
AIAA JOURNAL

Vol. 40, No. 7, July 2002

Subcritical Flow Around Bluff Bodies

Mustafa Sarioglu¤ and Tahir Yavuz†

Karadeniz Technical University, 61080 Trabzon, Turkey

Results of experimental investigations of vortex-shedding frequencies and surface pressures of circular and
square cylinders with the same hydraulic diameter are described. Pressure measurements on circular and square
cylinders and hot-� lm measurements in the wakes were conducted. The rangeof Reynolds numberswas 1:3 ££ 104 –

2 ££ 105 , which is characterized as subcritical � ow regimes. Also, to reveal the combined in� uence of Reynolds
number and angle of incidence on the pressure and spectral density distributions of velocities, experiments were
carried out on square and rectangular cylinders for the angle of incidence in the range 0 < ® < 45 deg. At zero
incidence, pressure coef� cients on the front and side faces of the square cylinder changeconsiderablywith Reynolds
number, whereas as the angle of incidence increases to 30 deg, the effect of the Reynolds number seems to diminish.
Spectral density distributions in the wake and surface pressures depend on Reynolds number and the angle of
incidence. The variationsof the strength of the spectral densities with Reynoldsnumber in the wakes of circular and
square cylinders show different characteristics. Variations of spectral density distributions and vortex shedding
with Reynolds number, geometric dimensions of models, and angle of incidence are presented.

Nomenclature
C p = pressure coef� cient, .P ¡ Pst/=

1
2
U 2, dimensionless

C pc = corrected pressure coef� cient
D = cylinder diameter, m
E = anemometer output voltage, V
F = shedding frequency parameter (nondimensional

frequency), fsh2=º and fs D2=º
fs = vortex-sheddingfrequency, Hz
H = height of the test section of the tunnel, m
h = height of the model, m
L = length of the model, m
P = surface pressure, N/m2

Pst = static pressure in the test section, N/m2

Re = Reynolds number based on h (or D), NU h=º
or NUD=º, dimensionless

Sr = Strouhal number, fs h= NU or fs D= NU , dimensionless
t = time, s
U = freestream velocity, m/s
NU = mean velocity in x direction, m/s

u2 = mean-square value of velocity � uctuations
in x direction, m2/s2

W = width of the test section of the tunnel, m
w = width of the model, m
x; y; z = streamwise, lateral, and spanwise coordinates, m
® = angle of incidence, deg
² = blockage ratio, D=H or h=H
µ = circumferentialangle measured from the front

stagnation point, deg
º = kinematic viscosity, m2/s
½ = density of air, kg/m3

I. Introduction

D ETAILED information about � ow� elds around bluff bodies
is of special interest for basic understanding of aerodynam-

ics and aeroelastic instability and is of great importance in the
study of aeroelastic instability. Circular and rectangular cylinders
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are frequently used as structures of members in numerous differ-
ent areas in engineering. Circular and rectangular cylinders create
different � ow� elds. The separation point on the circular cylinder
varies with the Reynolds number, whereas it is generally � xed at
the leading edges for rectangular cylinders. Despite the simplicity
in geometries, the � ows around these bluff bodies are actually very
complicated. The � ow characteristics are rather sensitive to fac-
tors such as freestream turbulence,model geometries, experimental
environments, wind-tunnel blockage, model end conditions, align-
ment length-to-diameter ratio, surface irregularities, and incident
angle for rectangularcylinders.The � ow structure around a circular
cylinder is a classical and important problem in � uid engineering.
It is frequently associatedwith vortex sheddingand � ow instability,
causingunsteady forces on the structures.Flow instabilitiesand pe-
riodicsheddingof vorticesfromcircularcylindershavebeen studied
for over a century. Experimental and theoretical studies of circular
cylinders have provided a large amount of data on pressure distri-
bution, drag and lift coef� cients, and vortex shedding. The lack of
consistency in controlling second parameters, such as aspect ratio,
freestream turbulence, surface irregularity, blockage ratio, etc., in
different studies has made comparison dif� cult. These are the rea-
sons why research in these areas started a few decades ago are still
in progress today.

Wakes behind bluff bodies are so frequently encountered in en-
gineering applications that research has been conducted in large
numbers, and massive data have been accumulated. The subject of
bluff-body � ows has recently been receiving a great deal of atten-
tion (e.g., Refs. 1–19). This is largely because of its importance
for energy conservation.For instance, large structures must be de-
signed to avoidpotentiallydisastrouswind-inducedlarge-amplitude
oscillations. There is a complex interaction between the turbulence
and the � ow past bluff structures, which leads to changes in the
mean and unsteady wind loads. In addition, road vehicles must
now meet stringent fuel-consumption requirements, which trans-
late into a need for reduced aerodynamic drag. As � rst suggested
by Roshko,20 depending on the Reynolds numbers, at least three
� ow regimes around a nominally smooth cylinder can be identi� ed:
subcritical(purely laminarboundary-layerseparation), supercritical
(laminar separation followed by turbulent reattachment and even-
tual turbulent separation), and transcritical (transition to turbulence
in the boundary layer occurring ahead of separation).

