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Measurements of Fluctuating Air Loads
on a Circular Cylinder

L. V. Scamipr*
California Institule of Technology, Pasadena, Calif.

Measurements were made of the unsteady air loads, both lift and drag, developed on a
circular cylinder when exposed to flow normal to the axis of symmetry in the supercritical
Reynolds number range from 0.38 X 10% to 0.75 X 105. The three-dimensional nature of the
flow, which is a consequence of the separated viscous flow, is recognized. A statistieal descrip-
tion of the spatially varying random-type air loads is provided by eross-spectral densities and
cross-correlation ccefficients. Information of this type, when defined in detail, has applica-
tion to the response problem of a eylindrical structure that is exposed to air loads. An un-
usual trait that was observed was the extreme sensitivity of the flow to surface irregularities

in the supercritical Reynolds number region.

In addition to an influence upon the local

and spatial character of the fluctuating loads, steady-state values of local lift could be induced
by suitably orienting surface disturbances on the forward portion of the cylinder.

Nomenclature
CL = local lift force coeflicient = (lift force/unit span)/qD
Cp = local drag force coeflicient = (drag force /unit span)/qD
D = cylinder diameter
f = frequency, cps
q = dynamic pressure, ¢ = $pV?
t = time
R = Reynolds number of cylinder = VD/»
S = Strouhal number = fD/V
v = velocity of undisturbed flow
z = axial coordinate along cylinder axis, x = 0 at base
p = ass density of fluid
v = kinematic viscosity of fluid
T = time lag
[ = angular coordinate for cylinder surface, zero reference
is forward stagnation point
¢ = power spectral density
P = cospectral density, real part of cross spectra
N2 = quadspectral density, imaginary part of cross spectra
X = correlation length, dimensionless
R¢ y = cross-correlation coefficient, subscript denotes load

station orientation

1. Introduction

CIRCULAR cylinder, when placed normal to an air-

stream, experiences unsteady lift and drag loads as a re-
sult of the fluctuating pressures acting on the cylinder.
These effects, which occur whether the cylinder is vibrating
or stationary, have considerable practical interest both in
engineering and fluid mechanies.

The knowledge of the unsteady loads in the supereritical
Reynolds number flow regions has cngineering application
to current problems of import dealing with the response of
large cylindrical bodies such as smokestacks and missiles
when exposed to surface winds. The fluid mechanies in-
terest is clear since the problem is intimately associated with
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the problem of vortex shedding, for which there is still no
suitable theoretical treatment. The literature background
for the over-all problem has been presented by Fung® ? in
1958. The literature on the closely allied subject of vortex
shedding is quite extensive, with notable reviews being given
by Goldstein® in 1938, Rosenhead* in 1953, and Humphreys?
in 1959.

The vortex shedding phenomena can be classified in terms
of the eylinder Reynolds number R into a suberitical and
a supercritical region with a transition zone occurring in the
range of 2 X 10° < R < 5 X 10° In the suberitical region,
the character of the wake is predominantly periodie, and is
associated with a laminar-type flow separation. Roshko®
reported in 1960 that the supereritical flow region is char-
acterized by a turbulent wake without any dominant fre-
quencies for Reynolds numbers below about 3 X 108, Period-
icity was observed when R was greater than approximately
3 X 108,

The unsteady loads can also be described according to flow
ranges. Based on observations made in the subcritical
Reynolds number range (e.g., Macovsky” and Keefe?), it
has been found that the unsteady lift load is of the same order
of magnitude as the steady-state drag value, whereas the un-
steady component of drag is an order of magnitude lower.
It was Fung! ? who first presented measurements in the
supercritical range. His results showed that, in comparison
to values in the suberitical range, the fluctuating lift load
had decreased in value whereas the unsteady drag was rela-
tively unaltered. In the suberitical range, the unsteady
loads are periodic in nature and have a nondimensional fre-
quency (Strouhal number), S = 0.2. As transition is ap-
proached, the fluctuating loads begin to exhibit a random
modulation of amplitude. In the supereritical range, the
unsteady loads lose signs of periodicity and are best described
using power spectrum concepts.

