in Section 3. 3), it
would be expected by using logic similar to that of Keefe (9) that
the RMS level of unsteady total load would be less than the sectional
load (as presumably reported here). However, Fung's model
surface was not polished and these surface irregularities plus the
effects of load cell isolation gaps (0. 020 inch wide circumferential
gaps vented to the inside of the model) could have produced inter-
ference effects in a manner to cause total loads to be above those
measured here, Additional support for this conjecture in provided
by the comment in Reference 10 that wake surveys disclosed large
changes in the local wake width due to cracks, surface disturbances,
and end effects.

The values obtained by Keefe (9) in the subcritical Reynolds
number range are included on Figures 4 and 5 for purposes of
comparison, It is felt that these measurements, although they were
made using an one diameter span strain gage load cell, and were
subject to some uncertainties with regard to model end effects, are
representative of the available sectional load data. The RMS values
of fluctuating lift in the range of 5 x 103 { R<K1lx 105 varied from
0.4 to 0. 5 while the unsteady component of drag was an order of
magnitude lower. Keefe noted that the irregular character of the
lift load was a random modulation of amplitude superimposed upon a
periodic signal, and the frequency corresponded to a Strouhal number

of approximately 0. 20,
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Information is not available in the high supercritical range

of Reynolds numbers (R > 1 x 106).

3.2 Correlations and Spectral Densities:

Typical results are presented in this section relating to
estimates of correlations and spectral densities for unsteady lift
and drag loads. The estimates were obtained by digital means using
techniques as described in Appendix B, The definitions of auto-
correlations and power spectral densities for a stationary random
process are well established, and clear presentations of these concepts
may be found in many texts, e.g., Chapter 8 of Fung (15), Chapter 9
of Tsien (16), and Chapter 6 of James, Nichols, and Phillips (17).
The extensions of spectral density concepts to the more general case
of cross-spectra of two or more random functions is treated by Press
and Tukey (18).

The random loadings on the cylinder are a function of axial
position and time, and are expressed as ﬂ(x,t). It is assumed that

the mean average is zero, i, e., ,Q = 0, In the case of drag loading,

this assumption corresponds to considering only the unsteady drag

term., The cross-correlation is denoted by the term ,Q(xl,t) ,Q(Xz,t+’t:),
and is the mean time lagged product of unsteady loads considered as
acting at the two axial stations, % and X5e It is convenient to
distinguish between forward and rearward time lags of the cross-
correlation., The restriction that the time shift variable, T , is

greater than or equal to zero allows us to define:
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For T >/O,

Forward Cross-Correlation (F.C.C,) = Q(Xl,t) ﬁ(xz,t+’c ) (3. 01)

Rearward Cross-Correlation (R.C.C,) = ,Q(xl,t) ,Q(xz,t—’t )

A property of the cross-correlation is thgt when the
spatial variables x4 and X5 become coincident, the forward
and rearward cross-correlations become identical due to the
assumed stationary property of the random function and are
equivalent to the auto-correlation. A Fourier transform may be

applied to the cross-correlation in order to yield a cross-

spectrum, which is in general complex natured. Let

4:) (XI’XZ’ 1) = Real part of cross-spectral density,
called the co-spectral density

fif(xl, X5 1) = Imaginary part (quadrature term) of
cross~spectral density, called quad-
spectral density

f = Frequency, cps

f

X, Or X Axial location of unsteady loads

Then:

0o

¢ +i¥ ‘-’*’—1—2- JACIE Q(XZ,ch)e'iZ“ftd'c (3. 02)
2

™
-0

In terms of the forward and rearward cross-correlations, the
co- and quad-spectral densities can be expressed by Fourier

cosine and sine transforms, respectively:
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b(x),x,,10) = -17 R.C.C. + F.C. c] cos2mit dt
(3. 03)

"{f(xl,xz,f) = 2

R C.C. -F,. C.C.] sin2nwft dz

j?
o)
f
0
An alternate formulation of the cross-spectral density is obtained

when one defines the cross-correlation as:

In-phase Cross-correlation (I.P.C,C.) = [:R C.C. + F.C. C]

ol

Out-of-phase Cross-correlation (O, P. C, C.)= [R, C.C. - F.C. c.,]

Then the cross-spectral density can be expressed as:

[e9}
é(xl:xzyf) z""lZ' j' (I. P.C. C.) cos2nft dT
T 0
l59) (3. 04)
(x;,x%,,1) =1 (O.P.C,C.) sin2wft dt
1°72 3
iy
0

The inverse relationships to define the I, P.C.C, and O.P.C. C.
terms may be developed in terms of the co- and quad-spectral
densities using standard formats. For the case of zero time shift,
T = 0, the area under the curve of @ (xl,xz,f) vs. frequency is

equivalent to the cross-correlation function and is given by:

o

,Q (Xlst) [1] (Xzs t) = j’ % (X].’ ijf)df (3.05)
0

When the spatial locations are identical, i, e, , x| =X the

2,

expressions become more familiar since they define the auto-

correlation (A, C,) and the power spectral density (d(x,f) ).
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For x, = X5

[R.c. C. + F.C.C.:l

e

a

i
o —

"

@(Xl:xlz f)

,?(Xl :X19 f)

¢(X1 » 1)

0 sinceR.C.C, =F,C,C,

1

It is pointed out by Press and Tukey (18) that the co-spectrum,
é(xl’XZ’f)’ and the quadrature spectrum, "{’(Xl,xz,f), can be consid-
ered as representing the power of the in-phase and 90 degree
out-of-phase components respectively of the two random signals (from
an electrical sense), The in-phase power may be physically
visualized as a result of Eq. 3.05, where it can be seen as corres-
ponding to the cross-correlation function, The out-of-phase power
appears less amenable fo physical interpretation,

For convenience in data handling, the following normalizing
procedures have been employed:

1. Auto-correlations were normalized with respect to A, C,

at T = 0, and are denoted as the auto-correlation
function, A.C.F.

2., The power spectral densities of the individual data

channels and the corresponding co- and quad-spectral

densities were normalized such that:

125 125 125
jq)ndf = f@ndf = j{fndf = 1,0 (3. 06)
(0] ) 0

The subscript ''n'* denotes normalized spectral densities,
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3. Both in-phase and out-of-phase cross-correlations

were normalized with respect to I, P.C, C. at
T =0, and the corresponding functions are
denoted as I, P.C.C.F. and O,P.C,C. F, respectively.

