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Abstract 
In order to solve complicated simulation problem for complex deforming objects under complicated motions found in aerospace, aerodynamic, meteorology, biology engineering, this paper presents Lagrangian vortex method based on Brinkman penalization. The Brinkman penalization acts as an external force, which is implicitly enforced into Navier-Stokes equation in the velocity-vorticity form. The advantage of the method is the capability to remove the pressure factor which causes errors in other numerical methods due to the complexity of shape of the object. Furthermore, the method is able to model the complex geometry, complex motions as well as 3D deformation of the object. In particular, the Navier-stokes equation can be solved in a classical strategy: applying Bio-Savart law formula is to deal with the convection process; employing fast multipole method to accelerate the velocity computation. The convergence is verified in several simulation applications such as air flow over low aspect ratio wing, rotation wings, influent of wind gust on high-raised building, and fish swimming.
Key Words: brinkman penalization,  vortex particle method, complex flow applications
1. Introduction 

Flow problems around complexs deformable bodies have attracted a lot of interest within this decade in Rasmusen (2008), Li et al (2012), Mattia et al (2011), Eric (2004). Predicting the fluid-structure interaction responses also plays an important role in order to avoid potential aero-elastic and hydro-elastic instability issues, or to enhance performance by adapting the structural configuration. However, conducting experiments to study the flow over deformable bodies are difficult, see Eric (2004). In addition, a distinguishing feature of deformable bodies in real fluids is the generation of vorticity and the shedding of vortices into the wake, which is difficult to predict using analytical approach.
Due to current development of high performance computers, these problems can be overcome using numerical methods known as computational fluid dynamics (CFD). In CFD, there are two main approaches: grid-based and meshless methods. As suggested by the name, in the more traditional grid-based methods, the Navier-Stokes equation is solved using discretized grid. However, simulation of flow over deformable body is very difficult, if not impossible, using the grid-based CFD. In particular, the difficulty is due to requirement to generate grid at every time step because of the continuous change in the geometry of deformable body.
On the other hand, meshless methods, such as smoothed particle hydrodynamics (SPH) in Kajtar and Monaghan (2012) and vortex element methods in Barba (2004), Cottet and Poncet (2004), have benefited from their inherent adaptivity. Specifically, the meshless or Lagrangian methods use Lagrangian grid points, which follow the movement of the flows.  Therefore, such methods can handle irregular and complex geometries without any complication.      

As far as complex vortical flow is concerned, vortex element method is the suitable solver to resolve the vorticity region correctly with high resolution in Kamemoto (2004).  In addition, another advantage of the method is that it can be easily implemented in parallel computation in order to allow long time simulation.      

Accordingly, the fully meshfree version of the vortex element method (VEM) is developed in this research in order to simulate the complex 3D flow problems. Fast Multipole Method (FMM) is employed to accelerate the computation of the developed VEM.  A novel Brinkman penalization boundary condition is introduced to model the complex deformable geometries under its motions (translation and rotation).  Finally, the performance of the developed method is investigated by performing benchmark bounded flow simulations ranging from aerospace engineering to biological engineering and wind engineering.
1.1. Vortex particle method
The vortex methods are based on the momentum equation and the continuity equation for incompressible flow which are written in vector form as follows: 
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Taking the Curl of both equations (1) and (2) it follows:
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 is velocity vector, [image: image12.png]


the pressure, and [image: image14.png]


 the density. The vorticity [image: image16.png]


is defined as 
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The pressure [image: image20.png]


 can be independently calculated by the Poisson equation (4) once needed. Lagrangian expression for the vorticity transport expressed in Eq. (3) is then given by
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When a two-dimensional flow is dealt with, the first stretching term of the right hand side in Eq. (6) disappears and so the two-dimensional vorticity transport equation is simply reduced as diffusion equation:
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In order to solve this equation numerically there is a need to approve by means of a viscous splitting algorithm.  The algorithm includes two steps. The first step, the so-called convection, is to track particle elements containing the certain vortices with their own local convective velocity by Biot-Savart formulation 
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where [image: image28.png]


