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Prediction of Turbulent Flow
Around a Square Cylinder With
Rounded Corners

Predictions are reported of the two-dimensional turbulent flow around a square cylinder
with rounded corners at high Reynolds numbers. The effects of rounded corners have
proved difficult to predict with conventional turbulence closures, and hence, the adoption
in this study of a two-equation closure that has been specifically adapted to account for the
interactions between the organized mean-flow motions due to vortex shedding and the ran-
dom motions due to turbulence. The computations were performed using oPENFOAM and
were validated against the data from flows past cylinders with sharp corners. For the case
of rounded corners, only the modified turbulence closure succeeded in capturing the conse-
quences of the delayed flow separation manifested mainly in the reduction of the magnitude
of the lift and drag forces relative to the sharp-edged case. These and other results pre-
sented here argue in favor of the use of the computationally more efficient unsteady Reyn-
olds-averaged Navier-Stokes approach to this important class of flows provided that the

effects of vortex shedding are properly accounted for in the turbulence closure.
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1 Introduction

In the field of ocean engineering, floating structures are fre-
quently exposed to currents and wind at high Reynolds number
and are hence subjected to the hydro- and aero-dynamic loads
associated with the turbulent fluid motion. An essential mecha-
nism in the generation of these loads is the reversal in flow direc-
tion of the fluid in the wake of a structure leading to the
establishment of a region of reduced pressure, and a net drag force
leading to drift. Often, the separation is unsteady leading to the
alternate shedding of vortices. Due to the action of vortex excita-
tion, the phenomenon of resonance can occur with consequent
undesirable effects. Thus, the accurate simulation of the flow and
the resulting loads on structural elements of various cross-
sectional shapes are important components in the design and oper-
ation of offshore installations.

The aim of our study is to contribute to the body of knowledge
in this field. The focus is on the prediction of the high Reynolds-
number flows around cylinders that are square in cross section but
whose corners are rounded. The effects of rounding the corners
turn out to be quite substantial and difficult to predict. This is
because, unlike in the case of flow around a cylinder with sharp
corners, the location of the separation point here is not fixed a pri-
ori and hence must be predicted by accurately capturing the bal-
ance of the forces of inertia, friction, and pressure. Bearman et al.
[1] investigated the effects of corner radius on the hydrodynamic
forces on cylindrical bluff bodies that were placed in steady and
oscillatory flows. They found that the value of drag coefficient
was quite sensitive to the effects of rounded corners when the
incident flow was steady and to a greater extent in the case of an
oscillatory flow. Kawai [2] investigated the effects of various cor-
ner modifications (such as corner cut, recession, and rounding) on
the characteristics and patterns of flows past rounded square cylin-
ders and concluded that, of the various modifications tested, the
rounding of the cylinder corners offered the best option for
enhancing the aerodynamic stability of the cylinder via reduction

ICorresponding author.

Contributed by the Ocean, Offshore, and Arctic Engineering Division of ASME
for publication in the JOURNAL OF OFFSHORE MECHANICS AND ARCTIC ENGINEERING.
Manuscript received June 30, 2016; final manuscript received January 18, 2017;
published online April 11, 2017. Assoc. Editor: David R. Fuhrman.

