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ABSTRACT
Many marine and offshore structures have structural com-

ponents with square or rectangular cross-sections, e.g., columns
of semi-submersibles and tension-leg platforms, heave damping
plates of truss spar platforms as well as ship stabilizers. Two-
dimensional flow normal to the longer edge of rectangles with
different aspect ratios, i.e. from a square to a thin plate, is inves-
tigated numerically in the paper. The simulations are carried out
at Re=21400 (based on the free stream velocity and the height of
the rectangular cross-section) by solving the Unsteady Reynolds-
Averaged Navier-Stokes (URANS) equations with the k-ω SST
(Shear Stress Transport) turbulence model by using OpenFOAM.
The hydrodynamic results are compared with published experi-
mental data and numerical results. The paper also includes fur-
ther investigations on the effect of different aspect ratios.

Keywords: Rectangular cylinder; Aspect ratio; 2D flow; Vortex
formation; Numerical simulation
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1 INTRODUCTION

Bodies with a rectangular cross-section known as bluff
bodies exist in many marine and offshore structures, e.g.,
columns of semi-submersibles and tension-leg platforms, heave
damping plates of truss spar platforms as well as ship stabilizers.
Flow around these bluff bodies has been investigated by many re-
searchers. Unlike the case of flow around circular cylinders, the
flow separation point is fixed at the leading corners of the rec-
tangular cross-section. The aspect ratio R = B/H, where B is the
breadth along the direction of flow and H is the height of the sec-
tion, plays an important role in determining the vortex formation
and the hydrodynamic forces on the body.

Many experimental studies on the effects of aspect ratios
have been carried out. Nakaguchi et al. (1968) studied the as-
pect ratio effects for Reynolds number (Re =U∞H/ν , where U∞
is the free stream velocity and ν is the kinematic viscosity of
fluid) ranging from 2× 104 to 6× 104. A peak in the drag co-
efficient near R=0.6 and a discontinuity in the Strouhal number
(St = f H/U∞, where f is the vortex shedding frequency) were
demonstrated. Norberg (1993) also reported a similar conclu-
sion from a wind tunnel experiment for rectangles with R=1/3–3
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for Re from 400 to 3× 104. Ohya (1994) investigated the base
pressure variation of rectangles with R = 0.4,0.5,0.6 at Re=6.7–
67×103, and pointed out that there is a sudden change in the flow
pattern around the cylinder when R = 0.5.

Okajima (1990) investigated the 2D (two-dimensional) lam-
inar flow around rectangular cylinders with R=0.6–8 at Re=150–
800 using a Finite Difference Method (FDM). He reported that
the Strouhal number and flow pattern abruptly change at the crit-
ical aspect ratios R=2.8 and 6. Okajima et al. (1992) studied
the 2D laminar flow around rectangular cylinders with R=0.2–
8 at Re = 103 using a Finite Volume Method (FVM). A peak
time-averaged drag force was obtained when R = 0.6. Aerody-
namic characteristics of rectangular cylinders with R=0.6–8 were
studied numerically by Shimada and Ishihara (2002) using a two-
layer k-ε turbulence model. They reported discontinuities in St
at R = 2.8 and 6. Their 2D results were in good agreement with
experiments and 3D (three-dimensional) calculations (further de-
tails are given in their paper). Sohankar (2008) performed a 3D
Large Eddy Simulation (LES) for R=0.4–4 at Re = 105. Najjar
and Vanka (1995a) simulated the 2D flow normal to a flat plate
(zero-thickness) by using a Direct Numerical Simulation (DNS)
method at Re = 103. They pointed out that the 2D simulations
overpredicted the time-averaged drag coefficient by a factor of
1.6 compared with the experimental results reported by Fage and
Johansen (1927). Lisoski (1993) reported similar results based
on his experiments and 2D numerical simulations. Najjar and
Vanka (1995b) compared the 2D and 3D DNS results for a flat
plate and found a large discrepancy of the drag coefficients be-
tween them.

