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Experimental and numerical studies on the unsteady wake field behind a square cylinder near
a wall were conducted to find out how the vortex shedding mechanism is correlated with gap
flow. The computations were performed by solving unsteady 2-D Incompressible Reynolds
Averaged Navier-Stokes equations with a newly developed €-SST turbulence model for more
accurate prediction of large separated flows. Through spectral analysis and the smoke wire flow
visualization, it was discovered that velocity profiles in a gap region have strong influences on
the formation of vortex shedding behind a square cylinder near a wall. From these results,
Strouhal number distributions could be found, where the transition region of the Strouhal
number was at G/D=0.5~0.7 above the critical gap height. The primary and minor shedding
frequencies measured in this region were affected by the interaction between the upper and the
lower separated shear layer, and minor shedding frequency was due to the separation bubble on
the wall. It was also observed that the position (y/G) and the magnitude of maximum average
velocity (#/u) in the gap region affect the regular vortex shedding as the gap height increases.
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1. Introduction

In the design stage of bluff bodies such as brid-
ges, heavy ground vehicles, and open space buil-
dings with support pillars on the ground floor,
the dynamic stability of bodies must be consi-
dered due to unsteady wind loading. The flow
around a bluff body is associated with flow sepa-
ration, reattachment, and unsteady vortex forma-
tion in the wake region. As bluff bodies approach
the ground, the vortex shedding is suppressed and
becomes dependent on various parameters such as
the Reynolds number, the Breadth-to-height ratio
(B/D), the blockage ratio, the free-stream turbu-
lence intensity and the incoming turbulent wall
boundary layer thickness, etc (Durao, 1991).

Various studies on the flow field around a cy-
linder near a wall have been performed, but the
results were unsatisfactory until now. Kenjo et al.
(1997) reported for an experimental study for the
flow around a two dimensional square cylinder
mounted in the vicinity of a solid wall using
the two-component Laser-Doppler Velocimetry
(LDV) at Re=23,000 and 6/D=1.5. They re-
ported that the vortex shedding was suppressed at
G/D=0.25 and that the Strouhal number increas-
ed, with decreasing gap height, from 0.133 at
the freestanding condition to 0.164 at G/D=0.3.
Bosch et al.(1996) carried out the experiment at
Re=22,000, §/D=0.8 and reported that the reg-
ular vortex shedding did not occur at G/D=0.25,
but the established shedding was observed at
G/D=0.5. They reported that the critical gap
height was in the range G/D=0.35~0.5, and
there was no sharp transition from non-periodic
flow to purely periodic flow. Lyn et al.(1995)
performed the phase-averaged two-dimensional
LDV measurements at Re=22,000 and 7% bloc-
kage ratio. For G/D=0.75 along one streamwise
plane, it was observed that the wake flow was
similar to that of the square cylinder in a uniform
stream, but that the vorticies closer to the wall
were distorted. Bailey et al.(2002) measured sur-
face pressure and velocity field of a square cy-
linder near a wall at Re=19,000. They claimed
that the straightening of the lower shear layer

results in a weakened coupling between the upper
and lower shear layers so that the shedding pro-
cess becomes increasingly irregular at G/D<0.6.
Martinuzzi et al.(2003) carried out the experi-
ment at Re=18,900 and 8/D=0.5, where the
flow reattached intermittently on the bottom face
of the cylinder and viscous effects became impor-
tant at 0.3<G/D<0.6.

