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Abstract

In the present study, the turbulent flow fields around a circular cylinder at Re=3.6 x 10°
were investigated based on an unstructured mesh technique, and the comparisons between
URANS(S—A, SST) and hybrid RANS/LES(DES, SAS) methods for the simulation of high
Reynolds number flow have been conducted. For this purpose, unsteady characteristics of
vortex shedding and time—averaged quantities were compared. A quasi—steady solution—
adaptive mesh refinement was also made for the URANS and hybrid RANS/LES approaches.
The results showed that the simple changes in the turbulent length scale or source term of
turbulent models made the flow fields less dissipative and more realistic in hybrid RANS/LES

methods than the URANS approaches.
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Introduction

The flow fields around bluff bodies are of
great interest to a wide range of engineering
applications. Therefore flow around bluff bodies
has been studied by many researchers through
CFDI[1-3] and experimental investigations[4,5].
A circular cylinder is one of the typical
configurations of bluff bodies. The physics of
flow around a circular cylinder is very complex.
At high Reynolds number, the flow pattern is
asymmetric and shows vortex shedding in the
wake region. Additionally, the flow contains
different scales of turbulent structures, which are
called eddies. To capture these eddy structures,
various methods of turbulent simulation such as
URANS, LES, hybrid RANS/LES and DNS have
been previously used. DNS and LES can provide
time accurate turbulent dynamics, but they
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require very large computational costs due to the
fine grid resolution near the solid surface.
Therefore they have not been applied to high
Reynolds number flows in spite of the higher
accuracy. For this reason, URANS has been used
for investigating high Reynolds number flows for
several decades. URANS does not require large
computational resources, but has limitations for
capturing the detailed time variation of fluctuating
eddies properly. To solve the problems related to
URANS, LES and DNS for the simulation of high
Reynolds number flows, hybrid RANS/LES
techniques, which is URANS near the solid
surface and LES for the rest of the computational
domain, have been developed.

In the present study, S—A and SST models
were employed for the URANS approach, and
DES and SAS techniques were employed for the
hybrid RANS/LES approach. The flow fields
around a circular cylinder at Re=3.6x 10° have
been simulated. Unstructured mesh technique
was adopted to model the 3—D configuration
easily and distribute dense cells forcibly and
adaptively in the wake region.
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Numerical Description

Numerical methods

A vertex—centered finite—volume scheme
and an unstructured mesh technique were
adopted to discretize the computational domain.
The inviscid fluxes were calculated by using
2nd—order Roe’s FDS, and the viscous fluxes
were computed based on central differencing. A
dual time stepping method and the Gauss—Seidel
iteration were used for unsteady time integration.

Turbulent models

S-A model [6]
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The last term is the trip term and was
neglected in the present study because the flow
at Re = 3.6 x10° is fully turbulent.

DES [7]

Spalart modified the length scale in the
destruction term of the S—A model to resolve the
turbulent structures properly.
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SST [8]

Menter combined the k—o and k-—e¢
equations in the form of k— o equations.
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The last term of the w—equation is the
cross diffusion term from the combination of k—®
and k—e.

SAS [9

To resolve turbulent structures in
unsteady regions, an additional term was added
to the source term of the w—equation in the SST
model. Eq. (4) is the original form of SAS and
Eq. (5) is the modified form to provide proper
damping at the high wave number end of
spectrum. In the present study, SAS 1 means
the SAS with Eq. (4), and SAS 2 represents the
form in Eq. (5).
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Inflow and boundary conditions

S-A model and DES

Voo =0.lv, was applied at the inflow
boundary, and v=0 was set on the solid surface.

SST model and SAS

w, =10U,_ /L, k, =0.1U2/Re, were applied at
the inflow boundary, and w,=60v/pAd],
k, =0 were set on the solid surface.

