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The  aim  of this  paper  is  to  evaluate  the  accuracy,  stability  and  efficiency  of the  overset  grid  approach
coupled  with  the RANS  (Reynolds  Averaged  Navier-Stokes)  model  via  the benchmark  computations  of
flows  around  a stationary  smooth  circular  cylinder.  Two  dimensional  numerical  results  are  presented
within  a wide  range  of  Reynolds  numbers  (6.31  ×  104 ∼  7.57 × 105)  including  the  critical  flow  regime.  All
the  simulations  are  carried  out  using  the  RANS  solver  pimpleFoam  provided  by OpenFOAM,  an  open  source
CFD  (Computational  Fluid  Dynamics)  toolkit.  Firstly,  a grid  convergence  study  is  performed.  The  results
of  the  time-averaged  drag  and  lift force  coefficients,  root-mean  square  value  of lift force  coefficient  and
Strouhal  number  (St number)  are  then  compared  with  the  experimental  data.  The  velocity,  vorticity  fields
verset grid
igh  Reynolds numbers
enchmark  computations

and  pressure  distribution  are  also  given.  One  main  conclusion  is that  the  numerical  solutions  in  regard  to
a  fixed  cylinderare  not  deteriorated  due  to the  implementation  of  the overset  grid. Furthermore,  it can  be
an  appealing  approach  to facilitate  simulations  of  Vortex  Induced  Vibrations  (VIV),  which  involves  grid
deformation.  The  present  study  is  a  good  start  to implement  the  overset  grid  to  solve  VIV  problems  in
the  future.

©  2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

With the development of offshore oil industry in deep sea, the
ecurity of risers becomes increasingly important. As fatigue dam-
ges caused by the VIV of risers play a pivotal role in the design
f the risers [1], a clear understanding of the mechanism of VIV is
ssential to accurately predict the dynamic responses of risers and
or their optimal design. Flow past a stationary smooth cylinder is

 starting point to understand the VIV phenomena.
The flow around a circular cylinder is quite complicated with

he increase of Reynolds numbers regardless of its simple geometry.
he complication of the flow is closely related to the boundary layer,
eparated and reattached shear layer and wake flow. Nowadays,
hese phenomena are increasingly investigated by CFD methods.
enerally, there are three main trends of CFD methods, which
re Direct Numerical Simulation (DNS) [2], Large Eddy Simulation
LES) [3] and RANS [4]. Direct simulations of flows past a station-
Please cite this article in press as: H. Ye, D. Wan, Benchmark computa
numbers by RANS-overset grid approach, Applied Ocean Research (20

ry circular cylinder and a cylinder undergoing forced oscillations
ere performed by Dong and Karniadakis [5]. They increased the
eynolds number up to 10000 by employing a multilevel-type

∗ Corresponding author.
E-mail address: dcwan@sjtu.edu.cn (D. Wan).

ttp://dx.doi.org/10.1016/j.apor.2016.10.010
141-1187/© 2016 Elsevier Ltd. All rights reserved.
parallel algorithm and the physical quantities of the flows were
well captured. The flows around a circular cylinder at supercrit-
ical Reynolds numbers from 5 × 105∼2 × 106 were investigated
by Catalano et al. [6] using LES and a wall function model. The
distributions of mean pressure and overall drag coefficients were
predicted reasonably well at lower Reynolds numbers. However,
the solutions were inaccurate at higher Reynolds numbers. Though
it is widely agreed that DNS and LES can capture more details of
the flow structures than RANS models, the tremendous compu-
tational cost, especially in the cases of high Reynolds numbers,
makes them difficult to meet industrial demands. RANS models
find a balance between the accuracy and the efficiency by properly
modelling of turbulence. 2D flows past a circular cylinder for sub-
critical and supercritical Reynolds numbers were simulated using
RANS by Saghafian et al. [7] by implementing a nonlinear eddy-
viscosity model. The Strouhal number and separation position were
in good agreement with the experiments, while the drag was over-
estimated. The 2D RANS computations of an oscillating cylinder
with low mass-damping were also carried out by Guilmineau and
Queutey [8]. They investigated the vortex shedding in the Reynolds
tions for flows around a stationary cylinder with high Reynolds
17), http://dx.doi.org/10.1016/j.apor.2016.10.010

number range 900–15000, and predicted the maximum amplitude
of vibration. A detailed comparison between the results of RANS
and experiments was conducted by Pan et al. [9]. They revealed
some random characteristics of VIV responses and their influence

