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The investigation is concentrated on two important quantities - the Strouhal number 
and the mean base suction coefficient, both measured at the mid-span position. 
Reynolds numbers from about 50 to 4 x lo4 were investigated. Different aspect ratios, 
at low blockage ratios, were achieved by varying the distance between circular end 
plates (end plate diameter ratios between 10 and 30). It was not possible, by using these 
end plates in uniform flow and at very large aspect ratios, to produce parallel shedding 
all over the laminar shedding regime. However, parallel shedding at around mid-span 
was observed throughout this regime in cases when there was a slight but symmetrical 
increase in the free-stream velocity towards both ends of the cylinder. At higher Re, the 
results at different aspect ratios were compared with those of a ‘quasi-infinite cylinder’ 
and the required aspect ratio to reach conditions independent of this parameter, within 
the experimental uncertainties, are given. For instance, aspect ratios as large as 
LID = 60-70 were needed in the range Re z 4 x 103-104. With the smallest relative end 
plate diameter and for aspect ratios smaller than 7, a bi-stable flow switching between 
regular vortex shedding and ‘irregular flow ’ was found at intermediate Reynolds 
number ranges in the subcritical regime (Re z 2 x lo3). 

1. Introduction 
The crossflow around a circular cylinder has been the subject of intense scrutiny 

for a very long time. It is well known that the flow is dependent on, for example, 
Reynolds number, surface roughness, blockage and free-stream turbulence. In 
addition, the aspect ratio as well as the end conditions may have large influences on the 
flow. Probably, much of the scatter in the data reported in the literature, especially at 
Reynolds numbers below lo4, is due to aspect ratio effects and/or different end 
conditions. 

It was recognized early that different end conditions had dramatic effects in 
aerodynamic experiments with circular cylinders in crossflow (see e.g. Fage 1913). It 
was soon realized that a relatively long cylinder, with free ends exposed to the flow, was 
not representative of the ‘infinite’ cylinder, i.e. the two-dimensional case (Wieselsberger 
1922). Nevertheless, effects of the diameter were sometimes found, even if the cylinders 
were terminated by walls or shields at low blockage ratios (see e.g. Roshko & Fiszdon 
1969). The use of end plates to reduce three-dimensional effects, e.g. to shield the 
cylinder ends from interfering wall boundary layers, was probably initiated by Keefe 
(1961) and Cowdrey (1963). An optimized geometry of rectangular end plates, in the 
Reynolds number range from about 2 x lo4 to 8 x lo4, was suggested by Stansby 
(1974). In addition, it was assessed that a constant level of the base pressure coefficient, 
over the major part of the cylinder, was not a sufficient criterion for ‘two-dimensional’ 
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flow conditions. In the systematic study of both aspect ratio and blockage effects by 
West & Apelt (1982) the optimized end plates of the ‘Stansby design’ were used. At 
Reynolds numbers of the order 2 x lo4 and at low blockages, they detected an influence 
from the aspect ratio up to their largest attainable value L I D  = 40. Studies of end-plate 
geometry effects have also been given by Gowda (1975), Kubo, Miyazaki & Kato 
(1989), Stager & Eckelmann (1991) and Szepessy (1993). In the investigation by Stager 
& Eckelmann, the ratio h /D,  where h is the distance between the leading edge of 
circular (or near-circular) end plates and the cylinder surface, was considered. (For 
circular end plates h = $(DEP - D), where D,, is the end plate diameter.) It was found 
that the affected region near to an end plate, in the Reynolds number range from about 
300 to 5000, was smaller than or equal to five diameters (decreasing with increasing 

The influence of aspect ratio on the critical onset Reynolds number for vortex 
shedding (Re,) has been investigated by e.g. Nishioka & Sato (1974), Mathis, Provansal 
& Boyer (1984), Lee & Budwig (1991) and Albaride & Monkewitz (1992). The stability 
of the wake is greatly enhanced at aspect ratios less than about 50, resulting in a rapid 
increase in Re, with decreasing LID. At larger aspect ratios the stability seems to be 
more or less unaffected (Re, = 47f 1). 

In the pioneering work of Roshko (1954), a Strouhal- Reynolds number relationship 
for the laminar shedding regime is presented, i.e. for Reynolds numbers from about 50 
to 150. Most other investigations, however. were not able to reproduce this relationship 
(for a review see Williamson 1989). In Norberg (1987), however, the relationship was 
more or less reproduced and the dependency showed no discontinuities. In addition, 
an increase in the free-stream turbulence intensity from 0.1 ‘YO to 1.4 ‘YO did not affect 
the relationship. As was shown later in the work of Williamson (1988a, 1989)’ most of 
the discrepancies from Roshko’s relation are probably due to end effects causing 
oblique (slanted) shedding. By converting the measured Strouhal numbers with a 
simple cosine factor of the shedding angle, the transformed Strouhal numbers became 
very close to the ones given by Roshko’s relation (actually slightly lower). He also gave 
a recipe for production of parallel shedding: by simply tilting the end plates some 
degrees outward on the wake side, the shedding became parallel to the cylinder. After 
that other remedies with thc same effect have been presented: ‘end cylinders’ 
(Eisenlohr & Eckelmann 1989); ‘control cylinders’ (Hammache & Gharib 1989, 1991) 
and ‘end suction’ (Williamson 1993). Interestingly, the modelling of Albarede & 
Monkewitz (1992), by using empirical inputs to a Ginzburg-Landau equation, suggests 
that it is an increase of the local Reynolds number towards the ends that produces a 
reduction in the shedding angle. They also noted that this was in accordance with the 
existing methods of producing parallel shedding (local increase in the approaching 
free-stream velocity towards the ends), 

The existence of oblique and parallel shedding modes give rise to the following 
interesting question: why did the Strouhal number data of Roshko (1954) and later 
Norberg (1987) get so near to the relationship valid for parallel shedding, e.g. from the 
formula given by Williamson (1988 a)? In both cases no particular attention was given 
to the end conditions ; the cylinders (actually wires) were simply stretched between the 
walls of the wind tunnel (Roshko) or between two vertical plates inside the tunnel 
(Norberg). A common feature for both Roshko’s and Norberg’s data is that they had 
very large aspect ratios (Roshko: L I D  = 2128, 1381, 816, ...: Norberg: L I D  = 1912 
and 954). By reviewing other experiments presented in this regime, it is found that most 
other investigations had used aspect ratios of the order 100. Thus, an important 
objective in the present work was to further investigate the influence of aspect ratio in 

Rel(AlD)). 
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the laminar shedding regime with special emphasis on the effects of L I D  when it is 
larger than about 100. 

Before leaving this regime, some other experimental works have to be mentioned. 
First, the investigation by Gerich & Eckelmann (1982) who pointed out the importance 
of the cylinder end conditions. The aspect ratios ranged from 70 to 280 and the region 
which is directly affected by the walls (or end plates) was shown to be of the order 
10 diameters. In the investigation by Van Atta & Gharib (1987) it was demonstrated 
that the Strouhal frequency could be greatly influenced (and even disappear) owing to 
very low amplitude cylinder vibrations (aeroelastic coupling). The aspect ratios were 
very large (L ID > 2000) and the cylinders were terminated at the wind tunnel walls. 
The measurements suggested that if there were absolutely no vibration the 
Strouhal-Reynolds number relationship would have no discontinuities. Effects of 
different end conditions and aspect ratios were further elucidated by Konig, Eisenlohr 
& Eckelmann (1990) and some convincing explanations for the previously observed 
discontinuities in the Strouhal-Reynolds number dependency were provided, see also 
Eisenlohr (1990) and Konig et al. (1992). For aspect ratios below LID z 300 and with 
symmetrical end plate boundary conditions there is at least one discontinuity in the 
Strouhal-Reynolds number relationship. For aspect ratios larger than about 25, there 
is a single discontinuity which marks the changeover between an oblique mode of 
shedding - the so-called ‘I-mode’, and an (essentially) parallel mode - the ‘P-mode’ 
(Konig et a/. 1990). The former mode produces the ‘chevron’ pattern (Williamson 
1989) and it is found above a certain ‘transition’ Reynolds number Re,\ (Hammache 
& Gharib 1991). The ‘P-mode’ is found from the onset of shedding up to Re,. 
Interestingly, Re, increases with aspect ratio (Konig et al. 1990). However, the 
increase with L I D  appears to be rather slow ( L / D  z 2 5 3  Re, = 60 and 
L I D  z 100 Re, = 65). Is it possible that the increase in Re, with aspect ratio is 
‘ unlimited ’? If so, at sufficiently large aspect ratios, this discontinuity would not take 
place and the flow could then remain in the parallel ‘P-mode’ throughout the regime. 

