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On vortex shedding from smooth and rough cylinders
in the range of Reynolds numbers 6x10? to 5x10¢
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The influence of surface roughness on the vortex-shedding frequency in the wake of a
single cylinder has been investigated. The experiments were carried out in an atmos-
pherical and a high-pressure wind tunnel. The tests were started with a smooth
cylinder. Then the wake flow of cylinders with relative roughnesses of k,/d = 75 x 10-5,
300 x 10-5, 900 x 10~3, and 3000 x 10— was investigated.

For all roughness parameters tested the Strouhal number exhibited an increase in
the critical flow regime. With growing roughness parameter the step in the curve
became smaller. At transcritical flow conditions the Strouhal number was measured
to be in the range of Sr = 0-25+ 0-018 for all surface roughness tested. No regular
vortex shedding could be observed in the critical flow range for the smooth cylinder
with {/d = 3-38. When prolonging the test body to I/d = 6-75 the wake fluctuations
became periodic.

1. Introduction

From recent experiments it is known (Groehn & Scholz 1977) that the heat transfer
of heat exchangers with tubes in cross flow can be enhanced considerably without
increase in pressure drop by applying artificially roughened tubes. However, flow
fluctuations in tube banks may lead to mechanical or acoustical resonance effects
which in turn cause mechanical damage to the heat-exchanger components (Heinecke,
1971). Before starting investigations on vortex shedding of multi-tube arrays the
non-steady flow phenomena of rough single cylinders were studied. Those experiments
require the- ability to produce very high Reynolds numbers. They could be realized
by using a high-pressure wind tunnel and by conceding a tunnel blockage ratio of
d/b = 1/6 and a length to diameter ratio of [/d = 3-38, as well.

The effect of blockage ratio on the flow past bluff bodies has been considered
previously by numerous authors. At least for subcritical or transcritical flow con-
ditions it can be accounted for by applying the formulae of Allen & Vincenti (1930),
for instance.

The influence of the aspect ratio I/d on the flow past a smooth cylinder has been
treated by Morsbach (1967). He found that the flow is most affected in the critical
flow regime. For l/d < 3 the separation line of the boundary layer is no longer
parallel to the cylinder axis, which means that the flow is three-dimensional. With
regard to Morsbach’s results the authors expected an effect on the vortex-shedding
mechanism due to the low aspect ratio for the smooth eylinder at critical low con-
ditions. Therefore an additional test run was carried out using an aspect ratio of
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Fiaure 1. Test section, dimensions in millimetres.

l/d = 6-75. For rough surface cylinders an aspect ratio of [/d = 3-38 was sufficient
to obtain two-dimensional flow conditions for the whole Reynolds-number range
investigated. This results from a check carried out for the coarsest cylinder and for
that endued with the lowest surface roughness. The vortex-shedding frequencies at
I/d = 3-38 and I/d = 6-75 were the same for the particular roughness conditions.

To make sure that the experimental set-up and the measuring technique were not
the source of systematic errors a smooth cylinder was taken as the first test object.
Comparison of the results so obtained with those of other authors (Bearman 1969;
Roshko 1961; Delany & Sorensen 1953; Jones, Cincotta & Walker 1969) indicated
that the experimental procedure was accurate.

2. Experimental arrangement

The test object was mounted vertically in a rectangular test section. The
dimensions are given in figure 1. The whole array could be transferred from the
atmospheric to the high-pressure wind tunnel (maximum pressure 40 bar), because
both had the same geometrical dimensions. The range of Reynolds number which
could be covered with the given arrangement was 1-5x 1043 x 103 (atmospheric
tunnel) and 1:3x 105-5x 10® (high-pressure tunnel). The turbulence level of the
incident flow was Tu = 0-459%, in both wind tunnels. A detailed description of
the test facilities has been given by Grosse & Scholz (1965). The roughest cylinder
(k,/d = 3000 x 10-3) was tested in an additional open wind tunnel using a test cross-
section of 500 mm square and a cylinder diameter of d = 25 mm.

The smooth cylinder (¢ = 148 mm) was made of highly polished copper. The
relative roughness was k/d < 10~%, where k means the total height of the surface
roughness measured by means of a roughness meter. The roughness elements of the
other cylinders were produced by a knurling process. By this method pyramids of
rhombie basic area and definite heights were formed and a uniform roughness on the
whole surface of each cylinder could be achieved. The geometrical data of the
roughness pattern are given in figure 2. The effective diameter used in the dimension-
less groups is taken as that of the bare cylinder (roughness elements ground off) plus
the height of a roughness element.

