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Abstract 

A blended IDDES and correlation-based transition model, named as the γ-IDDES model, has been newly 
added in OpenFOAM v2106 to simulate the massively separated flow around NACA0021 airfoil at the angles 
of attack (AoAs) from 30° to 90°. Compared to the fully turbulent SST-IDDES model and the γ-SST RANS 
model, the γ-IDDES model can give the best predictions on the lift and drag coefficients at all the AoAs. At the 
AoAs of 30° and 40°, both the γ-IDDES model and the γ-SST RANS model can perform a little better than the 
SST-IDDES model on the predictions of lift and drag coefficients. This hints that the boundary layer transition 
may play a notable role in the simulation of massively separated flow by the subsequent flow analysis. When 
the AoAs are larger than 50°, both the γ-IDDES model and the SST-IDDES model can give accurate 
predictions on the lift and drag coefficients. In contrast, the γ-SST RANS model fails in the prediction of lift and 
drag coefficients. This illustrates that the capacity of capturing the flow structures is still essential in the 
simulation of massively separated flow. 
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1. Introduction 

Accurate modeling and simulation of massively separated flow around airfoils is still a challenging 

CFD problem of significant importance for the aerospace industry and wind energy. Boundary layer 

transition at the leading edge of airfoils may play an important role on the transformation from 

attached flow to massively separated flow around airfoils. Unfortunately, both the boundary layer 

transition and the massively separated flow are challenges in the modern CFD modeling.  

At present, direct numerical simulation (DNS) and large eddy simulation (LES) can accurately 

simulate both the boundary layer transition and the massively separated flow. However, both of 

them require excessively large number of grid points and huge computational resources for 

engineering applications at high Reynolds numbers. In order to resolve turbulent flows in 

engineering applications at an affordable computational expense, hybrid RANS/LES approaches 

were developed to solve the boundary layer with Reynolds averaged Navier-Stokes (RANS) 

simulation and apply an LES treatment in the separated regions. However, the former hybrid 

RANS/LES methods were coupled with fully turbulent RANS models. They failed in the prediction 

of boundary layer transition [1].  

In the past couple of years, a number of transition RANS models have been proposed, such as the 

eN method[2-4]based on linear stability theory, low Reynolds number turbulent models [5], the laminar 

fluctuation energy method[6], the local-correlation-based transition models (LCTM)[7-10], the newly 

development methods based on Dynamic Mode Decomposition[11-12], and some other new physics-

based transition models[13-17]. These transition RANS models can give good predictions of the 

boundary layer transition with high efficiency. However, these transition RANS models failed to 

predict the massively separated flow at present. 

Considering the advantages and disadvantages of transition RANS models and hybrid RANS/LES 
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methods, it is logical to couple transition RANS models in the hybrid RANS/LES methods instead 

of fully turbulent models. Sorensen et al.[18] coupled the γ-Reθ-SST RANS model and the DES 

(detached-eddy simulation) model to predict the drag crisis of a circular cylinder. They discovered 

that this kind of DES-γ-Reθ model performed better than the fully turbulent DES model. Kwon and 

You[19] proposed a blending function to smoothly combine the γ-Reθ-SST RANS model with the 

SAS (scale adaptive simulation) or DES model to simulate the supercritical flow past a circular 

cylinder. Qiao et al.[20] applied the γ-Reθ-DDES (delayed detached-eddy simulation) model to 

simulate the attached flow past a flat plane. Yi et al.[21] adopted a γ-Reθ-IDDES (improved delayed 

detached-eddy simulation) model to predict the roughness-induced transition at hypersonic speed. 

Xiao et al.[22] coupled the k-ω-γ RANS model with the DDES model to simulate the transition and 

massively separated flow past the Orion capsule at hypersonic speed.  

In this paper, a blended IDDES (improved delayed detached-eddy simulation) and correlation-based 

transition model is newly added in OpenFOAM v2106 to simulate the massively separated flow 

around NACA0021 airfoil. The one equation local correlation based transition model of Menter et 

al.[23] (γ-transition model, Flow Turbulence Combustion, vol. 95, no. 4, pp. 583–619, 2015) is 

employed to simulate the boundary layer transition instead of the original fully turbulent 

kOmegaSST model. Hence, the newly added transitional IDDES model can be termed as the γ-

IDDES model. In order to have a fully study on the accuracy of γ-IDDES model, comparisons are 

taken with the experimental data and the simulation results of the original fully turbulent SST-

IDDES model and the γ-SST RANS model at large range angles of attack (AoAs).  

