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ABSTRACT

Numerical investigation of the effects of boundary conditions and computational domain size on
simulations of a circular cylinder in three-dimensional (3-D) turbulent flow at Re = 3900 has been
conducted using a direct-forcing immersed boundary (DFIB) method. The turbulent flow scales were
simulated using the Smagorinsky model. Two computational domain sizes and three different sets of
boundary conditions were investigated. The results of all the cases were compared against published

literature. The study proved the capability of the selected DFIB

interactions in turbulent flow. It also found that the increase in the size of the computational domain
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thod for investigating fluid-structure

improved the accuracy of the results, especially in the far wake region. Interestingly, switching the lateral
boundaries between periodic and symmetry conditions enabled the numerical simulation to approach

the two different experimental results.

1. Introduction

Numerical simulations of fluid-structure interactions are widely
used in science and engineering and even indispensable in
many research, design and development applications (Wang
et al. 2020; Jang et al. 2019). All numerical studies muygt identify
their region of interest at the outset. Consequently, the size of
the computational domain and the appropriate set of bound-
ary conditions must be selected. Selection of a sufficiently large
computational domain to minimize any non-physical effects of
the numerically imposed boundary conditions is very impor-
tant, while ensuring that the domain size is still feasible with
respect to computational requirements. The boundary condi-
tions themselves have to be applied in a way to ensure the
physical integrity of the flow and minimization of any compu-
tational artifacts.

Flows over a circular cylinder are a popular choice for inves-
tigations because while incorporating a simple geometry, they
enable the study of the flow topology around the solid object
and shed light on the nature of boundary layer separation as
well as the wake and the recirculation region. These types of
studies allow general conclusions to be drawn about the suit-
ability of the numerical method adopted for fluid-structure
interactions. Furthermore, owing to their widespread engineer-
ing applications such as industrial chimneys or bladeless wind
turbines, flows over circular cylinders are also important due to
their implications specific to various such applications.

Different aspects of the effects of domain size on numerical
results have been investigated in the past. Tezduyar and Shih
(1991) conducted two-dimensional (2-D) numerical experi-
ments for flow past a cylinder at Re = 100 to study the influ-
ence of the streamwise domain size by varying the location of
the downstream boundary from 2.5 to 25 diameters from the

cylinder center. They found that the downstream boundary
could be placed as close 14.5 diameters from the cylinder
center with no noticeable difference in the observations.
Moreover, even bringing the downstream boundary as close
as 6.5 diameters from the cylinder center only caused very
minor variations in the solution. They used symmetry boundary
conditions (zero normal velocity and zero tangential stresses) at
the lateral ends (with respect to flow direction and cylinder;
neither streamwise nor spanwise) of the computational
domain.

In contrast to Tezduyar and Shih (1991), Behr et al. (1885)
investigated the lateral boundaries in their 2-D study of flow
past a cylinder at Re = 100. They also used symmetry boundary
conditions at the lateral boundaries and tested two different
types of finite element formulations. They varied the lateral
boundary from 4.5 diameters from the cylinder center to 16
diameters and found a dependence of the lateral boundary on
the fluid flow characteristics such as Strouhal number (5t).
However, their chosen computational methods lead to St
higher than the experimental value for smaller lateral distances
and lower than the experimental value for larger lateral dis-
tances, depending on the finite element formulation adopted.

Lei, Cheng, and Kavanagh (20 conducted numerical
experiments to determine the effect of spanwise leq@th of the
computational domain for a three-dimensional (3-D) simulation
of flow past a cylinder and also compared it to their 2-D
simulation. They conducted their study at Re = 1000 and varied
the spanwise length from zero (for 2-D) to six diameters. Their
analysis also included the effect of a turbulence model to
account for the small scale instabilities in the flow. In their
3-D simulations, they selected periodic (cyclic) boundary con-
ditions on the spanwise boundaries and symmetry boundary
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conditions on the lateral boundaries. As expected, they found
that 2-D simulation is not accurate enough for predicting flow
parameters at Re = 1000. This has been documented in the
literature that a 3-D simulation is better suited to account for
the three-dimensional vortical structures leading to improved
results (Mittal and Balachandar 1997). More importantly, Lei,
Cheng, and Kavanagh (2001) observed that even for 3-D flows,
a spanwise length of less than 2 diameters could give an
inaccurate prediction of the flow but more than 2 diameters
spanwise length gave sufficiently accurate results. For further
investigation of the effect of spanwise length of the computa-
tional domain, Labbé and Wilson (2007) conducted a study for a
range of Reynolds numbers from 100 to 1000 with the same
boundary conditions as Lei, Cheng, and Kavanagh (2001). They
considered the spanwise extensions of /2D, nD and 2rD. They
concluded that a spanwise length of about 4 diameters was
sufficient to predict the flow past an infinitely long circular
cylinder for Reynolds numbers of up to 300, whereas an even
shorter spanwise length between /2D and 7D was sufficient
for higher Reynolds numbers. Since they had considered a
range of Reynolds numbers, they also predicted that their
conclusions may be valid beyond their investigated range
exceeding Re = 1000. For the spanwise direction, the impor-
tance of grid resolution has also been confirmed by Breuer
(1998).

