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Abstract: We developed a flow—structure coupling solver based on immersed
boundary method (IBM) and finite element method (FEM) and investigate a flow
around cylinders falling, colliding with a structure and rebounding. In this study, all
objects which are cylinders and structure are defined by the level-set function for
ghost—cell method of IBM. The movement of cylinders is described by the
equations of motion for xy—transportations. The flow—structure coupling is solved
by using loosely coupling method. As results, the impact velocity of cylinder is
affected by the movement of pre— and post— collision and the wake vortices of
other cylinder. The stress and the plastic strain generated in the structure showed
the different distributions with each collision point.
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1 Introduction

Shot peening process is exploited to impact material surface with a large number of small particles for
generating a compressible residual stress on the surface. The strength of structure is enhanced by this
process. The interaction of flow—particles, particles—structure and structure—flow can be key roles for
more accurate and efficient process. In the flow—particles interaction, the freestream from nozzle and
vortices affect the motion of particles such as the falling, rebounding and colliding. In the particles—
structure interaction, the residual stress is generated on the structure surface by the impact with
particles and, the energy of particle is lost by this impact. In structure—low interaction, the
transformation of surface shape affects the flow fields. Nguyen et al. [1] investigated the location of
particles—surface impacts by using commercial flow solver. They used the Euler—Lagrange approach
and Reynolds—averaged Navier—Stokes equations (RANS), which cannot sufficiently model the
particle—flow interactions and the detailed flow structures. Tu et al. [2] explored the residual stress by
using commercial flow—structure solver. They utilized the discrete element model (DEM) and finite
element model (FEM). The previous studies by using numerical simulations are conducted for a
steady flow and based on the one—way coupling scheme which ignored the interaction between flow—
particles. We developed the two— and three—dimensional Euler—Euler flow solvers based on an
immersed boundary method (IBM) because of examining the interaction of flow—particles [3, 4, 5].
The IBM developed by Mittal et al. [6] is widely used for its simplicity and applicability to the
moving and multiple objects. This study is devoted to investigate flow—structure coupling phenomena
based on IBM and FEM by using two—dimensional loosely coupling solver.



2 Computational Method
2.1 Flow Solver

Governing equations are two—dimensional incompressible Navier—Stokes equations, an equation of
continuity and an equation of motion for two-degrees of freedom. No averaging and filtering
processes are involved in this simulation:
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where u, v, p, p and v are the fluid velocity, pressure, density and kinematic viscosity, respectively.
The fractional step method is applied for time marching. The grid is defined by an equally spaced
Cartesian mesh. The convection term is evaluated by the second—order skew—symmetric scheme. The
pressure and diffusion terms are calculated by the second—order finite—difference method. Poisson
equation of the pressure is calculated by the successive over—relaxation (SOR) method. The objects
are represented by the level set method and the ghost cell method [3, 4, 5]. The aerodynamic pressure
and friction forces acting on the object surface are calculated on the cell face between the fluid and
ghost cells. In the present method, the forces are estimated by a simple algorithm using a staircase
representation, which negates the need for surface polygons [8]. The object movement is expressed by
the equations of motion for xy—transportations.

2.2 Structure Solver

The FEM solver is developed based on the plane strain model. The element is evaluated by the 8-
nodes iso—parametric rectangular elements. The failure criterion is stated by the Von—Mises criterion.
The stiffness equations including the inertial force described by
M+ [K Ju} = {7, @)
where [M] and [K] are the lamped mass matrix and the global stiffness matrix. In finding the solutions,
the equations are solved for global displacement velocity increment vector {ii} as differential equation
of global displacement velocity vector {u} given by
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where At is the time increment. Finally, the equation given by
funa} = ACMT [IF = [Ka Hun H+ 2un}— {uns}, (5)

where n is time step.
The external force distribution and the collision time are defined by the Hertz theory model.

2.3 Flow—Structure Coupling Method

The flow-structure coupling is solved by using loosely coupling method. In the flow—particles
interaction, the aerodynamic forces affect the particles, and the vortices are generated by the moving
particles. In the particles—structure interaction, the impact of particles contributes an external force to
the structure. Conversely, the particles receive the reaction force from the structure. In the structure—
flow interaction, the transformation of surface shape changes the flow fields. In flow simulation, the
transformation of structure is represented by the level set function. In the flow simulation, the data of
colliding location and external force pass to structure simulation at step of collision between particle
and structure. The time increment of flow simulation is calculated based on the maximum velocity of
fluid and cylinder at every step. The structure simulation is performed when the cylinder collides with



the structure and is repeatedly conducted several times during the flow simulation. At the colliding
time step, the number of time steps and time increment of structure simulation are defined based on
the cylinder—structure contact time. After next time step, the number of steps and time increment are
defined based on the time increment of flow simulation.

