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Abstract

The present paper focuses on the analysis of two- and three-dimensional flow past a circular cylinder in different laminar
flow regimes. In this simulation, an implicit pressure-based finite volume method is used for time-accurate computation of
incompressible flow using second order accurate convective flux discretisation schemes. The computation results are val-
idated against measurement data for mean surface pressure, skin friction coefficients, the size and strength of the recircu-
lating wake for the steady flow regime and also for the Strouhal frequency of vortex shedding and the mean and RMS
amplitude of the fluctuating aerodynamic coefficients for the unsteady periodic flow regime. The complex three dimen-
sional flow structure of the cylinder wake is also reasonably captured by the present prediction procedure.
� 2008 Elsevier Inc. All rights reserved.
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1. Introduction

In spite of extensive experimental and numerical studies almost over a century, flow around a circular cyl-
inder still remains a challenging problem in fluid mechanics, where intensive investigations are continued even
today to understand the complex unsteady dynamics of the cylinder wake flow. Cross-flow normal to the axis
of a stationary circular cylinder and the associated problems of heat and mass transport are encountered in a
wide variety of engineering applications. Both experimental measurements and numerical computations have
confirmed the onset of instability of the wake flow behind a cylinder beyond a critical Reynolds number, lead-
ing finally to a kind of periodic flow identified by definite frequencies, well-known in the literature as the Von
Karman vortex street. In case of laminar flow past cylinders with regular polygonal cross-section, the flow
usually separates at one or more sharp corners of the cross-section geometry itself, forming a system of vor-
tices in the wake on either side of the mid symmetry plane. On the other hand, for a circular cylinder, where
the point of flow separation is decided by the nature of the upstream boundary layer, the physics of the flow is
much more complex than what its relatively simple shape might suggest.
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doi:10.1016/j.apm.2008.01.017

* Corresponding author. Tel.: +91 80 25051619/25051616; fax: +91 80 25220952.
E-mail addresses: rajani@ctfd.cmmacs.ernet.in (B.N. Rajani), sekhar@ctfd.cmmacs.ernet.in (S. Majumdar).

mailto:rajani@ctfd.cmmacs.ernet.in
mailto:sekhar@ctfd.cmmacs.ernet.in


B.N. Rajani et al. / Applied Mathematical Modelling 33 (2009) 1228–1247 1229
As the flow Reynolds number ðRe ¼ UD=mÞ based on the free stream velocity ðUÞ, cylinder diameter ðDÞ
and kinematic viscosity m of the fluid, changes from a creeping laminar flow value of the order of 0.1 to a tur-
bulent flow of the Re of a million or even higher, variety of physical complexities start taking place. Steady
laminar flow exists at Reynolds number between 5 and 40 with a pair of symmetric counter-rotating vortices
formed behind the cylinder. Beyond a critical value of Re, depending on the other flow disturbances, a trans-
verse oscillation sets in with loss of flow symmetry and vortices are shed from the cylinder surface. Between
Re ¼ 190 and 260, wakes of two dimensional cylinders are observed to become susceptible to a primary insta-
bility mechanism which leads to the amplification of three dimensional disturbances and eventually to the
development of strong streamwise oriented vortical structures. These three-dimensional disturbances alter
the structure and evolution of the wake vortices and as a result, even at low Reynolds number, two-dimen-
sional simulations often fail to accurately predict even gross flow quantities like mean drag coefficient and root
mean square (RMS) of the lift fluctuation.