dx.doi.org/10.1016/j.apor.2016.10.010
dx.doi.org/10.1016/j.apor.2016.10.010
http://www.sciencedirect.com/science/journal/01411187
http://www.elsevier.com/locate/apor
mailto:dcwan@sjtu.edu.cn
dx.doi.org/10.1016/j.apor.2016.10.010
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Fig. 1. Ove

n the observations. Nowadays, Detached Eddy Simulation (DES)
ecomes increasingly popular. It modifies a RANS model by switch-

ng to a LES calculation in regions where the grids are fine enough
nd is assigned the RANS model of solution near the solid bound-
ries where the turbulent length scale is less than the maximum
rid dimension. Thus this method can accurately predict vortex in
he wake flow, and at the same time, has a relatively low amount of
omputational effort in the boundary layer. Travin et al. [10] calcu-
ated the flows with either laminar or turbulent separation at the
urface of a circular cylinder. The paper revealed that DES was  much
ore accurate than RANS for the cases involving laminar separa-

ion, while the results of DES and RANS were very close in the cases
hen turbulent separation happened.

It is well known that the quality of grid has a great influence on
he numerical solutions. Although high quality structured grids can
e generated easily to study the flows around a stationary cylinder,

t becomes harder to preserve the quality of grids when the motions
f the cylinder are considered. By contrast, the overset grid tech-
ique can be a good choice. One of its major advantage is to keep
he grid quality under large motions of a cylinder. During a sim-
lation, the shape of each component grid is kept, and the body
otions are simulated depending on the relative positions of differ-

nt component grids. In this way, the grid quality can be preserved
egardless of the amplitude of body motions. Many researches have
een conducted using overset grids [11–14].

The purpose of this paper is to implement the overset grid
pproach into RANS simulations and to evaluate its accuracy, sta-
ility and efficiency. Several Reynolds numbers lying in and around
he critical flow regime are considered and the numerical results
re compared with experiments. The present work still stays at a
reliminary stage and the final goal is to study the VIV phenom-
na with the help of the overset grid approach. Additionally, it is
orth noting that the implementation of the overset grids is not

imited to coupling with RANS or any specific turbulence model or
ear-wall treatment. Thus, results better than the present ones can
e expected if overset grid approach is used together with other
dvanced models which can capture the turbulent flow around the
ylinder more accurately.

.  Numerical methods

.1.  Governing equations

All  computations in this paper are conducted with the
Please cite this article in press as: H. Ye, D. Wan, Benchmark comput
numbers by RANS-overset grid approach, Applied Ocean Research (20

ncompressible RANS solver pimpleFoam, which is provided by
penFOAM. Eqs. (1) and (2) are the governing equations.

 · V = 0 (1)
rid layout.

∂�V
∂t

+ ∇ · (�VV) = ∇ · (�eff∇V) + (∇V) · ∇�eff − ∇p (2)

where,  �eff = �(� − �t) is the effective dynamic viscosity, in which
�t is obtained from the turbulence model, which is the k-ω SST
turbulence model [15] in this paper.

2.2. Turbulence modelling

The  k-ω SST turbulence model by Menter [15] is employed. It
combines the advantages of the k-ω SST turbulence model for the
free-stream flow and the standard k-ω turbulence model for the
boundary layer flow. The SST turbulence model employed in Open-
FOAM v2.0.1 is based on a blend of high Reynolds number versions
of k-ε and k-ω turbulence models [16]. It implies that the SST model
is based on the assumption that the flow field is fully turbulent,
and therefore the turbulence model has no damping functions for
low Reynolds number flows. However, as for the Reynolds numbers
considered in this paper, the boundary layer on the surface of the
cylinder transits from laminar to turbulent [17]. Thus, proper wall
functions are needed for the turbulence kinetic energy k, specific
turbulence dissipation ω and turbulent viscosity �t to improve the
numerical results.

2.3.  Near-wall treatments

For  the turbulence kinetic energy k, the kqRWallFunction bound-
ary condition is implemented, which is a zero-gradient condition
of k.

For the specific turbulence dissipation ω, the omegaWallFunction
boundary condition s is used and expressed as Eq. (3).

ω =
√
ω2

vis + ω2
log

(3)

in  which, ωvis and ωlog are ω in viscous and logarithmic regions,
respectively. ωvisand ωlog are expressed as Eq. (4).