The influence of configuration upon unsteady air loads was
reported by Ezra and Birnbaum?® in 1960, where they showed
that the unsteady root bending moments of a cantilevered
missile model could be modified by nose configuration.
Macovsky” in 1958 noted that the unsteady lift loads on a
two-dimensional cylinder were three-dimenstonal in nature.
Investigations by Keefe? in 1961 showed that altering the
axial Jocation of chordwise fences had a noticcable effect
upon the fluctuating forces. The results of Macovsky” and
Keefed in the suberitical range are in accord with the observa-
tions made by Fung' ? in the supercritical range, namely,
“that the axial correlation of the fluctuating forces are im-
portant and that significant changes can be induced by end
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effects and by small axial geometrical perturbations.” The
instrumentation used by previous investigators had limita-
tions, 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 these in-
vestigations can be stated as being to establish an experi-
mental technique for measuring unsteady air loads and their
axial correlation with the intent of applying the information
to the response analysis of a cylindrical structure that is ex-
cited by spatially random forcing funetions. The background
for this problem has been presented by Fung' in 1960, in-
cluding a basic formulation of the structural response equa-
tions. Work by DBlackiston!® in 1963 has extended the
studies reported here to the particular problem of noting the
influence of tip shape upon the distribution of unsteady air
loads.

2. Experimental Arrangement

The test model was a cantilevered cylinder (8.54-in. diam)
that projected approximately 8.1 cylinder diameters vertically
from the floor of the GALCIT (Graduate Aeronautical
Laboratories, California Institute of Technology) 10-ft wind-
tunnel test section. The operating range of tunnel air speeds
corresponded to cylinder Reynolds numbers from 0.38 X
108 to 0.75 X 108, A photograph of the installed model is
shown on Fig. 1. The model was chosen in the form of a
cantilever in order to permit the evaluation of tip effects upon
local air loadings in future studies. In the group of investi-
gations reported here, the tip was blunt ended, which re-
sulted in the model having a “smokestack” type of appearance.

aj Side view

b) Front view

Fig. 1 Cantilevered cylinder model.
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Fig.2 Summary of unsteady lift results.

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
measurements of air load were recorded on magnetic tape
for convenience of subsequent data analysis. The data did
not require a response correction since the observed fre-
quencies were below 200 cps and the over-all system dynamic
response was essentially flat in this range. The load instru-
mentation could be oriented to indicate either lateral (lift) or
drag loads.

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 axial location 4.86 cylinder diameters above
the floor. Relocable spacer sections were used to position
the channel 1 load station from an adjacent position (X,/D =
5.17) to an extreme position near to the tip (X;/D = 6.97).
A more complete description of the model, instrumentation,
and considerations leading to the choice of instrumentation
may be found in Ref. 12.

3. Results and Discussion

3.1 Steady-State and Mean Measurements

Steady-state drag coefficient values were observed as being
in the range of 0.22 to 0.27 for the region of Reynolds num-
bers investigated. These results are lower than the 0.3 to
0.4 values usually considered applicable to circular cylinders
in the supercritical flow region, but the difference may be
attributed to the effect of a finite length cylinder.® These
drag results, when combined with oil smear visualizations
of the locus of flow separation points, confirm that the model
was operated in a supercritical Reynolds number range.

Direct measurements of unsteady lift and drag in the super-
critical Reynolds number range are shown on Figs. 2 and 3.
The rms level of the lift coefficient was approximately 0.035
and remained relatively constant. The level of the un-
steady drag coefficient was found to be slightly less with the
value being approximately 0.030. These values were repeat-
able, but it was found that the unsteady lift was sensitive to
surface condition. The range of lift values shown as (1)
represent those measured early during the test when the
surface condition, although classified as polished, had not
been meticulously rubbed smooth. The lift values eventually
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Fig. 3 Summary of unsteady drag results.

settled into a repeatable range providing that the surface
condition was maintained. The point shown as (A) is
typical of an oceurrence that happened occasionally, namely,
that the rms level of lift data would suddenly shift to a value
considerably above the normal level. Subsequent tunnel
shutdown and model inspection would frequently disclose a
minute indentation of the forward part of the instrumenta-
tion package. Removal of the disturbance by repolishing
the model surface would result in a return of the data to the
lower level of values.