2. Characteristic regimes of flow past a circular cylinder

Recently Zdravkovich [1], in an excellent monograph, has compiled almost all the experimental, analytical
and numerical simulation data on flow past cylinders, available since 1938 and systematically classified this
challenging flow phenomenon into five different flow regimes based on the Reynolds number. In the present
study, the computation is restricted only to the first few regimes designated by Zdravkovich as (1) creeping
laminar state (L1) of flow ð0 < Re < 4Þ, (2) laminar flow (L2) with steady separation ð4 < Re < 48) forming
a symmetric contra-rotating pair of vortices in the near wake, (3) laminar flow (L3) with periodic vortex shed-
ding ð48 < Re < 180Þ and finally (4) part of the transition-in-wake (TrW) regime ð180 < Re < 400Þ when the
three-dimensional instabilities lead to the formation of streamwise vortex structure. Computations are carried
out in the present work in the range of 0:1 < Re < 400 for comparison with available measurement data or
other computation results for both steady and unsteady flow situations. All the computations use an implicit
pressure-based finite volume Navier–Stokes algorithm (RANS3D) for time-accurate prediction of the flow.
This flow solution algorithm, originally proposed by the last author [2], has been further developed [3–5] at
the CTFD Division, NAL, Bangalore during the last 10 years. The whole flow domain covering the
L1–TrW regimes has first been computed under the assumption of two-dimensional flow. Later, in order to
understand the effect of the three-dimensional disturbances on the complex wake vortex dynamics, three-
dimensional analysis have been carried out at five different Reynolds number covering part of the L3 and
TrW regimes, already reported in unclassified literature by a few researchers [6–9]. The present computation
results have been compared to available measurement data and/or other computation results for the wake flow
structures, the temporal evolution of drag coefficient, the variation of separation angle, stagnation pressure
and base pressure behind the cylinder as the Reynolds number increases and also for the frequency and ampli-
tude of the fluctuating forces arising out of the phenomenon of vortex shedding in the relevant flow regime.

3. Numerical simulation methodology

3.1. Governing equation

The Navier–Stokes equations for unsteady laminar incompressible flow may be written in a compact form
in non-orthogonal curvilinear coordinates used in the present simulation as follows:

Momentum transport for the cartesian velocity component U i:
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where J is the transformation Jacobian between cartesian and the curvilinear coordinates, bi
j and Bi

j are the
relevant metric coefficients related to the geometrical transformation, P is the pressure and j, k and m are used
as repeated summing indices along the grid directions. U i is the mean cartesian velocity solved for along the ‘i-
th’ direction. These three momentum equations are further supplemented by the continuity equation as
follows:
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Mass conservation (continuity):
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3.2. Finite volume formulation

The present flow solution algorithm (RANS3D) is an iterative two-step predictor–corrector procedure sim-
ilar to the SIMPLE algorithm of Patankar [10]. In the predictor step, the momentum equations are solved to
advance the velocity field partially in time for a guessed pressure field. The continuity is then ensured by solv-
ing a Poisson equation for pressure correction, followed by relevant correction of the pressure and velocity
field in the corrector step. Integration of the momentum transport equations (Eq. (1)) over each control vol-
ume transforms the relevant pde’s in the form of discrete algebraic equations representing a balance between
the convective and diffusive fluxes through the cell faces and the other remaining terms as volume sources.
Second order accurate central difference scheme is used for spatial discretisation of the convective and diffusive
fluxes at the cell faces. The temporal derivatives are also discretised using the second order accurate three-level
fully implicit scheme. The numerical stability is ensured by means of a deferred correction procedure [11],
where a suitable weighting function is used to blend the flux from the desired scheme with upwind fluxes which
allow some small numerical diffusion for stability of the solution. Using the relevant geometric factors with
second order spatial and temporal discretisation schemes for the cell face fluxes and linearisation of the source
terms, the flux balance equation is expressed in an implicit manner in the following quasilinear form:
Z
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where AP ¼
P

