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On the new vortex shedding mode past a rotating circular cylinder

D. Stojkovic, P. Schon, M. Breuer,® and F. Durst
Institute of Fluid Mechanics, FriedrichAlexanderUniversita Erlangen-Nurnberg, Cauerstrale 4,
D-91058 Erlangen, Germany

(Received 2 December 2002; accepted 31 January 2003; published 3 April 2003

To examine in detail the behavior of a new vortex shedding mode found in a previous investigation
[Phys. Fluidsl4, 3160(2002], a two-dimensional numerical study on the laminar incompressible
flow past a rotating circular cylinder in the Reynolds number range®8< 200 and at rotational

rates G= <6 was carried out. The results obtained clearly confirm the existence of the second
shedding mode for the entire Reynolds number range investigated. A complete bifurcation diagram
a(Re) was compiled defining both kind of shedding modes. The unsteady periodic flow in the
second mode is characterized by a frequency much lower than that known for classicalruan Ka
vortex shedding of the first mode. The corresponding Strouhal number shows a strong dependence
on the rotational velocity of the cylinder, while only a weak dependence is observed for the
Reynolds number. Furthermore, the amplitudes of the fluctuating lift and drag coefficients are much
larger than those characterizing classical vortex shedding behind nonrotating or slowly rotating
cylinders. Additionally, negative values for the mean drag denoting thrust are found within the
second shedding mode. @003 American Institute of Physic§DOI: 10.1063/1.1562940

I. INTRODUCTION a. The total lift coefficientc, is almost independent of Re

The objective of this brief paper is to present the resultsand increases linearly with increasing the rotational rate. The

of a detailed numerical study on the laminar unsteady perigrag coefﬂmep'cD has a relatively stron_g_dependence on Re
odic flow motion found in the wake of rotating circular cyl- @nd@. AS Re increases, the drag coefficient decreases: As

inders at high rotational velocitiésThis vortex shedding is increases, the pressure drag decreases while the friction drag

characterized by frequencies much lower than that known folnCreases, resulting in a net decrease in the total drag force.
normal vortex shedding, i.e., the von ieen vortex streef. Stojkovic et al! examined the unsteady flow for Re
The rotating circular cylinder, placed in a free incom- =100 and high rotational ratessOx<12. They confirmed
pressible fluid flow of constant velocity, is considered. Thisthe results of Kangt al2 about the existence of vortex shed-
type of flow is defined by two dimensionless parameters: theling for Re=100 and Gsa<« (Re)~1.8 and its suppres-
Reynolds number Re(U., D)/v and the ratio of the rota- sion for = «,. They found that the lift force increases lin-
tional velocity of the cylinder wall to the oncoming flow early only for lower rotational rates. Far=2, the mean lift
velocity @= (D w)/(2U..), whereD is the cylinder diam-  coefficient shows a parabolic increase with up to a
eter, the constant angular velocity of the cylinder rotation, <5.15. Furthermore, on increasing the rotation rate to even
U.. the oncoming free-stream velocity andthe kinematic  higher values, a second shedding mode was found for a nar-
viscosity of the fluid. o _ row range,a;<a<ay, , wherea;,=4.8 anday,,=5.15 at
Recent numerical investigations for the Iamgmar 2D Vor-pe—100. In this range of rotational rates the flow field again
tex shedding regime performed by Kargal” for Re  gqys ynsteady behavior. The corresponding Strouhal num-
~ 60, 1.00' and 160 andsQasZ..S ShOW?q that V°Ttex shed- ber was observed to be much lower than that known for the
ding exists fora< a,, Whereaq; is the critical rotational ve- normal shedding mode. For example, in case ofR80 and

locity, which is a nonlinear f“”"“or? of Re. Fpr the samea:a St=0.022 was found. Furthermore, the amplitudes of
range of Reynolds numbers and higher rotational rates he d q lift § detected to be significantl

< a<2.5 vortex shedding disappears. It was shown by Kané € drag and it forces were detected 1o be sighiicantly
et al® that the rotation of the cylinder does not significantly arger than those characterizing the first shedding mode at

alter the Strouhal number St for the range «, . Actually, a=<1.8. The changes in the flow mode and structure behind

St stays nearly constant at lower rotational rateslecreases the cylinder lead to a kink in the curve for the mean lift
slightly asa approachesy,, and sharply reduces to zero at coefficient. Fora=5.15 the flow was found to be steady
a=a,. These results confirmed the assumption of Badstate. The lift coefficient again shows a linear increase, con-
et al* that St is more or less independentafFurthermore, ~ verging asymptotically towards the curve based on the po-
Kang et al2 found that the lift force mostly results from the tential flow theory combined with the asymptotic approxima-
pressure force and its contribution increases with increasintion of Moore to determine the circulatio.

