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Aspect ratio effects on the vortex shedding flow from a circular cylinder have been 
studied by using moveable end plates. Experiments were carried out to measure 
fluctuating forces, shedding frequency and spanwise correlation whilst varying end 
plate separation and Reynolds number. The aspect ratio (0.25-12) was found to have 
a most striking effect on the fluctuating lift. Within a certain range of Reynolds 
number an increase of the sectional fluctuating lift was obtained for reduced aspect 
ratio, and showed a maximum for an aspect ratio of 1, where the fluctuating lift could 
be almost twice the value for very large aspect ratios. This increase of the lift 
amplitude was found to be accompanied by enhanced spanwise correlation of the 
flow. The measurements were carried out over the Reynolds number range 8 x lo3 < 
Re < 1.4 x lo6. The strong increase in fluctuating lift with small aspect ratio did not 
occur at  the lower and upper boundaries of this range. In the lower Reynolds number 
range (Re < 2 x lo4) the trend could be reversed, i.e. the fluctuating lift decreased 
with decreasing aspect ratio. Also, with small aspect ratio, a shedding breakdown 
was found in the upper Reynolds number range (Re = 1.3 x lo6). The main three- 
dimensional feature observed was a spanwise variation in the phase of vortex , 
shedding, accompanied by amplitude modulation in the lift signal. However, the 
level of three-dimensionality can be reduced by using a small aspect ratio. Three- 
dimensional vortex shedding features are discussed and comparison of the results 
with those from both two-dimensional numerical simulations and other experiments 
using large aspect ratios are presented. 

1. Introduction 
Numerous investigations of various aspects of the flow around a circular cylinder 

in crossflow have been reported, but only a few, and mainly the more recent ones, 
focus attention on three-dimensional aspects. Three-dimensional flow on a fixed 
circular cylinder can be influenced by a number of effects. A case of strong three- 
dimensional flow is a cylinder with a free end, but the flow can be modified by end 
plates or end walls limiting the aspect ratio, i.e. the ratio of cylinder span length to 
cylinder diameter LID. The latter cases produce three-dimensional effects by 
interaction with the wall boundary layer, which also affects the flow behind a 
cylinder by limiting crossflow along the cylinder axis near the end plate or end wall. 
This crossflow may be the result of an instability of the vortex filaments which leads 
to slanted shedding or shedding in cells, either in an organized or random pattern, 
depending on the Reynolds number Re. The present results are obtained from a 
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circular cylinder with moveable end plates and measurements are presented of 
changes in the vortex shedding parameters with aspect ratio. 

There is an increasing interest in three-dimensional flow effects on nominal two- 
dimensional bodies. Partly, this increasing awareness had arisen because two- 
dimensional numerical simulations fail to predict accurately some of the vortex 
shedding parameters of circular cylinder wakes. However, a t  low Reynolds number, 
where the flow observed in experiments is fully laminar, two-dimensional numerical 
direct simulations by Braza, Chassaing & Ha Minh (1986, 1990) have successfully 
predicted pressure and wake formation size in the steady recirculating wake 
Reynolds number range and also in the lower vortex shedding range. Braza et aL’s 
calculations cover a substantial part of the vortex shedding range, up to Re = 1 x lo4. 
They found it impossible to predict a critical Reynolds number for the onset of 
vortex shedding that compares well with experiments, i.e. around Re = 40. This 
shortcoming is attributed to the numerical model’s lack of natural disturbances, 
which may have to be modelled in three dimensions for a fully adequate 
representation. Experiments in the steady wake regime by Shair et al. (1963) and 
Nishioka & Sat0 (1974) have shown that the onset of vortex shedding does not occur 
a t  a universal Reynolds number but is strongly dependent on aspect ratio. Their 
work is further discussed later in this section. After the onset of vortex shedding, 
three-dimensionality is found in the laminar vortex street range unless the end 
conditions are very carefully controlled, as discussed by Williamson (1989) and 
Eisenlohr & Eckelmann (1989). At higher Reynolds number, which is the subject 
of this paper, three-dimensionality is perhaps triggered by the higher level of 
disturbances introduced by turbulence. Some parameters, like Strouhal number and 
the coefficient of mean drag have been well captured in Braza et al.’s calculations. 
However, these features seem to be not as sensitive to disturbances as the fluctuating 
lift, which according to the present survey will require a three-dimensional model for 
adequate representation. It is difficult to say a t  which Reynolds number the 
deviation between a two-dimensional numerical model and experiments starts, since 
the present work and Braza et al.’s only overlap a t  the limits of our respective 
Reynolds number ranges, i.e. Re = lo4. To measure the fluctuating lift for lower 
Reynolds numbers is difficult. An attempt was made by Tanida, Okajima &, 
Watanabe (1973) using strain gauges on small cylinders in both oil and water 
channels at Reynolds numbers of 150 and 1000. Although the accuracy of their 
measurements is not given, the results imply that the fluctuating lift coefficient 
grows much slower with increasing Reynolds number than predicted by a two- 
dimensional numerical simulation. Measurements by Tadrist et al. (1990), using 
aspect ratio LID = 12.5-30, show that there is a sharp reduction in the fluctuating 
lift for Reynolds numbers below lo4, down to the lower boundary of their measured 
range (Re = 3000). 

The flow a t  higher Reynolds numbers, as has been investigated in this report, is 
very difficult to calculate numerically a t  present owing to the need to resolve thin 
shear layers and turbulence. In experiments end effects can be recognized up to at 
least 30 body diameters from a boundary with a poor end plate design, also the 
vortices shed are not two-dimensional but exhibit spanwise variations in strength 
and position. Both from a fundamental and a practical point of view, three- 
dimensional effects are important and should properly be taken into account. Tubes 
and pipes in crossflow, even if they are very long, will experience three-dimensional 
effects near the points of attachment. In an engineering application a number of 
important effects may result from any three-dimensional behaviour. Both mean and 
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fluctuating forces may change and this will be important for the design of structures. 
For example, the combined effects of changes to the forces and heat transfer 
experienced by tubes in a heat exchanger have an important influence on 
performance. 