Comparison is made on Figs. 2 and 3 with the results ob-
tained by Fung, ? 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. Differences
between the two cylinder models may have produced the
discrepancies since Fung’s model did not have a polished
surface, and the 1.75 cylinder diameter span strain gage
load cell had 0.020-in.-wide circumferential gaps vented to
the model interior. Additional support for the conjecture
regarding the importance of interference effects is provided
by the comment in Ref. 1 that wake surveys disclosed large
changes in the local wake width due to cracks, surface dis-
turbances, and end effects.

The values obtained by Keefe? in the suberitical Reynolds
number range are included on Figs. 2 and 3. Tt is felt that
these measurements, although they were made using a 1-
diam span strain gage load cell, and were subject to some
uncertainties with regard to model end effects, are representa-
tive of the available sectional load data. The rms values of
fluctuating lift in the range of 5 X 10* < B < 1 X 10° varied
from 0.4 to 0.5 whereas the unstcady 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 approxi-
mately 0.20. Tnformation is not available in the supereritical
range of Reynolds numbers beyond 1 X 108

3.2 Correlations and Spectral Densities

The definitions of autocorrclations and power spectral
densities for a stationary random process are well established,
and clear presentations of these concepts may be found in
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many texts, e.g.,, Chap. 9 of Ref. 13. The extension of
spectral density concepts to the more general case of the
cross spectra of two random functions is treated by Press and
Tukey.!*

The random loadings on the cylinder are a function of
axial position and time, and may be expressed as I(z, t) and
d(x, t) for lift and drag loadings, respectively. The assump-
tion is made that the mean averages are zero, which, in the
case of the drag loading, corresponds to considering only un-
steady drag. The cross correlation is typically defined by
the term I(21, £)l(xs, t + 7), which is the mean time lagged
product of unsteady loads considered as acting at the two
axial stations z; and z,:

1(1'1, t)l(xg, t + T) =

. 1 +T
lim of f_T Wzy, Ozt + 7ydt (1)

T—>

An item of interest is the cross correlation with zero time
lag (r = 0) and normalized with respect to the rms values of
the individual loads. The definition of the cross-correlation
coefficient, under the assumption of zero mean averages, can
be expressed as

y = M Dl O @)
LG, 021" e, 071"
For sake of convenience, the {2 and d? subscripts are used to
indicate lift-lift or drag-drag orientation of the load stations,
respectively.

Figure 4 shows the variation of R;» and R, with respeect to
axial spacing between the two measuring stations for a typical
result at a Reynolds number of 0.75 X 105 The closest
spacing for which data points are presented ig 0.316 diam,
which corresponds to the instrumentation packages being in
an adjacent position. The points shown as (©) were ob-
tained using analog computer techniques and are compared
with values obtained by digital means (A). As can be
noted, the two methods give results that are in reasonable
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Fig. 5 Correlation length summary.

accord. The analog computer results were obtained during
tape data playback using a voltage multiplier and an opera-
tional amplifier with an R-C' feedback network performing
the averaging function.

The cross-correlation coefficient for lift force shows a
smooth decrease from 1.0 to 0 as the spacing variable, AX/D,
is inereased from 0 to beyond 2.0. It was found that, for the
Reynolds number range investigated, R;: was less than 0.20
for spacings beyond one cylinder diameter. The unsteady
drag cross-correlation coefficients initially decrease in value
more rapidly than noted for E;: and cross to a negative value
when Az/D is somewhere between 0.5 and 0.6. A peak
negative value of Rq: is obtained before Az/D rcaches 1.0,
then it asymptotically increases to zero as the spacing be-
comes 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 eylinder model.

