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Three spatial schemes, the original Roe scheme and two high-order symmetric total variation diminishing

schemes,whose dissipations aremultiplied by a constant parameter or a function (called�), are coupledwith delayed

detached eddy simulation to investigate the numerical dissipation effects on the massive separation flow around

tandem cylinders. From the comparisons between the computations and the available measurements, the numerical

dissipation has a significant influence on the mean and instantaneous flowfields. The original Roe scheme is too

dissipative to predict the small scale turbulent structures, and it strongly suppresses the growth of resolved

turbulence. The S6WENO5 schemes with constant-� and adaptive-� times of dissipation have similar performances

and they well match the measurements. However, the S6WENO5 with constant-� times (0.12 here) of dissipation is

too empirical, and the small constant-� times of dissipation cannot generally suppress the numerical oscillations near

the wall and in the far fields. The S6WENO5 with adaptive dissipation provides the best performance.

Nomenclature

A = variable in blending function of adaptive
dissipation

~Ainv = matrix of Roe average
B = variable in blending function of adaptive

dissipation
CD = coefficient of drag
CDES = constant of detached eddy simulation or delayed

detached eddy simulation
CDES;k-! = constant of k-! part in delayed detached eddy

simulation
CDES;k-" = constant of k-" part in delayed detached eddy

simulation
CH1 = constant in blending function of adaptive

dissipation
CH2 = constant in blending function of adaptive

dissipation
CH3 = constant in blending function of adaptive

dissipation
CL = coefficient of lift
Cp = coefficient of pressure
Cp;rms = root mean square of pressure coefficient
C� = constant in blending function of adaptive

dissipation
D = diameter of cylinder
F = inviscid flux of Navier–Stokes equations
FDES = hybrid function in delayed detached eddy

simulation
FSST = blending function in delayed detached eddy

simulation
F1 or F2 = blending function in shear stress transport model
g = variable in blending function of adaptive

dissipation

K = variable in blending function of adaptive
dissipation

k = turbulence kinetic energy
k0�4� = coefficient of fourth artificial viscosity
L = space of two cylinders
Lnond = nondimensional unit length
Lt = turbulent length scale in delayed detached eddy

simulation
Lturb = length scale of turbulence in blending function of

adaptive dissipation
qL and qR = left and right biased original variables in Navier–

Stokes equations
~S = magnitude of mean strain rate
Sij = tensor of strain rate
t = time
U0 = freestream velocity
ui;j;k = components of velocity in x, y and z directions,

respectively
Wij = tensor of vorticity
xi;j;k = components of coordinates (x, y and z)
�� = constant of turbulent kinetic energy equation
� = grid scale
�z = interval in spanwise direction
�L;T = laminar or turbulent viscosity
�L;T = laminar or turbulent molecular viscosity
� = density
�k = constant of turbulent kinetic energy equation
� = time scale in blending function of adaptive

dissipation
�ij = tensor of Reynolds stress
� = parameter of numerical dissipation in Roe or

symmetric total variation diminishing scheme
� = magnitude of vorticity
! = specific dissipative rate

Subscripts

i, j, k = at grid center
i� 1=2 = at right interface of cell 1 in i-direction

I. Introduction

T URBULENCE dominates the unsteady flows past the civil
transporters in the flight stages of taking off and landing,

especially when the landing gears intrude into the air. The flow
around the landing gear is extremely complex and massively
separated, and turbulence plays an important role affecting
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aeroacoustics through pressure fluctuation. Highly accurate and
efficient analytical tools are required to simulate these strongly
unsteady and wide frequency separation flows. These tools help the
designer to control these massive and unsteady separations, to
improve the aircraft’s performance and to decrease the airframe
noise.

Lazos designed a simplified landing gear (SLG) with four wheels
and necessary struts, scaled to themain landing gear of a Boeing 757.
Mean surface pressure [1], surface flow topology [2], and Reynolds
stresses [3] were presented, and they could be used to validate the
computational fluid dynamics (CFD) tools. However, the SLG’s
geometry is also relatively complex, it is difficult to explore the
unsteady flow features and to distinguish the contributions of SLG’s
components.

The tandem cylinder (TC) is a prototype for interaction problems
commonly encountered in airframe noise configurations (e.g., the
oleo and hoses of a landing gear).Measurements of the unsteadyflow
around the TC as well as aeroacoustic experiments on both cylinder
surfaces and in the far field were conducted in NASA Langley
Research Center [4–6]. The TC configuration is also one of the test
cases in the European Seventh Framework project Advanced
Turbulence Simulation for Aerodynamic Application Challenges
(ATAAC [7]) and the AIAAWorkshop on Benchmark Problems for
AirframeNoiseComputations (BANC [8,9]). In fact, there have been
concentrated numerical studies in recent years focusing on the
turbulence behavior of the flows around TC.

Khorrami et al. [10], Lockard et al. [11], and Khorrami et al. [12]
computed the flows past TC, with the spacing (L) of the two cylinder
centers at 3.7 [10–12] and 1.435 [10,12,13] diameters (D),
respectively, with a quasi-laminar and zonal approach. They inves-
tigated the effects of the spanwise length on the mean flows, such as
pressure distribution, velocity, and turbulence kinetic energy, and on
the unsteady flows, such as instantaneous spanwise vorticities and
pressure fluctuation. The sound pressure levels were analyzed
through the unsteady pressure fluctuation data. At the same time,
they point out that “Presently, we do not have a rule of thumb on how
to arrive at an optimal width for the turbulent zone. The current width
was selected based on our past experiences with similar issues
involving high-lift flow computations and a desire to keep the
preseparated boundary layers on the cylinders immersed within the
fully turbulent zone” [10].

Brès et al. [14,15] calculated the flow past TC of the spacing at
3:7D with the Lattice–Boltzmann method. Highly effective and
reasonable mean flowfields can be obtained when comparing with
the measurements. They also investigated the effect of the spanwise
domain with and without end plates. They found that the end plates
have an important influence on the spanwise correlation.

Weinmann et al. [16] studied the same flowwith a number of novel
Reynolds-averaged Navier–Stokes/large eddy simulation (RANS/
LES) hybrid methods, such as improved delayed detached eddy
simulation (IDDES), flow simulation methodology and scale
adaptive simulation based on an explicit algebraic Reynolds stress
model. Most of the mean flows agreed reasonably well with the
measurements, but the instantaneous turbulence structures appeared
somewhat excessively large and strong causing the root mean square
(RMS) of the pressure coefficient �Cp;rms� on the front cylinder
overpredicted. They analyzed that “By increasing the spanwise
extent and the number of grid cells in the spanwise direction, they
were able to reduce the overall level of pressure fluctuations on the
first cylinder.”

According to the references cited previously and the experience of
the present work, in order to accurately simulate the flows past TC
with massively unsteady separation, two issues should be addressed:
appropriate turbulence modeling and acceptable numerical
dissipation.

A. Highly Accurate and Efficient RANS/LES Hybrid Methods

The most accurate turbulence model can be attributed to the direct
numerical simulation (DNS). All the turbulence scales are directly
resolved both in time and space. It requires the spatial and temporal

resolution sufficient to predict the smallest motions. DNS is thus the
most expensive turbulence prediction approach, which is impossible
to be applied to the high Reynolds number flows in the recent years.
Spalart [17] estimated that the first DNS application to a complete
aircraft could be realized only after 2080.