Journal of Offshore Mechanics and Arctic Engineering

of the resulting unsteady forces. Tamura et al. [3] and Tamura and
Miyagi [4] investigated numerically and experimentally the
effects of corner modification on the aerodynamic forces on
square cylinders and observed a decrease in the wake width as
well as the mean and root-mean-square values of the lift and drag
coefficients by about 10%. Similarly, Dalton and Zheng [5], in a
numerical study of the uniform flow past square and diamond cyl-
inders with and without corner modifications, reported that round-
ing the corners of the bluff bodies produced a noticeable decease
in the calculated drag and lift coefficients. Miran and Sohn [6]
numerically studied the influence of corner radius on flow past a
square cylinder at the relatively low Reynolds number Re = 500.
They found that the minimum values of the mean drag coefficient
and the root mean square value of the lift coefficient occurred at a
ratio of corner radius (R) to square side (D) of around 0.2. Jaiman
et al. [7] numerically studied the effect of rounded corner on sta-
tionary and freely vibrating square cylinders at values of Re in the
range100-200, and they too found that rounding of corners delays
the primary separation and with that the forces on the cylinders.
Carassale et al. [8] investigated the influence of corner shaping on
the aerodynamic behavior of cylinders through wind tunnel tests
for two different rounded-corner radii and for values of Reynolds
number in the range 1.7 x 10* to 2.3 x 10°. Their interest was
directed largely to the investigation of the flow behavior as a func-
tion of the angle of incidence, and found that the effects of round-
ing the corners are to reduce the critical angle of incidence for
which the flow reattaches on the lateral surfaces. Ajith Kumar
et al. [9] also experimentally investigated the near wake flow field
of transversely oscillating square section cylinder with different
corner radii by using the particle image velocimetry (PIV) tech-
nique in a water channel. They found that increasing the corner
radius suppresses the potential for unsteady instabilities of the cyl-
inder. Hu et al. [10] obtained measurements in the near wake of
square cylinders with different corner radii using PIV, laser Dopp-
ler anemometry (LDA), and hot-wire techniques. Among their
findings was the observation that as the ratio of corner radius to
side length increases from O to 0.5, the maximum vorticity of the
shed vortices is reduced, while their shape changes from being
approximately circular to being laterally stretched. Nidhul [11]
studied the influence of corner geometry on flow characteristics
for flow past two-dimensional square cylinder at Re = 150, and
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reported on the pressure and wall shear stress distributions along
the cylinder wall. Delany and Sorensen [12] investigated the vari-
ation of the low-speed drag coefficient of cylinders of various
shapes with three different corner radii at different Reynolds num-
ber. They found that the drag coefficient decreased with increase
of the corner radius ratio.

It is clear from the above that the effects of corner modification
on the overall flow behavior, and especially very close to the cyl-
inder, are quite substantial and manifest in the form of reduction
in the mean and fluctuating forces relative to the sharp-corners
case. It is also clear that the majority of the previous studies have
been for flows at Reynolds number that are far below those that
are encountered in practice. In this study, we focus on the more
difficult case where the Reynolds number is high and the flow is
fully turbulent, and investigate how best to represent the effects of
turbulence in the case of square cylinders with rounded corners.

2 Computational Details

2.1 Governing Equations. We adopt the unsteady Reynolds-
averaged approach to solve the Navier—Stokes equations
(URANS) in which the equations governing the conservation of
mass and momentum for an incompressible fluid can be written as
follows:

0
o (U =0 M)
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where U; is the mean-velocity vector, u; is the fluctuating velocity,
p is the mean pressure, v and p are, respectively, the kinematic
viscosity and density. The turbulence correlations u;u; that appear
in Eq. (2) are the unknown Reynolds stresses that need to be deter-
mined by the use of a turbulence closure.

The turbulence closure used in this paper is of the eddy-
viscosity type, that is, very widely used in offshore engineering. It
utilizes Boussinesq’s linear stress—strain relationship to relate the
unknown Reynolds stresses to the local mean rates of strain, thus
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where v, is the eddy viscosity, and k is the turbulence kinetic
energy. The eddy viscosity is obtained by the k—e two-equation
model of turbulence chosen for this study via the relationship

k2
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In Eq. (4), C, is a coefficient determined by the reference to
experimental data, and ¢ is the rate of dissipation of k£ due to vis-
cous action. The quantities k and ¢ are obtained from the solution
of their own transport equations. Those are given by
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where g, and oy are coefficients, and P;, is the rate of production
of k
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It is now well documented in the literature that the standard k—e
model fails badly in the prediction of flows dominated by vortex