Anb � SP; the coefficient Anb represents the combined effect of convection and diffusion from the
neighbouring nodes at the cell faces; SU and SP are the components of the linearised source term, Dv is the cell
volume and Dt is the time step size. The superscripts of / represent the respective time step. The detailed der-
ivation of Eq. (3) in terms of the flow variables and the cell face projection areas is given elsewhere [3–5]. The
Poisson equation for pressure correction representing the continuity is also transformed to a linearised equa-
tion for pressure correction in the form of Eq. (3). The corrections are added to the momentum-satisfying
pressure and velocities, respectively, at the cell centers and cell faces. A segregated iterative method, coupled
to the strongly implicit procedure of Stone [12], is used to solve the system of linear equations (Eq. (3)) cor-
responding to each transport equation in a sequential manner. At each time step the normalized residue for all
the equations solved are brought down to a convergence criterion of 10�4.
4. Results and discussion

The implicit finite volume solver RANS3D developed for general multiblock structured non-orthogonal
grid, has been used in this work for both two- and three-dimensional computation of the problem. In case
of L1 and L2 regime, where the flow is steady, the present computations are limited to two-dimensional flow
only. Even in the L3 regime of periodic vortex shedding for Re up to 200, the flow structures in the periodic
wake vortices are observed in measurement to be mostly two-dimensional, lying on a plane normal to the cyl-
inder axis. The present computations up to Re ¼ 200, are therefore carried out for two-dimensional flow only
and the prediction results are compared to the measurement data reported in the literature for the Strouhal
frequency, the circumferential variation of time-averaged surface pressure and skin friction and the mean
and RMS values of the lift and drag coefficients. Beyond a critical range of Reynolds number of 180–200,
the measurement as well as numerical simulation data demonstrate the susceptibility of the two-dimensional
wake behind the cylinder to a three-dimensional Floquet instability mechanism [13] which amplifies the three-
dimensional disturbances and eventually leads to the formation of strong streamwise-oriented vortex struc-
ture. Therefore in the present study, computations has been carried out for three-dimensional flow past a
cylinder with a finite aspect ratio for Reynolds number varying from 100 to 400. The objective of this
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three-dimensional flow computation is to test the accuracy of the RANS3D code for prediction of the inte-
grated force coefficients and also to verify whether the characteristic three-dimensional features of this com-
plex flow, observed in measurement or other computation reported in unclassified literature, could be captured
by the present simulation.

4.1. Computational details

The two block radial polar grid and the boundary conditions used are shown in Fig. 1. Based on the earlier
grid-sensitivity study by Rajani et al. [14], all the present calculations use 144 nodes stretched along the radial
direction and 121 equispaced nodes around the circumferential direction. In case of three-dimensional flow
situation, however, 32 equidistant parallel planes cover the total spanwise length of 2pD and periodic bound-
ary conditions are used at the end planes. The wall normal distance of the first internal grid point is main-
tained at Dr ¼ 0:0001D, required for adequate resolution of the sharp near wall gradients of the flow
variables. The appropriate boundary conditions for the two blocks are shown in Fig. 1b. An impulsive start
of the cylinder is simulated by specifying uniform inflow velocities ðU ¼ U in and V ¼ 0Þ in the whole field
except at the cylinder wall nodes, where no slip condition is imposed as initial conditions ðt ¼ 0Þ and main-
tained thereafter at all time instants ðt > 0Þ. Based on the earlier sensitivity studies [15], central difference
scheme for convective flux discretisation coupled to second order accurate temporal discretisation with time
step size Dt ¼ 0:05 have been used for all the computations at different flow Reynolds number.

4.2. Creeping flow (L1) regime

Table 1 shows the computed values of the front ðh ¼ 0�Þ stagnation pressure ðCp0Þ, the base pressure ðCpbÞ
at the back ðh ¼ 180�Þ of the cylinder, and also the total drag coefficient ðCdÞ along with its pressure ðCdpÞ and
friction ðCdfÞ components at different Reynolds number varying from 0.1 to 6. The measurement of Taneda
[16], Coutanceau and Bouard [17] and Homann [18] show that the flow separation on the cylinder surface
starts at Reynolds number ranging from 5 to 7, depending on the blockage ratio k (ratio of the cylinder diam-
eter D and the tunnel diameter). However, for the present computation with no blockage, flow separation and
formation of a closed wake is observed to take place only beyond Re ¼ 6:1.