The classification of the pyramidal surface roughness has been a severe problem.
Since a roughness pattern is characterized not only by the height of the elements,
but also by their local arrangement on the surface and by the statistical distribution
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Ficure 2. Roughness pattern.

H; (mm) 0-10-0-12 047 0-90-0-92 0-75-0-8256

Hy; (mm) 0-05-0-07 0-4 07 0-60-0-675

8 (mm) 0-31 72 2-1 2-1

k,/d 76 x 10-5 300 x 10-® 900 x 10-3 3000x 10-%
Table 1

of the different grain sizes, it seemed unsatisfactory to the authors to report only
on the geometric size of the pyramidal roughness. Therefore further information is
given by quoting its effect on the flow. A measure to do so is to consider the critical
Reynolds numbers as a function of surface roughness.

Fage & Warsap (1930), Achenbach (1971) and Miller (1976) have published drag-
coefficient data of rough cylinders which exhibit a relationship between the dimen-
sionless equivalent sand-grain roughness k,/d and the critical Reynolds number
Recry. This relationship can be approximated by

6000
Reerit = (k /d) .

Introducing the values of the critical Reynolds number into this equation the
equivalent sand-grain roughness can be determined for the particular pyramidal
surface roughnesses. The corresponding result is given in table 1. The application of
this method is not free of uncertainties, but it represents the best one available to
the authors at this time.

For measurement of the flow fluctuations a hot-wire probe was installed 0-11 m
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Freure 3. Drag coefficient of the single cylinder in cross flow at various surface roughness
parameters k,/d: x, smooth; A, 75x10-%; O, 300x 10-5; ], 900 x 10-%; ¥V, 3000 x 10-5.

behind the rear stagnation point of the cylinder. The spanwise direction of the wire
was parallel to the axis of the cylinder. The probe shaft could be traversed through
the wake. The position of the hot wire was detected by a precision resistance
potentiometer which was fastened to the moving slide where the probe shaft was
mounted. At the probe shaft an accelerometer was installed to measure the mechani-
cal oscillations of the hot-wire probe due to wind forces. In this way it was demon-
strated that the frequencies indicated were not caused by vibrations of the hot-wire
probe itself.

The hot-wire probe was connected to a CTA-bridge (DISA, 55 Mo 1). The linearized
signal was analysed by a heterodyne analyser (Briiel-Kjaer 2010) and the spectral
distribution was registered with a level recorder. In addition the signal was
observed by means of an oscilloscope. This was helpful in finding the optimum
position of the hot wire in the wake.

3. Results

Before discussing the measurements of the non-steady wake flow some remarks
on the influence of roughness on the steady flow field around the cylinder should be
made. A detailed description of the effects observed has been given by Achenbach
(1971). In those tests he used tubes the surfaces of which were clad with emery
paper, whereas the present experiments were performed with artificially roughened
cylinders. This technique was applied because the cylinders were also used for
heat-transfer experiments. From measurements of the static pressure around the
circumference of the artificially roughened tubes the drag coefficient had been
calculated by Achenbach (1977) previously. The results, not corrected for blockage
effects, are given in figure 3.

Comparison between the drag-coefficient curves of the pyramidal and the
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emery-paper roughness reveals some discrepancy concerning the absolute value of
the drag coefficient. For subcritical flow conditions the deviation is about 109%,.
Owing to the large diameter of the cylinder the velocities and thus the pressure
difference around the cylinder were very low in this Reynolds-number range. As the
drag coefficient was calculated from the local static pressure distribution the differ-
ence may result from this deficiency. Additionally it should be realized that the
type of the roughness was completely different in the two investigations, which also
may have had an effect on the drag. The agreement of the drag coefficient results
for the two roughness types is very good in the transcritical flow range. In the
critical flow regime, which is most sensitive to disturbances, there are discrepancies
which are most probably due to the fact that two roughness types, the first a regular
arrangement of equal roughness elements, the second consisting of different frac-
tions of granulate, were used.