2. Numerical Methodology 

2.1 RhoPimpleFoam solver in OpenFOAM 

All the simulations are carried out using the rhoPimpleFoam solver within the open source software 

OpenFOAM v2106. The rhoPimpleFoam solver employs the finite volume method for numerical 

representation of the compressible three-dimensional Navier-Stokes equations. As suggested by 

Robertson [24], a standard three-level 2nd order backward difference is used for the time marching 

scheme. For spatial discretization, the 2nd order cell-based scalar limiting central difference is used 

for the gradient term; the 2nd order bounded central difference for the divergence scheme and the 

2nd order limited deferred correction scheme for the Laplacian scheme. In order to speed the 

calculations, message passing interface (MPI) is used for parallel computing.  

2.2 A blended IDDES and correlation-based transition model 

The coupling model is constructed based on the improved delayed detached-eddy simulation  

(IDDES) model[25] and the γ-transition model[23]. Both the IDDES model and the γ-transition model 

are built upon the shear-stress transport (SST) turbulence model [26]. The IDDES method is 

formulated by substituting the SST RANS length scale with the IDDES length scale in the 

destruction term of the turbulence kinetic energy (TKE) transport equation while keep the ω 

equation unmodified. The TKE equation of the SST-IDDES can be written as  
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where lRANS and lLES are the turbulent length scale of the RANS and the subgrid length scale of the 

LES, respectively. More parameters can be accessed in the Ref. [25]. The model constants are: 
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In the γ-IDDES model, the transport equation for the intermittency γ has been introduced as 
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The transition source term    is defined as: 

                                                                                   (16) 

The magnitude of this source term is controlled by the transition length function,        , which 

used to be a correlation, but has been changed to a constant value 100. The formulation of the 

function       , which is used to trigger the intermittency production. It contains the ratio of the local 

vorticity Reynolds number     to the critical Reynolds number     . The critical Reynolds number 

     is calculated algebraically using   and other local variables. As a result, the transition onset is 

controlled by the following functions: 
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The destruction/relaminarization source term    is defined as: 

                                                                                   (18) 

where  
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The coupling between the IDDES model and the correlation-based transition model is 

accomplished mainly by modifying the production term in the TKE equation (1) of the IDDES model. 

The modified production term is  

 ̃        
                                                                                  (20) 

An additional production term   
    has been introduced in the modified production term to ensure 

proper generation of   at transition points for arbitrary low Tu levels. The expression for the   
    is: 
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Many parameters succeed from the γ-transition model [23].  

3. Case Description and Grid Generation 

3.1 Case Description 

Unsteady simulations are carried on the massively separated flow around NACA0021 at large 

range angles of attack from 30° to 90°. The experimental study was conducted by Swalwell et al.[27] 

which involved an informative database of time-averaged quantities as well as instantaneous flow 

characteristics. Some key experimental flow parameters are presented in Table 1. They are strictly 

satisfied in the numerical simulations. 

For all unsteady simulations, a non-dimensional time step dt = Δt×U∞/c = 0.04 is used, where Δt is 

the physical time step, U∞ is the freestream velocity and c is the length of chord. It has been 

approved that such time-step is fine enough to capture the transition flows [28-30]. Each simulation 
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has been run with 50×c/U∞ in advance to eliminate the effect of initial conditions and with 

subsequent 1200×c/U∞ for data collection and averaging analysis for the mean flow field. 

 

Table 1 – Flow parameters from the experiment 

Parameter Notation Value 

Reynolds number Re 2.7×10-5 

Chord length c 0.125 m 

Angle of attack α 30° to 90°, every 10° 

 

  

(a) “O-grid” (b) “C-grid” 

Figure 1 –“CO-grid” mesh topology (AoA = 60°).  

