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Abstract  

High Reynolds number flows around airfoils 

involve complex phenomena at different angles 

of attack (AOA). In this study, improved delayed 

detached eddy simulations (IDDES) are carried 

to investigate the flows around S809 airfoil at a 

wide range of AOA from 0 to 90 degrees. In 

addition, unsteady Reynolds-averaged Navier-

Stokes simulations (URANS) are adopted for a 

comparison purpose. Both IDDES and URANS 

simulations agree well with the experimental 

results in the attached flow regime of low AOA. 

However, in the mild separation and massive 

separation regime, IDDES simulations show 

better prediction than the URANS simulations. 

Detailed flow structures are analyzed with 

comparisons between IDDES and URANS 

simulations.  

1  Introduction  

Accurate modeling and simulation of high 

Reynolds number flow around airfoils at large 

angles of attack (AOA) is a challenging CFD 

problem of significant importance for the 

aerospace industry and wind energy. Although 

Reynolds-averaged Navier-Stokes (RANS) 

models have been applied successfully in many 

practical computations with attached flows as 

well as some with shallow separations, they 

tend to fail for high angle of attack flows with 

massive separation. Direct numerical simulation 

(DNS) resolves all scales of turbulent flows and 

can yield accurate predictions theoretically. 

However, it is computationally impractical for 

DNS to handle industry turbulent flows. Large 

eddy simulation (LES), which directly 

calculates the large turbulent scales with only 

small turbulent scales modeled, attempts to 

reduce the grid requirements of DNS. However, 

due to the high computing power requirements 

in boundary layers of high Reynolds number 

flows, LES is still too expensive for practical 

applications. In order to resolve turbulent flows 

in practical applications at an affordable 

computational expense, hybrid RANS/LES 

methods have been developed in recent years.   

The first generation DES model, DES97, was 

proposed by Spalart et al[1]. It is defined as “a 

three-dimensional unsteady numerical solution 

using a single turbulence model, which 

functions as a subgrid-scale (SGS) model in 

regions where the grid density is fine enough for 

a large-eddy simulation, and as a Reynolds-

averaged model in regions where it is not”[2].  

A working definition is to treat the attached 

boundary layer with RANS and apply a LES 

treatment in the separated regions [3][4]. The 

space between these areas, known as the “gray 

area”, may be problematic unless the separation 

is abrupt [5]. When the grid spacing in the 

attached boundary layers is decreased, it is fine 

enough for the DES length scale to follow the 

LES treatment but not fine enough to resolve 

internal velocity fluctuations in the boundary 

layer. The modeled Reynolds stress is reduced 

without any sizeable resolved stress to store the 

balance, which is referred to as modeled-stress 

depletion [6] (MSD). In order to solve this 

deficiency, delayed detached eddy simulation [7] 

(DDES) and Improved delayed detached eddy 

simulation [8] (IDDES) were developed based 

on some modifications in DES. DDES detects 

boundary layers and prolongs the full RANS 

mode, even if the wall-parallel grid spacing 

would normally activate the DES limiter. This 

detection device depends on the eddy viscosity, 
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so that the limiter now depends on the solution. 

IDDES uses a new definition of filter length, 

which includes the wall distance and not only 

the local characteristics of the grid. The 

modification tends to give it a steep variation, 

which stimulates instabilities, boosting the 

resolved Reynolds stress. The philosophy of 

IDDES is combining DDES and wall modeled 

LES (WMLES), ensuring a different response 

depending on whether the grid resolution is 

sufficient to resolve dominant eddies in the 

boundary layer and whether the simulation 

contains inflow turbulence content. IDDES 

performs as WMLES if the grid resolution is 

sufficient and the simulation contains inflow 

turbulence, otherwise it reduces to DDES. 

IDDES has become popular in computational 

fluid dynamics (CFD) communities since it was 

proposed. Shur et al [9] validated IDDES 

method on shear flows in three cases: developed 

channel flow, zeropressure gradient boundary 

layer, and plane mixing layer. Krappel et al [10] 

applied an IDDES-type model to a Francis 

pump turbine flow simulation and validated it 

with experimental results. Zhao et al [11] 

performed IDDES simulation of flow 

characteristics behind the aerodynamic 

performance on an airfoil with leading edge 

protuberances.   

