
Journal of Wind Engineering and Industrial Aerodynamics, 7 (1981) 145--189 145 
© Elsevier Scientific Publishing Company, Amsterdam -- Printed in The Netherlands 

REVIEW AND CLASSIFICATION OF VARIOUS AERODYNAMIC AND 
HYDRODYNAMIC MEANS FOR SUPPRESSING VORTEX SHEDDING* 

M.M. ZDRAVKOVICH 

University of  Salford, Salford M5 4WT (Gt. Britain) 

(Received May 8, 1980; accepted in revised form September 1, 1980) 

Summary 

A wide variety of aerodynamic and hydrodynamic means for suppressing vortex shed- 
ding is classified into three categories in accordance with the phenomenological mechanism 
of vortex shedding. The three categories are as follows: 

(i) surface protrusions, which affect separation lines and/or separated shear layers, e.g. 
helical strakes, wires, fins, studs or spheres, etc. ; 

(ii) shrouds, which affect the entrainment layers, e.g. perforated, gauze, axial-rod, 
axial-slat, etc.; 

(iii) nearwake stabilisers, which prevent interaction of entrainment layers, e.g. splitter 
plates, guiding vanes, base-bleed, slits cut across the cylinder, etc. 

Most means in the first two categories are omnidirectional, i.e. they are effective ir- 
respective of the direction of fluid velocity. Some means in the first and all in the third cate- 
gory are unidirectional, i.e. they are effective only for one velocity direction. All means 
are described in detail and the reasons for their effectiveness explained. 

A comparative assessment of effectiveness is attempted and the need for comparative 
tests of various means under identical model conditions is stressed. The reduction of ef- 
fectiveness in the post-synchronisation range, at high intensity of turbulence, and due to 
multi-cylinder interference is emphasised. 

1. Introduction 

The mechanism of vortex shedding behind a circular cylinder and the oscil- 
lations related to it have been studied for more than a century but our under- 
standing is still incomplete [1--4]. The complexity of the phenomena involved 
is reflected in a distinct variation and almost limitless modification of the flow 
pattern as affected by the Reynolds number, turbulence level, surface rough- 
ness, three-dimensionality, and elastic response, to mention only a few factors. 

The Reynolds number effect on a turbulent vortex street can be classified 
into three regimes: 

(i) subcritical regime, within which transition to turbulence occurs in sepa- 
rated shear layers; 

*This review forms part of the book, "Flow Around Circular Cylinders", by the same author, 
currently in preparation. 
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(ii) critical regime, within which transition to turbulence takes place near 
the separation point of the boundary layers; 

(iii) postcritical regime, characterised by fully turbulent boundary layers 
before the separation. 

Vortex shedding persists throughout the subcritical regime, the Strouhal 
number being almost constant. The drastic narrowing of the wake at the criti- 
cal regime, due to the formation of the separation bubble and subsequent 
delayed turbulent separation, doubles the value of the Strouhal number at 
first [ 5]. The irregular transition to turbulence in the boundary layer causes 
a highly irregular separation line, which seems to prevent vortex formation 
and shedding within the supercritical range o f  the critical regime [ 5]. Regular 
vortex shedding reoccurs in the postcritical regime [6]. 

The most striking feature of the subcritical regime is that despite the con- 
stancy of the Strouhal number, the pressure fluctuations around the cylinder 
vary considerably. The closely related fluctuating lift reaches maximum 
values only in the upper subcritical range, where the formation of vortices 
takes place immediately behind the cylinder [ 7 ]. The fluctuating-lift coeffi- 
cient is almost negligible in the critical regime, and increases, but remains 
small, in the postcritical regime [8]. 

The intensity and scale of the free stream turbulence promotes the transi- 
tion of the separated shear layers in the subcritical regime and the transition 
of the boundary layers in the critical regime. The result is a shift of all three 
regimes towards lower Reynolds numbers [9]. 

The surface roughness of the cylinder produces similar effects on the tran- 
sition to turbulence [9]. There is, however, an additional effect, which has a 
profound influence in the critical regime. The surface roughness induces more. 
regular transition to turbulence and straightens the separation line. The sepa- 
ration bubble and the supercritical range as described above do not exist [10]. 
Hence vortex shedding does not cease for the rough cylinder [ 11 ]. 

Three-dimensionality represents an important, but often neglected, aspect 
of the phenomenon. The fluctuations are not correlated along the span of the 
cylinder for more than a few diameters. A long, nominally two.dimensional 
cylinder generates a three-dimensional fluctuating flow pattern despite the 
constancy of time-averaged parameters along its span [12]. 

The end effects for a finite cylinder are usually confined to within a few 
diameters near the end when the aspect ratio is high. There is a decrease in 
the Strouhal number and an increase in the spanwise correlation of fluctua- 
tions for low aspect ratios [13]. The efflux from the free-end changes the 
apparent aspect ratio and consequently the flow pattern. 

The last but most important and dramatic effect on vortex shedding is 
produced by an elastic response of the cylinder. The amplitude of vortex- 
induced oscillation increases as the vortex shedding frequency approaches 
the natural frequency of the cylinder. When the synchronisation of these two 
occurs it persists over a 40--60% increase in velocity. Within the synchronisa- 
tion range the vortex shedding is fully governed by the cylinder's oscillation, 
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and the maximum amplitude occurs in the middle of  that  range [14] .  The 
apparent Strouhal number  decreases throughout  the synchronisation range 
and the apparent value at the maximum amplitude is always lower than that 
measured behind a stationary cylinder. 

The oscillation of  an elastic or elastically supported cylinder improves re- 
markably the correlation of  fluctuations along the span [12] .  Vortex forma- 
tion takes place nearer to the cylinder surface, and the decrease in the appa- 
rent Strouhal number allows longer periods of  time for vortex formation. 
These three effects combined contr ibute to a significant increase in the fluc- 
tuating lift. It has been found that the latter can increase by a full order of  
magnitude in the upper subcritical range [12] ,  almost two orders of  magni- 
tude in the lower subcritical range [7] ,  and can maintain vortex-induced os- 
cillation throughout  the critical regime [11] ,  where apparently vortex shed- 
ding does not occur when the cylinder is stationary. 

Prevention of vortex-shedding-induced oscillations can be dealt with by 
structural methods, e.g. by increasing either the natural frequency or energy 
absorption. The former can be accomplished by increasing the stiffness or 
redistributing the mass, the latter by using various kinds of  structural dampers. 
Walshe and Wootton [ 15] described tuned, impact, and active mechanical 
dampers in their excellent review. The second method of preventing oscilla- 
tions is based on avoiding regular vortex shedding along the cylinder by adopt- 
ing some aerodynamic or hydrodynamic means. In the discussion that follows, 
unsuccessful as well as successful types of  this method are described, follow- 
ing Walshe and Wootton [15] .  More-recent means are also evaluated. 

2. Classification of  various means 

Two novel concepts, an "entrainment layer" and a "confluence point" ,  
have been recently introduced and used for the phenomenological explana- 
tion of  vortex shedding mechanisms and related phenomena [16] .  The en- 
trainment layers supply irrotational fluid necessary for the growth of vortices 
in addition to the rotational fluid, in separated shear layers. The confluence 
point  marks the region where the two entrainment layers coming from the 
opposite sides of  the cylinder meet and interact. The vortices are formed by 
a rolling-up process and the timing of  vortex shedding is governed by the switch 
of  the confluence point  from one side of  the wake axis to the other. There- 
fore it should be expected that vortex shedding can be suppressed by inter- 
fering with shear layers or entrainment layers, and/or preventing the conflu- 
ence-point switch. 

A wide variety of  aerodynamic and hydrodynamic means for suppressing 
vortex shedding is classified into three categories in accordance with the 
phenomenological mechanism of vortex shedding. The three categories are as 
follows: 

(i) surface protrusions (strakes, wires, fins, studs, or spheres, etc.), which 
affect separation lines and/or separated shear layers; 
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Fig. 1. Aerodynamic and hydrodynamic means for interfering with vortex shedding: ( i )  
surface protrusions ((a) omnidirectional and (b) unidirectional), (ii) shrouds, (iii) nearwake 
~t~h~li~p~ (e effective, e ineffective). 
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(ii) shrouds (perforated, gauze, axial rods and axial slats, etc.), which af- 
fect the entrainment layers; 

(iii) nearwake stabilisers (splitter and saw-tooth plates, guiding plates and 
vanes, base-bleed, slits cut along the cylinder, etc.), which affect the switch 
of the confluence point. 