Despite increased awareness of these effects the understanding of the physical 
process causing them is by no means complete. It has been shown by Humphreys 
(1966) that the surface flow around a cylinder divides into stationary cells along the 
cylinder span a t  the critical Reynolds number ( R e  = 3 x los). In the subcritical range 
there are no steady cellular structures present and when Humphrey’s reduced the 
Reynolds number slightly below the critical value, he observed that the cells started 
to move along the surface. At present detailed knowledge about the origin and effect 
of spanwise vortex shedding structures is still lacking. However, introduction of 
three-dimensional flow by free end boundaries has been studied somewhat further 
and one of the first to report on three-dimensional effects on circular cylinder flow 
with free ends was Wieselberger (1923) who reported decreased mean drag for 
cylinders of small length. He used a set of cylinders of different lengths with L I D  
ranging from 1 to 280. He suggested that the reduced drag for cylinders of small 
length was due to crossflow limiting the pressure difference between the free stream 
and the near-wake region. This problem has been studied in more detail recently by 
Zdravkovich et al. (1989) (two free ends) and (one free end) by Kareem, Cheng 6 Lu 
(1989), Baban, So & Otugen (1989), Sin & So (1987) and Farivar (1981). The common 
trend is that regular, alternating vortex shedding diminishes towards the free end of 
the cylinder. Interestingly, despite irregular vortex shedding, the level of fluctuating 
pressure near the free end exceeds that of the regular shedding fluctuations closer to 
the base of the cylinder. Farivar (1981) found that the fluctuating pressure peaked 
at y / L  = 0.95, with y measured from the base of the cylinder. 

On a high aspect ratio cylinder there are unsteady pressure gradients along the 
span, as evidenced by vortex shedding not being in phase along the span. A t  the 
cylinder the free shear layers do not roll up in a two-dimensional manner and this 
leads to pressure differences causing crossflow in the near wake. Near an end plate 
this unsteady crossflow is suppressed and this may lead to an enhancement in vortex 
shedding uniformity, i.e. the opposite effect to a free end. The present experiments 
show that the end plates do have this effect, and it is also shown over how long a 
distance this influence stretches. 

Work emphasizing the importance of end plates has been reported by several 
researchers. Keefe (1961) measured increased fluctuating lift force on a circular 
cylinder of small aspect ratio ( L I D  = 3) using strain gauges connected to  a short 
spanwise active length. These results gave a considerably larger fluctuating lift than 
those obtained at larger aspect ratios. The changes in fluctuating drag were very 
small and appeared to be within the error margins of the measurement system. 
Owing to the length of the force cell, Keefe could not study very small aspect ratio 
flows. Cowdrey (1962) investigated the effect of using end plates on the drag of a 
square bar. A strong increase in the drag was recorded when using end plates. The 
length of the end plates was chosen such that there was no flow around their trailing 
edges. Wool tufts were used to determine flow direction around the edge. The static 
pressure in the wake increases rather slowly downstream of a bluff body and it may 
require an end plate several body diameters long before the crossflow is suppressed. 
If the distance to the trailing edge of the end plate is shorter than this there may be 
a disturbance strong enough to change vortex shedding. Cowdrey came to the 
conclusion that if end plates are to be effective then they have to be carefully 
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designed. In  later work, Stansby (1974) and Kubo, Miyazaki & Kato (1989) came to 
similar conclusions. 

Bearman (1965) reported that on a two-dimensional body with a blunt trailing 
edge the base pressure could be made more nearly uniform across the span by using 
end plates. Stansby (1974) reached the same conclusion for a circular cylinder flow. 
Stansby was concerned particularly with end plate size and argues similarly to 
Cowdrey that there is a minimum end plate size required to give closely two- 
dimensional wake flow. He carefully chose the leading and trailing edge distances to 
the cylinder axis. These earlier investigations have given some insight into end plate 
effects but a full understanding of the influence of end plates is still lacking and hence 
it is in this context the present paper hopes to make a contribution. There are still 
problems in explaining both how the three-dimensional flow created by the forward 
side of the plate interacts with vortex shedding and how significant this effect is, as 
well as determining the rear side effect on shedding which directly influences the near 
wake. 

For completeness, end plate and aspect ratio effects a t  lower Reynolds number will 
also be briefly reviewed here, though it is clear that comparisons with the present 
Reynolds number range should be made with caution. Within the range of the 
present experiments the Reynolds number dependence is striking and it is shown 
that a breakdown in vortex shedding occurs a t  a critical Reynolds number that 
depends on aspect ratio. At low Reynolds numbers, circular cylinder flow undergoes 
a change whereby the flow in the wake become unstable leading to alternate vortex 
shedding. The onset of this vortex shedding is dependent on the disturbance level in 
the flow and the proximity of the flow boundaries which appear to dampen out 
perturbations. The effectiveness of using confining walls limiting the aspect ratio 
(width/diameter, LID),  and height/diameter, H I D ,  to suppress the onset of vortex 
shedding has been pointed out by Shair et al. (1963). They showed that the onset of 
vortex shedding could be delayed by using confining walls and changing LID over 
the range from 16 to 4 and H I D  from 20 to 5 .  The critical Reynolds number could 
then be increased from 50 to 130. It should also be noted that for the largest aspect 
ratio they used they did not find a critical Reynolds number around 40 as obtained 
in other experiments for long spans. However, Williamson (1989) recently reported 
a critical Reynolds number of 49 for long span cylinders. Nishioka & Sato (1974) 
performed experiments using moveable end plates to change the aspect ratio. They 
also obtained enhanced stabilization of the wake, using an aspect ratio of 6.5. The 
onset of the vortex shedding range was delayed to a Reynolds number of 150. 
Limiting values of Re = 48 were found for end plate separations larger than 500. 