LES is a powerful tool for resolving the large, energy-containing
scale motions that are typically time dependent and geometry
dependent. The reduction in the computational cost as compared
with DNS is through introducing some empiricism. The large
energy-containing scale motions are directly computed while the
relatively isotropic and universal scale motions are modeled using
the subgrid scale (SGS) model. Still, SGS models for the boundary
layer and compressible flows are not sufficiently well developed. In
fact, LES requires almost similar grid numbers as DNS for high
Reynolds number flows near the wall, indicating that LES is equally
expensive as DNS in these regions.

Although there are many unanswered questions including the
turbulence modeling uncertainty, solving RANS equations with
various turbulence models are widely employed as appropriate
aerovehicles design approach. The RANS approach had been
developed to predict many of the important mean flow character-
istics, such as the force, moment, velocity, and so on, but it was not
intended to simulate the complex unsteady flows, nor pressure
fluctuations. Unsteady RANS (URANS) is not a satisfactory
approach to investigate unsteady turbulence behavior; the large time
steps and high-level eddy viscosity always eliminate high-frequency
small scale motions.

Limited by computational resources, the combination of LESwith
RANS can achieve reasonably well in terms of both efficiency and
accuracy in computing the flows with massive separation. The
modeling strategy of turbulent flows, often referred to as RANS/LES
hybrid models (such as DES, originally proposed by Spalart et al.
[18], denoted as DES97), has recently become much favored in the
study of the unsteady and geometry-dependent separatedflows. Such
hybridmethods combine a high-efficiency turbulencemodel near the
wall, where the flow is dominated by small scale motions, with a
LES-type treatment for the large-scale motions in the flow region far
away from the wall. The original DES based on Spalart–Allmaras
(SA) model [19] achieved widespread acceptance in industrial CFD
community. However, some inherent shortcomings are identified
with the DES97 from its outset and some others are demonstrated
through further investigation. These shortcomings include erroneous
activities of the near wall damping terms in LES mode, incursion of
LES mode inside boundary layer, gray area and log-layer mismatch.
Many of these have been successfully addressed in the later revisions
(DDES [20], IDDES [21], extended DDES [22]) and some remain.

Strelets [23] proposed the first DES based on the two-equation
shear-stress transport (SST) model [24]. This SST-based DES (or
SST-DES) has, undesirably, the similar deficiency as the original SA-
DES, for instance, the separation can be induced by local clustered
grid indicating that the LESmode acts inside boundary layer.Menter
andKuntz [25] observed the separation around an airfoil trailing edge
in SST-DES results more upstream than that by SST-RANS. The
SST-DES is thus seen to give what is called “grid induced separ-
ation.” To prevent this unwanted separation, a shield function was
used to disable the LES mode in the attached boundary layer. The
modified version of SST-DES is named as SST-delayed-DES, or
SST-DDES in short. The present authors also observed the horseshoe
separation before the Rood wing–body junction [26] and the vortex
breakdown past a wing–fuselage at a moderate angle of attack [27]
with SST-DES more upstream than those of measurements and
URANS. When SST-DDES was applied to calculate the preceding
two cases, significant improvements in the mean pressure coeffi-
cients, velocity profiles and Reynolds stress profiles were achieved.

B. Low-Dissipation Numerical Schemes

Another noticeable issue is the numerical dissipation associated
with the discretization scheme for the convective terms of NS
equations adopted in the computation. Large numerical dissipation is
likely to contaminate and even overshadow the physical viscosity. In
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that case only very large-scale unsteady vortices can be resolved and
most of the small scale turbulence structures are eliminated by the
numerical dissipation. This numerical issue has not be fully
recognized, however, there are still plenty of references exhibiting
results obtained with the DES-type methods coupled with some low-
order upwind schemes even in the very recent years. But more and
more people now realize the deficiency of the upwind discretization
scheme and make very good effort in eliminating the negative effect
of the numerical dissipation to provide accurate numerical results.
Three types of efforts can be classified as 1) increasing the
discretization order of the scheme, 2) reducing the numerical
dissipation, or 3) both:

1) Xiao and Fu [28] investigated three types of afterbodies in an
attempt to highlight the influences on drag reduction using SST-DES
with fifth-order weighted essential nonoscillatory (WENO) inter-
polation based on the approximate Riemann solver of the Roe
scheme. Wang et al. [29] investigated the nonlinearity of the fluid–
structural interaction with SA-RANS and SA-DES through a low-
diffusion total energy-convective upwind and split pressure scheme
with the fifth-order WENO scheme.

2) Bui [30] reduced the dissipation of the upwindRoe schemewith
third monotone upstream-central schemes for conservation laws
(MUSCL) interpolation by multiplying a small constant (�), ranging
from 0.03 to 0.05, to calculate the fully developed turbulence in a
square duct with LES. This approach is simple and easy to imple-
ment, but it is too empirical and lacks physics. If it is applied to
simulate the strong shear layer or flows with strong adverse pressure
gradients, it becomes numerically unstable and easily diverged. Qin
and Xia [31] reduced the numerical dissipation of the Roe scheme in
the sameway to predict the synthetic jetflow. To obtain the balance of
numerical accuracy and stability, the constant� is taken as 0.4,which
is much larger than that of Bui. Yoon and Barnhardt [32] tried to
explore the transition mechanism past a single roughness element
with a combination ofDES and amodified low-dissipationversion of
the Steger and Warming scheme.

3) The natural choice for the numerical scheme of LES and LES/
RANS hybrid approaches is the central-type schemes. However, the
purely central schemes suffer from the numerical instability.
Therefore, high-order central schemes with low dissipation are much
preferred in LES/RANS hybrid models. In fact, the combination of
the central and upwind scheme [23,33], fifth order in space and
second order in time, had been smartly designed to accurately predict
the turbulence. This upwind/central hybrid scheme functions as an
effectively central scheme in the separated regions where DES is
operating in an LESmode, and as an upwind-biased scheme near the
wall (RANS mode) and in the outer irrotational regions.

In this paper, we mainly investigate and discuss the effect of
dissipation of the symmetric total variation diminishing (STVD)
scheme on the turbulence simulation coupled with SST-DDES
methods. Roe scheme with third MUSCL interpolation is applied to
compare with the other two STVD schemes with constant (0.12) and
adaptive dissipation dependent on the flow.

II. Spatial Schemes with Low Dissipation

When LES is applied to simulate turbulent flows, the numerical
dissipation should be low enough with very fine grid resolutions to
resolve the appropriate turbulence scales. High-order central

schemes are frequently used; however, they often suffer from
spurious oscillations with coarse grids at the far-field boundary and
near thewall where the upwind scheme or relatively large dissipation
may be required. In the present work, three spatial schemes, the
central/upwind hybrid scheme, the upwind scheme with simple and
direct dissipation reduction, and the modified STVD with con-
trollable dispersion and dissipation errors, are compared and
analyzed in the similar formulations.

