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Turbulence Effect on Frequency Characteristics
of Unsteady Motions in Wake of Wing

Rong F. Huang* and Han W. Lee’
National Taiwan University of Science and Technology, Taipei 106, Taiwan, Republic of China

The influences of the freestream turbulence intensity on the frequency characteristics of the instability wave
and vortex shedding in the wake of a NACA 0012 wing model are studied experimentally. The functional rela-
tionships among the Strouhal, Roshko, and Reynolds numbers in the viscous-effect-dominated and the inertial-
effect-dominated regimes are obtained. The freestream turbulence has apparent effect on the Strouhal and Roshko
numbers in the regimes of instability wave and laminar and subcritical vortex-shedding modes that are obtained
at low Reynolds numbers. However, at large Reynolds numbers in the supercritical vortex-shedding mode, par-
ticularly at large angles of attack, the effect of freestream turbulence intensity on the frequency selection is not
significant. For the instability wave, the Roshko number decreases with the increase of freestream turbulence and
then approaches constant values when the freestream turbulence intensity is larger than a critical value between
0.45 and 0.5%. However, the Strouhal number of the vortex shedding of laminar and subcritical modes increases
significantly with an increase of turbulence intensity and then decreases when the freestream turbulence intensity
is larger than a critical value between 0.45 and 0.5%. The change of the characteristic surface flow modes may

contribute to the dominant mechanism of the existence of critical freestream turbulence intensity.

Nomenclature
C  =chord length of wing, 6 cm
d = length of wing-section projection on cross-stream plane
f = frequency of instabilities in wake region, Hz
£ = distancein X direction measured from mesh screen
M = mesh size of turbulence generation screen
Re. =Reynolds number based on chord length of wing, u,,C/v
Re; = Reynolds number based on cross-stream projection

of wing section, u,,d/ v
Ro; = Roshko number of vortex shedding, fd?/v
Sr; = Strouhal number of vortex shedding, fd/u,,
T = freestream turbulence intensity
= x component of local instantaneous velocity
w = average freestream velocity
X = streamwise coordinate, originated from leading edge
of wing model on root-plane
Y = spanwise coordinate, originated from leading edge of wing
model on root-plane
= crossflow coordinate, originated from leading edge
of wing model on root-plane
= root angle of attack
= kinetic viscosity of air stream
= density of air stream
= power spectrum of fluctuating velocities
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Introduction

HE wake behind an airfoil usually consists of periodic instabil-

ity waves and/or coherentstructures. Some profoundbehaviors
usually appearin airfoil wake that are importantto the airfoil perfor-
mance. Among the most interestingbehaviorsrelated to the periodic
flow in the wake are the vortex-induced vibration of the airfoil'->
and the lock-on phenomenon of the vortex-shedding frequency?
Conventionally, the research of the oscillating flows in the wake
was focused on the basic flows, such as the wake behind a bluff
body*® or a slender body with blunt trailing edge’'° For a flow
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passing over an airfoil, the extent of the blockage of the airfoil is
decided by the angle of attack and Reynolds number based on the
cross-stream length scale of the airfoil. The literature discussing the
detailed behavior, dominant mechanisms, and frequency selection
of the unsteady motion in the wake behind an airfoil is limited.

The wake of the airfoil at large angles of attack and Reynolds
numbers was found to behave similarly to that of a bluff body.!!
The frequency selection of the flow oscillations behind a bluff body
reported in the literature were commonly translated to an ordinary
Strouhal number Sr= fd/u, where f is the flow oscillation fre-
quency, d is the cross-stream length scale of the body, and u is
the freestream velocity. Roshko'? found that the ordinary Strouhal
number remained nearly constant at 0.21, 0.18, and 0.14 for circu-
lar cylinder, 90-deg wedge, and flat plate, respectively,at Reynolds
numbers between 10 and 10°. The results indicated that a sharper
blockage body would lead to a lower ordinary Strouhal number.
Roshko'? and Simmons'® introduced an universal Strouhal num-
ber Sr* based on the measured wake width d* for several types of
two-dimensional bluff bodies. They found Sr* =0.163. Roshko'?
also applied, successfully, the inviscid Kirchhoff’s free streamline
theory to relate the drag to the universal Strouhal number using a k
function, which implied that the applicationof inviscid model to the
bluff-body wake at large Reynolds numbers is appropriate. Levi'*
justified Roshko and Simmon’s universal Strouhal law by model-
ing the available specific kinetic energy u?/2 of the oscillating fluid
with the specific mechanical energy (27 fd*)?/2 of the oscillator
that oscillates at frequency f within the width d*. The universal
Strouhal number Sr* thus became 1/27 =0.159. The result of the
energy model seemed to be very close to that of the experiments.
The Kdrmén-type vortex behind an airfoil at large angles of attack
was discussed by Stuber and Gharib.”> Huang and Lin'® showed
that, for a wing at angles of attack larger than 15 deg, the diverse
distributionof the ordinary Strouhal numbers diminished gradually
to a narrow band at chord Reynolds numbers between 0.11 X 10°-
1.0 X 10° and approachedto a constantvalue of 0.12 at 90-deg angle
of attack. The inviscid behavior in the unsteady wake of the airfoil
at large Reynolds numbers and angles of attack was expected.