Digital computer techniques as outlined in Appendix B were
used to obtain finite length series approximations to the integral
formulations., The estimates were obtained at intervals of time lag
of 0.004 seconds or frequency of 1 cycle per second. Because of
the relatively close spacing of the estimates, the computed points
are omitted on the correlation or spectral density curves. Figures
6 to 14 show the variations of the correlation or spectra curves
versus time lag or frequency respectively for the case of both lift
and drag at a typical tunnel operating condition (q = 40 psf) corres-
ponding to a Reynolds number of 0. 75 x 106, when the instrumentation
packages were in an adjacent position (which corresponds to
XZ/D = 4,86 and X1/D = 5,17), The data are identified as to
source by the channel nomenclature defined in Section II. Results
from both data channels are shown in order to illustrate the data
scatter inherent in these random signals,

The drag data show slightly more periodicity in the auto-
correlation curves than does the lift data (Figures 6 and 11). The
Fourier cosine transform of the auto-correlations (Figures 8 and 13)
show a scattering of low frequency power peaks, but their frequencies
are not well enough established in order to draw any firm conclusions
regarding the drag or lift in the supercritical Reynolds number

range. A feature exhibited by both the drag and lift power



17
distributions is that the dominant contributions to the power spectra
occur at frequencies below 40 cps, which corresponds to a Strouhal
number of approximately 0,15,

The cross-correlation functions of lift and drag loadings are
significantly different (Figures 7 and 12). The out-of-phase cross-
correlation for the lift case is quite small while in the case of drag
loadings, a relatively large negative value occurs for small values
of time shift ( T less than 0.1 seconds) and thereafter are of the
same magnitude with the out-of-phase term leading the in-phase
term by about 0, 05 seconds., The form of the cross-correlation
functions as presented here is such that they give a measure of not
only the average correlation function, but also of the difference
between the rearward and forward cross-correlation. In the case of
lift, the out-of-phase cross-correlation indicates that not much
difference exists between the rearward and forward cross-correlations,
which is in contrast to the drag case.

An alternate way of considering. these characteristics is
provided by the cross-spectral density curves (Figures 9, 10, and
14). In the lift loading case, the ratio of the out-of-phase to the
in-phase power is +0, 12, The in-phase power term is amenable to
physical interpretation since it corresponds to the mean average
cross-product of the two loading terms with zero time shift. The
real and imaginary components of the crqss—spectrum are shown vs,
frequency by the co- and quad-spectrum curves respectively, It will
be noted that since the out-of-phase power is an order of magnitude

smaller than the in-phase power, the quad-spectral density curve has



18
both positive and negative values depending on the sign of the argu-
ment of the complex valued spectral density at a particular value
of frequency. A negative value of co-spectral density corresponds
to an 180 degree phase shift of the in-phase-power component
relative to the predominant zero angle for in-phase power.

In the drag loading case under consideration, the out-of-
phase power was found to be -1.24 times the in-phase power. The
consequences of this relationship are shown on Figure 14, where
it may be noted that the co- and quad-spectral density distributions
are of the same order of magnitude and both terms are quite small
for Strouhal numbers beyond 0, 10,

Only a typical set of data are presented in this fashion., The
presentation of all the data would be lengthy and questionable as to
ease of interpretation., It is hoped in the future, to develop express-
ions for the correlations and the spectral densities in a manner such
that the transform relationships between the time and frequency
domains are compatible, In this manner, the statistical data would
be represented by general polynomial relationships, and a family
of curves would show the dependence of the various coefficients upon
significant physical parameters such as spatial location and tunnel
operating condition,

A typical situation suitable for evaluation by a curve fitting
operation is shown on Figure 15, where the various curves apply to
identical situations obtained from four different data runs., As can
be noted, the power spectra curves show the most scatter for

estimates made below a frequency of 10 cps, This suggests that in
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order to get a better estimate of the low frequency end of the curves,
the amount of data sampling should be increased by either increasing
the time duration of a single record or by averaging over an ensemble.
The limit on the sampling time for a single record is established by
the size of the digital computer memory storage and the machine
time required to execute a program that uses a long set of input data.
It is felt that averaging among the various members of the ensemble
will provide satisfactory results from the standpoint of defining the
low frequency end of the spectral density curves to a reasonably high
degree of probability.

Figure 16 shows the effects observed on the power spectra as
the axial location of the load station was varied from 2,9 to 1.9
diameters from the tip. Although the RMS level of unsteady lift does
not show any noticable changes, the power spectral density curve
shows an increase in value near a frequency of 85 cps (Strouhal
number, S = 0. 32) for the load station that was 1.9 diameters from
the tip. This trend was not observed for axial locations of the load
instrumentation more distant from the tip. When the load station
was one diameter from the tip, a trait similar to that of Figure 16
was observed., Future work is contemplated to study the inter-
ference effects due to proximity to the tip for several different tip

shapes.

3.3, Axial Correlation:

A significant measure of the spatial variation of a random

function is provided by a cross-correlation coefficient. This concept
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is directly applicable to the results reported here since these are
essentially measurements of local load and may be considered as
acting at a point along the cylinder axial coordinate, The cross-
correlation function generally requires the specification of two
points in space and a time shift (or lag), T. When the two points
coalesce into a single point, the cross-correlation function becomes
the more familiar auto-correlation function, For the particular
application considered in this section, the cross-correlation function
will be restricted to a zero value of time shift and will be normalized
with respect to the square root of the product of the corresponding
variances.