Another range where the aspect ratio and/or end conditions seem to have 
contaminated previous results is for Reynolds numbers from about lo3 to lo4. In this 
range the flow is very sensitive to disturbances (see e.g. Gerrard 1965). The work by 
Norberg (1987, 1989) suggests that the near-wake flow undergoes a transition at 
around Re = 5 x lo3 (4 x lo3 at a turbulence intensity of 1.4%). A subdivision of the 
subcritical regime at this Reynolds number was proposed. The transition is probably 
related to a basic change in the three-dimensional evolution of Strouhal vortices 
(Norberg 1993). In addition, the one-sided axial correlation length has a maximum of 
about 15 diameters around the transition. 

Much attention has been given to effects of aspect ratio/end conditions at Reynolds 
numbers higher than about lo4, see e.g. West & Apelt (1982), Fox & West (1990), 
Szepessy & Bearman (1992) and Szepessy (1993). At these Re, the axial correlation 
length is smaller than about five diameters. The present investigation, however, is 
concentrated on Reynolds numbers lower than 10‘. 

This parametric study is concentrated on two important quantities, the Strouhal 
number and the base suction coefficient. Previous measurements by the author as well 
as by others (e.g. Gerrard 1965; Roshko & Fiszdon 1969; Williamson & Roshko 1990) 
have shown that these two quantities are highly suitable as indicators for significant 
changes in the flow. They are also of importance in engineering applications, e.g. in 
disciplines such as wind engineering and flow-induced sound and vibration - the base 
suction coefficient is closely related to both mean and fluctuating pressure forces acting 
on the cylinder; the Strouhal number determines the dominating wake frequency. 
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In the Reynolds number range covered in this study (about 50 to 4 x lo'), the effects 
of aspect ratio, at low blockage ratios, for diffcrent ratios of the end plate diameter to 
the cylinder diameter, have been investigated. The results are compared with those of 
an ' quasi-infinite cylinder', i.e. the case with flow conditions at mid-span independent 
of aspect ratio. 

It should be stressed also that the end plate design may have significant effects on the 
influence of aspect ratio (see e.g. Lee & Budwig 1991 ; Szepessy & Bearman 1992). The 
purpose of this investigation has not been to find an optimized geometry of the end 
plates. Depending on the optimization criterion, however, such an investigation may 
find some guidance from the present results. 

Hopefully, the present work can provide (i) guidelines for choosing large enough 
aspect ratio and (ii) accurate and reliable data on the influence of aspect ratio and 
relative end plate diameter. Moreover, the results for the ' quasi-infinite cylinder' might 
be valuable for comparison purposes, both experimentally and numerically. It is worth 
noting that most numerical computations of the flow around circular cylinders are two- 
dimensional. In a recent compilation by Graham (1993), a large number of numerical 
results have been compared with experimental data. In laminar flows the two- 
dimensional simulations are generally in good agreement with experiment but at higher 
Re the pressure forces are usually overpredicted. Interestingly, the three-dimensional 
simulations of nominally two-dimensional flow (see e.g. Tamura, Ohta & Kuwahara 
1990; Kato & Ikegawa 1991; Batcho & Karniadakis 1991) seem to give much better 
predictions of these forces. 

2. Experimental details 
2.1. Wind tunnel, cylinders and end plates 

The measurements were carried out in a low-speed closed-circuit wind tunnel (working 
section : height 1.25 m, width 1.80 m and length 2.90 m). To compensate for boundary- 
layer growth, the working section has corner fillets which are somewhat diminishing in 
size along the streamwise direction. The static pressure variation over 80% of the 
working section length was within & 1 % of the dynamic pressure. In the velocity range 
2-32 m/s, the free-stream turbulence intensity was less than 0.06 YO (1-5000 Hz). 

The cylinders were mounted horizontally with their axes perpendicular to the flow 
at a position half-way between the roof and the floor and 1.5 m downstream of the 
contraction outlet. At this position, the cylinders were stretched between two vertical 
and streamlined 10 mm thick aluminium plates, which were grounded to the floor and 
mutually stabilized above the roof. The passage of the cylinders was at the centre of 
the plates, which extended 160 mm in the streamwise direction (see figure 1). 

The diameters of the cylinders were 0.202, 0.499, 1.002, 2.005, 5.98 and 19.81 mm, 
respectively (referred to as D = 0.2, 0.5. 1, 2, 6 and 20 mm, see table 1). The 0.2 and 
0.5 mm cylinder diameters were measured with a microscope to an accuracy of about 
1 pm whereas the others were measured with precision vernier callipers (accuracy 
better than 5 pm). For D 2 0.5 mm, the variation of the diameters over the lengths 
were within f 0.2 % of the mean value (within & 0.5 YO for D = 0.2 mm). The spacing 
between the supporting plates was 1060 mm for the 0.2 mm, 0.5 mm and the 20 mm 
cylinder and 480 mm for the other three diameters. 

In the empty working section, the spanwise flow uniformity within these regions was 
better than & 0.2 YO. It is important to point out that the supporting plates introduce 
a (symmetrical) spanwise velocity variation in the actual measurement situation. Some 
numerical calculations of laminar flow around these plates using a Navier-Stokes code 
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FIGURE 1. Supporting plate (shaded) with calculated (laminar) velocity profiles at the position for the 
passage of the cylinders (i.c. at x = 0). U,,(m/s): -, 1.5; ---, 3.0; -.-, 7.5. The length of the 
arrow corresponds to the undisturbed free-stream velocity, U,,. 

D (LID),, L I D  
(mm) (-1 (-1 

0.2 ~ 200-5000 
0.5 - 20-2000 
1 480 10-400 
2 240 5-100 
6 80 2-70 

20 53 5-50 

D m l D  
(-) 
20 

15, 20,30 
15 

10, 15 
10, 15 
10,15 

D I H  uo d lD 
w> (mls) (-1 
0.02 3.5, 1.5 ~ 

0.04 1.5-9.3 ~ 

0.08 1.5-6.4 0.05,0.20 
0.2 2.6-17 0.05 
0.5 3.0-26 0.065 
1.6 3.4-32 0.03 

TABLE 1. Summary of parameters. (LID),, is the aspect ratio without end plates. H is the wind 
tunnel height and d is the pressure tapping inner diameter. 

with boundary-fitted coordinates showed that there was a significant overshoot in the 
velocity profiles at the position for the passage of the cylinders (Davidson, private 
communication). At free-stream velocities 3.0 m/s and 7.5 m/s the overshoot occurred 
approximately 7 mm from the plates with an excess velocity of about 11 O h  (at 
U,, = 1.5 m/s the corresponding values were 9 mm and 15 %, respectively, see figure 1). 
At around 80 mm and 115 mm from the plate the calculated excesses in the 
approaching velocity were 2 %  and 0.5 YO, respectively. 

The two smallest cylinders, actually music wires, were stretched through pinholes in 
the supporting plates and the sidewalls and tension on the wire was produced by a 
rigging screw. Damping of the wires was provided by using 10 mm thick polystyrene 
packing foam mounted on both sides of the supporting plates and pressed against the 
wires from below. The other cylinders were hollow tubes, which could be rotated from 
thc outside of the tunnel, with pressure taps at the mid-span position. By using a 
protractor, the frontal mean stagnation point (4  = Oo) was found from the symmetry 
of the pressure distributions. In this way, the rearmost point ($ = 180") was found to 
an accuracy of about 1". 
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D (mm) DEPlD 
0.2 20 
0.5 15, 20, 30 
1 15 
2 10,15 
6 10,15 

20 10 
20 15 

D 

0.4 1.6 
0.4 1.6 
0.2 1.5 
0.3 1.5 
0.3 1.3 
0.1 1.5 
0.16 1.5 

10.0 Stainless, brass 
10.0 Stainless, brass 
10.0 Stainless, brass 
1.5 Brass 
0.8 Plexiglas 
1.1 Plexiglas 
1.1 Plexiglas 

TABLE 2. En- plate parameters. For c-finitions, see figure 2. 

The maximum model blockage was 1.6 % and no correction for blockage effects was 
applied to the data. The different aspect ratios, L / D ,  were achieved by varying the 
distance between circular end plates. Different ratios between the end plate diameter 
and the cylinder diameter, D,,/D, were also investigated (see table 1). In the 
experiments without these circular end plates the supporting plates instead acted as 
‘end plates’ (this condition is referred to as ‘NE’). 