For an airfoil with a sharp trailing edge at low angles of at-
tack without separation of surface flow, the wake was featured by
the characteristics of mixing layer, which develops spatially from
the instability waves of small amplitude to roll-up vortices.!® The
frequency selection of the mixing layer was different from that of
the bluff-body wake because the viscous force was not negligiblein
the evolving process of the instability waves at the initial stage of
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the spatially developing vorticesin a free-shearlayer.!”'® The dom-
inant mechanisms of the unsteady flow in the wake of an airfoil at
low angles of attack and Reynoldsnumbers were inevitably different
from those at large ones. Several characteristic modes of the oscil-
lating unsteady flow at low angles of attack and Reynolds numbers
were identified and found to be closely related to the boundary-layer
behavior on the airfoil surfaces.'s

The NACA 0012 wing serves as a satisfactory blockage object
spanningfrom a slenderbody to a bluff body,dependingon the angle
of attack. The unsteady motion in the wake of the wing would hence
include the characteristics of shear layer and vortex shedding. The
conventional studies on the stability characteristicsin the wake ei-
ther theoretically assumed a laminar flow or conducted experiments
in a low turbulence intensity flow. Because the effect of turbulence
in the freestream on the dynamic behaviors of the unsteady struc-
tures in the wake was unclear yet, the critical limit of the turbulence
intensity was undetermined. In this paper, the experimental results
of the influence of the freestream turbulence intensity on the vortex
shedding characteristics, such as the frequency selection and the
response to the change of shedding mode, are reported.

Experimental Setup

The experiments are performed in a closed-return wind tunnel,
as shown in Fig. 1 and Table 1. The size of the test section is
60 X60 X120 cm. The lower and upper limits of the tunnel ve-
locity are 0.7 and 56 m/s, respectively. The rectangular wing model
is made of stainless steel. The profile of the cross section is NACA
0012. A chord length of 6 cm and span of 30 cm providesan aspect
ratioof 5, as shown in the subset of Fig. 1. The wing model protrudes
perpendicularly through the aluminum floor of the test section and
the boundary-layerthickness control plate. The leading edge of the
wing model is located at 2.5C downstream from the leading edge of
the boundary-layerthickness control plate and is 4.2C downstream
from the exit of the wind-tunnelnozzle.

A homemade constanttemperature one-componenthot-wire ane-
mometer is employed to measure the average velocity, freestream
turbulence intensity, and frequency of the oscillating instabilitiesin
the wake region. The output signals of the hot-wire anemometer are
fed simultaneously to a fast Fourier transform (FFT) analyzer and
a high-speed PC-based data acquisition system to perform analysis
and calculations of dynamic behavior and flow statistics, as shown
inFig. 1. The hot-wire probe usedis TSI 1210-T1.5, which could be
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Fig.1 Experimental setup.

used in either end-flow or crossflow applications. The original tung-
sten wire is replaced by platinum wire. The wire diameter and length
are 5 um and 1.5 mm, respectively. The dynamic response corre-
sponding to the electronic square wave test is adjusted to 20 kHz.
The sampling rate and the elapse time of the data acquisitionsystem
are setto 16,000samples/s and 2 s, respectively, for the measurement
of average velocity. They are set to 32,000 samples and 1 s for the
freestream turbulence intensity measurements and wake-instability
detection.