For similar Reynolds numbers Slaouti & Gerrard (1981) studied the three- 
dimensionality of the wake of a cylinder towed through water. They studied the 
effect of a free end, an end plate and a free water surface on the shedding pattern of 
the wake by means of flow visualization. In  common with a number of other workers 
they observed slantwise shedding in the laminar shedding regime. They suggested 
that slantwise shedding was not an intrinsic feature of the wake but a consequence 
of the end configuration used. Gerich & Eckelmann (1982) and Gerich (1986) further 
studied the end plate influence by measuring the shedding frequency along the 
cylinder span and found reduced Strouhal numbers in the regions close to the end 
plates. Several investigators, including Williamson ( 1989) and Konig, Eisenlohr & 
Eckelmann (1990), have shown since that in the laminar vortex street range the 
Strouhal number measured at the centre span is influenced by end boundary 
conditions for very long spans. Williamson discussed how low-frequency vortex 
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J 
FIQURE 1.  (a )  Cylinder with end plates. (b )  Side view of an end plate. 

shedding cells at the end plates interface with higher frequency shedding cells in the 
midspan region resulting in the previously observed oblique vortex shedding. 
Williamson showed that by yawing the end plates, a constant shedding frequency 
could be achieved along the whole span. Konig et al. (1990) achieved a constant 
spanwise shedding frequency by using larger diameter end cylinders. Extending the 
Reynolds number range beyond the laminar shedding mode, Gerich (1986) performed 
measurements in the lower subcritical turbulent vortex shedding regime, up to a 
Reynolds number of 2600. In the so called ‘end plate affected region’ strong 
modulation of the velocity signals associated with vortex shedding was observed, 
similar to that seen by Keefe (1961) and in the present paper for much higher 
Reynolds number. 

2. Experimental arrangement 
The experiments were conducted in a low-speed wind tunnel a t  the Department of 

Aeronautics, Imperial College, London. The tunnel is of closed circuit design with the 
working section measuring (in m) 0.91 high x 0.91 wide x 5.49 long. The turbulence 
level is less than 0.05% and the velocity variation across the section is less than 
&+% outside the wall boundary layer. The circular cylinder used was 6 cm in 
diameter and made from Perspex tube. It was positioned horizontally at  midheight 
1.3 m downstream of the start of the working section. The cylinder was fitted with 
moveable end plates which allowed aspect ratio changes without changing blockage, 
which remained constant at  7.7 %. The end plates were designed following 
recommendations by Stansby (1974). They were rectangular shaped plates 80  long 
by 7 0  wide and the distance between the cylinder axis and the leading edge was 3.50. 
Figure 1 (a )  shows the cylinder with the end plates fitted and figure 1 ( b )  shows a side 
view of an end plate. Both the cylinder and the end plates were made of Perspex. 

The lift and drag forces were obtained by using a spatial pneumatic pressure 
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1 C r n I  

FIQURE % ( a )  The spatial pressure averaging system with the transducers mounted inside the 
cylinder. ( b )  Positioning of the pressure tappings for fluctuating lift measurements. (c) Positioning 
of the pressure tappings for drag measurements. 

averaging technique first used by Surry & Stathopoulos (1977). The averaging device 
shown in figure 2 ( a )  consists of eight pressure tappings suitably positioned in one 
plane around a semicircle, all connected to a manifold with one output. This output 
is connected t o  a high sensitivity differential Setra 237 pressure transducer with a 
range of + O . l  p.s.i. There are two identical arrangements for simultaneous 
measurements on both halves of the cylinder cross-section. The outputs of the 
pressure transducers were taken to a microcomputer via analog to digital converters. 
By subtracting the two pressure transducer outputs, sectional time-dependent forces 
could be evaluated. By rotating the cylinder and appropriately positioning it, lift 
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as in figure 2(b) or drag as in figure 2(c), could be obtained. This type of force 
measurement involves some approximations, which subsequently have been studied 
in detail and shown not to introduce serious errors. A brief outline of likely errors 
arising with this method will be given below. The first approximation involves the 
integration of pressure along the surface with only eight discrete increments per 
semicircle. A satisfactory agreement for mean forces was obtained with data from a 
pressure distribution around the cylinder using curve fitting and 1’ increment 
integration with Simpson’s extended rule. The mean lift force on a semicircle (upper 
or lower) obtained from the manifold gave 5 = - 1.10, while the Simpson integration 
gave 

ir;; = ilc,sin$dq5 = -1.097. 

This excellent agreement was not reproduced in the drag direction where the 
manifold gave ~ ~ ~ r o n t  = 0.06,  rear = 1.36 and hence a total drag of 5 = 1.42, whilst 
the Simpson integration gave ~ ~ l r o n t  = -0.06,  rear = 1.37 and an overall drag of 

= 1.31. The error arising on the front is not due to poor spatial resolution of the 
pressure tappings, as a sum of the eight corresponding pressures from the pressure 
distribution gave ~ghom = -0.04, which agrees well with the h e  Simpson integration 
value of  front = -0.06. Instead, this is an error caused by the averaging manifold 
itself. It is quite plausible that there is a small leakage flow from the taps near the 
stagnation point through the averaging chamber back to the external flow via the 
taps at the low-pressure region. Immediately one can question whether this small 
leakage flow affects the external flow. As the pressure distribution did not change 
whilst recording pressure from an individual pressure tap with firstly having the 
force measuring taps sealed and secondly having them connected to the manifolds for 
force measurements, it was assessed that the pressure averaging technique does not 
affect the external vortex shedding flow. 

The above values have not been corrected for blockage. Allen &, Vincenti’s (1944) 
formula reduces the overall drag coefficient to 5 = 1.32 from the manifold and to 
cD = 1.24 for the Simpson integration which agrees well with values found in the 
literature at the same Reynolds number. The error in the drag measurements is not 
of major concern as this investigation aims at studying the vortex shedding process 
under various aspect ratio effects which is best seen as changes in fluctuating lift. 
Also, the fluctuating lift is of more practical importance since it is almost an order 
of magnitude larger than the fluctuating drag. Nevertheless, the estimation of 
fluctuating drag and the trends in changes of mean drag are believed to be fairly 
accurate since the front face, where the error is produced, contributes very little to 
the fluctuating drag, and also the changes in mean drag are essentially due to a 
change in base pressure. 

The next feature of importance is the dynamic response of the pressure tubing 
system, the averaging manifold and the transducer itself. The transducer is of high 
performance and according to the manufacturer gives a linear output up to several 
hundred Hz. The tubing system connected to the averaging manifold was calibrated 
using a closed chamber of circular cross-section where one end wall houses a 
loudspeaker producing harmonic pressure fluctuations controlled by a sine wave 
generator. The other end consists of a flat wall where a flush surface pressure 
transducer and several pressure tappings were mounted. Comparing the output from 
the flush surface transducer and the averaging manifold makes it possible to 
determine the upper frequency at which the averaging manifold could be used. The 

- 
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FIGURE 3. Fluctuating lift vs. end plate separation: (a) Re = 1.6 x lo4; ( b )  Re = 4.3 x lo4. 

calibration showed that the pressure averaging system had a gain near unity up to  
about 300 Hz, whilst the highest shedding frequency throughout the survey was 
110 Hz. The first natural harmonic of the tubing system was at 600 Hz. The signals 
were always low-pass filtered during the measurements. A phase lag between the 
flush surface transducer and manifold was detected below the filter cutoff frequency 
but this was similar for both manifolds and did not affect the measurements of 
fluctuating force. For cross-correlation and frequency analysis, in addition to a 
stationary pressure tap a standard hot-wire anemometer (TSI) with a normal probe 
was used and could be moved along all three axes with a traversing system attached 
to the tunnel roof. 

