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A smoke visualization technique was used to study the laminar wake behind a 
single cylinder. Observations of the wake revealed the nature of the process of 
formation of a Kkm&n vortex street: instability of the shear layers was coupled 
with the rolling up process induced by the concentration of vorticity. 

An unexpected mass transfer was observed through the K k m h  vortex street 
which cause mixing of the fluid surrounding the wake. 

1. Introduction 
BBnard (1908) produced photographs, and von K h m h  (1911) proposed a 

theoretical model to explain and predict the spacing ratio of a vortex street. 
The first attempt to obtain some systematic experimental evidence concerning 
the formation of the vortices and the general characteristics of the generation 
of the vortex street was made by Nayler & Prazer (1917). They conducted experi- 
ments with the aid of a cine camera on the flow of water past a cylinder. 

The details and the general character of the flow at a Reynolds number of about 
120 were observed by introducing oil drops or a dilute solution of condensed milk 
into the fluid and illuminating them suitably. Velocity and direction measure- 
ments made at  chosen epochs of the formation period were carefully collected 
into a simple diagram. The types of flow deduced in this way for different epochs 
are reproduced in figure 1. The series of ten figures (a)  to (j ) gives the life history of 
a single vortex formed behind the cylindrical model. The changes in the stream- 
lines 1 , 2 , 3  and 4 , 5 , 6  are shown as an illustration. The manner of formation and 
development of the vortices shown in figure 1 reveals at  least two significant 
features which will be confirmed later by a different visualization technique. 
These are: (i) at  the very beginning (figure 1 (b) - (d) )  the lower vortex is formed 
by fluid from the upper side of the cylinder; (ii) later, a considerable amount of 
fluid from one side of the wake (figure 1 ( f ) - (h))  finds its way between the vortices 
and reaches the opposite side of the wake. 

Since 1917 numerous investigations have been made on the K k m h  vortex 
street. Streaklines were photographed in the wake behind a circular cylinder 
in a stream of oil by Homann (1936) (pictures appeared in many text-books). 
The purpose of the present paper is to investigate the formation of the K&rmAn 
vortex street at different velocities. Smoke streaklines have been observed from 

t On leave from the Department of Mechanical Engineering, University of Belgrade. 
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Reynolds numbers where the KkmAn vortex street does not exist to those where 
it is fully developed. The second part of the investigation was devoted to the ob- 
servation of mass transfer across the vortex street. 

I 

I 

FIGURE 1. The development of vortices (Nayler & Frazer 1917). 

2. Development of the vortex street with increasing Reynolds number 
The investigation was conducted in the Aerodynamics Laboratory of the 

Cambridge University Engineering Department in a vertical low-speed wind 
tunnel with upward flow. The working section of the tunnel is 12 x 6 in. in cross- 
section and 20 in. long. A hollow cylinder of diameter 0.043 in., spanning the 
shortest dimension of the working section, was used to generate the vortex street. 

The visible material in what is here called the smoke filament was actually 
liquid kerosene in the form of a fog of fine droplets; the smoke generator in which 
it was produced was of the Preston & Sweeting (1 943) type. The wake configura- 
tions were recorded on ASA 400 film with a Nikon camera. 

The Reynolds number was increased slowly from 30 to 90 and the photographs 
presented in figure 2 (a)-(h), plate 1, show the appearance of the wake over this 
range. These flow regimes were obtained by simply adjusting a knob to increase 
the speed in the wind tunnel. The transient process occupied a finite time of the 
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order of 6 sec, and all the photographs presented here were taken during that 
period. Some of the pictures obtained in this way are closely similar to those of 
Homann, indicating that in the present work the flow was effectively steady and 
not influenced by acceleration. 

Figure 2 (a )  was taken a t  the Reynolds number 30 when disturbances slightly 
distorted the smoke-filled shear layers in the wake. The black spot just behind 
the cylinder indicates the presence of attached vortices, sometimes known as the 
Foeppl vortices. The next figure 2 (b )  shows only an increase in the disturbances, 
which are still irregular. Figure 2 (c) demonstrates the beginning of some regular 
patterns in the wake. Immediately behind the twin vortices the wake is remark- 
ably straight and symmetrical. Some distances downstream a weak instability 
in the form of sinuous oscillations with small amplitude is noticed. This causes the 
appearance of what might be described as ‘tongues’ of smoke. The sinuous oscil- 
lations produce a displacement of the shear layers and bring some smoke into 
the zones of greater or less velocity. The accelerated smoke creates the observed 
smoke-tongues while the retarded parts form black intrusions. 

