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1 Introduction 
 

Problems like the flow around large buildings, over helicopters, etc. are generally known as 

vortex dominant flows. The numerical solutions to these problems are coming with serious 

challenges. The vortices diffused and dissipated at a higher rate than the reality, due to the errors 

caused by the discretization of the equations. To overcome this problem, different methods have 

been considered, such as using a finer grid, adaptive grid generation, and high order 

discretization schemes. On the other hand, these methods increase computational time and 

complication of the numerical codes. Furthermore, the vorticity confinement method introduces 

a simple and low cost solution to solve this difficulty; this has resulted in an attractive topic for 

this research. 

Steinhoff and Steinhoff et al. presented the vorticity confinement methods for incompressible 

flows in their research [2, 3] for the first time.  In the Steinhoff proposed method, the artificial 

viscosity error was improved by adding a source term to the momentum equation. Many 

researchers tried to develop this method for compressible flows. Hu et al. proposed a 

compressible vorticity confinement method that did not have the problems of previous methods 

[4]. Hereafter, several types of research have been carried out in this field. Some of the recent 

studies are: The ability and efficiency of a compressible vorticity confinement in a high-order 

flow solver for prediction of compressible mixing layer flows on coarse grids was investigated 
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methods were introduced by the authors in the past  [1] and its result 

for some simple problems was investigated. In the present study, FD-

CVC methods are used to study vortex flows around bluff bodies such as 

projectile and square cylinder. The ability and flexibility of the methods 

in more complex and applied problems are studied in this paper. It is 

observed that using the FD-CVC methods, by limiting the effect of 

vorticity confinement to the points needed, improve the results. It is seen 

the proper functioning of these methods on various confinement 

parameters (using threshold function) shows the superiority of the 

present method over the standard CVC method. 
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by Sadri et al.  [5]. The vorticity confinement method was used by O`regan et al. for simulation 

of the airplane wingtip vortices [6]. A third-order vorticity confinement accuracy method was 

proposed by Costes et al. [7]. Petropoulos et al. increased the accuracy of the Costes et al.’s 

method to fifth-order [8]. Sidilkover proposed a unified numerical method that achieves both 

vorticity confinement and shock-capturing capabilities for compressible flow calculation. This 

approach can improve the resolution of vortices [9]. Sadri et al. studied numerically the fluid 

flow and acoustic field of a supersonic jet using high-order discretization and the vorticity 

confinement (VC) method on coarse grids [10]. Wen and Ma applied vorticity confinement in 

a vorticity preserving lattice Boltzmann method (VPLBM) to simulate the high-resolution 

motion of smoke in real time. The method can preserve the detailed motion of smoke [11].  

 Despite the suitability of the vorticity confinement method, it has a major disadvantage. The 

confinement parameter must be tuned by the user. Many efforts have been made to overcome 

this problem. Costes and Kowani used the local vorticity value to calculate the confinement 

parameter [12]. Robinson proposed a formulation that used helicity to define the value of the 

confinement parameter [13]. Malek Jafarian and Pasandideh Fard suggested three expressions 

for the calculation of confinement parameters that used the concept of artificial viscosity [14]. 

Butsuntorn and Jameson proposed a relation for the confinement parameter that depends on the 

cell volume and helicity value [15]. Hahn and Iaccarino introduced a formulation for the 

confinement parameter at incompressible flows that uses the difference in the results of upwind 

and central difference schemes [16]. Bagheri-Esfeh and Malek Jafarian, expanded the Hahn and 

Iaccarino scheme to the compressible flows [17]. Mohseni and Malek Jafarian proposed the 

idea of reduction of the sensitivity of the vorticity confinement method to confinement 

parameter variations by combining this method with hte FCT scheme for various limiters. They 

showed that the best results were obtained using the minmod limiter at the middle step [18]. 

Povitsky and Pierson applied the vorticity confinement method for accurate prediction of 

convection of wing tip vortices and induced drag. The optimal confinement parameter and its 

dependence on the flight Mach number and the angle of attack was evaluated by its application 

to some vortex dominant flows [19]. Nevertheless, the use of the vorticity confinement method 

still depends on the user to adjust the confinement parameter. 