3. Fluctuating lift 
3.1. Coeficient of $fluctuating lift us. end  plate separation 

To illustrate the most basic and typical aspect ratio effects on vortex shedding, the 
coefficient of fluctuating lift ( c i )  is presented as a function of end plate separation 
(LID), measured as sectional force in the midspan position. In figure 3, results for 
two Reynolds numbers have been plotted : (a)  Re = 1.6 x lo4 and ( b )  4.3 x lo4. Curve 
( b )  shows how the fluctuating lift increases as the end plate separation is decreased 
a t  the higher Reynolds number. The increase starts a t  separations smaller than 6-7 
body diameters (0) and the fluctuating lift reaches a peak a t  1D end plate separation. 
At aspect ratios below 1, the vortex shedding diminishes, probably owing to  
significant interference from the boundary layers on the plates. In  contrast, for the 
lower Reynolds number, curve (a) ,  aspect ratio effects are very weak. Only a slight 
increase in c i  was obtained at reduced aspect ratio, but the decrease for aspect ratios 
smaller than 1 was observed for both Reynolds numbers. Figure 4 ( a d )  shows how 
c i  changes with increases in Reynolds number from 5.1 x lo4 up to 1.3 x lo5. At the 
two highest Reynolds numbers tested the flow enters a critical Reynolds number 
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t 

FIQURE 5. The fluctuating lift coefficient us. Reynolds number for different aspect ratios : 
(a) LID = 1, ( b )  LID = 6.7. 

range. For the two lower Reynolds numbers, i.e. 5.1 x l o 4  (figure 4 a )  and 7.0 x lo4 
(figure 4 b ) ,  ck reaches a peak a t  end plate separations around l D ,  which is similar to 
the behaviour observed for Re = 4.3 x lo4 .  Increasing the Reynolds number further 
for small aspect ratios, the flow undergoes a transition into a regime with virtually 
no regular vortex shedding a t  all. Consequently, the fluctuating force diminishes 
sharply, as shown in figure 4 ( d ) .  A reduction in c i  a t  an aspect ratio of 1 is seen to 
be just appearing in figure 4 ( c )  for Re = 1.2 x lo5. The trend of increasing fluctuating 
lift for narrow end plate separations is reversed for aspect ratios around 2.5. But at 
only a slightly increased Reynolds number (Re = 1.3 x lo5), the fluctuating lift is 
sharply reduced a t  aspect ratios of about 1 .  At low aspect ratios vortex shedding is 
suppressed but  a t  end plate separations larger than about 2.50,  the regular shedding 
pattern is re-established. Above L I D  = 6, a constant value of ck of 0.4 is obtained. 
It was observed in the transitional range that the force signal does not exhibit a 
continuous reduction in magnitude with increasingly higher Reynolds numbers. 
Instead, for transitional small aspect ratios, the flow randomly alternates between 
strong regular vortex shedding and weak irrcgular shedding. On increasing the 
Reynolds number the latter mode becomes more dominant and thereby causes a 
dramatic reduction in the fluctuating forces. 

3.2. Coeficient of Jluctuating lift us. Reynolds number 

As described above the sectional life force coefficient was measured a t  several 
Reynolds numbers. In  figure 5 ,  c; obtained in the midspan position is plotted against 
Re. Two cases are considered here : LID = 1 and 6.7, being representative for small 
and large aspect ratio flow respectively. For small aspect ratio there is a very strong 
Reynolds number dependence. The largest change in c; with aspect ratio at a 
constant Reynolds number was obtained a t  Re = 4.2 x lo4, where c i  a t  LID = 0.8 
exceeds c; for LID = 10 by 80 YO. Further, a sharp drop of c i  at the onset of a critical 
Reynolds number range can be seen for the small aspect ratio case. The fall starts a t  
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Re = 6 x lo4, but the lowest c i  values following the complete suppression of strong 
regular vortex shedding appear only at  Re = 1,3 x lo5. At the lower end of the 
Reynolds number range examined small aspect ratio also causes a reduction in c;, i.e. 
for Reynolds numbers smaller than 1.7 x lo4 and down to the lower boundary of the 
measured Reynolds number range (Re = 1.0 x lo4). Whilst the small aspect ratio flow 
appears to be very Reynolds number dependent, there is only a small variation of c i  
with Reynolds number for LID = 6.7. 

4. Mean and fluctuating drag 
In this section results are presented which demonstrate a correlation between the 

fluctuating lift and the mean drag. Figure 6 shows the change of the coefficient of 
sectional mean drag with reduced aspect ratio for two Reynolds numbers (4.3 x lo4 
and 1.3 x lo5). The curve for the higher Reynolds number represents the range where, 
for small aspect ratios, an onset of a critical Reynolds number was observed. It can 
be seen that at large end plate separations (50-loo), there is little effect of aspect 
ratio on 5 measured at  the midspan position for these Reynolds numbers. Reducing 
the end plate separation below 40 causes an increase in the mean drag, which is 
thought to be related to vigorous vortex shedding associated with increased 
fluctuating lift. The maximum 5 achieved, for Re = 4.3 x lo4 and LID = 1 was 1.47. 
Comparing the aspect ratio effect on 5 with its effect on fluctuating lift shows that 
for a given Reynolds number the two respond almost together. One can conclude 
that the more vigorous vortex shedding, with its associated stronger fluctuating lift 
reduces the base pressure and thereby increases the steady drag. Comparing 
fluctuation lift and steady drag coefficient results (figures 5 and 6 ) ,  it is clear that the 
changes found in steady drag are substantially smaller than the changes in the 
fluctuating lift. 

