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Abstract

Unsteady RANS (URANS), hybrid LES/RANS and IDDES simulations were conducted
to numerically investigate the velocity field around, and pressures distribution and
forces over a square cylinder immersed in a uniform, steady oncoming flow with
Reynolds number Re = 21,400. The vortex shedding responses in terms of Strouhal
number, the pressure distribution, the velocity profile and the velocity fluctuations
obtained by numerical simulations are compared with experimental data.
Compared with 2D URANS simulation, 3D simulations using hybrid LES/RANS and
IDDES models provide more accurate prediction on the responses in the wake,
including mean streamwise velocity profile and rms velocity fluctuations. This also
results in more accurate prediction of time-averaged surface pressure coefficient on
the rear surface obtained by 3D hybrid LES/RANS and IDDES simulations than by
URANS simulation. When a hybrid LES/RANS model or IDDES model is used, a more
accurate prediction for either pressure coefficient or velocity profile (especially in
the far wake region) is not guaranteed by increasing the mesh resolution along the
spanwise direction of the square cylinder.

Keywords: URANS, Hybrid LES/RANS, IDDES, Square cylinder, Turbulence
modeling

1 Introduction
Three-dimensional high Reynolds number unsteady turbulent flows over bluff bod-

ies (such as buildings and bridges) are of considerable importance in structural en-

gineering applications. Massive separations are involved in this kind of flow; and

periodic vortex shedding occurs at a well-defined frequency which also results in

oscillatory lift and drag forces and renders the flow unsteady [1]. As a typical test

case, turbulent flow over a square cylinder has been extensively studied both ex-

perimentally and numerically to investigate those features of bluff body flows. For

example, Bearman [2], Nishimura and Taniike [3], and Noda et al. [4] measured

the time-averaged surface pressure coefficient and rms pressure coefficient distri-

butions on square cylinder at Reynolds numbers of 20,000, 10,000, and 68,900, re-

spectively. Lyn et al. [5] performed experiments to measure the velocity fields as

well as second order statistics of flow over a square cylinder at Re = 21,400. The

numerical methods used to study the turbulent flow over square cylinder are ba-

sically URANS (Unsteady Reynolds-Averaged Navier-Stokes) or LES (Large Eddy

Simulation). For example, Younis and Abrishamchi [6] investigated the
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three-dimensional vortex shedding from surface-mounted square cylinder with both

LES and URANS. Studies by Younis and Przulj [7], Bouris and Bergeles [8], Lake-

hal et al. [9], Mahir [10]; Lim et al. [11], Srinivas et al. [12], Oka and Ishihara [13],

and Bosch and Rodi [14] are also among the numerical investigations of flow over

a square cylinder.

In recent years, URANS, LES and hybrid LES/RANS simulations have been

employed to numerically investigate the unsteady wall-bounded turbulent flow at

high Reynolds numbers in engineering applications. In a URANS simulation, an

ensemble averaged version of the governing equations is solved, in which Reynolds

stresses are introduced to represent the effects of turbulent fluctuations. LES is a

technique in which the smallest scales of turbulence are modelled by a subgrid

scale (SGS) model through a filtering operation, while the largest and most import-

ant scales are allowed to be resolved. In hybrid LES/RANS simulations, which have

become increasingly popular in the past few years, RANS equations are solved in

the inner layer whereas the filtered equations are solved in the outer layer of a

boundary layer. Hybrid LES/RANS methods use a blending function to bridge the

RANS and LES branches, which actually serves to merge the SGS and RANS eddy

viscosities. There are various practices in the definition of the blending function,

for instance, Gieseking et al. [15] find that the blending function is determined by

the length scale ratio of the outer and inner layers. As an alternative to the hybrid

LES/RANS method, Detached Eddy Simulation (DES), designed to address high

Reynolds number separated flows, was first proposed by Spalart et al. [16]. In the

DES method, a length scale is defined to determine which model will be used at a

given grid point, with the results of RANS being implemented in attached bound-

ary layers while the LES model is used in the outer layer and separation regions.

Delayed Detached Eddy Simulation (DDES) and Improved Delayed Detached Eddy

Simulation (IDDES) proposed by Spalart et al. [17] and Shur et al. [18], respect-

ively, are updated versions of the DES model which address the problems of grid

induced separation (GIS) and log-layer mismatch (LLM). Actually, the above

mentioned DES method and its updated versions (DDES, IDDES) precede in time

the Gieseking hybrid model discussed here, and the latter does not encounter the

problems of GIS and LLM. The hybrid methodology has also been employed in

the numerical studies on the turbulent flow over square cylinder by some investi-

gators. For example, Roy et al. [19], Barone and Roy [20] conducted simulations of

a low-speed square cylinder wake using DES method and compared the computa-

tional results of velocity and rms velocity fluctuations in the wake with the experi-

ments; Morgan and Visbal [21] employed hybrid RANS/ILES methodology to

simulate the same flow and compared the results with the experiments, Camarri et

al. [22] developed a hybrid LES/RANS model which defines the eddy-viscosity by

using a local blending of two eddy viscosities coming respectively from the RANS

k-ε closure and from the Smagorinsky subgrid-scale model, and they applied this

model to the simulation of flow over the square cylinder and showed the distribu-

tions of eddy viscosity from both k-ε and the Smagorinsky model. However, these

investigations only provided limited computational results but didn’t deliver the

thorough data and flow properties for this kind of turbulent flow over a square

cylinder, such as time-averaged pressure and drag distribution on each surface of
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square cylinder, the velocity and rms velocity profiles in the whole flow field, as

well as the eddy viscosity distributions.