4.3. Steady closed wake flow (L2) regime

Measurement data show that for flow Reynolds number beyond approximately 5, the flow separates on the
cylinder surface and the wake behind the cylinder consists of a pair of symmetric contra-rotating vortices on
either side of the wake centreline. Further it was observed that as the flow Reynolds number increases, the
Block 1 Block 2
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Fig. 1. Multiblock polar grid ð124� 144Þ and boundary conditions used for computation of flow past circular cylinder.



Table 1
Computed stagnation pressure, base pressure and drag coefficient for creeping flow past smooth cylinder

Re Cp0 Cpb Cdp Cdf Cd

0.1 27.55 �28.33 43.94 43.82 87.76
0.4 8.05 �7.14 11.93 11.84 23.77
1.0 4.18 �3.15 5.74 5.61 11.35
1.6 3.17 �2.17 4.16 4.00 8.16
3.0 2.31 �1.39 2.85 2.63 5.48
3.9 2.05 �1.18 2.47 2.22 4.69
5.0 1.86 �1.02 2.17 1.90 4.07
6.0 1.74 �0.93 1.99 1.70 3.67
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length of the closed wake ðLwakeÞ increases (Fig. 2a) along with an upstream shifting of the flow separation
point ðhsepÞ on the cylinder surface (Fig. 5a). The computed variation of the wake length ðLwakeÞ and the mag-
nitude ðUminÞ of the maximum negative velocity inside the closed wake with the increase of the flow Reynolds
number are shown in Fig. 2. Reasonably good agreement is observed between the present computation results
and the measurement data of Coutanceau and Bouard [17] for the size and strength of the recirculation zone.
4.4. Laminar vortex shedding (L3) regime

The measurement data [1] show that beyond a critical Reynolds number of about 49, the steady closed near
wake becomes unstable and a transverse oscillation starts near the end of the wake. As the Re is increased
further, the vortices are shed alternately from the upper and lower cylinder surface at a definite frequency
depending on the Reynolds number. Zdravkovich [1] has mentioned about the wide scatter of the reported
values of this critical Reynolds number at which the near wake instability initiates even when the blockage
is negligible. Norberg [19] has reported that this critical Reynolds number for the onset of vortex shedding
is almost constant at Re ¼ 47:4, but only for cylinders with aspect ratio larger than 40 this onset may be
delayed as the aspect ratio decreases. Mittal [9] has concluded that the aspect ratio of the cylinder affects
the onset of shedding as well as the occurrence of transition from one mode to the other mode of stability.

In order to determine the critical Reynolds number at which the cylinder wake with a symmetric vortex pair
becomes unstable, the development of the transient lift coefficient, Cl, derived from the present computation
with double precision accuracy and a convergence criterion of 10�6, has been analysed for Re ¼ 48; 49 and 50.
In all the three cases shown in Fig. 3, the mean value of Cl is very close to zero (of the order of 10�6) as
expected physically for the present flow situation. However, the transient variation of the peak amplitude
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Fig. 2. Size and strength of the wake recirculation zone behind the cylinder.



Fig. 3. Temporal variation of lift coefficient on time and frequency domain at different Reynolds number.
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of Cl is observed to be different for the three different Reynolds number cases investigated. At Re ¼ 48, the
maximum Cl decays very slowly with time and is expected to reach a steady state after a long time, whereas
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at Re ¼ 49 the Cl peaks appear to be growing very slowly with time, indicating perhaps that the periodicity is
just set in and the wake is almost on the verge of losing its stable and steady structure. On the other hand at
Re ¼ 50, the peak Cl value is observed to be growing at a very fast rate with time clearly indicating the
unsteady or periodic state of the wake in an unambiguous manner. The corresponding variation of Cl on fre-
quency domain, derived from the Fast Fourier Transformation are shown in the same figure also indicates
how the transient lift amplitude at a dominant frequency suddenly grows from the order of 10�8 at
Re ¼ 48 to an order of 10�6 at Re ¼ 50. Based on this analysis one may conclude that for the present compu-
tation the critical Re must lie somewhere between Re ¼ 48 and 49 and perhaps closer to Re ¼ 48 only. It may
be worthwhile to note that measurement data compiled by Zdravkovich [1] reports the critical Re for wake
instability of a circular cylinder to be around 49. Further in an accurate finite element computation of two-
dimensional flow past a circular cylinder with infinite aspect ratio, Kumar and Mittal [20] have recently
reported the critical Re to be 47.045, based on similar argument of zero growth rate of the peak value of
Cl at the onset of the wake instability.