To generatedifferentturbulenceintensitiesin the test section, fine
wire-mesh screens of different mesh densities and wire diameters,
as shown in the table on the top of Fig. 1 are placed between the
nozzle outletand the test section. To determine the appropriate wing
model position, the flow properties on several points of (X, Y, Z)
matrix in the downstream area of the mesh screen are measured
with the hot-wire anemometer. Probe survey on the cross-stream
plane shows homogeneity. In the streamwise direction, as shown
in Fig. 2a, the decay of turbulence intensity behind the screen is
fast in the first 150 mesh sizes (X/C < —1) and then slows down.
According to Batchelor and Townsend,!® 2! the establishment pe-
riod of the fully developed, almost homogeneous turbulence covers
a distance to roughly 20 mesh sizes from the grid. After the estab-
lishment period, the decay of the turbulencebegins. The turbulence
may be consideredto be in the initial period of decay up to 100-150
mesh sizes. The turbulence behind presently used generators seems
to follow Batchelor and Townsend’s measurements. Because the
wing model is placed at 4.2C downstream from the fine-wire mesh
screen (166-250 mesh sizes, depending on different screens used),

Table 1 Properties of turbulence generators

Screen Mesh Wire Nominal freestream
identification size diameter turbulence intensity
number M, mm d, mm M/d T,%
Empty e e e 0.20
24 1.058 0.25 4.232 0.40
20 1.271 0.25 5.084 0.45
18 1.410 0.35 4.029 0.50
16 1.587 0.40 3.968 0.65
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Fig. 2 Typical properties of turbulence behind fine wire-mesh
screen measured in empty tunnel: a) decay of turbulence intensity
T along streamwise direction on (Y/C, Z/C) = (2.5, 0) behind screen #20;
b) power spectrum density function @, measured at (X/C, Y/C, Z/C) =
(=0.3,2.5,0), Re, =64,967. Uncertainty in T = = 1.6 %; uncertainty in
D=+ 0.75%.
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Fig. 3 Freestream turbulence intensities produced by various mesh
screens. Data measured in empty tunnel at (X/C, Y/C, Z/C) =(0, 2.5, 0).
Uncertainty in 7= + 1.6 %.
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Fig. 4 Variation of instability frequency along span: a-c¢) measured
at (X/C, Y/C) = (2.5, 2.5); d) measured at (X/C, Y/C)=(6.0, 2.5). Uncer-
tainty in f =+ 0.75%.

it is beyond the establishmentand initial decay periods. Because of
the slow change of the turbulence with downstream distance, the
turbulence would be nearly isotropicin a coordinate system moving
with the mean velocity?*?* In the frequency domain of the typi-
cal power spectral density function, no particular peak is found, as
shown in Fig. 2b. The slope —% in the inertial subrange follows the
law of isotropic turbulence. A total of five sets of freestream turbu-
lence intensities are employed in this study, as shown in Fig. 3. The
nominal freestream turbulence intensities0.20,0.40,0.45,0.50, and
0.65% are used in the following context.

The instabilities in the wake of the wing are detected by placing
the hot-wire anemometer in the downstream area. To detect prop-
erly the frequency of the wake instabilities, the probe position is
carefully adjusted in Z direction to capture the oscillation signals
that are caused by the sweptover of instabilities from the trailing-
edge side when the angle of attack or Reynolds number is changed.
The characteristicfrequency detected on the trailing-edgeside is the
same as that measured on the leading-edgeside. Normally, the probe
is positioned in the outer portion of the wake. During the experi-
ment, the output signals of the hot-wire anemometer are monitored
using an FFT analyzer through the time and frequency domains to
assure the appropriation of the probe position at all times. To esti-
mate the wall and end effects, the frequency distributionsalong the
span direction are firstly surveyed at various angles of attack and
Reynolds numbers, as shown in Fig. 4. It is apparent that at low
angles of attack, the end effect makes the frequency of unsteadi-
ness decrease appreciably when Y/ C > 3, as shown in Figs. 4a and
4b. At large angles of attack, the end effect is not noticeable when
Y/ C < 4, as shown in Figs. 4c and 4d. The wall effect is not obvi-
ous when Y/ C > 1 at all angles of attack, as shown in Figs. 4a-4d.
The measurements thus are conductedat Y/ C =2.5 where both the
wall and end effects are negligible. The hot-wire probe is placed
in the streamwise position X/ C =2.5 at low angles of attack and

between 2.5 and 6.0 at high angles of attack where the bluff-body
effect becomes significant.

