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Summary: In the present study we compare the hydrodynamic forces acting on circular cylinders oscillating
in still fluid with corresponding oscillations transverse to a free stream. We find that at small amplitudes of
motion the time history of the total force acting in the direction of oscillation in the presence of a free
stream is virtually the same as in still fluid and in very good agreement with Stokes—Wang analytical
solutions. However, the flow patterns around the cylinders that generate the consistent force history are
remarkably disparate.

Introduction

Bluff-body flows present many challenges as they become separated and unsteady even at low Reynolds
numbers. As a consequence, the hydrodynamic forces that act on oscillating bluff bodies are difficult to
analyze, model and predict. In this context, a key point is whether the total force acting on an oscillating
body can be appropriately segregated into contributions due to drag and inertia. In particular, the
decomposition of the total force into an inviscid potential force, a.k.a. added-mass or virtual-mass force,
and a vortex force has been the subject of considerable discussion in the literature [1-3]. The motivation for
the present work is to study flows generated by oscillating bluff bodies in a regime for which some theory
exists so as to contribute to the understanding of the above issue in view of recent theoretical work [4].

The problem of a circular cylinder oscillating with small amplitude perpendicular to its axis in a fluid at rest
was first considered by Stokes [5] and later by Wang [6], who both obtained analytical solutions for the
viscous flow. Both solutions, which will be collectively referred to as S-W theory, yield the normalized force

acting on the cylinder that can be expressed as a series expansion in powers of 7%, where B is the

dimensionless frequency, or the Stokes number. The sectional force normalized by  pDU’
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where p is
the fluid density, D is the diameter of the cylinder, and U_,, is the maximum velocity of the oscillating
cylinder, is inversely proportional with KC, i.e. the Keulegan—Carpenter number [7], which represents the
dimensionless amplitude in our terminology. Theoretically, the analytical solution holds in the limit of
KC<1, B>1,and B-KC? <1 but good agreement with S-W theory up to f-KC* ~ O(1000) has been
reported in experiments [8-9].

In the present work, we investigate the effect of superposing a free stream transverse to the direction of
oscillation at KC and £ numbers for which S-W theory is valid. For this purpose, we employ a numerical

method to solve the governing equations in two dimensions. The Reynolds numbers based on both the
oscillation and free-stream velocities are restricted to low values in order to avoid regimes in which three-
dimensional instabilities have been found in related studies.

Methodology

The full Navier-Stokes equations in two dimensions are solved using an in-house CFD code based on the
finite-difference method [10-11]. The equations are expressed in the velocity-pressure scheme in
dimensionless form. The flow domain is bounded by two concentric circles with logarithmically-spaced cells
in the radial direction that are mapped into rectangular computational domain with equispaced cells. In the
transformed plane, spatial derivatives are approximated by 4™ order central differences but for the
convective terms for which a 3™ order modified upwind scheme is used. The pressure Poisson equation is
solved by the successive over-relaxation (SOR) method. The Navier-Stokes equations are integrated
explicitly and continuity is enforced. The instantaneous force acting on the cylinder is computed at each
time step by suitable integration of pressure and skin friction around the cylinder walls.







