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The flow over cylinders of varying fineness ratio (length to diameter) aligned with
the free stream was examined using a magnetic suspension and balance system in
order to avoid model support interference. The drag coefficient variation of a right
circular cylinder was obtained for a wide range of fineness ratios. Particle image
velocimetry (PIV) was used to examine the flow field, particularly the behaviour of
the leading-edge separation shear layer and its effect on the wake. Reynolds numbers
based on the cylinder diameter ranged from 5 × 104 to 1.1 × 105, while the major
portion of the experiment was conducted at ReD = 1.0 × 105. For moderately large
fineness ratio, the shear layer reattaches with subsequent growth of the boundary
layer, whereas over shorter cylinders, the shear layer remains detached. Differences in
the wake recirculation region and the immediate wake patterns are clarified in terms
of both the mean velocity and turbulent flow fields, including longitudinal vortical
structures in the cross-flow plane of the wake. The minimum drag corresponded to
the fineness ratio for which the separated shear layer reattached at the trailing edge
of the cylinder. The base pressure was obtained with a telemetry technique. Pressure
fields and aerodynamic force fluctuations are also discussed.

1. Introduction
Axial flow along a circular cylinder represents a canonical configuration that is

applicable to aircraft fuselages, missiles, road vehicles, etc. Drag coefficients of the
cylinder aligned with the flow are listed in various handbooks and textbooks (see,
e.g., Blevins 1984; Crowe, Elger & Roberson 2005). Blevins quotes Nakaguchi (1978)
but the original source dates back to Hoerner (1958) who in turn quoted Eiffel’s
experiments (1907, 1913). The Eiffel tower was used in the 1907 experiment in which
various models were dropped along a guide cable. Eiffel repeated the experiment
in a low-speed wind tunnel in 1913. While some additional drag measurements
were conducted by Roberson et al. (1972), no modern systematic measurements are
available for this configuration and the classical data may be subject to interference
from sting-mounted drag balances. In this investigation, we re-examine the flow over
this very well-defined geometry, with the key parameters being the length-to-diameter
ratio (fineness ratio) and the Reynolds number. Here the term fineness ratio is
adopted, see Hoerner (1958), though other terms such as slenderness ratio or aspect
ratio may be as applicable. The resulting flow field is complicated and involves a
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shear layer separated from the sharp leading edges that may or may not reattach at a
given fineness ratio, ultimately affecting the subsequent boundary layer development.
At the end of the cylinder, the boundary layer separates from the trailing edge and is
followed by a recirculation region and three-dimensional wake structure.

Since the flows about the front face, in the boundary layer and in the wake of the
axisymmetric body are all critical to accurately determining the drag coefficient,
the traditional model support poses certain difficulties. In order to avoid any
interference from model sting or other support, the present experiment utilized the
Magnetic Suspension and Balance System at the Institute of Space Technology and
Aeronautics, Japan Aerospace Exploration Agency. Precise model alignment is easily
implemented, and the instantaneous forces and moment acting on the entire body are
directly measured as a part of a feedback control system. This approach avoids the
introduction of unnecessary interference or flow disturbance due to a conventional
force balance. A new more definitive data set of drag coefficients over a wide range
of fineness ratio has been obtained, and the effect of the shear layer reattachment has
been investigated in further detail with the flow field measurements.

The phenomenon of flow separation from the shoulder of the cylinder and its
reattachment was studied by Kiya et al. (1991) who found a cellular structure in the
reattachment region. Their models were supported from downstream. In a typical
laboratory setup, however, due to the necessity of supporting the model with wires or
a sting, the leading-edge shear layer and the wake, as well as the interaction between
them, are difficult to observe simultaneously.

In our recent study using a water channel and the particle image velocimetry
(PIV) system, the flow structures of the separating and reattaching shear layer and
of the wake behind a sting-mounted cylinder were examined (Higuchi et al. 2006).
The wake of a supporting strut was found to influence the cross-sectional mean
velocity profile downstream, and a disturbance from upstream was detectable in the
instantaneous velocity field. A snapshot proper orthogonal decomposition (POD)
revealed two symmetrical pairs of counter-rotating longitudinal vortex structures
which were deemed to be a part of the intrinsic flow field, though the first mode
clearly showed the support interference.

Therefore, in order to avoid any such interference of the support on flow field
measurements, the present study employed PIV in conjunction with a magnetically
suspended model. There have been studies on magnetically supported models in the
past (e.g. Judd, Vlanjinac & Covert 1971), but the experiments were restricted to
mean drag force measurements because the limited model size and instrumentation
techniques were not appropriate for this type of unsteady separated flow. Here, modern
digital PIV was incorporated for velocity field measurement without interference from
the model support and the base pressure was measured using a telemetry system.