A measure of the spatial correlation is given by the correla-
tion length x( ), which is defined by the area under the
curve of cross-correlation coefficient vs axial spacing and is
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Fig. 7 Power spectrum for drag force.

normalized with respect to the cylinder diameter D. The
upper limit of integration used in.determining x;: and x.
was 2.4 since the cross-correlation coefficients became quite
small beyond a two diameter axial spacing from the x, =
4.86 D reference position. A summary of the correlation
lengths is presented on Fig. 5 as a function of Reynolds
number. The correlation length for lift x;: was found to be
relatively invariant about the value of 0.5 diameters, whereas
the corresponding length for the unsteady drag term was
found to be considerably less although still positive, primarily
because of the influence of negative Rg values. By con-
sidering the regions of the cylinder which affect the unsteady
loads, one may associate the x;: term with a significant length
scale for vortex shedding and the x4 term with a length scale -
in the wake region.

Literature with regard to correlation lengths of unsteady
flow parameters 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. Hot-wire measurements just
out of the boundary layer at the # = 90° position have been
reported by el Baroudi® in the Reynolds number range of
11,000-45,000. He obtained correlation lengths that varied
between 3 and 6 diam. These values were slightly higher
than those obtained by Prendergast!® using a pair of static
pressure orifices in a slightly higher Reynolds number range
(2.6 X 104 < R < 1.25 X 10°. Prendergast’s results were of
particular interest since they showed that the unsteady pres-
sures at the # = 180° position had a considerably smaller
correlation length than those at the § = 90° position, and
both correlation lengths became less than unity as the transi-
tional Reynolds number was approached. Humphreys?
mentioned a significant length term of 1.56 diam when dis-
cussing the laminar-turbulent separation ceclls that were
observed by means of thread tufts at B =~ 1 X 10°% The
results of el Baroudi, Prendergast, and Humphreys are
shown on Fig. 5 for comparison purposes.

In general, the cross-spectral density is complex natured
and may be defined as

P 4 ¥ = %ﬁf_m Iz, DU, t + 7)e —27dr (3)
where
®(z1, o, f) = real part of cross-spectral density, called the
cospectral density
W(x;, 2o, f) = imaginary part of cross-spectral density,
called the quadspectral density.

It has been pointed out by Press and Tukey!4 that the co- and
quadspectrum may be considered as representing the power
of the in-phase and 90° out-of-phase componeénts, respec-
tively, of the two random signals (from an electrical sense).
In the limit, when the two axial locations coalesce, the co-
spectrum becomes the more familiar power spectral density,
whereas the imaginary portion of the spectral density van-
ishes, since the autocorrelation is symmetrical with respect



JAN.-FEB. 1965

Notes ‘
. Reynolos No.:0.75x10%  qa40 pst
Spacing between Load Stations,

~ oo

ax .
/iy 20318
Data trom Run 53/40-1
§,41) « Normaized Co-Spectral Density,

L, {thdt = 1.0

rw

5. In-Phase Energy Corresponds to Cross.
Correlation Coetficient, Rz,=o 555

0.03

$n

0.02 f————} f

50 60 70 80 S0 100 10

30 30
Frequency, t {eps)
Nondimansiona) Frequency, §= L2

[ o l05 o |10 0. ,5 O.I!O .2‘5 030 03.5 010

Fig. 8 Cospectrum for lift force.

to time lag 7. For purposes of convenience, all spectral
densities are normalized over the frequency range of 0 to
125 eps such that

125 df = 125(pd‘—f125\11d - 10
[ guar = 7 0t = [T wadr =10

The 125-cps frequency cutoff is justified on the basis that no
significant power terms occurred at higher frequencies. In
computing estimates of the correlations, the time lags were
made in 0.004 sec increments using a 10-sec data sample
from the magnetic tape record. This provided estimates of
the spectral densities in l-cps steps after the applicable
Fourier sine or cosine transformations were made. Details
of the computing procedure are deseribed in Ref. 12.