ωvis = 6�

0.075(y+)2
; ωlog = 1

0.3�
u	
y+ (4)

For  the turbulent viscosity �t , the nutUSpaldingWallFunction is
chosen. It gives a continuous �t profile to the wall according to
Spalding’s law [11] as Eq. (5).
ations for flows around a stationary cylinder with high Reynolds
17), http://dx.doi.org/10.1016/j.apor.2016.10.010

y+ = u+ + 1
9.8

[
e�u

+ − 1 − �u+ − 0.5(�u+)2 − 1
6

(�u+)3
]

(5)

where  � is Von Karman constant.

dx.doi.org/10.1016/j.apor.2016.10.010
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Table 1
Grids  around the cylinder.

Red Nc Nt Total cell numbers

6.31×104 211 60 96785
1.25×105 211 60 96785
2.52×105 211 60 96785
3.15×105 211 65 97835
5.06×105 211 70 98885
7.57×105 211 70 98885
ARTICLEPOR-1287; No. of Pages 12
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.4. Overset grid approach

The  implementation of the overset grid approach is composed
f two main steps: (1) generating the communicating information
etween different component grids, and (2) executing the flow
olver pimpleFoam using the information obtained from step (1).
oth steps are discussed further as below.

To generate the communicating information requires three sub-
teps. Take the grids in the current work as an example. Three
omponent grids, a background block, a block around the cylinder
nd a transition block, are needed. Firstly, grid cells lying inside the
ylinder, namely outside the computational domain, are marked as
nvalid ones (hole cells); Secondly, grid cells lying inside the over-
apping region between the background and the transition block
r between the transition block and the block around the cylinder
re identified as either donors or fringes depending on the flow
irection of information. Specifically, donor cells provide informa-
ion used for interpolation. The velocity, pressure and turbulent
ariables at the fringe cells are obtained from the interpolation
f the donors. Finally, the interpolation stencils for all blocks are
enerated to determine how to communicate between the blocks.
n interpolation stencil is a list of interpolation weights 
 and
orresponding relation between fringes and their donors. The inter-
olating process of any flow variable � can be expressed as Eq.
6).

 =
∑
i=1


i�i (6)

n  which, � is any flow variable at a fringe cell. �i and 
i is the
ow variable and the corresponding interpolation weight at the ith

onor cell of the fringe cell.
After the interpolation stencils are generated, they are used

hen solving the flow field. Specifically, they are used to assem-
le the linear algebraic equations in different blocks of grids into

 large one. That the cylinder is fixed in the current work means
he interpolation stencils are generated only one time before the
ow field is solved. If the motions of the cylinder are considered,
owever, stencils should be updated in each time step. To imple-
ent overset grids in pimpleFoam, new classes are written within

he code frame of OpenFOAM. The interpolation of any flow variable
an be achieved by calling the member functions of the new classes.
t should be noted that this overset gird approach can be imple-

ented in not only pimpleFoam but also any other solver provided
y OpenFOAM.

.5. Numerical schemes

The  scheme is the first-order implicit Euler scheme [18] for
emporal discretization, and the first-order upwind scheme for the
onvection term. The discretization scheme for the diffusion term
s the second-order central differencing scheme with a coefficient

 = 0.5 taking into account the non-orthogonal correction of the
rids. PIMPLE, which is a combination of SIMPLE [19] and PISO [20]
s employed to decoupling the velocity and pressure. Each time
tep includes several iterations of SIMPLE taking the flow field as

 steady one due to small time step. The PISO algorithm is then
sed to advance the time steps treating the flow field as unsteady.
he linear solver for all flow variables is the overset-version of
eometric Agglomerated Algebraic Multigrid (GAMG) [21] solver.

.  Cases setup
Please cite this article in press as: H. Ye, D. Wan, Benchmark computa
numbers by RANS-overset grid approach, Applied Ocean Research (20

Flows  around a fixed smooth circular cylinder are studied in this
aper. The cylinder has a diameter d = 0.206m, which is consistent
ith the experiments by Wilde et al. [22]. All the computations are
Fig. 2. Layout of the grid without overset.

2D ones neglecting all 3D effects. The diameter of the cylinder is
chosen as the characteristic length and the Reynolds number Red is
defined as Eq. (7).

Red = �Vind

�
(7)

in  which, � is the water density, Vin is the horizontal component of
the upstream velocity and � is the water viscosity.