From the viewpoint of computational fluid
dynamics, it is difficult to predict accurately the
unsteady turbulent flows with massive flow sepa-
ration using the conventional turbulence models.
Frank and Rodi (1991) showed that the Strouhal
number and the drag coefficient of a square
cylinder in a uniform flow could be predicted by
the unsteady two-dimensional analysis using the
Reynolds-stress equation model in combination
with a wall function. Kato and Launder (1993)
used the irrotationality of the flow at the im-
pinging region and proposed the modified k-¢&
model, which is expressed in terms of the vorticity
tensor and the velocity strain tensor. In addition,
they applied this model to a square cylinder and
could obtain the improved prediction of aero-
dynamic and turbulence statistics. Murakami et
al. (1995) noted the excessive production of the
turbulent kinetic energy due to the isotro'pic eddy
viscosity model. Lee (1997) calculated the flow
past a square cylinder by using the standard
RNG (ReNormalization Group) and the low-
Reynolds number k-& model in order to evaluate
the sensitivity of various parameters such as time
accuracy, spatial accuracy and choice of convec-
tion schemes. Hwang et al.(1997) discovered that
the Strouhal number decreased as the gap height
increased at 6/D=0.8, but the opposite pheno-
mena occurred at §/0=>5.0. They concluded that
this result was due to the loss of momentum at the
gap region as the wall boundary layer grew.

The objective of this study is to investigate the
correlation between the velocity profile in the
gap region and the unsteady wake behind a
square cylinder as the gap height changes. For
that, a new turbulence model (£-SST) suggested
will more accurately predict such unsteady wake
flows. Also spectral analysis, flow visualization
and the measurement of velocity profiles in the
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gap region were performed to analyze the flow
characteristics around the square cylinder.

This study is composed of two parts. In the fore
part, the performance verification as well as the
introduction of the &-SST in the massive separat-
ed flow field will be discussed. Thereafter, in
order to investigate the correlation between the
velocity profile and the unsteady wake, the com-
putational and experimental results will be men-
tioned in the latter part of this study.

2. &-SST Turbulence Model

The BSL (baseline) model by Menter, utilizes
the original £-w model in the inner region of the
boundary layer and the standard k-& model in
the outer region and free shear flows. It is similar
to the £-@ model of Wilcox (1993), but avoids
the strong free-stream sensitivity of the Ak-w
model (Menter, 1994).

To derive Menter’s BSL model, the 2-& model
is rewritten in a k- formulation. After multi-
plying a blending function Fi to the original k~w
model, and (1-F,) to the transformed %-¢& model,
both equations are added together. Eq. (1) and
(2) show BSL model suggested by Menter.

Dk dui d Ok
Dt 5y; B okt an|:(y+GkUt) ax,l )
Do _ v ,_aui_ 2, 0 0w
D=kt e ot | (v+ound o] o
_ 1 ok dw
+2(1 F1)(7a)zw axj axj

The left hand sides of Eq. (1) and (2) are the
Lagrangian derivatives as noted D/Df=03/dt+
u:0/0x; and the eddy viscosity of BSL model is
defined as

w:% (3)

The function F is designed to be 1 to activate
the original 2-@ model in the near wall region
and to be 0 from the surface to activate the
standard %k-& model. The blending will take place
in the wake region of the boundary layer. All
constants denoted as ¢ in the BSL model are
defined in Eq. (4) with blending function F}. ¢
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represents any constant in the 4~ model while
@, is any constant in the transformed %-& model
(Menter, 1993).

p=Fi+(1—F) ¢ (4)
The blending function F is given in the Eq. (5).
F1=tan h(A14)

JE 500u)
0.09wd’ J%w

400,k
" CDiud®

Ai=min [max < ] (5)
In the first term in Eq. (5), turbulence length
scale is divided by d, the length from the nearest
wall. It is equal to 2.5 in the log layer and 0 in the
boundary layer edge. The second term is designed
to ensure that F} is equal to 1 in the sub-layer.
The third term is used to remove the strong free-
stream dependency when @ has a very low value.
Therefore /A; becomes O near the boundary layer
edge, and the standard k-& model is activated.

1 0k dw
w 0x; 0x;’

CDpu—maxx (204, 102) ()
CDy. stands for the positive portion of the cross-
diffusion term appeared in Eq. (2).