A sketch of the end-plate geometry is given in figure 2 and the relevant parameters 
are given in table 2. The thickness of the end plates ( t )  was smaller than 0.5 cylinder 
diameters throughout, whereas the diameter on the clamping side of the plates (D,) was 
about 1.5 diameters. Care was taken to seal the two sides of the plates from each other. 
The parameters in table 2 are given for reasons of completeness. At ‘small’ D,,/D, the 
most crucial parameter is probably the diameter ratio D J D .  At first, the 2 mm cylinder 
was equipped with end plates having a D,/D ratio of 2.7 ( L J D  = 4, t / D  = 0.5). For 
D,,/D = 10 and L / D  lower than about 30, the measured Strouhal numbers then were 
significantly higher and showed a completely different behaviour when compared with 
the overlapping results from the 6 mm cylinder. The edges of the plates were rounded. 

2.2. Pressure measurements 
The free-stream velocity, U,, was measured with a Pitot-static tube (United Sensor 
PCD-12-KL’ tip diameter 4.8 mm), positioned 0.6 m upstream of the cylinders. The 
lowest velocity was about 1.5 m/s where this probe, according to specifications, should 
give out the true dynamic pressure difference. In the empty working section, the relative 
difference in dynamic pressure between the Pitot-static tube at this position and 
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another identical one at the cylinder position was within -t 0.5 %. With the supporting 
plates there was a slight increase in the free-stream velocity between the Pitot-static 
tube position and the model position. The deviation between the actual approaching 
velocity and the measured velocity varied somewhat with the tunnel speed and was 
highest when the distance between the supporting plates was 480 mm (the maximum 
relative deviation in this case was 1.0% compared to 0.4% for the larger distance). 
Adjustments for this effect were applied to the data. 

The base pressure coefficient is defined as: 

cPb (Pb-?s) / ($pui j ,  

where Pb is the base pressure on the cylinder (Q = 180O) and P, is the static pressure of 
the free stream. The negative of this quantity, -C,,, will be referred to as the 'base 
suction coefficient' (Williamson & Roshko 1990). Tn the measurements, the reference 
static pressure was taken as the static pressure from the Pitot-static tube. In the empty 
working section and for velocities higher than 3 m/s, the difference in static pressure 
between the Pitot-static tube position and the cylinder position was less than 0.5 % of 
the dynamic pressure (+ 2 % at 1.5 m/s). With the cylinders having D = 6 and 20 mm, 
i.e. for Re  higher than about loy, the measured pressure coefficients at q5 = 0" were 
close to the expected value of unity (within 0.4 Yn). Owing to viscous effects, at lower 
Reynolds numbers, there was an increase in this coefficient with decreasing Re. For 
instance, a value of 1.03 was measured at Re = 200 with the 1 mm cylinder (relative 
pressure hole diameter d / D  = 0.05), in agreement with e.g. Homann (1936) and 
Eisenlohr (1990). Thus, it is reasonable to believe that the used reference pressure was 
close to the true free-stream static pressure, at least for Reynolds numbers higher than 
about 200 (U,  3 m/s). The pressure differences were measured either with one 
micromanometer separately or in some cases with two micromanometers simul- 
taneously. Using the former method, the dynamic pressure difference, P, - P, = ;put, 
was measured before and after the measurement of the difference (P,-P,). The 
micromanometers (Furness FCO 14 j were individually and mutually calibrated. In 
addition, there was automatic correction for zero drift. The calibration indicated a 
linearity better than 1 %. Corrections were also carried out for systematic errors arising 
from a difference between the normal reading where the base pressure difference was 
negative and the (positive) reading when the leads were switched. The voltages from the 
transducers were measured either with an HP Digital Voltmeter 3456A or with a digital 
data acquisition system (12-bit resolution). A typical value of the integration time was 
60 s. At low velocities, less than about 3 m/s, with the 1 mm cylinder, integration times 
of the order of 10 min were necessary. At even lower velocities, e.g. less than about 
1.5 m/s, the pressure signals were significantly contaminated by the throttling effect 
due to the small pressure hole diameter (Thom 1928). It is also possible that bias errors 
may arise owing to this effect since the timescales of the ambient pressure variations are 
of the same order as the integration times needed to obtain a statistically meaningful 
mean value. Thus the pressure measurements were only considered meaningful down 
to a Reynolds number of about 100. 

In total, the overall uncertainty (at constant 20: 1 odds) in the base pressure 
coefficient was estimated to be between (+ 3 YO/ - 5 %) and & 1 YO in the range from 
Re = 100 to Re = 250 and & 1 % at higher Reynolds numbers. These uncertainties 
were also inferred from repeated experiments. The uncertainty in the free-stream 
velocity was estimated to be )0.4% at velocities higher than 3 m/s and &0.7% at 
lower velocities. The overall uncertainty in the Reynolds number (Re  = U,D/v)  was 
estimated to be k0 .9% for the wires and i O S %  for the larger diameters. 



294 C. Norberg 

2.3. Strouhal frequency measurements 
The Strouhal or shedding frequency, fs, was measured by recording the output from 
standard single hot wires (Dantec P15). The measurements with the music wires were 
carried out 1WO diameters downstream of the cylinders. When using the larger 
cylinders (D = 2, 6 and 20 mm), the hot wire was positioned outside the separating 
shear layers in the near-wake region ( x / D  < 5). The shedding frequency was defined 
a5 the frequency given by the arithmetic mean of the two frequencies where the spectral 
level was 3 dB lower than the highest peak value in the calculated spectra. The 
analysing bandwidth was about 0.2% of the shedding frequency. The mean spectra 
were averaged on a minimum of 64 individual spectra whereas averaging a number of 
100 spectra represents a more typical value. In each spectrum the fast Fourier 
transform (FFT) was based on 2048 samples. No data tapering was applied. The 
Strouhal number is defined as: 

St = fs D/U,. 

A conservative estimate of the overall uncertainty in the Strouhal number was 
& 0.8 % (constant 20: 1 odds). 

2.4. Phase measurements 
A limited study on phase relations in the laminar vortex shedding wake was carried out 
with the 0.5 mm cylinder. It involved the registration of the fluctuating (sinusoidal) 
outputs from two hot wires (Dantec P15), one of which was fixed at a position slightly 
displaced from the mid-span while the other was movable to different positions on the 
same side as the fixed wire with respect to mid-span. Both wires were positioned at 
three diameters below the centre of the wake with the fixed wire 22 diameters 
downstream of the cylinder axis. The fixed wire served as a reference for timing. The 
other wire was traversed using a coordinate table; either spanwise or streamwise 
(downstream of the fixed wire). Photographs taken from above indicated that the angle 
between the spanwise traversing direction and the cylinder axis was about 0.4". The 
accuracy in the movements of the second wire was better than 0.05 mm. The signals 
were digitized with a sampling frequency of 25 kHz corresponding to about 25 
samples/period and the computed cross-correlation coefficients were based on a 
minimum of 128 ksamples/channel. Whenever the cross-correlation coefficient ex- 
hibited sinusoidal variations in both traversing directions an oblique shedding angle 
could be deduced from simple geometry. Positions for in-phase and out-of-phase 
conditions were also deduced from observations of 'Lissajous figures' on an 
oscilloscope. 

2.5. Flow visualizations 
Some smoke-wire flow visualizations were carried out in a smaller wind tunnel 
(working section: width 0.4 m, height 0.5 m, length 2.9 m). The free-stream 
turbulence intensity was less than 0.1 %. The smoke-wire was made of Nichrome and 
the diameter was 0.05 mm. A purpose-designed electronic circuit provided the 
necessary electric heating pulse to the wire as well as the delayed timing pulse to the 
camera (Canon Fl with a 1 O O m m  macro lens). Lighting was provided by two 
stroboscopes having a flash time of about 10 ps. Extremely sensitive film was used 
(Kodak Tmax ASA 3200). 
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FIGURE 3. (a) Strouhal number and (b) base suction coefficient us. Reynolds number. Numerical: 
-A-, Dennis & Chang (1970); Experimental: ., (D [mm], LID)  = (178,12), Bearman (1969); 0,  
(1.07,115), Williamson & Roshko (1990); x ,  (0.25,1912); 0, (41,12); +, (120,9), Norberg (1987); 
0, (0.5,2000); 0, (1,480); A, (2,240); V, (6,80); 0, (20,53). Results for D =  41 mm and 
D = 120 mm are for end plates of the 'Stansby design' (Stansby 1974) and have been corrected for 
blockage. The vertical bars for D = 1 mm represent f one standard deviation as inferred from that 
particular measurement. 
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3. Results and discussion 
3.1. Two-dimensional mean $ow 