Some researchers have also investigated the effect of
domain size on CFD simulations of other cases. For example,
Rezaeiha, Kalkman, and Blocken (2017) investigated the effect
of domain size on CFD simulations of a vertical axis wind
turbine. However, other problems are not as comprehensively
covered in the published literature. Even for flows past a cylin-
der which are the most well-documented, there are only a few
numerical experiments in the literature that have studied the
effect of the size of computational domain and fewer (if any)
that have conducted a detailed comparison of the effects of
using different boundary conditions.

Fluid flows past a cylinder in the subcritical range
(300 <Re <3 x 10°) exhibit a laminar boundary layer separa-
tion followed by a transition to a turbulent wake. For such
flows, Re = 3900 is often used as a benchmark due to the
availability of multiple experimental and numerical studies. A
uniform constant-velocity inlet boundary condition is generally
adopted (Breuer 1998). Downstream conditions are not as
important as long as they do not cause any reflections or
significant disturbances to the flow in the computational
domain, especially when vortices pass through the down-
stream boundary. However, the effect of spanwise and lateral
boundary conditions on the flow past a cylinder could be more
interesting.

Beaudan and Moin (1994) attempted one of the earliest
large eddy simulation (LES) studies of this case. Kravchenko
and Moin (2000) numerically investigated the same case
using a high-order numerical approach based on Galerkin
B — splines method along with a dynamic LES model on an
O-type grid with a selected domain size of 60D x mD.
Periodic spanwise boundary conditions were employed but
details of the lateral boundary conditions were not given.
They compared their results with the earlier experiments by

Lourenco and Shijm (1993) (first published in Beaudan and
Moin (1994)) and Ong and Wallace (1996). Kravchenko and
Moin (2000) have plotted the transverse variation of the
mean streamwise velocity at different x/D locations in the
wake of the cylinder. They have discussed how the mean
streamwise velocity profile changes from a flat-bottomed
U-shaped profile at x/D = 0.58 near the cylinder to a
sharp V-shaped profile at an x/D = 1.54. This phenomenon
is well-docu ted in the literature and it reflects how the
shear layers transition to turbulence in the wake of the
cylinder when the vortex formation tgles place.

The relatively U-shaped results of Kravchenko andgMoin
(2000) for the mean streamwise velocity profile close behind
the cylinder at x/D = 1.06 did not fully agree with the experi-
mental results of Lourenco and Shih (1993). To explain this
difference, they suggested that this difference was due to
some external disturbances affecting the experimental setup
that caused an earlier transition to turbulence in the shear
layers downstream of the cylinder, leading to a shorter region
of vortex formation and the V-shaped profile. However, the
exact nature of such external disturbances and their reasons
were not confirmed.

Parnaudeau et al. (2008) conducted comprehensive experi-
mental and numerical studies for the same case and also
attempted to resolve the previous discrepancy between
numerical and experimental results. Using hot-wire anemome-
try and particle image velocimetry, they conducted experi-
ments to find results that differed from previous experimental
results and displayed a much more prominent U-shaped mean
streamwise velocity profile at x/D = 1.06. For their numerical
simulations, they used an immersed boundary method (IBM)
with LES and periodic boundaries on the lateral as well as
spanwise boundaries of the computational domain. The size
of their computational domain was 20D x 20D x nD. Their
experimental and numerical results were in good agreement
with each other.

Lysenko, Ertesvag, and Rian (2012) also reported results for
gow over a cylinder at Re = 3900 using OpenFOAM toolbox
along with Smagorinsky as well as a dynamic k-equation eddy
viscosity subgrid scale (SGS) model on an O-type curvilinear
grid with a grid size of 50D x mD. However, their results from
the conventional Smagorinsky model (V-shaped) differed
greatly from the results obtained using the dynamic k-
equation eddy-viscosity SGS model, which were U-shaped.

A parametric study for this case was conducted by
Sidebottom, Ooi, and Jones (2015) using different types of
turbulence models, wall models, discretization schemes and
grid resolutions. They used a computational domain composed
of a semi-circular region (of radius 7D) connected to a rectan-
gular region (length 17D) with the overall dimensions of
24D x 14D x nD. The boundary conditions in the spanwise
direction of the cylinder were periodic but the lateral boundary
conditions were not specified. They recommended a y* of less
than 30 as larger values affected the accuracy.

Recently, Pereira et al. (2018) employed Partially-Averaged
Navie'tokes (PANS) equations to investigate the same pro-
blem of flow over a circular cylinder with Re = 3900. They
compared the results for modeling different fractions of the




turbulence kinetic field from 0.15 to 1.0. Their simulation used
the QUICK scheme (Leonard 1979) on a 50D x 24D x 3D grid.
Interestingly, they implemented symmetry conditions on the
spanwise boundaries because they determined in their earlier
work (Pereira, Vaz, and Luis 2015) that neither periodic nor
symmetric conditions could optimally account for the non-
turbulent instabilities in the spanwise direction. Therefore,
they preferred to use the symmetry boundary conditions to
lower the numerical cost of periodic conditions. For the lateral
boundaries, they opted to use zero-gradient (Neumann)
conditions.

The computational domain sizes and boundary conditions
used by the various studies for Re = 3900 discussed above are
given in Table 1. Most researchers have used periodic condi-
tions on the spanwise boundary, except for Pereira et al. (2018).
Not much emphasis is placed on the lateral boundaries as
several published studies have skipped its description.
However, Lei, Cheng, and Kavanagh (2001) (Re = 1000) and
Labbé and Wilson (2007) (Re = 100 — 1000) used symmetry
conditions for the lateral boundary and periodic conditions
for the spanwise boundary, which have not been explicitly
adopted for any of the above studies. The flow parameters
from the studies conducted at Re = 3900 are given in Table 2.