3.2 Grid Generation and Boundary Conditions 

The mesh topology in the computational domain is shown in Figure 1, which can be described as 

“CO-grid”. A small O-grid is generated with growing boundary layers around the NACA0021 airfoil 

that can be seen in Figure 1a. The diameter of this O-grid is three times of the chord (c) of 

NACA0021 airfoil. The O-grid can be rotated as the AoA change. For example, the AoA is 60° in 

Figure 1. The C-grid is on the outside of the O-grid and extended to 20c in the upstream direction 

and 40c 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 (c) length by 40 

layers. The boundary condition for the NACA0021 airfoil is no-slip adiabatic wall. The far-field 

boundary normal the wake flow is considered as outlet flow boundary condition with no back flow. 

The other far-field boundaries are considered as velocity inlet flow. The front and back boundaries 

are set as the periodic boundary condition for the 3D simulations. 

4. Results and Discussion 

4.1 Grid Sensitivity Study 

Grid sensitivity study has been done at the AoA of 60° via γ-IDDES simulations with three grids. 

Details of the three grids are list in Table 2. Three grid resolution levels are elaborately designed 

with an approximate 2 times increases of total cells from the coarse grid to the fine grid. There are 

total 242 720, 477 760 and 952 000 grid cells respectively. The wrap-around points on the airfoil 

are 104, 144 and 200, respectively. The spanwise layers are kept as the same with 40 layers. The 

maximum yplus is controlled fewer than 2 to ensure the enough grid resolution in the boundary 

layer. In Figure 2, the pressure coefficient (Cp) distributions on the surface of the airfoil show a 

good convergence with the grid refinement and have a good comparison to the experimental data. 

The Cp curves of the medium and fine meshes are almost coincide with each other. Considering 

the requirement of huge computational resources, the medium mesh is selected for the simulations 

of other AoAs. 
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Table 2 – Details of the grids in the grid sensitivity study 

Grid level Total cells Wrap-around points Spanwise layers Max. yplus 

Coarse 242,720 104 40 1.90 

Medium 477,760 144 40 1.37 

Fine 952,000 200 40 0.97 
 

 

Figure 2 – Grid sensitivity study (AoA = 60°). 
 

4.2 Overall comparison 

The target of this study is to verify the capability of γ-IDDES model in the simulations of massively 

separated flow around NACA0021 airfoil. The AoAs range from 30° to 90° at every 10°. In order to 

have a comprehensive understanding on the performance of γ-IDDES model, both the original fully 

turbulent SST-IDDES model and the γ-SST RANS model are adopted for a comparison.  

Figure 1 shows the overall comparison of lift and drag coefficients among simulation results and 

experimental data [27]. The γ-IDDES simulations show the best predictions on the lift and drag 

coefficients among the three models at all the AoAs from 30° to 90°. The fully turbulent SST-

IDDES model has performed not badly if it is examined with only itself compared to the 

experimental data. When the AoAs are large the 50°, the predicted curves using the SST-IDDES 

model almost coincide with the predicted curves using the γ-IDDES model on the lift and drag 

coefficients. However, at the AoAs of 30° and 40°, the SST-IDDES model gives the worst 

predictions among the three models. In contrast, the γ-SST RANS model can give predictions as 

good as the γ-IDDES model at the AoAs of 30° and 40°. This hints that the correlation-based 

transition model may play a notable role on the simulations at the AoAs of 30° and 40°. However, 

the γ-SST RANS model performs badly when the AoAs are large than 50°. The lift coefficients 

predicted by the γ-SST RANS model show large deviations from the experimental data when the 

AoAs are large than 50°. The absolute deviations increase at the AoAs from 50° to 70°, then 

decrease from 70° to 90°. The drag coefficients predicted by the γ-SST RANS model have larger 

deviations as the AoAs increasing form 50° to 90°. This illustrates that the γ-SST RANS model 

cannot capture the large separations on these large AoAs. In an overall comparison, the γ-IDDES 

model can take the advantage of transition modeling from the γ-SST RANS model and the 

advantage of separation modeling from the SST-IDDES model. As a result, the γ-IDDES model 

can give the most accurate prediction among the three models on the lift and drag coefficients on 

the massively separated flow around NACA0021 airfoil at the AoAs from 30° to 90°. 
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(a) Lift coefficient (b) Drag coefficient 

Figure 3 – Overall comparison of lift and drag coefficients among simulation results and experimental 
data [27]. 