Results and Discussion

Unstructured meshes

To discretize the computational domain,
7,586,758 cells, 1,635,230 nodes and 96,652
boundary faces were used as shown in Fig. 1.
The initial thickness of the cell was Y1 = 107° D
and stretched at An+1/An = 1.25 for 30 layers
inside the boundary layer. To capture the
turbulent structures in the detached wake region,
dense cells, which were 6% of the diameter of
the cylinder, were distributed.
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Fig. 1. Computational domain and
unstructured meshes

Unsteady characteristics

For unsteady simulations, a non—dimensional
time step tU_ /D =0.002 was used. Flow around the
circular cylinder of Re=3.6x 10% showed vortex
shedding as in Fig. 2. URANS provided two—
dimensional and regular vortex shedding, but hybrid
RANS/LES provided three—dimensional and
irregular one. From Fig. 2, the URANS approach is
more dissipative than hybrid RANS/LES. Actually,
the eddy viscosity ratio at the symmetric plane in
Fig. 3 shows that the URANS approach gives larger
eddy viscosity than hybrid RANS/LES, and so
prevented generating the 3—dimensional structure.
For the SAS approach, SAS 2 was more dissipative
than SAS 1 because SAS 2 was modified to provide
more damping with the wave number of mesh size.
For URANS approaches, SST model was more
dissipative than S—A model. In Fig. 4, the Strauhal
numbers of each case were 0.25 that was well
matched with the experimental data of St = 0.27[4].

(e) SAS 2

Fig. 2. Instantaneous iso—surfaces of S2—Q2

10000 17500 25000 32500 40000 47500 10000 17500 25000 32500 40000 47500

(a) S-A (b) SST

1500 1800 2100 2400 2700 3000 3300

1500 1800 2100 2400 2700 3000 3300

(c) DES (d) SAS 1

7000 9000 11000 13000 15000 17000 19000

(e) SAS 2

Fig. 3. Instantaneous eddy viscosity ratio( 4, / u) at
the symmetric plane
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Fig. 4. Power spectrum density of lift coefficient

Time-averaged quantities

Unsteady simulation was conducted for 40
non—dimensional time and was averaged from 20
non—dimensional time. The pressure coefficient,
averaged with time and spanwise direction, on
the surface of the cylinder is shown in Fig. 5.
The negative peaks of the present calculations
were smaller than the experiment[5] and other
researcher’s result[9]. This may be caused by
the lack of the number of points in the
circumstantial direction of the cylinder. This
tendency was more magnified in the hybrid
RANS/LES approaches because the momentum
transfer of the hybrid RANS/LES was smaller

than that of URANS due to smaller eddy viscosity.

In Fig. 6, the time—averaged velocity
vectors at the symmetric plane are presented.
The recirculation bubbles can be observed, and
the size of the recirculation bubbles of hybrid
RANS/LES was slightly larger than URANS.

SAS
. Menter(SAS)
L] Exp.(Achenbach)

35 5'0 160 1%0
Azimuth angle {(degs)

Fig. 5. Pressure coefficient distribution on the
surface of circular cylinder

(@) SAS 1

(e) SAS 2

Fig. 6. Time—averaged velocity vectors at the
symmetric plane

Additionally, the magnitude of recirculation was
larger for hybrid RANS/LES. These can also be
confirmed in Fig. 7. In Fig. 7, the first figure
shows that the magnitude of the flow reversal in
the recirculation zone is larger with hybrid
RANS/LES approaches than with URANS
methods. After the recirculation, the time—
averaged streamwise velocity was recovered
slower with hybrid RANS/LES than with URANS
as seen on the second figure because of the
strong irregularity of the flow fields with hybrid
RANS/LES.

In Fig. 8, it is shown that the time—
averaged
(<u'u'>+<v'v'>+<w'w'>)/U? becomes larger on

turbulent kinetic energy

the streamwise centerline than surroundings.
Table. 1 shows the location of the maximum
turbulent kinetic energy for each approach.
Hybrid RANS/LES provided a slightly larger
magnitude of the turbulent kinetic energy and the
location of the maximum value of them is at
further downstream than that of URANS.

From Fig. 9, it is shown that the time-—
averaged turbulent kinetic energy was dominated
by the transverse component <w'w'> /U2 .
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Fig. 8. Time—averaged turbulent kinetic energy at the symmetric plane
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Table 1. Location of maximum turbulent kinetic energy

S-A DES

SST SAS 1 SAS 2

X/D 1.251 1.444

1.318 1.446 1.401

Fig. 10 shows the Reynolds normal stress
in the streamwise direction<u'u'>/U., the
Reynolds normal stress in the transverse
direction<w'w'>/U2, and the Reynolds shear
stress <u'w'>/U. at different downstream
locations X/D = 1.4 and X/D = 3.0. The
streamwise normal stresses were smaller at the
centerline than surroundings. At the downstream,
the peaks were flattened. The streamwise normal
stresses approach zero faster with URANS. It
means that the turbulent fluctuation in the
streamwise direction of URANS was dissipated
faster than hybrid RANS/LES. The maximum
peak of the transverse normal stress was at the
centerline near the cylinder, but the peak moved
out of the centerline at downstream due to the
irregular vortex shedding for hybrid RANS/LES.
The shear stresses were skew symmetric near

the cylinder, and made zero contribution with the
reversal of sign at the wake centerline. This
change of sign was due to the conservation of
angular momentum across the centerline. Further
downstream, the shear stresses were also
reduced to zero.