For high Reynolds number flow around 

airfoils at large angles of attack, DES/DDES 

methods have been used by other researchers in 

the aerospace research field. For example, Im 

and Zha [13] presented DDES simulations of a 

single NACA0012 airfoil beyond stall, and the 

results shown that the prediction of the stalled 

flow using DDES with both the high-order 

scheme and second-order scheme is overall 

significantly more accurate than the URANS 

simulation. Morton et al. [14] conducted DES97 

simulations for the massively separated flows 

around a full F/A-18E aircraft, demonstrating 

the ability of DES to accurately predict 

transonic nonlinear aerodynamic phenomena of 

abrupt wing stall. Xu et al. [15] performed 

DDES on the flow over S809 airfoil at a wide 

range of AOA from 0 to 90 degrees. Their 

results showed a good agreemnent with the 

experimental data at most AOAs, except some 

AOA before the stall. Further study needs to be 

done with an advanced model. 

OpenFOAM is a C++ toolbox for the 

development of customized numerical solvers, 

and pre/post-processing utilities for the solution 

of continuum mechanics problems, including 

computational fluid dynamics (CFD) [16]. It is 

very popular in industrial engineering as well as 

in academic research. The factorized finite-

volume method (FVM) is used to solve the 

Navier-Stokes equations in CFD solvers with a 

long list of numerical schemes and 

mathematical models. Nevertheless, in spite of 

many attractive features, OpenFOAM has some 

disadvantages. For example, (1) the absolute 

lack of default settings; (2) the huge amount of 

different numerical schemes and models (which 

is an advantage for the expert users); (3)the 

absence of a quality certification following from 

a lack of high-quality documentation and 

references. Thus, the problem of validation and 

verification of OpenFOAM capabilities 

becomes more principal and fundamental 

compared to other commercial CFD codes. 

In this paper, IDDES simulations will be 

carried on the flow around S809 airfoil with 

angles of attack from 0 to 90 degrees. URANS 

simulations are adopted for comparison purpose. 

All the numerical results will be compared with 

the existed experimental results. The main 

objective of current work is to assese the 

capability of IDDES approach in prediction of 

unsteady flows with separations and vortex 

shedding.  

2  Numerical Methodology 

2.1 RhoPimpleFoam solver in OpenFOAM  

All the simulations are carried out using the 

rhoPimpleFoam solver within open source code 

OpenFOAM 4.x. OpenFOAM employs the 

finite volume method for numerical 

representation of the equations governing fluid 

motion and the message passing interface (MPI) 

method for parallel computing.  

The governing equations are generally solved 

using standard pressure-velocity coupling 

methodology- (1) momentum predictor, (2) 
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pressure solver, (3) momentum corrector. Three 

different pressure-velocity coupling methods are 

provided for solving these equations: PISO 

(pressure implicit with split operator) [17]; 

SIMPLE (semi-implicit method for pressure 

linked equations) [18]; and PIMPLE, which is a 

hybrid of PISO and SIMPLE. The PIMPLE 

algorithm uses an outer correction loops cycling 

over a given time step for a number of iterations, 

and equation under-relaxation between outer 

correctors for stability in a certain large CFL 

number. The rhoPimpleFoam solver also 

includes dynamic time-stepping (automatic time 

step adjustment at a fixed CFL number) which 

is very useful at the beginning of unsteady 

simulations.  

2.2 Development of DES-type models 

OpenFOAM supplies turbulence models rang 

from RANS to hybrid RANS/LES (HRL) to 

LES and DNS which includes DES, DDES and 

IDDES models.  

