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Abstract Simultaneous measurements of instantaneous

pressure distributions on rectangular cylinders of length
to height ratio(B/D) of 1.0, 2.5 and 3.0 in smooth non-
turbulent and homogeneous turbulent flows were made

and the data were analyzed by phase averaging and
spectral analysis in addition to more conventional

methods. The turbulence in the inflow stream is nearly
homogeneous and isotropic with the intensity and the
scale of 5% and 1.2-1.5 times the cylinder height, re-
spectively. The main effects of the turbulence in the
inflow free stream of this scale and intensity are to lat-
erally move the separated shear flow off the upstream
corners and cause intermittent reattachment on the side
surfaces of cylinders of B/D of 2.5 and larger. For the
cylinder with smaller B/D, the flow does not reattach
with or without turbulence in the free stream, and the
instantaneous surface pressure distributions fluctuate
quite periodically at a frequency corresponding to the
Strouhal frequency of the vortex shedding. The effects of
the free-stream turbulence appear in the increased fluc-

tuation on the front surface as buffeting due to the

impinging turbulence. When the separated shear layers
reattach due to the influence of the free-stream turbu-

lence, the reattachment point moves intermittently, the

pressure distributions downstream of the reattachment

fluctuate periodically, and a mild peak is formed in the
spectra at a frequency much larger than the Strouhal

frequency.

1
Introduction
Recent advances in numerical methods in fluid-flow

simulations have made it possible to simulate various

turbulent flows including those past bluff bodies.
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Simulation of turbulent flows when the incident flow is
turbulent is very important in engineering applications
such as flows past buildings and bridges in natural winds,
but has been very difficult. One of the tasks that need to be
performed in developing such simulation methods is to
verify against known flows, but detailed experimental data
on turbulent flow past bluff bodies in turbulent streams
are not available at the present time.

More basic experimental investigations, however, have
been made to clarify the effects of the free-stream turbu-
lence. Vickery (1966), Roberson et al. (1972), Lee (1975a)
and Miyazaki (1980) have investigated the effects of the
intensity of the uniform turbulence in the free stream on
the drag coefficient and the pressure distribution on a
rectangular cylinder. Lee (1975b) and Petty (1979) inves-
tigated the effects of the scale of turbulence while Na-
kamura and Ohya (1984) studied the combined effects of
both strength and scale of turbulence and showed that
depending on the ratio of the turbulence scale and the
cylinder size, the results can be very different. None of
these data, however, are meant for detailed validation of
simulation methods. Particularly, there are no data for
detailed instantaneous forces and pressures on the body
together with the detailed characteristics of the free-stream
turbulence taken at the same time. The detailed informa-
tion of the free-stream turbulence will be a prerequisite for
serving as a validation test case.

In the present work, we collect detailed data for the
turbulence of the oncoming flow including frequency
spectra and two-point correlations without the models,
and then simultaneous measurements of the instantaneous
pressure distributions on all the surfaces of rectangular
cylinder models are made. Though only one kind of free-
stream turbulence is generated with a turbulence grid,
measurements are made on cylinder models of various
length-to-height ratios, so that the effects of the free-
stream turbulence can be examined in grossly different
flow situations.

2

Experimental methods

Experiments were conducted in a large blower-type low-
speed wind tunnel with a test section size of

2,000 mmx2,600 mm. A schematic of the setup is shown in
Fig. 1. A grid placed 4.2 m upstream of the test model was
used to generate free-stream turbulence. The bare wind
tunnel without the grid had a turbulence intensity of 0.2%.
The cylinder models were supported by the endplates as
shown in Fig. 1 in order to ensure two-dimensionality of
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the flow. The rectangular cylinder models with a cross-
section length B to height D ratio of 1.0, 2.5 and 3.0 were
tested. It is known that the flow past the rectangular cyl-
inder of aspect ratio B/D=1.0 does not reattach whether or
not there is free-stream turbulence. In the case of an aspect
ratio larger than about 2.8, the flows separated off the
upstream corners of the cylinder reattach even when there
is no turbulence in the free stream (Nakaguchi et al.1968),
so the results in this range of aspect ratio will contain
qualitatively different flows.