Most of the numerical investigations on the aspect ratio ef-
fect for flow around rectangular cylinders have been performed
for R > 1. To the authors’ knowledge, the k-ω Shear-Stress
Transport (SST) model (Menter, 1994) has not been applied for
the similar study. The main objective of this paper is to study
the aspect ratio effect on the flow around rectangular cylinders
(R=0.05–1) using k-ω SST model. First, a validation study
on flow around a square cylinder (R=1) will be performed at
Re = 21400. Numerical results will be compared with the pub-
lished experimental data given by Lyn et al. (1995). Subsequent-
ly, numerical simulations will be carried out for R=(0.8, 0.6, 0.4,
0.2, 0.1, 0.05) at the same Reynolds number (Re = 21400). Hy-
drodynamic quantities, such as time-averaged drag coefficient,
root-mean-square lift coefficient and Strouhal number, as well as
their variations with the aspect ratio, will be presented and dis-
cussed in this paper.

2 MATHEMATICAL FORMULATION
2.1 Flow model

The flow is assumed to be 2D, unsteady, incompressible, vis-
cous and turbulent. The Reynolds-averaged equations for conser-
vation of mass and momentum are given by

∂ui

∂xi
= 0 (1)
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∂ t
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where i, j=1, 2. Here x1 and x2 denote the horizontal and ver-
tical directions, respectively; u1 and u2 are the corresponding
mean velocity components; u′iu

′
j is the Reynolds stress compo-

nent, where u′i denotes the fluctuating part of the velocity; p is
the dynamic pressure; ρ is the density of the fluid.

The k-ω SST turbulence model (Menter, 1994) is used in
this study. The SST model combines the k-ω and the k-ε models,
with the original k-ω model of Wilcox (1998) in the near-wall
region and the standard k-ε model (Jones and Launder, 1973) in
the outer wake region and in free shear layers. Following Menter
et al.(2003), the equations for the SST model is taken as:
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where P̃k is given by

P̃k = min
[
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)
,10β ∗ρkω

]
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If ϕ1 represents any constant in the original k − ω model
(σk1, . . .) , and ϕ2 represents any constant in the original k − ε
model (σk2, . . .) , then ϕ , the corresponding constant of the new
model given by Eqs. (3) and (4) is

ϕ = F1ϕ1 +(1−F1)ϕ2 (6)

F1 = tanh(arg4
1) (7)
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FIGURE 1. The size of the computational domain and the boundary
conditions.
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here y is the distance to the nearest wall, and CDkω is the positive
portion of the cross-diffusion term of Eq. (4).

The turbulent eddy viscosity is defined as

νt =
a1k

max(a1ω,SF2)
(10)

where S is the invariant measure of the strain rate and F2 is given
by

F2 = tanh(arg2
2),arg2 = max

(
2

√
k

0.09ωy
,

500ν
y2ω

)
(11)

The constants of SST are: β ∗ = 0.09, a1 = 0.31, α1 =
0.5532, α2 = 0.4403,β1 = 0.075,β2 = 0.0828, σk1 = 0.85034,
σk2 = 1.0, σω1 = 0.5, σω2 = 0.85616.

2.2 Numerical simulation scheme, computational do-
main and boundary conditions

The open source Computational Fluid Dynamics (CFD)
code OpenFOAM is used here. OpenFOAM is mainly applied
for solving problems in continuum mechanics. It is built based
on the tensorial approach and object oriented techniques (Weller

et al., 1998). The PISO (Pressure Implicit with Splitting of Op-
erators) scheme (pisoFoam) is used in the present study. The
spatial schemes for interpolation, gradient, Laplacian and diver-
gence are linear, Gauss linear, Gauss linear corrected and Gauss
Linear schemes, respectively. All these schemes are in second
order. The CrankNicholson scheme is used for the time integra-
tion.