Despite investigations on the topic of vorticity confinement, the way that vortices are detected 

in this method remains as a fundamental problem. Usually, only the existence of vorticity is the 

criterion for the detection of vortices; in many cases, it is not the necessary and sufficient 

condition. Therefore the vorticity confinement may be applied in places outside of the vortex, 

and thus the errors grow. Furthermore, the calculation of confinement term in these areas is 

waste of time. To overcome this problem, better criterions for detection of vortices must be 

introduced in vorticity confinement method.  Different methods have been developed due to 

various features of a vortex.  

For detecting the presence of vortex, the value of vorticity can be used as a criterion, but it can 

lead to some problems, in situations like boundary layer flow, etc. [20]. Lugt described that a 

vortex is a set of material particles rotating around a common center [21]. Hunt et al. proposed 

a method, known as the Q-criterion [22]. Levy et al. proposed the concept of helicity to detect 

vortex center [23].  Chong et al. (1990) used the eigenvalues of velocity gradient matrix [24]. 

Banks and Singer developed a method based on the prediction-correction mechanism to identify 

the vortex centers with high sensitivity [25]. Another method is based on the critical point 

theory, introduced by Sujudi and Haimes [26]. Moreover, Jeong and Hussein developed their 

method which is based on the detection of areas with minimum pressure (λ2 method) [27]. 

Strawn et al. used the local maximum vorticity for the detection of vortex core [28]. Horiuti and 

Takagi introduced 𝑆─Ω correlation which is based on the detection of vortex sheets structure 

rather than vortex tube [29]. Kamkar et. al. proposed the non-dimensional form of 𝑄, 𝜆2, ∆ and 

𝑆─Ω correlation methods [20]. Mohseni and Malek Jafarian used the vortex feature Detection 
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methods to improve the performance of the CVC method [1]. They define four new methods 

by combining four vortex feature detection methods (𝑄, 𝜆2, ∆ and S─Ω  correlation) with the 

vorticity confinement method (FD − CVC). In that paper, a single stationary vortex was used as 

a case study and more complex problems were left untouched. In the current study, the 

application, ability, and reliability of FD-CVC methods in more complex problems are 

investigated.  

 

2 Governing Equations 

 

Typically, vorticity confinement is applied as a source term in the governing equations. Thus 

in the case of 2D Euler, we have: 
 

(1) 
𝜕𝑊⃗⃗⃗ 

𝜕𝑡
+

𝜕𝐹 

𝜕𝑥
+

𝜕𝐺 

𝜕𝑦
= 𝑆  

 

Where 𝑊⃗⃗⃗   is the flow quantities vector and  𝐹  and 𝐺   are flux vectors in x and y directions, 

respectively. 

(2) 𝑊⃗⃗⃗ = [

𝜌
𝜌𝑢
𝜌𝑣
𝜌𝑒0

]   

(3) 𝐹 = [

𝜌𝑢

𝜌𝑢2 + 𝑝
𝜌𝑣𝑢
𝜌𝑢ℎ0

] 

(4) 𝐺 = [

𝜌𝑣
𝜌𝑣𝑢

𝜌𝑣2 + 𝑝
𝜌𝑣ℎ0

] 

 

ℎ0 and 𝑝 are calculated as Eqs. (5) and (6). 
 

(5) ℎ0 = 𝑒0 +
𝑝

𝜌
  

(6) 𝑝 = (𝛾 − 1) × 𝜌 × {𝑒0 −
𝑢2 + 𝑣2

2
} 

 

 

Finally, 𝑆  shows the compressible vorticity confinement term (Eq. (7)). 
 

 (7) 𝑆 =

[
 
 
 
 

0

𝜌𝑓 𝑏 ∙ 𝑖̂

𝜌𝑓 𝑏 ⋅ 𝑗̂

𝜌𝑓 𝑏 ⋅ 𝑉⃗ ]
 
 
 
 

 

 

The addition of Eq. (7) to the Euler equation, transfers the vorticity back towards the vortex 

center as it diffuses away, (Fig. (1)).  
 

 
Fig 1  vorticity confinement method 
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Where 𝑓 𝑏 is calculated as follow: 
 

(8) 𝑓 𝑏 = −𝐸𝑐𝑛̂𝑐 × 𝜔⃗⃗ 𝑧 

(9) 𝜔⃗⃗ 𝑧 =
𝜕𝑣

𝜕𝑥
−

𝜕𝑢

𝜕𝑦
 

(10) 𝜑 = −|𝜔⃗⃗ 𝑧| = − √𝜔𝑧
2 

  

The unit vector perpendicular to the vortex line (𝑛̂𝑐) is calculated as Eq. (11). 
 