The characteristicsof the � ow around a smooth circular cylinder
in the critical Reynolds number range were experimentally inves-
tigated by Farell and Blessmann21 based on instantaneous mean
pressure distribution measurements on the cylinder and hot-wire
velocity � uctuationmeasurements in the cylinderwake. Two subre-
gionswere identi� ed in the critical or lower transition:The � rst sub-
region .1:5 £ 105 < Re < 3 £ 105/ is characterized by symmetric
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pressuredistributions,intense vortexshedding,and gradual and sig-
ni� cant variations in characteristicparameters as Reynolds number
increases.The second subregion(ending at Re D 3:8 £ 105) is char-
acterized by intense � ow oscillationsassociatedwith formation and
bursting of laminar separation bubbles on one or both sides of the
cylinder. The spectra of the velocity � uctuations in the second sub-
region show unsteady subranges, in general, with broadbandpeaks.
Hence, different � ow regimes around circular cylinder show differ-
ent behaviors.

The effects of tunnel blockage and aspect ratio on the mean
� ow past a circular cylinder in the Reynolds number range 104 <
Re < 105 were investigated by West and Apelt.22 They concluded
that for the blockage ratios less than 6% the effects of the blockage
on the pressure distribution and drag coef� cient are small and that
the Strouhal number is unaffected by blockage.

Blackburn and Melbourne23 investigated the effects of the
freestream turbulence and surface roughness on the sectional lift
forces of a circular cylinder in the Reynolds number range 1 £ 105 –

5 £ 105 . At higher turbulence intensities, effects consistent with a
return to organizedvortex shedding were observed at the upper end
of the Reynolds number range. The � ow past bluff structures is a
classical and important problem in � uid engineering.

Mizota and Okajima,24;25using a tandem-type of hot-wire probe,
measured the � ow pattern around various rectangular cylinders, in-
cluding a reversed � ow region close to the cylinder, and con� rmed
that the changes of the patterns have close correlations with those
of drag and lift forces and Strouhal numbers in the variation of the
width-to-height ratio and the angle of incidence.As pointed out by
Okajima,26 for a sharp-edgedbody likea rectangularcylinder,where
the separationpoints are � xed at the leadingedges, the aerodynamic
characteristicsare said to be relatively insensitiveto Reynolds num-
ber. At extremely low Reynolds numbers, � ow around a rectangular
cylinder is known to separate at the trailing edges rather than the
leading edges. With an increase of Reynolds number, the � ow sep-
aration at the leading edges will develop, and steady reattachments
become impossible. Consequently,it is quite likely that there exists
a certain range of the Reynolds number where the � ow character-
istics, Strouhal number in particular, of a rectangular cylinder alter
remarkably.

Mukhopadhyay et al.27 investigated the structure of con� ned
wakes behind a square cylinder in a channel via the numerical solu-
tion of the unsteady Navier–Stokes equations. They simulated de-
tails of the � ow phenomenon through numerical � ow visualization.

It is common knowledge that � ow around bluff bodies exhibits
oscillatory behaviors, Kelkar and Patankar18 computed the steady
two-dimensional� ow arounda squarecylinderat differentReynolds
numbers and determined the onset of unsteadiness through a linear
stability analysis of the steady � ow.

Murakami et al.8 analyzed velocity-pressure � elds and wind-
inducedforces on and arounda buildingmodel by means of numeri-
cal simulations. In their study, three types of well-known turbulence
models, namely, k–" eddy viscosity model, algebraic stress model,
and large-eddy simulation have been used. They con� rmed that re-
sults of the three-dimensionalcomputation correspondvery well to
the experimental data, although the results of the two-dimensional
computation include some signi� cant discrepancies.

Calculationsfor the � ow past a square cylinder at Re D 2:2 £ 104

placed at various distances from an adjacent wall, including the
limiting case without wall in� uence, were conductedby Bosch and
Rodi.19 Two-dimensionalunsteadyequationswere solved,whichal-
lows any periodic-sheddingmotion to be resolved. They concluded
that the standard k–" model was found to damp the shedding mo-
tion unrealisticallyso that sheddingwas suppressedat considerably
larger gap widths than observed experimentally.

Calculations for the numerical simulation of the � ow structure
around a square cylinder in a uniform shear � ow were conducted
by solving the unsteady two-dimensional Navier–Stokes equations
with a � nite difference method by Hwang and Sue.28 They investi-
gated theeffectof the shearparameterof the approaching� ow on the
vortex-sheddingStrouhalnumber and the force coef� cient actingon
the square cylinder in the range of the shear parameter 0.0–0.25 at
various Reynolds numbers ranging from 5 £ 102 to 1:5 £ 103 . The

effect of shear rate on the Strouhal number and the force acting on
the cylinder has a tendency to reduce the oscillation. The Strouhal
number tends to decrease as the shear rate increases, but shows no
signi� cant change at low shear rate.