Solution-adaptive mesh refinement

The quasi—steady solution—adaptive mesh
refinement technique has been applied to reduce
the computational costs of simulation of the
URANS and hybrid RANS/LES approaches. S—A
model was used for the URANS approach and
DES was used for the hybrid RANS/LES
approach. The vorticity was used as the criterion
to define the regions where the refinement would

be necessary.

(a) Initial mesh

(b) First—refined mesh

(c) Second—refined mesh

Fig. 11. Refined mesh and instantaneous iso—surfaces of S2—-02 with S—A model

(a) Initial mesh

(b) First—refined mesh

(c) Second—refined mesh

Fig. 12. Refined mesh and instantaneous iso—surfaces of S2—Q? with DES approach



Numerical Comparisons Between URANS and Hybrid RANS/LES at a High Reynolds Number Flow Using Unstructured Meshes 47

Table 2. The number of cells and nodes for each refinement step

S—-A

DES

Initial mesh

640,287cells, 193,358 nodes

First—refined 2,010,254 cells,
mesh 696,9291 nodes

First—refined 2,054,487 cells,
mesh 676,835 nodes

Second— 4,052,538 cells,
refined mesh 1,015,641 nodes

Second— 4,565,683 cells,
refined mesh 1,102,190 nodes

Table. 2 shows the number of cells and
nodes for each refinement step. Fig. 11 and Fig.
12 show the results of the mesh refinement. Due
to the irregular vortex shedding, the refined
region of the hybrid RANS/LES approach was
broader than that of the URANS approach. As the
refinement proceeds, the shedding pattern was
also changed more dramatically in the hybrid
RANS/LES approach than the URANS simulation.
Fig. 13 shows the pressure coefficient, averaged
with time and spanwise direction, on the surface
of the cylinder. With the URANS technique, the
pressure coefficient was converged on the
second—refined mesh. However it was changed
according to the refinement procedure with the
hybrid RANS/LES approach.
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Fig. 13. Pressure coefficient distribution on the
surface of circular cylinder

Conclusion

In the present study, URANS and hybrid
RANS/LES approaches based on an unstructured
mesh technique have been developed and applied
to simulate the flow fields around a circular
cylinder at Re = 3.6x10°% With hybrid
RANS/LES methods, the vortex shedding was
more irregular than with URANS method and
showed patterns. The
Strouhal number was 0.25 for every case. The

three—dimensional

pressure distribution on the cylinder under—
predicted the peak value for every case, but after
the separation the present calculations were well
experimental data. The
recirculation bubble size behind the cylinder was
larger with hybrid RANS/LES than with URANS.
The time—averaged turbulent kinetic energy was

matched with

dominated by transverse fluctuation and the
maximum values were higher for hybrid
RANS/LES. The locations of the maximum
turbulent kinetic energy were further
downstream for hybrid RANS/LES. The
streamwise normal stress showed higher peak
with URANS, but dissipated faster than hybrid
RANS/LES. Near the circular cylinder, the
transverse normal stress had the maximum value
at the centerline for URANS and hybrid
RANS/LES. However, further downstream, the
magnitude of the transverse normal stress at the
centerline was smaller than surroundings for
hybrid RANS/LES due to the irregular fluctuation
of the shedding vortex.

The results showed the URANS
approaches are more dissipative and show more
regular flow field than hybrid RANS/LES. Similar
patterns were also observed for the solution—
adaptive mesh refinement cases. All differences
between URANS and hybrid RANS/LES
approaches were resulted from the simple
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changes in the turbulent length scale or source
term of turbulent models. These changes made
flow fields less dissipative and more realistic in
the hybrid RANS/LES methods by activating the
destruction term(DES) or increasing the specific
dissipation rate (SAS).
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