2. Description of experiment and set-up
2.1. Magnetic model suspension, force balance and wind tunnel

The experiment was conducted using the Magnetic Suspension and Balance
System at the Institute of Space Technology and Aeronautics, Japan Aerospace
Exploration Agency (JAXA). The system was developed by Sawada and his group
(Sawada & Kunimasu 2001). Figure 1 shows schematically the coil (or electromagnet)
arrangement used in the system, and the specifications of the individual coils are
listed in table 1. Here, the colloquial term, coil, is used as it appeared in the reference
above. This particular figure is for a smaller prototype, but the arrangement is
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Coil Turn number Size Purpose

0,9 50 620 × 620 drag
1,3,5,7 97 + 97 200 × 200 lift, pitch moment
2,4,6,8 100 200 × 200 side force, yawing moment, rolling moment
coil drive units 130V, 120A in continuous mode . . . 3 units

130V, 60A in continuous mode . . . 4 units
control 5 DOF for models with a main magnet only

6 DOF for special models with pair magnets

Table 1. Magnetic suspension and balance system coils.

Model
z 0

1

4

5
8

9

x

y

7

Position sensing camera 

6

3 2

Figure 1. Magnetic Support and Balance System arrangement (not to scale, only one
camera is shown).

clearly shown. Five pairs of coils provide the necessary control of the model in all
directions. The currents to individual coils provide instantaneous drag, lift, side force,
and pitching and yawing moments. The model position and attitude were monitored
by two CCD cameras oriented orthogonally to each other and controlled at a 245 Hz
feedback frequency. Two colours and filters were used to separate reflected light
in two directions. The balance system was installed in the subsonic wind tunnel
with a 60 cm × 60 cm test section. Compared to systems reported in the past (Judd
et al., 1971), the size of the present magnetic suspension and balance system affords
adequate spatial resolution for accurate flow field measurements. The available flow
speed ranged from 10 to 35 m s−1 with a free-stream turbulence level less than 0.08%.
The magnet current was calibrated against a known force applied through pulleys
and weights for each model and had a repeatability within 0.2% (Sawada et al. 2004).
Further detail of the Magnetic Suspension and Balance System and the wind tunnel
can be found in Sawada & Kunimasu (2001).

2.2. Test models

Each model was made from aluminum alloy and housed inside a rod-shaped or
annular permanent magnet, along the centreline. Figure 2 illustrates the cylindrical
models supported magnetically in the test section. In addition to the model edges,
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(a)

(b)

Figure 2. (a) A magnetically supported 45 mm diameter cylinder model. (b) Magnetically
suspended cylinder model during the PIV measurement.

the sensing cameras use a vertical stripe, located in the middle, to detect the model
position and attitude. In order to provide a wide range of fineness ratios, models with
different diameters were used. One was of 45 mm diameter (see figure 2a) and the
centre section enclosed the permanent magnet. By using end caps of different lengths,
nine fineness ratios between 4.13 and 8.13 were achieved. A second model had a
diameter of 85 mm and the third 110 mm. These larger diameter models provided a
fineness ratio down to 1.272. An additional model of 25 mm diameter and fineness
ratio of 6 was also used. The Reynolds number based on the diameter ranged from
5 × 104 to 1.1 × 105. Figure 2(b) shows the 110 mm diameter model suspended in the
test section illuminated by a pulsed laser sheet during the PIV measurement.

For force measurements, as well as some initial flow measurements using a
conventional hot-wire probe and pressure probes, the test models ranged in diameter
from 25 mm to 110 mm to provide a wide range of fineness ratios. For the present
velocity field measurements with the PIV system described in the next section, the
diameter of the model was fixed at 110 mm and two lengths were chosen to provide
L/D = 1.31 and 1.68. The position was controlled within ±0.2 mm in any direction
and the yaw and pitch angles of the model were held constant within ±0.1◦. Typical
instantaneous control current measurements and the model position are shown in
figure 3. Sharp pulses in the figures are due to the laser light sheet for the PIV (see
figure 2b). The base pressure measurements were also conducted with the 110 mm
diameter model. Position sensing for these short models needed special care as
described in Sawada & Kunimasu (2001). The optical sensing of the model position
was not affected by the pulsed laser light sheet applied to measure the velocity field.
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Figure 3. Time variation of model position and orientation (L/D = 1.31).

Time histories of the position and the coil currents will be discussed in the results
section below.