Figure 3 displays the variation of St and - C,, with Re for ‘large’ aspect ratios. In this 
figure, the present data within the laminar shedding regime are supposed to be valid for 
parallel shedding, i.e. the mode with the highest possible frequency. A separate phase 
study with the 0.5 mm cylinder at Re z 100 (see 92.4 for experimental details) showed 
that the shedding was essentially parallel with the cylinder axis (within & l o )  up to 
about 100 diameters from mid-span. Farther away the shedding became progressively 
more slanted (away from the axis) and at around 200 diameters from mid-span the 
local shedding angle was about 6”. The shedding frequency was constant throughout 
the observed area. Moreover, the cross-correlation measurements indicated a more or 
less perfect correlation between the vortex filaments having the same sign of rotation 
(correlation coefficients higher than 0.993). The experimental set-up did not permit 
phase measurements across the mid-span. It can be conjectured, however, that more or 
less parallel shedding was present within a symmetrical central portion of the span, 
with a spanwise extent of about 200 diameters. As discussed further in the next section 
the presence of the parallel mode was not due to the large aspect ratio in these 
experiments ( L I D  = 2000). Instead, its appearance was due to a slight symmetrical 
increase in the approaching free-stream velocity towards the ends of the cylinder - an 
effect which came into play when the end plates were placed close to the supporting 
plates, see figures 1 and 6. What about the author’s previous Strouhal number data 
(Norberg 1987) in this regime? Shedding angles were not measured at that time. 
However, since supporting plates of the same thickness as in the present experiments 
were used (although they had a slightly different nose profile and did not extend 
through the whole height of the working section), it can be assumed that there was a 
local increase in the approaching velocity towards the ends. Thus, it seems likely that 
parallel or very near-parallel shedding was indeed present also in that work. The 
characterization of these laminar cases as being representative for ‘large’ aspect ratios 
is indeed very doubtful. Whether the limiting case of ‘infinite’ aspect ratio will produce 
parallel shedding at these Reynolds numbers, irrespective of the end conditions, has yet 
to be proven. As shown in the next section, the present results do not indicate such a 
scenario. Perhaps a better characterization of the cases in figure 3 is two-dimensional 
mean flow, i.e. flows with an assumed negligible mean spanwise component of velocity 
within a substantial central region. 

After the onset of shedding at Re z 47, the Strouhal number showed a continuous 
increase up to Re z 150, where the regular laminar shedding was occasionally 
disrupted by a change to three-dimensional flow. Beyond Re z 168 no regular laminar 
shedding could be established. As already noted by Williamson (1988b), this so-called 
‘ 1st transition’ towards turbulence is associated with a hysteretic discontinuity in the 
Strouhal-Reynolds number relationship, see also figure 4(b). In figure 4(a),  the present 
Strouhal numbers which are supposed to be essentially for parallel shedding can be 
compared with the relations given by Roshko (1954) and Williamson (1988a). When 
taking the present overall experimental uncertainty into account, the agreement with 
Williamson’s relation is excellent. This relation was found by fitting a quadratic to the 
data for the Roshko number Ro = St Re as a function of the Reynolds number Re, i.e. 

St = A/Re+B+CRe .  

The parallel shedding data of Williamson gave the following constants : 
A = -3.3265, B = 0.1816, C = 1.600 x 
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with an average percentage deviation of 0.06 %. On average, the percentage deviation 
between the present data and Williamson’s relation was -0.3 YO. A least-square fit to 
the present data up to Re z 165, including only those points above Re z 150 where the 
shedding was regular, gave the following constants : 

A = -3.458, B = 0.1835, C = 1.51 x 

with an average deviation of 0.15% (71 points). 
No discontinuities could be traced in the present St-Re relationships at L I D  = 2000 

(D = 0.5 mm). During the phase study, the variation of shedding frequency with 
velocity for the case ( L I D  = 2000,D,,/D = 20) was repeated (the measurement 
accuracy for both velocity and frequency was further improved during these 
experiments). Once again the variation was continuous. Moreover, from a Reynolds 
number slightly above the onset and up to about Re = 150, the phase between a point 
close to mid-span and a point 100 diameters away from there in the axial direction 
remained more or less constant. As indicated earlier, the shedding pattern in between 
these points at Re z 100 was essentially parallel. This implies that there was no 
fundamental change in the shedding pattern within this range of Reynolds numbers. 
Thus the assumption of parallel shedding seems justified. 

Also, at low Reynolds numbers, it should be noted that there is a slight difference 
in the level of the base suction coefficient between the present data and the data of 
Williamson & Roshko (1 990). In a personal communication, Williamson considered 
possible reasons for such a difference (e.g. the pressure hole diameter). Despite an 
intensive and much stimulating exchange of ideas and information no definite 
conclusion about this matter could be drawn (see Williamson & Roshko 1990). 
However, the minor increase of the free-stream velocity owing to the supporting plates 
was not considered at that stage. The adjustments for this effect brought the data closer 
to the data of Williamson & Roshko (1990). In addition, at ‘the lowest velocities (less 
than about 3 m/s) there was a small but positive difference between the used static 
pressure and the static pressure at the cylinder position in the empty working 
section ($2.2). At the lowest Reynolds number for the 1 mm cylinder (U,, = 

1.5 m/s * Re z 100) this difference indicated a possible reduction of about 2 % in the 
measured base suction coefficient. However, for all other cylinders the lowest velocity 
was higher than 3 m/s where this effect was considered negligible. 

The variation in Strouhal number and base suction coefficient with Reynolds 
number was mutually connected with a major break point at Re z 250, where the base 
suction coefficient peaked at a value of about 1.03, see e.g. figures 3 (b),  4(a)  and 7 (this 
peak value showed a small increase with decreasing relative hole diameter). The present 
investigation also found evidence supporting the finding by Williamson (1988 b)  that 
the measured spectra in the upper end of the transition regime actually exhibit two 
adjacent fundamental peaks (Williamson, personal communication). The spectra 
within this regime were, however, quite broadbanded. By using the present definition 
of the Strouhal frequency, as described in $2.3, only one single peak frequency was 
considered. 

At Reynolds numbers in the subcritical regime (approximately 250 < Re < 2 x lo5), 
the variations of St  and - C,, with Re were such that a decrease in Strouhal number 
was associated with an increase in base suction coefficient (and vice versa). In this 
regime the transition to turbulence occurs before the vortices roll up (Bloor 1964). At 
Re lower than 250, however, where the vortex formation is laminar, the interrelation 
changed, i.e. an increase in St was associated with an increase in the base suction. 

Both - C,,, and St had a local maximum at the end of the laminar shedding regime 
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(Re x 160), respectively. At Re M 1500, there was a local minimum in base suction 
coefficient (- C,, = 0.78) and a maximum in Strouhal number (St = 0.21 1-0.212). In 
addition, the mean pressure drag coefficient and the r.m.s. lift coefficient reach local 
minimum values at this Re (Norberg 1993). It should also be mentioned that there is 
a close resemblance between the variations in the so-called vortex formation length and 
the base pressure coefficient (see e.g. Norberg 1987). For instance, a local maximum in 
the vortex formation length occurs at Re x 1500. At around Re = 5 x lo3, both St and 
- C,, showed a significant variation with Reynolds number. The shedding frequency 
at Reynolds numbers lower than this value, except within the transition regime 
(approximately 160 < Re < 250), is extremely narrow-banded whereas at higher 
Reynolds numbers in the (upper) subcritical regime, the shcdding frequency is time- 
dependent and has a significantly higher relative bandwidth (see e.g. Blevins 1985; 
Norberg 1989, 1993). The increase in base suction with increasing Re was followed by 
a plateau at around Re = 7 x lo3( - C,, = 1.02) and then gradually increased to reach 
a maximum at around Re = 2 x lo5( - C,, = 1.28) where it dropped when entering the 
critical regime. The plateau at Re M 7 x lo3 did not become visible until the aspect ratio 
was larger than about 50, see figure 9. The Strouhal number passed through the value 
of 0.2 at around Re = lo4 and decreased to the value of 0.187 before increasing when 
entering the critical regime. It can be concluded from figure 3 that the Reynolds 
number was important throughout the whole range. The variations in Strouhal 
number and base suction coefficient were within the following limits in the Reynolds 
number range from about Re = 250 to 3 x lo5: St = 0.199 f 0.013, - C,, = 1.03 f 0.25 
(relative variations of f 6.5 % and 

3.2. Reynolds numbers lower than about 250 
Within the experimental uncertainty, and for aspect ratios larger than about 40, the 
Reynolds number where the onset of laminar vortex shedding occurred (Re,) was 
independent of both aspect ratio and relative end plate diameter ( D  = 0.2 mm: 
L I D  3 2000; D = 0.5 mm: LID 2 50 *Re,. = 47.4f0.5). The associated critical 
Roshko number was Roc = 5.50k0.07. At smaller aspect ratios the onset was delayed; 
L I D  = 30 -Re, % 49.5 and L / D  = 20 3 Re, M 51.5. The semi-empirical model of 
Albarkde & Monkewitz (1992) suggests the following relation for Re,, as a function of 
the aspect ratio : 

Re, = Re,, + C(L/D)-'. 