Two-dimensional flow computation has been carried out for different values of Re between 47 and 400.
When the statistically stationary state is indicated in the computation, the calculation is continued for the next
50 vortex shedding cycles and the time-averaged values are obtained by averaging the instantaneous field data
on the flow variables for 50 shedding cycles. Available measurement data of Dimopoulous and Hanratty [21]
on time-averaged surface pressure and skin friction coefficient have been compared to the corresponding com-
putation results in Fig. 4. At all the Reynolds number, the agreement between the measurement data and the
computational results is excellent in the accelerating flow zone covering the front part of the cylinder. But large
discrepancies of the order of 20% or more are observed for the suction peak and the so-called base pressure in
the rear part of the cylinder. This discrepancy may be attributed mainly to the inaccurate prediction of loca-
tion of the unsteady flow separation point on the cylinder surface. At Re = 200 and 300, the discrepancies may
also be attributed partly to the three-dimensional instability of the wake along the spanwise direction,
observed in experimental evidence. Even the blockage ratio ðkÞ which usually has a significant effect on the
flow field, is also not clearly reported for the measurement conditions. Fig. 5 shows the time averaged sepa-
ration angle, the stagnation pressure and base pressure over the whole range of Reynolds number
ð0 < Re < 300Þ for the two-dimensional flow analysis. For the separation angle, the agreement between the
present prediction and the measurement data of Coutanceau and Bouard [17] at zero blockage ratio
ðk ¼ 0Þ, is very good in the L2 regime. But beyond Re ¼ 49, where the flow becomes unsteady, gross discrep-
ancies are observed over the range of Re between 49 and 300. At low Reynolds number ðRe < 200Þ, the dis-
crepancies may be partly attributed to the blockage effect of the experimental situation; however, no definite
trend of variation could be established. Over the whole range of Reynolds number, the computed mean stag-
nation pressure agrees reasonably well with the measurement data reported in literature [18,22]. In case of the
base pressure, a kink is observed in both computation and measurement at the critical Reynolds number when
the flow transforms from a steady to an unsteady or periodic situation. The agreement between computation
and measurement data for the base pressure is reasonably good only up to about Re ¼ 150, beyond which the
three-dimensional instability plays an important role. The measurement data [23] shows two distinct kinks –
one near Re ¼ 150 and the other near Re ¼ 230 indicating two different modes of the spanwise instability of
the vortex system, whereas the two-dimensional computation shows simple monotonic reduction of the base
pressure as the Reynolds number increases.

Some of the important variables of engineering interest for flow past cylinder with vortex shedding are the
mean drag coefficient, and the Strouhal frequency of the lift coefficient. Fig. 6 shows the variation of mean
drag coefficient – its pressure and friction components and the Strouhal number with varying flow Reynolds
number. For the mean drag coefficient, kink is observed in the present computation result at critical Reynolds
number of about 49 when vortex shedding starts. However, the overall agreement between the present com-
putation and the compiled data of Zdravkovich [1] is reasonably good. In case of Strouhal frequency of the lift
coefficient, the present computation agrees reasonably well with measurement data of Norberg [24] only up to
about Re ¼ 150 beyond which the two-dimensional flow computation overpredicts the Strouhal number. In
order to investigate this matter further, three-dimensional flow computation has been carried out for
Reynolds number ranging between 100 and 400 for which the results are discussed in the following section
of this paper.
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Fig. 4. Surface pressure and skin friction around the cylinder in the periodic laminar regime.
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4.5. Three-dimensional effects on laminar flow past a circular cylinder