In this study, the performance of URANS (Menter’s SST) model, hybrid LES/

RANS (Gieseking) model, as well as IDDES models with and without the Giese-

king blending function (modified and original IDDES models) in predicting the

characteristics of 3D turbulent flow over a square cylinder is investigated. The

hybrid LES/RANS models (and IDDES model) have the merits of both URANS

and LES in terms of computational costs and high fidelity [23]. Accurate solu-

tions may not be obtained by URANS simulations because the chosen modeling

approach may not model all the relevant physics of turbulent flow over square

cylinder. For example, the mean streamwise velocity is overestimated while the

streamwise normal stress is underestimated in the far wake region in the previous

URANS simulations with k-ε model by Younis [7]. Therefore, a hybrid LES/RANS

method (aside from wall-resolved LES) may be a promising option for this case

since only the near wall region is modeled. Based on how the blending function

works, it is also worth to investigate the performance of different hybrid LES/

RANS models (in this study, Gieseking model, original IDDES model, modified

IDDES model) in predicting the turbulent flow features when passing over a

square cylinder. Besides, Ke [24] found that when Gieseking model is used for

3D simulations, mesh refinement along spanwise direction doesn’t guarantee a

solution that is in better agreement with the experimental measurements for tur-

bulent flow at Re = 1,000,000 over a NACA 0012 airfoil under static stall, where

the massive separation is involved as well. The effects of spanwise resolution of

3D mesh on the numerical solution of flow over a square cylinder by hybrid

LES/RANS simulation are also investigated in this study.

In this work, the incompressible version of hybrid LES/RANS and URANS

solver developed at North Carolina State University (NCSU) is used to investigate

the aerodynamic characteristics of the flow over a square cylinder under the same

Reynolds number Re = 21,400 as in the experiment performed by Lyn et al. [5].

The hybrid LES/RANS models and numerical methods used in this study are pre-

sented in section 2, including hybrid LES/RANS techniques previously developed

at NCSU and the IDDES model. Section 3 discusses the 2D URANS, and 3D hy-

brid LES/RANS (and IDDES) computational results of flow over a square cylinder

in comparison with the experimental measurements for velocity fields and second

order statistics from Lyn et al. [5], and for pressure distribution from Bearman

[2], Nishimura and Taniike [3] and Noda et al. [4]. Conclusions are drawn in sec-

tion 4.

2 Hybrid LES/RANS models and numerical method
The hybrid LES/RANS turbulence closure methods recently developed at NCSU

are suitable for high Reynolds number, turbulent flows. The transition between a

RANS component (used near solid surfaces) and the LES component (used in the

outer parts of developing turbulent boundary layers and in free shear layers) is

facilitated by the action of a flow-dependent blending function, which modifies

the eddy viscosity field μt as follows:
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μt ¼ ρ 1−Γð Þνt;sgs þ Γ
k
ω

� �
ð1Þ

where ρ is density, Γ is a time-dependent blending function that connects the RANS

and LES branches. A model proposed by Lenormand et al. [25] is currently used for

the subgrid-scale eddy viscosity νt, sgs. Lenormand’s model instead of Smagorinsky-like

SGS models is what that hybrid LES/RANS model has always used. RANS eddy viscos-

ity is determined by kinetic energy k and modeled turbulence frequency ω. The blending

function Γ is generally designed to transition the model from RANS to LES approximately

as the boundary layer shifts from its logarithmic to its wake-like structure. As such, the

RANS component acts as a wall-layer model for the majority of the flow, which is mod-

eled as a large-eddy simulation. In the Gieseking model [15], a ratio of outer layer to the

inner layer turbulent length scale is introduced into the argument for Γ

Γ ¼ 1
2

1− tanh Cs
1

λN
2 −1

� �� �� �
ð2Þ

where the constant Cs = 15.0, and the turbulent length scale ratio λN is determined by

λN ≡
louter
linner

ð3Þ

louter ¼ CN

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
10ν�ωþ �k þ �kR

Cμ
1
2�ωω

s
linner ¼ κd ð4Þ

In this expression, CN = 1.5 is a constant, k is the ensemble-averaged modeled

turbulence kinetic energy, kR is the ensemble-averaged resolved turbulence kinetic

energy, ω and ω are, respectively, instantaneous and ensemble-averaged modeled

turbulence frequencies, Cμ =0.09, d is the distance to the nearest wall, and κ is

von Karman constant. Here all the ensemble-averaged variables are averaged over

time.

The Improved Delayed Detached Eddy Simulation (IDDES) combines DDES with

an improved hybrid RANS-LES model aimed at wall modelling in LES (WMLES),

and switches between the two branches via a blending function. It is essentially a

hybrid RANS-LES model that provides a flexible and convenient scale-resolving

simulation for high Reynolds number flows. The SST-IDDES model used in this

study is based on modifying the destruction term in the k-equation of the Menter’s

SST (Shear-Stress Transport) model [26]. (Note that the ω-equation remains

unchanged)

∂
∂t

ρkð Þ þ ∂
∂x j

ρujk
� � ¼ τij

∂ui
∂x j

−β�ρωkFIDDES þ ∂
∂x j

μþ σk1μtð Þ ∂k
∂x j

� �
ð5Þ

where u is the velocity field, τij is shear stress tensor, model constants β∗ =0.09, σk1
=0.85, and μ is molecular viscosity. FIDDES is a function based on the RANS turbulent

length scale lRANS and the LES length scale lLES [18]

FIDDES ¼ lRANS

lIDDES
; lRANS ¼

ffiffiffi
k

p

β�ω
ð6Þ
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lIDDES ¼ ~f d 1þ f eð ÞlRANS þ 1−~f d
	 


lLES ð7Þ

where the blending function ~f d is defined by ~f d ¼ maxfð1− f dtÞ; f Bg , with fdt = 1 −

tanh[(8rdt)
3]. Here rdt is related to delaying function, fB is an empirical blending func-

tion; both were given in defining the length scale of WMLES branch by Shur et al. [18].

The elevating function fe is another empirical function [18].

In this study, both Gieseking’s hybrid LES/RANS model and Spalart’s original IDDES

model were used for the 3D simulation of flow over a square cylinder. In addition, the ori-

ginal IDDES model was combined with the Gieseking model, which means eddy viscosity

was determined by a hybrid method presented in Eq. (1) instead of just by Menter’s SST

model with the revised k-Eq. (5). The introduction of the Gieseking’s blending function

also reduces the production of turbulent kinetic energy k, and therefore increases the LES

activity (and restrain RANS activity) in the simulation. It is usually favourable to have

more LES content in hybrid LES/RANS simulations on a fine enough grid. Furthermore,

since the role of subgrid scale model is not crucial, Lenormand subgrid scale model is

used in the Gieseking model instead of the Smagorinsky-like subgrid model built in the

original IDDES model. The original IDDES model combined with Gieseking’s blending

function is called the modified IDDES model here. Since Gieseking’s model modifies the

turbulence production while IDDES model modifies the turbulence destruction, the

modified hybrid IDDES model modifies both. On the other hand, IDDES model can pro-

duce large eddy viscosities in free-shear regions, while the modified IDDES would not do

this since Gieseking’s model dominates in those regions.