A. Central/Upwind Hybrid Scheme

Strelets [23] and Travin et al. [33] proposed a central/upwind
hybrid approximate inviscid scheme; it can be given as

Fi�1=2 � �1 � ��Fcentral;i�1=2 � �Fupwind;i�1=2 (1)

where F is the inviscid flux; Fcentral;i�1=2 and Fupwind;i�1=2 denote,
respectively, the central (fourth-order) and upwind (third- or fifth-
order) approximation of inviscid flux, which are easily constructed;
and parameter � is a blending function. This function becomes its
maximumvalue of 1.0, resulting in an “almost upwind” scheme, near
the wall where RANS mode acts and in the irrotational region of the
flow to guarantee stability of the scheme with the coarse grids. It is
close to zero in the LES region, resulting in an “almost central”
scheme to well resolve the small scale of turbulence structures.

1. Formulation of Blending Function �

Here, the construction of the blending function is crucially
important for accurate simulation of turbulence. In the original
formulation of Strelets [23] and Travin et al. [33] some typographical
errors are found; after careful analysis and comparison with relevant
[34], the modified blending function is given as

�� �max tanh�ACH1� (2)

where A� CH2 �maxf�CDES�=Lturb=g � 0:5	; 0g, Lturb � ��vT�
vL�=�C3=2

� K�	1=2, K �maxf�� ~S2 ��2�=2	1=2; 0:1��1g, � � Lnond=

U0, g� tanh�B4�, and B� CH3 �� �max��; ~S�=max�� ~S2�
�2�=2; 10�20	. The constants are given as: �max � 1, CH1� 3,
CH2� 1, and CH3� 2; CDES is recalibrated in our in-house code
UNITs (which stands for “unsteadyNavier–Stokes equation solver”)
and determined in the well-established case of decaying isotropic
turbulence (DIT). The values are given in Sec. V.� is the grid length
scale defined as ��max��x;�y;�z�. �� �2WijWji�0:5 and
~S� �2SijSji�0:5, where Sij � �@ui=@xj � @uj=@xi�=2 and Wij�
�@ui=@xj � @uj=@xi�=2.

2. Analysis of Blending Function �

As shown in Eq. (2), the blending function is in the hyperbolic
tangent form; tanh�x� roughly reaches one when the independent
variable x is about two, shown in Fig. 1.

In the irrotational region, where ~S can be significant while � is
very small, variable B becomes a very small value and the variable g
will also be small. Thus, the variable A becomes very large and the
blending function � reaches one. In this case, the central/upwind
scheme acts as an upwind one.

X

Y

0 2 4 6 8 100

0.5

1

1.5

2

y=tanh(x)

Fig. 1 The property of y� tanh�x�, the snapshot of the function � (middle) and the modeled eddy viscosity (right).
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In the separation region, � and ~S are in the same order of
magnitude, variable B4 will be likely greater than two, and the
variable g then goes to one. ThevariableA is here only determined by
grid scale �CDES�� and turbulence scale. In the separated region
dominated by turbulence, the eddy viscosity is very significant,
indicating that the turbulent scale Lturb is very large as compared to
the grid scales, which are very small. Therefore, the ratio of
�CDES��=Lturb will be less than 0.5. The variableA is here very small
and negligible. The central/upwind scheme acts as a central one.

Near the wall, � and ~S are very large and have the same order of
magnitude. The variable A is dominated by the ratio of the grid to the
turbulence length scales. In fact, the grid scales are much larger than
the turbulence scales, causing thevariableA to be large. The blending
function �will then be unity and the central/upwind scheme converts
again to the upwind one.

As shown in Fig. 1, the function � approaches zero in the
recirculation region where the flow is dominated by turbulence and
the scheme acts as in the central mode. Conversely, in the near wall
and in the irrotational region, the blending function � is close to one
and the scheme is practically the upwind model.

B. Modified Roe Scheme

The inviscid flux of the Roe scheme is given as

Fi�1=2 �
1

2
�F�qL� � F�qR�	i�1=2 � � 


1

2
j ~Ainvj�qR � qL�i�1=2 (3)

where qL and qR are the original variables at the left- and right-hand
sides of the interface � �i�1=2 reconstructed by third-orderMUSCL or

fifth-order WENO [35] interpolation; ~Ainv is the matrix of Roe
averaged. In the original Roe scheme, the parameter� is taken as one.

To reduce the dissipation of the upwind scheme effectively and
directly, parameter � is taken as 0.03–0.05 [30] and 0.4 [31],
respectively. If we rearrange the flux and dissipation terms of Eq. (3),
it can then be written as

Fi�1=2 � �1 � �� 

1

2
�F�qL� � F�qR�	i�1=2 � � 


�
1

2
�F�qL�

� F�qR�	i�1=2 �
1

2
j ~Ainvj�qR � qL�i�1=2

�

� �1 � �� 
 1

2
�F�qL� � F�qR�	i�1=2 � � 
 Fupwind;i�1=2 (4)

From the preceding equation, the modified low-dissipation Roe
scheme looks very similar to the central/upwind scheme in Eq. (1).
The only difference is the flux of the central scheme. In fact, this
scheme introduces slightly more dissipation than that in Eq. (1),
because the left and right fluxes at the interface are achieved with the
upwind-biased interpolation.

C. Modified STVD Scheme

The STVD-type scheme was originally proposed by Yee et al.
[36]. The idea of STVD is to combine the high-order symmetric
difference schemes with relatively lower-order dissipation terms to
yield better accuracy. Because STVD is spatially symmetric, it has no
inherent dissipation, as does the upwind scheme. In this paper, the
reason for choosing STVD schemes is that this algorithm allows one
to independently control the dispersion and dissipation errors in the
solution [37].

The inviscid flux and the dissipation of the STVD scheme can be
written as

Fi�1=2 � Fsymmetric;i�1=2|��������{z��������}
6th order;symmetric;scheme

� � 
 1

2
j ~Ainvj�qR � qL�i�1=2|��������������������{z��������������������}
5th order;WENO

(5)

where the inviscid flux is in the sixth-order symmetric scheme and
given as Fsymmetric;i�1=2 � �Fi�2 � 8Fi�1 � 37Fi � 37Fi�1 � 8Fi�
2� Fi�3�=60. The numerical dissipation is the original Roe’s

dissipation with fifth-order WENO interpolation. Then, this STVD

scheme can be shortened as S6WENO5. ~Ainv has the similar formu-
lations as in Eq. (3), and qR and qL are obtained through the fifth
WENO reconstruction. The parameter � of the original S6WENO5
scheme is taken as one. In this work, � is taken as not only a constant
(0.12), but also the blending function in Eq. (2).

After comparing Eqs. (1), (4), and (5), the S6WENO5 scheme
contains the symmetric flux with the diffusion terms of the Roe-type
upwind scheme. It does not need to compute the upwind fluxes
(Fupwind;i�1=2) and it keeps the original symmetric flux without a
coefficient of (1 � �). Then, its numerical dissipation is dependent
on flows and its dispersion is controllable.

III. Formulation of the Hybrid RANS/LES
Method: DDES

Here, the fundamental turbulence model is the SST model by
proposedMenter [24]. The detailed formulations are omitted here but
can be found in many references.