5. Pressure distribution around the cylinder 
Returning to the vortex shedding breakdown for small aspect ratio at  Re = 

1.3x105, the question arises whether this critical flow is connected with the 
traditional critical Reynolds number seen, for example, in the results in figure 20 of 
Schewe (1983) at Re = 3 x lo5. The latter critical flow is known to arise from 
transition in the free shear layers creeping up to the cylinder causing reattachment 
and secondary separation at 120" from the forward stagnation point. Figure 7 shows 
comparisons of pressure distribution of (a) critical flow caused by small aspect ratio 
at Re = 1.3 x lo5, ( b )  regular vortex shedding flow characterizing subcritical flow at 
larger aspect ratio, and ( c )  critical flow reported by Fage & Falkner (1931) at Re = 
2.1 x lo5 and a large aspect ratio of 8. The figure shows that shedding breakdown at 
small aspect ratio features a similar type of separation as the subcritical case, since 
the pressure distributions show similar behaviour in the separation region, but the 
lack of regular vortex shedding decreases the base suction. Thus the pressure remains 
higher in case (a)  than ( b ) ,  resulting in a higher base pressure. Surface flow 
visualization carried out in cases (a)  and ( b )  support this observation, where the 
separation point in both cases stayed near 80" from the forward stagnation point. 
Case (c) obtained from Fage & Falkner, on the other hand, is typical for critical flow 
caused by transition effects at  Re = 2-3 x lo5 resulting in a secondary separation 
near 120° from the forward stagnation point. Their aspect ratio of 8 should be 
considered as large in this context and is hence not the cause of vortex shedding 
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FIQURE 6. Mean drag coefficient : ( a )  Re = 4.3 x lo4, ( b )  Re = 1.3 x lo6. Fluctuating drag coefficients 
( c )  Re = 4.3 x lo4. 

1 

0 

c,  - 1  

- 2  

- 3  
0 30 60 90 120 150 180 

Angle (deg.) 

FIGURE 7. Pressure distribution around the cylinder a t :  (a )  Re = 1.3 x lo6, LID = 1.25; 
(b) Re = 1.3 x lo6, LID = 10; (c) Fage & Falkner: Re = 2.1 x lo6, LID = 8.1. 

breakdown. Figure 8 shows a pressure distribution corresponding to the case of 
magnified vortex shedding forces a t  Re = 4.0 x lo4 and L I D  = 1 compared with the 
weaker fluctuating lift force case at L I D  = 10. These pressure distributions deviate 
significantly only after 150°, indicating that the laminar separation process is not 
affected by the magnification of the fluctuating wake pressure. Hence the local mean 
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6. Vortex formation length 
The fluctuating velocity was recorded along the centreline of the cylinder wake. 

This measurement was performed to detect the distance (X,/D) from the cylinder 
axis to the first peak in fluctuating velocity, as this is considered a good measure of 
where roll-up of the shear layer into a vortex takes place. In the highly unsteady flow 
region behind a cylinder a hot-wire does not provide a precise measurement of the 
velocity fluctuations. However, a number of researchers have taken the peak in 
fluctuating signal output to indicate the vortex formation position. The hot-wire 
probe was positioned with its axis parallel to the cylinder axis so as to be responsive 
to velocity components perpendicular to the cylinder axis. The vortex formation 
distance varies from one vortex to another and hence a large number of samples of 
the velocity are required to achieve converging mean-square values. In  figure 9 four 
curves are plotted, for two Reynolds numbers at two different aspect ratios. At the 
lower Reynolds number (Re = 1.3 x lo4) very little effect of aspect ratio should be 
detected as figure 5 shows that this is a case close to a Reynolds number where c; is 
found to be insensitive to aspect ratio effects. Unexpectedly, a difference in 
formation length was found, with the peak values of indicated fluctuating velocity 
occurring at 1.50 and 1.350 for large and small aspect ratio respectively. However, 
each of these curves has a plateau rather than a sharp peak, especially the L/D = 
10 case. These plateaux stretch from X,/D = 1.32-1.51 for L/D = 1 and X T / D  = 
1.25-1.63 for LID = 10. When taking the middle position in each plateau better 
agreement is achieved, 1.42 compared with 1.44. The higher Reynolds number 
(4.2 x lo4), where increased fluctuating lift was recorded, showed a decrease in 
formation length when the aspect ratio was reduced. The reduction is from XT/D = 
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FIGURE 9. Fluctuating velocity along the wake centreline: (a)  -m-, LID = 1, Re = 4.2 x lo4; 
( b )  -0-, LID = 10, Re = 4.2 x 10'; ( c )  -0-, LID = 1, Re = 1.3 x lo'; (d )  -0-, LID = 10, 
Re = 1.3 x lo4. 

1.30 to 1.06. Although the method used here for finding the vortex formation length 
is somewhat imprecise it is clear from figure 9 that the vortex formation length is 
significantly shorter for LID = 1 and Re = 4.2 x lo4. Hence it can be concluded that 
the more vigorous vortex shedding, with its associated stronger fluctuating forces, is 
coupled with a definite decrease in the vortex formation length. 

7. Shedding frequency analysis 
The previous sections have shown that fluctuating lift, mean drag and vortex 

formation length are affected by changes in aspect ratio. It follows that the vortex 
shedding frequency may be affected since the wake parameters are interdependent. 
Spectral analysis was performed on the signal recorded by a hot wire positioned just 
outside the near-wake region. In  figure 10, normalized power spectral density 
(PSD x U/u2D) is plotted against non-dimensional frequency (nD/U) ,  where PSD is 
the power spectral density of the fluctuating velocity and u2 is the mean square of 
the velocity. The small aspect ratio case (a)  (LID = 1) is compared with the large 
aspect ratio case ( b )  (LID = 11) at Re = 4.5 x lo4. Curve (a)  corresponds to a case of 
increased fluctuating lift (figure 3) and it can thus be seen that the Strouhal 
frequency is reduced. The Strouhal number in curve (a)  is 0.17 compared with 0.19 
in curve ( b ) .  Curve (a )  shows a slight difference in the distribution of the power 
spectral density. In  the low-frequency band (nD/U < 0.1) it exhibits lower spectral 
density. Instead, more of the energy in the signal is transferred to frequencies near 
the Strouhal frequency, where a larger peak spectral density was obtained (the peak 
occurring at nD/U = 0.28 is electrical noise of 50 Hz produced by the tunnel fan 
control system and should be disregarded). At lower Reynolds numbers one expects 
to find little or no effect of aspect ratio (as in figure 5 at Re = 1.7 x lo4), and i t  can 
be seen in figure 11 that this is indeed the case. These spectra were deduced from the 
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FIGURE 10. Frequency spectra for two different aspect ratios at Re = 4.5 x lo4: (a) x , LID = 1 ; 
(b) a, LID = 6.7. 