 

   
(a) γ-IDDES (b) SST-IDDES (c) γ-SST RANS 

Figure 4 – Comparison of mean flow field by velocity magnitude and streamlines (AoA = 30°) 
 

   
(a) γ-IDDES (b) SST-IDDES (c) γ-SST RANS 

Figure 5 – Comparison of transient flow structures by Q criterion (AoA = 30°, Q = 100) 

4.3 Flow analysis and comparison 

Since the γ-IDDES model can take the advantages from the γ-SST RANS model and the SST-

IDDES model, give the most accurate prediction of the lift and drag coefficients, it is very 

interesting to make a deep study with the flow analysis and comparison among simulations with 

different models. In this section, three AoAs are selected for the flow analysis and comparison. 

When the AoA is 30°, the γ-IDDES model and the γ-SST RANS model can give a little better 

prediction than the SST-IDDES model which has been found in Figure 3. Figure 4 shows the 

comparison of mean flow field by velocity magnitude and streamlines at the AoA of 30°. Since the 
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flow has been already massively separated at the AoA of 30°, all the mean flow fields show large 

recirculation regions in the wake flow simulations using the three models. The difference is that 

there are two vortex cores found in the γ-IDDES simulations. In contrast, only one vortex core can 

be found completely in the SST-IDDES model and the γ-SST RANS model. It is hard to say which 

flow pattern is correct without the detailed flow observation from experiments. The deviations of lift 

and drag coefficients are not large in general between the experimental data and the simulation 

results.  

Figure 5 shows the comparison of transient flow structures by Q criterion at the AoA of 30°. The 

value of Q criterion is 100. From the Figure 5, more flow structures can be found in the γ-IDDES 

and SST-IDDES simulations. In contrast, the γ-SST RANS model can only capture the vortexes at 

the largest scale. This difference is reasonable since the IDDES-type simulations employ the LES 

treatment outside of the boundary layer. There is a notable difference on the flow structures at the 

leading edge. The γ-IDDES and γ-SST RANS simulations own a similar shear flow structure at the 

beginning of the leading edge. However, there is a delay and fracture of the shear flow at the 

leading edge in the SST-IDDES simulation. The fracture makes the low velocity flow structures 

shown in the view of Figure 5. This difference may be caused by the transition model. The 

transition model may generate smooth structures connecting the shear flow. In contrast, the fully 

turbulent RANS model may cause the interruption on the shear flow and generate the fracture on 

the shear flow. This small difference at the leading edge may be used to explain why the γ-IDDES 

model and the γ-SST RANS model can give better predictions than the SST-IDDES model.  
 

   
(a) γ-IDDES (b) SST-IDDES (c) γ-SST RANS 

Figure 6 – Comparison of mean flow field by velocity magnitude and streamlines (AoA = 60°) 
 

   
(a) γ-IDDES (b) SST-IDDES (c) γ-SST RANS 

Figure 7 – Comparison of transient flow structures by Q criterion (AoA = 60°, Q = 100) 
 

When the AoA equals 60°, both the γ-IDDES model and the SST-IDDES model can give accurate 

predictions on the lift and drag coefficients. In contrast, there are large deviations between the γ-

SST RANS simulation results and the experimental data. The RANS-type model cannot capture 

the correct flow structures at the AoA of 60°. This conclusion has been recognized by many 

researchers [28-34]. However, before this study, no simulation has been done using the γ-IDDES 

model and the γ-SST RANS model. Figure 6 shows the comparison of mean flow field among the 

javascript:void(0);
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three models used in this study. There are two vortex cores which can be found in the mean flow 

field of all the three simulations using different models. However, the distribution of the two 

vortexes looks similar between the two IDDES-type simulations. The vortex close to the leading 

edge is larger than the vortex close to the trailing edge. In contrast, in the γ-SST RANS simulation, 

the vortex close to the leading edge is smaller than the vortex close to the trailing edge. That is the 

main difference of the mean flow field between the γ-SST RANS simulation and the two IDDES-

type simulations. 
 