It has been established from the limited measurement and flow visualization studies [25,26] as well as recent
direct numerical simulations [27–29] that beyond a certain Reynolds number, the two-dimensional laminar
wakes become susceptible to three-dimensional disturbances, when the results of two dimensional flow com-
putation and the derived integrated coefficients for forces and moments on the cylinder become inaccurate.
The objective of the present three-dimensional simulation is to investigate whether the present RANS3D code
can successfully capture the experimentally observed three-dimensional flow structures beyond a certain Rey-
nolds number and also to confirm whether three-dimensional flow simulations bring more accurate values of
the frequency and amplitude of the oscillatory force coefficients. Three-dimensional flow simulations have
been carried out for Re = 100, 200, 250, 300 and 400. The present computational domain consists of 32 equi-
distant parallel planes covering a span length of 2pD, where D is the cylinder diameter and each plane has
exactly the same two-block O grid topology ð121� 144Þ used in the two-dimensional flow computation. Peri-
odic boundary conditions are used at the end planes along the spanwise direction. The domain span length is
chosen following the work of Mittal and Balachandar [8], where the spanwise length of 2pD is argued to be
adequate to cover both the modes of instabilities in the computation.
4.6. Unsteady lift and drag coefficient

Fig. 7 shows the temporal evolution of the lift and drag coefficients computed separately from both two-
and three-dimensional simulation of the flow at all the five Reynolds number between Re = 100 and 400.
In all the cases investigated, the initial transients die down in the first few time steps and the flow eventually
reaches a periodic but statistically stationary state. The values of Strouhal number, mean Cd and RMS values
of Cl, derived from two- and three-dimensional computations are also compared in Table 2. Up to Re ¼ 200,
the two- and three-dimensional computation results are observed to be almost overlapping, showing no sig-
nificant difference in the temporal variation of the lift and drag coefficients at the statistically stationary state.
As Re increases from 200, the differences observed between the two- and three-dimensional simulation results
increase significantly. The magnitude of the maximum lift coefficient and the mean drag coefficient are, in gen-
eral, observed to be less in the three-dimensional simulation.

Specially at Re ¼ 300, where accurate measurement data are available, the Strouhal number and the mean
and RMS value of the oscillatory lift and drag forces are evaluated using the Fast Fourier Transform method,
from the recorded time history of the corresponding force coefficients. Table 3 compares the present compu-
tation results against measurement data and other computation results for the mean base pressure as well as
the frequency and RMS amplitude of the aerodynamic force coefficients. The table clearly shows the
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overprediction of the amplitude and frequency of the oscillating force coefficients for two-dimensional simu-
lation of flow at Re ¼ 300. Such discrepancies have been explained earlier by Mittal and Balachandar [29] as
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Fig. 7. Temporal evolution of lift and drag coefficients for laminar flow past a circular cylinder at different Reynolds number.
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Table 2
Two- and three-dimensional computed Strouhal number, mean drag coefficient and RMS values of lift and drag coefficients

Re Sr Cd Clrms

Two-dimensional Three-dimensional Two-dimensional Three-dimensional Two-dimensional Three-dimensional

100 0.1569 0.1569 1.3353 1.3349 0.1792 0.1802
200 0.1957 0.1936 1.3365 1.3380 0.4244 0.4276
250 0.2052 0.2100 1.3516 1.3508 0.5283 0.5157
300 0.2150 0.1760 1.3667 1.2840 0.6041 0.5250
400 0.2348 0.1743 1.3905 1.0534 0.7032 0.1295