Each hybrid LES/RANS (and IDDES) model is implemented into a finite volume

Navier-Stokes solver that solves a low Mach number form of the Navier-Stokes equa-

tions. The artificial compressibility (AC) method is used to solve the PDE system of

the incompressible flow by introducing a fake time derivative of pressure in the

continuity equation [23]; and the primitive variable vector is used in the reconstruc-

tion. Inviscid fluxes are discretized using a variant of the piecewise parabolic method

(PPM) [27] along with a low Mach number extension of Edwards’s low-diffusion

flux-splitting scheme [23, 28], whereas viscous and diffusive fluxes are discretized

using second-order central differences. An implicit artificial compressibility method

combined with sub-iteration procedure is employed to obtain second-order temporal

accuracy.

3 Computational results
The experiment by Lyn et al. [5] was performed in a closed water channel. The

side of the square cylinder was D = 40 mm and the incoming flow velocity (or free

stream velocity) was U = 0.535 m/s, with 2% turbulence intensity level. Therefore,

the incoming flow Reynolds number based on the side of the square cylinder is Re

= 21,400. In this work, both two-dimensional URANS and three-dimensional

IDDES (and hybrid LES/RANS) simulations of the same flow configurations (except

that incoming flow is smooth rather than turbulent) were performed to investigate

flow characteristics, as well as the lift and drag forces.

Figure 1 shows the x-y snapshot of the rectangular computational mesh used in

this work, which extends 50D and 20D in x- and y- direction, respectively. Since
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the y+ value is set less than 1, no wall function is needed for either hybrid LES/

RANS or URANS simulations.

The experimental measurements of the Strouhal number (St), base-pressure coeffi-

cient (−Cpb), time averaged drag coefficient (CD), rms lift (CL′) and rms drag (CD′)

coefficients of flow over a square cylinder are summarized in Table 1. Since theoretic-

ally these aerodynamic characteristics are not affected by the incoming flow Reynolds

number, they can be used for comparison with the simulation results in this work.

Fig. 1 Computational mesh: whole view (left); around square cylinder (right)

Table 1 Aerodynamic characteristics of flow over a square cylinder obtained by experiments

Incoming flow
intensity (%)

Re/103 St -Cpb CD CD' CL'

Lyn and Rodi [5] 2 21.4 0.132 1.6 2.1

Vickery [29] smooth 100 0.118 1.31 1.33

Noda and Nakayama [4] 0.2 68.9 0.131 1.483 2.164 0.207 1.18

Noda and Nakayama [4] 5.3 68.9 0.133 1.318 1.989 0.203 1.105

Bearman and Obasaju [2] < 0.04 11 to 47 0.127 1.65

< 0.04 20 1.2

Nishimura and Taniike [3] 0.1 40 1.3 2.32 0.245 1.32

Igarashi [30] 0.5 22 0.126~0.131a 1.29~1.35a

0.5 37 2.22

0.5 56 2.18

Durao et al. [31] 6 14 0.133

Lee [32] smooth 176 1.42 2.17

0.5 176 0.122 1.29 2.06

Liu et al. [33] 0.7 4.06 2.18

0.7 9.55 2.107

0.7 18.1 2.201

0.7 32.2 2.09

0.7 45.8 0.135 2.084 1.1

0.7 58.2 2.02

Alam et al. [34] 0.5 47 0.128 2.15 0.27 1.18
a Experimental measurements differ from each other with different choice of side dimension (D) of the square cylinder
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3.1 Results by 2D URANS, 3D hybrid LES/RANS, and IDDES simulations

Two-dimensional URANS simulations were performed on a 2D mesh with the number

of cells on each side of the square being 100, and the mesh size is 70,000, as shown in

Table 2. The RANS model used in this study is Menter’s Shear-Stress Transport model.

Based on the 2D mesh, on which the 2D URANS simulation was performed reliably

and efficiently (as indicated by the 2D URANS computational results in the following sec-

tions), three-dimensional meshes for hybrid LES/RANS and IDDES simulations were gen-

erated by extrusion to a span width (span/D = 0.6) over the spanwise (Z-) direction with

various spanwise cell spacings Δz, as shown in Table 2. Here Nxy is the number of cells of

the 2D mesh, Nz represents number of cells over span, while N represents total number

of mesh cells in Table 2. Three-dimensional simulations by Gieseking, original IDDES,

modified IDDES models on Mesh-B were performed to investigate the effect of different

3D models. For all cases, simulation times are about 250 flow-through times (the

flow-through time is defined as D/U) or 34 vortex shedding periods, and the last 20 pe-

riods are sampled for data processing since it takes about 100 flow-through times (or 14

periods) for the flow to reach a statistically stationary state. The time step was chosen as

1.0 × 10− 6 s.

3.1.1 Vortex shedding frequency, lift and drag forces

As shown in Table 3, the vortex shedding frequency obtained by 2D URANS simulation

is St = 0.137, about 3% higher compared with the largest experimental value. Table 3

also indicates that the time averaged base pressure (−Cpb) and drag (CD) coefficients

obtained by the URANS simulation are within the range of experimental measurement

values. For the 2D case, both -Cpb and CD were averaged over 20 vortex shedding pe-

riods (with around 3600 time points). 2D URANS predictions of rms lift (CL′) were

overestimated, while URANS estimates of rms drag (CD′) coefficient are poor and too

much underestimated, with the error being over 96% of the minimum experimental

value. Generally, the computational results obtained by URANS model on the specified

2D mesh are in good agreement with the experimental measurements except for CD′.