The instantaneous surface pressure distribution was
measured by PSI pressure transducers, connected to the
surface pressure taps via vinyl tubes that allowed simul-
taneous and fast sampling of fluctuating pressure. The
phase lag due to the pressure tubes was compensated using
the method of Yoshida et al. (1986). For the cylinders of
aspect ratio of 1.0, 2.5 and 3.0, 60, 64 and 72 pressure
orifices, respectively, were placed along the center span of
the cylinders. In addition to these, 10 orifices were pro-
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Fig. 1a, b. Experimental setup: a plan view; b side view
Table 1. Measurement cases and conditions
Case B/ID Inflow conditions Re
Intensity I, (%) Scale, L,
Case 1 1.0 0.2 - 6.89x10"
Case 2 5.3 1.13D
Case 3 2.5 0.2 - 5.16x10*
Case 4 5.3 1.50D
Case 5 3.0 0.2 - 5.16x10*
Case 6 5.3 1.50D

vided in the spanwise direction along the center of all four
surfaces of the models. The blockage correction was ap-
plied to the instantaneous pressure distributions using the
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Fig. 3. Turbulence intensities along centerline of tunnel
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Fig. 4a, b. Power spectral density of fluctuating velocity compo-
nents: a ¥ component; b v component
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Free-stream turbulence effects on the instantaneous pressure and forces on cylinders of rectangular cross section

method of Nakamura and Ohya (1984), which was origi-
nally used to correct the average pressures. The mea-
surements were made at the tunnel speed U, of
approximately 13 m/s so that the Reynolds number based
on Uy and the height of the cylinders, D was 6.89%x10* for
the cylinder with B/D=1.0, in which case D=80 mm, and
5.16x10* for the cylinders of B/D=2.5 and 3.0, in which
cases D=60 mm. The measurement cases are summarized
in Table 1.

Statistics of the fluctuating velocity components in the
free stream were measured using a set of two X-wire hot
wire probes in order to quantify the detailed characteris-
tics of the turbulence. One of the probes was fixed in space
and the other was translated along the cross-stream,
spanwise and the diagonal directions, as shown in Fig. 2,
at varying distances from the fixed one in order to obtain
two-point statistics. In the following, x is the coordinate in
the main flow direction, y is the coordinate in the normal
direction, and z is the spanwise coordinate. The instanta-
neous velocity components in these directions are denoted
by u, v, and w, respectively.

(a) u component

3
Experimental results

3.1

Results of characteristics of free-stream turbulence

First we describe the results of the detailed turbulence
measurements in the flow without the models. The dis-
tributions of the relative turbulence intensities of stream-
wise fluctuation I, and vertical fluctuation I,, defined by

Je o\
L=+=t =Y", 1
=Yg b= ()

where u; and v; are the fluctuating velocity components,
and U; is the mean velocity at point i, along the wind
tunnel axis, are shown in Fig. 3. It is seen that both in-
tensities slowly decay from about 6% 800 mm upstream to
about 4% 1,000 mm downstream of the position where the
models are to be positioned. Streamwise intensity I, is
5.3% and the normal intensity I, is 4.8% at the model
positions, and they indicate slight deviation from isotropy.

(b) v component
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The power spectra S of u and v at several vertical po-
sitions in the center span at the model location are shown
in Fig. 4. The Karman spectrum,

40’2LX/U,'
[1+70.8(nLy/U;)]

Si(n) = (2)

5/6

where ¢ is the rms fluctuation of either u or v velocity
component, L, is the integral scale, and n is the frequency,
is also shown for comparison. The measured spectra are
seen to be very close to the Karman spectrum except in the
high-frequency range, where the measured ones are
slightly higher. The integral length scales from these
spectra have been determined and found to be 0.090 m
from the u spectra and 0.045 m from the v spectra. The
ratio is 2 in the case of isotropic turbulence, and the
present values of the integral scales satisfy this relation.