Six Reynolds number 6.31 × 104, 1.26 × 105, 2.52 ×
105, 3.15 × 105, 5.06 × 105, 7.57 × 105 are considered which
are  in and around the critical flow regime. For all cases, time steps
are chosen to make sure that the Courant number is less than 0.5.
In addition, the residual criterions of all physical quantities are set
to be 1e-3.

Fig.  1 shows the grid layout and the size of the computational
domain, in which N is the number of grid nodes. Three grid compo-
nents are used, which are a block around the cylinder, a transition
block and a background block. The transition and background
blocks are completely orthogonal. In all cases, the dimensionless
wall distance y+ is constrained between 1 and 5. The block around
the cylinder and the transition block are refined to capture the flow
features near the cylinder and in the wake. The background block
is coarsened to decrease the total number of grid cells. In Fig. 1(a),
the flow direction is from left to right. The flow velocity Vin is spec-
ified as the inlet boundary according to the Reynolds number, and
the outflow boundary condition is used at the outlet boundary.
Symmetry boundary condition is assigned to the upper and lower
boundaries.

Specifications of the block around the cylinder and the total cell
number are listed in Table 1, in which Nc and Nt represent the num-
ber of nodes in the circumferential and wall normal direction of the
cylinder in the block around the cylinder. The Nt increases slightly
with the Reynolds number increasing to obtain the proper y+.
tions for flows around a stationary cylinder with high Reynolds
17), http://dx.doi.org/10.1016/j.apor.2016.10.010

Except the cases using the overset gird approach, ones without
using the approach are also conducted for comparison, in which all
numerical schemes are kept the same as in the cases using overset
grids. The layout of the grids is shown in Fig. 2. For cases without

dx.doi.org/10.1016/j.apor.2016.10.010
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Please cite this article in press as: H. Ye, D. Wan, Benchmark comput
numbers by RANS-overset grid approach, Applied Ocean Research (20

verset grids, a grid convergence study is also carried out at first as
 spatial verification using 4 sets of grids. Due to space constraints,
nly the final result that are used in this paper will be presented.
uals at different Red.
ations for flows around a stationary cylinder with high Reynolds
17), http://dx.doi.org/10.1016/j.apor.2016.10.010

The  result is obtained by using the third finest grid, in which Nc
and Nt are 270 and 102, respectively. The total cell number is 0.137
million.

dx.doi.org/10.1016/j.apor.2016.10.010
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Fig. 4. Time histories of CD and CL in

Table 2
Grids  for grid convergence study.

Grid No. 1 2 3 4

Nc 177 211 251 299
Nt 50 60 71 84
Transition 35636 50760 72072 102200
Background 23478 33635 48100 67980
Total 67738 96785 137672 194914

Table 3
Results of the grid convergence study.

Grid No. CD,ave CL,ave CL,rms St

1 1.1369 0.0077 0.8635 0.2372
2 1.1157 0.0053 0.8285 0.2385
3 1.1163 0.0044 0.8378 0.2385

4

4

d
s

S
E

C

i
i
f

t
C

p

4 1.1191 0.0019 0.8459 0.2394
MARIN 1.16 0.0145 0.24 0.19

. Numerical results

.1.  Grid convergence study

For cases with overset grids, a grid convergence study is con-
ucted first using 4 sets of grids at Red = 6.31 × 104. The grid
pecifications are listed in Table 2.

The drag coefficient CD, lift coefficient CL and Strouhal number
t are investigated in this paper and their definitions are shown in
q. (8).

D = FD
0.5�V2

in
A

;  CL = FL
0.5�V2

in
A

;  St = fsd

Vin
(8)

n  which, FD and FL are the drag and lift forces, respectively. A = d
s the projected area of a 2D cylinder. fs is the vortex-shedding
requency.

Table 3 presents the results of grid convergence study, including
Please cite this article in press as: H. Ye, D. Wan, Benchmark computa
numbers by RANS-overset grid approach, Applied Ocean Research (20

he time-averaged values of CD and CL , root mean square (rms) of
L and St.

In  Table 3, the experimental results are also given as a com-
arison. The convergence conditions of CD,ave, CL,rms and St are
 the grid convergence study.

acceptable. Whereas, CL,ave does not show satisfying convergence.
This is mainly due to its small magnitude which makes CL,ave very
sensitive to numerical errors. But the value of CL,ave tends to be zero
with refining the grids. For the variables in Table 3, the deviation
between the result of the coarsest grid and that of the other ones is
large. It is because the poor resolution of the coarsest grid fails to
capture important flow features. In comparison, the results of the
other three grids are very close.