In the present study, we conduct numerical experiments at
Re = 3900 for two sets of computational domains and three
sets of boundary conditions for the spanwise and lateral
boundaries. A description of these cases is given in Table 3.
The objective is to determine if the domain size and the choice
of boundary conditions have any significant effects on the
results. The results are compared with the published literature
to find the optimum configurations from the selected cases.

Table 1. The computational dof8in sizes and boundary conditions from numer-
ical studies in the literature for flow over a circular cylinder at Re = 3900.

Lateral Spanwise
Study Domain size boundaries boundaries
Kravchenko and Moin 300 radius and
(2000)
mD span length - Periodic
Parnaudeau et al. (2008) 20D x 20D x nD Periodic Periodic
Lysenko, Ertesvag, and 25D radius and
Rian (2012)
mD span length - Periodic
Sidebottom, Ooi, and 240D = 140 = nD - Periodic

Jones (2015)

Pereira et al. (2018) 500 x 24D x 3D Zero-gradient Symmetry

Table 2. The flow parameters from published studies for %w over a circular
cylinder at Re = 3900.

Study St iL)/D — {Umin) /U
’urenco and Shih (1993) (experiment) 0.22 1.19 0.24
arnaudeau et al. (2008) @¥periment) 021 151 0.34
Parnaudeau et al. (2008) (LES) 021 1.56 0.26
Kravchenko and Moin (2000) (LES) 021 135 0.37
Lysenko, Ertesvag, and Rian (2012) (LES) 0.9 0.90 0.26
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2. Mathematical and numerical models

An in-house code has been developed in C++ based on the
Finite Volume Method. This code is part of a longer term effort
to simulate moving solid bodies in fluid flow applications, such
as vortex-induced vibration. To model moving solid objects
simply on a Cartesian grid, an immersed boundary method
(IBM) of direct-forcing type is utilized, which will be explained
in detail in Section 2.3. This method has already been used
successfully in the past to simulate flows over multiple cylind-
rical objects (Chern, Hsu, and Horng 2012).

2.1. Governing equations and models

The non-dimensionalized continuity and Navier-Stokes equa-
tions for an incompressible Newtonian fluid are utilized for
development of the code, which can be expressed as follows:

V.ou=0, (M

u 1
—+V- = -Vp+—Vu+f, 2
r_+ (uu) p-i-’qe u+f", (2)

where u, t°, and p represent the fluid flow velocity, time and
pressure, respectively. Reynolds number (Re) is given by
U..D/v, where U, is the inlet velocity, D is the cylinder dia-
meter and v is the kinematic viscosity of the fluid. f* represents
a virtual force applicable to the solid object only, to account for
the direct-forcing.

The governing equations are discretized using the quadratic
upstream interpolation for convective kinematics (QUICK)
scheme (Leonard 1979). The present work uses a staggered
grid to represent the velocities at the faces of the main cell.
The temporal term is evaluated using third-order Adams-
Bashforth scheme. Projection method is used to find the first
intermediate velocity using:

s Ve v)
u =u" + At — Vu—Vuu . (3)
Re
Next, the pressure Poisson equation can be solved in tandem
with the continuity Equation (1) to determine the second inter-
mediate velocity, u™",

u'=u — Vp"Hiat, (4)

Bi-Conjugate Gradient Stabilized (Bi-CGSTAB) method is used
to solve the pressure Poisson equation. Using the second inter-
mediate velocity (u*") and the volume of solid function, n
(calculation of n is described in Section 2.3), the final corrected
velocity can be calculated by solving for the virtual force (f°),

Table 3. The different cases investigated in the present study, differentiated by
their domain sizes and boundary conditions at the lateral and spanwise bound-
aries. All cases had the same inlet (Dirichlet with fixed velocity) and outlet (zero-
gradient velocity) boundary conditions.

Case Domain size Lateral boundaries Spanwise boundaries
Case 1 160 = 120 = 3D Zero-gradient Zero-gradient

Case 2 160 = 120 = 3D Symmetry Periodic

Case 3 160 x 120 x 3D Periodic Periodic

Case 4 24D = 14D = 4D Zero-gradient Zero-gradient

Case 5 24D = 14D = 4D Symmetry Periodic

Case 6 24D » 14D x 4D Periodic Periodic
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with
" = pu™ (1 -, (6)

where u"! represents solid motion velocities, which are zero
for the present case because the cylinder is stationary in all
cases.

Smagorinsky model (Smagorinsky 1963) is used in the pre-
sent study to model the small subgrid scales with a constant
C; = 0.1. The value of C; used in past studies is typically
between 0.1 and 0.2, based on the application. No wall model
was selected for any specific near-wall treatment. This
approach for turbulent flow over a cylinder is in agreement
with the findings of Sidebottom, Ooi, and Jones (2015) who
conducted a parametric study and noted that there were only
small differences in the results from Smagorinsky model and
the one-equation eddy viscosity model. Although they found
that the use of a wall model to improve accuracy in the simula-
tion of near-wall flow had a significant impact on the results not
only near the wall but also several diameters downstream of
the cylinder, the wall model only improved the results for some
characteristics while worsening the results for others.
Therefore, no conclusive benefit was observed from the use
of a wall model and hence, the present study does not
employ any.