The two-point velocity correlation coefficients defined by

! 4, ! 4,

u u. vV V.

0”1 01
-,va—“ )
12 12 /2 /2
\/uouui \/VO\/VI-

where u’, and v’, are the fluctuating streamwise and
normal velocity components at the fixed point, and u’; and
v’; are the fluctuating streamwise and normal

velocity components at the moving point separated

by Ax = \/(y, — ¥o)*+(zi — 2,)* from the fixed position.
The results for the three directions of the separation vectors
are shown in Fig. 5. The three two-point correlations of u
shown here are all transverse correlations because the di-
rection of the flow is perpendicular to the vector in the di-
rection of the separation between the fixed and moving
point, and should be the same if the turbulence was isotropic

Cuu = (3>

Table 2. Aerodynamic characteristics obtained by present measurement and previous studies

Inflow conditions Re St Cob Cp (o) C'L
Intensity(%) Scale
(a) B/D=1.0
Present 0.2 - 6.89x10* 0.131 -1.483 2.164 0.207 1.180
5.3 1.12D 0.133 -1318 1.989 0.203 1.105
Nakaguchi et al. (1968) Smooth - 2~6x10* 0.13 -1.50 2.10 - -
Ootsuki et al. (1980) 0.2 - 6.5~7x10* 0.12 -1.35 2.08 0.11 0.82
Bearman and Trueman (1972) Smooth - 6.8x10* 0.13 -1.40 2.19 - -
Bearman and Obasaju (1982) Smooth - 4.7x10* 0.125 -1.65 - - -
Mizota and Okajima(1982) Smooth - 7.14x10* 0.125 -1.64 - - -
Okajima (1982) Smooth - 4.2x10* 0.13 -1.47 - - -
Durao et al. (1988) 6 - 1.4x10* 0.138 - - - -
Lyn and Rodi (1994) 2 = 2.2x10* 0.132 - - - -
Vickery (1966) Smooth - 1.0x10° 0.118 -1.31 - - -
10.0 1.33D 0.120 -0.71 - - -
Roberson et al. (1972) 0.5 - 2.16x10* - -1.13 1.19 - -
4.0 - 1.97x10* - -1.06 1.85 - -
8 - 2.02x10* - -0.88 1.65 - -
Lee (1975a) 0.5 - 1.76x10* 0.122 -1.30 2.05 - -
6.5 - 1.14D 0.126 -1.18 1.93 - -
Petty (1979) Smooth - 2.9x10* - -137 - - -
4.0 0.9D - -1.19 - - -
8.0 1.1D - -0.96 - - -
Nakamura and Ohya (1984) 0.12 - 6.6x10* - -1.50 - - -
6.1 0.85D - -1.20 - - -
10.0 1.05D - -0.97 - - -
Tamura and Miyagi (1998) 0.4 - 3.0x10" - - 2.09 - 1.05
6.5 0.76D - - 1.79 - 0.74
14.0 0.80D - - 1.49 - 0.34
(b) B/D=2.5
Present 0.2 - 5.16x10* 0.070 -0.746 1.562 0.054 0.256
5.3 1.5D 0.049, -0.558 1.346 0.119 0.217
0.169
Nakaguchi et al. (1968) Smooth - 2~6x10* 0.07 -0.62 1.32 - -
Ootsuki et al. (1980) 0.2 - 6.5~7.6x10* 0.06 -0.46 1.42 0.03 0.28
Okajima (1982) Smooth - 4.2x10* 0.06, -0.53 - - -
0.12
(c) B/ID=3.0
Present 0.2 - 5.16x10* 0.163, -0.641 1.472 0.070 0.137
0.049
5.3 1.5D 0.168, 0.487 1.312 0.110 0.152
0.051
Nakaguchi et al. (1968) Smooth - 2~6x10* 0.154 -0.50 1.23 - -
Ootsuki (1980) 0.2 - 6.5~7.6x10* -0.35 1.26 0.05 0.31
Okajima (1982) Smooth - 4.2x10* 0.15 -0.44 - - -
AFCIE, Experiments in Fluids 34,2003 LV EEH L= bDTH 5,
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and the measured results indicate this fairly accurately. The
correlation between v’, and v’; separated in the y direction is
the longitudinal correlation and should be the largest, which
is what is seen in the plot. C,, with separation vector aligned
in the z direction is the transverse correlation, and if iso-
tropic, should be close to C,,,, shown in Fig. 4a. C,,, however,
appears to be slightly lower than C,,,.