To formulate a DES-type hybrid method based on two-equation
k-! models, modification is required in the destruction term in the
turbulent kinetic energy (TKE) transport equation. After introducing
the turbulence length scale, the kinetic energy equation can be
rewritten as

@��k�
@t
�
@�ujk

@xj
� @

@xj

�
��� �k�t�

@k

@xj

�
� �ijSij � ���k!FDES

(6)

where FDES is the hybrid function defined as

FDES �max

�
�1 � FSST� �

Lt
CDES�

; 1

�
(7)

and the turbulence length scale Lt is defined as Lt � k1=2=���!�;
CDES � F1 
 CDES;k-! � �1 � F1� 
 CDES;k-" where the two parts of
CDES should be recalibrated using the users’ own CFD codes. FSST

can be taken as zero, F1 or F2, where F1 and F2 are two blending
functions in SST model. If FSST � 0, the hybrid method reverts to a
Strelets-type [23] SST-DES method. If FSST � F1 or F2, then, this
hybrid approach becomes the delayed-DES method (DDES).
Because of the properties of functions F1 and F2, 1 � FSST

approaches zero near the wall, and the DDES will act in the RANS
mode there. Also, if 1 � FSST becomes one outside of the boundary
layer, DDES goes back to the original Strelets-type DES model.
Thus, DDES can ensure itself to act in the RANSmode near the wall
without the effects on the local clustered grid scales. In other words,
DDES can delay the LES mode in the boundary layer due to the grid
scales, especially the locally refined grids in the streamwise and
spanwise direction for the complex configurations. In this paper,
FSST is taken as F2.

The !-equation and the eddy viscosity definition are the same as
that in the SST model. In the Strelets-type DES approach (i.e.,
FSST � 0), when Lt=�CDES��< 1,FDES � 1, the hybrid method acts
in the RANS mode. When Lt > CDES�, the method acts in the
Smagorinsky LES mode. If the turbulence production is in balance

with the dissipation term, Pk � �vt ~S2 �Dk � �k3=2=Lt, k�
��L2

t
~S2 andLt � CDES�, then, the eddy viscosity can be rewritten as

�t � ����3=2�CDES��2 ~S / �2 ~S (8)

Here, the eddy viscosity is similar to that defined in Smagorinsky’s
model.When the grid is locally refined, the hybrid methodwill act as
in a LES mode.

It should be pointed out that the present DDES (2003) and
Spalart’s DDES (2006) are based on different fundamental turbu-
lence models and the different shield functions. DDES by Spalart is
based on the one-equation SA model, while the present DDES is on
the two-equation SST model. Nevertheless, the two versions of
DDES perform almost the same. The difference and relationship
between versions 2003 and 2006 have been investigated by the
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authors [38] and the shield function has an important influence on
their performance.

IV. Other Numerical Methods

The in-house code of UNITs, which is in a cell-central finite
volume formulation based on multiblock structured grids, is applied
to validate the spatial schemes and turbulence modeling method. A
modified fully implicit lower–upper symmetric Gauss–Seidel (LU-
SGS) with Newton-like subiteration in pseudotime is taken as the
time marching method when solving the NS and the turbulence
model equations. The approach is in a parallel algorithm using
domain-decomposition and message-passing-interface strategies for
the platform on computer clusters.

Because our in-house code is a compressible solver, in order to
capture the shock wave, some limiters are introduced in the original
Roe scheme, shown in Eq. (3), when the original variables of mean
NS equations are reconstructed using the third MUSCL
interpolation. In this paper, the limiter is given in Eq. (9):

�qL�i�1=2 � qi �
1

2
limiter�qi�1 � qi; qi � qi�1�

�qR�i�1=2 � qi�1 �
1

2
limiter�qi � qi�1; qi�1 � qi�

limiter�x; y� � x�y
2 � 2"2� � y�2x2 � "2�
2x2 � xy� 2y2 � 3"2

(9)

where " is a very small constant, about 1 
 10�6.
At the same time, the Radespiel and Swanson [39] entropy fix was

also applied in the convective terms of NS equations to avoid the
unphysical oscillation when the eigenvalues of the NS equations
approach zero at the sound speed and stagnation.

The TKE and specific dissipation rate transport equations are
solved, decoupled with the mean flow equations using LU-SGS
method with subiterations. The production terms are treated
explicitly, lagged in timewhereas the destruction and diffusion terms
are treated implicitly (they are linearized and a term is brought to the
left-hand side of the equations). Treating the destruction terms
implicitly helps increase the diagonal dominance of the left-hand-
side matrix.

The computation of DDES starts from initial flowfields obtained
by solving URANS equations. The time-averaged flow is obtained
through averaging several relatively regular vortex shedding periods.

V. Results and Discussions

In this section, two test cases are applied to explore the effects of
numerical dissipation on the turbulence behavior and flow features.
All the turbulence simulation methods are SST-DDES (2003). The
appropriate spatial scheme in combination with the DDES formu-
lation also in the present workwill be recommended as a result of this
study.

A. Decaying Isotropic Turbulence

DIT [40] is a fundamental test case for the development of
turbulencemodeling and/or numerical techniques as it is the simplest
realization of the turbulent flow. On the one hand, the capability and
quality of LES part in DDES can be evaluated. On the other hand, the
empirical parameter CDES can be recalibrated. At the same time, the
dissipation level of the present in-house CFD code can be evaluated.
To obtain more resolved turbulence, the dissipation level of the
numerical scheme should be reduced effectively wherever LES acts.

1. Calibration of CDES with Fourth-Order Central Scheme

The computational domain contains 323 or 643 uniform cells. The
computation of DIT is established in a cubic domain with periodic
boundary conditions in all three directions to reflect the homogeneity
of the flow.

The spatial scheme used in this calibration is the fourth-order
central scheme without the conventional second-order artificial
viscosity, but a very small fourth-order Jameson-type [41] artificial
dissipation coefficient is introduced [where k0�4� � 0:0001] to
suppress the spurious oscillations. The temporal scheme is the
implicit LU-SGS method with very small nondimensional time
stepping (0.0001 here).

Like Menter’s SST model, the CDES also contains k-! and k-"
branches, which can be calibrated separately. Despite this the k-" part
ismore important than the k-! part for theDIT case. The finalCDES is
coupled by the blending function F1, i.e., CDES � F1 
 CDES;k-!�
�1 � F1� 
 CDES;k-". The calibration procedure of SST-DDES is the
same as that for SST-DES [23].

Figure 2 shows the energy spectra at t� 0:87 and 2.0, compared
with theCDES originally calibrated by Travin, whereCDES;k-! � 0:78
and CDES;k-" � 0:61. If CDES is taken as the Travin’s values, the
present code underpredicts the energy cascade. But ifCDES is reduced
in a manner CDES;k-! � 0:4 and CDES;k-" � 0:3, the computational
results agree the measurements very well. The difference of CDES

reflects the dissipation level of the different CFD code. In the
following test cases, the CDES is taken as the new value calibrated
here. When t� 2:0, both branches of DDES can well predict the
energy cascade, while the results of the k-! branch look a little
smaller than those of the k-" branch. From the comparisons shown in
Fig. 2, we can find that CDES has a relatively small influence on the
energy cascade.

At the same time, 643 cells are applied to predict the DITwith the
same parameter as 323, also shown in Fig. 2. It is found that the dense
grids can perform a bit better and resolve more turbulent energy
spectra in a wider range of wave numbers as can be expected.

2. Comparisons of Spatial Schemes

As we know, it is often difficult to obtain the analytical and
quantitative dissipation when a finite volume formulation is applied
to calculate the complex turbulent flow. However, the effects of
scheme dissipation on the turbulent energy spectra can be qual-
itatively explored through simulating DIT.