Figure 1 shows the various aerodynamic and hydrodynamic means grouped 
into the proposed three categories. The first category, of surface protrusions, 
was further subdivided into two in order to separate the omnidirectional means 
from the unidirectional ones. The two subdivisions, with representative types, 
are: 

(a) omnidirectional means, which are not affected by the direction of fluid 
velocity: 

Scruton and Walshe's [17] helical strakes (1957) (1 in Fig. 1) 
Nakagawa et al.'s [18] helical wires (1959) (2) 
Novak's [19] rectangular plates forming a helix (1966) (5) 
Sallet and Berezow's [20] helical wires forming a herringbone pattern 
(1972) (6) 

(b) unidirectional means, effective only in one direction of velocity as 
shown in Fig. 1: 

Price's [21] four straight fins forming an × cross (1956) (7 in Fig. 1) 
Naumann et al.'s [22] staggered straight wires (1966) (10) 
Alexandre's [23] staggered rectangular fins (1970) (11) 
Mizuno's [24] small spheres as turbulence promoters (1970) (12) 

Slight change in geometry may lead to an enhancement of oscillation which 
e~ceeds that found for the plain cylinder. These "adverse" means are denoted 
with a minus sign and they are: 

Nakagawa et al.'s [18] eight helical wires (1959) (3 in Fig. 1) 
Nakagawa et al.'s [25] single helical wire (1963) (4) 
Mahrenholtz and Bardowicks's [26] five straight fins (1978) (8) 
Gartshore et al.'s [27] symmetric side-fins (1978) (9) 

The second category covers all possible shapes of shrouds. The full shrouds 
are omnidirectional but when incomplete they become unidirectional means. 
The following types of shrouds have been developed: 

Price's [21] perforated shroud with circular and square holes (1956) (13 
in Fig. 1) 

Zdravkovich and Volk's [28] fine mesh gauze used as a shroud (1972) (14) 
Zdravkovich's [29] parallel axial rods forming a shroud (1971) (15) 
Zdravkovich's [30] "shroud" reduced to four rods (1973) (17) 
Wong's [31] shroud consisting of straight slats (1977) (18) 

Note that a partial shroud such as that shown in Fig. 1 (16) more than doubles 
the vibrational response in comparison with that of the plain cylinder. 

The third category encompasses a wide variety of nearwake stabilisers which 
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possess only unidirectional effectiveness: 

Baird's [32] saw-tooth fins (1955) (19 inFig. 1) 
Roshko's [33] detached splitter plate (1955) (20) 
Grimminger's [34] guiding plates (1945) (21) 
Grimminger's [34] guiding vanes (1945) (22) 
Wood's [35] base-bleed into the nearwake (blunt aerofofl) (1964) (23) 
Igarashi's [36] slit along the cylinder (1978) (24) 

The extraordinary feature of this category is that there is no disruption of 
boundary layers either circumferentially or in a spanwise direction. The en- 
trainment either across or into the nearwake is affected in such a way as to 
postpone vortex shedding further downstream. 

3. Surface protrusions 

3.1 Mechanism of turbulence promotion 
Prandtl [37] demonstrated that an artificial turbulence can be "tripped" 

in the boundary layer by a wire fixed around a sphere. Small drag coefficients 
typical for critical Reynolds numbers are then obtained even with fairly 
low Reynolds numbers. 

Fage and Warsap [9] made a detailed study of the effect of a tripping wire 
attached to a circular cylinder on prematurely promoting the critical regime. 
They selected five sizes for this wire such that the ratio of the wire diameter 
to the average thickness of the boundary layer ranged from 0.03 to 0.57, so 
that each of the wires was totally immersed in the laminar boundary layer. 
Fage and Warsap's original plot of drag measurements is reproduced in Fig, 2, 
for wires attached at ± 65 ° from the stagnation point. It is evident that the 
shape of the drag curve undergoes a regular change as the diameter of the 
wires increases; even the finest wires, which displaced only 3% of the boundary 
layer thickness, had a large effect. Fage and Warsap noticed that the distur- 
bance created by the tripping wires becomes less severe when they are moved 
upstream towards the stagnation point. They found that tripping wires placed 
at +25 ° had practically no effect, except locally on the pressure distribution 
around the circular cylinder. 

James and Truong [38] carried out similar measurements by attaching a 
single tripping wire. Figure 3 illustrates the change of drag coefficient with the 
Reynolds number for various circumferential locations of the tripping wire 
having d/~ = 1. Again, the location at 65 ° seems to be the most effective, but 
with considerable increase of the drag coefficient in the lower subcritical 
range. A lift coefficient of ~0.5 was found for the optimal position of the 
tripping wire. 

Price [21] carried out free-vibration tests in a water channel at Re = 4.64 
× 103 for a very lightly spring-restrained cylinder fitted with three tripping 
wires at 0 and + 60 ° having diameters* of 0.023I). The maximum amplitude 
of vibration was 2.5D, the same as found for the plain cylinder. The same 

*D throughout this paper refers to the cylinder diameter. 
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Fig. 2. Effect of size of tripping wires on drag coefficient (after Fage and Warsap [9 ] ). 
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three wires wound  helically around the cylinder with a pitch of  20D, reduced 
the maximum amplitude only to 1.5D. Price concluded that neither straight 
tripping wires nor  the most  effective helical ones were effective in suppressing 
large-amplitude vibration and he diverted his research to perfdrated shrouds, 
which will be described in Section 4 below. 

3.2 Helical strakes 
Scruton and Walshe [17] developed efficient surface protrusions for avoiding 

wind-excited oscillations of  cylindrical structures. Three strakes of  sharp-edged 
rectangular section were wound as three helices around the surface of  the 
cylinder, with a pitch of  15D {see Fig. 1, 1). It was found that the a t tachment  
of  quite a low strake, h = 0.029/),  was  effective in reducing the aerodynamic 
excitation, as can be seen from Fig. 4. Some Small improvement  was effected 
by making h = 0.059D, with a notable shift of  the critical velocities as seen 
in Fig. 4. Further  increase to 0.088/). was accompanied by a further increase 
of  the critical reduced velocity at which maximum amplitude occurred and by 
a marked reduction in the area of  the instability region, Fig. 4. Finally, with 
h = 0.118D, the instability region was reduced to such a small area that  only 
a small structural damping was necessary to suppress the oscillations. The tests 
were discontinued at this stage since the small remaining area of  instability 
was not  considered to be of  practical significance*. 

Woodgate and Maybrey [39] carried out  tests to determine the opt imum 
pitch for the three strakes. The ou tcome was a reduction of  the pitch from the 
original 15D to 5D, whilst the height of  the strakes remained at 0.09/) (except  
for light or lowly damped structures, for which they advised an increase in 
height to 0.12D). The effectiveness of  the system was not  impaired by a gap of  
0.005D between the strake and the cylinder surface. It has been proved suf- 
ficient to apply strakes only to the top third of  a chimney stack to prevent 
instability in the fundamental  mode (the general principle is to apply strakes 
in the region of  antinodes). 

Cowdrey and Lawes [40] measured the drag coefficient of  a cylinder fi t ted 
with the helical strakes. The drag coefficient was found to be almost constant  
from the high subcritical regime (Re = 1 x 10s), through the critical regime 
up to the postcritical one {Re = 4 X 106). This implies that  the same f low 
pattern persists throughout  that  Reynolds  number  range. The values of  the 
drag coefficients measured for two heights of  the strakes, 0.06D and 0 . I2D,  
were found to be 1.35 and 1.45, respectively. These values are high, particu- 
larly in the critical regime where the plain cylinder had a drag coefficient of  
less than 0.5. 

Some further tests on the helical strakes were carried ou t  by Ruscheweyh 
[41] ,  confirming that  the optimal pitch is between 4D and 5D and that  only 

*The Reynolds number for these tests was not given, but it is inferred that it was within 

the I × 10 5 --1 × 10 6 range. 
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Fig. 6. Variation of ampli tude with reduced velocity for the fourth cylinder in a line of 
four (after Vickery and Watkins [42] ). 

1/3 of the height should be covered for the Reynolds number range from 
1.8 X 104 to 4 X 104. The effect of  lowering the area covered by strakes from 
the top of the chimney towards its base can be seen in Fig. 5. The measured 
moment  at the base of  the model is shown versus the relative lowering of  
the straked area. The latter has a small effect at first, but  when the top un- 
covered part is equal in height to the covered area the effectiveness is severely 
impaired. An efflux had a further destabilising effect  on the effectiveness of 
the strakes. 

Walshe and Wootton [15] pointed out  that  the effectiveness of helical 
strakes may be reduced if the stack is supporting an external pipe of small 
d~a'meter parallel to its axis. The benefit  derivedby fitting the helical sirakes 
is dependent  on the particular configuration and this was assessed in their 
wind tunnel  tests. 