3 Computational Result

3.1 Flow around a Falling Cylinder with a Structure
3.1.1 Condition

The flow-structure coupling solver is applied to the flow around a cylinder falling, colliding with the
surface of metal structure and rebounding and the structure model as steel.

Figure 1 shows the computational domain. The cylinder diameter is set to be D = 8x10° m. The
computational mesh sizes of flow simulation and structure simulation are fixed at dx; = D / 40 and dx,
=D / 20, respectively. The computational domains of flow simulation and structure simulation are set
to be 8D x 11.25D and 8D x 3D, respectively. The Reynolds numbers based on the cylinder diameter
and the relative velocity between the freestream and the cylinder velocity at its impacts the wall are
set to be 400 (casel—1) and 600 (case1-2), respectively. The material of cylinder is set to be a rigid
body of alumina. The Young’s modulus, yield strength and density of structure are 206 GPa, 500MPa
and 7800 kg/m’, respectively.
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Figure 1: Computational domain (D is cylinder diameter).

3.1.2 Result

Figure 2 shows the instantaneous flow distributions visualized by the velocity (left images) and the
vorticity (right images) in the case 1-1. The cylinder collides with the structure at nondimensional
time t" = 4.5 (Fig. 2 (b)). The vortices are generated between the cylinder and structure and on the
surface of structure. The cylinder rebounds from the structure at t* = 4.6 and the vortices formed
around the cylinder become reversed (Fig. 2 (c)). The vortices are generated behind of the cylinder
due to the relative velocity between the freestream and the cylinder velocity (Fig. 2 (d)—(f)). The
vortices on the surface of structure are influenced by the freestream and cylinder. In this simulation,
almost the same distribution is obtained between the case 1-2 and case 1-1.

Figure 3 plots the cylinder velocity normalized by freestream, where the red and blue lines show the
case 1-1 and case 1-2, respectively. The cylinder velocity becomes reversed by the collision (Fig. 3
(@)). The falling cylinder velocity is decreased by the freestream curled up (Fig. 3 (b)). In the case 1-1,
the influence is enhanced than one in the case 1-2. In Fig. 3 (c), the rebounding cylinder velocity
decreases more than in Fig. 3 (b) because the cylinder directly received the influence of the freestream



at rebounding. The drag force in the case 1-1 becomes larger than in the case 1-2. Thus the cylinder
velocity in the case 1-1 decreases more than one in the case 1-2. The cylinder velocity at the collision
decreases sharply because the energy of cylinder is lost by the collision.

Figure 4 shows the instantaneous strain distribution at collision between the cylinder and the structure.
At the collision, the stress is generated in the structure. The value of stress in the case 1-2 is larger
than in the case 1-1 because the impact energy and the collision time are large. As a result, the large
plastic strain is formed in Fig. 5. The impact energy is lost by the plastic strain; the cylinder velocity
is decreased in Fig. 3 (c).
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Figure 2: Instantaneous distributions visualized by velocity (left images) and vorticity (right images)
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Figure 3: Variation cylinder velocity.
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Figure 4: Instantaneous stress distributions after the collision between the cylinder and the structure.
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Figure 5: Plastic strain at collision point in case 1-1 (left image) and case 1-2 (right image).

3.2 Flow around Falling Five Cylinders with a Structure
3.2.1 Condition

The flow-structure coupling solver is applied to the flow around five cylinders falling, colliding with
the surface of metal structure and rebounding and the structure model as steel.

Figure 6 shows the computational domain. The cylinder diameter is set to be D = 8x10° m. The
computational mesh sizes of flow simulation and structure simulation are fixed at dx; = D / 40 and dx,
=D / 20, respectively. The computational domains of flow simulation and structure simulation are set
to be 8D x 11.25D and 8D x 3D, respectively. The five cylinders are arranged as Figure 6. The three
cylinders (N1-N3) are set to collide with the structure at first. After that, the rest of two cylinders (N4
and N5) collide with the structure. The Reynolds numbers based on the cylinder diameter and the
relative velocity between the freestream and the cylinder velocity at its impacts the wall are set to be
400 (case 2—1) and 600 (case 2-2), respectively. The material of cylinder is set to be a rigid body of
alumina. The Young’s modulus, yield strength and density of structure are 206 GPa, 5S00MPa and
7800 kg/m’, respectively.
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Figure 6: Computational domain (D is cylinder diameter).