(11) 𝑛̂𝑐 =
∇⃗⃗ 𝜑

|∇⃗⃗ 𝜑|
= 𝜑𝑥𝑠𝑖̂ + 𝜑𝑦𝑠𝑗̂ 

 

The values of 𝜑𝑦𝑠 and 𝜑𝑥𝑠 are calculated according to Eqs. (12) and (13). 
 

 

(12)  𝜑𝑦𝑠 =
−𝜑𝑦

√𝜑𝑥
2 + 𝜑𝑦

2
 

(13) 
𝜑𝑥𝑠 =

−𝜑𝑥

√𝜑𝑥
2 + 𝜑𝑦

2
 

 

 

Now Eq. (8) can be rewritten in x and y directions as follow.  
 

(14) 𝑓𝑏𝑥 = −𝐸𝑐(|𝜔⃗⃗ 𝑧|𝜑𝑦𝑠) 

(15) 𝑓𝑏𝑦 = −𝐸𝑐(|𝜔⃗⃗ 𝑧|𝜑𝑥𝑠) 
 

Where the parameter, 𝐸𝑐 is known as the confinement parameter. This parameter uses to 

control the value of the vorticity confinement term. Now Eq. (7) is rewritten as:  
 

(16) 𝑆 =

[
 
 
 

0
𝜌𝑓𝑏𝑥

𝜌𝑓𝑏𝑦

𝜌(𝑢𝑓𝑏𝑥 + 𝑣𝑓𝑏𝑦)]
 
 
 

 

 

 

Substitution Eqs. (14) and (15) in (16) results: 
 

(17) 𝑆 =

[
 
 
 
 

0
−𝜌𝐸𝑐|𝜔⃗⃗ 𝑧|𝜑𝑦𝑠

𝜌𝐸𝑐|𝜔⃗⃗ 𝑧|𝜑𝑥𝑠

−𝜌𝐸𝑐|𝜔⃗⃗ 𝑧|(𝑢𝜑𝑦𝑠 − 𝑣𝜑𝑥𝑠)]
 
 
 
 

 

 

Despite many advantages of vorticity confinement method, major problem remains. The 

adjustment of the confinement Parameter is still controversial. A low value of this parameter 

makes the vorticity confinement ineffective. On the other hand, a large value leads to oscillation 

and unrealistic results. Furthermore, in conventional methods, the vorticity confinement term 

is applied to all the domain. Thus non vortex areas like boundary layer and shear layer are 

affected by vorticity confinement. This can lead to errors and increasing the computational time. 

To solve this problem, first, the feature detection method detects the vortices, and then the CVC 

method is used only at these points. This idea has already been presented by the authors[1]. All 

of the feature detection methods are somehow use velocity gradient matrix. For example, for a 

2D-flow we have: 

(18) 𝛻𝑉⃗ =

[
 
 
 
 
𝜕𝑢

𝜕𝑥

𝜕𝑢

𝜕𝑦
𝜕𝑣

𝜕𝑥

𝜕𝑣

𝜕𝑦]
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This matrix can write as: 

(19) 𝛻𝑉⃗ = 𝑆 +Ω 
 

 

Where 𝑆 and Ω are calculated as: 
 

(20) 𝑆 =
𝛻𝑉⃗ + (𝛻𝑉⃗ )

𝑇

2
 

(21) Ω =
𝛻𝑉⃗ − (𝛻𝑉⃗ )

𝑇

2
 

 

In Eqs. (20) and (21), the superscript 𝑇 means matrix transpose.  

Finally, the square norm of these matrices are calculated as: 
 

(22) ‖𝑆‖2 = (
𝜕𝑢

𝜕𝑥
)
2

+ (
𝜕𝑣

𝜕𝑦
)
2

+
1

2
(
𝜕𝑢

𝜕𝑦
+

𝜕𝑣

𝜕𝑥
)

2

 

(23) ‖Ω‖2 =
1

2
|𝜔⃗⃗ 𝑧|

2 

 

Four feature detection methods are introduced in the following sections.  