   
(a) γ-IDDES (b) SST-IDDES (c) γ-SST RANS 

Figure 8 – Comparison of mean flow field by velocity magnitude and streamlines (AoA = 90°) 
 

   
(a) γ-IDDES (b) SST-IDDES (c) γ-SST RANS 

Figure 9 – Comparison of transient flow structures by Q criterion (AoA = 90°, Q = 100) 
 

Figure 10 shows the comparison of transient flow structures among the simulations using three 

different models at the AoA of 60°. Generally, the transient flow structures of γ-SST RANS 

simulation still show a big difference from the two IDDES-type simulations. Only the flow structures 

at the largest scale can be simulated in the γ-SST RANS simulation. The IDDES-type simulations 

can capture smaller flow structures compared to the γ-SST RANS simulation. There is a difference 

found between the γ-IDDES simulation and the SST-IDDES simulation. In the SST-IDDES 

simulation, there is no complete shear layer found close to the leading edge. The shear layer is 

broken into strips. Fractures are found in the transient flow structures in the SST-IDDES simulation. 

In contrast, the shear layer is relative complete in the γ-IDDES simulation. This flow structure looks 

similar to the shear layer found in the γ-SST RANS simulation. This may be still decided by the 

transition model in both the γ-IDDES simulation and the γ-SST RANS simulation. However, this 

relative complete shear layer is not the dominant flow structure in the prediction of lift and drag 

coefficients. The accurate simulation of the flow structures in the recirculation region can decide 

the prediction of the lift and drag coefficients. That is the reason why the γ-SST RANS simulation 

gives poor predictions on both lift and drag coefficients at the AoA of 60°. 

When the AoA equals 90°, huge recirculation regions can be found in the mean flow field of the two 
IDDES-type simulations (Figure 11 (a) and (b)). In contrast, the mean flow field of the γ-SST RANS 
simulation (Figure 12 (c)) is quite different from the two IDDES-type simulations. There is no huge 
recirculation region which can cover the whole top surface of the NACA0021 airfoil. There is only 
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one vortex close the trailing edge and vortexes in the wake flow. In such a mean flow field, the drag 
coefficient predicted by the γ-SST RANS simulation is very poor with a large deviation compared to 
the experimental data at the AoA of 90°. In contrast, both the γ-IDDES simulation and the SST-
IDDES simulation can give accurate predictions on both the lift and drag coefficients. This illustrates 
that the mean flow field predicted by the two IDDES-type simulations may be more reasonable than 
the γ-SST RANS simulation.  

Figure 13 shows the comparison of transient flow structures among the three different models at the 
AoA of 90°. The transient flow structures are similar between the two IDDES-type simulations. 
There are recirculation regions with small flow structures in the wake flow close to the airfoil. 
Beyond of the recirculation regions, the transient vortexes are generated one by one as the flow 
goes to the far field. In contrast, there is no recirculation region in the transient flow structure of the 
γ-SST RANS simulation. Without the recirculation region, it seems that the γ-SST RANS simulation 
cannot get the correct prediction on the drag coefficient at the AoA of 90°. 

5. Conclusions 

In this study, a blended IDDES and correlation-based transition model, named as the γ-IDDES 

model, has been newly added in OpenFOAM v2106 to simulate the massively separated flow 

around NACA0021 airfoil at the AoAs form 30° to 90°. The simulation results using this γ-IDDES 

model have been compared with the experimental data and unsteady simulation results using 

another two different models. One is the fully turbulent SST-IDDES model, the other one is the γ-

SST RANS model.  

A grid sensitivity study has been done by three different grids with the γ-IDDES simulation. The Cp 

distributions show a good convergence with the grid refinement and have a good comparison to 

the experiment data.  

Compared to the fully turbulent SST-IDDES model and the γ-SST RANS model, the γ-IDDES 

model can give the best predictions on the lift and drag coefficients at all the AoAs from 30° to 90°. 

At the AoAs of 30° and 40°, both the γ-IDDES model and the γ-SST RANS model can perform a 

little better than the SST-IDDES model on the predictions of lift and drag coefficients. This 

phenomenon may be caused by the use of transition model due to flow structure analysis. This 

hints that the boundary layer transition may play a notable role in the simulation of massively 

separated flow by the subsequent flow analysis.  

When the AoAs are larger than 50°, both the γ-IDDES model and the SST-IDDES model can give 

accurate predictions on the lift and drag coefficients. In contrast, the γ-SST RANS model fails in 

the predictions of lift and drag coefficients. This illustrates that the capacity of capturing the flow 

structures is still essential in the simulation of massively separated flow. 
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