3.2.2 Result

Figure 7 and 8 show the instantaneous vorticity distributions in the case 2—1 and velocity distributions
in the case 2-2. Three cylinders (N1-N3) collide with the structure (Fig. 7 and 8 (b)). The wake
vortices are formed from N1 and N3 because of the two cylinders behind. The N4 and N5 pass
between the N1-N3 rebounded (Fig. 7 and 8 (c)). Each cylinder interferes with the wake vortices of
other cylinders. N4 and N5 collide with the structure (Fig. 7 and 8 (d)). The wake vortices of N4 are
the same pattern with one of N5. All the cylinders rebound (Fig 7 and 8 (e)). The wake vortices of N1
and N3 are enfolded in one of N4 and N5. The flow near the wall becomes complex by the interaction
between the vortices and cylinders.

Figure 9 and 10 plot the cylinder velocity normalized by one of the freestream in the case 2—1 and the
case 2—2, where the case 1-1 and case 1-2 are shown in black lines as references. N2 shows the same
tendency with case 1-1 firstly (Fig 9 (a)); N2 shows the same initial position and initial velocity with
the case 1-1 and case 1-2, respectively. In the vicinity of the wall, however, the decrease of the
cylinder velocity of N2 is larger than one in the case 1-1 and case 1-2, respectively. The cylinder
velocities of N1-N3 are influenced by the N4 and N5. When N4 and N5 pass between N1-N3
rebounding, particle velocities are increased temporarily by the wake vortices of N1-N3. This
variation of the case 2-1 is smaller than one of the case 2—-2 due to the different Reynolds number.
After N4 and N5 move behind N1-N3, particles velocities decrease again. This nonlinear
phenomenon becomes important factor about the impact velocity of the cylinder. The gradients of
velocities of N1-N3 of the case 2-1 and case 2-2 become larger than on of the case 1-1 and case 1-2,
respectively (Fig. 9 and 10 (c)). N4 and N5 gradually decelerate by the influence of wake vortices of
N1-N3. The impact velocity (minimum velocity in Fig. 9 and 10 (c)) of N4 and N5 in the case 2-1
becomes smaller than one of N1-N3. However, the impact velocity in the case 2—-2 becomes larger
than one of N1-N3. This value of impact velocity is influenced by the phenomena of pre—collision.
Figure 11 shows the instantaneous strain distribution at first collision time t” = 4.5 (panel (a) and (c))
and second collision time t" = 7.0 (panel (b) and (d)). The stress distribution becomes symmetry. The
stress on the collision points of N2 is smaller than one of N1 and N3 because the stress wave interact
att’ = 4.5. The stress distribution becomes more complex at t* = 7.0. The plastic strain is affected by
the adjacent plastic strain in Fig. 12. The plastic strain of N4 and N5 become smaller than one of N1-
N3 because the impact velocity is smaller.
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Figure 7: Instantaneous vorticity distributions in case 2—1.
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Figure 8: Instantaneous velocity distributions in case 2-2.
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Figure 9: Variation cylinder velocity in case 2-1.
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Figure 10: Variation cylinder velocity in case 2-2.
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Figure 11: Instantaneous stress distributions after the collision between the cylinder and the structure.
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Figure 12: Plastic strain.

3 Conclusions and Future Works

A flow—structure coupling simulation was conducted by using IBM-FEM coupled solver. We
investigated a flow around one to five cylinders falling, colliding with a structure of metal and
rebounding. The main results are summarized below:

(1) At Reynolds numbers 400 and 600, the flow phenomenon around the cylinders and the
structure was almost the same. However, the stress and the plastic strain in the structure showed the
different distribution due to the different impact velocity of cylinder.

(2) In five cylinders case, the wake vortices of cylinders became complex during the rebounding
by the interaction with other cylinders.

(3) The cylinder velocity of pre—collision with the structure became the nonlinear by the
interaction between the vortices and cylinders. Moreover the nonlinear change shown a different
trend based on Reynolds number.

(4) The stress and the plastic strain generated by the collision interfered with the stress and the
plastic strain generated by other collisions. They were affected by the impact velocity of cylinder.

In future work, we develop three—dimensional flow—structure coupling solver to investigate a flow
around multiple particles and a structure.
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