Their own measurements as well as others (see e.g. Nishioka & Sat0 1974; Mathis et 
al. 1984; Lee & Budwig 1991), suggest that Reco = 47.G48.4 and C = (1.610.5) x lo3. 
The present critical Reynolds numbers fit well into this relation (Re,, = 47.4, 
C M 1.8 x lo3). No hysteresis behaviour was observed. 

The frequency measurements with the 0.5 mm cylinder, see figure 4(b), indicated 
that the Strouhal numbers were more or less independent of the aspect ratio in the 
range from about L I D  = 40 to L / D  = 1000. For all these aspect ratios a discontinuity 
in the Strouhal-Reynolds number relationship was indicated (at a Reynolds number 
somewhere between 60 and 70). As shown by e.g. Williamson (1989) and Konig et al. 
(1990), this type of discontinuity is caused by a transition between two modes of vortex 
shedding. A discussion about the different frequency cells which occur at Reynolds 
numbers around this transition can be found in Konig et al. (1990). The following 
description applies for cylinders bounded by end plates in uniform flow and at aspect 
ratios larger than about 30. From the onset of shedding up to Re M 55 there is a single 
cell with a constant shedding frequency. As the approaching velocity decreases very 
close to the end plates the shedding becomes curved and eventually the shedding 

24 %, respectively). 
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FIGURE 5 .  Shedding angles us. Re: (A, A), LID = 1000; 0, L I D  = 100; 0, L I D  = 50; a, 
LID = 90, Williamson (1989). Open symbols: calculated from Williamson’s formula; filled symbols : 
measured. 

disappears (presumably when the local Re reaches the onset value). Outside this region 
the shedding is parallel. End cells with a lower frequency associated with slanted 
shedding develop at Re z 55. However, at Reynolds numbers below the discontinuity 
there is still a central spanwise region in which the shedding is essentially parallel. This 
is the ‘P-mode’. On each side of this ‘cell’ there is an intermediate oblique mode with 
a slightly lower frequency - the ‘I-mode’. The mismatch in shedding frequency forces 
the vortex filaments on each side to join together by ‘vortex splitting’ and this occurs 
within a narrow regon- the ‘IP-node’. The frequency in the end cells is even lower 
than in the intermediate mode and correspondingly the shedding angle is higher. The 
‘EI-node’ between this ‘E-mode’ and the intermediate mode occurs at around ten 
diameters from the end plate. Starting off at a Reynolds number of about 60 the IP- 
node moves rapidly away from the end plates with increasing Re. The transition occurs 
when the distance between the two IP-nodes is less than some critical minimum 
distance and at Reynolds numbers above the discontinuity the P-mode is absent ; 
instead the central region is occupied by the I-mode. As this mode involves a more or 
less constant shedding angle the result with perfectly symmetrical conditions will be a 
wedge-type ‘chevron ’ shedding pattern (Williamson 1989). 

A typical discontinuity behaviour for the shedding frequency at mid-span can be 
seen in figure 4(b) where the data points for LID = 1000, D,,/D = 15 are joined with 
a line. At Reynolds numbers lower than 65 the Strouhal numbers followed the upper 
limit associated with parallel shedding (LID = 2000, see previous section). A 
discontinuity then appeared at Re M 68 and for Re higher than about 72 the data 
points were 3-7% below those given by L I D  = 2000. Thus the ‘transition’ Reynolds 
number in this case was Re, z 70. At larger aspect ratios with the 0.5 mm cylinder 
( L I D  Z 1500) and for Reynolds numbers higher than about 70 the Strouhal numbers 
gradually approached the parallel shedding curve of Williamson (1989). When 
parallel shedding was reached there was no discontinuity. Why did the Strouhal 
numbers exhibit this delayed increase targeting towards the parallel shedding value? As 
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premised in the previous section the answer is to be found from a change in the 
boundary conditions. We will return to this topic later on in this section (figure 6). 

By using Williamson's formula (19880) the expected shedding angle can be 
calculated from the present data, i.e. as: 

8 = cos-l(St/Stl,) 
where Stl, is the Strouhal number from the formula. As seen from figure 5 ,  the expected 
angles from the present data at aspect ratios between 50 and 1000 (D = 0.5 mm) 
compare favourably with the observed angles as given by Williamson (1989,). It 
should be noted that the slight difference in level, of the order of 2", as compared with 
Williamson's data at Re higher than about 80, actually represents a deviation in the 
Strouhal number less than 0.8 YO. Some part of this deviation might be due to different 
end plate geometries. The phase measurements carried out at Re = 105 and for 
( L / D  = 1000, D,,/D = 15) showed that the oblique angle of shedding in this case was 
H = 14.8" with a streamwise (wake) wavelength of 5.3 diameters. Following Williamson 
(19894 a multiplication of this oblique-shedding wavelength with cos 8 corresponds 
to the parallel-shedding wavelength. Using this transformation the wavelength 
becomes 5.1 diameters - in agreement with the parallel shedding data of Williamson 
(19890). As also shown in figure 5 the measured angle of shedding at Re = 105 is in 
excellent agreement with the expected angle from the Strouhal number data. 

The effects of aspect ratio and relative end plate diameter at a Reynolds number of 
101 are depicted in figure 6. The horizontal line represents the Strouhal number as 
given by Williamson's relation for parallel shedding at this Reynolds number. The data 
of Williamson (1989). which are for LID d 250, compare fairly well with the present 
data (maximum deviation of about 2%).  The most astonishing feature from the 
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present results is the apparent strong influence of the diameter at aspect ratios larger 
than about 1000 (the end plates were geometrically similar to each other, see table 2). 
For the 0.5 mm cylinder the Strouhal number was practically constant between 
L I D  = 100 and L / D  = 1000. At larger aspect ratios ( L / D  2 1500) there was an 
increase in St and at L I D  = 2000 the ‘parallel value’ was reached. Within the 
experimental uncertainty, the Strouhal numbers at the plateau (St = 0.16) were 
independent of the relative end plate diameter. For the 0.2 mm cylinder the increase 
towards the parallel value was delayed until an aspect ratio somewhere between 3000 
and 3500 was reached. The crucial point is that the departure from the plateau-level, 
for each diameter, occurred when the end plates were at around the same distance from 
the supporting plate. When using estimated ‘critical’ aspect ratios of 1300 and 3250 
( D  = 0.5 mm and 0.2 mm) the distance comes out as being approximately 205 mm 
from the plates. At this position the excess in the free-stream velocity was calculated 
to be as low as 0.2%. However, at the maximum aspect ratios for each diameter 
( L I D  = 2000 for D = 0.5 mm and LID = 5000 for D = 0.2 mm) where the distance is 
only 30 mm the velocity excess was calculated to be 7.5 %, see figure 1. It is interesting 
to note that also the case ( D  = 0.2 mm, L / D  = 4500) reached the ‘parallel value’. At 
this distance from the supporting plates the calculated velocity excess was 2%. 
Evidently, a symmetrical increase in the free-stream velocity towards the ends can 
induce parallel shedding at Re > Re, % 70. To be fully effective, however, the excess in 
the approaching velocity at around the end plates has to reach some critical value - 
which in the present case evidently was of the order 2%. The situation has a close 
resemblance with the ‘end suction’ method suggested by Williamson (1993). In this 
method (of manipulating with the shedding pattern) suction is applied locally at some 
distance downstream of the cylinder axis and parallel shedding can be induced when 
an equal amount of suction above some threshold is applied at two spanwise positions. 
The corresponding velocity increase associated with this threshold suction is also of the 
order 2 YO (Miller & Williamson 1993). In fact, all methods which have been suggested 
for producing parallel shedding in the laminar shedding regime seem to work on the 
principle that there should be a local increase in the velocity at the ends. As the 
formation of cells with oblique shedding is caused by the restraint imposed from the 
unavoidable velocity decrease towards the end plates, it is understandable that this 
restraint can be reduced in cases where the effect is locally compensated for, i.e. by an 
increase in the approaching velocity. At the optimum excess velocity the shedding angle 
in the central region, with an assumed uniform approaching velocity, will be reduced 
to zero, i.e. parallel shedding. Naturally, there will be an overcompensation if the 
excess velocity is higher than this threshold value. Interestingly, the present results 
suggested that the shedding can still remain parallel within a substantial central region 
despite a considerable amount of overcompensation. However, such an overc- 
ompensation certainly involves a local increase in the convection velocity and to keep 
up with a constant shedding frequency the shedding outside this parallel region will 
become curved (away from the axis towards the ends). As mentioned earlier this 
shedding behaviour was observed for the case (Re  z 100, D = 0.5 mm, D,,/D = 20, 
L / D  = 2000). The probable influence of aspect ratio on the effect of overcompensation 
was not investigated. Nevertheless, the measurements strongly suggest that the parallel 
mode (at Re > Re,) cannot be induced by simply increasing the aspect ratio - at least 
not with symmetrical circular end plate conditions and for highly uniform upstream 
conditions. 