During the experiments the average velocity of the approaching
flow is determined either by using a pitot-static tube in the normal
velocity range or by a calibrated hot-wire anemometer in the low
speed range. With the help of an on-line micropressure calibration
system and careful alignment, the uncertainties of the freestream
velocity measured by the Pitot tube and hot-wire anemometer are
estimated to be as large as £1.5 and +£0.8%, respectively, of the
average readings. The uncertainty of the turbulence intensity mea-
surement is within £1.6%. The support for the wing model has a
resolution of 0.015 deg. The accuracy for the hot-wire probe posi-
tioningis 10 um. The accuracy of the shedding frequenciesdepends
not only on the response of hot-wire anemometer but also on the
record length and sampling rate of the FFT analyzer. The uncer-
tainty of the frequency detection is estimated to be within +£0.75%
of the reading in this experiment.

Results and Discussion

Characteristic Modes

From the smoke-wire visualizationpictures by Huang and Lin,'6
the wake instabilitieson the midchord plane behind a wing model at
Re. =3195and T =0.2% are identified as the shear instability and
vortex shedding. At very low angles of attack and Reynolds num-
bers, the instability waves induced by the shear effect are found in
the wake.?* The boundary layer on the suction surface at the angles
of attack and Reynolds numbers where the instability waves are ob-
served is either attached or slightly separated? At medium angles
of attack and Reynolds numbers, a vortex street is evolved from
the suction and pressure side shear layers.!® At large angles of at-
tack, the large spacing between the upper and lower separated shear
layers evolved from the leading and trailing edges, respectively, in-
hibits the direct interaction of the shear-layer instability waves.!'®
The low-frequency, Kadrmdn-type vortex street is superimposed by
high-frequency, shear-layer instabilities. In the latter two regimes,
the vortex street is originated from the alternative release process
of the surface vortex and alleyway.?> The term vortex shedding thus
is applied to this type of instabilities?* By applying the hot-wire
anemometer to the wing wake, the vortex sheddingat large angles of
attack can be detected by placinga hot-wire probe at far downstream
locations.On the otherhand, the instabilitiesat small angles of attack
is easily detected in the near wake. The detected signals of the insta-
bility wave and vortex shedding are stated and discussed as follows.

Signal Patterns and Power Spectra

The instability waveis foundin the regime of very low u,, < 1 m/s
and a<5 deg. The periodic signals detected by the hot-wire
anemometer in this regime contain very low amplitude of an
AC component. However, the hot-wire probe positioned in the
freestream area does not show periodic instability signals. The fre-
quency of the periodic motion is low and increases slightly with
the increase of freestream velocity and angle of attack. However,
in the regime where the instability waves roll up and form vor-
tex shedding,'® the amplitude of the alternative current component
of the periodic signals becomes significantly larger than that of an
instability wave. Itis very easy to distinguishthe wave forms of hot-
wire signals of the instability wave from those of vortex shedding
on the oscilloscope.

Four characteristicvortex-sheddingmodes—laminar, subcritical,
transitional,and supercritical vortex shedding—are identified in the
domain of u,, and « at different freestream turbulence intensities.
The typical output signals of the hot-wire anemometer and power
spectra of FFT analyzer at Re, =61,000 and 7' =0.2% are shown
in Fig. 5. At a =1 deg as shown in Fig. 5a, the time-series sig-
nal is smooth and periodic, which is termed laminar mode. A peak
is observed at f =~ 800 Hz in the corresponding diagram of power
spectrum, as shown in Fig. 5b. At oo =3 deg as shown in Fig. 5c,
the periodic hot-wire signal is superimposed by small fluctuations,
which is termed subcriticalmode. A peak appearingat f =~ 700 Hz
shows the periodic characteristicsof the time-series signal, as shown
inFig. 5d. The turbulentfluctuationsdevelop with the spatial evolu-
tion of shedding vortices. The intensity of the turbulent fluctuations
amplifies and the periodicity of the vortex shedding decreases with
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Fig. 5 Typical hot-wire signals of four characteristic modes and cor-
responding power spectrum density function; 7' = 0.20%, Re, = 61,000:
a,b) a=1deg; ¢, d) o =3 deg; e, f) x =7.5 deg; g, h) « =17.5 deg.
Uncertainty in u = + 0.8%; uncertainty in @ =+ 0.75%.