2.3. Particle image velocimetry (PIV) system set-up

A two-Component PIV system developed for the JAXA wind tunnels (Watanabe &
Kato 2003) was employed for the present experiment. The laser is a two-cavity
double-pulse Nd:YAG (Quantel, Twins CFR 200) with maximum pulse energy of
200 mJ/pulse at a repetition rate of 15 Hz. The cross-correlation camera (LaVision,
Imager Pro Plus 4M) has a 14-bit monochrome CCD image sensor with 2048 × 2048
pixels. While the original framing rate of the camera is about 15 Hz, two-component
velocity vector maps in the two dimensional PIV measurements are obtained at
around 1.5 or 3 Hz, being limited by the data transfer rate to the storage system. The
timing between the image acquisition by the CCD camera and the laser pulse was
synchronized by a programmable timing unit. Time separation �t was set between
25 and 95 µs according to the flow speed. Oil droplets with a diameter of around
1 µm were used as the seed particles. In the PIV measurement, the whole flow path
of the wind tunnel was seeded by a seeding generator (LG-500) developed by the
German Aerospace Center (DLR), with five Laskin nozzles and an impactor plate
for generating small seed particles of uniform size. Two PIV set-ups were used in
these measurements. In one, the laser light sheet was located perpendicular to the
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(a) (b)

Figure 4. Pressure transducer and telemetry system (shows an expanded view. Three plates
on the top left are spacers to adjust the fineness ratio.)

free stream. In the other, the laser light sheet was located parallel to the free stream,
including the model centre axis (see figure 2b). A small mirror was installed in
the wind tunnel diffuser because of the limitation of optical access, and a small
optical window was created on the diffuser wall for this experiment. In the case of
measurements perpendicular to the free stream, the camera was located outside the
diffuser and the seeding image was acquired at right angles to the laser light sheet
through the mirror. In the case of the measurement plane parallel to the free stream,
the laser light sheet was directed upstream by the mirror, and the camera was located
along the sidewall of the test section. The size of the PIV measurement region was
about 250 mm × 250 mm in both set-ups. Commercial PIV software (LaVision, DaVis
FlowMaster) for acquisition and post processing of the images ran on a PC with
3.06 GHz dual Xeon processors. Typically 2000 pairs of images were captured per
run and were stored onto a 6 TB ArrayMasStor L-HP RAID System.

Pairs of particle images acquired by the CCD camera were analysed by means of the
fast Fourier transform (FFT)-based cross-correlation technique in the PIV software,
resulting in two-component vector maps. In order to achieve sub-pixel accuracy in
the vector analysis, Gaussian curve fitting was adopted as the peak search algorithm.
The vectors are calculated with 50 % overlap between adjacent interrogation regions.
Erroneous vectors were omitted through a peak ratio filter without interpolation for
the omitted vectors. Instantaneous data at an identical test condition are ensemble
averaged, yielding mean vector maps and profiles. All the instantaneous velocity data
are saved for present and future analyses.

2.4. Base pressure measurement

Since no support strut or sting is available to transmit pressure measurements or
electrical signals, a telemetric system was employed to measure the base pressure
on the magnetically suspended models. The electronic pressure transducer, A/D
converter and the radio transmitter, as well as a battery to power the unit, were all
housed within the test model as shown in figure 4 (Sawada et al. 2005). An annular
permanent magnet was used to accommodate the instrumentation within the model.
The system was specially co-developed by JAXA and NEC Engineering and allows
4-channel simultaneous 12.5 kHz sampling and 12-bit resolution A/D conversion.
The digital data were transmitted through a bi-directional wireless LAN method. In
addition, it had a 4-bit digital signal source that could be externally controlled. A
differential pressure gauge of 500 Pa full scale was housed within the model powered
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Figure 5. Mean axial velocity (u/U ) distribution in the wake of the 45mm diameter cylinder,
L/D = 5.02 at x/D = 6.11 (ReD = 1.0 × 105) (a) contour, (b) velocity profiles along two axes in
the wake.

by a 9 V battery. Two 0.5 mm diameter pressure taps were placed on the cylinder axis
at the front and back faces of the model. Figure 4b shows the individual components
in the assembly. Owing to space limitations, the device was only incorporated into
the 110 mm diameter models, i.e. the low fineness ratio range.

3. Results and discussion
3.1. Initial wake survey behind the magnetically supported cylinder

Preliminary velocity measurements relied on a more conventional total head probe
and a hot-wire probe on two-axis traversing system and the results are limited
to regions where the instrumentation was suitable. The mean velocity distribution
measured with a pressure probe behind the L/D = 5.02 model as presented as a
contour map. as well as in both vertical (z) and horizontal (y) directions, see figure 5.
The origin of the coordinate system is located at the trailing edge of the model, with
the x-component being in the streamwise direction. The mean velocity components
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Figure 6. Boundary layer profiles at the trailing edge of the model.