It is worth noting that Van Atta & Gharib (1987) suggested from their experiments 
that all discontinuities in the Strouhal-Reynolds number relationship for aspect ratios 
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larger than about 2500 and highly uniform approaching flow can be attributed to flow- 
induced vibration of the cylinder. This suggestion seems to be in opposition with the 
present results. However, Van Atta & Gharib used wind tunnel wall-bounded end 
conditions at these large aspect ratios. As shown by Konig et al. (1 990) this type of end 
condition, with a velocity decrease through relatively thick boundary layers towards 
the ends, normally introduces another type of shedding mode adjacent to the end cell 
- the so-called 'X-mode'. The increased number of nodes compared to the end plate 
case suggests a stronger restraint on the vortex filaments from the ends. However, there 
will be a successive loss of this restraint when passing over the nodes. Interestingly, 
Konig et al. (1990) found that an increase in the free-stream turbulence level from 
about 0.1 YO to 1 YO produced parallel shedding in wall-bounded flows ( L / D  = 112) - 
an effect which they attributed to a greater loss of restraint taken out by the nodes. This 
cannot, however, explain why the Strouhal number data of Roshko (1954) are so near 
the parallel shedding data - the free-stream turbulence level in his measurements was 
about 0.03%. It is worth noting that there is an indication of oblique shedding in 
Roshko (1954). In his case at (Re = 80, L / D  = 322, D = 1.58 mm) a spanwise 
wavelength of about 18 diameters was observed. With an assumed streamwise 
wavelength of 5.9 diameters (Williamson 1989) the shedding angle becomes 18". This 
is in agreement with the visualizations of wall-bounded flows by Konig et al. (1992) 
which show an oblique shedding angle of about that magnitude (Re  = 75-85, 
L / D  = 336). However, the bulk of Roshko's laminar shedding data is for much larger 
aspect ratios (smaller diameters) for which no spanwise correlations were measured. 
Nevertheless, it seems that we cannot completely eliminate the possibility that certain 
wall-bounded flows actually will produce parallel shedding at very large aspect ratios. 

The present base pressure measurements were only extended down to a Reynolds 
number of about 100 (see figures 3 (b) and 7). The base suction coefficient in the laminar 
shedding regime and for L I D  100 was seemingly independent of the aspect ratio. 
The spanwise distributions given by Williamson & Roshko (1990) for Re = 125, 
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L I D  = 130 indicated mid-span values of 0.78 and 0.82 for oblique and parallel 
shedding, respectively. The interpolated value from figure 7 is 0.83, i.e. about 6 %  
higher compared with the oblique shedding case of Williamson & Roshko. For the 
largest aspect ratio in figure 7 ( L I D  = 480) and for Re = 125, the interpolated base 
suction coefficient is 0.85. At this aspect ratio the supporting plates acted as end plates 
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(this end condition is denoted ‘NE’). Although not actually verified it can be assumed 
that the shedding in this case was essentially parallel (owing to the excess free-stream 
velocity near the ends). Nevertheless, at these low Re, the deviations between the 
present data and those of Williamson & Roshko (1990) are within the cxperimental 
uncertainties. 

The present data within the beginning of the transition regime, i.e. from about 
Re = 160 to Re = 230, suggested a relatively weak influence of aspect ratio. The flow 
within this range is highly three-dimensional involving the generation of vortex loops 
(Williamson 1988 b) and formation of ‘ spot-like A-structures’ associated with vortex 
dislocations (Williamson 1992). The spanwise scale of the vortex loops appears to be 
of the order a few diameters (Williamson 1988b) while the ‘A-structures’ spread out 
into spanwise regions as they travel downstream (at half-angles of the order 12”, 
see Williamson 1992). At these Re the appearance of the dominating broadbanded 
peak in the measured spectra changed downstream, see also Williamson (1992). This 
effect probably caused some of scatter in the present Strouhal number data, see figure 
4 in which the hot wire was positioned at different streamwise locations (x/n = 1WO). 
Interestingly, the influence of aspect ratio was much stronger at higher Reynolds 
numbers within the transition regime. At these Re another mode comes into play 
(Williamson 1988b) - in coexistence with the mode found at lower Re (see above). It 
appears that this new mode is the one which survives the transition at around Re = 250 
and presumably it involves a much stronger spanwise coupling compared to the other. 

As can be judged from some of the previous figures, the most dramatic effects of 
aspect ratio at low Re occurred for L I D  < 30. Changes in the character of the flow at 
such small aspect ratios and at these low Reynolds numbers are not surprising. In 
the laminar shedding regime, for instance, the end or wall affected regions, which have 
a shedding frequency lower than the shedding frequency far from the plates (or the 
walls), have a size of about 10 diameters. The reader is referred to e.g. Slaouti & 
Gerrard (1981), Gerich & Eckelmann (1982), Williamson (1989), Konig et ul. (1990), 
Williamson & Roshko (1990) and Lee & Budwig (1991) for a discussion of further 
aspect ratio effects at these low L I D  as well as effects of different end configurations. 

3.3. Reynolds numbers higher than about 250 
Figure 8 shows the Reynolds number effects on the Strouhal number and the base 
suction coefficient at aspect ratios L I D  = 5,  10, 20 and 50, respectively ( D E p / D  = 10 
and 15). The influence of aspect ratio at D,,/D = 10 and 15 on the base suction 
coefficient, as measured with the 6 mm cylinder, are depicted in figure 9. Starting with 
figures 8(a) and 8(b), at L I D  = 50, the largest deviations from the ‘quasi-infinite 
cylinder’ appeared for Reynolds numbers lower than, say, Re = 600. The maximum 
deviation occurred at Re z 250, i.e. around the ‘second transition’ towards turbulence 
(Williamson 1988 b). In fact, to avoid any influence of aspect ratio at mid-span, within 
the experimental uncertainties, L I D  of the order of 200 were needed at and around this 
transition (see also figure 7), whereas L I D  of the order of 100 was required up to 
Re z 600. An aspect ratio of 50 was, however, sufficient between Re w 600 and 
Re z 4000 and also for Re > lo4. 

At the aspect ratio of 50, the interesting feature of a plateau in the base suction 
coefficient at Re z 6 x 103-8 x lo3 was captured (the plateau was not facility- 
dependent; it was present also in the flow visualization wind tunnel). There was 
however a discrepancy between the two relative end-plate diameters (10 and 15) (see 
figure 8 b). As seen in figure 9, an aspect ratio higher than about 70 was needed for 
independent conditions with the larger end-plate diameter whereas L I D  M 60 was 
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sufficient for D,,/D = 10. Possibly, the reason that the effect shows up at these 
relatively large aspect ratios is the surprisingly large axial correlation associated with 
the transitional changes at around Re = 5 x lo3 (Norberg 1987, 1989). At Reynolds 
numbers below the transition the pressure in the base region of the cylinder is more or 
less constant whereas there is an increase in suction towards the base (4 = 180") at 
higher Re (see e.g. Norberg 1987). However, this redistribution of base pressures and 
its relation to the existence of the plateau need further elucidation. 

An interesting detail was that the curves with Strouhal number us. Re, all passed 
through a value of St = 0.21 at around Re = 5 . 5 ~  lo3, for any aspect ratio. 
Nevertheless, the measurements taken as a whole indicated that aspect ratios of the 
order 60-70 were needed in the range Re = 4 x 103-104. Gowda (1975) found negligible 
effects on St for aspect ratios higher than about L I D  = 45 ( D E P / D  = 10, 
Re = 103-104), in general agreement with the present results. 