If the two field measurements are denoted as:

2w+ £

1t

£

(3.07)

Rty + £,

H

)

Then the cross-correlation coefficient is defined by:

2, 85+ Q1_Q—z

R = (3. 08)

[Q_lﬂ (TI)ZJ e {—@?ﬁ (7,)° } e

where

Ql QZ = mean average product of 21 and ﬁz
with zero time shift,

Q or Q = mean average values of Q or A..
1 2 & 1 2
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A further simplification for the definition of cross-correlation
coefficient, R, is provided by the assumption that the mean
average values of /Ql and ’QZ are zero, This is in accord with
both the analog and digital results to be presented subsequently,

Therefore, when Q’l and 22 = 0, R becomes:

01 0,

R = 3,09
—3 3|2 ( )
2. L

It follows from the Schwarz inequality that the cross-

correlation coefficient cannot exceed a magnitude of 1.0, Also,
R is + 1, 0 when the two measuring stations are identical, and both
plus and minus values of R are admissible,

The load stations measured either lateral (lift) or drag
forces depending upon their orientation with respect to the free
stream wind vector. The two stations were denoted as either
channel 1 or 2, The channel 1 station was variable in its axial
location above the channel 2 station which was fixed at a position
4,86 diameters above the floor. A sketch showing the axial orienta-
tions of the load stations on the 8. 07 diameter long cantilever cylinder
model is presented in Section II on Figure 3, For sake of conven-
ience, subscript notation is used when presenting cross-correlation
coefficient results using the subscripts " 2_2”' and “dz” to
indicate lift-lift or drag-drag orientation of the load stations
respectively,

Figures 17 and 18 show the variation of the correlation
and R

coefficients R with respect to the axial spacing

22 £



22

between the two measuring stations for four values of Reynolds
number in the supercritical range (0,38 x 106 <R <0.75x 106).
The closest spacing for which data points are presented is
AX/D = 0. 316, which corresponds to the instrumentation sections
being in an adjacent position. The points shown asa (Q® ) were
obtained using analog computer techniques in conjunction with tape
data playback., Comparison is made with values of correlation
coefficient obtained by digital means ( A ), and as can be noted, the
two methods give results which are in reasonable accord. The data
points shown by the symbols ([) and (W ) refer to investigations
made of flow interference effects, and will be discussed in Section
3. 4.

In general, the cross-correlation coefficient for lift force
shows a smooth decrease from 1.0 to 0 as the spacing variable,
aX /D’ is increased from O to beyond 2.0, It will be noted that
in the Reynolds number range investigated, RQQ is less than 0.20
for spacings beyond one cylinder diameter, The correlation
coefficients for . unsteady drag, shown on Figure 18, initially decrease

in value more rapidly than noted for Rﬁa and cross to a negative

AX
value when /D

is somewhere between 0.5 and 0.6. A peak

is attained before reaches 1.0, then

negative value of R AX/D

a2
. . . . AX

it asymptotically increases again to zero as /D becomes large.
The asymptotic approach of the correlation coefficients to zero

demonstrates that the instrumentation was not appreciably influenced

by either inertia loading or bending mode effects of the cylinder model.
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A measure of the spatial correlation is given by the correla-
tion length, X( ) which is defined as the area under the curve of
cross-correlation coefficient vs. axial spacing distance. The
correlation length is normalized for ease in handling with respect

to the cylinder diameter, D, The governing equation is:

AX

o0
Z( )(Xz) = f R( )(XZ,AX)d[ /D] (3.10)
0]

where AX = X, - X

1 2
X1 = axial coordinate of relocable station
X2 = axial coordinate of reference station.

The upper limit of integration actually used in evaluating zzz and
XdZ was 2.4 because the cross-correlation coefficients, R/QZ
and RdZ, became quite small beyond a two diameter axial spacing
from the X, = 4, 86 D reference position.

The correlation lengths, obtained by integrating the curves
of Figures 17 and 18, are summarized on Figure 19 as a function of
Reynolds number. The correlation length for lift, Zzg , is
approximately 0, 5 cylinder diameters while the corresponding length
for the unsteady drag term is heavily influenced by the negative
values of Rdz and consequently is considerably less although still
positive, Actually the correlation length loses its significance in
the case of the unsteady drag term in a manner analogous to the
situation posed by an axially traveling periodic wave, Since the un-

steady lift terms are heavily influenced by the unsteady pressures in

inthe 8 = 90° region of the circular cylinder while the unsteady
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drag is dominated by unsteady pressures in the wake, one could
associate the Z»ﬁa term with the significant length scale for vortex
shedding, and the Zdz term with a length scale in the wake region,

Literature with regard to correlation lengths of unsteady flow
variables near to or on the cylinder surface are quite limited, and no
values are known to the author with regard to the total loading terms,
In Reference 19, el Baroudi presents measurements of local flow
velocity just out of the boundary layer at the 6 = 90° position using
a pair of hot wires in the Reynolds number range of 11,000 to
45,000, He obtained correlation coefficients and lengths using a sum
and difference technique with respect to the mean square of the
voltage signals. The correlation lengths obtained by el Baroudi
varied between 3 and 6 diameters, which is slightly higher than the
measurements made by Prendergast (20), using a pair of static
pressure orifices at the 6 = 90° and 180° positions. Prendergast,
though, covered a higher Reynolds number range (2.5 x 104 <R K
1.25 x 105). Prendergast's results were of noteworthy interest
since they showed that the unsteady pressures at the 6 = 180°
position had a considerably smaller correlation length than those at
the 8 = 90° position, and that both correlation length measurements
became less than unity as the transitional Reynolds number was
approached. Humphreys (21) mentioned a significant length term of
1, 56 diameters when discussing the laminar-turbulent separation
cells that were observed by means of thread tufts at a Reynolds
number of about 1 x 105. The results of el Baroudi, Prendergast,

and Humphreys in the subcritical range are shown on Figure 19 for
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purposes of making an illustrative comparison with the results
obtained from direct load measurements in the supercritical
Reynolds number range.

Roshko (22) in 1954 reported on the development of turbulent
wakes in the subcritical range for 40 <R <1 04. He found that in
the stable subrange (40 < R < 150), the vortex street had a periodic
spanwise structure and the periodic fluctuations in the wake were
perfectly correlated at distances up to a 100 cylinder diameters apart
in the spanwise direction although the signals (as provided by the two
hot wires) were not in phase, At R = 80, the wave length in the wake
parallel to the cylinder was noted as being about 18 diameters. In the
irregular subrange (300 < R < 104+) at a Reynolds number of 500,
there was a good correlation in the wake only when the two hot wires
were spaced a few cylinder diameters apart. The wake measurements
by Roshko were qualitative in nature from the standpoint of determining
a correlation length in the irregular subrange, but nevertheless, his
results do support the observations made at a later date by el Baroudi
and Prendergast in the immediate vicinity of the cylinder when the
flow corresponds to the irregular region of the subcritical Reynolds

number range,

3.4 Surface Effects:

A study of wind tunnel solid and wake blockage interferences
by E. Pounder and the author (23) in 1950 disclosed that the flow
about a circular cylinder in the supercritical Reynolds number range

R = 1x 106) was sensitive to surface disturbances. It was found
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that fingerprints accidentally left overnight on the forward portion of
a steel cylinder model produced sufficient corrosion to distort the
wake total head pattern by increasing the local width downstream of
the corrosion mark, Polishing of the model removed the disturbance
and its effects. In order to obtain a two-dimensional wake pattern,
it was necessary to establish a uniform spanwise flow separation by
means of wire separation strips attached to the model.