 
2.1 Non-Dimensional Q Method (FDQ-CVC) 
 

The Non-dimensional Q method is based on the Q-Criterion method  [22].  

Kamkar et al. proposed a Non-dimensional form of this parameter (Q) and called it the 

threshold function [20]. 

(24) 𝑓𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 =
1

2
(
‖Ω‖2

‖𝑆‖2
− 1) 

 

Since the term ‖Ω‖2 denotes vorticity, its zero value will indicate lack of vorticity. Therefore 

the threshold function tends to -0.5 in the areas outside the vortex: 

(25) 𝑓𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 → −
1

2
 

 

But ‖Ω‖2 will be larger than ‖𝑆‖2 value inside the vortex. Thus the value of the threshold 

function tends to infinity: 

(26) 𝑓𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 → ∞ 
 

The value of the threshold function tends to -0.5, in regions, like the boundary layer and the 

shear layer flows. Since the strain (‖𝑆‖2) is larger than vorticity (‖Ω‖2). Therefore, these 

regions will not be identified as a vortex.  

 
2.2 Non-Dimensional 𝝀𝟐 Method (FDL2-CVC) 
 

A low pressure region can indicate the vortex center. This point was used by Jeong and Hussein 

as a criterion for the detection of a vortex [27]. They proposed an eigenvector-eigenvalue 

problem as: 
 

(27) [𝑆2 +Ω2 − 𝜆𝑖𝐼]𝑋𝑖 = 0 

 

They show that the negative eigenvalues indicate the existence of a low-pressure region on the 

plane specified with the corresponding eigenvector. Therefore, two negative eigenvalues will 

show vortex center. In other words, if three eigenvalues (three-dimensional problem) are 

considered as 𝜆1 ≤ 𝜆2 ≤ 𝜆3 then  𝜆2 < 0 indicates the presence of a vortex.  
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Similar to the Q criterion method Kamkar et al. Introduced a non-dimensional form of this 

method [20]: 
 

(28) 𝑓𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = −
𝜆2

‖𝑆‖2
 

 

2.3 Non-Dimensional Modified ∆ Method (FDD-CVC) 
 

Chong et al. introduced a method similar to the 𝜆2 method, They used a third-order (In 3D case) 

equation (Eq. (29)), [24]. 
 

(29) 𝜆3 + 𝑃𝜆2 + 𝑄𝜆 + 𝑅 = 0 
 

The values of P, Q, and R in Eq. (29) are calculated as follows: 
 

(30) 𝑃 = −𝑡𝑟𝑎𝑐𝑒[𝛻𝑉⃗ ] 

(31) 𝑄 =
1

2
(𝑃2 − 𝑡𝑟𝑎𝑐𝑒 [(𝛻𝑉⃗ )

2
]) 

(32) 𝑅 = −𝑑𝑒𝑡[𝛻𝑉⃗ ] 
∆ is defined as: 

(33) ∆= 4𝑅𝑃3 − 𝑃2𝑄2 + 4𝑄3 − 18𝑃𝑄𝑅 + 27𝑅2 
 

In situation that ∆> 0 then, The roots of Eq. (29) are as 𝜆𝑟, 𝜆𝑐𝑟 ± 𝑖𝜆𝑐𝑖. Where the magnitude of 

𝜆𝑐𝑖 shows the rotational strength. Therefore, it is used as the threshold function [20]. 
 

(34) 
𝑓𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 =

𝜆𝑐𝑖

‖𝑆‖
 

 
2.4 𝑺 − Ω  Correlation Method (FDSO-CVC) 
 

In this method, an eigenvalue problem is defined similar to Δ and 𝜆2 methods. Horiuti et al. 

proposed an eigenvalue problem[28]. 
 

(35) [𝑆Ω+Ω𝑆 − 𝜆𝑖𝐼]𝑋𝑖 = 0  

 

 The second answer, in terms of magnitude, is known as λ+ and represents the rotational 

strength. Therefore the threshold function is defined as Eq. (36) [20]. 
 

(36) 𝑓𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 =
𝜆+

‖𝑆‖2
− 1 

 

The positive values of this function represent the vortex region. 

 
3 Numerical Solution Method 

 
 Integration of Eq. (1) over an elemental volume, using a finite volume method and a central 

difference scheme, results in Eq. (37).  
 