Pk = —U;
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shedding. Specifically, it predicts a far weaker vortex shedding
strength (as characterized, for example, by the root-mean-square
values of the lift and drag coefficients) than is observed in meas-
urements [13,14]. Younis and Przulj [15] have argued that the rea-
son for this shortcoming lies in the fact that the standard model
has been formulated by reference to data from stationary flows
where a state of equilibrium is established between the rate of
generation of turbulence by the interaction of the steady mean
shear with the turbulent stresses, and the rate of dissipation of tur-
bulence by the action of viscosity on the small-scale motions.
However, when vortex shedding is present, an additional source
of turbulence generation is introduced, arising from the oscilla-
tions of the mean flow field at a discrete frequency that falls
within the range of the turbulence-generating motions. In order to
take into account the presence of the peak in the turbulence energy
spectrum that represents the direct input of energy at the discrete
Strouhal frequency. Younis and Przulj [15] proposed that an addi-
tional term be included in the dissipation rate (Eq. 6) to enhance
the rate of production of this quantity. This is most conveniently
done by redefining the coefficient C;; thus

L k1 [9Q+K)
Cal_Cal<1+C18Q+k‘—6[ D )

In the above, Q is the mean-flow kinetic energy per unit mass,
and C, is a coefficient whose value was determined in Ref. [15] by
numerical optimization. Table 1 lists the values the turbulence
model coefficients used. Extensive validation of this model modi-
fication using the experimental data from square and circular cyl-
inders can be found in Ref. [15].

The modification to the k — ¢ turbulent model given by Eq. (8)
was implemented into the open-source software oPENFOAM. Details
of the implementation can be found in Dai et al. [16].

In the present study, Eqgs. (1)—(8) were discretized using finite-
volume methodology, and solved iteratively using the pressure
implicit with splitting of operator algorithm that couples the solu-
tion of the continuity and momentum equations to ensure that the
predicted flow field satisfies both simultaneously.

2.2 Computational Model. The computations were per-
formed for a two-dimensional cylinder having a square cross sec-
tion of width D = 6 cm, and with corner radius R = 0.96cm. In
order to simplify the calculations and analysis, all dimensions are
referenced to the cylinder width. The length of the computational
domain was 36D, and its width was 24D. These dimensions were
found by Younis and Przulj [15] to yield solutions that are not
influenced by the boundary conditions or by blockage effects. The
center of the square cylinder was located at x = 12D, and y =
12D (Fig. 1). The blockage ratio B (defined as the ratio of cylin-
der width to domain width) was equal to 0.04167. For the cylinder
with rounded corners, the ratio R/D was 0.16.

For the present computations, a structured hexahedral mesh
was generated using the ICEM-CFD software which is interfaced
with opENFOAM. The outcome was a nonuniform grid distribution
that very accurately captured the details of the rounded corners,
while allowing for grid expansion in the far field in a manner con-
sistent with accuracy and efficiency (Figs. 1(a) and 1(b). Since
OPENFOAM is a three-dimensional flow solver, only one cell was
placed in the spanwise direction in order to represent a two-
dimensional computational field. This amounts to imposing a zero
gradient boundary condition across the cell sides perpendicular to

Table 1 Turbulence model coefficients

Turbulence model Cy o o, Ca Ca G
Standard k£ — ¢ 0.09 1.00 1.30 1.45 1.90 —
Modified k — ¢ 0.09 1.00 1.30 1.45 1.90 0.38
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the spanwise direction. The normal distance (An, /D) from the cen-
ter of all cells in contact with the wall to the wall itself was 0.02.
The nodes were concentrated near the cylinder wall with 40 cells
being in contact with each side. For the rounded corner cylinder,
the computational mesh that was found to yield grid-independent
solutions (discussed later in the paper) consisted of 83,116 active
cells, with the smallest grid size of cells bounded by the wall being
1.5mm. The nondimensional time step (Ar* = ((UpAt)/D)) was
set equal to 3.33 x 1072 in order to capture the details of boundary
layer flow. In order to monitor the time-variation of the wall static
pressure, a total of 37 monitoring points were arranged around the
cylinder’s surface (Fig. 1(c)) with the pressure there, which was
obtained by linear extrapolation from adjacent interior values,
recorded at five time-step intervals. Computations were performed

for two values of Reynolds number in the subcritical regime,
namely, Re = 2 x 10*,2 x 10°.