Vickery and Watkins [42] carried out tests in water and found tha t  helical 
strakes were as effective as they were in air in suppressing oscillations of a 
single cylinder. The wind tunnel tests on a group of  four plain and straked 
cylinders revealed that  the addition of  strakes was less effective in reducing 
the amplitudes of vibration of downstream cylinders. Figure 6 shows the 
variation of  the amplitude of  vibration with the reduced velocity. The single- 
cylinder results are reproduced for a comparison with the fourth cylinder in 
the line. The latter underwent  the most severe vibrations when positioned at 
28 ° , and the helical strakes were fully effective for tha t  arrangement. Large 
vibrations also occurred when the fourth cylinder was in line with the others, 
and were suppressed at the critical reduced velocity. At a higher reduced 
velocity of  10, however, the helical strakes became ineffective. The reason 
for this was not  known and all additional modifications, like u~a~g left-hand 
helices on stacks 1 and 3, removal of  one strake from each cylinder to produce 
an asymmetric arrangement, an increase of  pitch to 7.5/), a decrease o f  pitch 
to 2.8D, and an increase of  st~mke height t o  0.22D, were unsucce~ful.  
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Finally, Gartshore et al. [27] noticed an unexpected effect of free-steam 
turbulence on the effectiveness of the three helical strakes. The tests were 
carried out in a wind tunnel on a two-dimensional, elastically supported model*, 
and the results presented in terms of the ratio of the maximum r.m.s, deflec- 
tion of a model fitted with strakes to the maximum r.m.s, amplitude of the 
plain cylinder. When the model was submerged in a smooth flow the helical 
strakes reduced the amplitude of vibration at the critical velocity by a factor 
of ~100.  The maximum response, at the elevated reduced velocity of 8, 
decreased in amplitude by a factor of 18. 

Unexpectedly, the effectiveness of helical strakes diminished when the 
cylinder was submerged in a turbulent flow (14% intensity). The maximum 
amplitude of vibration of a plain cylinder was about half that  found in smooth 
flow, but the helical strakes reduced this amplitude by only a factor of 5. 
At the elevated reduced velocity of 8, the reduction factor was only 2. The 
important  conclusion drawn was that  the effectiveness of strakes decreases 
with the intensity of  turbulence of the free stream and with increasing re- 
duced velocity for a model having the same damping. The latter aspect will 
be discussed in more detail in Section 4 below. 

3. 3 Helical wires 
An additional insight into the interplay and fine balance of the various 

mechanisms involved in the operation of helical strakes may be gained by 
describing successful and unsuccessful helical wires. 

Nakagawa et al. [18] carried out tests in a huge open-jet wind tunnel on a 
flexibly mounted cylinder, at supercritical Reynolds numbers. The models 
oscillated at their natural frequencies throughout  the supercritical range and the 
maximum response was found not only around reduced velocities of 5 to 6 
but also at multiples and submultiples of the critical value. The remarkable 
feature was that  the response increased in amplitude and became confined 
within a narrower band of velocities when the free stream turbulence was 
increased. 

The most striking feature was that a winding of eight thin wires (Fig. 1, 3) 
having only 0.4% of the cylinder diameter doubled the maximum amplitude 
of vibration compared to that  of the plain cylinder. Reduction of the pitch 
to 0.5D by winding only one wire around the cylinder (see Fig. 1, 4) produced 
vibrations of the same magnitude as those found on the plain model in tur- 
bulent flow [25]. The use of  four wires at a pitch of either 8D or 16D had 
a magic effect of suppressing oscillations throughout  the tested range, as can be 
seen in Fig. 7. 

Nakagawa et al. also measured the drag coefficients; the values are shown 
within each circle in Fig. 1. The successful four-wire means had a drag coeffi- 
cient less than that  of the unsuccessful one, which would be expected if vortex 

*The Reynolds number w a s  n o t  stated but it might be inferred that it was well w i t h i n  
the subcritical regime. 
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Fig. 7. Power spectra of  lift forces for cylinders with helically wound wires (after Nakagawa 
etal.  [18,25]).  

shedding was suppressed. Surprisingly, the drag coefficient is less than half 
that produced by three strakes. Walshe and Wootton [15] argued that sharp- 
edged rectangular strakes were more effective than those of circular or any 
other rounded section. 

The other puzzling aspect was that the optimum pitch (8--16/)) found for 
four helical wires is far away from that (4--5D) obtained for three rectangular 
strakes. Weaver [43] carried out further experiments with helical wires in 
order to find an optimum number, size, and pitch of windings and the mini- 
mum portion of the model which must be covered. Figure 8(A) shows the 
influence of the number of windings on the effectiveness of reducing the lift 
force measured on stationary models. The maximum reduction of the fluctu- 
ating lift force is found for four wires, although three wires are equally effi- 
cient. Nakagawa's and Scruton's values were confirmed. 

The influence'of the wire diameter on the effectiveness of suppression is 
shown in Fig. 8(B). The circular wire displays similar characteristics to the 
rectangular.strakes employed by Scruton and Walshe [17]. Figure 8(C) shows 
a small influence of pitch on the effectiveness within the range 8--16D. Note 
a steep rise of all curves for higher pitches, which should be expected from 
Nakagawa's results for eight wires at a pitch of 64/). Six helical wires were 
tested by Price [21] and found to  be ineffective for all pitches within the 
range 0.5--20D. 

Figure 8(D) reveals the effect of the percentage area covered with helical 
windings on the effectiveness in reducing the amplitude of vibration. The 
characteristic shift of the maximum response towards high reduced velocities 
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Fig. 8. Effectiveness of  helically wound wires: (A)e f f ec t  o f  number  o f  wires, (B) ef fec t  of  
wire size, (C) effect  of  wire pitch,  and (D) effect  of  coverage area (after Weaver [43]  ). 

occurs somewhere between 40 and 60%. Hence it seems that  the minimum 
recommendable coverage should be 50% of the total height of the stack, which 
is greater than the required coverage of 33% for three helical strakes [17]. It 
should be mentioned that  Nakagawa et al. [25] fitted four cables along the 
entire length of a stack in Sakai, Japan. 
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3. 4 Helical  "var ia t ions"  
There have been two interesting at tempts to increase three-dimensionality 

along the span of the cylinder not  by helical windings per  se but  with a d d i ~ n a l  
discontinuities in the helix itself. The same basic concept resulted in :two en- 
tirely different designs. Novak [19] prOposed* to form a helix by fitting small 
rectangular plates at intervals along the stack, as depicted in Fig. 1(5). :It was 
expected that  a staggered protrusion of rectangular plates would enhance 
three-dimensionality and longitudinal vorticity. Hence only a single-start helix 
was suggested, leaving part of  the surface bare. Walshe and Wootton [15] 
argued that although such a means may be effective under certain circum- 
stances, the method cannot be relied on and, at some angles of inclination of 
the flow, the plates may have a detrimental effect. 
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Fig. 9. Effect of helix angle on the reduction of  amplitude for "herr ingbone" winding 
(after Sallet and Berezow [20] ). 

Sallet and Berezow's [20] "herringbone" pattern of helical winding (Fig. 1,6) 
disrupts the possible skewing of  the flow along the cylinder by winding wires 
in a single direction. Tests were performed in water in the subcritical regime 
on a cylindrical buoy freely floating at the end of a long mooring cable having 
an aspect ratio of 5. Such a lightly restrained and damped system produced a 
maximum amplitude exceeding 3D. Figure 9 shows the effect of various modi- 
fications of the herringbone conf ig~at ion in reduciv~ the amplitude of oscil- 
lation. The lowest amplitude was ~n ieved  with a ~5 ° helix (8/7 ~ ) ,  but 
the use of a large number  of  nylon ropes too small in size (d = 0.0$D) pre- 
sumably prevented better suppression of vibration. 

*The original paper was not available to the present author, 
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3.5 Unidirectional means 
In some practical applications the velocity direction does not  change with 

time. Typical examples are horizontal pipelines, submarine periscopes, heat 
exchanger tubes, piles subjected to tide, etc. 

Price [21] carried out  tests in water on a cylinder fi t ted with four or eight 
longitudinal fins having heights of  0.2D and equally distributed around the 
circumference. He found that the configuration with four fins forming an X 
cross possessed only unidirectional effectiveness, the direction being as 
shown in Fig. 1,7. Eight fins were not  effective with the stagnation point  
either coinciding with one fin or being half way between the fins. Alexandre 
[23] also claimed that the configuration in Fig. 1 (7) was fully effective for 
unidirectional wind flow. 

It might be expected than an odd number of  fins would impair vortex for- 
mation and shedding, due to asymmetry.  Mahrenholtz and Bardowicks [26] 
found that five fins fit ted evenly around a stack (Fig. 1,8) considerably en- 
hanced the amplitude of  oscillation. Tests on the cylinder model with five 
fins in the wind tunnel in the subcritical regime also produced more intense 
excitation than that found for the plain cylinder. The additional excitation 
was particularly strong when the orientation of  fins was within - 1 8  ° < ~ < 18 °. 
The maximum excitation occurred for the symmetrical orientation, ~ = 0 ° , 
and V/ND = 7. Figure 10 shows the measured drag and lift coefficients for 
various orientations of  fins with respect to the oncoming flow. The maximum 
drag coefficient of  2.7 occurred when the stagnation point  coincided with the 
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Fig. 10. Drag and lift coefficients for cylinders with five fins (after Mahrenholtz and 
Bardowicks [26] ). 
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fin, i.e. a = 0 ° , and the minimum of  1.1 was associated with the stagnation 
point  being half way between two adjacent fins. 

