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1. Introduction

For the flow past a circular cylinder, it is well known that the
physics are governed by the Reynolds number Re = U..D/v [1],
where U, is the free stream velocity, D is the cylinder diameter
and v is the kinematic viscosity of the fluid. Many bluff body con-
figurations, however, are more complex and introduce additional
parameters governing the flow. Marine risers, for instance, are long
flexible structures with circular cross-section which form a cate-
nary curve as they hang freely in the ocean. This axial curvature
together with the orientation of the bluff body with respect to
the incoming flow are two additional parameters which affect
the flow dynamics, as the numerical study of Miliou et al. [2] has
shown. In their work, a fully three-dimensional approach was
taken in order to investigate the mechanisms of vortex formation
in the flow past a curved cylinder.

The numerical simulations in [2] were conducted at Re =100
and 500 on two different flow configurations, both with the incom-
ing flow aligned with the plane of curvature of the cylinder. On the
first configuration the flow was directed towards the convex face of
the curved cylinder (convex configuration). This resulted in fully
three-dimensional shedding dynamics with one dominating shed-
ding frequency. On the second configuration the flow was directed
towards the concave face of the curved cylinder (concave
configuration). This arrangement gave rise to strong axial flows
which completely suppressed the vortex shedding. In both flow
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configurations a free-slip boundary condition was prescribed at
the location where the top end of the curved cylinder intersected
the upper horizontal plane of the computational domain. The
blockage effect due to this boundary condition was stronger in
the concave configuration because the secondary flow stemming
from the curvature of the cylinder was driven towards the top of
the computational domain. Although the influence of the free-slip
plane on the convex configuration was moderate in comparison, a
free-slip plane inevitably inhibits vertical motions and thereby af-
fects the vortex dynamics [3].

A natural extension of [2] is to increase the Reynolds number to
study the flow dynamics when the wake is turbulent. For this pur-
pose we recently studied the convex configuration at a Reynolds
number of 3900 [4]. However, the formation of a tiny recirculation
bubble just below the upper horizontal free-slip plane gave evi-
dence of blocking effects, raising the question of whether it was
necessary to extend the computational domain in the vertical
direction. In the present work we intend to clarify this issue by
reporting results from numerical simulations at Re = 3900. To this
end, straight extensions of length 2D and 6D are appended to the
top of the curved configuration studied in [2,4] in order to separate
the influence of the upper free-slip boundary condition from the
effects of curvature.

2. Problem definition and numerical methodology
2.1. Flow configuration

In the present investigation we use a bluff-body geometry iden-
tical to that studied by Miliou et al. [2] in its convex configuration.
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This consists of a quarter segment of a slender torus with aspect ra-
tio R/D = 12.5, where R is the main radius of the torus and D the cyl-
inder diameter (Fig. 1). At the lower-end of the bend, where the
axis of the cylinder is aligned with the free-stream direction, a hor-
izontal extension L, = 10D is added in order to avoid end-effects, as
shown in Fig. 1. Since the main objective of this work is to investi-
gate the effect of the free-slip plane that truncates the upper-end
of the curved cylinder, three different vertical extension lengths
L, are considered: no extension as in [2,4], an extension L,=2D
as the minimum length that could possibly isolate free-slip effects,
and an extension of L,= 6D in order to check if dynamics of the
flow past a straight circular cylinder are restored behind the verti-
cal extension. The streamwise, cross-stream and vertical directions
are herein denoted by x, y and z, respectively, and 6 denotes the an-
gle with vertex at the centre of the quarter-ring measured anti-
clockwise in the centreplane. The incoming flow is parallel to the
x-direction and directed towards the convex face of the cylinder
with a uniform velocity U,..

The Reynolds number is set to 3900 which, for a uniform circu-
lar cylinder, corresponds to the subcritical regime where the wake
is turbulent and the free shear layers are unstable; see e.g. [5-7].