Consistent with the observations of reference 23, the effects
of flow sensitivity to surface condition were noted in both the RMS
and the steady state values of lift. It was possible to induce steady

state values of section lift coefficient of approximately 0, 30 magni-

e
K

tude by properly placing a clay particle near to the instrumentation
section on the forward portion of the model. The zone of influence

of a surface disturbance was examined in a cursory manner by

placing a double thickness of 0. 50 inch wide masking tape in a circum-
ferential direction on the model. The result, reported by the author
(24) indicated that the disturbance was not felt beyond one cylinder
diameter in the axial direction,

In order to explore further the sensitivity of the flow charac-
teristics to surface irregularities, two types of controlled disturbances
were introduced as model configuration changes. These disturbances
corresponded to a.), localized boundary layer tripping by means of

radial air blowing through small orifices on the model surface, and

ok

The sign of the lift term depended upon which side of the model that
the clay speck was placed., Upward lift occurred when the disturbance
was on the lower side of the model,
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b.), a narrow chordwise gap produced by inserting a narrow shim
between the model spacer sections,

Two 0,020 inch diameter orifices were installed in one of
the spacer sections at the 6 = + 30° positions (angular coordinate
for cylinder measured relative to forward stagnation point) and were
connected in parallel to a Fischer and Porter flow meter so that the
air flow could be measured for combined or individual blowing in a
radial direction from the model surface. No effect was perceptible

at a tunnel dynamic pressure of 10 psf (Reynolds number = 0.38 x

ale
b

106) through the complete range of orifice flow velocity ratios . At
the higher test Reynolds numbers (0, 53 x 106 < RX0,75 x 106), a
pronounced effect was noted upon both the RMS and mean average
values. A summary of the peak values due to radial blowing from
the orifices is presented on Figure 20 for both lift and drag as a
function of axial distance from the disturbance. It will be noted that
from the standpoint of peak values, drag is not as sensitive as lift to
orifice flow, the lift extrapolates at zero axial distance from the
disturbance to almost a fourfold increase in the RMS value in addition
to a steady state lift coefficient value of 0,4, and the perturbed flow
region is not felt beyond one diameter in the spanwise direction,
Figures 21 and 22 show the dependence of sectional load data
upon the orifice velocity ratio for a tunnel dynamic pressure of 20 psi,
Similar results were noted at the other two tunnel operating points of
30 and 40 psf. The effects of orifice air flow did not become noticable

until the orifice velocity ratio corresponded to approximately 0. 3, and

a2,
w

Orifice flow velocity ratio = Vorifice/Vfree stream



28
once instigated, the effects occurred very rapidly, followed by a
gradual subsidence as orifice flow was increased, The details
differed for the other Reynolds numbers, but the general character-
istics were the same,

The actual orifice velocity required for disturbing the flow
was observed in still air in order to get a feel for the magnitude of
the disturbance. It was found easier to detect the airflow from the
orifice using ones' eyelid rather than a finger, which serves to
illustrate that the disturbance was slight,

The steady state lift value could be induced in either direction
depending on the individual side used for blowing, with the general
feature that blowing from one side produced a lateral force acting in
the opposite direction, Combined blowing from both orifices did not
exhibit symmetry from the standpoint of producing no net change in
steady state lift, which fact may be attributed to difficulties inherent
in blowing through two orifices using a parallel piping arrangement,
The peak values of incremental changes in steady state lift and drag
were used to determine a resultant force due to blowing from one
side only. The resultant force coefficient, which has a magnitude of
approximately 0,4, can be considered as acting at the 6 = 98°
position,

The normalized power spectrum curves are presented vs,
frequency, f, on Figures 23, 24, and 25 for the case of the lateral
force at two Reynolds numbers, and for the drag force in order to
show the effects of orifice blowing upon the power distribution of

unsteady load, One must remember that the curves are normalized
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such that the area represents unity, even though the mean square of
unsteady load differs by a large factor, With this point established,
the effects of orifice blowing upon lift is to produce a significant
increase in the power distribution in the range of Strouhal number
(fD/V) from 0. 05 to 0, 18 for both Reynolds number conditions
presented, The unsteady drag shows an increase in power for
Strouhal numbers beyond 0. 05, but leaves the low frequency end of
the power spectrum relatively unaffected, and is a distributed type
disturbance over the frequency range shown,

The correlation coefficients for lift, as seen on Figure 17,
show a well defined rise in correlation between two load stations
approximately one cylinder diameter apart, although the disturbance
is near to one load measuring package. This may be explained by
the fact that the change observed in the power spectrum of the load
station nearest to the disturbance is also felt by the more distant
load measuring station., Although not presented, a curve of the
co-spectral density, the area of which is a measure of the cross-
correlation of the two random signals, shows an increase in power
distribution over the same frequency range as observed on the power
spectrum curves.

Figures 26 and 27 show the effects of a chordwise gap upon
the unsteady lift, how the disturbance dies out within a one cylinder
diameter distance in a spanwise direction, and the changes produced
in the lift power spectral density, In general, the effects are not as
severe as those produced by orifice blowing, The power spectrum

curve shows a slight rise in power content in the same Strouhal
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number range as observed for the case of orifice blowing, The gap
was produced using a 0, 025 inch thick aluminum shim following an
earlier test using a 0,010 inch thick shim without any effects, The
use of a gap vented to a common large cavity that is interior to a
model can intuitively be expected to produce interference effects

considerably larger than those shown on these figures.