 The DES method was pioneered in 1997 by 

Spalart et al. based on the Spalart-Allmaras (SA) 

RANS model [1]. It is referred to as DES97 

model in the CFD community. The motivation 

and aim of DES models is to decrease the 

computational cost of massively separated 

turbulent flows compared to LES. The reduction 

in the cost is achieved by modeling the 

boundary layers using RANS model. The 

switching between RANS and LES models is 

accomplished by modification of the length 

scale LRANS of the turbulence model. This model 

length scale is substituted by the DES length 

scale LDES, which is defined similar to an 

implicit filter in LES: 

         (1) 

               (2) 

Further investigations on the DES97 mode 

showed the MSD problem which can lead to 

grid induced depletion (GIS) and the activation 

of the near wall damping terms of the 

underlying turbulence model in the LES regions. 

In order to solve the MSD problem, DDES 

based on SA-DES is developed by Spalart [7]. 

A new subgrid scale formulation is re-defined as  

 

(3) 

                (4) 

                      (5) 

                                    (6) 

where Uij represents the velocity gradient, and 

denotes the von Karman constant. 

In 2006, Travin et al. [12] found two stacked 

logarithmic layers in DES simulations of the 

channel flow with massively refined grids near 

the walls. This would cause a significant and 

unphysical reduction of the friction coefficient. 

The effect is called Log Layer Mismatch (LLM). 

In order to solve this problem, Travin et al. [12] 

presented a method based on the DDES 

approach and combined with the wall modeled 

LES. This new method is known as IDDES. In 

their study, IDDES showed his possibility to 

simulate resolved turbulent boundary layer 

structures in the channel flow simulations. The 

IDDES approach uses a more complex 

formulation for evaluating the grid filter ∆ and 

for the blending of the grid filter with the RANS 

turbulent length scale (LRANS). The grid filter 

depends additionally on the wall normal 

distance dw and the height of the cell in wall 

normal direction hwn: 

(7) 

                 (8) 

Here, Cw is a model constant. The blending is 

done by the hybrid function, fhyb , that includes 

the functionality of the former developed DDES 

(fd) with the shield function and formulates 

the modified length scale LIDDES as follows: 

 

(9) 

            (10) 

where . The functions fd, frestore, 

fstep and are defined by analysis of the local 

boundary layer flow parameters. More details 

can be acquired form Shur et al.[8]. 
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2.3 Time marching scheme and spatial 

discretization 

In all the unsteady simulations, a standard three-

level second order backward difference is used 

for the time marching scheme. For spatial 

discretization, the second order Total Variation 

Diminishing (TVD) scheme is used for the 

gradient term; the second order bounded central 

difference for the divergence scheme and the 

second order limited deferred correction scheme 

for the Laplacian scheme.  
 

 
(a)  “O-grid” 

 
(b)  “C-grid” 

Fig. 1: Topology of the computational mesh. 

 

3 Case Description and Grid Generation 

3.1 Case description 

Simulations of the flow around S809 airfoil, 

tested in the Colorado State University (CSU) 

[20], are carried out to compare the capabilities 

of URANS and IDDES for prediction of 

aerodynamic characteristics in different flow 

regimes including attached flow, mild 

separation flow and massive separation flow. 

The CSU experiment was done with a wide 

range of angles of attack from 0 to 90 degrees. 

The airfoil chord is 0.457m in the experiment. 

The Reynolds number based on the airfoil chord 

is 650, 000.   

3.2 Grid generation 

The mesh topology in the computational domain 

is shown in Fig. 1, which can be described as 

“CO-grid”. A small O-grid is generated with 

growing boundary layers around the S809 

airfoil that can be seen in Fig. 1a. The diameter 

of this O-grid is three times of the chord (c) of 

S809 airfoil. The C-grid is on the outside of the 

O-grid and extended to 20D in the upstream 

direction and 40D in the downstream direction. 

Such a CO-grid can minimize the skewness of a 

near-wall mesh, avoid high aspect ratio of grids 

in the far wake and form a fine enough mesh to 

solve the unsteady wake flow. In the span-wise 

direction, CO-grid is extruded with one chord 

length for the 3D simulations.  

In order to access the grid sensitivity, four 

different grids are generated at the 10° angle of 

attack. Their parameters are illustrated in Tab. 1 

with wrap-around points on the S809 airfoil, 

extruded layers in the  spanwise layers and total 

cells. Total cells between different mesh levels 

have a change about 2 times in sequence. 
 