2.2. Boundary conditions

The boundary conditions used for the different cases in the
present work are briefly introduced here, mathematically. More
details can be found in Versteeg and Malalasekera (2007). For
all cases, a constant-velocity boundary condition (Dirichlet) is
applied at the inflow with the spanwise and transverse velocity
components set to zero and the streamwise velocity given a
uniform flow profile, i.e.:

Uu=U..v=w=20. (7)

At the outflow boundary in all cases, zero-gradient boundary
conditions (Neumann) are applied for all the velocity compo-
nents, i.e.:
ou v dw 0 8
ax  x x
Zero-gradient pressure conditions are applied to all the bound-
aries in all cases, except the periodic boundaries. This implies:

ap
_—= 9
an @
where n signifies the direction normal to the boundary.
For cases where a symmetry boundary condition is used for
the lateral boundary, symmetry plane conditions are applied as:

) 7
=t ov=o. (10)

dy oy

In cases where a periodic boundary condition is used, all the
variables are given values from the second last cell on the

opposite side of the computational domain. For example, in
the z-direction:

¢J'._J'.0 - ¢J'._J'.n, 1 and ¢J'._J'.n, - ¢J'._J'.‘I d “ ”
where ¢ represents any variable, subscripts i andj represent the
indexes in the x- and y-directions, and subscript n; represents the
index of the last cell in the z-direction (the spanwise direction
assumed in this study). For the velocity component in the axis
direction of the boundary considered (w velocity for the example
of z-direction axis given above), a slightly different indexing is
necessary to account for the staggered grid selected in the
current work. Moreover, no-slip boundary condition is assumed
at the cylinder surface. The choice of the set of boundary condi-
tions for various cases is described in Section 2.4.

2.3. Direct-forcing immersed boundary method

The present work uses direct-forcing immersed boundary
(DFIB) method to model the interactions between fluids and
solids. The approach discussed below has been successfully
used in earlier works for various problems involving the circular
cylinder (Chern et al. 2014, 2015, 2018).

A variable n is used to distinguish between the cells occu-
pied by fluid and solid in the computational domain, which
represents the volume of solid (VOS). A value of n = 1 indicates
a cell completely occupied by the solid, whereas n = 0 repre-
sents a cell completely occupied by the fluid. Figure 1 repre-
sents the details of this concept where Figure 1(a) describes the
steps of the algorithm for determining n and Figure 1(b) shows
the representation of n on the computational domain.

The present work utilizes a subgrid method to further refine
the calculation of n to determine a precise solid boundary,
without the need to use a finer computational grid. This
method can be described with respect to Figure 1(a,c)

From Figure 1, Dy, is the distance measured from the
cylinder center to the computational grid cell center (ignoring
the spanwise direction). When D,, , is greater than the cylinder
radius, R, the VOS is zero and vice versa. However, when the
difference between D,, , and Ris less than half the diagonal of a
cell, then, the cell could lie at the boundary between the solid
and the fluid. This is where subgrid method should be applied.

In the subgrid method, the cell is divided further into sub-
grids (50 subgrids are used in the present study) and the same
algorithm earlier used for Dy, ,, is now used for d;;, which is the
distance measured from the cylinder center to the subgrid
center. If d;; is larger than R, then another variable representing
VOS of the subgrid cell, £ = 0 but if dj; is smaller than R, then
£ = 1. For every grid cell where the subgrid method is applied,
the average of all the subgrid cell VOS (£) is determined, which
is equated to the overall cell VOS, n. Figure 2 shows the refined
cylinder profile that can be achieved using the subgrid method
without any modification of the main computational grid.

2.4. Details of the cases and other numerical information

In this section, we discuss the choice of the computational
domain sizes and the boundary conditions, the selection of
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Figure 1. Description of the subgrid methed and the algorithm to determine n; (a) flow chart describing the steps in calculation of volume of solid (VOS); (b) illustration

of grid cells to define n; (c) illustration of subgrid cells to define £

the grid sizes and the grid independence test. Finally, the
computer hardware used for the present study is described.

The computational domain for the present work is pre-
sented in Figure 3 with the labeled distances listed in Table 4.
Two different sizes of computational domains were selected for
comparison and each of them was tested with three sets of
boundary conditions, as stated in Table 3.

Tezduyar and Shih (1991) carried out 2-D numerical experi-
ments for flow over a cylinder to find that the downstream
boundary could be fixed 14.5D away from the cylinder. They
also found that even when the downstream boundary is brought
closer to the cylinder up to only 6.5D away from the cylinder, the
effect on the results is very minor. Although their analysis was
conducted for Re = 100, other researchers have also adopted
similar downstream distances for different Reynolds numbers.
Labbé and Wilson (2007) used 15D for comparing over a range of
Re from 100 to 1000. For Re = 3900, Paraudeau et al. (2008)
used 15D and Sidebottom, Ooi, and Jones (2015) used 17D for
the downstream distance. Therefore, we have opted to use 17.5
for the large domain cases. For the small domain, we selected a
downstream distance of 9.5D, which is still greater than the 6.5D
distance suggested by Tezduyar and Shih (1991) that caused
only minor changes in results at Re = 100.