Table 3
Comparison between computation and measurement for the oscillating forces and base pressure on the cylinder at Re ¼ 300

Source of result Sr Clrms Cdavg Cdrms Mean Cpb

Present two-dimensional computation 0.215 0.602 1.37 0.066 �1.17
Present three-dimensional computation 0.195 0.499 1.28 0.067 �1.01
Measurement (Norberg [30]) 0.203 0.435
Measurement (Williamson [6]) 0.203 �0.96
Measurement (Wieselsberger [31]) 1.22
Two-dimensional computation (Mittal and Balachandar [8]) 0.213 0.650 1.38 �1.22
Three-dimensional computation (Mittal and Balachandar [8]) 0.203 0.380 1.26 �0.99
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the extraction of energy of the two-dimensional shedding motion by the three-dimensional vortical structures
of the flow. This eventually leads to a reduction of the two-dimensional Reynolds stresses which, in turn,
Fig. 8. Instantaneous spanwise vorticity ðxzÞ contours on z=D ¼ 0 plane for different Reynolds number.
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increases the base pressure and hence reduces the mean drag. The table also shows excellent agreement
between the measurement data and the present three-dimensional simulations for the mean drag coefficient
although the Strouhal number is under predicted by about 4%. However, in case of the best three-dimensional
simulation data of Mittal and Balachandar [8] using a longer domain with finer resolution along the span
direction, the agreement is excellent for the Strouhal number with a 3% overprediction of the drag coefficient.
In spite of the relatively short length of the computation domain and the coarse resolution used along the span
direction, reasonably accurate prediction of the unsteady forces has been produced by the Navier–Stokes sol-
ver RANS3D for the complex three-dimensional near wake flow behind a circular cylinder at Re ¼ 300.

4.7. Flow structure

The laminar flow in the cylinder wake is known [1] to undergo three-dimensional transition instabilities at
Reynolds number between 180 and 200. The complex process of viscous diffusion and mutual interaction of
laminar eddies shed from the cylinder surface lead to the formation and random growth of irregularities which
characterize a finite transition region. However, this transition-in-wake is further subdivided [1] into two flow
regimes (i) lower transition regime, (TrW1) when regular laminar eddies are formed which become irregular
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and transitional further downstream and (ii) upper transition regime (TrW2) when laminar but irregular
eddies are formed which become partly turbulent before they are shed and carried downstream. The recent
Fig. 9. Instantaneous spanwise vorticity ðxzÞ contours on y=D ¼ 0 plane for different Reynolds number.
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DNS computation of the wake transition at Re ¼ 300 by Thompson et al. [7], Zhang et al. [28], Mittal and
Balachandar [8] and Mittal [9] have confirmed the existence of such instabilities.

The cylinder wake flow usually consists of different kind of vortical structures which can be conveniently
visualized by the contour plots for the vorticity components around the three cartesian axes, which may be
easily derived from the computed three-dimensional velocity field at the statistically stationary state of the
flow. In the present flow situation, however, the two significant components are the so-called spanwise vortic-
ity component ðxzÞ around the cylinder-axis (z-axis) and the streamwise vorticity component ðxxÞ around the
main freestream flow axis (x-axis). Fig. 8 shows the instantaneous contours of the spanwise vorticity compo-
nent ðxzÞ on a two-dimensional plane ðx� yÞ at z ¼ 0 for different flow Reynolds number. The value of the
vorticity is observed to be varying between �2 and +2. The change of sign in the vorticity contours near
the cylinder and in the wake clearly shows the phenomenon of alternate vortex shedding. However, for
Re < 300, the contours are observed to be regular even in the far wake, whereas as Re increases beyond
300 the farwake tends to become irregular. This kind of irregularity of the flow pattern on a typical two-
dimensional plane ðz=D ¼ constantÞ may be attributed to the strong three dimensional effects on the dynamics
of the flow along the spanwise direction. When the flow is purely two-dimensional, the magnitude of spanwise
vorticity should not change along z-direction and hence the xz contours on a mid-symmetry plane ðy=D ¼ 0Þ
are expected to be straight lines parallel to the cylinder axis as observed in Fig. 9a and b for Re = 100 and 200.
At Re ¼ 250 (Fig. 9c) a small lateral distortion of these contours are observed in the far wake and these