From Table 3 we can conclude CD,ave, CL,rms and St converge with
refining the grid. However, CL,ave does not show a convergence
behavior. Besides, the seemingly best performance of the coars-
est grid requires further investigation. It cannot indicate that the
coarsest grid is the most effective one.

Fig. 3 shows the residual history of all physical quantities. All
other cases show similar converging process and residuals lower
than 1e-3 are achieved by all physical quantities. The sudden
changes of the residuals in some cases are due to a sudden inter-
ruption of power supply of the computing cluster.

Fig. 4 shows the time historical curves of CD and CL for all grids.
Time is nondimensionalized by the vortex-shedding period 1/fs. It
demonstrates that CD and CL reach cyclic steady-state convergence
in all four cases.

Considering a balance of accuracy and computational efficiency,
the second set of grid in Table 2 is selected for all cases. The number
of nodes in the circumferential direction of the cylinder in the block
around the cylinder is slightly increased as mentioned before. The
other two  blocks of grids are kept the same in all cases.

4.2.  CD,ave, CL,ave, CL,rms and St

Fig.  5 presents the time histories of drag and lift coefficients at
all Re numbers. From the time histories of drag coefficients we can
clearly see the drop of drag at the critical Re number. This phe-
nomenon will be further analyzed later. The lift coefficient also has
a very different behavior in different flow regimes. In the subcritical
tions for flows around a stationary cylinder with high Reynolds
17), http://dx.doi.org/10.1016/j.apor.2016.10.010

and supercritical flow regimes, the amplitude of CL is not sensitive
to the change of the Reynolds number. However, in the transition
regime between subcritical and critical regimes, a significant drop
in the amplitude of CL can be observed.

dx.doi.org/10.1016/j.apor.2016.10.010
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Fig. 5. Time histories of CD and CL at different Red.

 CL,ave,
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Fig. 6. Comparisons of CD,ave,

Fig. 6 presents the results of different cases. We  also conduct the
omputations without overset grids. Computations with and with-
ut overset grids are labeled as “overset” and “noOs”, respectively.

n Fig. 6 are also experimental results by Wilde.
The range of Reynolds numbers covers the subcritical, crit-
Please cite this article in press as: H. Ye, D. Wan, Benchmark comput
numbers by RANS-overset grid approach, Applied Ocean Research (20

cal and supercritical flow regimes. In Fig. 6(a), the drag-crisis
henomenon (when Red reaches 3.0∼3.5 × 105) revealed by exper-

ments is not quantitatively predicted by the RANS simulation.
lthough the RANS method averages the flow velocity, the decrease
 CL,rms and St at different Red.

of  drag can still be reflected from the change of mean flow veloc-
ity. Moreover, numerical computations show that the SST model is
capable to capture flow separation to some degree [23–33]. But at
the same time, it may  fail to predict where the separation starts.
Both of these two  reasons lead to results that current computa-
ations for flows around a stationary cylinder with high Reynolds
17), http://dx.doi.org/10.1016/j.apor.2016.10.010

tions can only predict the trend of the drag-crisis but not predict
quantitatively. The numerical results only capture a decreasing
trend of the drag in the critical regime. That “overset” and “noOs”
obtain similar results indicates that the implementation of the

dx.doi.org/10.1016/j.apor.2016.10.010
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Fig. 7. Vx/Vin for � = 0 at Red = 3.15 × 105.

Fig. 8. ωzd/Vin for � = 0 at x‘.

 0 at R

o
w
c
o
f
fl

Fig. 9. CP for � =

verset grid does not violate the numerical solutions. Moreover,
hen Red = 2.52 × 105, which is between the subcritical and criti-

al flow regimes, “overset” obtained a slightly better result than that
Please cite this article in press as: H. Ye, D. Wan, Benchmark computa
numbers by RANS-overset grid approach, Applied Ocean Research (20

f “noOs”. It is also noted that the present numerical schemes per-
orm better in the subcritical flow regime than in the supercritical
ow regime.
ed = 3.15 × 105.