Fig. 2 Comparisons of energy spectra at t� 0:87 (left and middle: CDES � 0:4 and 0.3) and t� 2:0 (right).
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Four schemes, such as original Roe schemewith the thirdMUSCL
interpolation, two S6WENO5 schemes with full and 12% original
dissipation, and the fourth central scheme only with fourth artificial
viscosity where k0�4� is equal to 0.0001, are investigated to explore
the effect of the different numerical dissipation on the turbulent
energy spectra. The last scheme can be approximately thought of as
the S6WENO5 scheme with adaptive dissipation, where � ap-
proaches zero in the LES region.

From the results shown in Fig. 3, original Roe scheme with the
third MUSCL interpolation cannot well predict the energy cascade.
Significant difference is demonstrated between the Roe scheme and
measurements. It indicates that this kind of upwind scheme is too
dissipative to predict the resolved turbulence. The S6WENO5
scheme with full dissipation also demonstrated significant dissipa-
tion as compared with the measurements despite its high-order
symmetric scheme with relatively low dissipation through the fifth-
order WENO interpolation. According to Bui [30], the scheme
dissipation can be manually reduced through multiplying a small
coefficient. Because the S6WENO5 scheme owns higher order than
that of Bui, this value is not taken as 0.05 but 0.12. From the
comparisons of turbulence energy cascade, the modified S6WENO5
scheme with 12% original dissipation reduces the gap between the
computation and measurement as compared with the original
S6WENO5 results. However, it still underpredicts the resolved
turbulence energy. But it is nice to see that the high-order central
scheme with an extremely small artificial dissipation satisfactorily
predicts the turbulence energy spectra. It suggests that the
S6WENO5 with adaptive dissipation, almost no dissipation in the
separation region, can also well capture the DIT case.

As we know, the upwind scheme often underpredicts the turbulent
energy spectra at highwave number. At lowwave number, it canwell
predict the turbulence energy. However, from Fig. 3, the turbulent
energy cascades using the three upwind schemes (original Roe,
original S6WENO5, and S6WENO5 with only 12% dissipation) are
much smaller than the measurements even at low wave number. The
reason is as follows:

1) From Fig. 2, the grid density seems to have a relatively small
influence on the energy cascade using the central scheme based on
both 323 and 643 cells. Effects of the grid density using three upwind
schemes, which are original Roe, original S6WENO5, and
S6WENO5 with 12% dissipation, are presented in Fig. 4a. It can be
found that the denser grids perform better. However, the original Roe
scheme also cannot well predict the energy cascade, especially at
highwave numbers even based on 643 cells. The original S6WENO5
scheme performs very similarly with original Roe scheme. Of
course, original S6WENO5 performs a little better than original Roe
scheme due to its higher order reconstruction. Fortunately,
S6WENO5with 12%dissipation canwell predict the energy cascade
at both low and high wave numbers based on 643 cells. It could be

deduced that original Roe and S6WENO5 schemes can also perform
better if the grids become dense sufficient, which leads to the
significant reduction of computation efficiency. The S6WENO5
scheme with 12% dissipation can predict the separation very well
based on appropriate grid density with relatively high computation
efficiency.

2) As mentioned before, our in-house code is a compressible
solver and both limiter and entropy fix are introduced to simulate the
compressibility. Here, original Roe scheme with MUSCL inter-
polation is selected to explore the effects of limiter in Eq. (9) and
Radespiel and Swanson entropy fix on the turbulent energy spectra.
In Fig. 4b, the effects of limiter and Radespiel and Swanson entropy
fix are presented. The original Roe scheme with both limiter and
Radespiel and Swanson entropy fix obviously underpredicts at both
low and high wave numbers. If the limiter is turned off, we find that
the scheme without a limiter can well predict the turbulent energy
spectra at lowwave numbers and it underpredicts the energy cascade
at high wave number. It even performs better than the original Roe
scheme based on 643 cells. If the limiter and Radespiel and Swanson
entropy fix are both turned off, the scheme also well predicts the
energy cascade at low wave numbers and performs much better than
the scheme without a limiter and the original Roe scheme at high
wave numbers, although it still underpredicts the energy cascade at
high wave numbers. Thus, if the original Roe scheme is hoped to
predict themassive separationflow, the limiter and entropyfix should
be turned off, the dissipation should be effectively reduced, and the
grid density also should be large enough.

From the preceding comparisons, the numerical dissipation, grid
scale, limiter, and entropy fix of the spatial scheme have a significant
influence on the energy cascade, while the parameter CDES has a
relatively weak influence.

B. Tandem Cylinders

Flow around TC is a good test case for numerical and turbulence
simulation. The flow is known to associate with complex flow
phenomena like the transition on the two cylinders, separation of
turbulent boundary layer, free shear layer instability, the interaction
of unsteady wake of the front cylinder with the downstream one and
unsteady massively separated flow between the cylinders and in the
wake of the rear cylinder, and so on. The capability of turbulence
models developed and the spatial and temporal methods adapted in
the numerical simulation procedures can thus be fully explored in
terms of the quality of reproducing the complex physics related to
the flow.

TheTC case studied here is the one investigated experimentally by
Jenkins et al. [4,5] andNeuhart et al. [6], which is a standard test case
in the ATAAC project [7] and BANCworkshop [8,9]. The diameters
of the two cylinders are the same. The spacingL is 3:7D. Themesh in

Fig. 3 Validation of the numerical schemes and the effect of the numerical dissipation in the SSTRANS-LES turbulencemodeling in decaying isotropic

turbulence. The k-! part (left) and the k-" part (right).
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this paper is the mandatory mesh in ATAAC, generated by New
Technologies and Services. The total cells in the x � y plane are
about 82,000. To predict the small scale structures, the two-
dimensional grids between the cylinders are almost isotropic (about
0:01� 0:02D). The spanwise domain is taken as three-dimensional
with equal intervals of�z� 0:02D. The overall cells are 12:4 
 106

for the three-dimensional domain. In this paper, almost all the
computations are based on the mandatory grids except the
investigation on the effects of grid density and spanwise computation
domain.

The velocity of freestream is 44 m=s, the Reynolds number based
on D is 1:66 
 105, and the angle of attack is 0 deg. The non-

dimensional time step is 0.01. To obtain high temporal order, about
80 subiterations are applied to converge in a physical time step.

In the present simulations, no-slip conditions were imposed on the
cylinders’ walls. Symmetric conditions were applied on the lateral
sides of the wind-tunnel test section; periodic conditions were taken
in the spanwise direction. At inflow and outflow boundaries, the one-
dimensional Riemann characteristic analysis was employed to
construct a nonreflection boundary condition. “Ghost cells” are
employed to treat all kinds of boundary conditions including the
boundaries of the adjacent zonal domains.

In the following figures it is noted here that the filled triangle
symbol (▲) denotes themeasurement datawhen the rear cylinder has

Fig. 4 Performance of upwind schemes (k-" part).

Fig. 5 History of instantaneous and time-averaged Cd of the front and rear cylinders.
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no fixed trip (Exp.1 for short); the filled circle dot (●) is for the
measurement data when the rear cylinder has a fixed trip (Exp.2 for
short).