The size of the whole computational domain is 35H by 20H,
see Fig. 1. The top and bottom boundaries are all located at
a distance of 10H from the center of the rectangle. The flow
inlet boundary is located 10H upstream from the center of the
rectangle, and the flow outlet is located 25H downstream from
the center of the rectangle. These distances are large enough to
eliminate the far field effects from the boundaries. The boundary
conditions used for the simulation are set as follows:

1) A uniform flow, u1 =U∞, u2 = 0, is set at the inlet bound-
ary; the pressure is specified as zero gradient at the inlet bound-
ary. Moreover, k and ω at the inlet boundary are calculated as
follows (Mahbubar et al., 2007):

kinlet = 1.5(U∞I)2 (12)

where, turbulence intensity I = 2%(Lyn et al., 1995).

ωinlet = k 0.5
inlet /(C0.25

µ l) (13)

where Cµ ≈ 0.09 is the empirical constant specified in the turbu-
lent model, turbulence length l = 0.07H.

2) Along the outlet boundary, u1, u2, k and ω are specified
as zero gradient boundary condition; dynamic pressure p is fixed
at 0.

3) On the surface of the rectangle, no-slip boundary condi-
tion is prescribed, i.e. u1 = u2 = 0; p is set as zero gradient; k is
fixed at 0; ω is calculated as follows (Menter, 1994):

ωbody = 10× 6ν
β1(∆y1)2 (14)

where ∆y1 is the distance to the next point away from the body
surface, taken as ∆y1 = 0.002H.

4) Symmetry boundary conditions are applied for u1, u2, p,
k and ω at the top and bottom boundaries.

2.3 Convergence studies
Both grid and time step convergence studies have been car-

ried out for all cases with R=(0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1). Drag
coefficient (CD) and lift coefficient (CL) are defined as follows:

CD =
Fx1

1
2 ρU2

∞H
(15)
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FIGURE 2. Grid convergence study for CD, CLrms and St with respect
to the number of elements in the computational domain.

CL =
Fx2

1
2 ρU2

∞H
(16)

where, Fx1 and Fx2 are the horizontal and vertical forces per unit
length, respectively, acting on the rectangular cylinder. They are
directly computed from the pressure and shear stress distribution
around the rectangle. The time-averaged drag coefficient CD, the
rms (root-mean-square) value of lift coefficient CLrms, as well as
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FIGURE 3. Time step convergence study for CD, CLrms and St with
respect to the number of elements in the computational domain.

St are considered in the convergence studies.
The results for the grid and time step convergence studies

are shown in Figs. 2 and 3, respectively. The number of elements
varies from approximately 35,000 to 85,000. The number of n-
odes around the cylinder surface varies from 100 to 130 per unit
length (H) and the number of nodes in the radial direction varies
from 90 to 215. The distance of the first node away from the
cylinder surface (∆y1) is fixed at 0.002H. The values of averaged
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FIGURE 4. An example of the mesh (R = 0.4) with 64144 elements.

y+ around the surface of cylinder are varying from 2.4–3.7 for
all the converged simulations with different aspect ratios. Here
y+ = u∗∆y1/ν , where u∗ is the wall friction velocity. The nor-
malized time step ∆t = tU∞/H, where t is the real time step,
is varying from 0.001 to 0.008. In the present study, the varia-
tion of CD, CLrms and St between consecutive meshes and time
steps should be kept within 3%. For example, in the convergence
study for R = 1, by comparing the results of meshes with 67990
and 77670 elements, the changes of CD, CLrms and St are 0.18%,
−0.48% and 0.29%, respectively. While comparing the results of
simulations with ∆t of 0.006 and 0.004 for the mesh with 77670
elements, the changes of CD, CLrms and St are 0.31%, 0.10% and
0.84%, respectively. Therefore, the simulation with the mesh of
77670 elements and the time step ∆t = 0.004 is considered to
give sufficient grid resolution and numerical accuracy. Similar
convergence studies are carried out for the other aspect ratios.
An example of the mesh is presented in Fig. 4. The detailed re-
sults of all the convergence studies are given in Table 1.

