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ABSTRACT 
 
This paper presents a numerical study of flow over a circular cylinder at 
high Reynolds number using detached-eddy simulation (DES). The k-Ȧ 
Shear Stress Transport (SST) based DES model is selected for handling 
massively separated flow. The computations are performed with an O-
type grid and the instantaneous and statistical characteristics of the 
turbulent wake flow behind the cylinder is extensively studied. The 
results are compared with the available experimental data, as well as 
the previously published numerical data obtained from Reynolds-
averaged Navier-Stokes (RANS) and large-eddy simulation (LES). The 
incompressible flow assumption and finite volume discretization is 
adopted. All the works are carried out with the use of OpenFOAM 
toolbox.  
 
KEY WORDS:  Circular cylinder; detached-eddy simulation; Shear 
Stress Transport; flow separation; high Reynolds number.  
 
INTRODUCTION 
 
The Reynolds-Averaged Navier-Stokes (RANS) equations are widely 
used to model turbulence in industrial applications for its cheap costs. 
RANS do not mean to resolve any turbulent flow structures at any scale, 
but to model the time-averaged turbulent properties using varies kinds 
of mathematical formulations. All turbulent fluctuations are eliminated 
during the time averaging. Therefore, it is inaccurate to predict 
massively separated flows which contain detached eddies at different 
length scales. While the unsteady RANS (URANS) attempts to solve 
the problem but with little efforts. The large-eddy simulation (LES) and 
direct numerical simulation (DNS), on the other hand, is capable for 
accurately predicting unsteady flows since most turbulence eddies are 
resolved, but the cost is expensive mainly because the dense grid 
resolution at boundary layer and small time steps. Detached-eddy 
simulation (DES), as a hybrid RANS/LES method, combines the best 
part of the two worlds. The basic idea of DES is to model the attached 
flow near wall and to resolve the detached and free shear flows in the 
other regions. The original version of DES was proposed by Spalart et 
al. (1997). The version, referred as DES97 here, is a modification of the 
one-equation Spalart-Allmaras eddy viscosity model (Spalart and 

Allmaras, 1994). DES97 was soon discovered to be sensitive to wall-
parallel grids in the boundary layers. It is caused by the simple and 
crude split of RANS and LES region. The improper arrangement of 
wall-parallel grids spacing results in the wrong regions for RANS and 
LES. The region in outer part of boundary layers which should be 
modeled by RANS turns to be resolved by LES. While the grid 
refinement is not enough to resolve all the eddy viscosities. A new 
version called delayed DES (DDES) was proposed by Spalart et al. 
(2006) to address that issue. Based on the basic idea of the hybrid 
model, Menter el al. (2003) also proposed the SST based DES model 
by modifying the two-equation SST model (Menter, 1994). The SST 
version of DES provides a “shield” which can prevent grid induced 
separation (GIS) and address model stress depletion (MSD). 
 
The flow past a circular cylinder is a very complicated physical 
phenomenon, which involves boundary layer transition, flow separation, 
reattachment and/or vortex shedding. It has been studied for over half a 
century both experimentally and numerically, while it is still very 
difficult to reveal the essence of natural behind the phenomenon. Flow 
around a cylinder at subcritical Reynolds number (Re=3900) was 
extensively studied numerically. It has become a benchmarking case for 
LES (Beaudan and Moin, 1994; Mittal and Moin, 1997; Kravchenko 
and Moin, 2000). Ma et al. (2000) performed DNS studies for cylinder 
flow at Re=3900. Good agreements for mean streamwise velocity and 
power spectra are obtained at both near wake and far downstream 
compared with the experimental data. Besides LES and DNS, Zhao et 
al. (2012) detailedly studied DES simulation of cylinder flows at 
Re=3900. The influence of spanwise lengths, grid resolutions and 
numerical schemes are discussed. There are also some publications of 
cylinder flow at relevant high Reynolds number. Breuer (2000) 
investigated the cylinder flow at Re=140,000 in order to evaluate the 
applicability of LES for practically relevant high Reynolds number 
flows. The LES results of mean flow field, resolved Reynolds stresses 
and integral parameters agreed fairly well with the experimental data. 
In addition, Travin et al. (2000) carried out DES simulations for 
cylinder at Re=50,000, 140,000 and 3×106, but only met with partial 
success. However, both studies of Breuer and Travin et al. failed on 
grid convergence study (i.e. the finest grid doesn’t lead to best results 
compared to experimental data). 
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This paper takes the challenge of applying SST based DES model to 
high Reynolds number (Re=140,000) cylinder flow. Several results, 
including mean velocity profile, pressure distribution and integral 
parameters, are presented and analyzed. The main objective of the 
present paper is to help building confidence of DES for massively 
separated flows at high Reynolds number. 
 