At aspect ratios smaller than about LID = 30 the relative end plate diameter was a 
much more important parameter, at least up to Re z 5 x lo3, see e.g. figures 8 (c-h) and 
9. As shown by Kubo et al. (1989), for L I D  = 20, an increase in the relative end-plate 
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diameter from D,,/D = 4 to 10 resulted in a 20% increase in the base suction 
coefficient (Re = 5 x 1034  x lo4); a further increase up to D,,/D = 16 only gave an 
increase of some per cent, in agreement with present results (see figure Xd). At 
L I D  = 20 and L / D  = 10 and for Re < 5 x lo3, however, the larger end-plate diameter 
gave both significantly lower Strouhal number and lower base suction coefficient in 
comparison with values obtained with the smaller end-plate diameter (see figure 8 c-f). 
That an increase in the relative end-plate diameter results in a larger end effect is in 
accordance with Stager & Eckelmann (1991) who found that for a given Reynolds 
number (Re  = 300-5000) the affected region near to an end plate decreases with 
decreasing relative end plate diameter. A reversed situation between the two relative 
end plate diameters was observed at smaller aspect ratios and for even lower Re, see 
figures 8 (g-h) and 9. According to Stager & Eckelmann (199 1) the affected region near 
to an end plate, at these Re and D,,/D, is of the order of five diameters. It therefore 
seems very plausible that dramatic changes will occur when the aspect ratio becomes 
smaller than LID M 10. Indeed, for D,,/D = 10, at L I D  smaller than about 7 and for 
Re lower than about 3 x lo3 a bi-stable flow was observed. Some details about this 
phenomenon are given in the following section. 

3.4. Bi-stable pow 
It was noticed by Gerich (1986) that the vortex shedding periodicity, at intermediate 
Reynolds numbers, i.e. at around Re = 2 x lo3, disappeared at aspect ratios lower than 
some critical value. The critical aspect ratios decreased from about 7 at Re = 1360 to 
about 4 at Re = 2600. The relative end-plate diameter in those experiments was 10 
(which is the same value for which the appearance of the bi-stable flow was found in 
the present case). Gerich also noticed, in some of his cases, that the hot-wire signal 
displayed unsteady transitions between different amplitude levels. Although not clearly 
stated in the report, it is obvious that the flow in these cases was bi-stable, i.e. the flow 
switched between two modes. In addition, he noticed that the phenomenon was not 
dependent on the background disturbances in the wind tunnel. Interestingly, Relf 
(1914) mentions an ‘unstable region’ at around these Reynolds numbers (Re = lo3 to 
3 x lo3). He observed in his delicate measurements of drag on wires ‘two definite 
balance points.. . the balance changing over from one to the other at short intervals’. 
This seemingly bi-stable condition was attributed to ‘the instability of flow’ (aspect 
ratio was not stated). 

In the present case, simultaneous variations in near-wake velocity as well as in the 
base pressure were monitored. It was then fully realized that the flow, at some aspect 
ratios and in rather narrow ranges of the Reynolds number, was bi-stable. With the 
larger relative end plates, however, i.e. for D,,/D = 15, the flow remained in the 
regular shedding mode for all aspect ratios which were investigated ( L / D  2 2). It 
should be noted that the bi-stable flow was also observed with the 2 mm cylinder but 
in this case it was not possible to follow the fast switches in the base pressure. The 
transition between the two modes did not seem to possess hysteresis effects. 

Why then, did only the smaller end-plate diameter show this behaviour and why only 
in this narrow range of intermediate Reynolds numbers? The explanation is probably 
related to the observed variation of the vortex formation length. At large aspect ratios, 
the formation length has a local maximum of about 3 diameters at around 
Re = 1.5 x lo3. This means that the first roll-up of the primary vortex in the regular 
shedding process takes place on average at around 3 diameters downstream of the 
cylinder axis. With a relative end-plate diameter of 10 the edge of the plate is five 
diameters behind the cylinder, i.e. only two diameters away from the mean roll-up 
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FIGURE 10. Smoke-wire visualizations of bi-stable flow (Re = 2 x lo', D = 10 mm, LID = 5, 
D,,/D = lo), (a)  vortex shedding (mode A) ,  (h) irregular flow (mode B). 

position. In addition, flow visualizations at these Reynolds numbers showed that the 
vortex formation length increased with decreasing aspect ratio. Thus, it seems very 
likely that the first appearance of the irregular mode at these Re is a consequence of 
the vortex roll-up occasionally occurring close to the downstream edge of the end plate. 
As the vortex formation region is associated with a low pressure an axial flow may arise 
around the edge from the outside. This possible inflow may eventually destroy the 
development of the vortex shedding with the result of an increase of the pressure in the 
base region. With the flow in this mode, and at appropriate Reynolds number, the 
wake flow might develop natural disturbances in the shear layers which can initiate a 
change to the vortex shedding mode again, i.e. bi-stable flow. Obviously, the scenario 
is dependent on the downstream extent of the end plate. With a large relative end-plate 
diameter, the vortex formation region is effectively shielded from the outside flow. 

While the distance to downstream edge seems to be responsible for the dramatic 
changes at small aspect ratios at these intermediate Reynolds numbers it seems that the 
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distance to the upstream edge becomes more important at higher Reynolds numbers. 
In the investigation by Szepessy (1993) it was found, by keeping an aspect ratio of 
about unity in combination with using a short leading-edge distance (rectangular end 
plates), that the vortex shedding became inhibited, probably resulting in a very steady 
wake for Re < 1.1 x 10'. He also noticed that the transition between the two modes was 
hysteretic and not bi-stable as a single disturbance would trigger the onset of regular 
vortex shedding, whereas the steady wake could only be obtained with slowly 
accelerating the flow from zero velocity. 

Smoke-wire visualizations showed that the flow in the mode with the lowest base 
suction was highly irregular with no alternating vortex shedding, see figure 10 (h). The 
quiescent near-wake flow in the irregular mode indicated a steady laminar separation. 
At some distance downstream the wake became turbulent. 



FIGURE 12. Smoke-wire visualizations for (a)  L I D  = 2, (b) L I D  = 5 and (c) L I D  = 15 
( R ~  = 3 x 103, D = 20 111111, D,JD = 10). 

Typical pressure distributions for the different modes are shown in figure l l(a) 
(Re = 1.5 x lo3). In the pressure distribution for L I D  = 5, i.e. (stable) irregular flow, 
the surface pressure was equal to the free-stream static pressure at around q5 = 41" 
while the highest suction occurred at around q5 = 68". The corresponding angles for 
L I D  = 50, i.e. (stable) vortex shedding flow, was 36" and 71", respectively. In both 
cases a laminar separation at q5 = 80"-84" was indicated. The pressure distribution for 
L I D  = 5 as well as the general appearance of the flow in the irregular mode, as judged 
from smoke-wire visualizations, compare very well with the above-mentioned 
'inhibited vortex shedding flow' as reported by Szepessy (1993). As seen in the snap- 
shot of the flow in the vortex shedding mode in figure lO(a), the vortex formation 
occurred close to the downstream edge of the end plate. 

Detailed variations of the base suction coefficient with Re, in the bi-stable flow 
ranges, are shown in figure 11 (b). The mode corresponding to regular vortex shedding 
is denoted by capital letter A ('Strouhal mode') whereas the mode without strong 
periodicity is denoted by B ('irregular mode'). A + B represents the observed long-time 
mean flow condition. The values for the individual modes were taken from the peaks 
in the measured probability density functions, see figure 13 (a). The disappearance of 
vortex shedding periodicity was only observed for L I D  lower than 7, see figure 9(4 .  
With an aspect ratio of 6 the switch between the modes started at Re x 1200 and ended 
at Re M 2200. The corresponding ranges for L I D  = 5 and 4 were Re M 1800-3200 and 
Re M 200&3400, respectively. At even smaller aspect ratios the bi-stable Reynolds 
number range became more narrow. For L I D  = 2 the range extended from about 
Re M 2700 to Re M 2900. As shown in figure 12, for Re M 3000, the regular vortex 
shedding found at L I D  = 15 was seen to occur also for L I D  = 2 whereas the 
intermediate L / D  = 5 caused suppression of the vortex shedding (bi-stable). 