In order to obtain more detailed information about this
dAuthor to whom correspondence should be addressed. Electronic maiphen(?menqn for a wide parameter r.ange, additional nume”'
breuer@Istm.uni-erlangen.de cal simulations of the two-dimensional unsteady laminar
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flow past a rotating circular cylinder for Re50, 80, 160, 6

and 200 and & a<6 were performed. Shedding mode Il

Il. COMPUTATIONAL METHODOLOGY

The standard set of partial differential equations, consist-
ing of the continuity and the momentum equations in nondi-
mensional form, was considered. This set of equations has ti
be solved for the unknown pressyseand the two velocities 3 3 |
u; for i=1,2 in thex andy directions. The influence of grav-
ity force was excluded from the present considerations. Be- o,
cause the energy equation is decoupled from the system ¢ 2 |
other conservation equations, it was not taken into account. _/’/*”’——‘—/

The computations were carried out with the highly effi- ,
cient flow simulation codd.ESOCGC based on the finite- 1F Shedding made |
volume method for arbitrary nonorthogonal, body-fitted,
nonstaggered gridsee Breuér’). Convection and diffusion L o 1 1
terms in the momentum equations are approximated by cen 50 100
tral differencing scheme of second-order accuracy. A low- R
storage multistage Ru,ng,e__KUtta 'meth('xdjree substeps, FIG. 1. Stability diagram for different Reynolds numberss@®e<200 and
second-order accurate in tijnie applied to integrate the Mo- (otation rates & a<6.
mentum equations in the predictor step. Within the corrector
step the Poisson equation for the pressure correction is

solved implicitly by the incomplete LU decomposition possible to prove nor to disprove this statement. Contrarily,
method of Stoné. both curves fora,, and a;, decrease with increasing Re.

In the present study, an O-type grid was used with an  The variation of the Strouhal number=StD/U., for
outer boundary of diametéd and an inner boundary on the go<Re<200 anda; <a<a,, is shown in Fig. 2, wheré
cylinder surfaceD/2. The classical far-field boundary con- denotes the vortex shedding frequency. In order to compare
ditions were used. The size of the domain for all predictionshese St values with the corresponding values of the first
wasH/D =100, which was proved to be sufficiently large by yortex shedding region©a<a,, the St data fow=1 are
additional predictions using domain sizes of up HdD  jncluded in the figure. According to these results, the un-
=300. The number of grid points in radial and circumferen-staady flow motion found in the second vortex shedding re-

tial direction was 24X 241 and all other parameters con- gime (see Fig. 1is characterized by a frequency much lower
cerning the quality of the grid correspond to those already

used in the calculation of Kanet al2 Furthermore, this grid
and theLESOCCcode were used to confirm the results for 0.05
Re=100 ande=5 reported by Stojkoviet all

] instability region (Re=60) a
» instability region (Re=80) I
A instability region (Re=100)

* instability region (Re=160)

o instability region (Re=200)

Lo ¢
150 200
e

—#— Re=60 (St=0.139)
—>p»— Re =80 (St=0.155)

— A Re=100(St=0.165)
ll. RESULTS AND DISCUSSION

0.04 —4&— Re =160 (St=0.185)
The numerical results obtained clearly confirm the exis-
tence of the second shedding mode in the Reynolds numbe
range investigated. The interval,<a=<«y, in which the 0.03

second vortex shedding mode appears is significantly nar
rower than that defining the first shedding mode<(® -
<)), as visible in the stability diagram in Fig. 1. The criti-

cal rotational speeds defining these two vortex regions for .02
Re=60, 80, 100, 160, and 200 ang=1.4, 1.7, 1.8, 1.9, and

1.9, «,=5.35, 5.0, 48, 45, and 4.35 andy

=5.45, 5.2, 5.1, 4.8, and 4.6, respectively. For each Re
investigated, successive computations with an incrementally 0.01
increasing and decreasing rotation ratex= 0.05) were car-

ried out around the critical values leading to the bifurcation

\ —@— Re =200 (St=0.190)

curves in Fig. 1. Using a much finer grid than in the previous oLty vy
study! a slightly different value fora,, is observed at Re 44 46 438 5 52 54
=100. Based on the bifurcation diagram in Fig. 1, it is ob- o

vious thata, increases monotonically with increasing Re. ..o 5, syouhal number St versus rotation rate at Re