Tab. 1 Grid parameters used for grid sensitivity study 

Mesh 

Level 

Wrap-around 

points 

Spanwise 

layers 

Total  

cells 

Coase 257 24 686544 

Middle 361 24 1336272 

Fine 513 24 2757072 

Very Fine 721 24 5360592 

 

3.3 Parameters setup 

The boundary condition for the S809 airfoil is 

no-slip adiabatic wall. The far-field boundary 

normal the wake flow is considered as outlet 

with a constant static pressure (p) at 72156.2 Pa. 

The other far-field boundaries are considered as 



 

5  

IMPROVED DELAYED DETACHED EDDY SIMULATION OF THE FLOWS AROUND S809 AIRFOIL 

FOR ANGLES OF ATTACK FROM 0 TO 90 DEGREES  

velocity inlet (U∞) with 26 m/s. The front and 

back boundaries are set as the symmetric 

boundary condition for the 3D simulations.  

The time step (dt) is 0.0007 seconds in 

dimensional form. In order to have a convenient 

analysis , a non-dimensional time step is defined 

as dt×c/U∞ which equals 0.04. All the unsteady 

simulations have been run with 40c/U∞ in 

advance to eliminate the effect of initial 

conditions. Then the simulations are run by 

1200c/U∞ for data collection and average 

analysis. 
 

 
(a) Lift coefficient 

 
(b) Drag coefficient 

Fig. 2 Grid sensitivity study in terms of lift and drag 

coefficients with four grids 

 

4 Results and Discussions 

4.1 Grid sensitivity study 

Grid sensitivity study has been done at the 10° 

angle of attack via IDDES simulations with four 

different grids (see Tab. 1).  The results in terms 

of lift and drag coefficients are shown in Fig. 

2(a) and (b). Both of them show a convergent 

tendency to the experimental data with the grid 

increments. It can be found that both the lift and 

drag coefficients decrease when the mesh is 

refined. Considering the requirement of huge 

computational resources, the fine mesh is 

selected for the IDDES and URANS 

simulations of unsteady flow around S809 

airfoil from 0 to 90 degrees. 
 

 
(a) Lift coefficient 

 
(b) Drag coefficient 

Fig. 3 Overall comparison of lift and dragcoefficients 

among different simulations 
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4.2 Overall comparison  

The objective of this study is to verify the 

capability of IDDES in simulations of S809 

airfoil aerodynamics with the OpenFOAM code. 

The AOAs ranges from 0 to 90 degrees which 

covers the aerodynamic characteristics of 

attached flow regime, mild separation flow 

regime and massive separation flow regime. In 

addition, URANS simulations are performed 

and compared with IDDES simulations to better 

understand the capability of IDDES method. 

Figure 3 shows the results of time-averaged lift 

and drag coefficients for the studied S809 airfoil 

obtained by present IDDES and URANS 

simulations, as well as DDES by Xu et al.[15] 

and wind tunnel experimental results obtained 

by Butterfield et al. [20].  

At the attached flow regime with low AOAs, 

it can be found that all the URANS, DDES and 

IDDES simulations agree well with the 

experimental results. At the mild separation 

flow regime with AOAs near the stall, present 

URANS simulations have a large deviation with 

the experimental results. Both the lift and drag 

coefficients obtained by URANS simulations 

are higher than the DDES, IDDES and 

experimental results. The same results can be 

found in 2D RANS (Zhang et al. [21] and Xu et 

al.[15]) and 3D URANS (Xu et al.[15]). These 

results from RANS and URANS simulations 

prove Cummings’ conclusion [22] that RANS 

model can give accurate results for attached 

boundary layer flows but fail to predict the 

large-scale turbulence in separated flow. In 

contrast, both IDDES and DDES (Xu et al. [15]) 

simulations show better agreements with the 

experimental results. At the massive separation 

region, the deviation between URANS and 

experimental results becomes even larger with 

the increasing AOAs in terms of drag 

coefficients. The deviation in terms of lift 

coefficients increases from 24 degree to 45 

degree and then decreases from 45 degrees to 90 

degrees. Clearly, the deviation between URANS 

and experimental results is larger than DDES 

and IDDES. Both DDES and IDDES results 

show excellent agreements with the 

experimental results in the massive separated 

flow regime.  
 