The boundary conditions employed for both cases of sharp and
rounded corners were as follows (see Fig. 1(a)). At the inlet, uni-
form profiles of the streamwise velocity (U), k, and ¢ were pre-
scribed according to the specified Reynolds number. The value of
k was based on the assumption of isotropic turbulence and an inlet
level of relative turbulence intensity (#//U) of 5%—a value which
is typical for uniform turbulent streams. The dissipation rate was
obtained from the definition of eddy viscosity (Eq. (4)) and by set-
ting the ratio of eddy to molecular viscosity to 100. Tests were
performed to determine the sensitivity of the computed results to
the choice of inlet values. These tests showed that the effects were
entirely negligible due to there being sufficient distance between
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Fig. 1 Grid arrangement and boundary conditions: (a) grid distribution and computational
domain, (b) mesh details near rounded corners, and (c) locations of pressure monitoring

points
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the inlet to the computational domain and the cylinder itself. At
the outlet, the gradients of all dependent variables in the direction
of flow were set equal to zero. The cylinder walls were assumed
to be smooth, and the flow in their immediate vicinity was
assumed to follow the universal logarithmic distribution

v_l, (E puzAy ) ©)

u, K u

where p and u are the density and dynamic viscosity, u. is the fric-
tion velocity, and Ay is the normal distance from the wall to the
center of the grid nodes in contact with it. The coefficients £ and
Kk were assigned their usual values of 9.0 and 0.41, respectively.
The normal distance was adjusted to ensure that its value in wall
coordinates (y*) remained below 30. The boundary conditions for
k and ¢ at the cylinder wall were fixed by the assumption of local
equilibrium. Thus, the value of & at the nodes closest to the wall
was fixed by reference to the wall shear stress (deduced from the
friction velocity), and ¢ was set equal to the rate of production of
k. The nondimensional time step for all the calculations At* was
chosen such that the value of Courant number was less than 1.0
everywhere in the computational domain, and at all times. The
convergence criterion for the iterative process was set to be when
the normalized absolute sum of the residuals of all variables fell
to a value below 10°.

In discretizing equations (1)—(8), second-order accurate
schemes were used for both temporal and spatial gradients. Spe-
cifically, the convection terms were discretized with the Gauss
integral discrete lattice, the Laplacian term was discretized using
the Gauss linear corrected scheme, while the time discretization
scheme was implicit.

3 Results and Discussion

The need for the turbulence model modification presented in
Eq. (8) in order to capture the occurrence in turbulent flows of
vortex shedding at the appropriate strength is first demonstrated
with reference to the flow around a square cylinder with sharp cor-
ners. Figure 2 presents the time histories of the lift and drag coef-
ficients as predicted by the standard k—e model (up until
nondimensional time (#+ = 130) followed by the results obtained
after activation of the turbulence-model modification. It is clear
that while the standard k— model does in fact capture the occur-
rence of vortex shedding, and it does so at a much reduced
strength (in terms of root-mean-square of the oscillations in the
force coefficients) compared to the modified model. There is a lit-
tle doubt that the prediction of the effects of rounding the corners
on the initiation and strength of vortex shedding will be in serious
error if account is not taken of the interactions between the peri-
odic mean-flow oscillations and the turbulence motions.