Fig. 10. Instantaneous streamwise vorticity ðxxÞ contours on y=D ¼ 0 plane for different Reynolds number.
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distortions are further enhanced at Re = 300 and 400 indicating strong three-dimensional effects. In any
three-dimensional flow the effects of cross-flow along a direction normal to the main flow are usually mani-
fested in the form of multiple streamwise vortices around the main flow axis. The vortical structure of the
wake flow in the present case may be explained more clearly by looking at the contours of the streamwise vor-
tices ðxxÞ on the mid symmetry plane ðy=D ¼ 0Þ at different flow Reynolds number. Fig. 10 shows the instan-
taneous contours of the streamwise vorticity component on the horizontal mid-symmetry plane ðy=D ¼ 0Þ at
five different Reynolds number. The magnitude of xx contour levels for Re = 100 and 200 are observed to be
very low of the order of 10�3 or less which indicate that for Re 6 200 the flow is essentially two-dimensional.
However, at Re ¼ 250, the magnitude of xx level is found to be raised by 100 times (the magnitude is of the
order of 0.1 compared to 0.001 for Re 6 200) and such sharp increase in strength of the streamwise vortices
clearly demonstrates stronger three-dimensional effects and hence the transition in the wake. But even at
Re ¼ 250, the formation of the eddies are observed to be quite regular and hence this may be considered to
be under the lower transition regime (TrW1) as classified by Zdravkovich 1997 [1]. At and beyond
Re ¼ 300, the magnitude of xx further increases to almost of the order of 2 and the eddies are observed to
be quite irregular and hence the flow may be classified under the upper transition regime of the wake (TrW2).
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5. Concluding remarks

The wake structure behind a circular cylinder has been computed for both two- and three-dimensional flow,
using second order accurate implicit finite volume Navier–Stokes solver RANS3D. Computations have been
carried out for Reynolds numbers between 0.1 and 400 covering three different characteristic regimes classified
by Zdravkovich [1] – creeping flow (L1), steady closed near wake (L2) and the laminar vortex shedding regime
(L3), partly overlapped with the transition-in-wake (TrW) regime. Major physical features of the flow in dif-
ferent regimes are captured by the present computation procedure reasonably well. In the L1 and L2 regimes,
reasonably good agreement is obtained between the two-dimensional computation results and the correspond-
ing measurement data for circumferential distribution of surface pressure and skin friction and also for the
shape and strength of the steady wake recirculation zone including the separation location. This confirms
the adequacy and accuracy of the flow solution algorithm RANS3D. Up to Re ¼ 200, the two-dimensional
computation results agree reasonably well with the accurate measurement data for the Strouhal number,
the base pressure coefficient and the mean drag coefficients. However, beyond the onset of three-dimensional
instability at the critical Reynolds number of 180, gross discrepancies have been observed between the two-
dimensional flow computation results and measurement data for the Strouhal frequency and amplitude of
the fluctuating lift and drag coefficients. The present three-dimensional flow computation has captured all
the spanwise as well as streamwise vortical structures of the wake flow, reported in measurement data or other
numerical simulations earlier. The computed spanwise and streamwise vorticity component contours viewed
on different cartesian planes indicate that the wake structure for Re > 250 is less regular with less alignment
and shorter wavelength of the streamwise vortices. The prediction of the frequency and amplitude of the fluc-
tuating forces on the cylinder at Re ¼ 300 using the present Navier–Stokes solver is also found to be reason-
ably accurate. Computations are in progress using larger domain and finer resolution along the spanwise
direction in order to have a better understanding of the physics of the transition process in the cylinder wake.
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