Table 3 also shows the aerodynamic characteristics calculated based on the solu-

tion of 3D hybrid LES/RANS and IDDES simulations on Mesh-B. Vortex shedding

frequency in terms of Strouhal number (St) predicted by all 3D models on Mesh-B

is within the range of experimental values, with the St predictions by Gieseking

and modified IDDES models being close to each other and greater than the predic-

tion obtained by original IDDES model. Time averaged base-pressure coefficients

(−Cpb) predicted by Gieseking and modified IDDES models on Mesh-B are also

Table 2 Characteristics of 2D and 3D meshes

Span/D Nxy Nz N Δz (m) Δz/D

2D Mesh 0.025 70,000 1 70,000 0.01 0.025

3D Mesh-A 0.6 70,000 48 3,360,000 0.005 0.0125

3D Mesh-B 0.6 70,000 24 1,680,000 0.01 0.025

3D Mesh-C 0.6 70,000 12 840,000 0.02 0.05

3D Mesh-D 0.6 70,000 6 420,000 0.04 0.1
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very close to each other and slightly below the experimental measurements, while

the -Cpb prediction by original IDDES model on Mesh-B is more accurate com-

pared with the experiments. Time averaged drag coefficients (CD) predicted by Gie-

seking and modified IDDES model are close to each other and smaller the CD

prediction obtained by original IDDES model, all being within the range of experi-

mental values. For all the 3D cases, both -Cpb and CD were averaged over 20 vor-

tex shedding periods (with about 3800 time points). The rms CL (CL′) predictions

by all 3D IDDES simulations on Mesh-B are in good agreement with the experi-

ments, with the result by original IDDES model being greater than those predicted

by Gieseking and modified IDDES models. The rms CD (CD′) predictions by Giese-

king and modified IDDES model on Mesh-B are close to each other and slightly

underestimated, with the error being less than 13% of the minimum experimental

value, while the CD′ prediction by original IDDES model on Mesh-B is slightly

overestimated, with the error being 11% of the maximum experimental value. All

the 3D models provide more accurate predictions on CL′ and CD′ than the 2D

URANS model compared with the experimental measurements. Basically, the

values of most aerodynamic characteristics predicted by Gieseking model and the

modified IDDES model are close to each other, but slightly different from those

predicted by the original IDDES model.

3.1.2 Surface pressure coefficient distribution

Figure 2 shows comparisons of the time-averaged surface pressure coefficient (Cp) and

rms pressure coefficient (Cp′) distributions obtained by 2D and 3D simulations with ex-

perimental data from Noda et al. [4], Nishimura and Taniike [3] and Bearman [2]. The

average Cp and Cp′ predictions of 2D URANS simulation are generally in good agree-

ment with the experiments. The Cp and Cp′ distributions obtained by 3D hybrid LES/

RANS and IDDES simulations on Mesh-B are also shown on Fig. 2. The average sur-

face pressure coefficient distributions predicted by Gieseking and modified IDDES

models are close to each other on all the four surfaces of the square cylinder. The pre-

dictions of average Cp distribution on the front surface by all the 3D models are close

to each other and in good agreement with the experiments, the predictions of average

Cp distribution on the top surface by all the 3D models are also close to each other but

slightly overestimated compared with the experiments. The predictions of average Cp

distribution on the rear surface (towards the wake) are slightly overestimated by all the

3D models, with the prediction by original IDDES model being the most accurate com-

pared with the experiments, and the predictions of average Cp distribution on the bottom

Table 3 Results obtained by URANS simulation on 2D mesh and 3D simulations on Mesh-B

Model Mesh St -Cpb CD CL′ CD′

URANS 2D Mesh 0.137 1.35 2.07 1.37 0.06

Gieseking 3D Mesh-B 0.127 1.28 2.02 1.24 0.180

original IDDES 3D Mesh-B 0.122 1.4 2.13 1.27 0.272

modified IDDES 3D Mesh-B 0.128 1.28 2.02 1.18 0.189

Experiments 0.122~0.133 1.3~1.6 2.02~2.22 1.18~1.32 0.207~ 0.245
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surface are also slightly overestimated by all the 3D models, with the prediction by

original IDDES model being the least accurate compared with the experiments.

The 3D hybrid LES/RANS and IDDES simulations on Mesh-B do not show better

performance than the URANS simulation on 2D mesh in the prediction of aver-

aged Cp distribution over the top, rear and bottom surfaces of the square cylinder

compared with the experiments. In the prediction of rms pressure coefficient (Cp′),

the results obtained by Gieseking and modified IDDES models on Mesh-B are

close to each other on all surfaces. The predictions of Cp′ by all 3D simulations

are more accurate than that obtained by 2D URANS simulation on the rear sur-

face, with the Cp′ prediction by original IDDES simulation being in the best agree-

ment with the experiments by both Noda et al. [4] and Nishimura and Taniike [3],

while the Cp′ prediction by Gieseking and modified IDDES simulations being in

the best agreement with the experiments by Bearman [2]. As shown on Fig. 2, near

the center of rear surface the Cp predictions differ from the experimental data by

10% at most, whereas the Cp′ predictions are underestimated by as much as 75%. 2D

URANS simulation significantly underestimates the rms pressure coefficient on the rear sur-

face because the solution in the wake region obtained by URANS model is not as accurate

as IDDES model. It is also noticed that the Cp and Cp′ results obtained by 3D hybrid

Fig. 2 Surface pressure coefficient distribution (top) and rms pressure coefficient distribution (bottom)
predicted by simulations with 3D models
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methods are not symmetrical on the top and bottom surfaces of the square cylinder, this is

because sample points of only 20 vortex shedding periods were averaged over time.

3.1.3 Velocity profiles and rms velocity fluctuations

The error bands of Lyn’s experimental data shown in Figs. 3, 4, 5, 6 and 7 were calcu-

lated by multiplying their maximum measurement values by the uncertainty of the

measurement (±5%) quoted by Lyn et al. [5].