(37) 𝑊⃗⃗⃗ 𝑛+1 = 𝑊⃗⃗⃗ 𝑛 + 𝑅𝐻𝑆 
 

Where  𝑅𝐻𝑆 term is calculated according to Eq. (38). 
 

(38) 
𝑅𝐻𝑆 = 

∆𝑡

∆𝑥 × ∆𝑦
(𝐹 

𝑖+
1
2
− 𝐹 

𝑖−
1
2
+ 𝐺 

𝑗+
1
2
− 𝐺 

𝑗−
1
2
− 𝐴𝐷) 
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Where AD, represents the artificial viscosity fluxes added to the solution to eliminate 

oscillations and increase the stability. The fourth-order explicit Runge-Kutta method, Eqs. (39-

42), is used to solve the Eq. (37),  [30].  
 

(39) W⃗⃗⃗ 0 = W⃗⃗⃗ n − 𝛼1RHS(𝑊⃗⃗⃗ 𝑛) 

(40) W⃗⃗⃗ 1 = W⃗⃗⃗ n − 𝛼2𝑅𝐻𝑆(W⃗⃗⃗ 0) 

(41) W⃗⃗⃗ 2 = W⃗⃗⃗ n − 𝛼3𝑅𝐻𝑆(W⃗⃗⃗ 1) 

(42) W⃗⃗⃗ n+1 = W⃗⃗⃗ n − 𝛼4𝑅𝐻𝑆(W⃗⃗⃗ 2) 
 

W⃗⃗⃗ 0, W⃗⃗⃗ 1, and W⃗⃗⃗ 2 are the values of W⃗⃗⃗   at each stages of the Runge-Kutta scheme. Coefficients 

for the corresponding 4-stage scheme are 𝛼1 =
1

4
, 𝛼2 =

1

3
, 𝛼3 =

1

2
, and 𝛼4 = 1. 

Convergence testing is done by calculating the RMS value of the change of density and dividing 

it with the total number of points used in the flow domain. If this quantity is less than a user-

specified value, convergence is declared. 

 

4 Problem Definition 

 

Two problems are considered here to demonstrate the capability of FD-CVC methods. The first 

problem is an axial flow around a projectile (axisymmetric). The projectile (Fig. (2)) consists 

of three parts of secant-ogive, cylinder with boat-tail. The second problem is a 2D flow around 

a square cylinder. To solve these problems, two numerical grids are generated, as shown in 

Figs. 3 and 4. Both of these two problems have been solved by CVC and FD-CVC methods. 

Finally comparing the results can provide a reasonable estimation of the performance of these 

methods. In each case the no-slip condition and pressure extrapolation based on the “normal 

momentum equation” are implicated on the wall. Mach numbers are 0.94 and 0.5 for projectile 

and square cylinder, respectively. 

 

 
 

Figure 2  Schematic of the Projectile 
 

 
Figure 3  Solution grid around the projectile 

(309×50) 
 

 
Figure 4 Solution grid for square cylinder (225×200) 
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5 Results 

 

In the previous section, the problems were introduced. The results of using the FD-CVC and 

CVC methods are discussed as follow. 

 

5.1 Flow Over Projectile 

 

One of the important parts to confirm results of a numerical method is checking about 

independence of that method from a computational grid. In this context, a mesh study has been 

done on the basic flow solver (described above) for flow over a projectile. Figs. 5 shows results 

of coefficient of pressure (𝐶𝑝) around half of body with different computational grids (209*33, 

255*41, 309*50 and 369*59). It should be noted that the number of meshes in two directions 

has increased 1.2 times. The pressure coefficient results do not show more changes for different 

grids, except on the cylinder part of the projectile (5>X/D>3). A strong shock wave has been 

formed here. It can be seen in Fig. 5 that the coarse mesh (209*33) has been able to capture the 

shock wave weakly. But results for other grids are considerably alike and acceptable in 

comparison with Kayser and Whiton experiments [31]. The results presented in these figure 

shows very little variation in the pressure coefficients over the range of spatial resolutions. So 

the 309 * 50 grid point is used for the subsequent results to obtain accurate outcomes and save 

the computational time. 