Gartshore et al. [27] f i t ted a cylinder with a pair o f  fins (having a height 
of  0.1D) sidewise, as depicted in Fig. 1,9. The wind tunnel tests on a flexible 
two-dimensional model  were carried ou t  in smooth  and turbulent  flows. 
The amplitude of  oscillation was higher for  the turbulent  f low throughout  the 
tested range of  reduced velocity, 4 < V/ND < 6 *. At V/ND = 6, the ampli- 
tude of  oscillation was five times that  found for the plain cylinder. Hence 
the a t tachment  of  side fins has a much stronger adverse effect  than attach- 
ment  of  five fins. 

Naumann et al. [22] demonstrated that  the regular vortex shedding behind 
a stationary cylinder can be induced and maintained throughout  the super- 
critical range b y  fitting "separation wires" parallel to the cylinder axis. The 
"separation wires" control  the position of  separation and straighten the 
separation Line along the cylinder. In order to reduce and suppress regular 
vortex shedding the separation line should be made irregular and discontinuous, 
thus creating sufficiently strong three-dimensional disturbances. The advantage 
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Fig. 11(A). Crit ical  angle dif ference be tween  staggered separat ion wires (af ter  N a u m a n n  

e ta ] .  [22]  ). 

*The m a x i m u m  ampl i tude  has no t  been  reached in these tests. 
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Fig. 11(B) and (C). Measurement of fluctuating velocity due to vortex shedding: refer 
to Fig. ll(A) (after Naumann et al. [22]). 

of controlling separation at its origin in this way was that  very thin wires having 
a diameter of only 0.013D were effective. 

The irregularity of the separation line along the cylinder was induced by 
staggered separation wires as sketched in Fig. l l (A) .  The two separation wires, 
each of length a, were fixed on the surface along the cylinder at an angle a l 
measured from the stagnation point. The third separation wire, of length b, 
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Fig. 12. Separation lines induced by small spheres: (A) Re = 1.1 x I0'. (B) Re = 2.8 x 10 s, 
(C) schematic interpretation of patterns (after Mizuno [ 24 ] ). 

could be fitted at any angle a2 such that a2 > ~1 The fluctuating velocity due 
to vortex shedding was measured by a hot  wire located near to and outside of 
the wake, see Fig. l l ( B )  and (C). The third separation ~ e  was moved to var, 
ious positions by increasing the angle ~: until the p e r i ~ c i t y  o f  vortex shed- 
ding as detected by the hot w~ was lost, ~is point marked a critical ~e- 
difference ~, ~ shown in Fig. II(A). It is evident that a stagger of only 4 ° is 
sufficient to disrupt vortex shedding when a = b/2. The effectiveness of the 
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staggered wires was decreased rapidly by increasing the length of  the third 
separation wire and moderately improved by shifting the two fixed wires 
towards higher angles ~ 1. Figure 11 (B) and (C) demonstrates convincingly 
the effect  of  staggered wires in the critical regime. 

It may be argued that the effectiveness of  staggered separation wires is 
strongest if they are applied in the critical regime (natural separation at 120 ° ) 
and possibly in the postcritical regime (natural separation around 100 and 
105 ° ). The applicability of  this method in the subcritical regime (natural 
separation at 80 ° ) and on flexible models has not  been verified. The stag- 
gered separation concept  was embodied in Alexandre's [23] proposal of 
welded longitudinal plates (Fig. 1,11). The spread of  plates around the 
circumference provides an omnidirectional effectiveness. 

Further development of  controlled separation was elaborated by Mizuno 
[24] who introduced surface excrescences in the form of small spheres at- 
tached to the surface (Fig. 1,12). The spheres were attached at +60 ° from 
the stagnation point  and spaced 0.6D apart along a short cylinder. The wake 
behind the spheres perturbed the transition to turbulence in the boundary 
layer on the surface in such a way that an irregular separation line was formed 
in the high subcritical range (Fig. 12(A)) and a symmetrical wavy separation 
line in the critical regime (Fig. 12(B)). The interpretation of  the chalk-dust 
pattern by Mizuno is also shown in Fig. 12(C). It should be noted that the 
spheres became ineffective in the lower subcritical and postcritical regimes. 

Mizuno did not  consider that this technique could be applied as an aero- 
dynamic means of  suppressing vortex shedding and consequently he did not  test 
its effect on a flexible cylinder (hence there is no indication + or - in Fig. 1,12). 
It should be mentioned, however, that  the at tachment  of  studs in staggered 
rows around the surface of  the buoy tested by Sallet and Berezow [20] 
showed only modest  effectiveness in reducing the amplitude of  vibration. 

4. Shrouds 

4.1 Perforated shrouds with circular holes 
Price [21] carried out  an extensive s tudy of  the effect of  various surface 

modifications on reducing oscillations of  a circular cylinder submerged and 
towed in water. A wide variety of  straight and helically wound wires and 
longitudinal fins was tested in the subcritical regime and found to possess 
only limited effectiveness. Price also tried to change the cross-sectional area 
of  the model locally by fitting concentric bushings l l~D in diameter and 1.5D 
apart. The maximum amplitude of vibration of  the cylinder with bushings 
exceeded that of  the plain cylinder. Price subsequently diverted his tests to a 
device detached from the surface which he called a perforated shroud. 

Price [21] thought that  " the shroud would break up the flow into a large 
number of  small vortices with the result of  minimising the periodic asym- 
metry of  flow about  the cylinder." The shroud proved to be an effective 
means for all stiffnesses of  the tested cylinder, as seen in Fig. 13(A) where 
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for comparison the envelopes of maximum amplitudes for shrouded and 
plain cylinders are shown as dot ted  curves. The relative double amplitude 
of oscillation is depicted on the vertical axis whilst the stiffness of the spring 
holding the cylinders is plot ted along the horizontal axis. The log--log scale 
spreads the low stiffness range (20</¢< 200) with large amplitudes, and clear- 
ly shows that  the shroud is least effective in that  range. At higher stiff~esses 
(i.e. a less flexible cylinder), a steep decrease in maximum amplitude occurs 
and the effectiveness of the shroud is markedly improved. For example, the 
double amplitude (of 0.7D) found for the plain cylinder was reduced by 97% 
after fitting the shroud. 

An explanation for the effectiveness of the shroud was provided by Price 
[21] by comparing the flow pattern behind the plain and shrouded cylinders. 
Figure 13(B) and (C) shows that the individual vortices streaming in rows be- 
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hind the shrouded cylinder are smaller, more  closely spaced, and form several 
diameters further downstream along an apparently stable nearwake~ than the 
vortices shed behind the plain cylinder. Hence, the effect  o f  the faraway vor- 
tices was so small that  the double ampli tude in Fig. 13(C) of  0.8D diminished 
to 0.04D in Fig. 13(B). 

The perforated shroud had a diameter 1.25D," the porosi ty was 37% (ratio 
of  the area of  all holes divided by  the total shroud area), the hole diameter was 
0.1D and the shroud covered the cylinder completely.  The shroud became 
slightly more effective when the hole size was increased to 0.125D whilst the 
porosi ty was held constant.  Rows  of  holes parallel and perpendicular to the 
axis proved more effective than rows inclined at 45 ° , as can be seen in Fig. 13(A). 
The application of  the shroud to the lower half o f  the immersed length o f  the 
cylinder resulted in a reduction of  effectiveness in t he  subcritical regime. 

Price [21] also carried ou t  additional tests in the wind tunnel within the 
range 1 × l 0  s < Re < 4.5 × l 0  s. The critical regime for the plain cylinder 
occurred at Re = 2.5 × 10 s with a characteristic fall of  the drag coefficient 
to 0.3. The drag measurements on shrouded cylinders showed that the drag 
coefficient remained substantially constant  throughout  the tested range of 
Reynolds  numbers. The drag coefficient* was 0.6, intermediate between the 
subcritical and supercritical values for the  plain cylinder. The use of smaller 
holes and the increase in the gap between the shroud and the cylinder increased 
the drag to 0.66 and 0.72, respectively. 

The low drag of  the perforated shroud (which is an omnidirectional means) 
is a highly advantageous asset. Price rightly concluded that  the  constancy of  
the drag coefficient implies that  the nature of  the f low a b o u t  the shrouded 
cylinder also remained substantially unchanged within the tested range of  
Reynolds  numbers. 

It might be interesting to mention that  a perforated shroud with circular 
holes destabilises the wake in supersonic flow [44] .  The wake shock, a typical  
feature found at the end of  a narrow wake, disappeared behind the perforated 
shroud at a Mach number  of 2.4. 