3 RESULTS AND DISCUSSION
3.1 Square cylinder

In order to validate the performance of the 2D simulation
with the k-ω SST turbulence model, the flow around a square cyl-
inder (R= 1) is investigated in this section. Table 2 shows hydro-
dynamic quantities, such as CD, CLrms and St obtained from the
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FIGURE 5. Mean velocity distribution along the centre-line of the
square.

present simulations and published experimental data as well as
published numerical results (see further details in Table 2). The
present predicted CD is in good agreement with both published
experimental and numerical results. The reported numerical re-
sults of CLrms show large variation of the values. The present
predicted CLrms is within the range. The present predicted St is
also in good agreement with both published experimental and
numerical results.

The mean streamwise velocity distribution along the centre-
line of the square is plotted in Fig. 5. In front of the cylinder, most
numerical results agree well with each other and with the exper-
imental results by Durao et al. (1988) except for x1/H < −1.5,
see Fig. 5. In the wake region, the present results coincide rea-
sonably well with the results of Shimada and Ishihara (2002) us-
ing a modified k-ε turbulence model. Both of them underesti-
mate the measured length of mean recirculation region (L). The
3D simulations using LES show better agreement with the ex-
perimental results than the 2D RANS simulations. However, the
LES results still underestimate the measured recirculation length.

Overall, the present k-ω SST model appears to give satis-
factory hydrodynamic results based on the comparison with pub-
lished experimental and numerical results, although the recircu-
lation length is underestimated.

3.2 Effect of R on hydrodynamic characteristics
By varying R from 0.05 to 1, the hydrodynamic quantities,

such as CPb, CD, CLrms and St, are compared with previous nu-
merical and experimental results and shown in Figs. 6(a–d), re-
spectively. The mean pressure coefficient at the back side of the

5 Copyright c⃝ 2011 by ASME



(a)

0.0 0.2 0.4 0.6 0.8 1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

R

 

 

-C
P

b

 present(Re=21400)
 Exp.(Nakaguchi et al. 1968)
 Exp.(Bearman & Trueman, 1972)
 Exp.(Nakamura & Ohya, 1984)
 Exp.(Ohya, 1994)

(b)

0.0 0.2 0.4 0.6 0.8 1.0
2.0

2.4

2.8

3.2

3.6

4.0

4.4

4.8
 

 

C
D

R

 present(Re=21400)
 LES-3D(Sohankar, 2008, Re=100000)
 Exp.(Norberg, 1995, Re=38000)
 DNS-3D(Najjar & Vanka, 1995b, Re=1000)
 DNS-2D(Najjar & Vanka, 1995a, Re=1000)

(c)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

R

 

 

C
Lr

m
s

 present(Re=21400)
 LES-3D(Sohankar, 2008, Re=100000)

(d)

0.0 0.2 0.4 0.6 0.8 1.0
0.00

0.05

0.10

0.15

0.20

0.25

0.30

R

 

 

S
t

 present(Re=21400)
 LES-3D(Sohankar, 2008, Re=100000)
 Exp.(Norberg, 1995, Re=38000)

FIGURE 6. Variation of hydrodynamic characteristics with aspect ra-
tio R.

cross-section is defined by

CPb =
P

1
2 ρU2

∞
(17)

where P is the averaged dynamic pressure along the back side
of the cylinder (i.e. time-averaged as well as averaged over the
height of the cylinder).

It appears that CPb is in reasonably good agreement with the
other results for R > 0.6, see Fig. 6(a). However, the present 2D
simulations are not able to predict the decreasing trend of −CPb
as R decreases for R < 0.6. It is reported that the rectangular
cylinder encounters a minimum CPb at R ≈ 0.6 (Nakaguchi et
al., 1968; Bearman and Trueman, 1972; Nakamura and Ohya,
1984). Ohya (1994) pointed out that there is a frequent change in
CPb alternately between low and high values for R = 0.5, which
results in a large fluctuation in CPb. In the present study, the
critical point is approximately at R = 0.2.