Prior to the presentation of the remaining results, we briefly
present an assessment of the numerical accuracy of the simula-
tions that will follow. This assessment was performed using the
grid-convergence index (GCI) procedure as described in Eca et al.
[17] and Celik et al. [18]. An estimate of the numerical discretiza-
tion errors using this procedure is based on the Richardson extrap-
olation method. This entails the performing computations on three
significantly different sets of nonuniform and structured grids hav-
ing a total number of cells N1, N2, and N3 (N1 being the finest
grid). In the present study, the ratio of the number of nodes in
each successive refinement was around 1.20 (Table 2). The solu-
tions obtained were then used to calculate the apparent order of
accuracy of the method and the extrapolated values Q[ which
together yielded the value of the fine-grid convergence index
(GCIZ! ). Tt can be seen from Table 2 that the numerical uncer-
tainty in the fine-grid solution for the three variables examined
(those being the average drag coefficient, and the root-mean-
square values of both the lift and drag coefficients) amounts to
under 8% of the theoretical GCIZ!, values and hence a mesh con-
sisting of 83,116 active cells was adopted for all subsequent
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Fig. 2 Predicted variation of lift- and drag coefficients with
time as obtained with the standard and the modified k— models
for cylinder with rounded corners (Re = 2.0x10%)

calculations. Regarding assessment of the effect of time discreti-
zation on the numerical uncertainty, computations of flow around
square with rounded corner were carried out with three different
time-step sizes in order to quantify the extent of sensitivity to the
choice of this parameter. All three time-step sizes chosen were
consistent with the stability criterion that requires the Courant
number to be less than 1.0 at every cell in the computational
domain. Table 3 lists the nondimensional time-step sizes tested
and the associated results. It can clearly be seen that the values of
drag and lift coefficients show little dependence on the time-step
size. This outcome demonstrates the extent to which convergence
has been attained even with the largest time-step size. Thus,
taking into consideration the requirements for computational

Table 2 The GCI method estimates of discretization error
Re=2.0x10°

Variables/coefficients d=Cy DO = Cyrms D = Cims
Ni,N2,N; 103,760, 83,116, 68,824

12 1.2484

'3 1.2077

@, 1.347 0.108 0.618
0, 1.292 0.112 0.558
0, 1.175 0.068 0.430
p 9.044 23.331 9.072
o2 1.379 0.108 0.653
2! 0.041 0.044 0.097
el 0.024 0.004 0.056
GCLZ) 0.029 0.0045 0.069

fine
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Table 3 Results for three time-step sizes obtained with the N,
grid at Re=2.0x10°

At x 1074(s)  Arf x 1073 Ca Cams Cims St

0.5 3.330 12915  0.106  0.5575  0.202
25 16.700 12850 0.103  0.5560  0.200
5.0 33.300 12920  0.112  0.5580  0.192

accuracy and efficiency, the nondimensional time-step size was
set equal to 3.33 x 1072

In order to provide a baseline for assessing the effects of round-
ing the cylinder corners, we present first the results obtained for
the subcritical flow around a sharp square cylinder. A further
motivation for presenting these results is that this flow has already
been extensively studied (e.g., Younis and Przulj [15]; Lyn et al.
[19]; Yu and Kareem [20]; Rodi et al. [21]) and is hence suitable
for validating the implementation of the turbulence-model modifi-
cation into opENFOAM. In what follows, the computational details
were as given above, and the simulations were obtained for the
case of Re = 2 x 10%,

Figures 3(a) and 3(b) show the predicted contours of the instan-
taneous velocity and pressure field around the square cylinder. It
is apparent from these plots that a clearly defined vortex shedding
process is captured by the calculations. Figure 4 presents the cor-
responding time histories of the drag and lift coefficients, while a
detailed comparison between the predicted and experimentally
measured nondimensional parameters that characterize this flow is
shown in Table 4. It is clear from this table that the numerical
results from the modified turbulence model are in good accord
with the measurements [4,8,15,19,21,22] and are in line with the
results obtained using the more computationally intensive large
eddy simulations [23]. These results serve to demonstrate the
capabilities of the computational method and the modified turbu-
lence closure for the case of sharp corners. In what follows, we
turn to the key problem addressed here, namely, that of the flow
around a square cylinder with rounded corners.