4.3 Detail comparison on the mild separation 

flow 

The flow around S809 airfoil at 16 degree AOA 

is a typical mild separation flow. Figure 4 shows 

the comparison of mean flow velocity and 

streamline distribution on the middle cross 

section of S809 airfoil between IDDES and 

URANS simulations. Figure 5 shows the 

comparison of lift and drag coefficient histories 

between IDDES and URANS simulations. 

Figure 6 shows the comparison of Q criterion 

distribution between IDDES and URANS 

simulations.  
 

 
(a) IDDES 

 
(b) URANS 

Fig. 4 Comparison of mean velocity and streamline 

distribution at 16 degree AOA 

 

Both IDDES and URANS simulations show 

a mild separation on the trailing edge of S809 

airfoil (see Fig. 4). Due to this mild separation, 

the lift and drag coefficients are historical 

unsteady (see Fig. 5). Even in the URANS 

simulation, the lift and drag coefficients are not 

fixed at constant values, but oscillating with 

symmetry amplitudes at certain averaged values. 

By the postprocessing, the mean lift coefficient 

is 1.3210 and the mean drag coefficient is 
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0.0793 in the URANS simulation of S809 airfoil 

at 16 degree AOA.  
 

 
(a) Lift coefficient 

 
(b) Drag coefficient 

Fig. 5 Lift and drag coefficient histories at 16 degree 

AOA 
 

 
(a) IDDES simulation 

 
(b) URANS simulation 

Fig. 6 Iso-surfaces of Q=1000 in IDDES and URANS 

simulations at 16 degree AOA (colored by velocity 

magnitude) 

 

The IDDES simulation owns a larger 

separation region than the URANS simulation at 

16 degree AOA (see Fig. 4).  It could be 

explained with that more flow structures are 

generated in the IDDES simulation. This can 

also be concluded from the comparison of Q 

criterion distribution in Fig. 6. In the wake flow, 

IDDES simulation shows a larger region of 

vortexes than the URANS simulation at 16 

degree AOA. The lift and drag coefficient 

histories are also effected by the chaotic motion 

of these turbulent vortexes in the IDDES 

simulation, see Fig. 5(a).  The mean lift 

coefficient is 0.9856 and the drag lift coefficient 

is 0.1048 in IDDES simulation at 16 degree 

AOA. Both of them show better predictions 

with the experimental results than the URANS 

simulation.  
 

 
(a) IDDES 

 
(b) URANS 

Fig. 7 Comparison of mean velocity and streamline 

distribution at 50 degree AOA 

 

4.4 Detail comparison on the massive 

separation flow 

Compared to URANS simulations, IDDES 

simulations show much better predictions on the 

massive separation flows on S809 airfoil (see 
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Fig. 3). The flow at 50 degree AOA is a typical 

case.  

Figure 7 shows the difference of mean flow 

velocity and streamline distribution between 

IDDES and URANS simulations. It can be 

clearly found two main vortexes in the wake 

flow (see Fig. 7(a)) with the IDDES simulation. 

However, only one vortex is found in the 

URANS simulation.  
 

 
(a) Lift coefficient 

 
(b) Drag coefficient 

Fig. 8 Lift and drag coefficient histories at 16 degree 

AOA 

 

Figure 8 shows the comparison of lift and 

drag coefficient histories between IDDES and 

URANS simulations. The URANS simulation 

has larger oscillating amplitudes in both lift and 

drag coefficients than the IDDES simulation. 

The lift and drag coefficients of IDDES 

simulation are more chaotic than the URANS 

simulation. These differences can be explained 

in Fig.9. Figure 9 shows the difference of 

instantaneous vortexes distribution between 

IDDES and URANS simulations in terms of Q 

criterion.  One big vortex is generated and 

moving downstream in the wake flow. The 

generation and motion process of this big vortex 

causes the oscillation of the lift and drag 

coefficients. In contrast, there are much more 

vortexes generated with different sizes in the 

IDDES simulation. These turbulent vortexes 

make the lift and drag coefficients chaotic in the 

IDDES simulation at 50 degree AOA. 