The trend of CD is very similar with −CPb, see Figs. 6(a,b).
Note that the present predicted CD is much higher than the ex-
perimental and 3D numerical results for the lower aspect ratios.
Najjar and Vanka (1995b) compared the 2D and 3D DNS results
of a flat plate at Re = 103, and reported that there is an intrinsic
three-dimensionality in such kind of problem. They commented
that the 3D effects should be included in the simulation for the
flow around a normal flat plate. Lisoski (1993) also found large
differences between his 2D numerical simulations and nominally
2D experiments.

The present predicted CLrms results have a quantitive simi-
lar trend with the Sohankar (2008) 3D LES simulations (Re =
105)for R=0.4–0.8, see Fig. 6(c). The maximum CLrms is ob-
tained at R = 0.8. As the length of the top and bottom sides of
rectangular cross-section decreases with R, the CLrms decreases
as R decreases. However, the CLrms for R = 0.8 is higher than
for R = 1; the reason may be caused by the stronger interaction
between the vortex and rear corner for R = 0.8 than for R = 1.

Fig. 6(d) shows a reasonably good agreement between the
present predicted St results and the published experimental and
numerical results. The present predicted St for R & 0.6 is slightly
larger than both the experimental and numerical results. Howev-
er, all these results for different aspect ratios obtained by different
authors are within a range of 0.144±0.018. Therefore, it seems
that the St is not much influenced by the aspect ratios.

3.3 Effect of R on vortex formation
Fig. 7 shows the vorticity contours around the rectangles for

R=(1,0.8,0.6,0.4,0.2,0.1,0.05) when the lift force is maximum.
The mode of vortex formation affects the pressure around the
rectangles, and subsequently changes the drag forces on the rec-
tangles. The effects of R on the vortex formation are summarized
as follows:
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(a) R=1 (e) R=0.2

(b) R=0.8 (f) R=0.1

(c) R=0.6 (g) R=0.05

(d) R=0.4

FIGURE 7. Instantaneous vorticity contours, from −10U∞/H to
10U∞/H, around rectangular cross-sections when the lift force is maxi-
mum.

1) When the vortex is generated at the leading corner of the
rectangle, it sheds downstream with the flow. If R is large, (i.e. a
long top or bottom side), there will be a long distance before the
vortex reaches the back side of the rectangle. The energy of the
vortex is reduced. Therefore, a high R will result in a weak vortex
near the back side of rectangles, which consequently induces a
higher CPb and a smaller CD, see Fig. 6(a,b).

2) The vortex hits the rear corner when R> 0.2, see Fig. 7(a–
d). The strength of the vortex generated by the leading corner
is reduced when it hits the rear corner; and the vortex is then
pushed away from the body. Thus, this leads to a smaller drag
force compared with the maximum at R = 0.2.

3) As R decreases below 0.2, the length of the back side
covered by the vortex decreases, see Figs. 7(e–g). In this case,
as R decreases the vortex becomes weaker near the back side
of the rectangle, and consequently the drag force decreases, see
Fig. 6(b).

These three modes of vortex formation suggest a possible
explanation of the drag force variation versus R, i.e. that this
is caused by a balance between these three effects. Generally,
the first effect exists in all cases with different aspect ratios. The
second effect takes place for R& 0.2, and the third one dominates
for R . 0.2.

4 CONCLUSIONS
The flow normal to rectangular cylinders with different as-

pect ratios (R=0.05–1) has been calculated numerically using a
k-ω SST turbulence model at Re=21400. Hydrodynamic char-
acteristics have been predicted and the vortex shedding mech-
anisms have been studied. The effects of the aspect ratio have
been investigated and discussed. The main conclusions are sum-
marized as follows:

For the rectangular cylinder with R > 0.6, the predicted hy-
drodynamic characteristics are in good agreement with published
experimental data and numerical results.

A maximum time-averaged drag coefficient CD is obtained
at R = 0.2. The increasing-decreasing trend of CD versus R is
explained by different modes of vortex formation. The present
prediction of the critical aspect ratio, at which a maximum drag
force occurs, is much smaller than for the experimental results.