(u, v, w) correspond to the (x, y, z) directions, respectively, and U is the free-stream
velocity. Figure 5 demonstrates the excellent flow axisymmetry achieved here, clearly
benefiting from the absence of the model support. A comparison of the results from
PIV measurements behind a sting-mounted model presented by Higuchi et al. (2006)
and those from PIV measurements with the current magnetic suspension system will
be discussed below.

The boundary layer profiles at the trailing edge were measured with a hot-wire
probe for various fineness ratios and the mean velocity profiles, normalized by the
boundary layer thickness, are shown in figure 6. The Reynolds number was 5 × 104

for the 25 mm cylinder and 1 × 105 for the 45 mm cylinder. Ota (1975) investigated
the boundary layer over a sting-mounted sharp-edged cylinder. His velocity profiles,
obtained at x/D = 3.1, 5.1, and 7.1 from the leading edge, are consistent with the
present data at the trailing edge (L/D = 4.13–8.13). Ota’s experiment corresponded
to ReD =5.62 × 104 and his measurement showed a separation bubble extending
from the leading edge and ending with flow reattachment approximately 1.5–1.6
diameters downstream. The mean velocity profiles beyond the reattachment zone
indicated a developing turbulent boundary layer. Turbulence intensity profiles are also
in general agreement between the two hot-wire measurements, though the present
level is somewhat higher. The power spectral density in the immediate wake and
shear layers showed the distribution typical of a turbulent boundary layer without a
spectral peak. However, at x/D =4, a spectral peak was evident at Strouhal number
St = fD/U = 0.185, indicative of a helical-mode wake oscillation.

3.2. Force and base pressure measurements

As stated earlier, the coil currents needed to hold the model in place provided the
lift, drag, and side force, as well as the pitching and yawing moments. The magnetic
balance was calibrated against the known weight for each model. The blockage ratio
of the model varied between 0.44 % and 2.64 % depending on the model diameter
in use. Although the blockage is small, the results shown incorporate the standard
blockage correction by Pankhurst & Holder (1952), which was also employed by Judd
et al. (1971). The correction reduces the drag coefficient by up to 2–3 % for the largest
model. Since the instantaneous currents to individual coils were recorded, force–time
histories can be analysed, as shown in a later section, once the mass and moment
of inertia of each model are known, but here only the time-averaged force has been
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Figure 7. Drag coefficient versus Reynolds number for three large fineness ratios.

extracted for all cases. As expected, pitching and yawing moments as well as lift and
side forces averaged to be zero and thus only the drag force will be presented and
discussed.

Figure 7 shows the measured drag coefficients for the three large fineness ratios
over the range of Reynolds number approximately between 6 × 104 and 105. The
experimental uncertainty is also noted. The Reynolds number dependence as estimated
by the empirical skin friction drag for the turbulent boundary layer is not as
clearly shown in the measurements, but the expected amount of variation within
this Reynolds number range is of the same order as the uncertainty of measurement.
For the separation-dominated flow field over the models between L/D = 1.27 and 1.79,
the Reynolds number dependence on the drag coefficient was negligible. On the other
hand, the fineness ratio had a clear influence on the total drag coefficient, as shown
at the top of figure 8 for Re= 105. The measured drag data at Re =6 × 104 are also
included. In order to estimate the individual contributions to the total drag, figure 8
shows the momentum loss based on the boundary layer measurements shown in
figure 6, and the estimated skin friction drag as well as the total drag. The skin
friction was estimated from the empirical power-law formula for a flat-plate turbulent
boundary layer (see e.g. Schlichting 1968). The skin friction drag varies as the 1/5th
power of Reynolds number based on the length, and thus is proportional to the
product of Re−1/5 and (L/D)4/5. Here, the separated flow at the front corner is
considered to attach at 1.5 diameters downstream (Higuchi et al. 2006) and thus the
effective length has been reduced accordingly. A similar trend is seen among all three
curves. As indicated in the figure, the difference between top two lines is, in effect,
the base pressure, and that between the bottom two lines corresponds to the pressure
drag on the front face. In both cases, they are nearly independent of the fineness
ratio.

The base pressure was measured for short cylinders between L/D = 1.27 and 1.79
concurrently with the total drag measurement and the results are given in figure 9
for Re = 105. The base pressure behind the L/D =1.27 and 1.35 cylinders increased
slightly with Reynolds number within the range 5 × 104 ∼ 105, while the model with
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Figure 9. Direct base pressure measurement and total drag coefficient at low fineness ratios.