Past numerical studies at Re = 3900 for cuboid computa-
tional domains have been conducted with upstream dis-
tances of 5D (Pamaudeau et al. 2008), 7D (Sidebottom, Ooi,
and Jones 2015) and 10D (Pereira et al. 2018). Both cases in
this study have used an upstream distance of 6.5D.
Therefore, any difference in the results is not due to the
influence of the upstream distance, which has not been
investigated further.

The selected lateral distance for the cuboid computational
domains varies widely in the literature. Pereira et al. (2018) used
24D, Parnaudeau et al. (2008) used 20D, whereas Sidebottom,
Ooi, and Jones (2015) used 14D as the lateral length of the
cuboid domain. In this work, a lateral distance of 14D has been
selected for the large domain and 12D for the smaller domain
to investigate its influence.

The most popular choice for the spanwise domain length in
the numerical studies conducted at Re = 3900 is 770, which was
used by Kravchenko and Moin (2000); Parnaudeau et al. (2008);
Lysenko, Ertesvag, and Rian (2012); Sidebottom, Ooi, and Jones
(2015), although Pereira et al. (2018) used 3D. Therefore, a
spanwise distance of 3D has been chosen for the smaller
domain and 4D for the larger domain to incorporate the effect
of both of these choices while ensuring that the larger domain
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Figure 2. Comparison of the cylinder profiles without sub-grid method (top) and with sub-grid method (bottom).

Table 4. Values of the distances shown in Figures 3 and Figures 4 for the two sets
of computational domain sizes used in this study.

Distance Small domain Large domain
cases 1,2, and 3 cases 4, 5, and 6
X 6.50 6.50
X2 9.50 17.5D
il &b D
¥a ] D
7 3D 4D
Xs 3D 3D
Xp 5.5D 5.5D
Xp 7.5D 15.5D
¥s 40 4D
o 4D 5D
¥ 40 5D
e —
P
)é
e
u‘—h H——
R — Y
y D
> X
g4 /{
P T .
Xi Rl

Figure 3. Computational domain in the present study. The flow is in x-direction
(streamwise), y-axis is the lateral (transverse) direction and the cylinder axis
(spanwise) is in z-direction. Values of the distances are listed in Table 4 for each
of the two domain sizes.

exceeds the commonly used value to minimize any non-physi-
cal effects it may have on the results.

For each domain size, three sets of boundary conditions have
been tested. The inlet and outlet boundary conditions are the
same for all cases, as described in Section 2.2. Based on the
precedent of Lei, Cheng, and Kavanagh (2001) and Labbé and
Wilson (2007), a symmetry boundary condition for the lateral
boundaries and a periodic boundary condition for the spanwise
boundaries was selected for a set. Another set of boundary con-
ditions was based on the choice of Parnaudeau et al. (2008) who
adopted periodic boundary conditions at both the lateral and
spanwise boundaries. A simple zero-gradient boundary at the
lateral and the spanwise boundaries was chosen as the third set
for comparison.

For all of the cases, a finer grid was applied around the
cylinder and immediately behind the cylinder, as shown in
Figure 4 with the relevant distances listed in Table 4. y* = 20
was selected because Sidebottom, Ooi, and Jones (2015) found
that the accuracy was affected at y* >~30. For the coarser grid
away from the cylinder in x- and y-directions as well as the z-
direction (uniform grid is used in z-direction), grid indepen-
dence tests were conducted for each of the domain sizes by
varying the number of cells. The results of the grid indepen-
dence test are presented for both domain sizes in Tables 5 and
6. Based on these results, the number of grids listed as ‘med-
ium’ were selected for each of the domains due to the relatively
small variation in the value of (uy;,} for each case when the
number of grids is increased to the ‘fine’ level.

As discussed, this study was conducted using an in-house
solver developed in C4++. The solver was parallelized using




Table 5. Grid independence test results for the small domain.

Grid Mumber of grids — {Umin) /U
Coarse 135,000 0.154
Medium 884,000 0.241
Fine 1,330,000 0.273
Table 6. Grid independence test results for the large domain.
Grid Number of grids — {Umin) /U
Coarse 270,000 0.225
Medium 1,500,000 0223
Fine 2,240,000 0223

OpenMP. The numerical simulations were executed on a cluster
consisting of Dell T630 workstations, each having 20 cores of
the type Intel Xeon CPU E5-2650v3 (2.30 GHz).

3. Results and discussion

All the results in the present work have been averaged over a
large number of timesteps (except where stated explicitly).
Franke and Frank (2002) investigated flow over a circular cylin-
der at Re = 3900) using a finite volume code for the compres-
sible Navier-Stokes equations and recommended averaging
times longer than tU../D = 200. Therefore, in this work, aver-
aging for the results starts from tU../D = 300 to 600 for all the
cases (including the grid independence tests). Since simple
uniform initial conditions throughout the computational
domain were used, the results earlier than tU.. /D = 300 were
ignored to avoid the initial perturbations.

3.1. Strouhal number and recirculation region
characteristics

The recirculation region characteristics have been averaged
over time, as described above, as well as in the z-direction.
Table 7 compares the Strouhal number (5t), the normalized
mean recirculation length ((L,}/D) and the normalized mini-
mum mean streamwise velocity ( — (Umin}/Ux) at the center-
line for the various cases in the present study with published
literature.

In this work, the Strouhal number has been evaluated using
Fast Fourier Transform (FFT) of the v-velocity component at
1.06D downstream of the cylinder in the center of y- and z-
planes. The 5t number matches the earlier experimental and
numerical studies for all of the cases. This shows that even the
smaller domain correctly captures the frequency of vortex
shedding and the different sets of boundary conditions tested
do not have much effect on the 5t number.

