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FIGURE 2. Truncation error (L2 norm) as a function of the number of points for the
finite-difference second-order immersed-boundary multigrid code. The solution on a grid
of 1024 × 512 × 512 is assumed as the reference solution. In particular, we report here
the number of points in the x direction, Nx; the other two directions are characterized by
Ny = Nz = 0.5Nx. The dashed line represents the theoretical second-order scaling of the
error.

represented in local Cartesian coordinates by tensor-product Lagrange polynomials of
degree Npol.ord. (and Npol.ord. − 2 for the pressure field). The upper part of table 1 shows
the characteristics of these meshes. The grids adopted in the immersed-boundary
calculations are also reported in the same table. In order to validate our numerical
methods, we performed several tests to study the effects of the resolution and of the
size of the computational domain. A grid convergence analysis was performed for
the new immersed-boundary code. Figure 2 depicts the evolution of the error as a
function of the number of points adopted in the discretization (in the x direction). We
found perfect agreement between the second-order theoretical scaling of the error and
the evolution of the error computed by our multigrid code. Furthermore, a validation
analysis has been carried out in order to select the best grid in terms of speed and
accuracy. Table 2 shows the comparison between the results obtained by the present
numerical approaches and the dedicated literature. We found small changes in the lift
coefficient CL and in the critical Reynolds number ReSS for the first bifurcation. Thus,
for efficiency reasons, we chose the meshes m2 and M2 to compute all of the results
documented in the present work.

5. Results

5.1. Base flow

Figure 3 displays the typical shape of the base flow through contours of the pressure
field and streamlines in the lateral (x–y) mid-plane (z = 0). First of all, we review the
case without rotation (Ω = 0). For Re < ReSS = 212 (figure 3a), the base flow remains
axisymmetric, and the structure is the same in every transverse plane. This flow state
consists of a toroidal recirculation region with closed streamlines. In topologic terms,
the flow along the sphere is characterized by two detachment points in the symmetry
plane, plus a central reattachment point, while the flow in the wake is characterized
by two stable foci and one saddle point.




