The power spectral densities for the lift and drag forces
arc shown on Figs. 6 and 7 for a typical case at a Reynolds
number of 0.75 X 105 These data are representative of
results obtained at the other tunnel operating conditions in
the supercritical Reynolds range. A feature exhibited by
both the drag and lift power distributions is that the dominant
contributions to the power speetra oceur at frequencies below
40 eps, which corresponds to a Strouhal number of approxi-
mately 0.15.

The cross-spectral density curves are shown on Figs. 8-10
for the lift and drag cases with an 0.316-diam spacing be-
tween load stations.  In the lift loading case, the ratio of the
out-of-phase to the in-phase power was found to be 0.12.
The in-phase power term is amenable to physical interpreta-
tion since it corresponds to the power distribution for the cross
correlation with zero time shift. It will be noted that, since
the out-of-phase power is an order of magnitude smaller than
the in-phase power, the quadspectral density curve (I'ig. 9)
has both positive and negative values depending on whether
the absolute value of the cross-spectral density has a leading
or lageing phase angle at a particular frequency.

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 Tig. 10, where it may be noted that co- and quadspectral
density distributions are of the same order of magnitude and
both terms are quite small for Strouhal numbers beyond
0.10.

3.3 Surface Effects

It is well known? that the transitional Reynolds number as
characterized by the shift in steady-state drag and flow
separation point is dependent upon tunnel turbulence level
and model surface condition. For the investigations reported
here in the supercritical Reynolds number range, the model
surface condition was a test variable, and the first indications
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of flow sensitivity were provided by the lift loads, both steady
and unsteady. It was possible to induce steady-state values
of section lift coefficient of approximately 0.3 magnitude by
properly placing a clay particle near to the instrumentation
package on the forward portion of the model. In the initial
observations, it appeared that the disturbance did not have
an influence beyond one cylinder diameter in the axial direc-
tion. The effects of surface smoothness upon the rms values.
of lift load were found to be significant, since a consistent
value (lower than the initial values) was obtained only after
a considerable amount of polishing had been applied to the
model.

Controlled disturbances to cause localized boundary-layer
tripping were introduced by blowing air radially from small
orifices on the model surface. Two 0.020-in.-diam orifices
were installed in one of the spacer sections at the # = +30°
positions and were connected to a regulated air supply in a
manner such that combined or individual blowing could be
maintained. No effect was perceptible at the lower tunnel
operating condition corresponding to a Reynolds number of
0.38 X 10° through a complete range of orifice blowing. At
the higher test Reynolds numbers (0.53 X 108 < R < 0.75 X
10%), a pronounced effect was noted. A summary of the
peak values produced by blowing arc shown on Figs. 11 and
12 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; the lift extrap-
olates at zero axial distance {rom the disturbance to almost
a fourfold increase in the rms value in addition to a steady
lift coefficient of about 0.4, and the perturbed flow region is
not felt beyond one diameter in the spanwise direction.
Steady lift values could be induced in either direction de-
pending on the individual side used for blowing, with the
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Fig. 11. Orifice blowing effects upon unsteady air loads.

general feature that blowing from one side produced a lateral
force acting in the opposite direction.

The effects of orifice air flow did not become noticeable
until the orifice velocity was approximately a fourth that
of the freestream velocity, and once instigated, the effects
occurred very rapidly, followed by a gradual subsidence as
the orifice flow was increased. These general characteristics
were noted for all the measured load data at those Reynolds
numbers where the blowing disturbance had an effect.

Typical normalized power spectra curves are presented for
the lift case on Fig. 13 in order to show the effects of orifice
blowing upon unsteady load. Recalling that the curves
are normalized such that the area represents unity, even
though the rms values differ by a large factor, it may be seen
that the blowing disturbance produced a marked increase in
the power distribution in the range of Strouhal numbers from
0.05 to 0.18. The unsteady drag showed an increase in
power for Strouhal numbers beyond 0.05, but the effect was
not as pronounced and appeared to be distributed over a wider
frequency range by comparison to the lift results.