For the small domain cases, (L,) and — {uy,,) are generally
within the range of published results, though (L.} for case 2 is
slightly larger than 1.56, which was reported by Parnaudeau et
al. (2008). The recirculation length occurs immediately down-
stream of the cylinder and — (Umin} also occurs only in the
recirculation region. Since the small domain encompasses this
region completely, its ability to correctly predict such flow
characteristics of the recirculation region is possible.
Symmetry boundary condition on the lateral boundaries (case
2) appears to increase (L) whereas periodic boundary
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condition on the lateral boundaries (case 3) gives a smaller
value of (Umin} for the smaller domains, though still within the
range observed in published results.

Analyzing the results for the larger domain cases, only case 5
with symmetry condition on the lateral boundaries and peri-
odic condition on the spanwise boundaries can approach the
published results for both (L,) and (Ui}, though (U} is
slightly higher. This suggests that perhaps the correct selection
of boundary conditions is even more important when the
computational domain size is larger.

3.1.1. Velocity fluctuations

The time histories of individual components u, v and w for
every case throughout the simulation at 1.06D downstream of
the cylinder in the center of y- and z-planes is shown in Figure
5. Case 1 using a small domain size with zero-gradient lateral
and spanwise boundaries fails to maintain three-dimensional
turbulence throughout the simulation as the w-velocity fluctua-
tions reduce to almost zero after the initial perturbations and
the v-velocity fluctuations become quite large. This could mean
that the zero-gradient boundary conditions are not adequate
for accurately simulating turbulent flow for the smaller domain
size. Also, for the smaller domain, periodic boundary conditions
on both lateral and spanwise sides in case 3 lead to higher v-
velocity fluctuations than case 2, where symmetry boundary
condition is set on the lateral sides.

Case 4 with zero-gradient boundary conditions for the larger
domain shows velocity fluctuations quite different from case 1,
which had the same boundary conditions but with a smaller
domain size. The velocity fluctuations in case 4 are similar to
those displayed in case 1 for the duration of
tU../D = 120 — 180, before the w-velocity component flat-
tened. Cases 5 and 6 display results similar to their counterpart
cases 2 and 3 for the smaller domain, though the v-velocity
fluctuations are slightly smaller in case 6 than case 3.

The frequency of the transverse velocities calculated using
Fast Fourier Transform (FFT) at 1.060 downstream of the cylin-
der in the center of y- and z-planes is shown in Figure 6. It
should be noted that some of the turbulence displayed by
these frequencies may not be real and could be induced due
to the effect of the smaller domain size or the boundary con-
ditions, which have caused non-physical Reynolds stresses. The
proper domain size and boundary conditions should not
induce redundant fluctuations. From Figure 6, we notice that
case 1 displays several peaks other than the highest one. The
least fluctuations can be observed for the cases 2 and 5 with
periodic boundary conditions on the spanwise boundaries and
symmetry boundary conditions on the lateral boundaries.

3.1.2. Mean streamwise velocities

The mean streamwise velocities at the horizontal centerline in
the wake of the cylinder for the small and large domain cases is
shown in Figure 7. A quick comparison of the present results for
the small and large domain sizes sh@ivs that the smaller domain
cases are generally more accurate in the near wake region of
the cylinder including the recirculation region, but show non-
physical oscillations after three diameters downstream of the
cylinder.
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Figure 4. A side-view of the grid chosen for the present study. A finer grid is selected around the cylinder (represented by the distances x; and y;) and a courser grid is
adopted for areas away from the cylinder. In the z-direction, the grid is uniform. Values of all the distances are listed in Table 4 for each of the two domain sizes.

Table 7. Comparison of the Strouhal number (5t), the normalized mean recircula-
tion length ({L,)/D) and the normalized minimum mean streamwise velocity
{ — {Umin),/ U..) for various cases in the present study.

Case St {L!}fﬂ — ’:umin.\n’.l"lux
Published studies 0.19-0.22 0.9-1.56 0.24-037
Case 1 (small domain) 0.194 1.247 0.244
Case 2 (small domain) 0.205 1.662 0.241
Case 3 (small domain) 0.197 1.258 0.343
Case 4 (large domain) 0.208 0.817 0.129
Case 5 (large domain) 0.197 1.562 0223
Case 6 (large domain) 0.209 1.042 0.199

For the smaller domain, cases 1 and 3 have lesser accuracy
in the near wake as the position of their (umin) does not
coincide with the previous studies. Case 1 results lie closer
to the published results of Lourenco and Shih (1993) in the
near wake, but in the far wake region it displays widely oscil-
latory behavior. Such oscillations of velocities in the far wake
are also present for the other two smaller domain cases but to
a much lesser extent. The most accurate among the smaller
domain cases is case 2 with a combination of periodic and
symmetry boundary conditions. @ase 2 results in the near
wake coincide with the published experimental and numerical
results of Parnaudeau et al. (2008). However, in the far wake,
the accuracy diminishes.