Figure 3 shows the profiles of mean streamwise and cross-stream velocity

components (u and v) upwind of the wake region predicted by 2D and 3D simula-

tions. The prediction of mean streamwise velocity profile (top plot of Fig. 3) ob-

tained by URANS simulation on 2D mesh is in good agreement with Lyn’s

Fig. 3 Mean streamwise (top) and cross-stream (bottom) velocity profiles at different locations near the
cylinder predicted by simulations with URANS model and 3D models
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experimental data upwind of the wake region, and the prediction of mean

cross-stream velocity profile (bottom plot of Fig. 3) obtained by 2D URANS simu-

lation is in good agreement with Lyn’s experimental data in the upwind region. In

the downstream region (x/D > 0.25), the prediction of mean cross-stream velocity is

slightly underestimated compared with Lyn’s data, with the maximum relative error

being over 5%. Figure 3 also shows the profiles of mean streamwise and

cross-stream velocity components (u and v) upwind of the wake and near wake (x/

D = 0.875) predicted by 3D hybrid LES/RANS and IDDES simulations on Mesh-B.

Both the u and v velocity profiles predicted by Gieseking and modified IDDES

models are close to each other. In the predictions of mean u profile, all 3D models

obtained accurate results against Lyn’s measurements in the region above the shear

layer. However, the mean u was underestimated in the region below shear layer (at

x/D = 0, 0.25, and 0.5) by all 3D models, with prediction by original IDDES model

being the least accurate (up to 30% relative error) compared with Lyn’s experimental

measurements, while the URANS simulation on 2D mesh obtained more accurate

prediction in this region. In the predictions of mean v profile, results obtained by both

3D models and 2D URANS model are slightly overestimated in the upstream region

(x/D ≤ 0) compared with Lyn’s measurements, with the prediction obtained by ori-

ginal IDDES model being the least accurate, while the prediction by 2D URANS

simulation being the most accurate. In the downstream region (x/D > 0) and near

wake region (x/D = 0.875), mean v profile predictions by Gieseking and modified

IDDES models match the Lyn’s data well, while prediction by original IDDES model

slightly overestimates the value with the maximum relative error over 5%. 2D URANS

simulation slightly underestimates the mean v velocity in the downstream and near

wake regions, with the maximum relative error greater than 5%. Generally, Gieseking

and the modified IDDES model perform the best in the prediction of mean u and v

profiles among all the 3D and 2D models.

As shown in Fig. 4, the mean streamwise velocity profile by 2D URANS simulation is

overestimated along the wake centerline, while the predictions of mean streamwise

velocity (u) profile along the wake centerline by 3D models are much closer to Lyn’s ex-

periments than that of URANS simulation, as shown in Fig. 4. Among all the 3D simu-

lations, the modified IDDES model provides the best performance in predicting the

mean streamwise velocity against the experiments, especially along the centerline in

the far wake region (x/D > 2.0), while the original IDDES model provides the least

Fig. 4 Mean streamwise velocity profile along the wake centerline predicted by simulations with URANS
model and 3D models
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accurate prediction by underestimating the mean u profile along the centerline in the

region of x/D > 1.0.

The rms velocity fluctuations and Reynolds-averaged shear stress were also calculated

based on the solution of 2D and 3D simulations compared with Lyn’s experimental

data. Figure 5 shows the rms streamwise (< u>rms=U ¼
ffiffiffiffiffiffiffiffiffiffi
u′u′

p
=UÞ and cross-stream

(< v>rms=U ¼
ffiffiffiffiffiffiffiffi
v′v′

p
=U) velocity fluctuations upwind of the wake and in the near wake

region. Prediction of rms streamwise velocity fluctuation upwind of wake region by 2D

URANS simulation is in good agreement with Lyn’s experiments, but is underestimated

in the near wake, with relative error up to 50%. URANS prediction of rms cross-stream

velocity fluctuation in the region farther away from the square cylinder wall is also in

Fig. 5 rms streamwise (top) and cross-stream (bottom) velocity fluctuations at different locations before
wake predicted by simulations with URANS model and 3D models
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good agreement with the experiment. However, it is poor in the region close to the cy-

linder wall and in near wake region: the maximum relative errors reach up to 80% and

70% at some positions close to cylinder along x/D = 0 and 0.25, respectively, while the

relative error is up to 25% near the wake. Figure 5 also indicates that both the <u'>rms/

U and <v'>rms/U velocity fluctuation profiles predicted by Gieseking and modified

IDDES models are close to each other. In the predictions of mean <u'>rms/U profile, re-

sults obtained by all 3D models are in good agreement with Lyn’s measurements in the

upstream region (x/D ≤ 0), being more accurate than the results obtained by 2D

URANS simulation which slightly overestimates the values compared with the Lyn’s

data. In the region below downstream (x/D > 0) shear layer, <u'>rms/U profile predic-

tions by Gieseking and modified IDDES model also match the Lyn’s data well, while

prediction by original IDDES model underestimates the value with maximum relative

error up to 6%. 2D URANS simulation also underestimates <u'>rms/U within that re-

gion, with maximum relative error greater than 6%. In the near wake (x/D = 0.875), es-

pecially near centerline, <u'>rms/U was underestimated by both 3D models and 2D

URANS model, with results obtained by URANS model being the least accurate com-

pared with the Lyn’s data. In the predictions of mean <v'>rms/U profile, results obtained

by 3D models are in good agreement with Lyn’s measurements in the upstream region

(x/D ≤ 0) (except the below shear layer region at x/D = 0.0 and 0.25), being more accur-

ate than the results obtained by 2D URANS simulation which slightly overestimates

the values in the region above shear layer and significantly underestimates the values

below shear layer. In the region below shear layer at x/D = 0.0 and 0.25, <v'>rms/U is also

underestimated by 3D models, with results by original IDDES model being less accurate

than those obtained by Gieseking and modified IDDES model compared with the Lyn’s

measurements. In the near wake region (x/D = 0.875), prediction of <v'>rms/U by original

IDDES model is in the best agreement with the Lyn’s data and Gieseking and modified

Fig. 6 Reynolds-averaged shear stress profile at different locations before wake predicted by simulations
with URANS model and 3D models
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IDDES models slightly underestimated the values with maximum error up to 10%, while

the prediction by 2D URANS model is the least accurate against the Lyn’s data. These in-

dicate that the 3D models perform better in predicting <u'>rms/U and <v'>rms/U upwind

of and near the wake than the 2D URANS model.