In Fig. 6(b), as the experimental data shows, a large negative
value of CL,ave appears at the critical Reynolds number. It also
indicates that in the supercritical regime, the value of CL,ave turns
tions for flows around a stationary cylinder with high Reynolds
17), http://dx.doi.org/10.1016/j.apor.2016.10.010

smaller with the increase of Red. However, neither of the numer-
ical solutions predicts the change of CL,ave successfully. This may
be because that the turbulence model generates superfluous eddy

dx.doi.org/10.1016/j.apor.2016.10.010
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Fig. 10. Vx/Vin

iscosity dampening out some unsteadiness. Thus, it can further
ndicate that the k-ω SST turbulence model is dissipative.

The effect of instability of the separated shear layer in the crit-
cal flow regime can also be observed in Fig. 6(c). According to the
xperimental results, the intensity of the fluctuation of CL decreases
harply round the critical Reynolds number, and remains low in
he supercritical flow regime. The computational result captures
Please cite this article in press as: H. Ye, D. Wan, Benchmark comput
numbers by RANS-overset grid approach, Applied Ocean Research (20

he downward trend but the magnitude is overestimated at all
eynolds numbers. It should also be noted that “noOs” and “over-
et” obtain similar results in the subcritical flow regime. The similar
 0 by overset.

results  indicate that the overestimation of CL,rms is not due to the
implementation of overset grids. In the supercritical flow regime,
“overset” obtains better results than those of “noOs”. The large devi-
ation between the results of “overset” and “noOs” at this Reynolds
number requires further investigations.

In Fig. 6(d), the computational result predicts St number with a
satisfying accuracy in the subcritical flow regime. However, both
ations for flows around a stationary cylinder with high Reynolds
17), http://dx.doi.org/10.1016/j.apor.2016.10.010

“overset” and “noOs” fail to predict both the sharp increase of St
number at the critical Reynolds number and its relatively large
magnitude in the supercritical regime. The discrepancy between

dx.doi.org/10.1016/j.apor.2016.10.010
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Fig. 11. ωzd/Vin

he results of “overset” and “noOs” is very limited, which justifies
hat the implementation of overset grids does not have a negative
nfluence on the prediction of St number.

In general, the implementation of overset grids does not deteri-
rate the numerical accuracy or stability for all Reynolds numbers

nvestigated in this paper. In the supercritical flow regime, the over-
et grid approach slightly improved the results of CL,rms. It should
lso be noted that the results of “noOs” and “overset” are close, but
Please cite this article in press as: H. Ye, D. Wan, Benchmark computa
numbers by RANS-overset grid approach, Applied Ocean Research (20

he total cell number of “noOs” is about 1.4 times as large as that
f “overset”. It proves one advantage of the overset grid approach
hat it can easily generate high quality grids with relatively less
= 0 by overset.

grid  cells. Moreover, the overset gird approach combines with the
numerical schemes chosen in this paper has a satisfying accuracy
for predicting CD,ave, CL,ave and St in the subcritical flow regime. The
CL,rms predicted by “overset” are slightly better than those by “noOs”
in the supercritical flow regime, but the CL,rms is still overall overes-
timated at all Red. It is promising to use this overset grid approach
together with more advanced turbulence models to predict the flow
characteristics more accurately in the critical and supercritical flow
tions for flows around a stationary cylinder with high Reynolds
17), http://dx.doi.org/10.1016/j.apor.2016.10.010

regimes.

dx.doi.org/10.1016/j.apor.2016.10.010
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Fig. 12. ωzd/Vin in a vortex-sheddi

.3. Velocities, vorticities and pressure

It is well known that to visually inspect the flow field is one
dvantage of CFD. The flow field should be consistent with the
ehaviors of drag and lift forces. Besides, the visualization of the
ow field is also an easy way to check whether the overset grid pro-
ide smooth interpolation between different blocks of grids. Thus,
n this part, snapshots of the flow field at different time instants
nd Red are presented.

A time cycle is chosen to analyze the cyclic behavior of the flow
eld from the angles of the flow velocity, vorticity structure and

he pressure field. The time cycle starts at � = 0corresponding to a
ero lift force and at � = 
/2 the lift force increases to its positive
aximum. The pressure is presented in the form of the pressure

oefficient Cp, which is defined as Eq. (9).

p = p

0.5�V2
in

(9)

n  which, p is the pressure.
Firstly,  Figs. 7–9 show the comparisons of the contours of veloc-

ty, vorticity and Cp for � = 0 between “overset” and “noOs” at
ed = 3.15 × 105. The discrepancies in all three figures are very

imited. Moreover, the interpolating errors in the overlap region
ntroduced by the overset grids are not noticeable and the flow
eld transits “smoothly” between different blocks of grids.
Please cite this article in press as: H. Ye, D. Wan, Benchmark comput
numbers by RANS-overset grid approach, Applied Ocean Research (20