The present study is an experimental investigation of the in-
stabilities around circular and rectangular cylinders to assist
in understanding the near-wake vortex dynamics. Pressures on
circular and square cylinders with the same hydraulic diame-
ters were measured, and hot-� lm measurements in the wakes
were made. The range of Reynolds numbers was between 1:3 £
104 and 2:0 £ 105 , which is characterized as a subcritical � ow
regime. Measurementsof spectraldensity distributionsin the wakes
and surface pressure coef� cients were carried out to reveal the dif-
ferences of the in� uence of Reynolds numbers on the patterns of
separated shear layers and vortex formations about these two mod-
els. Also, the combined in� uences of Reynolds number and angle
of incidence on pressuredistributionsand vortex formationsaround
square and rectangularcylinderswere determined.The variationsof
spectraldensitydistributionsin the wakesand vortex-sheddingchar-
acteristicswith Reynolds number, geometric dimensionsof models,
and angle of incidence are discussed in detail.

II. Instrumentation and Experimental Procedure
The experiments were conducted in the test section of a low-

speed, open-return wind tunnel in the Department of Mechanical
Engineering at the Karadeniz Technical University. The test section
that measures 289 mm wide, 457 mm high, and 1830 mm long fol-
lows the contraction section. The two side Plexiglas® walls of the
test section are tapered with a divergence angle of 0.3 deg on each
side to giveconstantstatic pressureand to compensatefor boundary-
layer growth along the tunnel axis. A circular diffuser is connected
to the test section through a transition section, where rectangular
shape of the test section changes to the circular shape of the dif-
fuser. At the maximum tunnel speed of about 36 m/s, the freestream
turbulence intensity was about 0.15%; the turbulence intensity was
higherat low tunnel speeds,about0.4% at 5 m/s, which is the lowest
speed used in the present study. The uniformity of the velocity in
test section was about 0.2%. The wind tunnel and test section are
shown in Fig. 1. The circular wooden cylinder model with a diam-
eter of 50 mm and three rectangular wooden cylinder models with
width-to-heightratios w=h D 0:5, 1.0, and 2 were used. The models
were placed horizontally at midheight in the test section (Fig. 2),
which is 400 mm downstreamfrom the end of the contraction.With
w=h D 0:5, 1.0, and 2.0, the blockageratiosof the rectangularcylin-
ders were 17.51, 10.94, and 8.75%, respectively,at 0-deg incidence,
and the blockage ratio of the circular cylinder was 10.94%. Each
model was supportedoutside the test section to eliminate any trans-
mission of tunnel vibrations. The rectangular cylinders used were
tested at incidence angles of 0, 10, 20, and 30 deg. At these angles
of incidence, the geometric blockage ratios varied from 10.94 to
14.95% for the square cylinder (w=h D 1:0).

Pressureswereonlymeasuredon the squareand thecircularcylin-
ders. The coordinate system, location of the models, and pressure
taps on the models are shown in Fig. 2. Coordinatesare de� ned with
the z axis in the spanwise direction and the x axis in the streamwise
direction.For the circularcylinder,18 pressure taps were positioned
circumferentially on the surface of the cylinder at the measuring
station of z=D D 0, shown in Fig. 2b. In Fig. 2b, µ is circumferential
angle measured from the forward stagnation point on the cylinder.
For the square cylinder (Fig. 2c), there are four taps on the front
surface, three taps on the back surface, and six taps on each of the
side surfaces.Because the back surface is not important, only a few
taps are located on this surface.

The tap opening diameter was 1 mm. The pressure taps were
connected via 1-mm-internal-diameterplastic tubing to a pressure
transmitter.Depending on the pressure levels, two capacitance-type
pressure transmitters were used.

A TSI hot-� lm anemometer,Model IFA 100,was usedforvelocity
measurements. A hot-� lm probe was placed at various locations
in the wakes of the cylinders. Thermal-Pro Software for IFA 100,
ADCWIN-4, was used to display the statistical results in the wakes
of the models. The experimental uncertainty in the measurement
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Fig. 1 Low-turbulence wind tunnel and test section.

Fig. 2 Coordinate system; location of the models and pressure taps on the models; scale in millimeters.

of velocity was determined to be less than §1%, whereas that of
pressure was determined to be less than §5%.

III. Experimental Results and Discussion
A. Velocity and Turbulence Intensity Measurements

Velocity and turbulence intensity pro� les at various stations in
the wakes of the circular and square cylinders having same hy-
draulic diameters of 50 mm were measured. Three Reynolds num-
bers, based on the hydraulic diameter, 1:467 £ 104; 6:6539£ 104,
and 1:30542£ 105 , were considered.

Time histories of velocity � uctuations obtained for the circular
cylinders at two downstream stations, x=D D 2:2 and 4.0, and at
three locations, y=D D 0:3, 0.5, and 1.5, for each station are shown
in Fig. 3. For the smallest Reynolds number, 1:467 £ 104, the os-
cillations of the velocity � uctuation are not seen to appear. As the
Reynolds number increases, oscillations frequency and amplitude
of the velocity � uctuations increase, and the randomness charac-
teristics of turbulence develop at a roughly equal rate throughout

the transition region. Correspondingly,the timescale of � uctuations
becomes continuously shorter. When the time histories of the ve-
locity � uctuations obtained at the locations x=D D 2:2, y=D D 1:5
and x=D D 4:0, y=D D 1:5 are compared (Figs. 3a and 3b), the
amplitudes of the velocity � uctuations are nearly disappearing at
x=D D 2:2, y=D D 1:5, whereas farther downstream, x=D D 4:0,
y=D D 1:5, there are noticeable oscillations and amplitude of the
velocity � uctuation.This means that the width of the wake increases
in the downstream direction.