3 . . . . .
Kang et al” found a logarithmic increase of, W|th_ InCreas- =60, 80, 100, 160, and 200. The values in parentheses are the Strouhal
ing Re. However, based on the present data, it was neitheumbers fora=1.
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TR —-—m—-— Re=60, present

— —@— - Re=200, present

——a—— Re=100, Stojkovic et al. (2002)
—-——-— Re=60, Kang et al. (1999)
—=aA—— Re=100, Kang et al. (1999)
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FIG. 3. Development of the vortex street in the second vortex shedding 0 1 2 3 4 5 6
mode behind the rotating cylinder for RA60 anda=4.7. o

FIG. 4. Mean drag coefficierty,, for Re=60, 100, and 200 and<Q«
<6.

than that of the first shedding mode. Furthermore, the Strou-
hal number dependence anin the second vortex shedding
mode is much stronger than that characterizing the firsficient for Re=60, 100, and 200 and<Qa<6. The results
mode. With increasing rotation rates, St substantially defor low rotational rates and Re60 and 100 are consistent
creases for each Re investigated. In the case of B,  with the results obtained by Kargt al® for a<e,, i.e., in
St(a= ) is approximately three times lower than &t( the first shedding regime. As can be seen in Fig. 4, the be-
=q,). It is worth to mention that the slope of the different havior of the drag coefficient can be split into three charac-
St(a) curves is nearly independent of Re. Due to insufficientteristic regions. Folw= «, the mean drag coefficiery,,
data points it was, however, not possible to find an appropridecreases with increasing rotation rate. In the vicinity of the
ate fitting curve characterizing the behavior of St with re-« interval for the second vortex shedding magg, starts to
spect toa and Re. increasgsee, e.g., Re 100) but then abruptly drops, leading

The development of the vortex street behind the rotatingo a kink in thecp,, curve. This phenomenon is pronounced
cylinder in the second mode is visualized by computedor Re=100 and 200 but not so clearly visible for Ré0.
streaklines shown in Figs.(8-3(d) exemplarily for Re The sudden drop ofp,, results in negative values of the
=160 anda=4.7. The cylinder rotating in the clockwise mean drag coefficient which is equivalent to thrust. With
direction is exposed to free-stream flow coming from theincreasing Re the kink becomes more pronounced and ap-
left. Owing to rotation and strong viscous effects near thepears for smalletr values. This kink in thep,, curve indi-
cylinder, an egg-shaped region of closed streakljses Fig. cates that the flow mode and structure behind the cylinder
3(a)] is formed around the cylindéalso visible from stream- has changed and the second vortex shedding has started.
lines as shown by Stojkoviet all). This structure increases However, by further increasing the rotational rate do
in time. The oncoming fluid flow from the lower part of the >« , the flow is stable and steady again ayl, contin-
cylinder forces this egg-shaped region to elongate, see Figges to increase smoothly. In spite of this increase®y,
3(b) and 3c). After the egg-shaped structure has reached avithin this region, it was shown by Stojkovit all that the
certain size, the structure detaches from the cylinder as visorresponding flow field is very similar to the structure
ible in Fig. 3d), and the entire process starts anew. As isknown from potential theory. In contrast the flow structure
obvious from Fig. 3, the entire process of vortex formationfor o< a< e« strongly deviates from the solution of poten-
and shedding is completely different to that characterizingial theory. Hence it was found that the flow within the region
the nonrotating cylinder. Only one vortex appears and devele; < a< «), toggles between two characteristic flow struc-
ops below the cylinder and not two of them which typically tures, one fore=< «; where the viscous effects are very im-
appear behind the nonrotating cylinder developing and deportant and the other fot= «),, where the viscous effects
taching from the body in an alternating manner. Furthermoreare mainly restricted to the vicinity of the cylinder and the
the time scales of both shedding motions are completely difrotation dominates the entire flow, leading to a flow structure
ferent. Whereas for the classical shedding mode aroundery similar to the potential flow field. This explains why for
slowly rotating cylinders the ratio of the time periods for oneincreasing Re the second vortex shedding mode appears for
shedding cycle and a complete revolution of the cylinder issmaller values ot. Actually, Re could be considered as the
of the orderO(1), thecomplete cycle for the second shed- ratio of inertial and viscous forces and with increasing Re the
ding mode persists for a multitude of cylinder revolutions,viscous effects are not so dominant in the flow field and thus
e.g., about 71 for the case displayed in Fig. 3. the rotational rates, causing the potential flow field structure,