Figure 6 indicates that the prediction of Reynolds-averaged shear stress (−u′v′=U2 )

profile upwind of the wake and in the near wake region by 2D URANS simulation is in

good agreement with the experiments, with the maximum relative error being less than

10% with respect to the reported experimental data. The Reynolds-averaged shear

stress (−u′v′=U2) prediction by 3D hybrid LES/RANS and IDDES simulations are com-

parable to that obtained by 2D URANS simulation in the region above shear layer, all

being in good agreement with the experimental measurements, as shown in Fig. 6. In

the region below shear layer at x/D = 0.25 and 0.5, Gieseking and modified IDDES

models provide the most accurate prediction on −u′v′=U2 against the Lyn’s data, while

original IDDES and 2D URANS models slightly overestimated the values with max-

imum error up to 10% and 8%, respectively. In the near wake region (x/D = 0.875),

−u′v′=U2 predictions by all the 3D models are close to each other and in good

agreement with the Lyn’s data, being more accurate than those obtained by 2D

URANS model which overestimates the values with maximum error up to 10%.

Figure 7 shows the profiles of rms streamwise velocity (top) and cross-stream

velocity (bottom) fluctuations in the wake obtained by URANS simulation on 2D

mesh and hybrid LES/RANS and IDDES simulations on 3D Mesh-B. The 2D

URANS prediction of rms streamwise velocity fluctuation is underestimated (with

maximum relative error up to 95%), while rms cross-stream velocity fluctuation is

underestimated in the near wake (with maximum error up to 25%) and overesti-

mated in the far wake (with maximum relative error up to 30%). Basically, com-

pared with the Lyn’s experimental measurements, the URANS model produced

good predictions in terms of streamwise and cross-stream velocity profiles, rms

Fig. 7 rms streamwise (top) and cross-stream (bottom) velocity fluctuations along the wake centerline predicted
by simulations with URANS model and 3D models
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streamwise and cross-stream velocity fluctuations, as well as Reynolds shear stress

upwind of the wake. However, the URANS predictions are more erroneous in the

wake and close to the cylinder. Figure 7 also shows the profiles of rms streamwise

velocity (top) and cross-stream velocity (bottom) fluctuations along the centerline

in the wake region obtained by 3D hybrid LES/RANS and IDDES simulations. In

the predictions of <u'>rms/U along the centerline, although the 3D models slightly

underestimate the values in most of the wake region, the predictions are much

more accurate than those obtained by 2D URANS simulation against the Lyn’s

data. In the rms streamwise velocity fluctuation predictions, the original IDDES

model performs better than Gieseking and modified IDDES models in the near

wake (x/D < 3.0) while the modified IDDES model performs the best in the far

wake region (x/D > 5.5). In the predictions of <v'>rms/U along the centerline, the

original IDDES model obtains the most accurate results in the near wake region

(0.5 < x/D < 1.5) compared with the experiments, while Gieseking and modified

IDDES models obtain slightly underestimated values with maximum error less than

5%. In the same region, 2D RANS simulation obtains the least accurate prediction

by underestimating the values with maximum error up to 15% against the Lyn’s

data. In the far wake region (x/D > 4.0), the rms cross-stream velocity fluctuations

predicted by the original IDDES and Gieseking models are in good agreement the

Lyn’s data, while the modified IDDES model and 2D URANS model overestimate

the value, with maximum error being up to 7% and 12%, respectively.

Generally, the 3D hybrid LES/RANS and IDDES simulations show better perform-

ance than 2D URANS simulations in the predictions of surface pressure coefficient and

rms pressure coefficient, velocity profiles and second order statistics (rms velocity fluc-

tuations), especially in the wake region. Figure 8 shows the iso-surface of vorticity

based on the URANS solution on 2D mesh (left) and the 3D solution by the modified

IDDES model on Mesh-B (right). The 3D solution by the modified IDDES model cap-

tures the 3D turbulent structures of the unsteady flow, especially in the far wake region,

while 2D URANS solution fails to. That is the reason why 3D models provide more ac-

curate predictions on streamwise velocity profile and rms velocity fluctuations in the

wake region than 2D URANS model does. Figure 9 shows the contours of the

time-averaged streamwise velocity based on the solutions of URANS simulation on 2D

Fig. 8 Iso-surfaces of vorticity based on 2D URANS solution (left) and 3D solution obtained by modified
IDDES model (right)
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mesh and 3D simulation by the modified IDDES model on Mesh-B, indicating both

URANS and modified IDDES model correctly predict that the separation starts from

the corner of the square cylinder. However, Fig. 9 also indicates that the separation re-

gion predicted by the modified IDDES simulation extends longer towards the wake

compared with that predicted by the URANS simulation. Again, this is due to the fact

that the modified IDDES model resolves the 3D turbulent structures in the wake while

the URANS model doesn’t. Other 3D (Gieseking and the original IDDES) models per-

form similarly as the modified IDDES model in resolving the 3D turbulent structures

in the wake region.

Among all 3D simulations on Mesh-B, the predictions obtained by Gieseking and the

modified IDDES models are very similar in terms of the Strouhal number,

base-pressure coefficient, lift coefficient, rms lift and drag coefficients, surface pressure

coefficient distribution, rms pressure coefficient distribution, u and v velocity profiles,

and u and v velocity fluctuation profiles. The predictions obtained by the original

IDDES model slightly vary from those by Gieseking and the modified IDDES models in

most cases. Figure 10 shows the contours of time-averaged eddy viscosity (normalized

by molecular viscosity) obtained by simulations using URANS (Menter’s SST) model

on 2D mesh and different 3D models on Mesh-B. The time-averaged eddy viscosity ob-

tained by 2D URANS simulation is very large in the separation and wake regions since

Fig. 10 Time-averaged eddy viscosity contours based on a 2D simulation by URANS model on 2D mesh; b
3D simulation by Gieseking model on Mesh-B; c 3D simulation by the original IDDES model on Mesh-B; d
3D simulation by the modified IDDES model on Mesh-B