L/D = 1.79 exhibited almost constant base pressure within this range. The leading-
edge shear layer presumably remained detached at the lower fineness ratio, so the
Reynolds number dependence may be attributable to the change in radial width
of the separated shear layer region and wake vortex roll-up. In figure 9, it can be
seen that for cylinders of small fineness ratio, the variation in total drag is due
to changes in base pressure since the front pressure is expected to be unchanged
amongst the models and the separated shear layer remains detached (presuming the
reverse wall shear stress is small). Both the measured base drag at low fineness ratios
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and the estimated base drag in figure 9 are plotted together in figure 10 to contrast
the variations between the short and long cylinders. The base pressure of the long
cylinder is nearly constant whereas the base pressure depends strongly on the fineness
ratio for the short cylinder.

Finally, all of the present drag measurements are summarized in figure 11,
for ReD = 105. The uncertainty in the drag coefficient is about ±0.5–2 % (larger
uncertainty for L/D < 2). Previous and historical data are also included. The first
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drop experiment by Eiffel (1907) was at a Reynolds number estimated to be between
5.5 × 105 and 1.1 × 106. The second set of Eiffel data (1913) was collected in a wind
tunnel with the models cable-mounted in the test section. The experiment pre-dates
listing of Reynolds number but is estimated to be nominally in the 1 × 105 ∼2 × 105

range. Apparently Hoerner (1958) used Eiffel’s second data set (not as listed in his
book) and subtracted the estimated skin friction and presented the data in figure 21,
Chapter 3 of his book. These values have been quoted for decades in many articles,
reference books and textbooks, not necessarily after critical evaluation. Roos &
Willmarth (1971) measured the drag coefficients of sphere and disk over a very wide
range of the Reynolds number, and their result for the disk as a limiting case of
L/D = 0 is shown for Re= 6.04 × 104, the highest Reynolds number they reported.
Roberson et al. (1972) carried out wind tunnel measurements on cylinders to study
the effect of the high free-stream turbulence, and the data in their data in figure 11
correspond to the Reynolds number of 4 × 104 without grid turbulence imposed.

There is significant scatter in the earlier data for the very low L/D range. It is
known that the drag coefficient of a two-dimensional rectangular cylinder reaches the
maximum value when the fineness ratio is approximately 0.6, owing to the interaction
between the wake vortices and the model base (Bearman & Trueman; 1972, Park &
Higuchi 1989; Ohya 1994). Helical vortex formation downstream of the axisymmetric
model is expected to produce substantially different interactions with the base plane.
Unfortunately, as currently configured, the present magnetic suspension system did not
allow experiments at extremely low L/D ratios due to the housing of the magnet and
model alignment. This issue will be addressed in future investigations. Nevertheless,
the present series of experiments is expected to provide more accurate results for the
drag coefficient and to yield an improved understanding of how the drag and the flow
of field vary over a wide range of fineness ratio.

3.3. Flow field measurement

3.3.1. Velocity field

In the previous water channel experiment with sting-mounted models (Higuchi
et al. 2006), the flow visualization and the PIV measurements were conducted at
L/D = 0.67, 1.5 and 3 at a lower Reynolds number range of 104–3 × 104. The mean
flow results revealed that the separated shear layer from the leading edge remained
detached for L/D = 0.67, reattached almost at the rear corner of the L/D = 1.5
model, and reattached approximately 1.5 diameters downstream of the leading edge
of the L/D = 3 model causing a well-defined recirculation bubble (see figure 2 in
that reference). This recirculation bubble, with almost the longitudinal extent of the
cylinder, causes the drag coefficient to exhibit a minimum value as shown in figure 11.
Thus the sting-free velocity field measurement with the PIV technique was performed
focusing on two fineness ratios, L/D = 1.31 and 1.68. Both the streamwise cross-
sectional plane and the azimuthal plane normal to the free stream were examined.
The test model in the wind tunnel in the presence of the laser light sheet for the
present PIV measurement was shown in figure 2(b).

Each pair of PIV images produces a snapshot of the velocity field. Figure 12(a)
shows the instantaneous velocity vector field over the magnetically suspended
L/D = 1.31 model. The Reynolds number is kept at 105. It is apparent that large
vortices form along the shear layer separated from the leading edge. Except for the
initial shear layer up to the midpoint of the model, the unsteady velocity field is highly
asymmetric as indicated by the differences between the top and the bottom shear
layers in the figure. The shear layer develops downstream without attachment to the
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Figure 12. Instantaneous velocity vector field (ReD = 1.0 × 105): (a) L/D = 1.31,
(b) L/D = 1.68.

wall and starts forming a large-scale wake vortex. The instantaneous velocity vector
field in figure 12(b) reveals similar shear layer roll-up for L/D = 1.68. However,
the vortex structure in the separating shear layer is smaller and the vortices are
seen to impinge on the wall near the end of the cylinder, and here the magnitude of
instantaneous velocity is reduced along with the wake structure. The unsteady vortical
structures will be discussed further in the next section.