Turbulence intensity pro� les obtained at three different stations,
x=D D 2:2, 5.8, and 14.8, in the wakes of the circular and square
cylinders for the Reynolds numbers based on hydraulic diameter,
1:467 £ 104 , 3:6528£ 104 , and 1:30542£ 105 , are shown in Figs. 4
and 5, respectively. As shown in Fig. 4, for the circular cylinder,
there are two peaks in the turbulent intensitypro� les near the center
of the wake at small x=D value (x=D D 2:2), whereas turbulent in-
tensities have parabolic pro� les at larger x=D values in the range of
Reynolds number tested. At x=D D 2:2, turbulent intensity pro� les
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a)

b)

Fig. 3 Time histories of velocity � uctuation at a) x/D = 2:2 and
b) x/D = 4:0.

Fig. 4 Turbulence intensities at three different x stations behind cir-
cular cylinder for Reynolds numbers.

have maximum values approximately at y=D D §0.5 due to a pair
of standing eddies near the model in the wake. At x=D D 5:8 and
14.8, turbulent intensities have parabolic pro� les and have maxi-
mum values at the center of the wake, y=D D 0. As expressed in
the study of Ilday et al.,29 it is seen that the peaks on the turbulence
intensity pro� le correspond to the points on which the mean veloc-
ity gradient has the minimum values. This is due to the enhanced
mixing at those points. It is also seen that the turbulence intensity
pro� les become asymmetric as the Reynolds number is increased

Fig. 5 Turbulence intensities at three different x stations behind
square cylinder for Reynolds numbers.

Fig. 6 Turbulent intensity pro� les in the wakes of circular and square
cylinders.

from 1:467 £ 104 to 3:6528£ 104 and continues to be asymmetric
after that. This might be due to the experimental error.

For the square cylinder (Fig. 5) at Re D 1:467 £ 104 , as for cir-
cular cylinder, the turbulence intensity pro� les determined at three
stations, x=h D 2:2, 5.8, and 14.8, have two peaks. As the Reynolds
number increases to 3:6528£ 104, these two peaks diminish, and
turbulence intensities have maximum values on the centerline of
the wake. Hence, when Figs. 4 and 5 are compared, as the Reynolds
number increases, the � ow� elds about the circularand square cylin-
ders show different characteristics.At the same Reynolds number,
the width of the wake for the square cylinder is larger than that of
the circular cylinder, as shown in Fig. 6.

The width of the wake for the square cylinder does not seem to
vary with the Reynolds number. This is because the � ow separates
from the leading edges of the squarecylinderand does not vary with
the Reynoldsnumber,whereas the width of the wake for the circular
cylinder varies with the Reynolds number due to the separation
points’ dependence on the Reynolds number.

B. Mean Pressure Distributions
The pressure distributionson the surface of the cylinderwere ob-

tained in the Reynolds numbers range 1:6 £ 104–1:34 £ 105. The
pressure coef� cient C p was de� ned as C p D .P ¡ Pst/=

1
2 ½U 2. Re-

sults are presented in Fig. 7. As seen, the pressure coef� cient C p

varies with µ in the front of the cylinder and becomes considerably
uniformon the rear side.The maximumnegativepressurecoef� cient
occurred before the apex of the cylinder at ¼µ D 70 deg.
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Fig. 7 Pressure coef� cient Cp as a function of circumferential angle µ
for various Reynolds numbers.

Fig. 8 Comparisons of pressure coef� cient on the circular cylinder
model.

Two empirical relations about pressure coef� cient C p depend-
ing on Reynolds number Re and circumferential angle µ , for
0 · µ · 70 deg were determined as

C p D ¡6:1.µ 3:13=Re0:026/ ¡ 5:27 sin.1:55 C µ 2:724/ C 6:2745 (1)

and for 70 < µ · 160 deg as

C p D ¡.0:06=µ 0:53/Re0:238 ¡ 0:132 sin.2:059 C µ 1:65/

C 6:2 £ 10¡6 Re ¡ 0:01
¡p

Re
¢

C 1:56µ

¡ 0:77µ 2 C 0:1234µ 3 ¡ 2:28 (2)

in which µ is in radians.
These formulasarevalid in the range1:6 £ 104 · Re · 1:34£105

and represent the experimental data with 99% accuracy. Compar-
isons are shown in Fig. 8 along with some data from the literature.
Discrepanciesamong the data mightbe due to the differentblockage
ratios.

Because the tunnel blockage ratio is about 10.94%, correction
for the blockage effect is necessary. In this study, C pc D 1 ¡ .1 ¡
C p/=.1 C ²/2 , which is given by West and Apelt,22 was adopted
to account for the blockage effect. Figure 9 shows corrected and
measured pressure coef� cients for Re D 1:6024£ 104. In Fig. 9, it
is seen that blockage effect increases with increasing the circum-
ferential angle and reaches almost the constant value of 29% after
µ D 70 rad.