the increase of the Reynolds number or angle of attack. At o=
7.5 deg as shown in Fig. Se, which is termed the transitional mode,
the random fluctuations appear in the signal of hot-wire anemome-
ter. No particularpeak is foundin the power spectrumof the velocity
signals, as shown in Fig. 5f. The shed vortices lose coherency and
the flow structure in the wake is disorganized, probably because of
the mixing effect induced by the increased turbulence intensity. At
a=17.5 deg as shown in Fig. 5g, which is termed the supercritical
mode, the periodic hot-wire signals superimposed by large turbu-
lent fluctuations present. The turbulentvortices are shed in the wake.
A peak at = 110 Hz in the power spectrum is observed again, as
showninFig. Sh. The characteristicmodes of the vortex sheddingin
the wake region are closely related to the behaviors of the boundary
layer on the suction surface of the wing.'®

The typical velocity signals and power spectrum density function
at Re, =26,250 and T =0.50% are shown in Fig. 6. The properties
of four characteristic vortex shedding modes are similar to those at
T =0.20%, except that the periodic signal of the laminar mode is
a little fluctuated and the frequencies change quite a bit because of
the increased freestream turbulence intensity.

Regimes of Characteristic Modes

The regimes of the instability wave and vortex-sheddingmodes—
laminar, subcritical, transitional, and supercritical—can be identi-
fied in the domain of Re,; and «, as shown in Fig. 7. The regimes
of the instability wave are located at the left-lower corners below
the dashed lines in Figs. 7a-7d for Re; < 800 and a < 4 deg. The
critical Reynolds number decreases inappreciably with the increase
of the turbulence intensity.

The regimes of laminar vortex-sheddingmode appear at low Re,
and a. At T =0.45%, the boundaries identifying the characteristic
modes change significantly, as shown in Fig. 7b. The changes from
laminar to subcriticalmode and from subcriticalto transitionalmode
occur at lower Reynolds numbers and angles of attack. The regime
of subcriticalmode becomes hardly distinguishable.The upper limit
of Re, for laminar mode lowers drastically when T > 0.45%. For
instance, the upper limit of Re, for the laminar mode at o =0 deg is
about 10,000 at 7 =0.20% and it decreases to 3000 at 7 =0.45%.
The regime of the subcriticalmode reducessignificantly in size when
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Fig. 6 Typical hot-wire signals of four characteristic modes and cor-
responding power spectrum density function; 7' = 0.50 %, Re, = 26,250:
a,b) a=1deg; ¢, d) & =2.5 deg; e, f) x =7.5 deg; g, h) & =17.5 deg.
Uncertainty in u = + 0.8%; uncertainty in @ =+ 0.75%.
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Fig.7 Regimes of characteristic modes of wake flow in domain of chord
Reynolds number and angle of attack at various freestream turbulence
intensities: A, laminar; B, subcritical; C, transitional; and D, super-
critical.

T > 0.45%, which can be visualized when comparing Figs. 7b-7d
with Fig. 7a. Apparently, the large turbulence intensities existingin
the freestreamreduce the domain of periodiclaminar and subcritical
motions in the wake. Only atlow Re, and a can the periodiclaminar
and subcritical vortical motions exist when 7 > 0.45%. At high
freestream turbulence intensities, the transitional mode persists in
the wake evenatlarge Reynoldsnumbers. In thatcase the appearance
of the supercritical mode is deferred until the Reynolds numbers
are relatively large when T > 0.45%, as shown in Figs. 7c and 7d.
The patterns of characteristic regimes shown in Figs. 7c and 7d
are similar; however, the boundary between the transitional and
supercriticalmodesat T =0.65%is located at largerangles of attack
thanthatat T =0.50%. Larger Reynolds numberor angle of attack is
required to regain coherency and form turbulent organized vortices
in the wake if the freestream turbulence intensity is large.

For a cylinder wake that has been extensively discussed by many
investigators,different vortex sheddingmodes are found in different
ranges of Reynolds number.2*-?® The selection of vortex shedding
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modes relies heavily on the situations in the boundary layer and the
wake.?® The characteristic modes of vortex shedding in the wake of
a wing model are inevitably subject to the conditions in the bound-
ary layer and the wake. The increase in the freestream turbulence
enhances the instabilities in the laminar vortex shedding so that the
subcritical vortex sheddingis observed at lower Reynolds numbers.
Because the transition of boundary layer on the wing surface in
the flow of large freestream disturbance is easier than that in the
flow of low freestream fluctuation,”’ the transitional vortex shed-
ding mode is observed at lower Reynolds numbers and angles of
attack. The supercritical vortex shedding is established when the
boundary layer becomes turbulent. When the freestream turbulence
intensity is greater than 0.45%, the effect of freestream turbulence
on the inception of turbulent boundary layer becomes saturated so
that the lower boundary of the supercritical vortex shedding does
not change significantly.