Figure 2 ( d )  displays all the features so far described in more pronounced form. 
The sinuous oscillations begin nearer to the cylinder and also their amplitude is 
increased. It is evident that the staggered arrangement of the vortex rows is 
closely related to the sinuous oscillations. Figure 2 (e)  reveals the further develop- 
ment of these instabilities of the shear layers. Close behind the cylinder we can 
still see the black spot, identified as the attached pair of vortices, as well as the 
nearly straight centre-line of the wake behind them. The smoke tongues grow; 
they acquire more of the smoke, and take what we may call a ‘smoke-bud’ form, 
while at  the same time the middle of the wake becomes thinner. This trend 
continues in figure 2 (f). The middle line departs significantly from its previous 
shape, particularly at the wave crests, where sharp corners are established. 
On the other hand the shape of the smoke-buds is gradually rounded and there 
is a resemblance to pictures of the rolling up of a vortex sheet (Pierce 1961). 
This resemblance is not fortuitous because concentration of the smoke means at  
the same time concentration of the vorticity which has survived from the shear 
layers. Observing more closely the details of the smoke pattern over the visible 
part of the wake, going downstream along the wavy smoke-line, we see that the 
corners or joins move away from the rolled-up smoke-clouds and finally reach 
positions about midway between neighbouring smoke-clouds on opposite sides of 
the wake. 

Figure 2(g) supports the above description. The amount of vorticity in the 
wake is increased by the increase of speed. This is the first photograph in which 
it can be seen that the sinuous oscilIations distort the shapes of the clouds. It 
is also the first in which the rotation within the smoke clouds is visible, showing 
that they are the embryos of future vortices. Going downstream they absorb 
more and more smoke and therefore more and more vorticity; the connecting 
smoke-lines are no longer seen to move to the middle position as in figure 2 (f). 
The rotation induced by this vorticity concentration, known as the rolling up 
process, leads finally to the emergence of all the visible smoke into the vortex 
cores, as can be seen for the last three vortex pairs in the photograph. The vortex 
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street is formed in the wake downstream while the twin vortices next to the 
cylinder remain attached. This fact was also observed by Taneda (1956) and des- 
cribed in detail by Batchelor (1967). 

The last photograph, figure 2 (h) ,  represents the vortex street in the classical 
sense. The twin vortices are no longer Seen behind the cylinder. The strong sinuous 
oscillations which now appear immediately behind the cylinder have detached 
them, and they have been carried away downstream. 

On the basis of these observations it is possible to propose a simple mechanism 
for the formation of a K&rm&n vortex street. The instability of the shear layers 
from a certain Reynolds number upwards leads to the initial staggered vorticity 
concentration. The rolling-up process reinforces both the concentration of vor- 
ticity and the circulation about the future vortex cores. It follows from this that 
in order to suppress the vortex street formation it is necessary and sufficient 
either to prevent the appearance of the instability or to decrease the rate of 
generation of vorticity. The first was successfully performed by a splitter plate 
by Roshko (1954) and the second by means of a perforated shroud enclosing a 
circular cylinder by Price (1956). Both were achieved with a high velocity jet by 
Poisson-Quinton & Jousserandot (1957) and with base bleed by Wood (1964). 
All these methods are consistent with the proposed model. 

3. Mass transfer across the vortex street 
The smoke filament was traversed across the wake in order to investigate the 

interaction of the fully formed vortex street and the neighbouring stream. 
The instantaneous streaklines behind a cylinder were photographed and are 
shown in figure 3 (a)-(g), plate 2. In successive photographs the smoke filament 
has been moved down relative to the cylinder, beginning a,bove and ending below 
it. The Reynolds number was approximately 100. 

In figure 3 (a)  the smoke filament was adjusted to be four diameters above the 
cylinder. The resulting streakline did not interact with the wake because it was 
too far outside. The next figure, figure 3 ( b ) ,  reveals an interaction of the smoke- 
streakline with the vortex street. Smoke entered between neighbouring vortices 
and crossed to the other side of the wake, where the streakline was split and 
branched in two directions; one branch embraced the upper vortex and the 
other the lower one. There was no great change of the pattern further downstream. 
An unexpected result was that most of the smoke introduced above the cylinder 
found its way across and appeared in the lower part of the wake. This mixing was 
induced by the vortices and as they weakened further downstream the effect 
also decreased. 