Pressure distributions C p on the square cylinder were obtained
in Reynolds numbers, based on the model height, which is the hy-
draulic diameter, ranging from 1:4 £ 104 to 1:3 £ 105 with the inci-
dence angles from 0 to 30 deg. Figure 10 shows pressure distribu-
tions on the cylinder surface for two incidence angles, 0 and 30 deg.
In Fig. 10, areas I, II, III, and IV correspond to the front, bottom,
back, and upper surfaces of the model, respectively. It can be seen
that, at the incidence angle of 0 deg, the Reynolds number has no

Fig. 9 Surface pressure coef� cient on the circular cylinder model with
and without blockage correction for Re = 1:6024 ££ 104.

discernible effect on the pressure coef� cient distributions on the
front face (part I). However, the pressure distributions on the side
and rear are affected by Reynolds number. As shown in Fig. 10,
negative pressure coef� cients were obtained, especially on the bot-
tom and upper surfaces of the model. This may be caused by the
accelerated two-dimensional high velocity producing � ow separa-
tions at the side faces, as mentioned in the study of Murakami et al.8

Increasing Reynolds number increases the pressure coef� cients on
these surfaces.

Large eddiesform in the leeof themodeland producea largewake
and low pressure on the leeward wall. When the angle of incidence
was increased from 0 to 30 deg, the pressureson the bottom surface
(part II) increased considerably,whereas pressure level on the front
surface (part I) slightly increased due to the compression effects in
these regions.The pressure levels on the other surfaces remained al-
most constant. Increase in Reynolds number does not cause consid-
erable increase in pressure coef� cient distributions on the surfaces
of the model at the incidence angle of 30 deg.

C. Spectral Measurements
Spectral density distributionsof velocities in the wake of the cir-

cular and square cylinders are calculated from the hot-� lm signals.
As is known, in the spectra, spectral peaks re� ect vortex shedding.
Spectral density distributionsof velocities have been determined at
various locations in the wakes of the models.

As seen in Fig. 11, which shows results at x=D D 2:2, for the
circular cylinder, for smallest Reynolds number, 1:6279£ 104,
two dominant peaks in the spectra occur at y=D D 0:3 and 1:0
(Fig. 11a), whereas for higher Reynolds numbers, 6:6539£ 104 and
1:23355£ 105, only one dominant spectral peak occurs at y=D D
0:5 (Figs. 11b and 11c). Spectral peaks diminish in the spectra in
the region y=D ¸ 1.5.

At x=D D 2:2, the magnitudesof the peaksobtainedat y=D D 0:5
increase with increasing Reynolds number, but they decrease with
increasingReynolds number at y=D D 1:5. However, farther down-
stream at x=D D 4:0, the magnitudeof the spectralpeaksdetectedat
two locations y=D D 0:5 and 1.5 decreasewith increasingReynolds
number. These points are shown in Fig. 12. Hence, depending on
the locations at which the spectral measurements take place, the
magnitudes of the spectral peaks vary with the Reynolds number.
Notice from Figs. 12 that the vortex-shedding frequency increases
with increasing Reynolds number.

Spectral density distributionsobtained in the wake of the square
cylinderwith zero angleof attackare shown in Fig. 13. Variationsof
the spectral peaks with Reynolds number obtained at various loca-
tions in the wake show different characters. At x=h D 2:2, spectral
peaks decrease with increasing Reynolds number at y=h D 0:5 and
1.5 (Figs. 13a and 13b). However, at x=h D 4:0, which is farther
downstreamin the wake, the spectralpeaks increasewith increasing
Reynoldsnumber at the same locationsconsideredearlier (Figs. 13c
and 13d). The same character of the spectral peaks was determined
for the circular cylinder at x=D D 2:2, y=d D 0:5 (Fig. 12a).

Spectral density distributions of velocities obtained in the wake
of the square cylinder were determined with incidence angles of
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Fig. 10 Surface pressure distributions on square cylinder model for � ve different Reynolds numbers in the incidences ® = 0 and 30 deg.

a)

b)

c)

Fig. 11 Spectral densities of velocities vs y/D at x/D = 2:2 in the wake
of the circular cylinder.

0, 10, and 30 deg. The de� nition of the angle of incidence is also
shown in Fig. 2. As indicated before, the dominant peak in the
spectra is the one associated with the vortex-shedding frequency.
Results are presented in Figs. 14–16. As shown in Figs. 14–16, the
intensities of the spectral peaks that represent the vortex shedding
� rst increase with increasing y=h, reach the maximum values at
some valueof y=h, and then decreasewith increasing y=h. Spectral
peaks diminish considerably after jy=hj ¸2.5.

At 0-deg incidence, the intensity of the spectral peaks has
its maximum value at y=h D 1:0 and then decreases with in-
creasing y=h. Spectral peaks did not appear after approximately
y=h ¸ 2.5 (Fig. 14), whereas in the wake of the circular cylin-
der with the same hydraulic diameter, the spectral peaks did not
appear after approximately y=D ¸ 1.5. This is because the wake
of the circular cylinder is narrower than that of the square cylin-
der due to the different shape and locations of the separation
points.