Fig. 9 Streamwise velocity contours based on 2D URANS solution (left) and 3D solution obtained by
modified IDDES model (right)
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all the turbulent behaviours are modelled. The contours of time-averaged eddy viscosity

obtained by Gieseking and the modified IDDES models look similar except that Giese-

king model results in slightly larger values of time-averaged eddy viscosity close to the

cylinder wall. This explains the similarity of the predictions obtained by the two

models. The original IDDES model results in near zero time-averaged eddy viscosity

close to the wall and relatively lager values of eddy viscosity in the rest of the separ-

ation and wake regions compared with those obtained by Gieseking and the modified

IDDES models, which means more RANS activity and less LES activity in those re-

gions. In the fully separated and wake regions, the dominant and most turbulent vorti-

ces are large enough to be resolved by the 3D mesh (Mesh-B) used in this study, and

thus more LES activity is expected. This is the reason why Gieseking and the modified

IDDES models provide more accurate predictions in most cases than the original

IDDES model. It can also be noticed that all the hybrid (Gieseking, modified IDDES,

and original IDDES) methods predict the separated shear layer above the upper surface

and below the bottom surface of the square cylinder, which render a region of lower

eddy viscosity on the diagonal extension of the square cylinder locates between the end

of the shear layer and the front of the wake area.

3.2 Effects of spanwise resolution on 3D simulations by modified IDDES model

The modified IDDES model was selected to perform more 3D simulations (on Mesh-A

through Mesh-D) in order to investigate the effects of spanwise resolution. As shown

in Table 2, Mesh-A through Mesh-D have the same spanwise extension (of 0.6 D) but

different cell spacing, where Mesh-A has the finest resolution and Mesh-D has the

coarsest resolution in spanwise direction.

3.2.1 Vortex shedding frequency, lift and drag forces

Table 4 shows the aerodynamic characteristics calculated based on the solution of 3D

simulations with the modified IDDES model. Strouhal numbers predicted by 3D simu-

lation on Mesh-A, Mesh-B, and Mesh-C are all within the range of experimental mea-

surements. However, 3D simulation on Mesh-D underestimated St with an error up to

21%. 3D Simulations on Mesh-A and Mesh-B slightly underestimated time-averaged

base-pressure coefficient (−Cpb) with an error less than 3%, while predictions of

time-averaged -Cpb by simulation on Mesh-C and Mesh-D are within the range of ex-

periments. Time averaged drag coefficient (CD) predicted by 3D simulation increases

with the spanwise cell spacing of the 3D mesh used. CD predictions by 3D simulation

on Mesh-B, Mesh-C, and Mesh-D are within the range of experiments, while simula-

tion on Mesh-A slightly underestimated CD with an error of 1%. For all the 3D cases,

Table 4 Results obtained by 3D simulations with modified IDDES model on Mesh-B

Model Mesh St -Cpb CD CL′ CD′

modified IDDES 3D Mesh-A 0.127 1.27 2.0 1.26 0.233

modified IDDES 3D Mesh-B 0.128 1.28 2.02 1.18 0.189

modified IDDES 3D Mesh-C 0.126 1.32 2.06 1.31 0.314

modified IDDES 3D Mesh-D 0.094 1.45 2.14 1.49 0.484

Experiments 0.122~0.133 1.3~1.6 2.02~2.22 1.18~1.32 0.207~ 0.245
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both -Cpb and CD were averaged over 20 vortex shedding periods (with about 3800

time points). The rms CL predictions by 3D simulations on Mesh-A, Mesh-B and

Mesh-C are within the range of experiments, while simulation on Mesh-D overesti-

mated the value with an error of 13%. 3D Simulation on Mesh-A is the only case that

provides a prediction on rms CD within the range of experiments. 3D Simulation on

Mesh-B underestimates rms CD with an error of 9%, while 3D Simulations on Mesh-C

and Mesh-D overestimate rms CD, with errors of 28% and 98%, respectively.

3.2.2 Surface pressure coefficient distribution

Figure 11 shows the average surface pressure coefficient (Cp) and rms pressure coeffi-

cient (Cp′) distributions obtained by 3D simulations using the modified IDDES model.

The average surface pressure coefficients predicted by 3D simulations on Mesh-A,

Mesh-B and Mesh-C were slightly overestimated over the top, rear and bottom surfaces

of the square cylinder compared with the experiments, with predictions by simulation

on Mesh-C matching the experiments the best. The predictions of rms pressure coeffi-

cient by 3D simulations on Mesh-A, Mesh-B are in good agreement with Bearman [2]

measurements on the rear surface, while prediction by 3D simulation on Mesh-C is in

good agreement with experimental measurements by Noda et al. [4] and Nishimura

and Taniike [3]. The prediction of average surface pressure coefficient obtained by the

Fig. 11 Surface pressure coefficient distribution (top) and rms pressure coefficient distribution (bottom) by
3D simulations with the modified IDDES model
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IDDES simulation on Mesh-D is also in good agreement with the experiments and even

more accurate than Mesh-C on top and rear surfaces of the square cylinder, but the

rms pressure coefficient prediction by Mesh-D is inaccurate, especially on the top and

rear surfaces.

3.2.3 Velocity profiles and rms velocity fluctuations

Figure 12 shows the profiles of mean streamwise and cross-stream velocity components

(u and v) upwind of the wake and near wake (x/D = 0.875) predicted by 3D simulations

using the modified IDDES model. The 3D IDDES simulations on Mesh-A, Mesh-B,

and Mesh-C accurately predicted the mean streamwise and cross-stream velocity pro-

files upwind of the wake region, with maximum error generally less than 5% compared

with Lyn’s experimental measurements. In the near wake (x/D = 0.875), the streamwise

Fig. 12 Mean streamwise (top) and cross-stream (bottom) velocity profiles at different locations near the
cylinder predicted by 3D simulations using the modified IDDES model
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and cross-stream velocity profiles obtained by the 3D simulations on Mesh-A, Mesh-B,

Mesh-C are also similar to each other with maximum error less than 6% compared

with Lyn’s experiments. The predictions of mean u and v by 3D case on Mesh-D are

the least accurate against the experiments, especially in the near wake.

As shown in Fig. 13, the predictions of mean streamwise velocity profile along the

wake centerline by all 3D simulations are close to Lyn’s experiments, among which the

3D case on Mesh-C performs the best against the experiments, especially along the

centerline in the near wake and far wake regions. However, the mean streamwise vel-

ocity is slightly underestimated by 3D IDDES simulation on Mesh-C along the center-

line between locations x/D = 1.5 and 3.0.

