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Abstract. A vortex ring impacting a three-dimensional bump is studied using large
eddy simulation for a Reynolds number Re =4 x 10* based on the initial diameter and
translational speed of the vortex ring. The effects of bump height and vortex core
thickness for thin and thick vortex rings on the vortical flow phenomena and the un-
derlying physical mechanisms are investigated. Based on the analysis of the evolution
of vortical structures, two typical kinds of vortical structures, i.e., the wrapping vor-
tices and the hair-pin vortices, are identified and play an important role in the flow
state evolution. The boundary vorticity flux is analyzed to reveal the mechanism of
the vorticity generation on the bump surface. The circulation of the primary vortex
ring reasonably elucidates some typical phases of flow evolution. Further, the analysis
of turbulent kinetic energy reveals the transition from laminar to turbulent state. The
results obtained in this study provide physical insight into the understanding of the
mechanisms relevant to the flow evolution and the flow transition to turbulent state.
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1 Introduction

As one of the typical forms of vortex motion, vortex rings widely exist in nature and en-
gineering. The interaction of vortex rings with solid or fluid boundaries is a fundamental
problem in fluid dynamics and has received considerable attention. This subject is also
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associated with a variety of practical applications, such as cavitated rings used for under-
water drilling [1] and the downburst and aircraft interaction [2]. Moreover, the relevant
physical flow behaviors and mechanisms are still unclear and are deserved to be studied.

Vortex ring interacting with a flat wall has been extensively studied [3-16]. These
studies showed that as the primary vortex ring moves gradually toward the wall, its rate
of approach slows down and its radius continues to increase. Meanwhile, the primary
ring induces considerable secondary vorticity on the wall. When the Reynolds number
of the ring is larger than 500 based on the initial diameter and translational speed of the
vortex ring, the formation of the secondary ring occurs and then it interacts with the pri-
mary vortex ring. Actually, these studies are mainly restricted to relatively low Reynolds
numbers, the highest Reynolds number in these studies is about 2840 [5]. Experimental
study [5] has revealed that, beyond Re = 3000, the primary vortex ring will no longer
remain stable as it approaches the wall. Thus, the instability and transition to turbulence
for the vortex ring evolution should be considered when the Reynolds number becomes
large enough.

Comparing with the numerous studies of vortex ring interacting with a flat wall, the
investigation relevant to a vortex ring impacting a curved surface is scarce. Orlandi [17]
numerically studied vortex pairs interacting with a two-dimensional circular cylinder
with free-slip and no-slip boundary conditions. For the free-slip case, the dipole is ob-
served to split into two vortices and then to rejoin on the cylinder. While for the no-slip
interaction, the generation of dipolar and tripolar structures occurs on the cylinder sur-
face. Verzicco et al. [18] further studied this problem. They found that the induced vor-
tices become more apparent as the diameter of the cylinder increases. Allen et al. [19]
presented experimental results of a vortex ring impinging on a moving sphere. They
found that the secondary vorticity generated on the sphere surface leads to a decrease
of the fluid impulse and an acceleration of the sphere. Recently, Sousa [20] studied a
vortex ring impacting a stationary sphere for Re = 1000 using direct numerical simula-
tion (DNS). After the secondary vortex ring is formed, they found its interaction with the
primary ring results in the fast decay of circulation for the secondary ring.

For the vortex evolution with its transition to turbulence at large Reynolds number,
large eddy simulation (LES) is a useful tool to study the flow behaviors from laminar
to turbulent regime. Sreedhar and Ragab [21] used LES to investigate the response of
longitudinal stationary vortices subjected to random perturbations and the subsequent
transition to turbulence. The Reynolds number based on the core radius and maximum
initial tangential velocity is 10°. Mansfield et al. [22] employed Lagrangian LES to investi-
gate the collision of two coaxial vortex rings and successfully captured several distinctive
phenomena observed experimentally [23]. Faddy and Pullin [24] numerically studied the
flow structures of two counter-rotating vortices in three dimensions. They performed the
simulations using DNS at low Reynolds number 10° and LES at high Reynolds number
2x10*, where the Reynolds number is based on the circulation of the Lamb-Oseen vortex.

In this paper, an LES technique is utilized to investigate the effects of bump height and
vortex core thickness on the dynamics of vortical structures and the turbulent behaviors