Figure 13(a) shows the mean velocity field over the L/D = 1.31 model and
figure 13(b), that over the L/D =1.68 model. Here, the statistical quantities were
obtained by ensemble-averaging 2000 consecutive snapshots. Naturally, the frame
rate was too slow to resolve individual shedding cycles. The shear layer reattachment
can be observed just before the trailing edge of the latter model, consistent with the
reattachment point measured by Higuchi et al. (2006) on a longer L/D = 3 model at
ReD = 104.
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Figure 13. Mean velocity vector field (ReD = 1.0 × 105): (a) L/D = 1.31, (b) L/D = 1.68.

The velocity field in the rear corner region is shown in greater detail in figure 14(a,
b). For L/D =1.31, the time-averaged shear layer remains detached. Along the rear
face of the cylinder, the mean flow moves upstream around the rear edge within
the reverse flow region. On the other hand, the leading-edge shear layer reattaches
shortly upstream of the rear corner of the L/D =1.68 cylinder, and the flow leaving
the trailing edge is nearly parallel to the sidewall of the cylinder. Note also the
different size and position of the time-averaged vortex in the immediate wake of each
cylinder in each case.

In figures 15 and 16, the velocity profiles are plotted from the velocity field data
given above. In figure 15(a) it can be seen that the separated shear layer from the
leading edge has not reattached before reaching the trailing edge. Here xf is measured
from the leading edge of the model while the coordinate x is referenced with respect
to the trailing edge of the model. Immediately downstream of the model, figure
15(b) shows that at x/D = 0.68 the region is still in the reverse-flow zone. Over the
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Figure 14. Mean velocity vector fields near the trailing edge (ReD = 1.0 × 105):
(a) L/D =1.31, (b) L/D = 1.68.

L/D =1.68 model at x/D = −0.18 (xf /D = 1.5 from the leading edge) (figure 16a), the
separating shear layer has just reattached (note the reverse flow still at xf /D = 1.4).
At the trailing edge of the model, the boundary layer is just beginning to grow,
but the spatial limitation of the PIV did not allow sufficient resolution within the
boundary velocity profile. The station x/D = 0.68 is near the end of the reverse flow
region (figure 16b). The drag due to the base pressure decreases with the wake size
in the immediate wake as the fineness ratio increases (see figure 10). In contrast, it
should be noted that with a fixed separation point, such as behind a disk (Bigger,
Higuchi & Hall 2006), the smaller wake size signifies an increased base drag.

Ota (1975) used hot-wire anemometry on a rear-mounted cylindrical model. While
its use in the vicinity of this type of separating flow may be suspect, the deduced
streamlines and the location of the flow reattachment agreed well with the current
PIV measurement. Using a split-film probe, Kiya et al. (1991) also found that the
reattachment length over their long cylinder was 1.6 diameters. Koenig & Roshko
(1985) placed a disk coaxially ahead of a similarly shaped flat-faced cylinder, and
by varying the gap size and diameter ratio between the disk and the cylinder, they
examined the flow pattern and its effect on the total drag. For the diameter ratio of
1, which is most analogous to the present case, they found that the separating shear
layer attached to the front edge of the cylinder for gap sizes 1 and 1.625 (normalized
by the cylinder diameter). The total drag was minimized for a similar gap size of
1.5, though the flow field below the shear layer was quite different due to the cavity.
Furthermore, for a larger gap size the drag increase found in Koenig & Roshko
(1985) was caused by the separated shear layer impinging on the front surface of the
downstream cylinder, whereas in the present case, the drag increase for larger values
of L/D was due to the boundary layer growth (see figures 6 and 8).

3.3.2. Fluctuation flow field

Representative instantaneous vorticity fields are plotted together with the insta-
ntaneous velocity vectors for two L/D in figure 17. Shear layer instability waves are
visible along the separating shear layer and are nearly axisymmetric. Sigurdson (1995)
was among the first to control shear layer vortices in this region by forcing these
high-frequency instabilities to promote the growth of a large vortex structure near the
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Figure 15. Mean velocity profiles over and behind L/D =1.31 cylinder: (a) upstream:
x/D = −0.8 ∼ 0, (b) downstream: x/D = 0–0.68, xf is measured from the leading edge of
the model and x from the trailing edge.

trailing edge. Figure 17(a) shows the shear layer approaching the trailing edge without
reattachment. The shear layer converges over the L/D = 1.68 model (figure 17b) with
unsteady impingement of vortices on the surface. Note the asymmetric large structure
near the trailing edge and the reattachment region in both cases. While the mean
velocity field (see figure 12 from the same runs) indicates a well-defined closed
separation bubble along the long cylinder, the instantaneous velocity field shows that
the trailing edge of the shear layer is often open, with unsteady vortex structures
impinging on the wall. Flow visualization in water also showed three-dimensional
vortex ring structures impinging on the surface. Kiya et al. (1991) measured surface
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Figure 16. Mean velocity profiles over and behind L/D = 1.68 cylinder: (a) upstream:
x/D = −1.18–0, (b) downstream: x/D = 0–0.68.