1. Histories of Drag Coefficients

Figure 5 presents the histories of the drag coefficient (Cd) on the
front and rear cylinders by S6WENO5 with adaptive-�, where � is
defined in Eq. (2) and it ranges from 0 to 1. The grids are the
mandatory grids. From the mean Cd, we can find that the Cd of the
front cylinder (0.59) is larger than that of the rear one (0.49). How-
ever, theCd fluctuation amplitude of the front cylinder is significantly
smaller than that of the rear one. The flow past the front cylinder
seems relatively “quiet.”This feature is easily understood as the front
cylinder encounters weaker upstream disturbances than the rear one,
which is in the extremely unsteady wake detached from the front
cylinder.

2. Effects of Grid Scale

To explore the effects of grid scale, coarse grids are generated with
almost the same topology of the mandatory grids, shown in Fig. 6.
The coarse grids are about 70% grid points in all three directions
comparedwith themandatory grid required inATAAC. That is, in the
x � y plane shown in Fig. 6, the grid number is about 43,000. The
spanwise domain is taken as three-dimensional with equal intervals
of 0:03D. Thus, the total grid number is about 4:3 
 106 with the
same domain as for themandatory grid. The S6WENO5 schemewith
adaptive dissipation is taken as the spatial scheme.

In this subsection, we briefly demonstrate the effects of grid
density on the mean pressure and velocity, pressure fluctuation, and
instantaneous flow structures, shown in Fig. 7. The detailed analysis
of flow features will be presented in Sec. V.B.4.

From the comparisons of the mean pressure coefficients, both
grids can well match the measurements, while the coarse grid
underpredicts the pressure recovery slightly (Fig. 7a). From the
comparisons of the streamwise velocity in the gap region between
the two cylinders and in thewake after the rear cylinder (Fig. 7b), the
coarse grid results severely underpredict the recirculation behind
the front cylinder but give overprediction for the rear cylinder. The
coarse grids underpredict Cp;rms due to relatively larger grid size
(Fig. 7c). Although the coarse grids can exhibit the small scale
structures, the scales of structures look larger than those of dense
grids through the comparisons of the instantaneous spanwise
vorticity andQ criterion (Figs. 7d and 7e).At the same time, the small
scale structures of the coarse grids look less than those of dense grids.

Then, the computations in the following sections are all based on
the dense grids in the x-y plane.

3. Effects of Spanwise Length

When the periodic condition is applied, the spanwise length is one
of the important parameters. In this subsection, two spanwise
lengths, one diameter and three diameters with the mandatory two-
dimensional grids, are applied to investigate the effects of spanwise
length on the mean pressure, velocity, pressure fluctuations, and
instantaneous flow structures. For the one-dimensional case, 51
points are used in the spanwise direction. The spatial scheme is
S6WENO5 with adaptive dissipation.

From the comparisons of the mean pressure coefficients, the
results of these two grids can well match the measurements. How-
ever, from the comparisons of the streamwise velocity in the gap
region between the two cylinders and in the wake after the rear
cylinder (Fig. 8b), the one-diameter case severely underpredicts the
recirculation behind the front cylinder but gives severe over-
prediction for the rear cylinder. The one-diameter case also
underpredictCp;rms due to relatively small spanwise length (Fig. 8c).
Because of the same two-dimensional grids in the x-y plane, the
instantaneous spanwise vorticities in the one- and three-diameter
cases look similar (Figs. 7d and 7e). The computations in the
following sections are thus all based on the mandatory mesh with
three-diameter spanwise length.

4. Effects of Numerical Dissipation of the Spatial Scheme

In this subsection, three spatial schemes, the original Roe scheme
with the third MUSCL interpolation and two S6WENO5 schemes
with two low-dissipation approaches (parameter � is taken as a
constant and an adaptive function, respectively), are employed in the
computation in exploring the capabilities of these schemes and the
effects of numerical dissipation on turbulence simulations.

In this subsection, if there are no special notes, the solid line
indicates the results of the S6WENO5 scheme with adaptive �
(shortened as A-�), the dash-dotted line indicates those for the
S6WENO5 schemewith constant � (C-� for short, where �� 0:12),
and the dashed line indicates those for the original Roe scheme with
MUSCL interpolation including limiter and entropyfix (original Roe
scheme for short). The contours have the same levels labeled in the
same type of figures.

In addition, all the computations are based on the mandatory grids
with three-diameter spanwise length.

a. Mean Flow. The mean flowfields, such as pressure coef-
ficient on both cylinders, velocity, and spanwise vorticity around TC
are presented as detailed as possible. The time-averaging procedure
is from step 26,000 to step 36,000. This range ensures enough
samples for statistics.

First, the mean pressure coefficients are shown in Fig. 9. On
the front cylinder, fixed trip was applied in both experiments. The
negative peak of Cp of original Roe scheme is much larger and the
separation point occurs more downstream than the measurements
and the other two computations. The fixed trip on the rear cylinder in
experiments results in the difference of Cp. If no trip is applied, the
negative peak of the pressure coefficients is larger, about 0.3. In the
fully separated region, the computational pressure coefficients show
a slight difference. The results by C-� and A-� do not present
significant difference in the pressure distribution on both cylinders.

The comparisons on the streamwise velocity along the two centers
among the three computations and two measurements are presented
in Fig. 10. The reattachment points in the gap and after the rear
cylinder are presented in Table 1. The scheme dissipation has a
distinct effect on the streamwise velocity. The performance of the
A-� approach is the best.

In the gap region, the large dissipation original Roe scheme
suppresses the flow separation behind the front cylinder and the
recirculation is much smaller than that of measurements. The low-
dissipation schemes predicted the streamwise velocity development
along the centerline better although the recirculation is somewhat

Fig. 6 Coarse grids past TC (left: grid topology; right: near-field grids).
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a) Mean pressure coefficients on the tandem cylinder surfaces (Left: front; Right: rear) 
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b) Mean streamwise velocity at the centerline between the cylinders (left) and after 
the rear cylinder (right)
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 (Exp.) 

d) Instantaneous spanwise vortices (Left: dense grids; Right: coarse grids) 

c) RMS pressure coefficients on the tandem cylinder surface (Left: front; Right: rear)

e) Instantaneous Q criterion (Left: dense grids; Right: coarse grids) 
Fig. 7 Effects of the grid density on the quality of the numerical results.
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b) Mean streamwise velocity at the centerline between the cylinders (left) and 
after the rear cylinder (right)
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c) RMS pressure coefficients on the tandem cylinder surfaces (Left: front; Right: rear) 

 (Exp.) 

d) Instantaneous spanwise vortices from 3D (left) and 1D (right) spanwise domains. 

e) Instantaneous Q criterion from 3D (left) and 1D (right) spanwise domains 
Fig. 8 Effects of spanwise domain size on the computational results.
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larger than the measurement. The reason can be attributed to the fact
that the fixed trip in the experiment triggered stronger transition to
turbulence than what is resolved in the present numerical simulation.
The difference between the A-� and C-� approaches is small but the
former scheme appears slightly more satisfactory than the latter one.

In thewake behind the rear cylinder, the fixed-transition trip has an
obvious effect on the recirculation, which is corresponding to those
of Cp (already shown in Fig. 9) and Cp;rms (shown in a later figure).
However, the reason why the recirculation without the fixed trip is

Fig. 9 Mean pressure coefficients on the TC surfaces (left: front; right: rear).