(b)

Fig. 3 Contours of velocity and pressure for square cylinder
with sharp corners (Re = 2.0x10%): (a) velocity contours and (b)
pressure contours
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Fig. 4 Time history of C4 and C, of square cylinder with sharp
corners (Re =2.0x10%)

The computational geometry and boundary conditions for the
cylinder with rounded corners are identical to those of the previ-
ous case and differences in the computed results are therefore
entirely due to the geometry effects. We consider two Reynolds
numbers in subcritical regime to study the effect of rounded cor-
ner on the flow features and hydrodynamic parameters. In order to
analyze the pressure distribution along the cylinder walls, moni-
toring points were set on the cylinder wall at 5 deg intervals.

Figure 5 presents close-up views of the predicted instantaneous
velocity vectors and streamlines for both sharp- and round-
cornered cylinders. The effects of rounding the corners are most
evident in the much reduced size of the separated flow zone along
the top surface and consequently in the smaller vortex generated
downstream of the rounded cylinder.

We turn to consideration of the long-time-averaged wall static
pressure distributions. Since the geometry and inlet conditions are
symmetric around the midplane, it follows that the computed
Cp — 0 curves for the upper and lower halves of the cylinder were
identical, and hence, these are presented for the top half only.
Figures 6(a) and 6(b) show the predicted circumferential variation
of wall static pressure for the two Reynolds numbers considered.
Also, shown there are the results obtained for the sharp-cornered
cylinder as well as some representative measurements [22,24].
The effects of rounding the cylinder corners are expected to delay
flow separation and hence produce a narrower separated wake.
This is evident in the present predictions at both Reynolds num-
bers, most clearly in the greater pressure recovery on the leeward
face, leading, as will be discussed later, to lower drag compared to
the sharp-cornered geometry. The agreement with the experimen-
tal data is not particularly close but it should be noted that the
experiments themselves show a similar degree of variation. Figure
6 also shows that the minimum pressure is attained at the front

Table 4 Computed and measured bulk parameters for square
cylinder (Re=2.0x10%)

Cd Cdrms Cirms St
Present work 2.00 0.204 1.13 0.130
Tamura and Miyagi 2.10 — 1.05 0.130
[4] Re =3 x 10%)
Carassale et al. [8] 2.06 — 1.02 0.125
(Re = 3.7 x 10%)
Younis and Przulj [15] 2.16-2.28 0.18-0.23 1.10-1.40 0.13-0.139
Lynetal. [19] 2.05 — — 0.132
Yu and Kareem [20] 2.14 0.250 1.15 0.135
Rodi et al. [21] 2.30 0.140 1.15 0.130
Lee [22] 2.05 0.220 1.22 0.130
Sohankar et al. [23] 2.03 0.200 1.23 0.126
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corner irrespective of whether the cylinder corners were sharp or
rounded. For the case of the rounded corner, there is an increase
in the values of the time-averaged wall static pressure at the base
region of the cylinder, especially when 6 is between 90 deg and
180deg. With Reynolds number increasing from 2 x 10* to
2 x 10°, the presence of rounded corners causes the point of mini-
mum value to be located at a value of 0 value of around 50 deg,
while rounded corners have little effect on the separation point at
the front corners at subcritical Reynolds number. The minimum
Cp for cylinder with and without rounded corners obviously
reduces from around —1.7 to —2.1 and —1.55 to —1.59 due to
increasing Re.

