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Summary. The modification of vortex method is developed which is based on closed vortex 
loops usage for calculation of unsteady aerodynamic loads acting on bluff bodies. It is shown 
that such approach has number of advantages for vortex wakes evolution simulation after bluff 
bodies. Each vortex loop can be considered as the separate vortex “superelement”, which 
doesn’t generate any additional vorticity. The loops generation algorithm permits to simulate 
the separation zone due to the self-organization of the loops. The obtained results are in 
satisfactory agreement with known experimental data. 

 
 
1 INTRODUCTION 

For calculation of unsteady aerodynamic loads acting on aircraft moving at low subsonic speed 
vortex methods are highly efficient, as they require significantly less computational resources in 
comparison with grid-based methods. There are number of models of vortex elements known for 
flow simulation around spatial bodies: closed vortex framework, vortex filament, vorton, vortex 
dipole, vortex fragmenton, etc. Each of them has some advantages and restrictions. 

In ‘classical’ vortex element methods, for example, in the discrete vortex method [1], 
vorticity is concentrated in vortex framework segments and it is absent outside the filaments 
segments in the flow. However, this method requires number of empirical models to determine 
the location of the vortex sheet separation lines. In case of vortex methods with separated vortex 
particles flow separation regions are being formed ‘naturally’ due to vorticity flux approach – 
vortex elements generation on the whole streamlined surface and further self-organization of 
the vortons in the flow [2, 3]. The main part of the vorticity is concentrated close to vortex 
elements (vortons) at points or at line segments. However, in the flow domain, according to the 
Helmholtz theorems, there will be distributed non-zero ‘additional’ vorticity. Its intensity 
vanishes on infinity [4]. This additional vorticity may cause significant errors when computing 
aerodynamic loads acting the body. Recently, there have been proposed an approach according 
to which the vorticity flux is being simulated by vortex filament loops generation on the body 
surface for 3D smoke dynamics simulation [5]. 

The aim of this paper is validation of vortex element method modification based on closed 
vortex loops usage for calculation of unsteady aerodynamic loads acting on bluff bodies. 
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2 PROBLEM STATEMENT AND NUMERICAL METHOD DESCRIPTION 
The incompressible 3D flow around fixed rigid body is considered. The flow of the media, 

which has small viscosity and constant density   is described by the continuity equation and 
momentum equation with no-slip boundary condition on the body surface and perturbation 
decay boundary condition on infinity. Initial conditions correspond to the circulation-free flow. 
It is necessary to find the unknown pressure distribution on the body surface. 

The assumption about incompressibility of the flow allows to find the velocity field ),( trV 
 

by using the Biot – Savart law from vorticity distribution V


  with automatic satisfaction 
of boundary conditions on infinity. The pressure field also can be found from vorticity 
distribution by using analog of the Cauchy – Lagrange integral [6]. The assumption about 
viscosity smallness allows to take its influence into account only for simulation of two 
processes: the vorticity flux near body surface and vortex filaments reconnection in the flow. 

For the lagrangian description of vorticity evolution the momentum equation has the 
following form: 
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where r  is vorticity markers positions. No-slip boundary condition is satisfied by implementing 
of vorticity flux approach [7, 8]. Boundary vortex sheet intensity can be found from no-through 
condition on body surface Kr

  with unit normal vector Kn  

0 KK nV 
. (2) 

Then vortex sheet is being transformed into vorticity K


, which is added to the vortex wake 
in the flow. 

The developed vortex element method modification is based on the closed vortex loops 
usage for numeric solution of system (1) with condition (2) on time interval Tt 0 . Vortex 
wake consists of the K  closed vortex filaments – vortex loops of the same circulation  . Loop 
with number ],1[ Kk  is simulated by the polygonal vortex line with number of vertices kN . 
Vertices of a polyline with number ],1[ kNi  are considered as the Lagrangian markers kir . 
The markers motion is described by ODE: 
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We assume the loop legs between two vertices to be rectilinear segments ikikik rrr 
 1  

and they induce the velocity  rvki


 in the flow as vortex fragmentons, regularized by 
introducing of small smoothing radius   [5].  

For boundary condition (2) satisfaction linear system 

  }{}{ nV , (4) 

should be solved for unknown circulations j  ( ],1[ pNj ) of vortex fragmenton frameworks, 
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placed on pN  body surface panels. For solving of (4) the regularization variable and additional 
condition is used: algebraic sum of vortex frameworks circulations should be equal to zero. 

Finally, the velocity of the i-th marker of the k-th loop has the form 
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where V


 - constant incident flow velocity; jN  - number of vortex fragmentons in j-th vortex 
framework. 

Numerical integration of system (3) is carried out by using numerical method of the first 
order of accuracy (explicit Euler method) with constant step t . Initial conditions for markers 
positions in (3) are parameters of the loops at the time of their generation on surface of the 
streamlined body. At every time step several procedures for smoothing of loops geometry, loop 
segments length alignment and loops reconnection are used [9]. Vortex loops generation 
algorithm is described below. 

Pressure field at every time step is being calculated from the positions of loops by using the 
analog of the Cauchy – Lagrange integral. Aerodynamic loads are determined by integration of 
the pressure distribution over the surface of the body. In this research stationary loads are 
computed by averaging over the period of simulation. To implement the numerical method, the 
C++ program was developed, which uses MPI technology for parallel computations. 