Another noticeable phenomenon is the gradual reversal of
velocity downstream of the cylinder in cases 2 and 5, which also
occurs in the results of Pamaudeau et al. (2008). This is
observed as a slightly flatter curve which starts behind the
cylinder in this case, as compared to the immediate decline of
the velocity in the other cases. Along with this, the location of
the minimum velocity (Umin} is also different in each aset of

results. This observation indicates the importance of the lateral
boundaries because the only difference of cases 2 and 5 from
cases 3 and 6 is that the first two have symmetry boundary
condition on the lateral boundaries whereas the latter two have
periodic boundary condition on the lateral boundaries. But the
effect they have on velocity downstream of the cylinder is
distinct, especially in the near wake.

For the large domain cases, the most obvious difference is
the marked improvement in the results of the far wake region
with the absence of any oscillations of velocity. Case 5 with a
combination of periodic and symmetry boundary conditions
provides the best results that are quite close to the numerical
results of Parnaudeau et al. (2008) throughout the horizontal
centerline. Therefore, this suggests that the effect of the com-
putational domain size is more pronounced on the far wake
region. For the near wake region among the larger domain
cases, case 6 approaches the experimental results of Lourenco
and Shih (1993) and case 5 approaches the numerical results of
Parnaudeau et al. (2008). This will be discussed further with
respect to the transverse variation of the mean streamwise
velocity in the next section.

Comparing between the small and large domain cases
using Figure 8(a), it can be seen that the smaller domain
cases generally have a lower (Umin} in the near wake and a
non-physical oscillatory behavior in the far wake. However,
the results for cases with periodic boundary condition on
the spanwise boundaries and symmetry boundary condition
on the lateral boundaries are very close to each other,
regardless of the domain size. In fact, in the near wake
region, the smaller domain size is able to provide results
closer to the numerical results of Parnaudeau et al. (2008)
than the larger domain size. This strongly suggests that the
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Figure 5. Time histories of the velocity components u, v and w for each case over the duration of simulation, tU.. /D = 600, at 1.060 downstream of the cylinder in the
center of y- and z-planes.
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Figure 6. Transverse velocity frequencies determined using Fast Fourier Transform (FFT) for the v-velocity component for each case at 1.060 downstream of the
cylinder in the center of y- and z-planes.

combination of symmetry and periodic boundary conditions The mean streamwise velocities at a distance of 1.06D on a
on the lateral and spanwise boundaries, respectively, gen- central 3D transverse line downstream of the cylinder are
erates better results for this problem that are more likely to  shown in Figure 9. The u-velocity curve behind the cylinder
be independent of the domain size. can be seen to have two distinct shapes in the published
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Figure 7. Mean streamwise velocities at the horizontal centerline in the wake of the cylinder for the small and large domain cases, compared with published literature.

literature. The experimental resultg®f Lourenco and Shih (1993)
have a V-shaped curve while the experimental and numerical

sults from Parnaudeau et al. (2008) have a U-shaped curve.
!ravchenko and Moin (2000) have discussed the V-shaped
results of Lourenco and Shih (1993) and attributed their
V-shaped velocity profile to some external influences on their
experimental setup that caused an earlier transition to
turbulence.

It is interesting to note that the cases 2 and 5, with periodic
boundary condition on the front and back and symmetry
boundary condition on the top and bottom, have a distinctly
U-shaped curve, while the other cases have a V-shaped profile.
This indicates that the symmetry boundary condition at the top
and bottom of the computational domain are important in
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ensuring a U-shaped curve because cases 2 and 5 only differ
from the cases 3 and 6 due to the lateral boundaries having
symmetry boundary condition in the former case but periodic
boundary condition in the latter case. Case 5 approaches the
results of Parnaudeau et al. (2008) while case 6 shows good
agreement with the experimental results of Lourenco and Shih
(1993). A similar trend was also observed for the variation of
mean streamwise velocities in the streamwise direction.
Switching the boundary condition at the lateral boundaries
from periodic to symmetry condition can cause the u-velocity
profile to approach the results of Lourenco and Shih (1993) in
the former case and Parmaudeau et al. (2008) in the latter case.
This behavior offers a possible explanation for the deviating
results of Lourenco and Shih (1993). Any factor that influences

(b) 1.5

<u>/Us

Figure 8. Comparison between the small and large domain cases for mean streamwise velocities (a) at the horizontal centerline in the wake of ge cylinder; (b) at

x/D = 1.06 downstream of the cylinder on a 3D transverse line.
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Figure 9. Mean streamwise velocities atx /D = 1.06 downstream of the cylinder on a 3D transverse line for the small and large domain cases, compared with published

literature.

the flow to transition to turbulence quickly can transform the
velocity profile at this location to a V-shape from a U-shape. In
the case of the present numerical analysis, this can be attrib-
uted to the boundary condition at the lateral boundaries. For
the experiment of Lourenco and Shih (1993), it may have been
due to the physical features and the distance of the lateral
boundaries in the experimental setup.

A comparison of the mean streamwise velocity variation in
the transverse direction between the cases of this study, pre-
sented in Figure 8(b), shows that minimal changes are observed
between case 2 for the small domain and case 5 for the large
domain, both having the same boundary conditions. Other
boundary conditions lead to noticeable differences when the
domain size is changed. This proves that periodic boundary
condition on the spanwise boundaries and symmetry boundary
condition on the lateral boundaries minimize the effects of the
domain size in the transverse direction as well as streamwise
direction, as was observed for Figure 8(a).