4.2 Shrouds with square holes 
Further evolution in the geometry and confi rmat ion of  the effectiveness 

of  the perforated shroud in the postcritical regime have been made by  Walshe 
[45] .  He found that square holes are more effective than circular ones. Knell 
[46] measured the.drag of  two shrouds with square holes having porosities of 
20 and 36% (0.07D and 0.05/} sizes of  holes) on infinite aspect  ratio and 
free-ended models. The Reynolds  number  range was 8 × 104--3 × 106 . The 
drag coefficient for a shrouded cylinder was ~ 0.9 based on the cylinder 
diameter, and showed very little dependence on Reynolds  number ,  being 
almost indistinguishable for the two porosities. Woot ton and Yates [47] 
extended drag measurements to separate the drag exerted on the shroud from 

*The  drag coe f f i c i en t  was based  on  the  s h r o u d  d iameter .  



167 

1.2 

1.o 

0,8 

U 
~ o.(5 
_o 

~- 0.4 
o 
u 

~ ~o.~ 
~E 
c N  
13_ U 

(A) 

0 P lan  s t a c k  

x S t a c k  w i t h  36° /o  o p e n - a r e a  
- -  s h r o u d  e x t e n d i n g  o v e r  u p p e r  I -  S h r o u d  _1 

8 diameters ~" ~} 

- ~ x - x ~ , - x - x - ~ - ~ -  

~p 
B a s e  I I J I I I I I I i 

0 2 4 6 8 10 12 14 16 18 2Q 
h/d 

Fig. 14. (A) Pressure dis t r ibut ion along the downstream side of stack; (B) surface flow 
pat tern {after Woot ton  and Yates [47 ] ). 

that  experienced by the cylinder. They found that  the drag coefficient of 
the shroud was 0.7 and for the enclosed cylinder 0.2 (both based on the 
cylinder diameter). 

Figure 14(A) shows the distribution of the pressure coefficient at the back 
of the cylinder, the so-called "base pressure", which is proportional to drag. 
At Re = 105 there is a pronounced peak of local drag near the tip, which 
moved to just below the base of the shroud when this was fitted. The pres- 
sure distribution on the lower 12D was almost identical to that  on an L/D 
= 12 stack without  a shroud. At much higher Reynolds numbers, which were 
applicable to full-scale stacks, the peak loading at the tip of the stack still 
existed, although the overall drag levels were lower, as documented by Gould 
et al. [48]. 

The surface flow pattern on the cylinder, seen after removing the shroud, 
is shown in Fig. 14(B). It is evident that  the separation line is much further 
back on the part of the cylinder beneath the shroud than on the unprotected 
part. Just below the shroud, a " f o o t "  of a strong vortex can be seen (Fig. 14(B)} 
which is typical for the flow near the top of a plain stack [48]. The dominant  
pattern underneath the shroud is set by the radial lines of holes up to the 
separation lines. 
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It might be worthwhile to mention that Wootton and Yates [47] carried 
out some experiments with a modified shroud made up from rings connected 
by three longitudinal ribs. Flow patterns similar to those shown in Fig. 14(B) 
were obtained, but despite that, the ring shroud proved to be less effective 
in suppressing vortex-induced oscillations. It seems that the observed surface 
flow pattern is not responsible for the effectiveness of the square-holed shroud. 

A brief study of the effect of the square-holed shroud on buffet amplitudes of 
two cylinders in a tandem arrangement was made by Walshe and Cowdrey [49]. 
Two flexibly mounted cylinders were placed 9 diameters apart and fitted with 
perforated shrouds over the top quarter of the model height. It was found 
that the shrouds were of limited benefit only. The rear cylinders oscillated 
not only because of self-generated vortex shedding but also because of the 
buffeting action of the eddies produced by the front cylinder. The worst 
oscillations of the downstream plain cylinder occurred when the upstream 
one was shrouded. The large-amplitude vibrations persisted whenboth  
cylinders were shrouded and some effectiveness was noticeable only when 
the upstream cylinder was plain and the rear shrouded. 

Another interesting observation was made for the upstream cylinder. The 
maximum amplitude for the single plain cylinder having a da~Aping factor 
M8/pD 2 = 3.7 was 0.13/), but placing the shrouded second cyl'mder 9£) 
behind it increased the maximum amplitude of vibration of the upstream one 
by at least 30%. These peculiar effects will be discussed in some detail in the 
final Section. 

4.3 Fine-mesh gauze shroud 
Some further understanding of the processes generated by perforated 

shrouds is gained by describing other shroud geometries. Most of the tests 
described so far did not have a reduced velocity e x c e ~ g  10 or so, at which 
the amplitude of oscillation of the plain cylinder subsided to a low level. Moss 
[ 50 ] extended his tests up to the reduced velocity of 45 and found a con- 
tinuous build-up of amplitude. At the end of his test range the amplitude of oscil- 
lation of the plain cylinder was c o r a c l e  with the peak amplitude found 
at V/ND = 5. Similar alarmingly large amplitudes were measured on fuU-scale 
stacks by Ozker and Smith [51] in the  postcritical regime 1X 106< Re < 7 × 106. 
These large-amplitude oscillations of cylinders far away from the synchroni- 
sation range prompted Zdravkovich and Volk [28] to examine the effective- 
ness of various shrouds under these new circumstances. 

Figure 15 shows the effect of various shrouds on reducing the amplitude 
at high reduced velocities, The plain cylinder displays a steep increase in ampli- 
tude similar to that observed by Moss [ 50]. Three shroud g e o m e t ~ s  were 
tested (allhaving 30% porosity); circular.holed, square-holed ~ d  fine-mesh 
gauze (No. 100, ~ 42 S.W.G., and hole size 0.152 ram). All ~ e  shrouds were 
almost equally effective in suppressing vibration. 

Figure 16 shows typical pres~re distributions around plain and shrouded 
cylinders. Circular- and square'holed shrouds produce almost identical preasure 
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distributions similar to those found by Wootton and Yates [47] except that 
the base pressure is lower. The shroud made of  fine-mesh gauze, (Fig. 1,14), 
which was the most effective one in Fig. 15, affected the pressure distribution 
around the cylinder differently than did the other perforated shrouds. A radical 
departure occurred between 80 and 160 ° , where the shrouded gauze prevented 
separation and forced the inner f low around the cylinder surface, with a slow 
rate of  ejection of fluid through the gauze into the nearwake. The penalty in 
maintaining such a f low pattern was a higher drag coefficient, estimated to be 
1.3 (Fig. 1,14). 
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Zdravkov ich  and Volk  [ 2 8 ]  ). 
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4.4 Axial.rod shroud 
Price's [21] concept,  that  the shroud should break-up the flow into a large 

number  of  small vortices, has been developed further by  introducing a plurality 
of  uninterrupted bluff  members parallel to the axis of  the cylinder. It was ex- 
pected that  each bluff  member  should generate a vortex street of  its own, which 
would interact with the neighbouring ones in a highly irregular manner. 
Zdravkovich [ 52] demonstrated that  the interaction of  three circular cylinders 
produced weak and fastly decaying vortex streets which soon broke down, 
and a new, strong, regular vortex street was formed far downstream from the 
remnants of  the original ones. Hence it was worthwhile at tempting to sup- 
press the formation of  strong vortices behind a big cylinder by enclosing it 
within a cluster of  small cylinders, which, by  generating their own tiny vortex 
streets, perturb the separated shear layers to such an extent  that  it will be 
several diameters downstream before a proper formation process can start. 

The axial-rod shroud [29] (Fig. 1,15) was made of  cylindrical rods* held 
in ring-spacers fixed around the cylinders, with the axes of  the rods parallel 
to the axis of  the cylinder. The ring-spacers were made of  two identical halves 
for easy fitting to the cylinder, and by  pulling out  some rods (every second, 
third, fourth,  etc.) it was possible to vary the porosi ty of  the shroud evenly 
around the circumference. Figure 17(A)shows  a typical axial-rod shroud fi t ted 
on the model  for wind tunnel tests. The use of  rods instead of  perforations 
may prove advantageous in some applications, e.g. to avoid blocking of 
holes by  ice formation or clogging of  holes by algae in the marine environ- 
ment. Several parameters were varied during the tests in order to find an 
opt imum configuration: 

(i) the porosi ty was varied from 24% to 96% by changing the number  of  
rods from 218 to 4; 

(ii) the shroud size, Ds/D, was varied to take the values 1.08, 1.165, 1.25 
and 1.50; 

(iii) the circumferential distribution of  porosi ty was varied, leaving some 
portions of  the circumference plain, by  withdrawing rods. 