The correlation coefficients for lift, as shown by the (@)
symbol on Fig. 4, demonstrate that a well-defined rise oc-
curred in axial correlation between the two load stations ap-
proximately one cylinder diameter apart, although the dis-
turbance was nearer to one load measuring package.
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Fig. 12 Orifice blowing effects upon steady air loads.
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3.4 Structural Response

The model accelerations at the tip were observed and are
summarized on Figs. 14 and 15 for lateral and longitudinal
motions, respectively, as a function of tunnel dynamic pres-
sure. The lateral response data were obtained with and
without a lead shot damper package. The trends are clear
in that the rms values of tip acceleration, smoothly increased
with tunnel air speed, did not exhibit any form of resonant
peaks, and did not differ significantly between lateral and
longitudinal vibrations. These facts are consistent with the
consideration that the structure was acting as a narrow band
pass filter under the impetus of a random-type air loading,
and that the rms lift and drag loading were of the same order
of magnitude. Oscilloscope measurements showed that the
acceleration response behaved as a randomly modulated
wave with a well-defined frequency. These observations were
verified by estimates made of the power spectral density
using digital computer procedures. The fundamental fre-
quency depended upon model configuration and was found
to oceur between 10 and 13 eps.

4. Concluding Remarks

The flow of air about a circular eylinder results in vortex
shedding, which is instrumental in producing steady and un-
steady air loads. The investigations reported here relate
to local load measurements in a Revnolds number range,
which may be classified as being in the supereritical flow
region. The loads were found to be of a random nature, to
have a three-dimensional character, and the lift loads in par-
ticular were found to be extremely sensitive to surface
condition.
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Fig. 14 Model acceleration at tip, lateral direction.
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Fig. 15 Model acceleration at tip, longitudinal direction.

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 investiga-
tion using polished aluminum models. This new value of
unsteady lift coefficient is lower than that obtained by
Fung,® ¢ presumably becuasc his model differed in details
of configuration and surface condition. The values of un-
steady lift presented by Keefe® in the suberitical Reynolds
number range are an order of magnitude higher and show
a random modulation of amplitude at a frequency corre-
sponding to a Strouhal number, S = 0.20. The lack of a
dominant frequency in the results reported here in additon
to the differences in rms level of unsteady load may be
attributed to differences in the details of vortex layer shedding
between the suberitical and supereritical flow regions.

The spanwise correlation lengths for unsteady lift were
found to he approximately a half a cylinder diameter. This
result is a new measurement and hence cannot be compared
directly with results of previous investigators. Data ob-
tained by el Baroudi? and Prendergast’® using hot-wire pairs
near to the surface and pressure orifice pairs, respectively,
indicate that a correlation length of 3-4 diam In extent
might bhe reasonable to expect in the suberitical flow range,
and that there is a trend for the correlation length to decrease
as the transitional Reynolds number is approached.

The power spectrum results for section loading were not
sufficiently consistent in order to show the existence of an
aeroclastic feedback term in the generation of unsteady loads
in the range of Reynolds numbers tested. The two levels
of model vibration, made possible by changes in model damp-
ing, did not show any changes in rms level of unsteady lift
loads.

These findings, although valid for a portion of the super-
critical flow region, are not justification for drawing con-
clusions applicable with regard to high Reynolds numbers
(R > 1 X 10% concerning flow sensitivity, rms values of un-
steady load, character of unsteady load with regard to ran-
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domness and three-dimensional variations, and aeroelastic
coupling. It is hoped that the measuring techniques dis-
cussed here will be applied to a broader range of Reynolds
numbers and contribute eventually to a better understanding
of a fundamental problem in fluid mechanies, namely, the
mechanism of vortex shedding.
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