Figure 10 shows a comparison of the largeggdomain
cases 4, 5 and 6 with the published results of Ong and
Wallace (1996) and Kravchenko and Moin (2000). Case 5 for
the larger domain with periodic spanwise boundary con-
ditions and symmetric lateral boundary conditions is able
to approach the experimental results of Ong and Wallace
(1996) very closely, with better agreement than the results
of Kravchenko and Moin (2000). This proves the earlier
observation in Section 3.1 that among the cases tested in
the present work, case 5 shows the most promising results.

3.1.3. Velocity and vorticity contours

Cases 2 and 5 with the same boundary conditions have shown
good results for both the domain sizes. Their various flow
features are further examined in this section. The instantaneous
contours of u —, v — and w — velocity components in the mid-

y planes for cases 2 and 5 for ten diameters downstream of the
cylinder are shown in Figure 11. These results could be com-
pared with similar results shown by Kravchenko and Moin
(2000) (Figures 2, Figures 3, and Figures 4). The unsteady recir-
culation region can be clearly observed for the u-velocity com-
ponents in both figures, though the unsteadiness is more
distinguishable for the larger domain. The alternating regions
of positive and negative cross-flow (v) velocity components
indicating the vortical structures can also be observed in both
figures. Different sizes of vortical structures are present and the
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Figure 10. Mean streamwise velocities at x/D = 6.0 downstream of the cylinder
on a 30 transverse line, compared with published literature.
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Figure 11. Top-views of instantaneous contours of u — , v — and w — velocities for flow over the cylinder in the xz-plane at the center of the y-axis for the first ten
diameters downstream of the cylinder, for the small-domain case 2 (left) and large-domain case 5 (right). There are 60 contours levels from —1.3 to 1.7 and the solid

black lines represent the contours with zero-velocity.

wake is fully three-dimensional and turbulent. The distance
between the negative and positive alternating velocities
increases in the downstream direction and so does the general
size of the flow structures. But some small scale flow structures
are also present in the downstream part of the flow, as shown
by the spanwise velocity contours. These observations are in
close agreement with the results presented by Kravchenko and
Moin (2000).

Figure 12 shows a comparison of the {u}-velocity contours
around the cylinder for case 2 and case 5, which can be com-
pared with the published results of Pereira et al. (2018, Figure 7)
for modeled turbulence kinetic energy fraction, f;, = 0.15, and
Parnaudeau et al. (2008, Figure 16). Both cases agree well with
each other as well as with the earlier published results. This
proves that using symmetry boundary condition on the lateral
boundaries and periodic boundary condition on the spanwise
boundaries, both computational domain sizes can adequately
resolve the u-velocity components in the immediate vicinity of
the cylinder and the near wake region.

Figure 13 shows a final comparison of the flow structures for
small and large domains, visualized using Q-criterion (Hunt,
Wray, and Moin 1988) with vorticity magnitudes represented
by colored contours. In both cases, the laminar boundary layer
separation followed by a completely turbulent wake can be
clearly ghserved, which is typical of the subcritical flow regime
around a circular cylinder at Re = 3900.

4, Conclusions

Theggffect of computational domain size and boundary conditions
on flow over a circular cylinder at Re = 3900 was investigated.
Two domain sizes and three different sets of boundary conditions

were tested. Strouhal number, the normalized mean recirculation
length, the normalized minimum mean streamwise velocity, time
histories of velocities, velocity fluctuations, mean velocity profiles
in the streamwise and transverse directions and different velocity
contours were used to compare the results with published litera-
ture. The capability of the adopted DFIB method in simulating
fluid-structure interactions in turbulent flogm was proven.

It was found that the domain size has a significant impact on
the results, especially in the far wake region downstream of the
cylinder. It was also noted that the effect of the domain size was
particularly significant for some of the boundary conditions.
However, periodic spanwise boundaries and symmetric lateral
boundaries (cases 2 and 5) minimized the influence of the
domain size, especially in the near wake region.

The boundary conditions were also found to exert a
significant influence on the results with periodic boundary
condition on the lateral and spanwise boundaries leading to
a more V-shaped transverse u-velocity profile at x/D = 1.06.
Whereas symmetry boundary condition on the lateral
boundaries and periodic boundary conditions on the span-
wise boundaries gave a U-shaped profile at the same loca-
tion. Both sets of boundary conditions for the larger domain
had good agreement with two different sets of published
experimental results. Thus, it appears that the type of
boundary condition at the lateral boundaries can also
force an earlier transition of the flow to turbulence in the
streamwise direction, leading to a V-shaped profile. This
suggests that the long-stgliding issue of the contradiction
in experimegital results for velocity profiles at x/D = 1.06 for
Re = 3900 (Kravchenko and Moin 2000; Parnaudeau et al.
2008) could possibly be caused by physical features and
distances of the lateral sides of the experimental setup.
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Figure 12. Side-view of average u-component velocity contours for flow over the cylinder for present study (a) case 2; (b) case 5. These results can be compared with
Pereira et al. (2018, Figure 7) and Parmaudeau et al. (2008, Figure 16).
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Figure 13. Instantaneous flow structures visualized using Q-criterion at value 0.01 for case 2 (top) and case 5 (bottom). The vorticity magnitude is represented using
colored contours.
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Overall, the larger domain with periodic spanwise boundary
conditions and symmetric lateral boundary conditions provided
the best results, though the smaller domain with the same bound-
ary conditions was also able to predict several flow parameters
accurately, especially in the near wake region next to the cylinder.
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