The present 2D simulations are not able to give a satisfactory
result compared with the published experiments for R < 0.6. A
possible reason for this is that the 3D effects are more important
in this range. Thus, 3D numerical simulations should be adopted
for rectangular cross-sectional structures for R < 0.6.
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TABLE 1. Results of grid and time step convergence studies.

R Case
Number of
Elements ∆t CD

Relative
Change CLrms

Relative
Change St

Relative
Change

1 A1 48300 0.008 2.0256 — 1.4256 — 0.1367 —
A2 57870 0.008 2.0362 0.52% 1.4339 0.58% 0.1373 0.46%
A3 67990 0.008 2.0472 0.54% 1.4603 1.84% 0.1369 -0.25%
A4 77670 0.008 2.0508 0.18% 1.4533 -0.48% 0.1373 0.29%
A5 77670 0.006 2.0536 0.14% 1.4909 2.59% 0.1372 -0.13%
A6∗ 77670 0.004 2.0599 0.31% 1.4924 0.10% 0.1383 0.84%

0.8 B1 57996 0.006 2.5545 — 1.7206 — 0.1481 —
B2 67176 0.006 2.5639 0.37% 1.7332 0.73% 0.1480 -0.08%
B3∗ 67176 0.004 2.5746 0.42% 1.7296 -0.21% 0.1490 0.68%

0.6 C1 35900 0.002 2.9132 — 1.4250 — 0.1626 —
C2 45800 0.002 2.8803 -1.13% 1.4152 -0.69% 0.1628 0.09%
C3 55790 0.002 2.8830 0.09% 1.4245 0.66% 0.1624 -0.19%
C4∗ 55790 0.001 2.8659 -0.59% 1.4087 -1.11% 0.1622 -0.14%

0.4 D1 48400 0.006 3.4130 — 1.1909 — 0.1288 —
D2 57256 0.006 3.4119 -0.03% 1.2037 1.07% 0.1270 -1.41%
D3 64144 0.006 3.3976 -0.42% 1.2018 -0.16% 0.1289 1.46%
D4∗ 64144 0.004 3.3708 -0.79% 1.2260 2.01% 0.1315 2.03%

0.2 E1 41824 0.006 3.7212 — 0.6944 — 0.1241 —
E2 52016 0.006 3.7200 -0.03% 0.6945 0.01% 0.1228 -1.05%
E3 61568 0.006 3.7303 0.28% 0.6972 0.39% 0.1240 0.99%
E4∗ 61568 0.004 3.6986 -0.85% 0.6785 -2.68% 0.1262 1.74%

0.1 F1 52944 0.006 3.5591 — 0.3408 — 0.1234 —
F2 62064 0.006 3.5558 -0.09% 0.3399 -0.26% 0.1233 -0.11%
F3∗ 62064 0.004 3.5310 -0.70% 0.3335 -1.88% 0.1256 1.89%

0.05 G1 62936 0.006 3.484 — 0.1753 — 0.12406 —
G2 72848 0.006 3.4797 -0.12% 0.175 -0.17% 0.12399 -0.06%
G3 82406 0.006 3.478 -0.05% 0.1745 -0.29% 0.12409 0.08%
G4∗ 82406 0.004 3.4464 -0.91% 0.1695 -2.87% 0.12685 2.22%

∗The final case for analysis.

TABLE 2. Comparison of present study with published results.

No. Author Method Re CD CLrms St

1 Present k-ω SST (2D) 21400 2.0599 1.4924 0.1383
2 Lyn et al.,1995 Exp. 21400 2.1 — 0.128–0.136
3 Durao et al.,1988 Exp. 14000 — — 0.1382
4 Murakami & Mochida, 1993 LES (3D) 22000 2.09 1.6 0.132
5 Farhadi & Rahnama, 2004 LES (3D) 21400 2.306 0.984 0.138
6 Arslan et al.,2010 LES (3D) 22000 2.11 1.16 0.132
7 Bosch & Rodi,1998 Modification of Kato and Launder k-ε (2D) 22000 2.108 1.012 0.146
8 Shimada & Ishihara, 2002 Modified k-ε(2D) 22000 2.05 1.43 0.141
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