FIGURE 11.  Frequency spectra for two different aspect ratios at Re = 1.3 x lo4: (a) V, LID = 1 ; 
(b) a, L/D = 11. 
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FIQURE 12. Cross-correlation of pressure and velocity (&,) along the cylinder span, 
Re = 5.1 x lo4: (a) LID = 1.7, (b) LID = 6.7. 

pressure signal recorded close to the hot-wire position. Two curves have been plotted 
at  Re = 1.3 x lo4, ( a )  LID = 1 and ( b )  LID = 11, and the Strouhal number is 0.20 in 
both cases. 

8. Spanwise correlation 
In order to verify whether the enhancement of vortex shedding at small aspect 

ratio is connected with a more nearly two-dimensional flow, a spanwise two-point 
cross-correlation was measured. This was obtained as a correlation coefficient 
between pressure and velocity using a fixed pressure tap in the midspan position 
whilst traversing a hot-wire probe along the span a t  a distance -p above the top of 
the cylinder. Both pressure tap or hot-wire probe were positioned at  90' from the 
forward stagnation point. In practice, the measured correlation coefficient always 
fell short of - I. This was because there was a phase lag between the pressure and 
velocity signals even with no spanwise separation between the hot wire and pressure 
tapping. Since pressure is to be used as phase reference the phase lag should not affect 
any conclusions to be drawn about the two-dimensionality of the flow. This phase lag 
was artificially compensated for by calculating the correlation coefficient as 
rather than m, where n is an integer constant representing a small time interval; 
the value of n was chosen so as to obtain the maximum possible correlation with the 
hot-wire positioned lp above the pressure tapping. After this calibration, n was held 
constant whilst traversing the hot-wire probe along the span. Spanwise variations in 
the pressure and timing of the shed vortices became apparent as the separation of the 
hot wire and pressure tapping was increased. These latter variations are due to 
disturbances of the flow causing non-homogeneous rolled up vortex sheets along the 
cylinder span, and it is on these changes that we will focus our primary attention in 
the present study. 

In figures 12 and 13 it can be seen how the spanwise correlation has increased for 
narrow end plate separations at  Re = 5.1 x lo4 and 7.1 x lo4. According to figure 5, 
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FIQURE 13. Cross-correlation of pressure and velocity (RJ along the cylinder span. Re = 7.1  x lo4: 
(a) LID = 1.7, (b) LID = 6.7. 

1 .o 

0.8 

0.6 

- R,, 

0.4 

0.2 

0 1 2 3 4 
Probe separation, ZID 

FIQURE 14. Cross-correlation of pressure and velocity (Rup) along the cylinder span. Re = 1.3 x lo5 : 
(a) LID = 1.7, (b) LID = 6.7. 

this is a case where reduced aspect ratio gives increased fluctuating lift. Thus it can 
be concluded that the flow with stronger vortex shedding also has enhanced spanwise 
correlation. The flow pattern features coupled with the changes in the correlation 
coefficient will be further examined in $10. Figure 14 shows that for a higher 
Reynolds number approaching the critical range, i.e. at R e  = 1.3 x lo6, the case is 
reversed, with the small aspect ratio showing a sharp drop in correlation due to 
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FIGURE 15. Cross-correlation of pressure and velocity (Rup) along the cylinder span. 
Re = 5.7 x lo4, LID = 10. 

disturbed vortex shedding whereas the large aspect ratio case behaves very much like 
that of the lower Reynolds numbers in figure 12 and 13. Figure 15 shows the decay 
of the spanwise correlation along the cylinder span at Re = 5.7 x lo4  and LID = 10. 
A crude estimation of the correlation length is 2 .50 .  

9. Spanwise variation of fluctuating lift 
The experiments have shown that changing the aspect ratio, particularly a t  some 

Reynolds numbers, affects the mean and fluctuating forces, the shedding frequency 
and vortex formation length. So far, however, the force measurements presented 
have been obtained from the midspan position and accordingly give no information 
about the distribution along the span. A t  large end plate separations it is expected 
that there will be a region of non-uniform fluctuating lift in the vicinity of the end 
plate. If the span is long enough for the opposing side boundary effects not to 
interact, then the flow in the centre will be different from the boundary-affected 
zones and there may be differences in vortex strength and shedding frequency. For 
small aspect ratios the whole flow will be affected by the end boundaries. Figures 16 
and 17 show the variation of the coefficient of fluctuating lift along one half of the 
cylinder span starting from the midspan position for two different Reynolds 
numbers. The end plate position has been marked in the figures by a vertical dotted 
line. In  figure 16, for Re = 4.3 x lo4 ,  it can be seen that curve (a)  with LID = 1 
reaches a peak in the midspan position. Away from the centre c i  decays but is 
reinforced near the end plate. The maximum fluctuating lift is reached 0.1250 from 
the end plates. Curve ( b )  for LID = 4, has the most uniform distribution of the three 
curves, but there is also a dip 0.250 from the end plate which again recovers to a 
higher c; value nearer the end plate. Curve ( c )  for LID = 6.7 is the only case with a 
large enough end plate separation to ensure that the flow in the midspan position is 
likely to produce a value of c i  unaffected by the end plates. Even so, i t  is only over 
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FIGURE 16. The fluctuating lift coefficient distribution along the cylinder span, Re = 4.3 x lo4 : 
(a) LID = 1, ( b )  LID = 4, ( c )  LID = 6.7. 
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FIGURE 17. The fluctuating lift coefficient distribution along the cylinder span, Re = 1.7 x lo4: 
(a) LID = 1, (b)  LID = 6.7. 

a central length of about 10 that c i  remains constant. Approaching an end plate, c i  
increases and reaches a maximum 0.50 away from the plate. Similar measurements 
were also performed for a lower Reynolds number where, according to flgure 5, the 
fluctuating lift was rather insensitive to aspect ratio effects. Figure 17 shows the 
distribution at  Re = 1.7 x lo4. As expected from the previous c; results there is only 
a small difference between the 10 and the 6.70 aspect ratio cases. The small 
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FIQURE 18. Signal traces of (a) pressure and ( b )  velocity at 90" from the forward stagnation 
point in the midspan position A$ above the pressure tap. Re = 1.3 x los, LID = 6.7. 

variations of c i  along the span suggest that the vortex shedding strength does not 
change approaching the end plates at  this Reynolds number, in contrast to the higher 
Reynolds number measurements. 