The root coherence of two velocities, either u or v at
two points is defined by

VCoh(n) = % (4)

where S,; is the cross spectrum between the fluctuating
velocities at the fixed point and the moving point, and S,
and §; are the spectral densities of the fluctuating velocity

(a) smooth inflow

at the fixed point and at the moving point, respectively,
and n is the frequency. The measured results for the root
coherence along with the approximate formula due to
Davenport

/Coh(n) = exp{ —kZAx}

()

are shown in Fig. 6. k in this approximation is the corre-
lation coefficient, and the values of k=8 and 4 are rec-

ommended for u and v coherences, respectively. It is seen
that the root coherence for u can be approximated fairly
well by Eq. (5) with k=8, when there is no separation in the
y and z directions. This is the limitation of Eq. (5), which
does not consider separation in the y and z directions. The
root coherence for v is seen to behave about the same way

(b) turbulent inflow
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as that for u, but the values are considerably larger and
over a larger frequency range.

3.2
Drag and lift coefficients
The mean drag coefficient and the rms fluctuation of the
instantaneous drag and lift coefficients defined by
CD _ fD fo fIl) flf
lpUZ v D lf) U? lp U?
2P ¥ ref 2P ref 2P ¥ ref
where f, is the mean drag force and f}, and f; are the
fluctuating drag and lift forces, respectively and U,.s is the
velocity at the upstream reference position together with
the base-pressure coefficient C,; and the Strouhal number
St, as determined from spectral analysis of fluctuating
pressure, are summarized in Table2. The results obtained
without the turbulence grid, in which case the tunnel
turbulence intensity is 0.2% and designated as the

7
7CL:

, (6)

(a) smooth inflow, phase-averaged

“smooth” flow, are also shown. Also the existing data
obtained by other authors are included for comparison
wherever possible. The present results agree with the other
data in general. The mean drag coefficient is seen to de-
crease due to the free-stream turbulence for all aspect
ratios, while the fluctuating drag increases. The effects on
the fluctuating lift coefficients are to reduce in the case of
B/D=2.5 but increase for the fully reattaching flow case of
B/D=3.0. They seem to have little effect for the fully sep-
arated case of B/D=1.0.

3.3

Instantaneous and phase-averaged surface

pressure distributions

The instantaneous surface-pressure distributions at con-
secutive times at an interval of 0.005 s were analyzed to
examine the features of the fluctuations. For the cases with
clear vortex-shedding type flow unsteadiness, the pressure

(b) turbulent inflow, instantaneous

distribution distribution
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near the upstream corners on the front surface exhibited
clear periodic changes, which was used to identify the
phase of the vortex-shedding cycle. For these cases, the
phase-averaged surface pressure fluctuations are exam-
ined. Figure 7 shows the phase-averaged surface pressure
distributions for the case of B/D=1.0, which showed a clear
vortex shedding. § is the phase angle in radian. In the case
of B/D=2.5, discernible periodicity was observed for the
case of smooth inflow, but for the turbulent inflow, the
vortex shedding was not strong enough to show period-
icity in the phase-detecting pressure on the front surface.
So in Fig. 8 the phase-averaged pressure distributions are
shown for the smooth flow only, and the instantaneous
distributions are shown for the turbulent flow. For B/
D=3.0, no periodicity was observed for both smooth and
turbulent inflow cases and instantaneous distributions are
shown in Fig. 9. The pressures are shown in terms of the
pressure coefficient defined by

(a) smooth inflow

0000

i — Dref

%p Urzef
where p..f is the static pressure at the reference
position.