Fig. 10 Mean streamwise velocities at the centerline between the cylinders (left) and after the rear cylinder (right).

Fig. 11 Mean velocity profiles at several streamwise locations.

Table 1 Streamwise coordinates of the reattachment points

along the central line

Region Exp. 1 Exp. 2 Original Roe
scheme

C-� A-�

Gap 1.67 —— 1.00 1.93 1.85
Wake after rear cylinder 4.46 —— 5.12 4.71 4.74
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much smaller than that with the fixed trip is not clear. It should be
deeply investigated in the future. It is encouraging that the low-
dissipation scheme provides the velocity distribution similar to the
measurement data with fixed trips. The recirculation by A-� looks a
little larger than that of C-�.

The velocity profiles at several streamwise locations can reflect the
loss and recovery of theflow in the gap between the two cylinders and
in the wake behind the rear cylinder, shown in Fig. 11.

Corresponding to a relatively larger recirculation behind the front
cylinder by the low-dissipation schemes, the loss in velocity looks
also larger than that of the measurement before the reattachment
point between the cylinders. At the location of x=D� 0:75, the shear
layer by the low-dissipation scheme is obviously much sharper than
the measurements. The possible reason is the insufficient growth of
resolved turbulence. Because of very small recirculation behind the
front cylinder by the original Roe scheme, the flow recovers much
faster than those of the low-dissipation schemes and the measure-
ment. After the reattachment point, small differences occur for all the
three schemes.

In thewake of the rear cylinder, due tomuch larger recirculation by
original Roe scheme, the loss in velocity appears larger than those in
the low-dissipation schemes.

The comparisons of time- and spanwise-averaged streamwise
velocity contours are presented in Fig. 12, together with the modeled
eddy viscosities. The low-dissipationC- andA-� schemes agreewith
the velocity distribution well with the measurement and little

difference exists. However, the modeled eddy viscosities by these
two schemes demonstrate significant difference. The eddy viscosity
by the A-� scheme is much smaller than by the C-� scheme after the
rear cylinder. The original Roe scheme, however, shows distinct
difference on velocity distribution from those of the measurements.
Much smaller recirculation in the gap region and much larger
recirculation in thewake after the rear cylinder are demonstrated. The
modeled eddy viscosity by original Roe scheme in the wake of the
front cylinder also looks much larger than those of the low-
dissipation schemes. Then, DDES with the most dissipative original
Roe scheme performs like theURANSwith very largemodeled eddy
viscosity.

Figure 13 presents the contours of the time- and spanwise-
averaged spanwise vorticity, which can easily reflect the feature of
the shear layer. In the gap region, the shear layer by the original Roe
scheme is much shorter than that of measurements and the other two
computations. However, in the wake after the rear cylinder, the shear
layer is a little longer than that of experiments, which means larger
recirculation. The shear layers by the two low-dissipation schemes
well match the measurement and show little difference, despite that
the shear layer by A-� is a little shorter than that of C-�. In fact, the
computational shear layers by A- and C-� schemes are a little
narrower than that of measurements.

b. Instantaneous Flow. The comparisons of instantaneous
spanwise vorticity are presented in Fig. 14. From the measurements,
very small scale structures are observed in the gap region and in the

Fig. 12 Time-and spanwise-averaged streamwise velocity contours (left column) and modeled eddy viscosity (right column).
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wake after the rear cylinder. Because of its large dissipation, the
original Roe scheme only presents very large structures, just like
Kármán vortex shedding. Almost no small structures are resolved
and demonstrated by the original Roe scheme. Both A- and C-�
schemes can capture the small scale structures similar to the
measurement. However, the numerical shear layers appear a little
longer than that of the measurement. The C-� results demonstrate a
little longer shear layer and a slightly larger coherent structure than
those of the A-�. It indicates that the shear layer instability by C-�
takes place later than that of the measurement andA-�. After the rear
cylinder, more structures are observed by A-� than C-�. This
phenomenon can also be observed from Fig. 15.

In Fig. 15, we can also find that the scales of coherent structures by
A- andC-� schemes are much smaller than those of the original Roe
scheme although all these results are on the same grids and SST-
DDES. The performances ofC- and A-� schemes appear similar and
both of them can capture the small scale turbulent structures between
the two cylinders and in the wake after the rear cylinder. The

distinguishable difference between the C- and A-� results can be
observed in the shear layer region after the front cylinder. Relatively
smaller scale structures and more obvious shear layer instability by
theA-� scheme can be found than those by theC-� scheme. TheC-�
approach cannot demonstrate the detailed fine-scale structures in the
shear layer because its dissipation is manually decreased without any

Fig. 13 Comparison of the mean spanwise vorticity contours from different dissipation approaches with the experiment.

Fig. 14 Comparison of the instantaneous spanwise vorticity contours from different dissipation approaches with the experiment.

Fig. 15 Illustration of the Q criteria around TC with three dissipation approaches.

Table 2 Primary frequency predicted by different schemes

DDES Primary
frequency at
sample A, Hz

PSD at
sample
A, dB

Primary
frequency
at sample
B, Hz

PSD at
sample B,

dB

Original Roe
scheme

197 131 197 136

C-� 169 111 169 135
A-� 169 117 169 138
Experiment 181 118 181 139
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physical mechanism. Therefore, the dissipation has a significant
effect on the flow structures in the shear layer behind the front
cylinder. In the wake after the rear cylinder, the scale of structures by
the A-� scheme is also a little smaller than that by the C-� scheme.
The original Roe scheme cannot well simulate the small scale of
structures. Only two-dimensional large-scale structures in the gap
region and few three-dimensional large-scale structures in the wake
behind the rear cylinder are observed.

c. Pressure Fluctuation. The RMS fluctuating pressure
coefficients (Cp;rms � Prms=�0:5�U2

0�) can reflect the magnitude of
the pressure fluctuation on the cylinder surface. The coefficients of
Cp;rms on the two cylinders are shown in Fig. 16.

On the front cylinder surface, similar with the distribution of Cp,
low-dissipative C- and A-� schemes perform better than that of the
original Roe scheme. The original Roe scheme is more dissipative
with very strong two-dimensional Kármán vortex shedding; the

Fig. 17 History of the pressure and PSD at locations A and B.

Fig. 16 The RMS of pressure coefficient on the TC surfaces (left: front; right: rear).
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pressure fluctuation looks more obvious, leading to much larger
Cp;rms than those of measurements and the two computations.
Because of fully turbulent hypothesis, the values ofCp;rms with high-
order schemes with low dissipation are a little larger than those of the
measurements in the windward side. Near 90 and 270 deg, the
separations from the surface lead to a relatively larger Cp;rms.

On the rear cylinder surface, both C- and A-� schemes can well
capture the primary peak ofCp;rms at 45 deg, which is induced by the
vortex shedding from the front cylinder and the secondary peak from
110 to 120 deg. The original Roe scheme almost cannot present any
secondary peak in Cp;rms. The trips on this cylinder lead to a smaller
and more upstream secondary peak of Cp;rms.

Fig. 18 Comparisons of TKE at the centerline and two streamwise locations.