Variation of  the porosi ty had an  opposite  effect  on shrouds of different sizes. 
For the Ds/D = 1.08 shroud, low porosities (24 and 62%) corresponded to in- 
efficient shrouds, while high porosities (81 and 91%) led to some improvement.  
The most  effective shroud appeared to be that  with a porosi ty of  90%, achieved 
with only five rods around the cylinder at ±55 ° , +117 ° and 180 ~ . This arrange- 
ment  was found to be highly effective in suppressing severe fluid elastic vibra- 
tions in tube  banks [53] .  It was essential that  the rods or wires were always 
detached from the cylinder surface, in order to generate adequate vortex streets 
behind them; otherwise, their vortex streets were suppressed [54] .  

An entirely opposi te  trend was found for the axial-rod shroud having Ds/D 
= 1.5. The least effective shrouds were those having 62, 81 and 90% porosity.  

* " R o d s  or t ubes  o f  circular cross-sect ion or other suitable cross,section, oval, elliptical or  
o t h e r  conven ien t  shape" ,  as s ta ted  in Zdravkovich 's  Pa t en t  AppliCation. 
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Fig. 17. (A) Axial-rod shroud in the wind tunnel;  (B) nearwake behind plain cylinder, Re = 
4.3 X 103 ; (C) nearwake behind shrouded cylinder,  Re = 4.3 x 103 (after Zdravkovich 
[29]) .  

The only effective one had 24% porosity, but it was less effective than the 
D s / D  = 1.08 shroud with five rods. 

The intermediate shrouds having D s / D  = 1.16 and 1.25 were similar in 
that  decrease in their porosity led to an increase in effectiveness. The most 
effective were D s / D  = 1.25 with 24 and 63% porosity and, close to them, 
D s / D  = 1.16 with 62 and 81% porosity. The higher porosity of  the axial-rod 
shroud in these cases resulted in a drag coefficient of 0.9 despite the bluff 
shape of  the shroud members. The effectiveness was verified in water around 
the synchronisation range within 4 X 103< Re < 1.5 X 104, and at Re = 2 × 
10 s in a wind tunnel. 

Flow visualisation tests were carried out only at low Reynolds numbers in 
a smoke wind tunnel. Figure 17(B) shows the nearwake stabilisation produced 
by the shrouded cylinder ( D s / D  = 1.25, 24% porosity) and contrasts this with 
the nearwake of the plain cylinder (Fig. 17(C)). Note the high entrainment 
of  smoke into the nearwake from the rear of  the shroud and the absence of 
smoke in the nearwake for the plain cylinder. 
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Fig. 18. Effectiveness of  incomplete axial-rod shrouds (after Zdravkovich [ 29 ] ). 

The most  effective shroud geometry (Ds/D = 1.25, 63% porosity)  was 
chosen to examine the effect  of  an " incomple te"  shroud. T h e s h r o u d  original- 
ly consisted of  52 rods bu t  13 rods were pulled out  so that  90 ° of  the cylinder 
circumference appeared unshrouded and exposed to the flow. Figure 18 shows 
the effect  o f  the orientation of  the unshrouded port ion in relation to the 
free stream on the effectiveness of  the incomplete shroud in reducing the 
amplitude of  oscillation. When the unshrouded portion faced the free stream 
and also when it was positioned sideways the effectiveness was not  appreciably 
reduced; when the unshrouded port ion faced the nearwake the effectiveness of 
the shroud was reduced substantially. 

An unexpectedly severe oscillation occurred with only 11 rods left on each 
side of  the shroud, as shown in Fig. l(16).  The amplitude of  oscillation exceeds 
that  found for the plain cylinder and increases throughout  the tested range, as 
can be seen from Fig. 18. Such adverse behaviour is possibly associated with a 
change of  the flow pattern from an intense f low between the shroud and 
cylinder to a sudden switch of  f low around the shroud. The incomplete shroud 
is then analogous to two side-fins (Fig. 1,9) as described and documented  by  
Gartshore et al. [27] 

Some distortion of  the shroud in high wind may be expected, which will 
lead to an eccentric posit ion relative to the cylinder. The effect  of axial.rod 
shroud eccentricity on its effectiveness was examined by Zdravkovich and 
Southwor th  [ 55 ]. Eccentricity of  such shrouds in any direction improved  their 
effectiveness in comparison with the concentric configuration. Eccentricity 
transverse to the flow direction caused a sharp rise in the drag coefficient.  

The axial-rod shroud was found equally effective in suppressing the oscil- 
lation of  two circular cylinders in a tandem arrangement [56] .  The  observed, 
large-amplitude, low-frequency oscillation of  the rear cylinder when placed a 
short distance behind the upstream one is not  caused by vor tex shedding in 
this case. A new mechanism is responsible, in the form of flow-switching, from 
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flow passing through the gap between the cylinders to flow around the 
tandem. When both cylinders were shrouded this mode of  oscillation was 
powerfully suppressed, both in wind tunnel and water channel tests. 

4.5 Axial-slat shroud 
Another  variation on the theme of "plurality of  axial members"  was 

developed by Wong [31] .  The members took  the form of a number of  slats 
placed longitudinally around the periphery of  the cylinder (Fig. 1,18). The 
opt imum configuration consisted of  25 slats, 0.087D wide, producing a 
"poros i ty"  of  the shroud of  40%. The shroud diameter was 1.286D and the 
drag measured within the range 1.5 X 104 < Re < 1.5 X l 0  s was almost 
constant at CD = 1.1. The effectiveness of  the shroud was attr ibuted to 
control of  the boundary layer separation on the cylinder and shroud. Wong 
[57] argued that inner flow between the slats and the cylinder was formed 
around the stagnation region, where the pressure was high enough to impel 
the fluid between the slats. The continuous ejection of  fluid through the 
slots around the sides and through the rear was a significant factor in stabil- 
ising the nearwake and the flow around the shroud itself. 

The existence of  fast f low along the inner passage was confirmed by the low 
pressure measured along the sides of the cylinder, but  only when some of the 
front slats had been removed, as seen in Fig. 19. The removal of  some slats 
on the rear side facilitated the ejection of  the inner flow into the nearwake. 
Better guiding of  the inner flow can be achieved with continuous guiding-vanes 
as proposed by Grimminger [34] ,  which will be described in the next Section. 

The effectiveness of  the axial-slat shroud for various front and rear 
openings is shown in Fig. 20. The point  corresponding to ~ = 5 ° corresponds 
to a fully slatted shroud. Only in that case was the shroud omnidirectional, 

F 
• . ~  - - ~ ' Y ' - ' ~ , ' ~  . . . . . .  ~o~° 

. . . .  I /  \ \ ' ,  - -  ~ - ~ -  ~ - D ~ E  ~- . . . . .  ~ 7 °  
°.~k ',~\ - ' , , '~Z. ,~ --::::,~o%° 

' ' . o  /o ~ "  ,~o . . . .  
Angular  pOSition measured  ~rom f ~ w a r d  s tagnat ion  po lh t  ( d e g ]  

Fig. 19. Pressure dis t r ibut ion around fully and partially shrouded cylinders, Re = 1.2 × l 0  s 
(after Wong [57 ] ). 
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Fig. 20. The effectiveness of an axial-slat shroud for various upetream and downstream 
openings; 2/3 coverage, Re = 2.35 x 104, and 2 M S / p D  2 ffi 1.8 (after Wong [57]). 

being unidirectional in the other cases. Figure 20 demonstrates that  a signifi- 
cant improvement in effectiveness can be achieved by an axial.slat shroudwith  
frQnt and rear openings up to ±20 ° . Further removal of slats hasan  increash~g- 
ly detrimental effect. The incomplete axial-slat shroud has been successfully 
applied in the marine environment, as reported by King [58].  

The axial-slat shroud was found to be less effective in suppressing buffeting 
oscillation when two cylinders were in a tandem arrangement [ 57].  The shrouded 
cylinder oscillated vigorously, particularly when the spacing between the 
cylinders was greater than 4D. The effectiveness of the incomplete axial-slat 
shroud also seriously deteriorated when the openings were not  aligned with 
the direction of flow. When the openings were positioned sidewise, the ampli- 
tude increased 40 times in comparison with that  in the aligned configuration 
[571. 

5. Nearwake stabflisers 

5.1 Splitter plates 
One of the earliest reported at tempts to s t a ~  the n e ~ e  b e h ~  bluff .... 

bodies by introducing some kind of  "m'~erbody '' is cited by Hoerner [59] .  
Apparently at DVL* in 1934 a triangular cylinder was attached to t h e  rear of 

*Deutsche Versuchsanstalt fiir Luftwimmnsehaft was the German Air Research ~.tablishment, 
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the circular cylinder, with its wedge pointing downstream. The effect  was 
that the drag coefficient, which was 1.19 for the plain cylinder, was reduced to 
0.89. Hoerner correctly stated that  the reduction of the drag was not  due to 
a streamlining effect. 