The variation of root-mean-square of the fluctuating pressure
coefficients with 6 is shown in Fig. 7. It is clearly evident that

U Magnitude
iQOéOQSé 15

=7
=6
ES
7
E3
2
1

Oomm

= U Magnitude
T i.5]5067937

6
=5
E4
E3
E2

1

0.008063647

(b)
Fig. 5 Instantaneous velocity vectors and streamlines of

square cylinder at Re =2.0x10*: (a) sharp-cornered cylinder
and (b) rounded corners cylinder
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rounded corner cylinder decreases the peak of Cp’ value in the
interval 45deg < 0 < 180deg. For Re = 2 x 10°, the peaks of
Cp' value for the rounded cylinder appear in the vicinity of 50 deg
and 145 deg, respectively, which is due to the second separation
of the flow at rounded corner of downstream. While for the sharp
square cylinder, the main peak of Cp’ value appears about 45 deg,
and is much larger than for the rounded cylinder. For this geome-
try, the second smaller peak appears at 135 deg. With increasing
Re from 2 x 10* to 2 x 10°, the maximum Cp' value is clearly
increasing form about 0.68 to 0.72 for rounded corner cylinder.
All these changes clearly indicate that the second separation of
boundary layer at back corners is delayed due to the influence of
the rear rounded corner.

Turning to the total forces on the cylinder, Fig. 8§ shows the
time history of the nondimensional drag and lift for the rounded
cylinder within the overall time of simulations. In the beginning,
and under the influence of the assumed uniform initial conditions,
nonperiodic oscillations are present that eventually give way to
the establishment of a fully periodic behavior. The modified tur-
bulence model was used throughout these simulations and these
results demonstrate its ability to capture both the initiation and
subsequent development of the vortex shedding field.

Figures 9 and 10 show the effects of rounding the cylinder cor-
ners on the time history of the force coefficients. It can be seen
that rounding the corners causes the time-averaged and root-
mean-square values of both the drag and lift forces to markedly
decrease, for the same Reynolds number. The influence of the
rounded corners on the mean and the fluctuating force coefficients
(C4, Cdrms, and Cipms) can clearly be seen in Tables 5 and 6. For
the case of the cylinder with sharp corners, the predicted C, value
of 2.0 at Re =2 x 10*, which is in close agreement with the
measurements of Tamura and Miyagi [4] and Carassale et al. [8],
is seen to drop by 30% as a result of rounding the corners. For the
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Fig. 7 Predicted variation of fluctuating pressure versus 0: (a)
Re =2.0x10* and (b) Re =2.0x10°

rounder corner cylinder, the computed Cy, Carms, and Cims values
are 1.34, 1.13, and 0.51, respectively. The same coefficients are
obtained in the measurements of Tamura and Miyagi [4] for
the same ratio of corner radius to cylinder width and at Re =
3.0 x 10* as 1.22, 1.08, and 0.40. Carassale et al. [8] experiments
were conducted on a cylinder with rounded corner ratio of 0.133
and at Re = 2.7 x 10*. Their reported values for the same coeffi-
cients were 1.42, 1.02, and 0.50, respectively. The agreement
between the present predictions and the results from two different
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Fig. 8 Time history of drag and lift coefficients for rounded
corners cylinder (Re = 2x10%)
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experiments is clearly quite good. For the higher Reynolds num-
ber of Re =2 x 10°, the computed value of Cy value reduces
from a value of 1.932 for the square cylinder to 1.292 for the
rounded corners case. These values correspond closely with the
experimental results of Delany and Sorensen [12] at the same
Reynolds number and rounded corner ratio where the Cy value
dropped from 2.0 to 1.2. It can be seen from Table 5 that the effect
of rounded corners on Cys value causes it to decrease by over
60%, while Cjy,s decreases by about 55%.

As before, the Strouhal frequency of the vortex shedding is
obtained by performing fast Fourier transform on the time series
of the fluctuating lift coefficients. This is shown in Fig. 11 where
it is evident that the effects of the rounded corners are to greatly
reduce the energy content of the shed vortices, while increasing
the magnitude of the dominant frequency to a value that yields a
Strouhal number (Table 6) that is very close to that found for cir-
cular cylinders at similar Reynolds number [12].