3.5 Structural Response:

Brief consideration has been given to the structural response
of the cantilevered circular cylinder model when exposed to unsteady
air loads developed by wind tunnel air flow. The reasons were to
understand the structural configuration better, to relate the motion
of the model to air loads, and to try to detect the existence of an
aeroelastic coupling in the unsteady air loads. Accelerometers
were attached internal to the model and the output signals were
recorded on magnetic tape, observed on an oscilloscope, and
quantitatively measured for RMS values.

The model accelerations are presented on Figures 28 and 29
for the lateral and longitudinal directions respectively as a function
of tunnel dynamic pressure. Data for the lateral response were
obtained with the lead shot damper package both on and off. The
trends are clear in that the RMS value of tip acceleration smoothly
increased with tunnel air speed and did not exhibit any form of
resonant peaks., This is consistent with the fact that the model was
exposed to a random type air loading and its response was primarily

dictated by the structure acting as a narrow band-pass filter.
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The data on Figures 28 and 29 were obtained by analog means
using a 9 second time constant in a time averaging circuit during
tape data playback. The values are in accord with those measured
during the test on an RMS meter., The analog data playback provided
a time history of the acceleration response, It was noted that
occasional bursts of increased acceleration would appear and these
are indicated on Figures 28 and 29 by the dashed fairing, These
sudden bursts produced approximately a 10 per cent increase in the
RMS values.

The effects of the lead shot damper section at the top of the
model were evident by both a slight lowering of the model's funda-
mental response frequencies and by approximately a 50 per cent
decrease in the RMS value of acceleration response,

It is interesting to note that the lateral and longitudinal
accelerations are only slightly different. One frequently thinks that
the response of a cylindrical structure to fluctuating air loads should
be greater in a lateral than a longitudinal direction, but of course
this distinction applies only if the corresponding forcing functions
also exhibit significant differences, An example of a flow region
where the accelerations might occur in different levels of magnitude
would be when the Reynolds number (based on cylinder diameter) is
subcritical, for in this case the unsteady loads, e.g., Keefe (9),
are an order of magnitude apart,

Oscilloscope observations show the acceleration response
as a randomly modulated wave with a well defined frequency.

Estimates of power spectral density substantiate this visual
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observation. Normalized power spectral density curves are pre-
sented on Figures 30 and 31 for the lateral accelerations with and
without the tip damper package present at two values of tunnel
dynamic pressure. The basic model responds laterally with approxi-
mately a 12. 5 cps fundamental frequency. A few of the higher
vibration frequencies occur at 21, 25, and 32 cps, Although the
spectral densities were estimated by digital means to 100 cps in 1
cps steps, no significant energies appeared at the higher frequencies.
The lead shot damper package on the tip lowered the fundamental
frequency to 11, 5 cps which effect can be attributed to the influence
of a concentrated mass, When the dynamic pressures were at and
below 30 psf, the only significant power concentration was at the
fundamental as evident on both the tip and lower accelerometers. At
a dynamic pressure of 40 psf, the tip accelerometer showed a slight
response at 24, 31.5, and 43,5 cps. The lower accelerometer appears
to have been close to a nodal point for the 24 and 31.5 cps frequency
terms; however, such is not the case for the 43.5 cps value since a
distinct term shows in addition to another contribution at approximate-
ly 49 cps.

An estimate of the structural damping for the model structure
in the fundamental vibration mode was made for the model with and
without the damping package by observing the decay of a suddenly
induced vibration. The data were recorded on magnetic tape and
playback was made onto an Offner Type P recording oscillograph,

An average value of damping ratio (fraction of critical) of 0. 014 was
obtained and the presence of the damping package was not notable

other than the influence on frequency. The fundamental response
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frequency for the basic model's lateral acceleration was in accord
with the power spectral density result (12,5 cps), but when the
damping package was present, the fundamental frequency was 10, 4
cps as compared to the power spectrum result of 11.5 cps. A clue
relating to the latter discrepancy is provided by the fact that the
lead shot did not alter the model damping ratio during vibration decay
measurements, and hence the lowering of the fundamental frequency
was due to the total mass of the lead shot, Apparently when the lead
shot contributes to model damping, only a fraction of the mass of the
lead shot can be considered as acting to change the vibration
frequencies.

Other measurements of the model frequency response (with
damper installed) using a prototype shaker model on the tip disclosed
an approximate value of damping ratio in the lateral direction of
0. 04 (based on 1/2, 1/4, and 1/9 power point observations for the
displacement response curve near the fundamental vibration mode)
when the tip lateral acceleration had an RMS value of approximately
0,21 '*g's", a value about 3 times greater than those observed on the
model when operating at a dynamic pressure of 40 psf, The 0, 04
value for damping ratio must be considered as an equivalent value
since the lead shot would provide localized rather than distributed
damping. It is suspected that during the decaying oscillation meas-
urements, the excitation of the structure was not sufficient to
produce damping by the movement of the lead shot., Therefore, the
action of the lead shot should be considered as a type of non-linear

localized damping,
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SECTION IV

CONCLUDING REMARKS

The flow of air about a circular cylinder results in both steady
and unsteady air loads. The investigations reported here relate to
local load measurements obtained in the GALCIT Ten-Foot Wind Tunnel
in a Reynolds number range (based upon cylinder diameter) of 0, 38 x
106 < R < 0.75 % 106, which is classified as being in the super-~
critical flow region.

It was found that the unsteady lift depends to a large extent on
surface conditions. The RMS values of unsteady lift and drag force
coefficients were observed to be of the same order of magnitude and
to have a value of about 0, 04 in the flow region under investigation
using polished aluminum models. This new value of unsteady lift
coefficient is lower than that obtained by Fung (10), presumably
because his model differed in details of model configuration and sur-
face condition (refer to Section 3.1 for discussion), The values of
unsteady lift presented by Keefe (9) in the subcritical Reynolds
number range, are an order of magnitude higher and show a random
modulation of amplitude at a frequency corresponding to a Strouhal
number, S = 0,20. The lack of a dominant frequency in the results
reported here in addition to the differences in RMS level of unsteady
load may be attributed to differences in the details of vortex layer
shedding between the subcritical and supercritical flow regions.

The spanwise correlation lengths for unsteady lift were found

to be approximately a half a cylinder diameter which is in contrast to
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limited information in the subcritical range. Similar type data in
the subcritical range by el Baroudi (19) and Prendergast (20) indicate
that it would be 3 to 4 diameters in extent, The measurements of the
latter author do show a decrease in correlation length as the transi-
tional Reynolds number is approached.