Roshko [60] carried out  the first systematic tests with long and short 
splitter plates, attached or detached, behind the circular cylinder. The short 
splitter plate had a chord of 1.14D. When it was attached to the rear of  the 
cylinder it did not  suppress vortex shedding, as can be seen from Fig. 21, 
though it did reduce the Strouhal number. When the splitter plate was moved 
downstream, leaving a gap between it and the cylinder (Fig. 1,20), the base 
pressure increased and the Strouhal number  further decreased (Fig. 21). The 
Strouhal number  became a minimum, and the base pressure a maximum, when 
the trailing edge of  the splitter plate was 3.85D downstream of the cylinder 
base. What was remarkable was the abrupt jump that occurred at this position 
when both St and Cpb almost reached their original values. Roshko correctly 
concluded that  the splitter plate delayed the formation of vortices by extending 
the separated shear layers downstream of its trailing edge. 

Roshko [60] also tested a long splitter plate having a chord of  5D. Figure 
22 shows the pressure distribution along the nearwake with and without  the 
long splitter plate. The minimum peak pressure behind the plain cylinder 
indicates the centre of the vortex formation region, and the rounded minimum 
half-way along the splitter plate indicates the centre of an elongated stationary 
eddy (as demonstrated by Bearman [61] on a different blunt body). Roshko 
[62] could not  detect  significant periodicity using a hot  wire placed one or 
two diameters behind the cylinder and above the long splitter plate at Re = 
7.5 × 103. Hence Roshko concluded that  the long splitter plate was fully 
effective in stopping the periodic shedding. He also suggested that an even 
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Fig. 21. Wake interference with short  split ter plate, Re = 1.45 × 104 (after Roshko [61 ] ). 
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Fig. 22. Pressure along the wake axis with and without  long splitter plate, Re = 1.45 x 10 + 
(after Roshko [60 ]  ). 

shorter length of splitter plate would be effective in destabilising the periodic 
shedding and that there might be a most effective design shape. 

Baird [32] designed and successfully applied an aerodynamic means based 
on the splitter plate concept to prevent pipe-line suspension-bridge oscillation, 
Triangular splitter plates forming a double saw-tooth pattern were attached 
to the pipeline suspension bridge spanning the Colorado river near Blythe, 
California. The triangular splitter plates attached to the pipe were 1,5D deep 
downstream or upstream and 12D long along the pipe. The splitter plates on 
the upstream and downstream side were staggered and the combined pitch 
was 24D. It should be pointed out that the wind occurred from both sides 
along the river and that required a double saw-tooth pattern. 

4 
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Fig. 23.  Oscil lation of  a light cylindrical buoy  with and wi thout  splitter plate, H/D = 5.15 
(after Sallet [65  ] ). 
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Parker [63] found that plates with bluff  trailing edges may induce a power- 
ful resonance between the vortex shedding and an acoustic wave pattern in the 
wind tunnel. At the resonance condition, the vortices shed were not  only 
stronger but  were also correlated over the whole span, so that the oscillating 
lift became very large. This in turn provided a strong acoustic source which 
excited the standing-wave pattern in the wind tunnel. 

Gaster [64] tested a long splitter plate fit ted on the upstream side of  the 
cylinder. The splitter plate was 12.7D long and 0.2D thick and it did not affect 
the vortex shedding and its frequency. The only exception was within a range 
of velocities where a strong acoustic standing wave was generated. The fre- 
quency of  vortex shedding did not  change with velocity then and the hot- 
wire signal increased in amplitude and became very regular. 

Sallet [65] applied a splitter plate as a hydrodynamic means. A low-aspect- 
ratio cylindrical buoy  (L/D= 5.15) was towed in a water tank at the end of 
a long cable. The splitter plate was fully effective in reducing the amplitude 
of vibration when its length was 3D, as seen in Fig. 23. Sallet [66] pointed 
out  that  a 2D-long splitter plate was not  effective. When the Reynolds number 
was in the critical regime, a splitter plate having a chord of 1.5D was effective 
in suppressing vortex-induced vibrations. 

The effect of  splitter plate length on the flow pattern around a stationary 
cylinder was investigated by Appelt et al. [67] in a water tunnel in the sub- 
critical regime. The main findings may be grouped for short and long splitter 
plates as follows: 

(i} Short splitter plates attached to the circular cylinder significantly modi- 
fied the flow around them. The drag coefficient was reduced below the plain 
cylinder value even by a very short splitter plate and it was reduced by as much 
as 31% for L/D= 1. The vortex shedding frequency varied with L/D by + 10% 
over the range 0 < L/D ~< 2. The vortex formation took place near the 
trailing edge of  the splitter plate. 

(ii) Long splitter plates (L/D> 2) progressively modified the drag and vortex 
shedding until L/D = 5. For L/D> 5 there was no further change; the drag 
coefficient was constant at 0.8 and vortex shedding behind the cylinder was 
eliminated, but  a vortex street formed about  17D downstream from the 
cylinder fit ted with a very long splitter plate. With very long splitter plates 
(LID ~ 5) the flow re-attached to the plate surface at approximately 5D 
downstream from the cylinder, regardless of  the splitter plate length. 

Gartshore et al. [27] fit ted an elastic cylinder with short splitter fins on 
the upstream and downstream sides. The height of the fins corresponded to 
a short splitter plate of  0.2D. Two types of  fins were tested; with straight and 
with saw-toothed edges. The pitch of the saw-toothed pattern was only 0.82D. 
The vibrational responses of  both finned models differed only slightly and the 
amplitudes were 60% of the maximum amplitude measured on the plain model. 
Hence short splitter plates were ineffective, despite the drastic drop in drag co- 
efficient. 
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5.2 Guiding vanes 
Grimminger [34] tried to stabilise the nearwake behind a circular cylinder 

by placing guiding vanes along its boundary. The original version of  the guiding 
vanes consisted of two fiat plates (being ~ 1D long) fitted along the side of 
the cylinder and parallel to each other and the cylinder axis (Fig. 1,21). The 
essential feature of these guiding plates was that they were fixed away from 
the cylinder by screws and washers placed 2.5/) apart; the gap between the 
guiding plates and the cylinder surface was 0.1D. Hence the guiding vanes did 
not interfere with the boundary layers and the "communication" between 
the separated shear layers was not affected. The guiding plates reduced the 
drag coefficient from 1.06 measured on the plain cylinder* to 0.83, and 
oscillations caused by the vortex street were successfully reduced to a low 
amplitude. It should be pointed out that a splitter plate of the same length 
reduced the drag to CD = 0.95 but did not appear to be effective in sup- 
pressing oscillations. 

Grimminger [34] also improved his hydrodynamic means by replacing 
the plates with vanes, as depicted in Fig. 1(22). The additional set of bolts 
and double nuts at the end of these curved guiding vanes, which were necessary 
to hold them stationary, did not affect a further reduction of the drag coeffi- 
cient to 0.65. Final improvement was achieved by extending the leading 
edges of the guiding vanes around the cylinder upstream up to around ± 45 ° . 
The overall streamlining was so improved that the drag coefficient was reduced 
to 0.51. Thus it appeared that the oldest hydrodynamic means invented in 
1945 had the lowest drag coefficient of all those shown in Fig. 1. 

Wood [68] carried out experiments on mechanically forced lateral vibrations 
of a blunt aerofoil having a base in the form of a square-section cavity. The 
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Fig. 24. Strouhal number variation with vertical plate distance (:after Gerrard [69:] ). 

*The  mode l  was t o w e d  in water  at  Re = 1.7 X 10 + and the  aspect  rat io was 24, b u t  the  end- 
plate was f ixed  o n  one  side only.  
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model was similar to Grimminger's original concept  shown in Fig. 1(21) ex- 
cept that the model  was not  a circular cylinder and that there was no gap be- 
tween the cavity plates and the aerofoil. F low visualisation revealed that  
there was distinct vortex shedding behind the stationary model  and that the 
cavity itself did not  stabilise the nearwake. When the model was set in heaving 
motion the vortices were trapped inside the cavity and the vortex street was 
almost completely destroyed. 

Gerrard [69] made an unexpected discovery that  "guiding" of  the near- 
wake may be achieved with a flat plate positioned perpendicularly in it. He 
measured only the vortex shedding frequency and found a distinct fall as seen 
in Fig. 24. It is not  known how these changes would affect the response of  an 
elastic cylinder fit ted with such a plate. Gerrard noticed that the formation 
region expanded to include the plate when it was close to the body,  and con- 
sequently the fluctuating lift on the cylinder was expected to diminish. 