Figure 4 shows the dependence of the mean drag coeflo not have to be as high as for the case of smaller Re.
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1 |- —=—-- Re=60, present the same Re and within ay<a<a), . Fora= qay, the flow

| == Re = 80, present . is again stable, showing no kind of shedding motion.
| — —&—— Re =160, present 3‘

B . T N . CONCLUSIONS

0.75 |- —=—— Re=60,Kangetal. (1999) It is concluded that for all Reynolds numbers character-
[~ 9~ Re=160, Kang et al. (1999) izing a two-dimensional laminar unsteady flow, the second

vortex shedding mode exists for the flow around a rotating

Lei|or cylinder. The second mode appears in the range <45

: =<5.45 depending on Re. This vortex shedding mode is char-

i acterized by a frequency much lower than that characterizing

i the classical von Kanan vortex shedding. Furthermore, St is

|

|

057

cDam

strongly dependent on the rotational rate and weakly depen-
dent on the Reynolds number: with increasiagthe fre-
quency of the shedding substantially decreases, whereas an
increasing Re at fixed leads to slightly lower frequencies.
Additionally, the amplitudes of the fluctuating lift and drag
coefficient are much higher for the second shedding mode
than those known for the first mode around a nonrotating or
FIG. 5. Amplitude of the drag coefficienty,, for Re=60, 80, 100, Slowly rotating cylinder. The mean drag coefficient is found
160, and 200 and € a<6. to strongly depend on the rotational rateleading to nega-

tive values(thrusp within the second shedding mode. Fur-

. . . . . .thermore, it was observed that with increasing Re the second
Because nonsinusoidal histories of the drag and lift coeffi- 9

cients were observed in the second vortex sheddin modshedding mode appears for smaller valuesrofThis could
: Wer erved 1 . vortex Ny Be attributed to a smaller influence of the viscous forces
the amplitude is defined in a general way gy,

. hen Re is increased.
= 1/2(Cpmax—Comin) @nd corresponding results are presentedN
in Fig. 5. This figure clearly confirms that the first vortex !D. Stojkovic, M. Breuer, and F. Durst, “Effect of high rotation rates on the
Shedding mode appears at low rotational rates o, and laminar flow around a circular cylinder,” Phys. Fluidd, 3160(2002.

2 . A ; ’
b M. M. Zdravkovich,Flow Around Circular Cylinders, Vol. 1: Fundamen-
then completely disappears fef<a<a,; . The results for (Oxford University Press, New York, 1087

H 3 H . . . .
lower rotational rates produced by Kaegal” are included 35 kang, H. Choi, and S. Lee, “Laminar flow past a rotating circular
in the figure, coinciding well with the corresponding results  Slinder,” Phys. Fluidsl1, 3312(1999.
of the present calculation. Far<e, the amplitude of the "H:- M. Badr, S. C. R. Dennis, and P. J. S. Young, "Steady and unsteady

.. . . N flow past a rotating cylinder at low Reynolds numbers,” Comput. Fluids
drag coefficientp,y increases almost linearly with increas- 17 57 (1989.
ing @ and sharply reduces to zero fa=«,. Furthermore,  5p. w. Moore, “The flow past a rapidly rotating circular cylinder in an
with increasing Re atv=const.,cp,y, increases for the first  infinite stream,” J. Fluid Mech2, 541 (1957).

Shedding mode. The second vortex Shedding mode takeiM- Breuer, “Large-eddy simulation of the sub-critical flow past a circular
) . . . cylinder: Numerical and modeling aspects,” Int. J. Numer. Methods Fluids

place foray<a=<ay, . The amplitude of the drag signal in 55 1581 (1998.

this mode shown in Fig. 5 is up to four times higher than 7m. Breuer, “A challenging test case for large-eddy simulation: High Rey-

those characterizing the first shedding mode for the same Reolds number circular cylinder flow,” Int. J. Heat Fluid Flo@d, 648

. . - (2000.
investigated. It was also observed that the amp“tUde of thesH. L. Stone, “Iterative solution of implicit approximations of multidimen-

lift coefficient (not shown hergis approximately 25% higher  gjgpg partial differential equations,” SIAMSoc. Ind. Appl. Math. J.
than the corresponding amplitude of the drag coefficient for Numer. Anal.5, 530 (1968.
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