Compared to the experimental results, IDDES 

simulation predicts the mean lift coefficient at 

1.1862 and the drag coefficient at 1.4218, which 

is much better than the URANS simulation. 
 

 

 
(a) IDDES simulation 

 
(b) URANS simulation 

Fig. 9 Iso-surfaces of Q=1000 in IDDES and URANS 

simulations at 16 degree AOA (colored by velocity 

magnitude) 

 

5 Conclusion 

In this study, a numerical study of the flow 

around S809 airfoil has been performed with 

angles of attack from 0 to 90 degrees. With the 

use of OpenFOAM, IDDES and URANS 

simulations have been carried for a comparison.  

A grid sensitivity study has been taken by 

four different grids with the IDDES simulations 

at 10 degree AOA. Both the lift and drag 

coefficients show the convergence to the 

experimental results. Then the fine mesh is 

taken for all the IDDES and URANS 

simulations with AOAs from 0 to 90 degrees.  

At the attached flow regime with low AOAs, 

both URANS and IDDES simulations agree 

well with the experimental results. However, in 
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the mild separation and massive separation 

regime with high AOAs, IDDES gives much 

better predictions of lift and drag coefficients 

than the URANS simulation. Detailed flow 

structures have been analyzed at certain typical 

AOAs in the mild separation and massive 

separation regime, respectively. The difference 

between IDDES and URANS simulations are 

thorough compared with mean flow structures, 

lift and drag coefficient histories and 

instantaneous vortexes.  

Acknowledgments 

This work is been partially funded by the 

National Natural Science Foundation of China 

(Grant No. 51606154), the Natural Science 

Foundation of Shaanxi Province (Grant No. 

2016JQ1019),  the Fundamental Research 

Funds for the Central Universities of China 

(Grant No. 15GH0311) and “ATCFD project 

(2015-F-016)”. The authors thank to the 

computing services from the High Performance 

Computing Center of Northwestern 

Polytechnical University and TianHe-1(A) of 

National Supercomputer Center in Tianjin. 

 

References 

[1] Spalart PR, Jou WH, Strelets M and Allmaras S R. 
Comments on the feasibility of LES for wings, and 

on a hybrid RANS/LES approach. Advances in 

DNS/LES: Proceedings of the First AFOSR 

International Conference on DNS/LES, 1997. 

[2] Teavin A, Shur M, Strelets M, and Spalart PR. 
Detached-eddy simulations past a circular cylinder. 

Flow Turbul. Combust. Vol. 63, pp. 293-313. 

[3] Strelets M. Detached eddy simulation of massively 
separated flows. 39th Aeospace sciences meeting and 

exhibit, Reno, 2001. 

[4] Squires KD, Forsythe JR, Morton SA, et al. Progress  
on detached-eddy simulation of massively separated 

flows. Aerospace science meeting, Reno, 2002. 

[5] Temmerman L, Hirsch C. Towards a successful 
implementation of DES strategies in industrial RANS 

solvers. Peng, S.-H., Haase, W. (eds.) Advances in 

Hybrid RANS-LES Modelling, pp. 232-241. Springer, 

Berlin, 2008. 

[6] Spalart PR. Detached-eddy simulation. Annu. Rev. 

Fluid Mech, Vol.41, pp. 181-202, 2009. 

[7] Spalart PR, Deck S, Shur ML. A new version of 
detached-eddy simulation, resistant to ambiguous 

grid densities. Theor. Comput. Fluid Dyn. Vol. 20, 

pp.181-195, 2006. 

[8] Shur ML, Spalart PR, Strelets MK and Travin AK. A 
hybrid RANS-LES approach with delayed-DES and 

wall-modelled LES capabilities. International journal 

of heat and fluid flow. Vol. 29, pp. 1638-1649, 2008. 