In the case of axisymmetric flow around a projectile, the effect of using FD-CVC methods on 

reducing the dependence of the results on the value of confinement parameters has been 

investigated. The vortex status at the back of the projectile was selected as a measure of the 

response to the variation in the amount of confinement parameter (Figs. (6) to (15)). 

Setting the value of confinement parameter equal to 0.1 results in a normal shape of wake flow 

(Fig.(6)). Fig. (7) shows that the wake structure becomes unphysical when the value of 

confinement parameter increases (𝐸c=0.2).  On the other hand, results of using FD-CVC 

methods and the same values of the confinement parameters (𝐸c=0.1, 𝐸c=0.2) have been shown 

in Figs. 8 to 15. It is observed that the unphysical vortex has been severely restricted and the 

dependency of the results on the value of confinement parameter has been greatly decreased. 

This can be seen by comparing   Figs. 8 to 11 (𝐸𝑐 = 0.1) with Figs. 12 to 15. (𝐸𝑐= 0.2). 

 

 
 
 
 

Figure 5 Coefficient of pressure as a function 

of X/D for various spatial resolutions 
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Figure 6  Streamlines behind a projectile using CVC 

method (𝐸c=0.1) 
 

 
Figure 7  Streamlines behind a projectile using CVC 

method (𝐸c=0.2) 
 

 
Figure 8  Streamlines behind a projectile using FDQ-

CVC method (𝐸c=0.1) 
 

 
Figure 9  Streamlines behind a projectile using 

FDL2-CVC method (𝐸c=0.1) 
 

 
Figure 10  Streamlines behind a projectile using 

FDD-CVC method (𝐸c=0.1) 
 

 
Figure 11  Streamlines behind a projectile using 

FDSO-CVC method (𝐸c=0.1) 
 

 
Figure 12  Streamlines behind a projectile using 

FDQ-CVC method (𝐸c=0.2) 

 
Figure 13  Streamlines behind a projectile using 

FDL2-CVC method (𝐸c=0.2) 
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The effect of the unphysical vortex (Fig. (7)) on pressure coefficient (𝐶𝑝 ) distribution has been 

shown in Fig 16. Negative effects of the high value of confinement parameter is obvious using 

CVC in this figure. However, it can be seen in Figs. (17) to (20) using FD-CVC methods,  𝐶𝑝 

distribution does not disturb even by increasing the confinement parameter values. This means 

that the sensitivity of the results on the value of this parameter has been reduced. 

The results (𝐶𝑝 ) of FDQ-CVC and FDL2-CVC methods still show some changes as the result 

of increasing the value of the confinement parameter (Figs. (17) and (18)). It is also observed 

that the results of FDD-CVC and FDSO-CVC methods are more consistent with experimental 

results (Figs. (19) and (20)). 
 

 
Figure 16  Effect of changes in confinement 

parameter on the 𝐶𝑝 distribution using CVC method 
 

 
Figure 17  Effect of changes in confinement 

parameter on the 𝐶𝑝 distribution using FDQ-CVC 

method 
 

 
Figure 18  Effect of changes in confinement 

parameter on the 𝐶𝑝 distribution using FDL2-CVC 

method 
 

 
Figure 19  Effect of changes in confinement 

parameter on the 𝐶𝑝 distribution using FDD-CVC 

method 

 

 
Figure 14  Streamlines behind a projectile using 

FDD-CVC method (𝐸c=0.2) 

 

 
Figure 15  Streamlines behind a projectile using 

FDSO-CVC method (𝐸c=0.2) 
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Figure 20  Effect of changes in confinement parameter 

on the 𝐶𝑝 distribution using FDSO-CVC method 

 

Despite using the same value for the confinement parameter (𝐸𝑐 = 0.05), the results of FDQ-

CVC and FDL2-CVC methods are more consistent with the experimental data than the CVC 

and without CVC (W/CVC) methods (Figs. (21) and (22)). 

 
Figure 21  Comparison of the pressure coefficient 

distribution around the body using W/CVC, CVC, 

FDQ-CVC (𝐸c=0.05) methods and experimental 

results 
 

 
Figure 22  Comparison of the pressure coefficient 

distribution around the body using W/CVC, CVC, 

FDL2-CVC (𝐸c=0.05) methods and experimental 

results 
 

 

5.2   Flow Over Square Cylinder 

 

To investigate the reliability and advantages of FD-CVC methods, flow around a square 

cylinder is considered (Figs. (23) to (32)). As shown, increasing the value of confinement 

parameter (𝐸c) disturbs the pressure field, using CVC (Fig. (24)). On the other hand, the 

disturbances have been eliminated using FD-CVC methods (Figs. (25) to (32)). 
 