TURBULENCE MODELING 
 
Menter’s SST Model 
 
The version of Menter’s SST model implemented in the official 
OpenFOAM is a modified version (Menter and Esch, 2001; Menter et 
al., 2003) rather than the original version (Menter, 1994). The 
modification is replacing the vorticity by the invariant measure of the 
strain rate. The notations in the following paragraphs take the definition 
in OpenFOAM as standard. 
 
The k- and Ȧ-equation are given by 
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constants in transport equations are obtained through blending function 
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in which φ  represents α , β  and γ  in the k- and Ȧ-equation. 
 
The eddy viscosity is given by 
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All constants used in this paper are the same with reference (Menter et 
al., 2003). 
 

DES Modification 
 
Menter et al. (2003) modified the k-equation by adding a production 
coefficient DESF  to the dissipation term 
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in which DESF  is defined as 
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where, ( )*= /tL k β ω  is the computed turbulent length scale, 

3 x y zΔ = Δ Δ Δ  is grid size, 
DESC  is the DES constant which is 0.61 

herein. SF  can be 1F  or 2F , and 2F  is used in this paper. 
 
NUMERICAL OVERVIEW 
 
The numerical simulation presented here is an extend work of the 
previous studied cylinder flow at low (sub-critical) Reynolds number 
Re=3900. This paper focused on the high Reynolds number flow 
Re=140,000. Although it is subcritical under this Reynolds number, i.e., 
the separated boundary layer remains laminar while transitions take 
place along the free shear layers, the flows are forced to be supercritical 
through the use of RANS close to the wall. 
 

 
 
Fig. 1. Computational mesh 
 
The computations utilize a O-type grid in the center of computational 
domain, which extends to 315 0D x D< <  and 15 15D y D<− < . The 
total number of cells on the x-y plane is 40,500. A 10D diameter O-type 
grid with a grid points of 231×101 is adopted in the vicinity of the 
circular cylinder. The downstream circumference is refined to capture 
more detailed flow characteristics, see Fig. 1. Grid points for the 
remaining blocks are: upstream block 51×31, wake block 81×81, side 
blocks from inlet to outlet 31×31, 51×31 and 81×31. The first layer 
height is 0.0002D, corresponding to approximately y+=2. Two different 
spanwise lengths, ʌD and 2ʌD, are selected for numerical investigation. 
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The grid resolution for spanwise direction is also investigated. As 
indicated by Travin et al. (2000) and Breuer (2000), grid is not 
convergent on DES and LES simulations, i.e., the finest grid didn’t get 
the best agreement for all quantities compared with experiments. 
 
The simulations in this work are performed using the single-phase 
incompressible Navier-Stokes solver pimpleFoam, which is a standard 
solver provided by OpenFOAM, with a newly implemented SST-DES 
turbulence model. The second order implicit Euler scheme is used for 
temporal discretization. A second order Gauss integration is used for 
spatial gradient calculations. The convection operator is discretized 
using a total variation diminishing (TVD) scheme. For all computations 
shown in this paper, a non-dimensional time step /t U D∞Δ ⋅ =0.0056 is 
selected, where D  is the diameter of cylinder and U∞  is the free 
stream velocity. 

 
RESULTS AND DISCUSSION 
 
Table 1 shows the case setup and averaged quantities of the current 
simulations: the spanwise length zL , grid resolution on spanwise 
direction zN , drag coefficient dC , root mean square (RMS) lift 
coefficient lC′ , Strouhal number St, base pressure coefficient pbC , 
separation angle sepθ , and non-dimensional recirculation zone length 

rec /L D . The averaging time for these quantities are about 35 shedding 
cycles. For comparison, the predicted results of Travin et al. (2000), 
Hansen and Forsythe (2003), Lo et al. (2005), the experiment 
measurement of Roshko (1961) are also included. It should be noticed 
that all results presented here are turbulent separation cases. 

 
Table 1. Summary of cylinder flow test cases 
 

Case Re zL  zN  dC  lC′  St - pbC  sepθ  rec /L D  

A 51.4 10×  ʌD 32 0.71 0.07 0.25 0.71 93.3 1.57 
B 51.4 10×  ʌD 64 0.71 0.06 0.27 0.71 93.6 1.48 
C 51.4 10×  2ʌD 64 0.72 0.07 0.25 0.73 94.0 1.41 

Travin et al. 51.4 10×  2D 30/42 0.57-0.65 0.06-0.10 0.28-0.31 0.65-0.7 93°-99° 1.1-1.4 
Hansen et al. 51.4 10×  4D 30 0.59 - 0.29 0.72 - - 

Lo et al. 51.4 10×  1D/2D 40 0.62-0.70 - 0.287-0.305 0.75-0.914 100°-105° 0.60-0.81 
Roshko 68.4 10×  - - 0.62-0.74 - 0.27 - - - 

 
 
The results of case A and B agree fairly well with slightly different 
Strouhal number, indicating that grid resolution along the spanwise 
direction is not a critical influence factor for cylinder flows.  
  