Controlled localized surface disturbances were generated by
radial blowing of air through small orifices in the forward portion of
the model, DBy this technique it was possible to produce over a three
fold increase in the RMS level of unsteady lift. Asymmetric blowing
resulted in the development of steady lift, The power spectrum of the
load measuring station adjacent to the blowing orifice showed that
when the tripping phenomena was taking place, a large portion of the
power increase occurred in a range of Strouhal numbers from 0. 05
to 0. 18 in addition to the development of marked peaks, The axial
correlation between a load station adjacent to the blowing orifice and
one about 0, 8 diameters distant disclosed that the tripping phenomena
resulted in a significant increase in the degree of cross-correlation,

If one assumes that the tripping action due to a surface
disturbance corresponds to an effective increase in Reynolds number,
then the results tend to support the conjecture that in a higher
Reynolds number region (say for R> 3 x 106), the unsteady lift loads
would increase in value, signs of periodicity would appear iﬁ the
power spectral density curves, and the axial correlation lengths would
increase.

The studies of surface disturbances also may be interpreted

as supporting the inference by Roshko (7) regarding the existence of
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separation bubbles ahead of the normally accepted location of the flow
separation point in the supercritical Reynolds number range. A
trait of the subcritical range is that a fairly well defined laminar
separation point appears forward of the maximum thickness in con-
junction with the occurrence of boundary layer transition in the free
shear layer. In contrast, the high supercritical range (denoted as
transcritical by Roshko when R> 3.5x 106) is characterized by the
turbulent separation point being aft of the maximum thickness and the
boundary layer transition occurring on the model, presumably well
forward of the maximum thickness (6 = 90°). If the boundary layer
transition point is sufficiently forward on the model, the separation
point becomes fairly well defined, but when the transition takes place
near to the 6 = 90° point on the cylinder, conjecture is that a
general instability occurs in the flow with a subsequent random
development of separation bubbles and a poorly defined flow separa-
tion point. Although a physical model is desired to explain the
phenomena of a decrease in both the RMS value and the cross-
correlation of the unsteady lift load in a particular Reynolds number
range, the available evidence is not sufficient at this time to make a
well substantiated proposal,

The accelerometer measurements on the model confirmed
the narrow band-pass filter action of the structure to random excita-
tion. Unfortunately, the results were not suitable to confirm the
effects of damping on response magnitude since supplemental damping
was introduced in a concentrated rather than a distributed manner,
although the changes in system damping could be estimated on an

equivalent basis.
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The power spectrum results for section loading were not
sufficiently consistent in order to show the existence of an aero-
elastic feedback term in the generation of unsteady loads in the
range of Reynolds numbers tested. The two levels of model vibra-
tion, made possible by changes in model damping, did not show any
changes in RMS level of unsteady lift loads. Because of the
characteristics of the flow separation in the supercritical flow region,
one is not justified in drawing conclusions applicable with regard to
high Reynolds number regions (for R> 1 x 106) concerning the
subject of aeroelastic coupling.

Measuring techniques that indicate local aerodynamic
properties make possible many test programs to study cylinder flow
characteristics., These studies are necessary before a physical
model can be proposed to explain the many factors influencing the
three dimensional flow separation problem, Typical studies which
might be considered are:

1. Investigate the effects of tip shape or end conditions

upon local loadings and spanwise correlations. A

program is currently in progress by H. S. Blackiston, Jr,

using the same equipment as described in Section II and

Appendix A to evaluate these influences and results should

be available in the near future,

2. Revise the instrumentation to record single pressure

readings at two stations in order to better define the

random nature of the pressure field., One could use an

existing end-plate model (presently available in the



38

laboratory) in order to coordinate the measurements

with hot-wire readings. The effects of controlled

surface disturbances could be studied in detail using

these techniques,

3. Extend the methods used in the supercritical range

to other areas of interest, in particular for the case

of Reynolds numbers greater than 3.5 x 106. This

would require access to a different test facility, but

the results would be applicable in an engineering sense

to current problems of interest on large cylindrical

structures, If a variable density wind tunnel facility

were available, changes in the thickness of the pressure

transducer membrane would allow the use of a single

test model for a Reynolds number starting at the sub-

critical, through transition into the '"early'’ super-

critical (0, 3 x 106< R<C3x 106) and finally into the

high supercritical (transcritical) range.

It is possible that a systematic and well coordinated group of
tests could do much to increase the understanding of a fundamental
problem in basic fluid mechanics, namely the generation of unsteady

loads on a circular cylinder.
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APPENDIX A

EQUIPMENT

A,1 Model Description:

A cantilevered cylinder model was designed for installation
in the GALCIT Ten-Foot Wind Tunnel, A schematic side view of
the installation is shown on Figure 1. The model was isolated from
the tunnel test section structure and was supported by a large steel
tank structure that was 4 feet in diameter, 7 feet in length, and
fabricated from 3/16 inch thick steel boiler plate. The bottom of
the tank was enclosed by 1/4 inch thick plate while the top of the tank
was provided with a standard 48 inch x 3/16 inch dished head which
in a side view appears to be elliptical with a 12 inch depth. A 2 inch
thick x 9 inch diameter steel cap was welded into the dished head in
order to provide a base for attaching the model sting support.

The steel tank, which was below the test section, was bolted
onto a 10 inch steel channel framework which was in turn bolted to
building structure. This method of installation was necessary since
the tunnel structure did not have sufficient stiffness to adequately
support a cantilevered cylinder model, especially since fluctuating
loads were expected which could induce unwanted model vibrations,

The model, as shown in the photograph of Figure 2, was
constructed of 8, 5 inch diameter aluminum pipe and was a little over
5 feet in exposed length. The use of finely machined spacer sections
made possible the location of the instrumentation sections in almost
any spanwise position on the model since they were made up in

increments of length of 0.1 cylinder diameter. A cap section at the
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top of the model acted as a terminal for a 3/4 inch diameter steel
tie rod which kept the complete assembly locked to the steel model
sting support which in turn was seated on a shoulder on top of the
steel tank,

The two instrumentation packages were 0, 316 cylinder
diameters in length, hence establishing the closest spacing of the
orifices for cross-correlation measurements. The receptacles
for the pressure transducers were provided inside the basic instru-
mentation sleeve by a pattern casting technique using an epoxy base
aluminum petty (DEVCON Type F-2). After the casting operation,
the 0. 025 inch diameter orifices were drilled, and 1/8 inch thick
plexiglas spacer sections glued into the recesses, An aluminum
shielding case enclosed each group of nine pressure transducers.
The analog summing circuit board, the trimming capacitor, and the
common pressure manifold were in the interior of each shielded
compartment. A cross-section of the transducer installation is
shown on Figure A. 1.