 

3 VORTEX LOOPS GENERATION ALGORITHM 
Vortex loops generation algorithm consists of three main operations: 
1. Vortex sheet generation. By solving of (4) circulations of vortex frameworks on the body 

panels can be found. 
2. Vortex loops construction. Firstly, maximal and minimal intensities )max( jM   and 

)min( jm   should be found. Then each j-th panel should be split into jN  triangles (Fig.1). 
The potential scalar function is being introduced on the body surface, and its values at the 
control points of the panels are equal to the circulations of the corresponding vortex 
frameworks: jjG  . Its values at the corners of the framework are defined by circulations 
averaging for the frameworks which are adjacent to this point. For example, for the 
quadrangular panel shown in fig. 1: 

4/)( 43212    (6) 

The potential distribution over the triangle with known values at vertices is determined by 
linear interpolation. Potential level lines determine the initial shape of the vortex loops. For 
each value of the potential there can one or more closed level lines, each of them corresponds 
to one vortex loop. The number of level lines is determined as the integer part of expression 

1]/)[(  mMNq  (7) 
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Figure 1: Example of splitting of a vortex framework into triangles 

3. Vortex loops dropping. The constructed vortex loops should be shifted from the surface 
in the direction of a normal on small constant distance  . These new loops are being added to 
vortex wake loops database. On the current step, after generation of a loop, its contribution to 
the velocity field (5) is not considered, and for velocity field influence of the corresponding 
framework on body surface is taken into account. 

When vortex elements move in the flow, marker positions of some of them can appear inside 
the body due to numerical errors. In such cases, the loop’s leg, which intersects the body 
surface, is replaced with the other loop legs, which lay on the body surface and provide the 
shortest way by means of Dijkstra's algorithm [10]. 

 

4 MODEL PROBLEMS DESCRIPTION 
For validation of the developed algorithm, several model problems are considered. The first 

problem is flow simulation around a sphere of unit radius. On the surface of the corresponding 
geometric model a mesh consists of 1917pN  triangular frameworks ( 3jN ) was built. The 

smoothing radius of the vortex element was chosen equal to 004.0 , time integration step 
01.0t , the length of the segment with which the loop was constructed 01.0 ; the constant 

circulation of the vortex loop 03.0 . The parameters of the algorithm [9] for simulation of 
the evolution of vortex loops are the following: nominal length of loop segment 01.0h , loop 
smoothing angle threshold 160 , loops reconnection distance 015.0 , length decreasing 
coefficient 3.1 , number of segments in reconnection zone 7 . The number of loops in 
the wake at the end of simulation was equal to 104K . The total number of segments in the 
wake was around 77 700. The shape of a vortex loops in the wake at the end of the simulation 
is shown in Fig.2. 
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Figure 2: Vortex wake consists of closed vortex loops past the sphere 

On Fig.3 the comparison of calculated results with the experiment [11] is shown: solid line 
– the dependence of the pressure coefficient pC  on the angular coordinate   (in radians). Zero 
value of the x-axis of this diagram corresponds to the flow stagnation point. Dotted line denotes 
the experimental results for the Reynolds number 610Re   and dashed line denotes the 
experimental results for 410Re  . The calculation time of 500 steps on 6 computers with Quad 
core Intel I7 3.0 GHz was about 4 hours, which yields a speedup of 3.5 times compared to the 
program used in [5]. 

 
Figure 3: Dependence of the pressure coefficient for the sphere in comparison with experiment [11] 

The second model problem is flow simulation around a circular cylinder with dimensions 
2.0D , 55.2L . On the surface of the corresponding geometric model a mesh consists of 
4570pN  triangular frameworks ( 3jN ) was built. The model parameters are the following:
001.0 , 0044.0t , 01.0 ; 005.0 , 01.0h , 160 , 015.0 , 4.1 , 7 . 

The number of loops in the wake at the end of simulation was equal to 35K . The total 
number of segments in the wake was around 70 000. The shape of a vortex loops in the wake 
at the end of the simulation is shown in Fig.4. 
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Figure 4: Vortex wake consists of closed vortex loops past the cylinder 

On Fig.5 the comparison of calculated results with the experiment [12] is shown: solid green 
line is the dependence of the pressure coefficient pC  on the angular coordinate   (in radians). 
Zero value of the x-axis of this diagram corresponds to the flow stagnation point. Blue line 
denotes the experimental results for the Reynolds number 410Re  , violet line denotes the 
experimental results for 510Re   and red line denotes the experimental results for 610Re  . 

 
Figure 5: Dependence of the pressure coefficient for the sphere in comparison with experiment [12] 
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5 CONCLUSIONS 
The validation of the developed modification of vortex element method with closed vortex 

loops showed that it has number of advantages for simulation of the evolution of vortex wakes 
behind bluff bodies:  

- Each vortex loop can be considered as the separate vortex “superelement”, which does 
not generate any additional vorticity.  

- The loops generation algorithm allows to simulate the separation zone due to the self-
organization of loops.  

The obtained results are in satisfactory agreement with known experimental data. Further 
research will be devoted to the analysis of the influence of model parameters on the accuracy 
of the results and improvement of software code. 
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