 

 
Figure 23  Pressure contours behind square cylinder 

using CVC method (𝐸c=0.1) 

 
Figure 24  Pressure contours behind square cylinder 

using CVC method (𝐸c=0.2) 
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Figure 25  Pressure contours behind square cylinder 

using FDQ-CVC method (𝐸c=0.1) 
 

 
 

Figure 26  Pressure contours behind square cylinder 

using FDQ-CVC method (𝐸c=0.2) 
 

 
Figure 27  Pressure contours behind square cylinder 

using FDL2-CVC method (𝐸c=0.1) 

 
Figure 28  Pressure contours behind square cylinder 

using FDL2-CVC method (𝐸c=0.2) 
 

 
Figure 29  Pressure contours behind square cylinder 

using FDD-CVC method (𝐸c=0.1) 
 

 
Figure 30  Pressure contours behind square cylinder 

using FDD-CVC method (𝐸c=0.2) 
 

 
Figure 31  Pressure contours behind square cylinder 

using FDSO-CVC method (𝐸c=0.1) 

 
Figure 32  Pressure contours behind square cylinder 

using FDSO-CVC method (𝐸c=0.2) 
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Figure 33 comparison of the pressure coefficient obtained with 

W/CVC, CVC, FDQ-CVC (𝐸c=0.01 and 𝐸c=0.02) and experiments 
 

6 Conclusion 

 

The ability and flexibility of the FD-CVC methods on more complex and applied problems was 

investigated in this paper. An axisymmetric flow around a projectile and two-dimensional flow 

around a square cylinder was selected as the test cases. Results showed the preferable 

performance of FD-CVC methods in comparison with a simple CVC method. Briefly, it can be 

said: 

¶ When using the CVC method, the results are vastly affected by changes in the value of 

confinement parameters to the extent that results become unphysical. But, using the FD-

CVC methods this problem is solved. 

¶ Furthermore, it can be seen that the results of FDQ-CVC and FDL2-CVC are still affected 

by increasing the confinement parameter value. But, FDD-CVC and FDSO-CVC methods 

are not suffering from this problem. 

¶ The FDD-CVC and FDSO-CVC results are more match with experimental data. 

¶ FD-CVC methods can reduce the sensitivity of the results on the value of confinement 

parameters.  

¶ Finally, the FD-CVC methods can be used as a powerful and reliable tool for the vortex 

dominant flows in aerodynamics problems. 
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Nomenclature 

 

e0 
 

Internal Energy (J/kg) 

Ec Confinement Parameter 

F⃗  Flux Vector in x Direction 

f b Body Force Vector in Source Term  (kg ∙ m sec2⁄ ) 

fbx , fby Body Force of x and y Momentum Equations  (kg ∙ m sec2⁄ ) 

fthreshold Threshold Function 

G⃗⃗  Flux Vector in y Direction 

h0 Total Energy  (J/kg) 

I Identity Matrix 

n̂ Unit Vector Perpendicular to the Vortex line 

î , ĵ Unit Vectors 

p Pressure  (Pa) 

RHS Residual 

S⃗  
S 

Source Term Vector 

Strain-rate tensor 

t Time (sec) 

u,v 
 

Velocity Magnitude in x and y Directions (m sec⁄ ) 

V⃗⃗  Velocity Vector   (m sec⁄ ) 

W⃗⃗⃗  Flow Quantitative Vector 

X Eigenvector 

x,y Coordinate Directions  (m) 

 
α 
 

Coefficients of Runge-Kutta Scheme  

γ Heat Capacity Ratio 

∆x, ∆y Mesh size in x  and y directions 

∆t Time step size 

λ Eigenvalue 

ρ Density  (kg m3⁄ ) 

φ Vorticity Magnitude  (1 sec⁄ ) 

φxs, φys Components of Unit Vector Perpendicular to the Vortex line 

ω Vorticity (1 sec⁄ ) 

 
 Ω rotational tensor 

 