It can be seen in Fig. 7 that, in the case of B/D=1.0,
the results for the smooth flow and turbulent flow are
about the same, and the pressures on all surfaces
fluctuate at a frequency corresponding to that of the
vortex shedding and the distribution is anti-symmetric
about the centerline of the model. The amplitude of
fluctuation decreases slightly towards the downstream
end of the side surface where a slight phase lag is
also seen.

The smooth-flow results for the case of B/D=2.5 shown
in Fig. 8 show fewer periodic fluctuations compared with
the case of B/D=1.0, but a weak periodic fluctuation is seen
in the side-surface pressure distributions. The turbulent

(7)

P

(b) turbulent inflow
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inflow case shown in Fig. 8b shows large wavy fluctuations
over the downstream half of the side surfaces, though not
on the fixed-phase basis, and the waviness is seen to
propagate in the downstream direction. This is considered
to be due to an unsteady reattachment of the flow sepa-
rated at the upstream corners. When the reattachment
occurs, the fast flow reaches the surface and creates
negative peaks in the surface pressure distribution. As the
aspect ratio is increased to B/D=3.0, clear periodicity is
lost for both smooth and turbulent inflow cases and in-
stantaneous distributions are shown. The overall fluctua-
tions are small when the inflow is smooth and the
reattachment occurs more steadily compared with the
turbulent inflow case of B/D=2.5. When the inflow is tur-
bulent, the pressure over the downstream half of the side
surfaces change with large amplitude and is very much like
the case of B/D=2.5, with distinct negative peaks traveling
downstream. These results indicate that the turbulence in
the free stream causes flapping of the separated shear flow
and, for cylinders of B/D=2.5 or larger, it is made to re-
attach intermittently on the side surface. This causes a
fluctuation of the surface pressure near the downstream
end of the cylinder. The case of B/D=2.5 is the critical case,
in which the flow does not reattach without the free-stream
turbulence, but with the turbulence unsteady reattachment
occurs.
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Fig. 10. Mean pressure coefficient
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Mean and rms pressure coefficients

The mean pressure coefficient and the rms pressure fluc-
tuations defined by

'C— _ pi — Dref c = (Pi - _i)z
PTLpur, 0 P Lz
2,0 ref f

rel

(8)

are plotted in Figs. 10 and 11. In the case of B/D=1.0, the
results for both smooth and turbulent flows are about the
same except that a slightly higher pressure recovery is seen
on the rear surface. In the case of B/D=2.5 and 3.0, the
mean pressure on the side surfaces stay about constant in
the smooth flow, while it rises rapidly downstream of the
mid chord in the turbulent flow. For the larger B/D of 3.0,
the recovery distance is longer, and the amount of
recovery is also larger. Nakamura and Ohya (1984) showed
that, in the case of completely separated flow, the free-
stream turbulence with small length scale (L,~0.1D) en-
hances the entrainment of the separated shear flow and
that with scale comparable to D weakens the vortex
shedding. The scale of the present free-stream turbulence
is 1.2D in the case of B/D=1.0 and 1.5D for B/D=2.5 and
3.0, which means that the scale is comparable to the cyl-
inder size but the spanwise correlation shown below does
not necessarily indicate weakening.
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Fig. 11. Rms pressure fluctuation
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Next, the pressure fluctuation intensity results are ex-
amined. In the case of B/D=1.0, the pressure fluctuation on
the front surface in the smooth flow case is very small at
the center and increases towards the corners while, in the
cases of B/D=2.5 and 3.0, it is small across the entire front
surface. This is perhaps related to the fluctuation level on
the side surfaces, which is very large for the fully separated

case of B/D=1.0 compared with the reattaching cases of

B/D=2.5 and 3.0. In turbulent inflow cases of B/D=2.5 and
3.0, the fluctuation level reaches maximum near x/D=2.0.
According to Ishizaki and Katsura (1974), the pressure

fluctuation level becomes maximum near the reattachment
point and the reattachment in the present flow is consid-
ered to occur near x/D=2.0. In the case of smooth inflow of
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(b) front, turbulent flow
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B/D=2.5, no clear local maximum is seen and is an indi-
cation of no reattachment.