In the irregular mode the already very low base suction showed a further decrease 
with decreasing aspect ratio. For an aspect ratio of L I D  = 5 ,  the flow remained in the 
irregular mode down to at least Re = 350 where the base suction coefficient was as low 
as 0.25, see figure 8(h). The irregular flow condition did exhibit some degree of 
periodicity. The dominating peaks were, however, broadbanded with relative 
bandwidths (- 3 dB) of the order 10 %. The Strouhal numbers for L I D  = 5 showed an 
increase with increasing Re from St M 0.13 at Re M 300 up to St M 0.15 at Re M 750 
(figure 8g). A slight declining trend was indicated at higher Re. 

The measured spectra in the irregular mode showed that the near-wake velocity 
fluctuations contained relatively more energy at high frequencies than within the 
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Strouhal mode. The case shown in figure 13(b) corresponds to a Reynolds number 
where the intermittency factor was of the order 50%, i.e. approximately equal time 
spent in both modes. Within the bi-stable flow the narrow-banded peak corresponding 
to the Strouhal mode was surrounded by two broadbanded peaks from the irregular 
mode (see figure 13b). The velocity fluctuations in the irregular mode did not contain 
as much energy at low frequencies as in the Strouhal mode. The broadbanded peak at 
aroundflf, % 0.07 (Sr = 0.015) was only present within the bi-stable flow range. At 
lower Reynolds numbers, the traces of regular anti-symmetrical shedding gradually 
disappeared while the leftmost peak of the irregular mode, as seen in figure 13(b), 
became the most dominating one. Also, a peak at around St = 0.4 became discernible 
at the lower end of the bi-stable range. This is an indication of symmetrical vortex 
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shedding. Elements of symmetrical vortex shedding within the irregular mode were in 
fact seen in the flow visualizations. 

4. Conclusions and final remarks 
4.1. Laminar shedding flow 

Within the laminar shedding type of flow the particular concern was to investigate 
‘large’ aspect ratios, i.e. L I D  higher than about 100 and up to several thousand. The 
findings at aspect ratios lower than about L I D  = 100 were in general agreement with 
Williamson (1989) and Konig et a6. (1990). 

The critical Reynolds number for onset of vortex shedding (Re,) was practically 
constant at aspect ratios larger than about 40 (Re, = 47.4). At smaller aspect ratios, 
however, the onset was delayed ( L I D  = 20 * Re, z 51.5). 

At aspect ratios larger than about 100 and for highly uniform upstream conditions, 
the measured Strouhal numbers (at around mid-span) were independent of the aspect 
ratio. In such cases, however. an essentially parallel shedding condition was only 
indicated at Reynolds numbers lower than about 70. At around this Reynolds number 
(Re,) there was a transitional change between a parallel mode found at Re < Re, and 
an oblique mode. The transition produced a discontinuity in the Strouhal-Reynolds 
number relationship. The measurements strongly suggested that the parallel mode 
cannot be induced above Re, by simply increasing the aspect ratio - at least not with 
symmetrical circular end plate conditions and for highly upstream conditions (aspect 
ratios up to several thousand were investigated). 

However, parallel (or very near parallel) shedding was observed throughout the 
laminar shedding regime in some (high-aspect-ratio) cases when there was a slight but 
symmetrical increase in the approaching free-stream velocity towards the movable end 
plates (the velocity increase was caused by the supporting plates which were placed 
vertically within the wind tunnel). This is in support of the working principle in 
producing parallel shedding as stated by Albarede & Monkewitz (1992), i.e. an increase 
in free-stream velocity towards the cylinder ends (as shown by e.g. Williamson & 
Roshko (1990) and Eisenlohr (1990), there is an increase in base suction towards the 
ends in parallel shedding flow). When the end plates were placed where the 
approaching velocity was about 7.5 YO above the value far from the end plates, and for 
Re = 100, an essentially parallel shedding condition was indicated within a substantial 
central region of the span (shedding angle within & I” ,  z / D  z f 100). Outside this 
region there was a gradual increase in the shedding angle away from the cylinder axis 
towards the ends (approximately 6” at 200 diameters from mid-span) thus suggesting 
an overstimulation from the conditions at the ends. It should be noted, however, that 
the essentially parallel condition in this case was only present over about 10 YO of the 
total span. Interestingly, at this Re, it was indicated that the necessary excess in the 
free-stream velocity to produce parallel shedding was of the order 2 YO - in agreement 
with the threshold value as indicated by Miller & Williamson (1993) in conjunction 
with the method of ‘end suction’. Presumably, with this ‘optimum’ excess velocity at 
the ends the shedding would be parallel over a much larger part of the span. 

The base pressure measurements were only extended down to Re zz 100. At 
L I D  > 50 the variations with aspect ratio were negligible (within the experimental 
uncertainties). At smaller L I D  a decrease in base suction with decreasing L I D  was 
indicated. At Reynolds numbers higher than about 150 and for large aspect ratios the 
flow was occasionally disrupted by a change to three-dimensional flow (presumably 
caused by intrinsic instabilities) and beyond Re z 168 no regular laminar shedding 
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could be established. The Strouhal-Reynolds number relationship for the laminar 
parallel shedding flow was in excellent agreement with the relation given by Williamson 
( 1 98 8 a). 

4.2. Transitional and turbulent flow 

In transitional and turbulent flow around a nominally two-dimensional circular 
cylinder, the spanwise radius of action associated with the naturally evolving (intrinsic) 
three-dimensional flow structures might be considered to be limited. Likewise, in real 
experiments with finite cylinders, the extrinsic influences of the specific end conditions 
may also be considered as limited. We therefore expect the flow at around mid-span to 
be effectively decoupled from the end effects at some finite aspect ratio. Naturally, the 
required aspect ratio stated for this ‘quasi-infinite’ cylinder will, to a certain degree, be 
a reflection on the experimental uncertainties. 

In the beginning of the transition regime, i.e. from Re z 160 to 230, aspect ratios of 
the order 50 were needed in order to represent the flow around a ‘quasi-infinite’ 
cylinder. At around the transition occurring at Re z 250, however, an aspect ratio 
larger than about 200 was indicated. At higher Reynolds numbers, the corresponding 
aspect ratios required for independent conditions at mid-span, within the experimental 
uncertainties, were as follows: 350 < Re < 600: L / D  2- 100, 600 6 Re < 4000: 
L / D  2- 50,4000 < Re < lo4: L I D  2- 6&70 and finally lo4 6 Re < 4 x lo4: L I D  3 25. 
It should be pointed out that these limits, which are supposed to be conservative, may 
be reduced when using more optimized end-plate designs. Nevertheless, as the regions 
which are directly affected by the end conditions (‘end cells’) remain smaller than 
about 5 diameters and show a decrease with increasing Reynolds number (Stager & 
Eckelmann 1991), it can be suspected that the required aspect ratio for reaching 
independent conditions is more or less linearly related to the ‘undisturbed’ axial 
correlation length. Unfortunately, experimental data on axial correlation are rather 
limited, at least for Re < 10’. The data at Re < lo3, however, with a one-sided axial 
correlation length of about 10 diameters at Re = lo3, 15 diameters at around 
Re = 5000, five diameters at around Re = lo4 decreasing to about three diameters at 
the upper end of the subcritical regime at Re z 2 x lo5 (Bruun & Davies 1975; Norberg 
1989), indicate that aspect ratios larger than four to five times this length are required 
for reaching this independent state. More measurements are needed in order to verify 
this approximate linear relationship at even lower Reynolds numbers. In particular, the 
three-dimensionalities and spanwise scales associated with the generation of Strouhal 
vortices and shear-layer streamwise vortices as well as their interactions need further 
elucidation. 

In the approximate range 350 < Re < 4000 and roughly for 10 < L / D  < 30, an 
increase in the relative end-plate diameter, from D,,/D = 10 to D,,/D = 15, resulted 
in the decrease in both Strouhal number and base suction. At Re higher than about lo4, 
however, this change of end-plate diameter only resulted in very small changes in these 
quantities. 

With the smallest relative end plate diameter only (D,,/D = 10) and for aspect 
ratios smaller than 7, a bi-stable flow showing switches between regular vortex 
shedding and ‘irregular flow’ was found at intermediate Reynolds number ranges in 
the subcritical regime (Re M 2 x lo’). It is suggested that the appearance of this 
phenomenon is related to the observed variations in the vortex formation length that 
may be caused by axial flow disturbances imposed at the downstream edge of the end 
plate. 

It has been a great pleasure to communicate at length with Charles Williamson- 
13 F L M  2 5 8  
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especially about basc pressure measurements at low Reynolds numbers. The author 
also wishes to thank his colleague Lars Davidson for the supply of results from 
numerical simulations around the supporting plates. Finally, the support from the 
Swedish Research Council for Engineering Sciences (TFR) during the final stages of 
this investigation is gratefully acknowledged. 
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