In spite of these discrepancies the fundamental boundary-layer phenomena are
the same for both roughness types. In the suberitical range where the boundary layer
is laminar throughout roughness has no influence on the drag. The critical flow
regime is indicated by the drop of the drag coefficient due to the rearward shift of
the laminar boundary-layer separation point. At the critical Reynolds number, which
is the Reynolds number at ¢; minimum, laminar intermediate separation and tur-
bulent reattachment occurs. The turbulent boundary layer transferring a higher
amount of energy normal to the wall than the laminar boundary layer enables the
flow to follow the contour of the cylinder far downstream. The value of the critical
Reynolds number decreases with increasing roughness parameter. At the same time
the critical-Reynolds-number range is shrinking. In the supercritical regime c,
grows again. Intermediate laminar separation is no longer observed, but an immediate
transition from laminar to turbulent flow. The location of transition shifts upstream
with increasing Reynolds number.

Finally the transcritical flow range is reached where ¢, is almost constant. The
boundary layer undergoes transition from laminar to turbulent flow in the vicinity
of the front stagnation point. With increasing relative roughness c; increases, then
levelling out to ¢; ~ 1-2 for k,/d > 300 x 10-5. This is not evident for the coarsest
cylinder (k,/d = 3000 x 10-%), which, through lack of time, could not be tested in
the high-pressure wind tunnel at high Reynolds numbers. The drag-coefficient
data of this cylinder presented in figure 3 are extrapolated for a blockage ratio of
d/b = 1/6 according to the formulae of Allen & Vincenti (1930).

In figure 4 the Strouhal number Sr is plotted against the Reynolds number Re for
the smooth cylinder. In the subecritical regime Sr is almost constant, Sr = 0-205.
Beyond the critical Reynolds number no regular signals were found in the wake of the
cylinder with {/d = 3-38, though the hot-wire probe was traversed + 1 diameter from
the wake centre-line across the wake at different distances downstream of the cylin-
der. This phenomenon was supposed to be due to three-dimensional wake formation as
mentioned above. Tests with a prolonged cylinder (I/d = 6-75 and a blockage ratio
of d/b = 1/6) showed that also in the critical flow regime quasi-regular flow fluctua-
tions occurred. The Strouhal number was around 8r = 0-5. Bearman (1969) measured
a lower value of Sr = 0-46 because he carried out his experiments using a smaller
blockage ratio of d/b = 1/15-4. His observation was confirmed that between the
subcritical Strouhal number Sr = 0-2 and the critical value of Sr = 0-5 only two
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FI1GURE 4. Smooth cylinder (I/d = 6-75; d/b = 1/8): Strouhal number
v8. Reynolds number.

intermediate values exist at Sr = 0-34. According to Bearman's findings this pheno-
menon appears to be due to the occurrence of a separation bubble on one side only
of the cylinder.

The values of Sr presented in figure 4 have not been corrected for tunnel blockage
in the total Reynolds-number range investigated since beyond the critical Reynolds
number the angle of boundary-layer separation is ¢, > 90°, for which the formulae
of Allen & Vincenti (1930) cannot be applied.

The supercritical flow range ends at about Re = 2x 108. The Strouhal number
decreases stepwise from Sr = 0-5 at Re = 1-5 x 108 down to a value of 87 = 0-25 at
Re = 4 x 108, The fluctuation spectrum was broad compared with that at the lower
Reynolds numbers. Thus the determination of the vortex-shedding frequency was
subject to a larger scatter band.

In figure 5 results for k,/d = 75 x 10~% are plotted. Sr is nearly constant in the
subcritical range, which ends at about Re = 1-5x 105. In the critical and super-
critical flow range, high and low values of Sr (0-5-0-18) are found. Obviously the
relative roughness is still too small to stabilize the vortex-shedding mechanism in
such a way as is observed for higher Reynolds numbers or higher roughnesses.
Since the flow is sensitive to disturbances, the character of the flow around the
cylinder may randomly be critical or subcritical, each range being characterized by
different values of Strouhal number. This phenomenon was observed for both
aspect ratios I/d = 3-38 and I/d = 6-75. Beyond Re = 5x 105 the transcritical flow
range is reached, where the flow is stabilized and the Strouhal number is only weakly
dependent on Reynolds number.