Fig. 19 Mean TKE (top: exp; bottom: A-�).
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Because the flow is typically unsteady and strongly turbulent, the
history of pressure fluctuation provides power spectral density (PSD)
information illustrated at two samples, one is 135 deg on the front
cylinder (sample A) and the other is 45 deg on the rear cylinder
(sample B), shown in Fig. 17. The primary vortex shedding fre-
quency and corresponding magnitudes are listed in Table 2.

The frequency of the fluctuating pressure at sample A is the same
as that of sample B. However, different schemes deliver different
frequencies. The frequencies of bothA- andC-� schemes are 169Hz,
while the frequency of original Roe scheme is 197 Hz. In fact, the
frequency of the measurement data is 181 Hz.

The magnitude of the pressure fluctuation reflects the dissipation
level of schemes. On the front cylinder surface, original Roe scheme
presents much larger PSD, about 13 dB, than that in the measure-
ment. The A-� approach provides the best performance in PSD
among the three schemes with only 1 dB smaller than that of the
measurement. On the rear cylinder surface, three schemes predict the
similar PSD and only 1–3 dB smaller than that of the measurement.
The main reason can be attributed to the smaller scales of turbulence
near the rear cylinder.

From the comparisons of PSD at sample A and B on both cylinder
surfaces, the maximum noises are generated from the windward side
of the rear cylinder surface, which can reflect the periodical im-
pingement of the vortex shedding from the front cylinder.

5. Turbulence Flowfields Using A-� Scheme

For the distribution of TKE, only the A-� scheme is applied due to
its better performance. The two-dimensional TKE is defined as

TKE� �u0u0 � v0v0�=2U2
o, where we ignore the spanwise compo-

nents due to the periodic condition. SomeTKEprofiles, such as along
the central line and at two streamwise locations, are plotted in Fig. 18
and TKE contours are plotted in Fig. 19.

In the gap region, the computational TKE is slightly more
overpredicted than the measurements. In the wake region behind the
rear cylinder, the TKE is again slightly overpredicted along the
central line but the peak agrees well with the tripped experimental
data. Because of a slightly larger and a little more downstream
recirculation, the TKEs at the two streamwise locations appear also
somewhat larger than those in the measurements. In fact, the present
computational results are similar to the measurements with the fixed
trip on the rear cylinder surface.

From the contours of TKE shown in Fig. 19, the computation
overpredicts the TKE and the maximum of TKE locates slightly
further downstream than the measurements.

6. Instantaneous Flow Structures in a Period

Several instantaneous spanwise vorticities and the isosurfaces of
�2 in a period are presented in Fig. 20. We can see the shear layer
growth, instability, vortex shedding, vortex interaction, vortex
impingement on the rear cylinder, and vortex shedding again from
the rear cylinder. Thesefigures correspond to the points shown on the
lift curve of the front cylinder indicating the flow behavior at the
seven phases. Vortex shedding from the upper and lower surfaces of
the front and rear cylinders alternates but the time-averaged
flowfields are symmetric about the y=D� 0 central line and the time-
averaged CL is zero. From the lift coefficients of the cylinders, the
front one is not synchronous with the rear cylinder.

The seven points or phases shown in Fig. 20a correspond to seven
particular flow states as viewed from the lift curves for both the front
and rear cylinders. Phase 1 and phase 7 indicate that the lift
coefficient of the front cylinder is at minimum (or negative maxi-
mum); phase 2 corresponds to the minimum lift coefficient for the
rear cylinder; phase 3 and phase 6 correspond to the zero lift of the
front cylinder; and phase 4 and phase 5 correspond to the maximum
lift coefficient for both the front and rear cylinders, respectively.

Figures 20b–20h show the flow patterns of these seven phases. It
can be seen clearly that thefine scales of theflow structures have been
properly resolved. The flow from the front cylinder undergoes shear
layer instabilities before breaking into vorticities in the wake. The
shedding is not apparently strong; thus, the level of the lift coefficient

Fig. 20 Illustration of the instantaneous flow structures in one typical

period defined by the lift coefficient CL.
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for the front cylinder is significantly lower than that for the rear
cylinder where vortex impingement and vortex shedding all occur.
The flow pattern at the rear cylinder is very complex. Phase 2 and
phase 5 are basically skew symmetric, though not in the exact sense
for the instantaneous pictures, with vortex shedding occurring from
either the lower or upper side of the rear cylinder giving minimum/
maximum lift, respectively. At a different phase, such as phase 4,
strong vortex impingement on the rear cylinder is evident.

VI. Conclusions

The original Roe scheme with MUSCL interpolation and two
S6WENO5 schemes with constant (�� 0:12) and adaptive
dissipation have been implemented together with DDES to study
the unsteady and massive separation flow around the TC.

First, the parameter of CDES is recalibrated through simulating
DIT using our in-house code UNITs. Four spatial schemes, original
Roe, original S6WENO5 and S6WENO5 with 12% dissipation,
and fourth-order central schemes, are applied to investigate the
effect of numerical dissipation on the turbulence energy spectra.
The results show that the original Roe scheme is the most
dissipative scheme here; S6WENO5 is better; S6WENO5 with
12% dissipation further improved; and the fourth-order central
scheme has the least dissipation and performs best. We can thus
conclude the following:

1) The upwind original Roe schemewith limiter and entropy fix is
not appropriate for the computation ofDIT; it suppresses severely the
growth of isotropic turbulence structures. If both limiter and entropy
fix are turned off, it performs much better.

2) The S6WENO5 scheme with the original dissipation
underpredicts the DIT obviously; its level of dissipation is still
high.

3) The S6WENO5 scheme with 12% of original dissipation
performs better than original Roe scheme and the original
S6WENO5 schemes.

4) The fourth-order central scheme well predicts the DIT and
presents themost satisfactory results. Therefore, to accurately predict
the high frequency and small scales of turbulent structures, the
scheme dissipation should be kept at a minimum level.

5) Fine grid density can perform better, especially using upwind
schemes.

Second, the test case of TC is investigated in detail with original
Roe scheme, S6WENO5with 12% dissipation, and S6WENO5with
adaptive dissipation. At the same time, the effects of grid density and
spanwise length are also investigated. The following can be
concluded:

1) The original Roe scheme is too dissipative to capture the small
scale structures. It provides only very large flow structures, like
Kármán vortex shedding. It results in much smaller recirculation in
the cylinder gap region, larger recirculation behind the rear cylinder,
larger Cp;rms, and higher PSD on the front cylinder.

2) TheC- andA-� schemes can bothwell resolvemost of themean
flow features, such asCp, velocity, shear layer,Cp;rms, and so on. The
difference between the two schemes is not distinct. However, they
have some distinguishable capability to predict the instantaneous
flow futures, such as spanwise vorticity and Q criterion, especially in
shear layer. The A-� scheme offers detailed and small scale turbu-
lence structures in the shear layer behind the front cylinder and in the
wake of the rear cylinder. The shear layer by A-� appears relatively
shorter than that by C-�.

3) The PSDs at sample A and sample B by A-� are in 1 dB
difference from the measurement. The frequency difference is about
12 Hz using both A-and C-� schemes.

In summary,DDES coupledwith theA-� scheme can be applied to
calculate the flow with wide-frequency unsteady and massive
separation flows. It can provide detailed instantaneous turbulent
structures and sufficiently accurate mean flowfields. The differences
between the computations and themeasurements are possibly caused
by the turbulence simulation model itself.
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