The flat floor, which can be seen in Figure 2, was construct-
ed of plywood and had as a purpose the establishment of smooth flow
at the cylinder-wall intersection. A boundary layer survey disclosed
a displacement thickness of approximately 0. 3 inches at the model
installation station. The slight gap at the wall cutout, through which
the cylinder model extended, was sealed with tape in order to
preclude spanwise airflow at the cylinder wall intersection.

The four pressure manifolds which were connected to each

group of nine pressure pickups, provided a way for calibrating the



43
transducers during the course of testing, KEach section was calibra-
ted with regard to both the sensitivity of the individual sectors and
the matching of the sectors so that a proper load summation occurred,
During the testing, the back of the diaphragms were vented to a
suction pressure corresponding to a pressure coefficient of approxi-
mately Cp = -0.8. This was attained by’ connecting the pressure
manifolds to a static pressure source in the tunnel. It was necessary
to vent to a constant pressure coefficient source in order to assure
that the pressure transducers did not exceed their design operating
pressure limit, The static pressure reference was provided by a
suitably oriented static pressure orifice on a 2 inch diameter by 7. 6
inch long brass circular cylinder projecting from the North tunnel
wall at the ninety degree tee-slot position approximately 32 inches
ahead of the atmospheric vent.

Before the cylinder model was installed, a flow inclination
check was made in the wind tunnel after the flat floor had been
installed. The flat floor introduced some tunnel air-flow curvature,
but by installing a ceiling deflector vane, the air flow was observed
to be inclined less than a degree from the horizontal for the full span
of the model., The flow inclination mentioned above corresponds to
a spanwise flow component along the vertically mounted cylinder.

The physical character of the wind tunnel precludes a
complete elimination of foreign particles in the air stream. It
became apparent, that even though care was used to maintain cleanli-
ness, the model surface was becoming eroded and contaminated by

dirt impingement, A filter was introduced into the tunnel circuit for



44
the purpose of reducing the dirt problem, The filter consisted of a
6 foot wide patch of cheesecloth backed with one inch mesh chicken
wire fastened to the settling section turning vanes from the floor to
ceiling. An oil film was applied to the cheesecloth using kerosene,
The filter performed quite adequately and almost eliminated the
problem of dirt particles striking the model. After the cheesecloth
filter was installed, the operating range of tunnel dynamic pressure
did not exceed 40 psf in order to avoid failure of the cloth due to
fraying.

Standard flow velocity calibrations were performed using a
Prandtl type pitot-static tube and subsequently the tunnel was
operated with the model present using a simple estimate (two per
cent correction) of the solid blocking corrections. An estimate of
the true air speed and flow Reynolds number as a function of tunnel
dynamic pressure is shown on Figure A, 2,

During the initial model testing, two Statham accelerometers
were installed inside the model near to the tip and were oriented to
react to longitudinal (parallel to tunnel centerline) and lateral
accelerations, A limited amount of accelerometer output data was
monitored on an Offner Type P two channel recording oscillograph.
The traces were observed to contain a dominant frequency component
with the amplitude being modulated in a random manner. The varia-
tion of acceleration amplitudes (one half of peak to peak) are shown
on Figure A, 3 as a function of tunnel dynamic pressure. From the
standpoint of peak values, the lateral accelerations were observed
in all cases to be greater than the corresponding longitudinal accelera-

tions, and reached a maximum amplitude of 50 f‘c/sec2 at a dynamic



45
pressure of 68 psf, Provisions were made to include the acceler-
ometer data onto the tape recorder, which fact allowed a greater
degree of flexibility in data handling, These results are discussed in
the main body of this report (Section 3, 5) where the measurements
can be interpreted in a quantitative manner.

Since the effects of model motion upon the pressure distribu-
tions were not known, a damper package was fabricated and installed
at the tip of the model, The damper package consisted of 5 compart-
ments which contained a total of 27, 5 pounds of lead shot and 25 cubic
inches of fine white sand, with the damping material occupying
approximately eighty per cent of the compartmented volume thereby
allowing internal particle movement, The effect of the damper
package is evident on Figure A, 3, where it can be seen that the peak
values of acceleration were reduced to a level about one-third of that
observed on the basic model, Attempts to further reduce the vibra-
tion levels were not undertaken, In addition to lowering the vibration
level, the damper package also lowered the fundamental frequency
due to the influence of the concentrated mass,

A calculation using simple beam theory showed that a cylinder
model (of similar physical properties) cantilevered from a rigid
foundation would have a fundamental frequency of 98 cps. The
observed fundamental frequency of approximately 11 cps was consid-
erably lower than that of an idealized physical model, and this
difference may be attributed to the elastic nature of the support tank
structure and the channel beam attachment to building structure.

The support structure was stiffer in the longitudinal than the lateral
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direction and hence a slight difference occurred between the observed

frequencies of the fundamental lateral and longitudinal vibration modes.

A,2 Pressure Transducers

A description is presented in this section of the pressure
transducer equipment that was developed and built in the GALCIT
laboratory. The transducer consisted of a small coil placed behind
a conducting, non-magnetic membrane (silver plated brass foil).
Motion of the membrane due to the acting pressure differential was
sensed by the adjacent coil as an effective change in the coil inductance
value. The eddy currents developed in the membrane from the
presence of the coil's magnetic field may be considered as acting to
short out turns of the coil, A 100 KC carrier system, an outgrowth of
a previously developed system at the GALCIT laboratory, was adapted
to the transducer system., Sensitivities on the order of a 1000
volts/inch were obtained when the air gap between the coil and
metallic surface was varied + 0. 002 inches about the 0, 006 inch air
gap position. When the coil was used in conjunction with the chosen
membrane, sensitivities in excess of 1. 50 volts/psi were consistently
obtained for the + 0. 75 psi range.