10. Discussion 
These experiments have shown that appropriate end plates, particularly at  some 

Reynolds numbers make the vortex shedding and presumably the whole wake flow 
more nearly two-dimensional. So far the results shown here have been of time- 
averaged flow parameters. The spanwise variations in the flow can be more easily 
understood when signal traces are studied, such as those shown in figures 18 and 19. 
Figure 18 shows signal traces of pressure and velocity a t  two points, pressure (a) on 
the surface and velocity (b)  l@ above the cylinder (90' from the forward stagnation 
point), both in the midspan position. In this case there is good correlation between 
the two signals (R,, = -0.95). Even the smallest disturbances appear simultaneously 
and are hence well correlated in both traces. Figure 19 shows a different picture : here 
the measurement points are separated by 2.50 along the cylinder span and the 
correlation has dropped to R,, = -0.5. From the analysis of many traces with the 
transducers at  this separation, the weak shedding cycles that seem to appear at time 
intervals of 1&20 times the Strouhal period are not well correlated between the two 
signals. The frequency of events at the two stations appears almost constant but the 
phase lag can vary quite randomly. The origin of the apparently weakest shedding 
cycles is not clear, they may be due to disturbances to the triggering of the vortex 
shedding development. After a disturbance in the sinusoidal shedding pattern has 
appeared, the build-up of regular strong shedding takes a number of cycles to be re- 
established. If the initial onset of vortex shedding is repeatedly being disturbed, then 
the regular shedding can be weakened for a considerable proportion of the shedding 
cycles. Clearly this modulation of the pressure amplitude, which has not been 
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FIQURE 19. Signal traces of (a) pressure and ( b )  velocity at positions (a) (midspan) and (a) (offset 
from a by 2.50 along the span). Re = 1.3 x lo6, LID = 6.7. 
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FIQTJRE 20. Signal traces (midspan position) of (a) pressure at 90" from the forward stagnation 
point and ( b )  velocity L& above the pressure tap. Re = 1.3 x lo6, LID = 6.7. 

observed in two-dimensional numerical simulations, is contributing strongly to a 
lowering of the time-averaged fluctuating force. Moreover, as the shedding frequency 
does not remain constant while the pressure amplitude changes, it can be expected 
that this will lead to unsteady three-dimensional flow along the span. Presumably 
these small disturbances cannot be avoided in real flows where there is turbulence 
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FIGURE 21. Signal traces of (a)  pressure and ( b )  velocity (b)  is offset from (a )  (midspan) by a 
distance of 2.50. Re = 1.3 x lo5, LID = 6.7. 

and wall boundary interference. A single disturbed vortex can therefore have quite 
a large influence on time-averaged parameters since full shedding strength will not 
be regained until perhaps the shedding is in phase over a substantial spanwise length. 
The disturbances that cause this modulation are presumably strongly dependent on 
end conditions and Reynolds number, according to experiments conducted in the 
range Re = 1 x lo4 - 1.3 x lo5. The weak shedding mode seems to reappear somewhat 
periodically a t  about 1&20 times the Strouhal period with a duration of about 3-7 
shedding cycles. This behaviour is consistent with there being some form of unsteady 
spanwise cellular structure to the vortices. 

The random phase shift between different spanwise positions can be seen even 
more clearly in figures 20 and 21, plotted on an expanded timescale. Figure 20 shows 
the case where the hot-wire probe is positioned directly above the pressure tap. It can 
be seen that the signal traces follow each other almost perfectly by 180" and there 
is no phase drifting between the signals (cross correlation R,, = -0.95). Figure 21, 
on the other hand, with the probes separated by 2 . 5 0  along the span, shows that the 
phase lag can shift quickly. I n  this case there is a phase change between the signals 
of 180" during the course of only seven periods. This phase shift occurs because the 
weak shedding cycles move to a higher frequency whilst the signal with stronger 
shedding ( b )  is constant close to the Strouhal frequency. The difference in 
dimensionless shedding frequency (nD/U) is about 0.03. It was also observed that 
very weak shedding cycles, i.e. with an amplitude less than about 0.1 c, units, are 
predominantly disturbed and less sinusoidal causing the frequency to drift around 
the Strouhal frequency. Eventually there is also a chance of missing a vortex roll-up 
if it is too weak. 

The presence of three-dimensional effects on circular cylinder flow may help to 
explain differences observed between experiments and predictions from two- 
dimensional numerical simulations. In figure 22, c; is plotted against Reynolds 
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FIGURE 22. The fluctuating lift coefficient us. Reynolds number for different aspect ratios limited 
by end plates ( a d )  or end walls (e,f). Experiments: present; (a) -0-, L / D  = 1 ; ( b )  -0-, 
L / D  = 6.7; ( c )  +, Keefe, LID = 3 ;  ( d )  X ,  Keefe, LID = 18, ( e )  0,  Schewe, LID = 10; (f) A, 
Tadrist et a2. Numerical simulations: m, Bram et al., two-dimensional direct simulation of 
NavierStokes equations ; m, Stansby, two-dimensional discrete vortex method. 