As shown on Fig. 14, the rms streamwise and cross-stream velocity fluctuations ob-

tained by 3D simulation on Mesh-B are in the best agreement with Lyn’s experiments

in the region far from the wall (y/D > 0.75), but are slightly underestimated in the near

wake (x/D = 0.875), with maximum errors being 20% and 15%, respectively. The rms

streamwise velocity fluctuation obtained by 3D simulations on Mesh-A and Mesh-C

are in good agreement with Lyn’s experiments in both the upwind of the wake and near

wake (x/D = 0.875) regions (with maximum error less than 5%). The rms cross-stream

velocity fluctuation obtained by 3D simulations on Mesh-A and Mesh-C are also in

good agreement with Lyn’s experiments, with maximum errors of 15% in the

upwind-of-the-wake region and 5% in the near-wake region. The rms streamwise and

cross-stream velocity fluctuations obtained by 3D simulation on Mesh-D are the least

accurate against Lyn’s experiments, especially in the near wake. The Reynolds-averaged

shear stress predictions by all 3D simulations are in good agreement with the experi-

mental measurements, as shown in Fig. 15, among which the 3D case on Mesh-B per-

forms the best against the experiments.

Figure 16 shows the profiles of rms streamwise velocity (top) and cross-stream vel-

ocity (bottom) fluctuations along the centerline in the wake region obtained by 3D sim-

ulations using the modified IDDES model. Among all 3D simulations, the case on

Mesh-C provides the best performance in predicting both rms streamwise velocity fluc-

tuation against the experiments, especially in the far wake regions and rms

cross-stream velocity fluctuation against the experiments, especially in the near and far

wake region. The rms streamwise velocity fluctuation is slightly overestimated by the

3D simulation on Mesh-C along the centerline in the region between x/D = 1.0 and 3.0,

while rms cross-stream velocity fluctuation is slightly underestimated along centerline

in the region between x/D = 1.5 and 3.0, where the 3D case on Mesh-A performs the

Fig. 13 Mean streamwise velocity profile along the wake centerline predicted by 3D simulations using the
modified IDDES model
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best against the experiments. Again, the 3D simulation on Mesh-D provides the least

accurate predictions on rms streamwise and cross-stream velocity fluctuations against

the experiments, especially in the near wake region.

Among all 3D simulations using the modified IDDES model, the case on Mesh-D

shows the worst performance in predicting most aerodynamic characteristics, rms pres-

sure coefficient, mean u and v velocity profiles as well as second order statistics in both

upwind of the wake and near and far wake regions. This is due to the mesh resolution

along the spanwise direction being not fine enough to resolve some of the turbulent

vortices by LES model. On the other hand, the case on mesh with the finest cell spa-

cing along spanwise direction (Mesh-A) does not always provides the most accurate

predictions on some of the aerodynamic characteristics. For example, time-averaged

Fig. 14 rms streamwise (top) and cross-stream (bottom) velocity fluctuations at different locations before
wake predicted by 3D simulations with the modified IDDES model

Ke Advances in Aerodynamics            (2019) 1:10 Page 21 of 24



-Cpb and CD are underestimated by the 3D simulation on Mesh-A against the experi-

ments, while the mean streamwise velocity, rms streamwise and cross-stream velocity

fluctuations along the wake centerline were overestimated by this case in the far wake

region. As a comparison, time-averaged -Cpb and CD predicted by the 3D simulation

on Mesh-C (with a coarser spanwise cell spacing than Mesh-A) are in good agreement

with the experiments, and the predictions on the mean streamwise velocity, rms

streamwise and cross-stream velocity fluctuations along the wake centerline by this

case are in better agreement with the experiments. This means that mesh refinement

along spanwise direction (say in Mesh-A and Mesh-B) does not guarantee a better 3D

Fig. 16 rms streamwise (top) and cross-stream (bottom) velocity fluctuations along the wake centerline
predicted by 3D simulations with the modified IDDES model

Fig. 15 Reynolds-averaged shear stress profile at different locations before wake predicted by 3D
simulations with the modified IDDES model
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solution with the modified IDDES model. There exists some appropriate spanwise cell

spacing for which IDDES model works the best. Similar thing also happens in the 3D

hybrid LES/RANS simulations of turbulent flow over NACA 0012 airfoil under static

stall [24]. This bifurcation like response appears to be driven by the better resolution of

energy-containing three-dimensional eddy structures near the front surface with span-

wise mesh refinement. These eddies promote flow attachment and serve to shift the

RANS component of the closure closer to the surface. The coarser mesh captures a

more two-dimensional response, delaying the transition from RANS to LES and redu-

cing the resolved-eddy energy content.

4 Conclusions
Unsteady RANS (URANS) simulations based on Menter’s SST model, and 3D simulations

based on hybrid LES/RANS and IDDES models were conducted to investigate the turbulent

flow over and pressure on a square cylinder at a high Reynolds number. The performance

of URANS model in predicting the wake is poor: the rms pressure coefficient on the square

cylinder rear surface is underestimated by up to 75%, and the streamwise velocity and rms

streamwise and cross-stream velocity fluctuations obtained by URANS simulations are sig-

nificantly different from the experiments. Hybrid LES/RANS and IDDES models improve

the prediction in the wake region significantly. Compared with the results predicted by

URANS simulations, hybrid LES/RANS and IDDES models also provide more accurate pre-

dictions against experimental data on most aerodynamic characteristics such as Strouhal

number, time averaged base-pressure and drag coefficients, rms lift and drag coefficients,

streamwise and cross-stream velocity profiles, as well as rms streamwise and cross-stream

velocity fluctuations. The solutions obtained by Gieseking’s model and the modified IDDES

model on the same 3D mesh are very similar to each other, so do the aerodynamic charac-

teristics predicted by the two models, generally both predicting more accurately on most of

the aerodynamic characteristics against experiments than the original IDDES model on the

same 3D mesh. However, mesh refinement along spanwise direction does not guarantee a

better 3D solution by using the modified IDDES model, there exists some appropriate span-

wise cell spacing for which the modified model works the best.
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