Frequency Selection
Strouhal and Roshko Numbers

The frequencies of the periodic unsteady motions in the wake
that vary with the wind velocity are normalized and represented by
nondimensional groups: Sry; = fd/u,, and Rogz = fd*/ v, as shown
in Figs. 8 and 9 for T =0.20 and 0.50%, respectively.
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Fig.8 Frequency selection of oscillating wake structures at 7'=0.20%:
a, ¢) Strouhal number vs Reynolds number; b, d) Roshko num-
ber vs Reynolds number. Uncertainty in Sry =1.6%; uncertainty in
Ro;=+0.75%.
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Fig.9 Frequency selection of oscillating wake structures at 7'=0.50%:
a, ¢) Strouhal number vs Reynolds number; b, d) Roshko num-
ber vs Reynolds number. Uncertainty in Sry =1.6%; uncertainty in
Ro;=+0.75%.

In theregime of instabilitywave, as shown in Fig. 8a, the Strouhal
number decreases from 0.20 to 0.12 with the increase of Re; at
Reynolds numbers lower than about 800. At Re, larger than about
800, the laminar mode of vortex shedding is found. The Strouhal
number increases with the increase of Reynolds number. In the
regimes of instability wave and laminar vortex-shedding mode the
Strouhal numbers do not vary significantly for different angles of
attack. The Strouhal numbers decrease rapidly to low values as the
periodic motions change from laminar to subcritical mode. During
the change of the characteristic modes, the turbulent fluctuations
are superimposed to the periodic vortex shedding. The sudden in-
crease of turbulence intensity enhances the effect of entrainment to
enlarge the size of the vortices and thus reduces the shedding fre-
quency. The Strouhal number thus decreases during the change of
modes. In the subcritical mode, Sr; decreases slightly with the in-
crease of Re,. The increase of turbulent fluctuations superimposed
on the periodic motions with the increase of Reynolds number in
the subcritical mode leads to the slight decrease of Sr,.

The nondimensional group fd?/v is conventionally called the
Roshko number and is adopted by many investigators to correlate
the frequency selection of the periodic motion in the wakes to some
other dimensionless parameters *~% 1213 It is actually the productof
Strouhal and Reynolds numbers, i.e.,

Ro; = Sry XRey = (fdlu,) X (u,d/v) = fd*/v (1)

which is an indication of the viscous effect on the instability fre-
quency. In Fig. 8b, Ro, increases from about 55 to 80 with the
increase of Reynolds number from 250 to 700 in the regime of in-
stability wave. Because the value of d does not change appreciably
for a smaller than 4 deg and the viscosity v is a constant, the fre-
quency of the instability wave at low angles of attack in the regime
Re, < 800 do not vary significantly. From the similarity theory and
dimensional analysis, the Roshko number is expected to remain
constant if the Reynolds number is very small in the viscous-effect-
dominated regime, probably in the order of 1 or 10 (Ref. 28). In
the regime of 10 < Re, < 800, the viscous effect does not solely or
completely dominate the hydrodynamicstability, so that the Roshko
number increases slightly with the increase of Reynolds number.

At large angles of attack, the vortices are shed in supercritical
mode where the periodic motions are superimposedby large turbu-
lent fluctuations. Figure 8c shows the variations of Strouhal num-
ber with Reynolds number at various large angles of attack. The
Strouhal numbers in the supercritical mode remain constant with
the increase of Reynolds number at fixed angle of attack. The value
of Sr, decreases with the increase of angle of attack, e.g., from
about 0.21 at « =16 deg to 0.12 at o« =90 deg. The Strouhal num-
berSr, = fd/u, is physicallya parameterimplying the influence of
the inertial effect on the instability frequency. The constant values
of Strouhal number at large Reynolds numbers delineate that the
characteristics of the supercritical mode is inherently inertial effect
dominated. Because the Strouhal number remains almost constant
in the inertial-effect-dominatedregime as shown in Fig. 8c, i.e.,

d d? .d R
Sry = f_ = (f_)/ (ML) = 2% = const 2)
u, v v Rey

The Roshko number Ro, thus is proportional to Re, at fixed angles
of attack, as shown in Fig. 8d.