Whereas for the smooth cylinder and that with the smallest roughness parameter
the critical flow regime is extended over a certain range of Reynolds number, this is
no longer the case for higher roughness parameters. As can be seen in figures 6, 7,
and 8 the transition from subcritical to transcritical values of Strouhal number
occurs within a small range of Reynolds number. Referring to the drag coefficient
(figure 3) this range corresponds to that of the intermediate decrease of c;. With
increasing roughness the minimum of c; at the critical Reynolds number increases,
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Fi1Ggure 5. Rough cylinder k,/d = 76 x 10-%; l/d = 6-75; d/b = 1/6): Strouhal
number vs. Reynolds number.
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Fi1cUrE 6. Rough cylinder k,/d = 300x 10-%; I/d = 3-38; d/b = 1/6):
Strouhal number vs. Reynolds number.

whereas the Strouhal number in the corresponding flow range becomes smaller for
rough than for smooth cylinders (see figure 9). Both phenomena are associated with the
shifting of the location of the boundary-layer separation. With increasing roughness
parameter the angle of separation, ¢,, becomes smaller (¢, ~ 110°) compared with
that of the smooth cylinder (¢, = 140°) at critical flow conditions (Achenbach
1971). The major change occurs in the range 75 x 10-5 < k,/d < 300 x 10~ in which,
therefore, the frequency of vortex formation also varies most considerably as a
function of the roughness parameter.

In the transcritical region the angle of boundary-layer separation ¢, varies between
90° < ¢, < 110° for different roughnesses (Achenbach 1971). Since the wake width
does not change remarkably when ¢, is varied in this range, a strong variation of
Strouhal number will not occur (see figure 9). Nevertheless, the reader would expect
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Ficure 7. Rough cylinder (k,/d = 900 x 10-5; I/d = 3-38; d/b = 1/6):
Strouhal number vs. Reynolds number.

0-3
025+ v
A v V]
“ v
020 v v—-“—v—y
0-15 +———— —
10 2 5 100 2 5 108

Ficure 8. Rough cylinder (k,/d = 3000x 10-5;1/d = 20;d/b = 1/20):
Strouhal number vs. Reynolds number.

a systematic trend of the results in such a way that the transcritical Strouhal
number decreases with increasing roughness parameter. This, however, could not be
confirmed in the present experiments. As the total variation of the transcritical
Strouhal number with the roughness parameter is smaller than + 79, of the mean
value, the expected effect is lost in the scatter band of the experimental results.

For all rough cylinders the low fluctuations had narrow band character in the
whole range examined. The only exception was the cylinder with the smallest
surface roughness parameter k,/D = 75 x 108, which showed intermittency effects
in the critical flow regime as described above.
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Fieure 9. Ciroular cylinder: Strouhal number vs. Reynolds number at variable surface rough-
ness conditions. , smooth; —..;—, k,/d = 16 x 10~8; — —, k,/d = 300x 10-%; —.—,
k,/d = 800 x 10~8; ~~—~—, k,/d = 3000 x 10~°,

4. Discussion and comparison with other authors
4.1. Smooth cylinder

In the subcritjeal range the results are quite near to those published by many
other authors previously. As representative results those of Roshko (1961) and
Drescher (1956) are plotted in figure 10. The rapid increase of the Strouhal number
at oritical flow conditions has been observed by several authors. Delany & Sorensen
(1963) found a sudden decrease of their high values of Sr at Re = 2 x 108, which
indicates the transition to transcritical flow conditions. A similar result was found
in the present work for an aspect ratio of I/d = 6-75. The results of Bearman (1969)
have already been discussed above.

In the transcritical range the Strouhal number had a value of Sr = 0-25, which is
about 109, lower than the value reported by Roshko (1961). Ruscheweyh (1974)
measured separation frequencies at a television tower in natural wind for 6 x 10%
< Re < 1-4 x 10". He found the value of S8r = 0-236. It must, however, be remarked
that Ruscheweyh’s test object was not smooth. Owing to irregularities of the con-
crete surface the maximum roughness elements were of the order of 11 mm (diameter
of the tower: 10-14 m). Thus the relative roughness was about k/d = 100 x 105,
However, the roughness was not uniformly distributed over the surface. Since there
is no information on the effect of individually distributed roughness on the Strouhal
number in transcritical flow conditions it cannot be concluded that Ruscheweyh’s
low value is due to roughness effects.