At 10-deg incidence, maximum spectral peaks were detected at
y=h D 1:0 (Fig. 15). As Reynolds number increases, some subhar-
monic peaks appear in the spectra.

At 30-deg incidence, at the smallest Reynolds number, the max-
imum spectral peak was detected at y=h D 0:5 (Fig. 16). As the
Reynoldsnumber increasesto 6:6539£ 104, two maximumspectral
peaks were detected at y=h D 0:5 and 1.5, and as Reynolds number
increases to 1:23355£ 105, only one maximum spectral peak was
detected at y=h D 1:0.

The effect of the angle of incidence on the spectral density dis-
tributions are shown in Figs. 17 and 18 for three Reynolds num-
bers determined at the positive and negative sides in the wake of
the square cylinder. In Fig. 17, which shows the spectral density
distribution in the positive side of the wake, for Re D 1:6 £ 104 at
® D 5 deg, no spectral peaks appeared. The spectral peak increases
with increasing the angle of incidence and reaches to its maximum
at ® D 30 deg. For Reynolds numbers 6:65 £ 104 and 1:23 £ 105,
the smallest spectral peaks were detectedat ® D 10 deg and reached
a maximum at ® D 30 deg. In Fig. 18, which shows the spectral
density distribution in the negative side of the wake, the spectral
peak increases with the angle of incidence.Spectral peaks were de-
tected at all angles of incidence considered. Also, there are some
subharmonicpeaks in the spectra at ® D 10 and 20 deg. As noted by
Obasaju,12 they may have been caused by an interaction between a
vortex and a trailing-edgecorner.

Vortex-shedding frequency is commonly normalized by using
the cylinder diameter and the approaching velocity, thus forming
the Strouhal number Sr D fs D=U . Sometimes in the literature,vor-
tex shedding is represented by the nondimensional frequency (the
shedding-frequencyparameter) F D fs D2=º, which represents the
product of Reynolds and Strouhal numbers.

The Strouhal numbers vs Reynolds number obtained for the cir-
cular cylinder and some results determined by other investigators
are compared in Fig. 19. As shown, the Strouhal number decreases
slightly with increasing Reynolds number. Among the data shown,
there are some discrepancies.These discrepancies might be due to
the different blockage ratios in various works. The blockage ratios
were 16.67, 11.9, 9, and 6.5% in the experiments of Achenbach
and Heinecke,30 Farell and Blessmann,21 West and Apelt,22 and
Bearman,31 respectively,whereasit was 10.94%in the presentstudy.

Apart from the square cylinder, several experiments have been
conductedon a rectangularcylinderwith aspect ratios of w=h D 0:5
and 2.0. Results obtained along with some data from the literature
are presented in Fig. 20. Among the data shown, there are some
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a)

b)

c)

d)

Fig. 12 Spectral densities of velocities vs Reynolds number in the wake of circular cylinder at positions a) x/D = 2:2, y/D = 0:5, b) x/D = 2:2, y/D = 1:5,
c) x/D = 4:0, y/D = 0.5, and d) x/D = 4:0, y/D = 1:5.

a)

b)

c)

d)

Fig. 13 Spectral densities of velocities vs Reynolds number in the wake of the square cylinder at positions a) x/h = 2:2, y/h = 0:5, b) x/h = 2:2, y/h = 1:5,
c) x/h = 4:0, y/h = 0:5, and d) x/h = 4:0, y/h = 1:5.

Fig. 14 Spectral densities of velocities vs y/h at x/h = 4 in the wake of the square cylinder at 0-deg incidence.
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Fig. 15 Spectral densities of velocities vs y/h at x/h = 4 in the wake of the square cylinder at 10-deg incidence.

Fig. 16 Spectral densities of velocities vs y/h at x/h = 4 in the wake of the square cylinder at 30-deg incidence.

Fig. 17 Spectral densities of velocities vs angle of incidence ® for three Reynolds numbers at x/h = 4, y/h = 0:5 in the wake of the square cylinder.

Fig. 18 Spectral densities of velocities vs the angle of incidence ® for three Reynolds numbers at x/h = 4, y/h = ¡¡ 0:5 in the wake of the square cylinder.

Fig. 19 Strouhal numbers vs Reynolds numbers for the circular
cylinder.

discrepancies. It might be due to the different blockage ratios in
various studies.