In addition to the BSL model, which combines
the standard £-& model and the .- @ model, Men-
ter suggested an improved turbulence model call-
ed the SST (Shear Stress Transport) model. In
the SST model, the eddy viscosity is modified to
account for the transport of the principal turbu-
lent shear stress denoted as

r=—pu'v (7)
One of the major differences between eddy-vis-
cosity and full Reynolds-stress model is that the
latter accounts for the transport effect of the prin-
cipal turbulent shear stress. The importance of
this effect has been clearly demonstrated by the
success of the Johnson-King (JK) model which
shows significantly improved results for adverse
pressure gradient flows (Menter, 1994). The JK
model suggests a transport equation for the tur-
bulent shear stress 7, which is based on Brad-
shaw’s assumption that the shear stress in a boun-
dary layer is proportional to the turbulent kinetic

energy k, as in Eq. (8), where al is a constant of
0.31.
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t=#t<g—:>=pa1k (8)

On the other hand, in the two-equation model,
the turbulent shear stress is written as Eq. (9).

ou ) k_z < ou >
r= m( Gy )= PC =Py v )
And, Eq. (9) can be rewritten as Eq. (10) for
conventional two-equation models.

z'=p,/%’:azk (10)

To ascertain an equilibrium turbulent boundary
layer flow, the ratio of production (P.) to dis-
sipation (D) in Eq. (10) is close to ! in the ou-
ter part of the layer. Therefore, Eq. (10) satisfies
Eq. (8), which represents Bradshaw’s assumption.

In adverse pressure gradient flows, the ratio of
production (Py) to dissipation (D) can be sig-
nificantly larger than unity (P, > D.). As a result,
Eq. (10) leads to an over-prediction of turbulent
shear stress, hence in order to satisfy Bradshaw’s
assumption, the eddy viscosity in the SST model
is redefined as in Eq. (11) where the P to Dy
ratio is unity.

alk
max | aiw, (0u/dy) Fs)

V= (11)
F>, another blending function, varies from 0 in
the free shear layer to 1 in the boundary layer
flow. The blending function F> is defined as
follows.

Fy=tanh(A3) (12)
. Yk 500v
Az—max< 0.0%0wd” d%w ) (13)

In the boundary layer with adverse pressure gra-
dient, the production of & is larger than the dis-
sipation (or du/dy > aw). Then, Eq. (11) guar-
antees the satisfaction of Eq. (8) due to v;=amk/
(du/0v). Whereas the original formulation such
that v, =%/ w is used for the rest of the flow. In
the original SST model, the eddy-viscosity can be
generalized using the absolute value of vorticity
as shown in Eq. (14). In two-dimensional flows,
| £2:;] is defined as Eq. (15).
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_ Cllk
" miax (m o, 2|19, F) (14)
| Qi;1=v22; =7 8_u_ﬂ/_‘ (15)

dy 0x

The SST model has been validated for various
steady and unsteady turbulent flow fields (Eka-
terinaris, 1994) and is known to show results
superior to other eddy viscosity turbulence mo-
dels. However, it has been observed that there are
some discrepancies in predicting unsteady aero-
dynamic coefficients in massive separation re-
gions such as the oscillating airfoil (Menter,
1994) and the square cylinder (Kim, 2003).

Ekaterinaris (1994) explained that this numer-
ical oscillation at post-stall region with the SST
model resulted from vortex shedding at the wake
region, which was influenced by grid distribution
at the trailing edge and wake region. However,
the present study clarifies that fluctuation of aero-
dynamic coefficients results from the SST turbu-
lence model itself and aims to provide better res-
ults by enhancing the SST model based on the
replacement of the vorticity tensor with the strain
rate tensor.

At first, the shear stress of two-equation model
of Eq. (9) can be derived from Eq. (16) which is
the basic premise of eddy viscosity model that
shear stress tensor f; is proportional to strain
tensor S;;.

—y <8u,+8uJ _2 8uk

ox; o0x: 3

2
81]) —3_pk6u (16>

In two-dimensional flows, Eq. (16) can be re-
presented as follows ;
< Ju , ov )
8x

=p%< 2 + ox >

From Eq. (17), the eddy viscosity of the SST
turbulence model is redefined as follows,

Txyzzﬂtsxy:#t
(17)

ark
max[ala), < 3” >Fz]
_ ark
" max(aiw, 2SxF3)

V=

(18)
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d1k
max{(mw, 2| Si;| F2)

V= (19>

In two-dimensional flows, | S;;| is defined as Eq.
(20).