number and shows a comparison between numerical results and the present 
experiments as well as some other experiments reported. Having established that 
there are appreciable three-dimensional effects in the flow, it is likely that different 
investigators will produce different results. It has been appreciated for a long time 
that there will be differences in c; depending on whether the force has been obtained 
from sectional pressure measurements or from a h i t e  active length of the cylinder. 
The latter would produce an average of the force fluctuations along the active length 
and hence give a lower r.m.s. force value per span width than the r.m.s. force 
obtained from a very thin section of the span. The present results obtained for small 
aspect ratio (LID = 1) show a very strong Reynolds number dependence, whereas for 
a larger aspect ratio of LID = 6.7 there is very little variation with Reynolds 
number. Hence the strong Reynolds number dependence is only significant in 
combination with aspect ratio effects. In addition, the use of small aspect ratio 
caused an onset of a critical Reynolds number at Re = 1.3 x lo6, which was seen in 
figure 4 ( d ) .  Other experimental results for a large and a small aspect ratio have been 
taken from the work reported by Keefe (1961) who used a short active force sensitive 
element. The active element itself had a spanwise length of lD, and seems to 
produce results similar to the present sectional lift forces, with magnified fluctuating 
forces reported for reduced aspect ratio. Schewe’s (1983) measurements give lower 
fluctuating lift values, which is to be expected, since his lift coefficients are based on 
force measurements using the entire cylinder length (1OD) and will hence be affected 
by the limited spanwise correlation of vortex shedding. Tadrist et al. (1990) results 
are also obtained from the whole span (12.5 < L I D  < 30). Their results using 
different cylinders, of which only samples are shown here, are somewhat scattered. 
However, the trend of sharply decreasing fluctuating lift on reducing the Reynolds 
number below lo4 is evident. 
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In  the region 1.7 x lo4 < Re < 1.0 x lo5, experiments conducted at  small aspect 
ratio gave increased fluctuating lift, where according to the measurements of 
spanwise correlation, the flow becomes more two-dimensional. The use of small 
aspect ratio seems to bring the experimentally obtained c i  closer to the numerical 
ones obtained using a two-dimensional model. Stansby (1981) used a discrete vortex 
model to simulate a Reynolds number of 3 x lo4. The c; value he obtained appears 
between our small aspect ratio (1 )  and large aspect ratio (6.7) value, which may 
not be surprising as his method is using some experimental input (separation 
positions and an empiric relation between mean rate of shedding of vorticity and 
free-stream velocity) from large aspect ratio cases which are then implemented in a 
two-dimensional computational scheme. The numerical results plotted in the lower 
Reynolds number range were reported by Braza et aZ. (1986, 1990), obtained from 
direct simulation of the Navier-Stokes equations in two dimensions. A comparison 
between the numerical and experimentally determined c i  results show large 
deviations. The deviation between Stansby’s result and the present at Re = 3 x lo4 
may be expected but it is striking to see such a large deviation between the 
disturbance-free numerical direct simulation as in Braza et al. at Re = 1.0 x lo4 and 
experiments. Unfortunately Braza et aZ.’s results only overlap with the present 
measurements over a very small Reynolds number range. The use of small aspect 
ratio in the experiments, at least with the present end plates, does not reinforce the 
vortex shedding strength or make the flow more nearly two-dimensional in the 
Reynolds number range around Re = lo4, and hence i t  is unlikely that the 
discrepancy between Braza et aL’s results and the present ones can be attributed to 
aspect ratio effects alone. It should be remembered, of course, that in the simulations 
only two-dimensional Reynolds stresses are developed. 

The sharp decay of c; below Re = 1.7 x lo4 a t  LID = 1 in the experiments is not 
fully understood and not yet fully investigated. In this Reynolds number range, large 
aspect ratio studies have previously established that the cylinder vortex shedding 
has an appreciable Reynolds number dependence. Also, we know that a bluff body 
placed on a plate can form horseshoe vortices developed from boundary-layer 
interactions on the plate and the cylinder foot. The interaction between this 
horseshoe vortex system and the cylinder vortex shedding has not been fully 
investigated. Studies focusing on details of these horseshoe vortices, but not 
primarily on the interaction with cylinder vortex shedding, have been carried out for 
example by Baker (1980), B6lik (1973) and Dargahi (1989). Horseshoe vortices appear 
both for laminar and turbulent boundary layers but show increased complexity and 
a less regular structure with increased Reynolds number. Whether it is intrinsic 
cylinder vortex shedding features or the horseshoe vortex layer that is responsible for 
the additional Reynolds number sensitivity at  small aspect ratios, remains to be 
clarified. Further, it was assessed by surface flow visualisation that no flow 
separation took place at the leading edge of the end plate, hence disturbances 
originating from separation bubbles upstream of the cylinder could be excluded. 

11. Conclusions 
Fluctuating forces on a circular cylinder in crossflow were measured for various 

aspect ratios by using moveable end plates. The end plates were designed according 
to a previous survey by Stansby (1974) aimed at  optimizing end plate size. The 
Reynolds number range of the measurements stretched over the subcritical range 
(8 x lo3 < Re < 1.4 x lo5). The influence of aspect ratio (0.25-12) was recorded and 
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was found to have a most striking effect on the fluctuating lift. However, the effect 
of changing aspect ratio was found to be dependent very strongly on the Reynolds 
number. An increase in c; of 80% at small aspect ratio (LID = 0.8) was measured at 
Re = 4.2 x lo4, whilst a decrease of c; was obtained for Re < 1.7 x lo4. At this lower 
boundary of the measured Reynolds number range, it was found that aspect ratio 
produced only a very weak effect on the flow. At the upper boundary of the Reynolds 
number range a different pattern was observed, with regular vortex shedding 
disappearing for very small aspect ratios (1-3), but with a subcritical type of 
separation at 80' from the forward stagnation point. 

Simultaneously with the changes in fluctuating lift, the shedding frequency 
altered. A lower shedding frequency was found to be associated with increased 
fluctuating lift. The largest change in Strouhl number recorded was from S = 0.19 
(Re = 4.5 x lo4, LID = 6.7) to S = 0.17 (Re = 4.5 x lo4, LID = l), measured in the 
midspan position. The strong magnification of the fluctuating lift that occurred at  
small end plate separations is believed to be linked to suppression of crossflows by the 
end plates. Measurements of spanwise correlation showed, for a case with increased 
fluctuating lift, that the spanwise correlation was indeed increased, bringing larger 
portions of the flow in phase along the span. 

The fluctuating pressure on the cylinder at the 90' position from the forward 
stagnation point shows strong modulation which increased with Reynolds number, 
being significant at  Re = 2 x lo4 and eventually becoming a dominating feature at 
Re = 9 x lo4. The irregularity in vortex shedding strength gives rise to a burst-like 
appearance of the signal trace. It was also found that with small aspect ratio not only 
did the fluctuating lift increase but also the vortex shedding took place with smaller 
amplitude modulation. Thus, a t  some Reynolds numbers (2.0 x 104-l.0 x lo'), the 
use of appropriate end plates and small aspect ratio can give a more two-dimensional 
flow, which then results in an increase in both the fluctuating lift and mean drag. 
However, a t  the lowest Reynolds numbers measured (around Re = lo4), aspect ratio 
causes either no effect or a weak reduction in c; for decreasing aspect ratio. 
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