5.3 Base-bleed 
Wood [35] studied the effect of  "base-bleed"* on an aerofoil section with 

a blunt trailing edge. The model, resembling an inverted letter D, had a length- 
to-height ratio of  10. A uniform base-bleed velocity over the middle 80% of 
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Fig. 25. Strouhal  number ,  drag coeff ic ient  and length o f  fo rmat ion  region for various rates 
of  base-bleed (after Wood [35 ] ). 

the span was achieved by careful adjustment of  the internal configuration. 
The bleed coefficient was defined as the ratio of  the bleed flow rate per unit 
span divided by the free stream flow rate through the model height per unit 
span. Figure 25 shows the effect of  the base-bleed on the drag coefficient, 
Strouhal number  and, most important of  all, on the position of  the vortex 

*The actual f low rate of  the fluid ejected at the base was so low that  the process was 
called "base-bleed".  
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formation region. It is evident that  base-bleed reduced drag by  delaying the 
formation region further downstream. The op t imum base-bleed rate was sug- 
gested to be Cq = 0.125. 

Wood [70] also carried ou t  f low visualisation in water in order to investi- 
gate the modifying effect  of  base-bleed. The results suggested that  the observed 
decay in the vortex structure of  the wake was related to variations in the con- 
ditions of  mixing between the base fluid and the external stream. A remark- 
ably clear photograph of  the nearwake modifications as affected b:y the in- 

Fig. 26. S m o k e  tunnel  m o d e l  w i t h  base-bleed at Re = 1.72 x 103 (by cour tesy  o f  Dr.  
P.W. Bearman (unpubl ished)) .  (A) Cq = 0.0; (B) Cq = 0.058.  
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Fig. 26 (continued). (C) Cq = 0.118 (see Fig. 26(A)) (by courtesy of Dr. P.W. Bearman 
(unpublished)). 

creasing rate of base-bleed is shown in Fig. 26*. The vortex formation region 
occurred behind the blunt base of  the half-elliptic model wi thout  base-bleed, 
Cq = 0. At a low base-bleed rate, Cq = 0.058, the vortex formation region 
was displaced downstream. The nearwake appeared so stabilised at Cq = 0.118 
that  format ion of a symmetrical vortex street was possible at first. 

Wood [35,68,70] and Bearman did not  extend their tests to circular 
cylinders. The reason was that  a pumping system cannot  be expected to be a 
viable alternative to simple geometric means. Igarashi [ 36] overcame this ob- 
ject ion by providing his circular cylinder with a slit cut along the whole span 
(Fig. 1,24). Thus self-injection of fluid into the nearwake was achieved by high 
pressure around the stagnation region and low pressure around the base. 
Igarashi measured the drag coefficient and Strouhal number  for two widths 
of  the slit, 0.08D and 0.185D, at Re = 4.5 × 104. The drag coefficients were 0.9 
and 0.75 and the Strouhal numbers 0.26 and 0.32, respectively. The flow 
pat tern behind the cylinder with a 0.08D slit had a downstream displacement 
of  the vortex formation region similar to that  shown in Fig. 26. 

Igarashi varied the self-injection rate by rotating the cylinder with the slit 
so that  the slit axis became inclined to the free stream velocity up to 30 ° . 
The drag coefficient was calculated from the pressure distribution, and the 
flow rate through the slit was measured by a traversing hot  wire. Figure 27 
shows that  the 0.08D slit was not  wide enough to provide an opt imum flow 
rate into the nearwake whilst the 0.185D slit was too wide. Nitoh's unpublished 

* These unpublished photographs were taken by Dr. P.W. Bearman at Cambridge in 1964. 
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Fig. 27, Effect of slit and jet on drag coefficient (after Igarashi [36] and Nitoh (unpublished 
M.Se. thesis)). 

results* on drag coefficient reduction by base-bleed are also included in 
Fig. 2 7  for comparison. The effect  o f  the slit on oscillation of  an elastic 
cylinder was not  dealt with by Igarashi [36] .  

6. Comparative assessment o f  ef fect iveness  

The review of various means for suppressing vortex shedding from a cylinder 
reveals that  the effectiveness depends not  only on the Reynolds number,  struc- 
tural damping, regime of  flow and the geometry of  the means, but  also on the 
displacement of  the cylinder itself. The governing factor for high effectiveness 
is the distance of  the formation region from the cylinder. The bet ter  the means, 
the further the displacement of  the formation region downstream. It is remark- 
able that  even the best means, such as a long flat plate, do not  inhibit vortex 
shedding altogether bu t  postpone it to occur as far downstream as 17D. Hence 
the vortex shedding mechanism appears indestructible: it can be delayed and 
weakened but  never total ly destroyed**.  

Oscillation of  a plain cylinder always leads to a shortening of  the nearwake 
and brings the formation region closer behind the cylinder. The same tendency 
exists when the various means are at tached to  the cylinder. The oscillations 
affect  the effectiveness of  the means in direct proport ion to their amplitude. 
The means that  are highly effective for low-amplitude oscillation, such as the 
perforated shroud, reduce large amplitudes of  oscillation only to a modest  50%, 
as evident from Fig. 13. Unidirectional means, such as the splitter plate or 
guiding vanes, are the only ones capable of  preventing the adverse return of  the 

*T. Nitoh, M.Sc.Thesis, University of Tokyo, 1971 (in Japanese). 
**Taneda [71 ] found that the normal vortex street disintegrated downstream, but that 
farther downstream a new vortex street formed on a bigger scale. This process repeated 

itself several times up to 800D downstream. 
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formation region nearer to the cylinder. Hence, it appears that at present there 
is no omnidirectional means effective for very lightly damped structures. The 
influence of  displacement is such that the only sure way of proving effective- 
ness is to test dynamic models. 

The peculiar reduction of effectiveness due to proximity of  other  structures 
may be explained by interference, with the length of the formation region. 
The downstream cylinders in the in-line arrangement tested by Vickery and 
Watkins [42] affected the position of  the formation region and rendered the 
helical strakes ineffective. It was found, however, that when the flow was at 
28 ° to the in-line configuration the means were effective despite the fact 
that this orientation gave the worst case for the plain cylinders. Similar dis- 
placement of  the formation region upstream occurred when the second cylin- 
der was placed 9D downstream in Walshe and Cowdrey's  tests [49] .  

Few comparative tests have been done to evaluate various means on the 
same model under identical test conditions. Borges [72] carried out  such an 
experiment on a model of  a UHF television aerial. The cylindrical surface had 
circumferential rings, as shown in Fig. 28, and the aspect ratio was 11. The 
vibrational responses of  the "plain" model and of  that fit ted either with heli- 
cal strakes (Fig. 1,1) or longitudinal plates (Fig. 1,11) are shown in Fig. 28 at 
2 X 104 < Re < 2 X 10 s . The helical strakes appeared more efficient than the 
rectangular plates, and produced 9% lower drag coefficient than the latter. 
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The effectiveness in the post-synchronisation range changed in favour of the 
longitudinal plates, although an unabated rising trend was evident for both 
means (see Fig. 28). 

The quantification of effectiveness can be expressed in terms of either the 
amount  of structural damping required to limit the response amplitude of 
oscillation to prescribed values [45] or vice versa. The former has a practical 
appeal and the latter is more convenient from the experimental stand-point. 
Tests are needed for reliable quantitative assessment in all three flow regimes. 
The percentage reduction of amplitude, which has been adopted as a criterion 
by many authors, depends very much on structural damping, length-to-diam- 
eter ratio, free stream turbulence, surface roughness, etc., and hence cannot 
be used for comparison. Thus comparative tests of various means under iden- 
tical test conditions are necessary even for apparently "equal ly"  effective 
means. A research programme of this kind is currently in progress at Sal ford. 

Another neglected area of research was and still is the measurement of the 
correlation of velocity fluctuations along the span of the cylinder. Borges [72] 
provided data for his aerial model which proved the aforementioned mechanism 
of delayed vortex formation. He measured the cross-correlation of the longi- 
tudinal velocity component  along a cylinder using two hot  wires located 9D 
behind the cylinder at the edge of the wake. Figure 29 shows that  the farwake 
of the plain model was the least correlated, whilst the farwake behind the model 
with helical strakes was the best correlated. This indicates that  the recovery of 
the vortex formation process took place furthest downstream for the latter, and 
is particularly well correlated at the edge of the wake. This piece of informa- 
tion explains why, in the case of two circular cylinders in a tandem arrangement 
with a spacing between them of 9D, it was better to leave the upstream 
cylinder without  helical strakes, as found by Walshe and Cowdrey [49]. If 
both cylinders are fitted with helical strakes, then the downstream one will 
be exposed to a postponed vortex formation region produced by the upstream 
cylinder. 

The last but not  the least factor which should be taken into account in 
assessing various means is the drag coefficient. It has been pointed out that 
the effectiveness of the means does not  depend on the value of the drag co- 
efficient. A compilation of all available data on drag coefficients for various 
means is shown in Fig. 30. The helical strakes produce drag in excess of that  
found for a plain cylinder in the subcritical regime. The perforated shroud with 
circular holes has the lowest drag whilst the axial-slat shroud produces the 
highest drag among the shrouds. The means having extremely low drag were 
guiding vanes in the subcritical regime and helical wires in the critical and 
supercritical regimes. In general, unidirectional means produced lower drag 
than omnidirectional means of the same kind. 
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