The effects of aspect ratios w=h on Strouhal number for rectan-
gular cylinders are determined and shown in Fig. 21. As shown in
Fig. 21, Strouhal number slightly decreases with increasing w=h
ratios, and results are in good agreement with those of Nakaguchi
et al.32 and Nagano et al.33 Work conducted by Nakaguchi et al.32

and Bearman and Trueman10 on rectangular cylinders showed that
there exists a critical ratio of body dimensions .w=h/cr, where
drag coef� cient reaches a maximum value. Nakaguchi et al.32 and
Bearman and Trueman10 explain that two opposite effects occur
for w=h < .w=h/cr and w=h > .w=h/cr . Calculationsby Park16 for
rectangular cylinders show that the Strouhal number increases with
w=h for w=h < 0:6 and decreases for w=h > 0:6. This means that
.w=h/cr can be considered to be about 0.6. In the present exper-
iments, w=h ratios varied from 0.5 to 2.0, which are considered
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to be w=h > .w=h/cr . Consequently,Strouhal numbers determined
from present study for 0:5 · w=h · 2.0 decrease with increasing
w=h. Data determinedfrom presentstudyat zero incidenceand data
from the literature (see Refs. 13, 14, and 33–36) are compared in
Table 1.

The effects of the incidence angles on the Strouhal number Sr
for rectangular cylinders are presented in Fig. 22 along with some
data from the literature.12;35;37 As is seen, the Strouhal number � rst
increases and reaches the maximum values then decreases with in-
creasing the angle of incidence. Strouhal numbers reach to maxi-
mum values at a certain value of the angle of incidence. Measure-
ments by several authors of vortex-shedding frequency for square
section cylinder12 show that, as the incidence is increased from
0 deg, the Strouhal number � rst increases steadily then rises rather
abruptly to a maximum just before ® D 13:5 deg.

Experimental work conducted on a square cylinder by Chen and
Liu35 shows that, at relatively small Reynolds numbers, 2 £ 103 –

3 £ 103 , the Strouhal number increases to a maximum at 17-deg an-
gle of incidence and then decreases gradually as Reynolds number
increases from 3 £ 103 to 8 £ 103. At the higher Reynolds number,
Re D 8 £ 103, ®max , at which the Strouhal number has its maximum
value, remains steady at about 13 deg. In the present study, pre-
sented in Fig. 22, the Strouhal numbers reach maximums at about
14 and 10 deg for square (w=h D 1) and rectangular (w=h D 1:6)
cylinders, respectively, in the Reynolds number range considered.
Beyond these angles, the Strouhal numbers decrease with increas-
ing angles of incidences. Thus, the Strouhal numbers are directly
correlated to the angle of incidence. The jump in Strouhal number
has been associated with the reattachment of the separated shear
layer. 12;38;39

As mentionedearlier, sometimes vortex sheddingsare de� ned by
the shedding frequency parameter F D fsh2=º, as well as by the

Table 1 Strouhal number for rectangular cylinders

Reference w=h Sr

Spalart and Leonard34 1 0.11
Nagano et al.33 0.5 0.161

0.62 0.153
1.0 0.142

Chen and Liu35 1 0.137
Stansby14 0.2 0.19

0.6 0.17
1.0 0.13

Inamuro and Adachi13 1 0.14
Present study 0.5 0.16

1.0 0.14
1.6 0.1
2.0 0.085

Chein and Chung36 Flat plate 0.14

Fig. 20 Comparison of Strouhal numbers obtained at 0-deg incidence for square and rectangular cylinders with results from the literature.

Strouhal number. The Strouhal numbers and shedding-frequency
parameters determined for the circular and rectangular cylinders of
w=h D 0:5, 1.0, and2.0vs theReynoldsnumbersare logarithmically
presented in Figs. 23–26.

Figure 23 shows the Strouhalnumber and sheddingfrequencypa-
rameterdependencesonReynoldsnumberfor thecircularcylinderat
x=D D 2:2 and two y=D locations in the wake. As shown in Fig. 23,
Strouhalnumbersobtainedfor thecircularcylinderslightlydecrease
with increasingReynoldsnumber.The valueof the Strouhalnumber

Fig. 21 In� uence of w/h ratio on Strouhal number.

Fig. 22 In� uence of angle of incidence on Strouhal number for the
square cylinder.
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a) y/D = 0.5

b) y/D = 1.5

Fig. 23 Strouhal numbers and shedding frequency parameters vs
Reynolds number at x/D = 2:2 in the wake of the circular cylinder.

is about 0.2 until approximately Re D 1:5 £ 105 , and then it consid-
erablydecreasesafter thisvalueof Reynoldsnumber(Fig. 23a). This
is because critical � ow begins after approximately Re D 1:5 £ 105.

The vortex-shedding frequency parameter varies almost linearly
with Reynolds number in logarithmic scales. This increase agrees
with the results in the literature. An empirical formula relating
the nondimensionalfrequency(sheddingfrequencyparameter) with
Reynolds number for 1:6 £ 104 < Re < 1:24 £ 105 was obtained as

F D fs D2=º D 0:181Re C 1539 (3)

Figures24–26 showthe Strouhalnumber and sheddingfrequency
parameter vs Reynolds number obtained for rectangular cylinders.
The effectsof the angleof incidenceon thevortexsheddingfor these
three models are also seen in Figs. 24–26. The shedding frequency
parameter varies almost linearly with the Reynolds number in the
logarithmic scale.