4 Conclusions

This work is concerned with predicting the influence of rounded
corners on the hydrodynamic loads on a square cylinder in a
steady turbulent current. The simulations were performed using a
modified k—¢ turbulence model which was implemented into the
open source OPENFOAM simulations software. The benchmark flow
past a square cylinder with sharp corners was first computed to
validate the implementation. The results obtained were in good
accord with the measured data and with other computations.
Thereafter, the flow past a square cylinder with rounded corners
was simulated at two values of Reynolds number in the subcritical
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Fig. 9 Comparison of time history of drag for square column
with rounded corners at different Reynolds number: (a)
Re =2.0x10% and (b) Re =2.0x10°
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regime. Comparisons of the hydrodynamic coefficients with the
sharp-cornered values showed that the effects of rounded corners
are to progressively decrease both the mean and fluctuating drag
coefficients relative to the sharp-corner values. It was noted that
the decrease in the fluctuating lift coefficient was somewhat less
than for the fluctuating drag. Plots of the predicted streamlines

Table 5 Comparison of mean and root-mean-square drag coef-
ficients for square cylinder with and without rounded corners at
different Re

Cd Cdnns
Rounded % Rounded %
Re Square  corners  change  Square  corners  change
2x 10 2.000 1.340 —33.00 0.204 0.074 —63.72
2x10° 1932 1.292 —33.13 0325 0.110 —66.15

Table 6 Predicted root-mean-square lift coefficients and St for
square cylinder with and without rounded corners at different Re

Cirms St
Rounded % Rounded %
Re Square  corners  Change Square  corners  Change
2 x 10* 1.13 0.51 —54.86  0.13 0.187 +43.85
2 % 10° 1.22 0.558 —5426  0.126 0.192 +52.38
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Fig. 11 Predicted power spectrum of fluctuating lift coeffi-
cients for scguare column with and without rounded corners at
Re=2.0x10

show that the leeward rounded corners have the effect of causing
the flow separation angle to move further downstream thereby
increasing the base pressure. Inspection of the power spectrum of
the fluctuating lift forces confirm that the delayed separation due
to rounded corners drastically reduces the strength of the vortex
shedding and increases the Strouhal number to a value close to
that of a round cylinder. Overall, the present result suggest that
the effects of vortex shedding due to a square cylinder with
rounded corners can be predicted to acceptable engineering accu-
racy using URANS methodology provided that the interactions
between the periodic mean-flow motions and the random turbu-
lence are properly accounted for in the turbulence closure.

Acknowledgment

We gratefully acknowledge the support provided by the National
Natural Science Foundation of China (Grant No. 11472087).

Nomenclature

A = projected area

By = blockage ratio

D = cylinder width
C4 = drag coefficient (= F;/0.5pU> A)

Cyrms = fluctuating drag coefficient
(= (S IFalt) — Fa () /N)/0.5pU% 4)
Cims = fluctuating lift force coefficient

= (S [Fi0) = Fi (0] /N) /0.5pU% A)
f; = frequency of vortex shedding
k = turbulence kinetic energy
P = production rate of the turbulence kinetic energy
O = mean-flow kinetic energy (= %U Uy
R = radius of rounded corner
Re = Reynolds number (= UD/v)
St = Strouhal number (= ;D /U..)
u; = fluctuating velocity components
u, = friction velocity
U; = mean velocity components
U, = velocity of incident flow
u;u; = Reynolds-stress tensor

Greek Symbols

0;; = Kronecker delta
Ar* = nondimensional time-step (= Az - Uy /D)
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An. = normal distance from the cell center to the wall
¢ = turbulence energy dissipation rate
x = von Karman constant
1 = dynamic viscosity
v = kinematic viscosity
v, = eddy viscosity
p = fluid density
0 = circumferential angle

Subscript

i,j = Cartesian tensor indices
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