Fig.  10 and Fig. 11 present the contours of the velocity and vor-
icity by the “overset” for � = 0 at all Reynolds numbers. With the
ncrease of the Reynolds number, the separation of the shear layer
s getting more easily observed and the point at which the sepa-
iod at Red = 6.31 × 104 by overset.

ration  occurs is moving upstream. Moreover, the distributions of
the velocity and vorticity are getting more symmetric when Red
falls into the supercritical regime. The narrowing of wake with Red
increasing can also be observed.

The  behavior of the vortex shedding for a shedding period in
“overset” cases for Red = 6.31 × 104 and Red = 7.57 × 105 are pre-
sented in Fig. 12 and Fig. 13. The positive and negative maximum
lift coefficients appear when the maximum vorticity value in the
wake area is also positive and negative, respectively. It agrees well
with the numerical results of other authors [20]. Compared with
the flow field at Red = 6.31 × 104, an earlier separation of the shear
layer appears at Red = 7.57 × 105.

Comparing between Fig. 12 and Fig. 13, the intensity of vorticity
is stronger at Red = 6.31 × 104 than that at Red = 7.57 × 105. The
stronger intensity of vorticity contributes to the larger drag force at
Red = 6.31 × 104. These results can also demonstrate that the over-
set grid approach combined with the present numerical schemes
can well capture some important global flow features in and around
the critical flow regime. However, some finer scales of vorticity,
especially the instability of the shear layer is not fully captured.
It again implies a requirement for other more proper numerical
models.

5. Conclusions
ations for flows around a stationary cylinder with high Reynolds
17), http://dx.doi.org/10.1016/j.apor.2016.10.010

An overset grid approach coupled with RANS, k-ω SST turbulence
model and a set of wall functions are employed to simulate flows
around a stationary smooth cylinder. A wide range of Reynolds
numbers lying in and around the critical flow regime is investi-

dx.doi.org/10.1016/j.apor.2016.10.010
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Fig. 13. ωzd/Vin in a vortex-sheddi

ated. The numerical cases both with and without the overset grid
pproach are carried out. From the comparisons among the present
esults and the experimental data, several conclusions are carefully
rawn:

. The results of the grid convergence study show that, the present
numerical  solutions are very sensitive to spatial resolution. The
combination  of the overset grid approach and pimpleFoam has a
satisfying stability.

. As to CL,rms, the agreement between the results obtained from
“overset” and the experiment data is satisfying in the supercrit-
ical  flow regime. However, a large discrepancy is noted in the
subcritical  flow regime.

. The fluctuation of CL,ave is not captured by the present numerical
results, which may  indicate that k-ω SST generates excess eddy
viscosity.

. The results of drag force and St demonstrate that the present
numerical schemes and models can predict some important
trends in the critical flow regime, including the drag crisis and the
increase of St. However, the present numerical solutions fail to
provide an accurate quantitative prediction of the sharp changes.

. Important global flow features are captured by “overset”.
Whereas, the present numerical solutions are incapable of pre-
Please cite this article in press as: H. Ye, D. Wan, Benchmark computa
numbers by RANS-overset grid approach, Applied Ocean Research (20

dicting  vorticities and instability of shear layers at a very fine
scale.  This can directly cause that the flow characteristics in the
critical  and supercritical flow regimes are not predicted quanti-
tatively.
iod at Red = 7.57 × 105 by overset.

From  the conclusions listed above, it can be seen that the present
rudimentary work demonstrates the accuracy, stability and effi-
ciency of the overset grid approach. When the VIV problems are
further studied, the quality of the overset grids will not degrade,
since any block of the overset grids will not deform as conven-
tional grids. Thus, the overset grid approach can be a more attractive
choice if the motions of a cylinder need to be considered. In addi-
tion, a real riser usually has strikes making the geometric more
complex, which can be easily handled by a set of overset grids.

The  present results also expose the inefficiency of RANS com-
bined with k-ω SST turbulence model and wall functions in
capturing flow features in the critical flow regime. More advanced
turbulence models or wall functions can be considered. In the cur-
rent stage, to implement the overset grid approach with other
numerical models provided by OpenFOAM is available, but further
verification and validation are still needed.
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