 is vector of position.  The term inside integral in (8) is integrated over all particles in the computational domain.  The Biot-Savart formulation is N-body problem that involves [image: image30.png]


 evaluations.  The calculation that involves [image: image32.png]


evaluations is called ‘direct computation’.  It makes this method not practical because of high memory requirement.
1.2.  Fast multipole method
In order to overcome the N-body problem mentioned above, the Fast Multipole Method (FMM) is employed in this work to accelerate the velocity computation in Greengard and Rokhlin (1978).  The method reduces significantly the velocity computation time due to the fact that interactions among particles are not computed directly.  In more details, the FMM, first, constructs the data of particles by tree structure of box in which particles are laid on. Second, the direct interactions of box’s centers are evaluated by using multipole expansions of all these centers. Finally, the interaction of all direct particle pairs is translated from these centers to their own particles.  Therefore, it reduces amount of computation process to the order of [image: image34.png]O(N)



.  Reducing amount of computation process affects computational speed that is major problem in analyzing FSI. 
1.3. Brinkman penalization
The penalization method enforces the no-slip boundary condition on the surface of a body in an incompressible flow by introducing a source term localized around the surface of the body. This source term is added into the momentum equation. The velocity of the flow 
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 is modified by the penalization term as 
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where 
[image: image37.wmf]s

u

 denotes the velocity of the body and 
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 denotes the velocity field of the flow. The penalization parameter 
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, called reciprocal quantity of the penalization term, and is equivalent to a porosity of the body. The characteristic function 
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 is defined in Rasmusen (2008). 
(2)
Hence, the velocity field is corrected with the penalization term which can be evaluated independently. Using an Euler time integration scheme for Equation (31), the correction can be evaluated implicitly as 
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The penalization term can be expressed in the vorticity formulation 
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This vorticity form of the penalization can be implemented by an explicit evaluation
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where the penalization parameter 
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 is chosen to be 
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2. Results and discussions 

2.1. Flow over transverse spinning sphere
The impulsively started flow around a spinning sphere at Re = 
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 is freestream velocity and 
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 is the angular velocity of the sphere.
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Figure  1. Configuration and coordinate system for flow over a spinning sphere.

The free-stream velocity is in the direction of 
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. Two configurations are studied, one per direction of the angular velocity vector: 
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. Both the free-stream and the rotation are impulsively started at 
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Figure 2 shows the magnitude of the skin friction for several instants during a shedding cycle. The figure shows clearly the reattachment point of the present results (depicted on the left-hand side) which are in a good agreement with the reference results in Chatelain (2005) (depicted on the right-hand side). We obtain averaged values of 
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 and compare those reference results in Chatelain (2005) and Kim and Choi (2002). 
Table  1. Drag and lift coefficients of flow over a transversely spinning sphere at Re = 300.

	
	
[image: image62.wmf]D

C


	
[image: image63.wmf]L

C

 

	Present 
	0.89 
	 0.51 

	Kim and Choi (2002) 
	0.74 
	 0.45 

	Chatelain (2005) 
	0.81 
	 0.42 
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Figure  2. Spinning sphere at Re = 300, transverse rotation, transverse shear magnitude; Left: reference results in Chatelain (2005), right: present results.

The Table 1 expresses averaged values of drag and lift coefficients in period of simulation time 
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 = 4 in which the drag coefficient approaches steady state. The present result demonstrates the higher difference of average value of drag with references. Hence, it is possible to conclude that a slightly different flow state are reached compared to references. In general, it is fair to conclude that the current algorithm works accurately compared to reference.
2.2. Flow over low aspect ratio wing
For a low aspect ratio wing application in aerospace engineering as used in the present study, flow separation behavior is more complex than on a conventional airplane. This section will focus on the flow separation and its interaction with wingtip vortices at 100 angle of attack. To obtain a better understanding of the flow separation phenomena, the vortex structure visualization is employed. The vortex patterns in the wake of the wing, are presented in Figure 2 which clearly demonstrates the complex 3D flows on the upper surface such as hairpin structure, helical structure, and wing-tip structure.
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Figure  2. Complex flow structures developed within the wake region of the low aspect ratio wing at 100 angle of attack.