pressure fluctuations beneath the separation bubble over a blunt circular cylinder, and
noted large-scale vortex shedding, as well as low-frequency shear layer oscillations.
The former is attributed to the flow feedback within the separation bubble. The data
rate of our PIV system did not allow contiguous time-dependent information, but
shear layer instability waves and the large vortex formation downstream of x/D ∼ −1,
as well as the flapping of the reattaching shear layer itself, can be observed in figure 17.
Time-dependent measurements of the base pressure and the force will be addressed
in the next section.

In figure 18, the axial turbulence profiles are plotted radially at several stations
and compared for two cylinder lengths, L/D = 1.31 and 1.68. These data have been
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Figure 17. Instantaneous vorticity and velocity field: (a) L/D = 1.31 model, (b) L/D = 1.68
model (units of vorticity s−1).

extracted from the PIV snapshots shown in figure 17. Here, the velocity component
fluctuations in the (x, y, z) direction are denoted by (u′, v′, w′), respectively.

In this plot over the shorter cylinder (L/D = 1.31), a lower Reynolds number
(ReD = 6 × 104) was chosen because of the overall consistency of data for that
particular run with no change in flow pattern discernible between ReD = 6 × 104 and
105. The region xf /D =1 is where the large vortex structure was seen forming in the
instantaneous flow field. Between xf /D =1 and the trailing-edge region, turbulence
peaks over the L/D = 1.68 cylinder become weaker and closer together, reflecting the
mean separation bubble streamline (see figure 13). In the wake region, the turbulence
level is substantially reduced behind the L/D = 1.68 cylinder. Note that the turbulence
intensity is higher at x/D = 0.68 than at x/D = 0.4. In the central region the intensity
level approaches the bell-shaped profile due to interaction between the turbulence in
the wake shear layer and the global wake oscillation across the centreline.

The azimuthal wake flow field was investigated in the cross-section normal to the
free-stream direction. The instantaneous vorticity fields in the immediate wake are
compared between two models at different downstream stations in figures 19 and 20.
The instantaneous velocity field is overlaid in the figure. At 0.33 diameters downstream
of the trailing edge, figure 19(a) shows a multitude of counter-rotating longitudinal
vortices within the separating shear layer behind the short cylinder (L/D =1.31),
whereas behind the longer cylinder (L/D =1.68, figure 19b) the vortical structures
are more concentric. Kiya et al. (1991) noted a nine-cell structure in the shear layer
reattachment region of a long cylinder by cross-correlating the circumferential surface
pressure measurement at the same Reynolds number as the present experiment.
Further downstream, the vortical structure and shear layer are highly asymmetrical
behind the L/D = 1.31 cylinder (figure 20a), and, taken together with other snapshots,
demonstrate the large three-dimensional excursion of the wake vortex motion. Behind
the L/D = 1.68 cylinder (figure 20b), the intensity of the vorticity is reduced and the
shear layer activity is limited to the region within the model diameter. As noted
earlier, these PIV measurements could not identify the direction of the movement of
the large structure.

Though the wake was highly asymmetrical and unsteady, when 2000 instantaneous
velocity fields taken over 667 s were ensemble-averaged, remarkable flow symmetry
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Figure 18. Axial turbulence profiles at various streamwise stations: (a) L/D = 1.31 model
ReD = 6 × 104, (b) L/D = 1.68 Model ReD = 1.0 × 105.

emerged. Figure 21 shows the results for the L/D = 1.33 cylinder. The mean-square
velocity fluctuation exhibited a torus-shaped profile immediately downstream of the
cylinder (figure 21a). Further downstream at x/D = 1.5 (figure 21b) the ensemble-
averaged turbulence profile becomes filled-in at the centre, approaching a Gaussian-
like profile. The mean velocity vector was essentially normal to the measurement
plane, subject to an increased uncertainty level. Despite a slight non-uniformity in the
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figure, however, the overall symmetry of the present results clearly demonstrates the
merit of the magnetic support system over the sting-mounted model.