[9] Shur ML, Spalart PR, Strelets MK and Travin AK. 
Synthetic turbulence generators for RANS-LES 

interfaces in zonal simulations of aerodynamic and 

aeroacoustic problems. Flow Turbulence Combust, 

Vol. 93, pp 63-92, 2014. 

[10] Krappel T, Kuhlmann H, Kirschner O, Ruprecht, A 
and Riedelbauch S. Validation of an IDDES-type 

turbulence model and application to a Francis pump 

turbine flow simulation in comparison with 

experimental results. International Journal of Heat 

and Fluid Flow, Vol. 55, pp 167–179, 2015. 

[11] Zhao M, Zhang M and Xu J. Numerical simulation of 
flow characteristics behind the aerodynamic 

performances on an airfoil with leading edge 

protuberances. Engineering Applications of 

Computational Fluid Mechanics, Vol. 11. No. 1, pp 

193–209, 2017. 

[12] Travin AK, Shur ML, Spalart PR and Strelets MK. 
Improvement of delayed detached eddy simulation 

for LES with wall modeling. Proceedings of the 

european conference on computational fluid 

dynamics, ECCOMAS CFD 2006, egmond aan zee, 

The Netherlands, sept. 5-8; 2006 

[13] Im HS, Zha GC. Delayed detached eddy simulation 

of airfoil stall flows using high-order schemes. J 
Fluids Eng-Trans ASME Vol. 136, No. 11, pp 1-12, 

2014. 

[14] Morton SA, Forsythe JR, Squires KD, Cummings 

RM. Detached-eddy simulations of full aircraft 
experiencing massively separated flows. The 5th 

asiancomputational fluid dynamics conference, 

Busan, Korea, 2003. 

[15] Xu HY, Qiao CL, Yang HQ and Ye ZY. Delayed 
detached eddy simulation of the wind turbine airfoil 

S809 for angles of attack up to 90 degrees. Energy, 

Vol. 118, pp 1090-1109, 2017. 

[16] OpenCFD. OpenFOAM® - Official home of The 
Open Source Computational Fluid Dynamics (CFD) 

Toolbox. www.openfoam.com. 22 September 2016. 

[17] Issa RI. Solution of the implicitly discretised fluid 

flow equations by operatorsplitting. J Comput Phys 

Vol. 62, pp 40–65, 1986. 

[18] Patankar SV, Spalding DB. A calculation procedure 
for heat, mass and momentum transfer in three-
dimensional parabolic flows. Int J Heat Mass 

Transfer , Vol. 15, pp 1787–806, 1972. 

[19] Robertson E, Choudhury V, Bhushan S and Walyers 

DK. Validation of OpenFOAM numerical methods 
and turbulence models for incompressible bluff body 



YUE WANG, KANG LIU, WENPING SONG & ZHONGHUA HAN 

10 

flows. Computers and Fluids.Vol. 123, pp 122-145, 

2015. 

[20] Butterfield CP, Scott GN, Musial W. Comparison of 
wind tunnel airfoil performance data with wind 

turbine blade data. 25th Intersociety energy 

conversion engineering conference, SERI/TP-

254e3799; 1990. 

[21] Zhang S, Yuan X, Ye D. Analysis of turbulent 
separated flows for the NREL airfoil using 

anisotropic two-equation models at higher angles of 

attack. Wind Energy, Vol. 25, No.1, pp 41-53, 2001. 

[22] Cummings RM, Forsythe JR, Morton SA, Squires 
KD. Computational challenges in high angle of attack 

flow prediction. Prog Aerosp Sci Vol. 39, No. 5, pp 

369-384, 2003. 

Contact Author Email Address 

Dr. YueWang 

Please mailto:yuewang@nwpu.edu.cn 

Copyright Statement 

The authors confirm that they, and/or their company or 

organization, hold copyright on all of the original material 

included in this paper. The authors also confirm that they 

have obtained permission, from the copyright holder of 

any third party material included in this paper, to publish 

it as part of their paper. The authors confirm that they 

give permission, or have obtained permission from the 

copyright holder of this paper, for the publication and 

distribution of this paper as part of the ICAS  proceedings 
or as individual off-prints from the proceedings. 

 