The highest value of transcritical Strouhal number was measured by Jones et al.
(1969) in a transonic wind tunnel. In those tests the Mach number defined as the
ratio of incident velocity, U,, to the velocity of sound, a, had values up to Ma = 0-46
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which is close to the critical Mach number for cylinders (Ma = 0-44) where the velocity
of sound is already locally reached near the main span of the cylinder. Perhaps their
results are influenced by compressibility effects.

The influence of large blockage ratios, d/b, on the vortex-shedding mechanism has
been investigated by Richter (1973) and Richter & Nandascher (1976). He used a
cylinder with an aspect ratio of 8-62. The relative roughness was k/d = 200 x 10-5,
and the blockage ratio was varied in the range 1/2 > d/b > 1/6. Richter’s results
are plotted together with those of Drescher (1956), Bearman (1968), and the authors’
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in figure 11 for different blockage ratios. Reference velocity is that of the incident
flow. The Strouhal number rises with growing blockage ratio because the velocity
at the separation point increases compared to unconfined flow conditions. For the
same reason the critical Reynolds number is shifted to smaller values with increasing
d/b.

In the subcritical range the present results (d/b = 1/86) fit very well into Richter’s
curve for d/b = 1/6. Also Drescher’s results (d/b > 0) and those of Bearman
(d/b = 1/15-4) are in good agreement. For critical flow conditions Richter measured
increasing values of Sr with increasing blockage ratio. The absolute values, however,
are lower than those expected with respect to Bearman’s and the present findings.
As the turbulence level was almost equal in all tests mentioned, this departure is
most probably due to the surface roughness of Richter’s test cylinder (k/d =
200 x 10-5). Unfortunately Richter did not mention whether the surface roughness
was determined for tangential or axial direction. It is likely that the rather high
roughness of k/d = 200 x 10-% resulting from the turning and polishing process
during construction was measured along the cylinder. Furthermore, this value seems
to be the ratio of maximum roughness height to diameter. Therefore the equivalent
sand-grain parameter will have a lower value. This may give an explanation for
the evidence that Richter’s data of the Strouhal number at critical conditions are
considerably higher than the present values measured for a roughness parameter of
k,/d = 300 x 105,

4.2. Rough cylinders

Szechenyi (1975) has published experimental data on vortex shedding from arti-
ficially roughened cylinders for 9-6x 104 < Re < 6:5x 10® and for a roughness
parameter of 15x 105 < k/d < 200 x 108, The roughness was produced by gluing
glass beads of diameter & to the surface of cylinders. Szechenyi defined the relative
roughness as the ratio of § to the diameter d of the cylinder. This is different from
the authors’ definition, which is based on Achenbach’s (1971) result that when using
spheres as roughness elements the equivalent sand-grain roughness is k, = 0-56 x J.

According to Szechenyi’s findings the upper limit of k,/d (present definition) below
which regular shedding occurred was k,/d = 120 x 10~5 whereas for k,/d = 150 x 10—
no regular shedding was observed at a Reynolds number of 3-3 x 108, This is in con-
tradiction to the present results which show that the regularity of vortex shedding is
not affected by increasing roughness in the whole range of roughness parameter
examined.

Teverovskii (1968) investigated the influence of single roughness elements (0-05-
0-4 mm high, 0-8 mm wide) on the shedding frequency. He fastened these elements
on & smooth cylinder along a generator line at various angles of circumference.
Unfortunately a detailed description of the arrangement is not given. The relative
roughness k/d ranged from 500 x 10-% to 2000 x 10~%. The Reynolds number was
varied from 1-5 x 10* to 2-5 x 108, For two Reynolds numbers (9:2 x 104, 1-37 x 10%)
results are reported. Depending on k/d and the position of the roughness elements
the Strouhal number is lower or higher than that of the smooth cylinder, the limits
being 8r = 0-21 and Sr = 0-15. The conclusion which can be drawn from these
rather sparse results is that individually distributed roughness elements may have an
effect on the Strouhal number different from that of uniformly distributed roughnesses.
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This influence depends on whether the individual roughness causes final boundary-
layer separation or not.