The present experiment was conducted with a low free-stream turbulence level.
On the other hand, Roberson et al. (1972) used a free-stream turbulence level of up
to 8 % to promote the shear layer reattachment at small fineness ratios. The effect
of turbulence was prominent for the L/D = 1 case, which produced an earlier shear
layer attachment accompanied by decreased overall drag. The base pressure coefficient
was changed from approximately −0.3 to −0.1 due to the applied grid turbulence
(compare with figure 9). Sigurdson (1995) and Kiya, Shimizu & Mochizuki (1997)
directly forced the separating shear layer at the leading-edge shoulder of the long
cylinder. The reattachment length could be shortened dramatically, or practically
eliminated, depending on the forcing frequency and its amplitude. Amalgamation
of shear layer vortices could be effective enough for them to impinge on the wall
immediately after their roll-up (Sigurdson 1995). The present experimental focus was
on the separated shear layer structure, and control of such separated shear layers
with external forcing will be a future task. The axisymmetric and helical excitations
of the disk wake have been examined in Bigger et al. (2006).

3.3.3. Remarks on pressure and force fluctuation

The present magnetic suspension and balance system monitored the instantaneous
model position and the coil current needed to keep it in place through a feedback
system. An example of the time history of the model position was shown in figure 3.
Even though the model movement was small, it is possible to utilize this information
further. The acceleration of the model is balanced by the aerodynamic force and the
magnetic force as follows, given a position vector of the model x and the mass of the
model m:

mẍ = F ′
aerodynamic + F ′

magnetic.

Here, the steady gravitational force vanishes. Because of the large mass ratio between
the model and the working fluid, the virtual mass term is neglected. The position
record was first low-pass filtered at 15 Hz before time-derivatives were taken in
the light of the feedback system characteristic. Typical time histories of resulting
magnetic force, inertia force and the drag are shown in figure 22. In this figure,
the model coordinate system was used where the positive force is in the upstream
direction. The RMS variation of the drag is approximately 7 % of the mean drag.
The spectra of the drag and side force variations in figures 23 and 24, respectively,
revealed a peak at St ∼ 0.081 (10.4 Hz in the figure). Another peak at St =0.012
(1.5 Hz) was observed in the drag time history but not in the side force. The base
pressure data were also sampled at sufficiently high rate, and they exhibited a
primary spectral peak at approximately St = 0.34 on the models in the range of
L/D =1.27 and 1.79. In addition, a very low-frequency oscillation corresponding to
approximately St =0.012–0.016 was observed for short models up to L/D = 1.55. This
low-frequency oscillation, which was also observed in the axial aerodynamic force,
is deemed to correspond to the axisymmetric pulsation of the recirculation bubble
similar to that observed behind a thin disk at St = 0.05 by Berger, Scholz & Schumna
(1990). Kiya et al. (1991) measured the surface pressure fluctuations in the region
of the shear-layer reattachment, and observed that the shear layer flapping motion
corresponded to St= 0.4 and 0.07 normalized with the cylinder diameter. These
frequencies are close to the present spectral peaks at St =0.34 and 0.10 observed in
the base pressure and the aerodynamic force variations, respectively. Behind a thin
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disk, Berger et al. (1990) measured the shear layer instability waves at St = 1.62 and
helical vortex shedding at St =0.135. As stated earlier, the hot-wire measurement
in the wake shear layer behind the L/D = 5 model showed the spectral peak at
St= 0.185. Behind a thicker disk (L/D = 0.125), the the Strouhal number measured
in water with a time-resolved PIV also increased to 0.15 (Bigger et al. 2006), and
the present data appear consistent with the previous results. The present PIV data
were taken at too large an interval to directly correlate the helical vortex shedding to
the base pressure fluctuation. The frequency information of the present base pressure
and force measurement warrants further examination, but it illustrates the unique
capability of the experimental arrangement.
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4. Conclusion
The drag coefficient variation of a right circular cylinder placed in an axial flow

was obtained over a wide range of fineness ratio. In order to avoid flow interference
with any model support and to ensure axisymmetry of the flow, the experiment
was conducted using a magnetic suspension and balance system. The flow field in
the wake and boundary layer, as well as the behaviour of the shear flow separated
from the leading edge, was studied utilizing particle image velocimetry to corroborate
complement the measured drag variation.

The minimum drag corresponded to the fineness ratio for which the separated shear
layer reattached at the trailing edge, and at fineness ratios larger than approximately
1.7 the drag coefficient increased due to growth of the reattached boundary layer. The
instantaneous velocity field around the cylinder, as well as in the wake, identified multi-
level vortex structures. Unsteady large-scale longitudinal vortical structures travel
across the entire wake behind a short cylinder but appear as organized axisymmetric
torus-shaped turbulence energy profiles in the mean. Leading-edge shear layer vortices
and downstream helical vortex structures were also observed. The variation in base
pressure with fineness ratio measured via a telemetry system was consistent with
the drag results. The measured base pressure fluctuation and aerodynamic force
fluctuation were also examined.
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