The correlation formulas of the shedding frequency parameters
for rectangular cylinders with the Reynolds number were deduced
from the experimental data for w=h D 0:5 as

F D fsh
2=º D 0:135Re C 1819

2:6318£ 104 < Re < 1:99427 £ 105 (4)

for w=h D 1:0 as

F D fsh
2=º D 0:116Re C 1191

1:6 £ 104 < Re < 1:24 £ 105 (5)

and for w=h D 2:0 as

F D fsh
2=º D 0:084Re C 124

1:3159£ 104 < Re < 9:9714 £ 104 (6)

Fig. 24 Strouhal number and shedding frequency parameter vs
Reynolds number at x/h = 2:5 in the wake of the rectangular cylinder
w/h = 0:5 at 0-, 10-, and 30-deg incidence at y/h = 0:3125.

Fig. 25 Strouhal number and shedding frequency parameter vs
Reynolds number at x/h = 4 in the wake of the square cylinder w/h = 1
at 0-, 10-, and 30-deg incidence at y/h = 1:5.

Fig. 26 Strouhal number and shedding frequency parameter vs
Reynolds number at x/h = 5 in the wake of the rectangular cylinder
w/h = 2 at 0-, 10-, and 30-deg incidence at y/h = 0:62.

IV. Conclusions
The � ows around circular and rectangular cylinders were experi-

mentally investigated over the Reynolds number range 1:3 £ 104 <
Re < 2:0 £ 105. The distributionsof turbulence intensity measured
in the wake of the circular cylinder have two peaks near the center
of the wake at small x=D values (x=D D 2:2), whereas they have
parabolic pro� les at larger x=D values. The turbulence intensity
pro� les have maximums at the values approximately y=D D §0:5
at x=D D 2:2, whereas they have a maximum at the value y=D D 0
at x=D D 5:8 and 14.8. The distributions of turbulence intensity
measured in the wake of the square cylinder have two peaks at
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three stations, x=h D 2:2; 5:8, and 14.8 for Re D 1:467 £ 104 . As
Reynolds number increases, these two peaks diminish, and turbu-
lence intensity pro� les have maximum values on the centerline of
the wake. When turbulence intensity pro� les for the circular and
square cylinder models with the same hydraulic diameter are com-
pared, the turbulence intensity of the � ow and width of the wake
around the square model are higher than those around the circu-
lar model due to their different geometries and different separation
points.

Over the range 1:6024£ 104 · Re · 1:33687£ 105, the surface
pressurecoef� cientCp measuredon the circularcylinderhas a max-
imum value at the front stagnation point and then decreases with
the circumferential angle, reaching the minimum value at about
µ D 70 deg. Hence, pressure coef� cient varies in the front of the
cylinder and becomes considerably uniform in the rear side of the
cylinder (90 · µ · 270 deg).

The highest pressures measured on the square cylinder were ob-
tained on the front face that is normal to the � ow in the incidence
0 deg. As the incidencewas increasedfrom 0 to 30 deg, because the
� ows on the front and bottom surfaces were compressed, the pres-
sures on these surfaces changed strongly. The pressures on surfaces
that remain in the separated � ow region almost did not change.

In the spectral measurements made in the wake of the circu-
lar cylinder model, vortex shedding was detected over the range
0.3 · y=D < 1:5 at x=D D 2:2, whereas it was not detectedin the re-
gion of y=D ¸ 1.5. Dominant peaks were detectedat y=D D 0:3 and
1.0 for Re D 1:6279£ 104 and one dominant peak was detected at
y=D D 0:5 for Re D 6:6539£ 104 and 1:23355£ 105 at x=D D 2:2
in the wake of the circular cylinder. Depending on the location at
which the spectral measurement take place, the magnitude of the
spectral peaks varies with the Reynolds number.

In the spectral measurements calculated in the wake of the
square cylinder model, dominant spectral peaks were detected at
y=h D 1 for the Reynolds numbers1:6279£ 104, 6:6539£ 104 , and
1:23355£ 105 at 0- and 10-deg incidences but at y=h D 0:5 for the
same Reynolds numbers at 30-deg incidence.

Strouhal numbers measured for the circular cylinder were a little
above the value 0.2 for the Reynolds number range Re < 8 £ 104,
whereas they were approximately the value 0.2 for the Reynolds
number range 8 £ 104 < Re < 1:5 £ 105 . The Strouhal number
slightly decreases as the Reynolds number increases. Nondimen-
sional frequency (shedding frequency parameter) determined from
spectral density functions increased linearly with Reynolds number
in logarithmic scale.

Strouhal number decreases with increasing w=h ratio for rect-
angular cylinders in the range of 0:5 < w=h < 2:0. When Strouhal
numbers obtained for both circular and square cylinders with the
same hydraulic diameter and blockage ratio are compared, the
Strouhal numbers for the circular cylinder are approximately 50%
higher than those of square cylinder. The shedding frequency pa-
rameter varies almost linearly with the Reynolds number in the
logarithmic scale.

The Strouhal number of the rectangular cylinder increases with
increasing angle of incidence and reaches to its maximum value
at about ® D 14 deg for the square cylinder and ® D 10 deg for the
rectangularcylinder,w=h D 1:6, and then decreaseswith increasing
angle of incidence.The increase in Strouhal number with the angle
of incidencemight be due to the reattachmentpoint of the boundary
layer.
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