Figure 3 ( c )  shows the smoke-streakline when it just touches the cylinder and 
is still above it. The upper vortex row is now seen to have black spots in the centres 
of the vortices. This means that the centres of the vortex cores are not filled with 
fluid from above the cylinder. Confirmation of this may be found if we look at  
the lower row of vortices: white spots indicate that the smoke introduced above 
the cylinder fills their centres. As in this case the smoke filament represents 
at the same time the shear layer, this shows the presence in the vortex core of 
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some opposite vorticity, leading to some degree of cancellation of the vorticity 
there, as was observed in the experiments of Fage & Johansen (1927). This is 
also in accordance with the observations of Nayler & Frazer (1917) which were 
quoted above. Further downstream the smoke gradually surrounded the vortices 
in the lower row and this also contributed to the cancellation of vorticity as pre- 
dicted by Hooker (1936). 

Figure 3 ( d )  shows the usual patternof the K k m h  vortex street obtained when 
the smoke filament meets the cylinder symmetrically. Both rows of vortices are 
clearly seen as well as the connecting smoke lines, and the changes in them going 
downstream. With the aid of the preceding figures it is possible to imagine what 
happens in the black regions between the vortices. The widening of the smoke 
filament passing the cylinder and forming the vortex street displaces the neigh- 
bouring fluid and produces the observed mass transfer. 

For the sake of completeness the next three, (figures 3 (e)-(9)) are added, show- 
ing the smoke-filament moving down below the cylinder. Figure 3 ( e )  shows a 
similar pattern to that in (c),  although the filament in (e) was slightly beneath the 
cylinder and did not touch it. Figure 3 (f) is complementary to ( b )  and shows how 
smoke from under the cylinder finds its way across and appears in the upper part 
of the wake. If we imagine the superposition of ( b )  and (f) then the resulting 
picture represents the mechanism.of the mass transfer through the vortex street. 
The last figure, figure 3(9), was obtained when the smoke filament was three 
diameters below the centre plane. 

4. Downstream development 
In figure 4 (a)-(c), plate 3, the development of the vortex street far downstream 

in the wake is shown. Figure 4 (a )  was obtained 300 diameters downstream of the 
cylinder. The vortex cores, seen as smoke clouds, gradually change shape and 
become elliptical. In figure 4 (c)  the K k m h  vortex street is shown 600 diameters 
downstream. The elliptical vortex cores are more elongated but they are still 
distinct. In  figure 4 ( b )  the region surrounding the vortex cores is shown 300 
diameters downstream. It was obtained when the smoke filament was moved 
transversely to a distance of about two cylinder diameters from the axis. It is 
evident that the previously observed mass transfer is now suppressed. 

Finally it is interesting to note that this mass transfer occuring in the KBrm&n 
vortex street was observed a long time ago. Professor W. R. Hawthorne has 
kindly pointed out to me the discussion following a lecture given by G. I. Taylor 
(1951, pp. 193-4) on the mechanism of eddy diffusion. Minchin (1951, p. 485) 
had studied the mixing of parallel streams of hot and cold air when they flow 
into a common duct. In  the wake of a cylinder at the entrance, hot and cold 
eddies were interleaved, and two or three diameters downstream an even time- 
average temperature distribution could be obtained. That was followed further 
downstream by what appeared to be a weak reseparation of the hot and cold air 
and a reversed temperature variation. 



496 M .  M .  Zdravkovich 

5. Conclusions 
The smoke visualization technique has revealed some features of the process 

of formation of a K&rm&n vortex street. The instability of the shear layers when 
the Reynolds number was not too low led to the initial staggered vorticity con- 
centration. The rolling-up process reinforced both the concentration of vorticity 
and the circulation about these future vortex cores. 

The visualization of the downstream development of the newly formed vortex 
street showed at  fir& a strong interaction between the new vortices and the 
surrounding fluid; this interaction weakened as the strength of the vortices 
declined. The result was a mass transfer across the wake and its surroundings. 
Far downstream the vortex-cores were elongated in the elliptical shapes. 

Thanks are due to Mr E. P. Sutton of Cambridge University for invaluable help 
during the preparation of this report. 
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FIGURE 2 .  Formation of the Khrmhn vortex street. 
ZDRAVKOVICH 

Plate 1 

(Pacing p. 496) 
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FIGURE 3. Mass transfer across the K h m h  vortex street. 
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Plate 2 
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FIGURE 4. Downstream development of the Karmitn vortex street. 

Plate 3 
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