Apparently, to obtain favorable correlation, the applications of
Strouhal number to large Reynolds numbers of intertial-effect-
dominated regime as well as Roshko number to low Reynolds num-
bers of viscous-effect-dominaed regime would be appropriate. At
large freestream turbulence intensity 7 =0.50%, the influence of
the viscouseffectis much reduced, as shown in Fig. 9. In the regime
of instability wave, the value of Sr; at T =0.50% in Fig. 9a is less
than that at 7 =0.20% in Fig. 8a, so that Ro, in Fig. 9b is lower
than that in Fig. 8b. The larger the angle of attack is, the less the
viscous effect is observed, e.g., the critical value of Reynolds num-
ber when changing from instability wave to laminar vortex shedding
mode at o =3.75 deg is smaller than that at @ =0 deg, as shown in
Fig. 9a. The viscous effect becomes insignificant when o > 4 deg.
In the regime of laminar vortex-sheddingmode, the Strouhal num-
beratT =0.50% in Fig. 9a is much smaller than thatat T =0.20%
in Fig. 8a. However, when comparing Fig. 9b with Fig. 8b, the
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Fig. 10 Variations of Strouhal number with normalized cross-stream
blockage at various freestream turbulence intensities. Uncertainty in
Srg=1.6%.

Roshkonumberdoes notchange appreciably. The values of Strouhal
and Roshko numbers in the supercritical mode at large Reynolds
numbers, as shown in Figs. 9c and 9d, respectively,are not altered.
The freestream turbulence intensity has no apparent effect on the
vortex-shedding frequency at large Reynolds numbers because the
shedding vortices of supercriticalmode contain inherently high tur-
bulence intensity. However, the effect of freestream turbulence is
significantat low Reynolds-numberregime of the laminar mode be-
cause the periodic signal is not superimposed by large fluctuations.

Effect of Cross-Stream Blockage

In the supercritical mode, for all freestream turbulence intensi-
ties, the Strouhal numbers remain almost the same value, decrease
slowly, and eventually attain a value about 0.12 at large angles of
attack, as shown in Figs. 8c and 9c. If the normalized cross-stream
blockage d/ C was taken as the independent variable, as shown in
Fig. 10, the Strouhal number decreases almost linearly from 0.21
to 0.12 with the increase of cross-stream blockage from 0.3 to 1.
For comparison, the value 0.21 is the Strouhal number measured
in the wake behind a circular cylinder at large Reynolds num-
bers between 10° and 10° based on the cylinder diameter?® The
Strouhal number for a vertically aligned, thick, squared-edged flat
plate and sharp-edged flat plate is 0.15 and 0.13, respectively?®:3
It is expected that the sharpness and bluffness of the blockage in
the crossflow would lead to a smaller Strouhal number. For a sharp-
edged bluff body, the Strouhal number of the supercritical vortex
shedding would approach a lower limit of about 0.12, no matter
how large the freestream turbulence intensity is. The value 0.12 is
less than the universal Strouhal number 0.159 obtained theoreti-
cally by Levi'* for a bluff body because the physical dimension of
the blockage instead of the wake width is employed in calculating
the Strouhal number.

Critical Turbulence Intensity

In the regime of instability wave, the Strouhal number decreases
while the Roshko number increases slightly with the increase of
Reynolds number at various freestream turbulence intensities, as
shown in Figs. 11aand 11b, respectively. The Strouhal and Roshko
numbers at T =0.20% are larger than those at larger turbulence
intensities. The Sr; and Ro,; have minimum values at 7 =0.45%.
They have almost the same valuesat T =0.50 and 0.65%. Figure 12
shows the variation of Roshko number with freestream turbulence
intensityin the regime of instability wave . At all Reynolds numbers,
Ro, decreases appreciably with the increase of 7 to a minimum at
T =0.45%, then increases rapidly to a larger value at 7 =0.50%.
After that, the increase of freestream turbulence intensity does not
seem to affect the Roshko number significantly. The increase in
the freestream disturbance would superimpose an apparent viscous
diffusivity?> on the molecular viscosity. The hydrodynamic insta-
bility theory of the viscous fluid flow predicts that the increase in
the viscosity would increase the stability and wave length3! The
frequency and Roshko number thus decrease with the increase of
freestream turbulence intensity. However, when T' > 0.45%, the ef-
fect of large turbulent fluctuation in the freestream may increase
the probability of instability and overwhelm the effect of viscos-
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Fig. 11 Variations of a) Strouhal and b) Roshko numbers with
Reynolds number at various freestream turbulence intensities in the
regime of instability wave. Uncertainty in Sr; = 1.6 %; uncertainty in
Rod =+0.75%.
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Fig. 12 Variation of Roshko number with freestream turbulence in-
tensity at various Reynolds numbers in the regime of instability wave.
Uncertainty in Ro; = = 0.75%.