3.5

Power spectral density of fluctuating surface pressure
The power spectral density of the fluctuating pressure on
the three surfaces of the model for the cases with and
without the free-stream fluctuation are shown in Figs. 12,
13 and 14 for B/D=1.0, 2.5 and 3.0, respectively. The
ordinate is normalized by the square of the dynamic
pressure .. at the reference position.

In the case of B/D=1.0, the flow is fully separated irre-
spective of the existence of the free-stream turbulence. The
spectra on all surfaces shown in Fig. 12 for both smooth and
turbulent-flow cases contain strong peaks corresponding to

(a) front, Smooth flow

the Strouhal frequency of the vortex shedding. The only
difference between the smooth and turbulent cases is seen
near the center (y/D=0) of the front surface, where the
spectra for the turbulent inflow case look closer to the
spectra of the inflow turbulence shown in Fig. 4. Therefore,
the free-stream turbulence in the fully separated case merely
causes a buffeting by the impinging turbulence. The spectra
on the side surfaces are little influenced by the free-stream
turbulence, and both cases show higher frequency contri-
butions as the downstream corner is approached. These are
smaller peaks at approximately twice the Strouhal frequency
and perhaps related higher modes. The spectra on the rear
surface contain both the high-frequency contributions and
additional lower-frequency contributions near the center of
the surface. These low-frequency contributions near the

(b) front, turbulent flow
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center of the body are considered to be due to the slow
oscillation of the recirculating flow just downstream of the
body.

In the case of B/D=2.5, the spectra of the fluctuating
pressure are very different between the smooth and turbu-
lent inflow cases. The smooth-flow results show peaks near
nD/U,¢=0.07 that are considered to be due to the vortex
shedding, since they are seen on all surfaces except near the
center of the rear surface. This low frequency of vortex
shedding also agrees with the previous results of Nakaguchi
et al. (1968). The peak values are significantly smaller, in-
dicating weaker shedding. The spectra for the turbulent
inflow case look very different. Those on the front surface
are very close to those of the inflow turbulence, except near
the corner (y/D=0.5), where very gentle peaks are seen that
correspond to the Strouhal frequency of the smooth-flow
case (nD/U,=0.07). These small peaks, which may be re-
lated to the premature vortex shedding that may be starting

(a) front, Smooth flow (b) front, turbulent flow

near the corners, diminish at downstream positions of the
side surfaces and disappear altogether at the downstream
corner. Here, broad high-frequency contributions due to
turbulent fluctuations dominate.

In the case of B/D=3.0, the spectra of pressure on the
front surface of even the smooth inflow case do not show
distinct peaks. This is consistent with the data of the
instantaneous pressure distributions. The spectra of the
turbulent inflow case are now almost exactly the same as
the inflow turbulence. On the side surfaces, peaks that are
not very clear appear at about nD/U,=0.17 for both cases,
and they grow as the downstream corner is approached.
Contributions from other frequencies over wider range
also grow. On the rear surface, the direct effects of the
inflow turbulence are not seen, and the results for both
smooth and turbulent inflow cases are almost the same,
except the turbulent inflow case shows larger contribu-
tions from the high-frequency fluctuations.
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3.6

Spanwise correlation of surface pressure

In order to study the effects of the free-stream turbulence

on the spanwise structure, the spanwise pressure correla-

tion coefficient defined by
Pop

Cop = _—_—_/2
V A \ Pi

where p! and p; are the fluctuating pressures at the fixed
and point i, was obtained and plotted in Fig. 15.