The universal wound coil was fabricated using a George Stevens,
Model 225 coil winder. The geometry was as follows: 130 turns of
nylon wrapped No. 38 (A.S.W.G. )* copper wire with a coil width of
0. 062 inches and wound on an 0, 105 inch diameter mandrel. The coil,

which was self supporting, was placed into a small ferrite cup core in

A
b

American Standard Wire Gage.
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order to confine the coil's magnetic field to a localized region for
purposes of developing high sensitivity to air-gap change. A
General Ceramics Model CF-201(T-1) cup core was used for this
purpose,

The cup core and coil were in turn mounted on the tip of a
brass rod which was inserted into the brass membrane holder and
clamped by a split sleeve and clamp ring technique. Brass was used
throughout in order to minimize thermal effects due to differential
expansion. The membrane was made from 0, 004 inch thick brass
foil that was annealed and subsequently dimpled with a 0.02' radius by
0. 03" deep by 0. 70'" diameter ridge in essentially a hydro-press opera-
tion using a machined die and rubber pillow block. This technique
made it possible to produce uniformly prestressed diaphragms, The
membrane resonant frequency was approximately 2000 cps, a value
well above the operating range,

A sketch of the pressure transducer is shown in Figure A, 1,
including the O-ring seals used to isolate the front and back faces of
the diaphragm, and the attachment nut which was tightened with a
spanner wrench due to space problems inside the instrumentation
section,

The 100 KC carrier system was designed to drive two instru-
mentation sections simultaneously using four fifty foot long Microdot
twin lead shielded cables, thereby permitting the instrumentation to
be remote from the model, Each of the four cables was connected to
a network inside the model which performed an analog summation of

the pressure changes at the nine pressure pickups. The summing
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network, as shown on Figure A, 4, consisted of three parallel cir-
cuits, each having three pressure pickups hooked in series, Because
of the manner in which inductances combine electrically, the carrier
system couldn't distinguish the number of pressure transducers
since the total impedance would be almost the same for a high Q coil
network in the case of either one or nine coils, The choice of using
nine pickups was a consequence of the summing network being made
up of NZ elements where N is an integer,

A trimming capacitor, whose size was experimentally deter-
mined, was located at the load end of the transmission line in order
to tune the circuit, By selective assembly, each group of nine
pressure transducers had the same sensitivity within + 3 per cent,

The pressure orifices were arranged in the instrumentation
package in the manner as shown on Figure A, 5, Two complete
sections were constructed in this manner. There were eighteen
pressure orifices for each section, nine upper and nine lower respec-
tively, located on the cylinder at the midpoints of nine uniformly
spaced divisions as defined on a projection to a diameter. This
arrangement made possible direct summation, avoided the need for
weighting factors, and allowed the full measuring potential of each
transducer to be used for summation., Since the upper and lower
summing circuits were supplied as input to a differential amplifier,
the amplifier output was proportional to total load according to the

relation:
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9
Ly = ) ® -»y

n=l

n (A.01)

where
P,(l = Static pressure at circumferential station,
n (lower surface)
Pu = Corresponding value at upper surface,

The instrumentation sectors were oriented to read fluctuating lift
loads, but rotation of a sector by ninety (90) degrees permitted
measurement of drag.

The carrier system, which was unique for this series of test-
ing, is shown in block diagram form on Figure A, 6. The highlights
of the design were as follows:

a. A single 100 KC crystal controlled oscillator

provided R, F, (radio frequency) excitation to all
networks in order to avoid the possibility of
"beating'* between channels.

b. The upper and lower sectors of an instrumentation
package (shown as Z1 and Z, for a typical channel)
were each connected by 50 feet of Microdot shielded
twin lead cable to an unbalanced bridge circuit, The
unbalanced bridge circuit made it possible to
compensate for differences in overall sensitivity
between Z1 and Z2 in addition to making it possible

to sense the difference between the pressure summa-

tions of each sector,
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c. The feedback stabilized differential amplifier had
a high rejection ratio and subsequently acted to
keep the noise level to a low value. The output
noise level of the complete carrier system was
less than 0. 5 milli-volts and was mainly composed
of R, ¥, signal,

d. The zero adjustment or reference voltage was

introduced into the system between the amplifier
and the final filter and compensated for the zero
offset in the unbalanced bridge network., Its loca-
tion in the system was such that it maintained its
adjustment automatically during changes in the

R. F. excitation signal.

e. The final filter before the output terminals consisted
of two '"half filters'' set for 100 and 200 KC plus a
m(pi) filter in the center to act as a low pass filter.
The output signal could vary in the range of D, C, to
7500 cps.

A brief investigation was made of the dynamic response
characteristics of static pressure orifices by means of a parametric
study, The experimental results confirmed the well known dynamic
analogy between the pressure orifice and a single degree of freedom
damped spring-mass system.,

The experimental setup used to evaluate the frequency response
traits of the static pressure orifices is sketched in Figure A, 7, As

can be noted, a Jensen (Model D-40) drive unit symmetrically excited
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a cylindrical cavity, at either end of which was installed a pressure
transducer. The two pressure transducers operated through
separate 100 KC carrier systems (earlier model of carrier system
described on preceding pages) and monitored on a dual beam oscillo-
scope, output levels measured on a Ballantine true RMS voltmeter,
and phase differences observed on an AD-YU phase meter (after
being amplified by two Epsco D.C. amplifiers), A system schematic
is shown on Figure A, 8.

An off-center orifice (relative to the membrane face) was
considered since the space requirements inside the instrumentation
package precluded a simple chordwise spacing of both orifice holes
and transducer centerlines, The staggering of orifices and trans-
ducers was established by means of a mockup. Since seven out of
each group of nine orifices required that the orifice be 0.20 inches
offset from the diaphragm centerline, the calibrations shown on
Figure A. 9 correspond to this situation, The effect of off-setting
the orifice was experimentally verified as being small, though
discernible,

Orifice gain as presented on Figure A, 9 is defined as the
ratio of reference pressure pickup output with and without the simu-
lated static pressure orifice. Physically it represents the attenuation
of oscillating pressure signal during transmis<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>