As clearly shown in the figure, the wingtip vortex occupies a large proportion on the wing suction sides. The wingtip vortex and its interaction with boundary layer separation may induce strong 3D structures which do not exist on the 2D airfoils. These structures are very crucial to determine the drag coefficient, which is one of the important aerodynamic parameters for unmanned aerial vehicle designs.
2.3. Flow over a rotating wing
For a rotating wing application in aerospace engineering as used in the present simulation, the rotating wings were considered as two rectangular plate with 8% thickness at 100 angle of attack. The rotating rate is set to be 0.5. The complex flow structures generated by the rotating wings are clearly captures including wingtip structures and helical structures. The wingtip structures are generated with the hairpin shapes producing dynamic drag acting on the tip of the wings. The helical structures are more stable compared to hairpin structures. That is because the tip velocities, which two structures are generated, are different from tip to root of the wings.
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Figure  3. Complex flow structures developed within the wake region of the rotating wing platforms at 100 angle of attack.

2.4. Anguilliform swimming
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Figure 4. Time history of forward swimming velicities at different deforming amplitudes.

To extend the application of present computational algorithm for fluid-structure interaction in biological engineering, the simulation is started by setting the immersed anguiliform fish demonstrated in Figure 2, and let the fish freely deform during the computation to obtain the vorticity field. The anguilliform is allowed translations only in 
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 plane and rotations are restricted to those around the 
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-axis.
The fluid structure interaction is used to enforce the brinkman penalization boundary condition for vortex particle method to calculate the flow field. The time step for the simulation was set to be 
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. The length of the anguilliform, 
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, is set to be 1. The amplitude of the deformation 
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 is set from  0.08 to 0.175 while the frequency, 
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, is set to be a constant value, 2. A Reynolds number of this flow can be defined as 
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. This simulation is a fluid-structure interaction because the feedback from the fluid is considered to change the translational (
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As shown in Figure 4, the time history of forward velocity of the anguilliform for slow deformation (A=0.125), approaches the periodicity stage from 
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 while for the fast deformation it reaches to the periodicity stage from 
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 (A=0.175). However, the magnitude of forward velocity in slow deformation case at the periodic stage is smaller than that in fast deformation case. Hence, it is fair to conclude that the current results are convergent.
2.5. Wind load on high-rised building region
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Figure 5. Effect of planting trees on the wind load reduction on the high-rised building region. High wind shear region will be 80% removed by the tree planting.
For wind engineering applications, wind gust is very important and needs to be evaluated for the estimation of the environmental disaster on the high-rised building region. Otherwise, the current method is possible to enable the capability for complex geometry (high-rised building region), turbulent flow to investigate the wind load dynamics and sensitivities on the complex geographic region.
The simulation of such kind of turbulent flow is demonstrated in Figure 5 with respect to the effect of trees allocated within building area using the current method. As shown by the figure, the allocation of two rows of planting trees reduces the high wind shear acting on the main road between two high rised buildings. 
3. Conclusions 
The current work presents a construction of Brinkman penalization coupled with the vortex method algorithm for dealing with complex moving and deforming geometries in viscous flow simulation. An algorithm for a vortex method combined with the Brinkman penalization was briefly described and validated from near field to far field bounded flow simulations. For the validation of the code, simulation of three-dimensional incompressible flow around transverse spinning sphere at three 300 Reynolds numbers is performed. This study highlights the comparison of the wake characteristics between the current results and references listed in literature. The Brinkman penalization method is validated to be converged. The extension of the current vortex method algorithm is also performed to be highly applicable ranging from aerospace engineering (complex wake structures on low aspect ratio wing and a rotating wing) to biological  (anguilliform swimming) and environmental engineering (wind load on high-rised building region). 
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