In the case of B/D=1.0, the correlation of the pressure
on the side surfaces is reduced slightly due to the tur-
bulent flow. This is in agreement with Nakamura and
Ohya’s (1984) results. The correlation on the rear surface,
on the other hand, is larger. In the cases of B/D=2.5 and
3.0, the high correlations on the side surfaces in the
smooth flow are significantly reduced by the turbulent
flow. The effects on the correlation on the rear surface
are similar to the case of B/D=1.0 and it is larger in the
turbulent flow. The main reason for the reduced corre-
lation on the side surface by the free-stream turbulence is
considered to be the shift of the reattachment position
and its intermittent nature. The fact that the spanwise
correlation of the pressures on the rear surface is
increased by the free-stream turbulence is due to the
increased turbulence downstream of reattachment and
in the near wake tending to equalize the correlations on
both surfaces.
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Fig. 15a, b. Spanwise correlation of surface pressure: a side; b rear

4

Discussion

While the data presented in the present paper are mainly
for documentation of the properties of the fluctuating
surface-pressure distributions and the resulting aerody-
namic forces, the simultaneously sampled instantaneous
pressure distributions together with their spectral analysis
allow us to clarify some of the flow physics important to
the effects of the free-stream turbulence. It is known that
the free-stream turbulence promotes reattachment and
changes the overall flow characteristics, but how the in-
stantaneous flow is influenced by the turbulence in the free
stream has not been clear. The present data indicate that,
when the length to height ratio B/D of the rectangular
cross section is either as small as 1.0 or as large as 3.0, the
turbulence in the inflow does not alter the overall char-
acteristics of the fluctuation of the flow and the surface
pressure. The main effects occur when B/D is in the critical
range near B/D=2.5, which corresponds to the range where
Nakaguchi et al. (1968) found a sudden change in the
vortex shedding characteristics when there is no free-
stream turbulence. The way the turbulence in the inflow
influences the flow may be summarized as follows. The
turbulence with the length scale of the same order as D,
which is the scale in the present experiment, acts to shake
the position of the shear layer separated off the upstream
corners over the distances comparable to this scale. When
it shifts towards the surface, it can reach the surface
resulting in the flow reattachment. This was indicated by
the local reduction of the surface pressure and its propa-
gation in the downstream direction. This was seen to occur
intermittently at a frequency higher than the vortex
shedding. The periodicity of this motion is weak but
shows as a mild peak at the low end of broad spectrum
representing turbulent fluctuations. Though it may be
confused as a secondary shedding frequency it is better
interpreted as the contributions from the large-scale
turbulent motion.

5

Conclusions

The present paper presents new and detailed statistics of
aerodynamic pressure and forces on rectangular cylinders
of various length-to-height ratios in smooth and turbulent
streams. The instantaneous and simultaneous measure-
ments of surface pressure at multiple positions on the
cylinder surface allowed documentation of instantaneous
and fixed-phase distributions of fluctuating pressure as
well as other long-time statistics such as spectra and cor-
relations. These clarify much of the effects of the free-
stream turbulence and also provide a comprehensive test
case for validation of simulation methods.

The turbulence generated in the inflow is very close to
isotropic, with spectra and coherence following approxi-
mately the Karman spectrum and Davenport coherence
with the length scale of the same order as the cylinder
height. The results may be interpreted as the effects of
uniform isotropic turbulence.

The main effects are seen when B/D is in the critical
range near B/D=2.5. The turbulence in the inflow with the
length scale of the same order as D acts to move the po-
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sition of the shear layer separated off the upstream cor-
ners, and this is the main mechanism for promoting re-
attachment. When the reattachment occurs, the vortex
shedding is weakened significantly or suppressed. At the
same time, the spanwise correlation of fluctuating pressure
on the side surfaces is reduced, while that on the rear
surface increases.
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