The drag and lift coefficient as well as other quantities discrepancies 
are negligible for case A and C, suggesting that the aspect ratio /L D  
of the circular cylinder has little influence on the results, which is 
different with the conclusion of Breuer (2000).  
 

 
 
Fig. 2. Mean pressure coefficient around the cylinder surface 
 
Fig. 2 shows the mean pressure coefficient distribution around the 
cylinder surface. The result of Travin et al (2000) is TS1 at Reynolds 

number 51.4 10Re = ×  with a forced turbulent separation regime. The 
experimental data of Roshko (1961) is at supercritical Reynolds 
number 68.4 10Re = × . The pressure around the cylinder surface 
predicted by case A, B and C are slightly different, indicating the 
spanwise grid resolution and length have little effect on the pressure 
distribution on cylinder surface. However, comparing with Travin’s 
results, although the base pressure coefficient agrees fairly well, the 
pressure distribution at 50 ~ 110θ =    differs a lot. A possible 
explanation is the different turbulence level at the inlet boundary 
condition. Travin applied SA-DES and the free-stream turbulence level 
are given by set the eddy viscosity ν  5 times the molecular viscosity. 
While in the current study which employs SST-DES as the turbulence 
closure, the free-stream turbulence level is specified by k and Ȧ at the 
inlet boundary condition.  
 
Fig. 3 is the non-dimensional mean stream-wise velocity contours 

/u U∞  from -0.3 to 1.5 with an interval of 0.1. From top to bottom, 
corresponding to case A, B and C. The slightly differences among the 
three are the recirculation bubbles. Spanwise grid resolution will 
influent the length of recirculation zone. It seems refine grid at 
spanwise direction could partially improve results. While the results of 
A and C indicating that increasing spanwise length may also get better 
results. Regarding the influence of spanwise grid resolution and length, 
more systematic spanwise grid resolution investigation should be 
carried out to prove the hypothesis. 
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Fig. 3. Mean stream-wise velocity contours: upper – A, middle – B, 
lower – C  
 

 

 

 
 
Fig. 4. Reynolds stress contours for case B: upper - u u′ ′ , middle - v v′ ′ , 
lower - u v′ ′  
 
Fig. 4 is the Reynolds stress contours with the same interval 0.01. It is 
very interesting that these patterns are similar to the results of Travin et 
al. (2000) despite the different separation regime, i.e. the results given 
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by Travin et al (2000) are at laminar separation regime, while the 
present study is at turbulent separation. This shows the flow separation 
regime have little influence on the Reynolds stress patterns in the 
cylinder wake. 
 

 
 
Fig. 5. Instantaneous streamwise velocity profile in y=0 plane in the 
wake of cylinder (case B) 
 

 
 
Fig. 6. Instantaneous cross-flow velocity profile in y=0 plane in the 
wake of cylinder (case B) 
 

 
 
Fig. 7. Instantaneous spanwise velocity profile in y=0 plane in the wake 
of cylinder (case B) 
 
 
Figs. 5-7 show the instantaneous streamwise, cross-flow and spanwise 
velocity profile in the wake of the circular cylinder, respectively. The 
three figures are contoured by the same level, i.e. 60 contours of non-
dimensional (by free stream velocity) velocity component from -1.5 to 
1.5. The black thick lines represent the zero value of the contours. The 
recirculation bubble and Kaman vortex street are clearly seen in Fig. 4 
and Fig. 6, respectively. In addition, the strong three dimensional 
effects along spanwise direction are also observed. 
 
Fig. 8 illustrates the contours of SGS eddy viscosity of three planes. 
The visualization shows clearly 2D Karman vortex street patterns in 
each plane. The slight difference vortex street pattern among each plane 
indicating the three dimensional turbulent structures, which can also be 
observed in Fig. 9, along the spanwise direction.  

 
 
Fig. 8. Instantaneous SGS viscosity contours (case C) 
 

 
Fig. 9. Instantaneous vorticity contoured by Q=10, 2 20.5( )Q SΩ= −  
 
 
CONCLUSIONS 
 
Flow past a circular cylinder at Re =140,000 is studied. Although it is 
subcritical at this Reynolds number, the numerical simulations are 
forced to be supercritical and flow separates in turbulent regime. The 
SST base DES turbulence model is utilized for simulation. Different 
spanwise length and grid resolutions are investigated. For SST-DES 
simulations of cylinder flow, most averaged quantities are not sensitive 
to spanwise resolution and length. The magnitude of predicted pressure 
distributions along cylinder surface are smaller than Travin’s result. 
Reasons yet unknown to the author. High Reynolds number flows are 
still challenging for DES and more systematic tests will need to be 
carried out. Future tests may assess the influence of time step, grid size, 
numerical schemes, and the most important, laminar separation regime 
at this Reynolds number.  
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