5. Summary

The non-steady wake flow behind cylinders with smooth and rough surfaces has
been investigated. Different relative roughnesses (k,/d = 75x 10~3, 300x 105,
900 x 10-3, 3000 x 10—5) have been tested. The Reynolds number varied from 6 x 108
"to 45 x 108. In the case of the smooth cylinder, experimental results of other authors
are in good agreement with the authors’ findings. In the critical and supercritical
flow regime the regular vortex shedding from the cylinder with low length-to-
diameter ratio, [/d = 3-38, was suppressed because of the three-dimensional wake
flow.

For rough cylinders too, a sudden increase of the Strouhal number is observed at
critical flow conditions. With increasing roughness parameter this step becomes
smaller compared with the smooth cylinder. In the transcritical flow range the
Strouhal number varies only by + 79, from the mean value for all roughness para-
meters tested.

The authors are indebted to Professor Dr C. B. von der Decken, the director of the
Institut fir Reaktorbauelemente der Kernforschungsanglage Jiilich GmbH, who
showed great interest in these investigations. They also wish to thank all the co-
workers who helped to prepare and perform the tests, especially K. Hansen, F.
Hoffmanns, H. Reger, and R. Rommerskirchen.

REFERENCES

AcHENBACH, E. 1971 Influence of surface roughness on the cross-flow around a circular cylinder.
J. Fluid Mech. 46, 321-335.

AcHENBACH, E. 1977 The effect of surface roughness on the heat transfer from a circular
cylinder to the cross flow of air. Int. J. Heat Mass Transfer 20, 359-369.

ALLEN, H. J. & VINCENTI, W. G. 1930 Wall interference in a two-dimensional-flow wind tunnel
with consideration of the effect of compressibility. Nat. Adv. Comm. Aero. Wash. Rep. 782.

BearMAN, P. W, 1969 On vortex shedding from a circular cylinder in the critieal Reynolds
number regime. J. Fluid Mech. 34, 577-585.

DeLANY, N. K. & SorenseN, N. E. 1953 Low-speed drag of cylinders of variousshapes. N.4.C.4.
T.N. 3038.

DRrEsSCHER, H. 1956 Messung der auf querangestromte Zylinder ausgeiibten zeitlich verénder-
lichen Driicke. Z. Flugwiss. 4, 17-21.

GroenN, H. G. & ScrOLZ, F. 1977 Heat transfer and pressure drop of in-line banks of tubes with
artificial roughness. Fifth All-Union Conference, Minsk. :

Grosse, H. & Scuovrz, F. 1965 Der Hochdruck-Gaskanal. Kerntechnik, Heft 4. Miinchen:
Thiemig.

HEINECKE, E. 1971 Strémungstechnische und aeroakustische Erscheinungen in Zylindergittern.
Diss. T.U. Berlin (D83); see also Bericht der KFA Jiilich GmbH, Jiil-815-RB, 1971.

JoNES, G. W., CINCOTTA, J. J. & WaLKER, R. W. 1969 Aerodynamic forces on a stationary and
oscillating circular cylinder at high Reynolds numbers. N.4.5.4. T.R. R-300.

MorsBacH, M. 1987 Uber die Bedingungen fiir eine WirbelstraBenbildung hinter Kreiszylin-
dern. Diss. RWTH Aachen.

RICHTER, A. 1973 Stromungskrafte auf starre Kreiszylinder zwischen parallelen Winden.
Diss. Universitéit Karlsruhe.



Vortex shedding from smooth and rough cylinders 251

RIcETER, A. & NAUDASCHER, E. 19768 Fluctuation forces on a rigid circular cylinder in con-
fined flow. J. Fluid Mech. 78, 661-576.

RosEkoO, A. 1961 Experiments on the flow past a circular cylinder at very high Reynolds
number. J. Fluid Mech. 10, 245-356.

RuscEEwEYH, H. 1974 Beitrag zur Windbelastung hoher kreiszylinderdhnlicher schlanker
Bauwerke im natiirlichen Wind bei Reynolds-Zahlen bis Re = 1-4 x 107. Diss. RWTH
Aachen.

SzecHENYI, E. 1975 Supercritical Reynolds number simulation for two-dimensional flow over
circular cylinders. J. Fluid Mech. 77, 529-542.

Teverovskm, B. M. 19868 Effect of surface roughness on the vibration of a cylinder in hydro-
dynamic conditions. Russtan Engng J. 48 (12), 50-54.

FLM 109