ity. The Roshko number thus slightly increases with the increase
of T.

The effects of the freestream turbulence intensity on the Strouhal
number of vortex shedding are shown in Fig. 13. In the laminar
and subcritical modes, as shown in Figs. 13a and 13b, respectively,
the Strouhal numbers increase a little with the increase of 7" when
T <0.45%, then increase rapidly when 7 > 0.45%, and finally de-
crease slightly with the increase of turbulence intensity. There ex-
ists a critical value of freestream turbulence intensity between 0.45
and 0.5% for the frequency selection of the laminar and subcriti-
cal unsteady motions in the wake. The change in the characteristic
surface-flow modes may contribute to existence of the critical tur-
bulence intensity. Figure 14, which is reproduced from the results
of the surface-oil flow visualization method by Lee,”® shows the
variation of the critical Reynolds number for the surface flow on the
suction surface changing from separation to bubble mode. The crit-
ical Reynolds number causing the separated surface flow to reattach
to the suction surface and form a separation bubble increases with
the increase of the freestream turbulenceintensity when 7' < 0.45%.
However, the critical Reynolds number decreases drastically when
0.45% < T <0.5%.WhenT > 0.5%, the effect gradually saturates.
Atlow freestreamturbulenceintensities, the separationpointis grad-
ually deferred downstream with the increase of 7" at a certain Re,
(Refs. 28, 32, and 33). The delay of separation makes the wake
width smaller and thus increases the Strouhal number.'s:'® At T
between 0.45 and 0.5%, reattachment of the separated boundary
layer forms a separation bubble because of the large turbulence ki-
netic energy containing in the freestream.2®-32:33 The reattachment
of the turbulent boundary layer further reduces the wake width, so
that the Strouhal number increases rapidly. Further increase in the
freestream turbulence intensity imposes a large entrainment effect
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Fig.13 Variations of Strouhal number with freestream turbulence in-
tensity in the regime of vortex shedding. Uncertainty in Sr; =1.6%.
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Fig.14 Variation of the critical Reynolds number for the surface flow
on the suction surface changing from separation to bubble mode. Re-
produced from the results of the surface-oil flow visualization method
by Lee.28

on the shedding vortices so that the Strouhal number decreases.': '8

For the supercritical mode in Fig. 13c, the Strouhal number hardly
varies with the change of freestream turbulence intensity, particu-
larly at large angles of attack. Because the surface flow does not
change modes at the large angles of attack and Reynolds numbers,
the freestream turbulence intensity has little effect on the supercrit-
ical vortex shedding that already contains large fluctuations on the
vortices.

Conclusions

The following conclusionsare drawn from the preceding discus-
sion:

1) In the regime of very small angles of attack and Reynolds
numbers, the unsteady motions in the wake are instability waves.
The frequency selectionis viscous-effectdominated and the Roshko
number remains almost constant. In the regime of large angles of
attack and Reynolds numbers, the vortex sheddingis in supercritical
mode. The frequency selection is inertial-effectdominated and the
Strouhal number remains approximately constant.

2) The freestream turbulence has significant effects on the
Strouhal and Roshko numbers in regimes of instability wave as
well as laminar and subcritical vortex shedding modes because the
unsteady motions in these regimes do not contain inherently large
turbulence fluctuations. At large Reynolds numbers in the super-
critical mode, the effect of freestream turbulence intensity is not

appreciable because the vortices in this regime contain inherently
large turbulence fluctuations.

3) There exists a critical value of freestream turbulence intensity
between0.45and 0.5% for the frequencyselectionof the laminarand
subcritical vortex sheddingin the wake. The change in the character-
istic surface flow modes may contribute to the dominant mechanism
of the existence of critical freestream turbulence intensity.
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