2.2. Numerical solution of the incompressible Navier-Stokes equations

The flow field is computed directly from the incompressible Na-
vier-Stokes equations for a fluid with constant density and viscos-
ity. We use the second-order finite volume code MGLET [8], which
has been successfully used for DNS and LES of wall-bounded as
well as free shear flows. The simulations are conducted on a stag-
gered Cartesian grid with non-equidistant spacing in the three spa-
tial directions. At the faces of the control volumes the velocities are
obtained by linear interpolation, and a central-difference formula-
tion approximates the first-order derivatives that arise from the
diffusive terms in the momentum equation. The resulting discret-
ized equations are integrated in time with an explicit low-storage
third-order Runge-Kutta scheme [9]. At each of the three stages
during time-integration a Poisson equation for pressure correction
is solved iteratively using Stone’s strongly implicit procedure (SIP)
[10] with multigrid acceleration [8]. Domain decomposition in the

Fig. 1. Computational domain and geometry of the so-called convex configuration.
The size of the computational domain is Ly, L, and L, in the x-, y- and z-directions,
respectively. The quarter-of-ring has radius R, and is extended horizontally by L,
and vertically by L,. In this paper, results taken at the gray-shaded symmetry (x,z)-
plane are presented. Here, the streamwise coordinate of the baseline is given by
Xp=R — (R — D/2) cos0.

three Cartesian directions is implemented for parallelization. Rep-
resentation of complex geometries inside the computational do-
main is taken into account by an immersed boundary method
(IBM) [11]. This method relies on direct forcing to specify the
non-slip and impermeability boundary conditions at the walls.

The computational domain in the horizontal (x,y)-plane is
Ly x L,=38D x 21D in the streamwise and cross-stream directions,
respectively. In the vertical direction, the domain size L, varies be-
tween 18D and 24D, depending on whether a vertical extension is
added or not. Concerning grid resolution, the minimum grid spac-
ing is dictated by the length scales in the very near wake and the
gradients in the boundary layers. Typical resolutions in these re-
gions in the horizontal (x,y)-plane are Ax=0.016D and
Ay =0.008D, and grid stretching is applied in the far field. These
parameters lead to Ny x N, = 1280 x 448 grid cells in the horizon-
tal (x,y)-plane. In the vertical direction z a minimum grid spacing
of Az=0.028D is used, resulting in a total number of grid cells N,
of 512, 600 and 720, for the cases with no-extension, 2D-extension
and 6D-extension, respectively. This resolution is based on the
requirements to resolve spanwise structures in previous DNS and
LES of the flow past a straight cylinder at Re = 3900 ([6,7]). In total,
the number of grid cells amounts to 2.94 x 108 for the case without
extension, 3.44 x 10% for 2D-extension, and 4.13 x 10® for 6D-
extension. In order to check the resolution at different locations
in the turbulent wake, the local grid size A = (AxAyAz)'”? is com-
pared with the Kolmogorov length scale # obtained from the local
dissipation rate of turbulent kinetic energy & = vou;/0x;0u;/ox;,
obtaining ratios A/n <4 everywhere.

A constant time step of At=0.004D/U,, is chosen to ensure a
CFL number around 0.75. Simulations are first run for 750 convec-
tive time-units D/U,, to allow for development of a quasi-periodic
state and establishment of the secondary flows, after which statis-
tics are collected for 600D/U,., or about 130 vortex shedding cycles.

2.3. Boundary conditions and free-slip effects

Our inflow boundary condition is a uniform velocity U,.. At the
outflow, a fully developed zero-stress condition consisting of a
Neumann boundary condition for the velocity and pressure set to
zero is prescribed. Free-slip boundary conditions are used at the
vertical side planes, as well as at the top and bottom horizontal
planes of the computational domain.

The primary effect of a free-slip boundary condition is the com-
plete suppression of the velocity component perpendicular to the
boundary. In the present context free-slip at the top horizontal
plane is expressed as
ou ov
&70, and 570. (1)

Although such free-slip boundary conditions affect the vortex
dynamics in unsteady flows by imposing a kinematic blocking,
they have been commonly used in computations involving com-
plex geometries [12], non-uniform inflow [13,14], or a combination
of both [15]. For conventional wakes Lamballais and Silvestrini [13]
found that the main features of the wake dynamics were preserved
by using free-slip boundary conditions. At the same time, free-slip
planes were found to strongly affect the frequency selection in the
wake behind a circular cylinder subjected to incoming linear shear
flow [14].

For a curved cylinder in particular, Miliou et al. [2] discussed the
effect of the artificial free-slip condition mostly in the concave
configuration. Here a strong axial flow along the stagnation line
was directed upwards towards the top-horizontal plane, and the
blockage effect was more evident compared to the convex
configuration, in which this flow was directed downwards. Our
previous simulations at Re = 3900 [4], however, gave evidence of

w=0,
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