_ _1]ou_  ov
| Sis|=v2SuSs = 2| oy + o ) (20)

When the streamlines are nearly parallel to the
solid surface as in the attached boundary layers
or weak separation, (9u/dy) is much larger than
(0v/dx). Hence, the shear stress in Eq. (17) can
be simplified as Eq. (9) by neglecting the latter
term (dv/dx). However, Eq. {17) cannot be sim-
plified as Eq. (9) in large separation region be-
cause the streamlines are no longer parallel to the
surface.

Therefore, (dv/0dx) cannot be neglected any
longer when the large separation occurs in Eq.
(18). For general flows including the attached
flows without separation and the large separated
flows, the eddy-viscosity can be redefined as
shown in Eq. (19) using the absolute value of
strain rate | Sy;|.

In this study, to distinguish the new turbulence
model from the original SST model, the new
turbulence model is referred to the &-SST (the
enhanced SST) model.

Figure 1 shows the schematic comparison of
vorticity tensor and strain tensor appeared in the
eddy viscosity formulation both in case of weak
and large separations. If the large separation
occurs as in Fig. 1, the sign of (du/dy) and (dv/
0x) are opposite and the magnitude of |S;;| is
always less than |£2;;]. Therefore, the quantities
of denominators in the eddy viscosities of each

Large Separation
8 ]
SRR i A CXE
e Separation region
P
Center
Weak Separation >§0f Vortex
Qu  Bu
it et [ B EZ
bu a1 .

NS

Fig. 1 Schematic comparison of vorticity tensor and

'*-—_!__-—’

strain rate tensor
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model can be represented as follows,

1| ou

1 |du ov
d1w<7w | (2])

Q‘ 1 |ou_ov
+3x < 2|0y ox
According to Eq. (21), the eddy viscosities of
each model in large separated flows satisfy the

following relationship ;
Vi(k—¢) > Vi(e—SST) > Visst) (22)

Because the order of (dv/dx) is much less than
that of (du/dy) in the attached flow region or the
weak separation region, the absolute values of the
vorticity tensor and the strain rate tensor have
almost the same order of magnitude.

Previous studies (Menter, 1994) using the ori-
ginal SST turbulence model show reasonable pre-
dictions because those calculations were perform-
ed for attached and weak separation flows. How-
ever when large separated regions exist, the mag-
nitude of the eddy viscosity in the original SST
model is much less than what is expected. There-
fore, the insufficient dissipation results in the
oscillation in the large separated flow fields as
previously mentioned (Ekaterinaris, 1994 ; Kim,
2003).

The effects of replacement of the vorticity ten-
sor with the strain rate tensor in the eddy viscosity
definition will be evaluated by the large separated
flow region such as a square cylinder flow. From
this evaluation, it will be validated that the &-
SST model shows better prediction capability in
the unsteady large separated flow fields than the
original SST model and the most other models.
The numerical analysis condition is chosen as
Re=22,000 to match the experimental condition
(Lyn, 1994) and Large-Eddy Simulation (Mura-
kami, 1995). Table 1 summarizes the mean aero-
dynamic coefficients from different turbulence
models - the standard A-¢&, the BSL, the SST and
the &-SST turbulence model - in terms of the
Strouhal number and the aerodynamic lift and
drag coefficients. The results from the e-SST tur-
bulence model are in good agreement with the
experimental result (Lyn, 1994} and LES result
(Murakami, 1995), although the lift coefficient
is slightly over predicted compared to the LES
result.
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Table 1 Numerical parameters and results with various turbulence models

Model At Ax; C Ca St
k- [Lee, 1997] 0.02 0.035 0.56 1.7540.004 0.138
RNG k-¢ [Lee, 1997] 0.02 0.035 2.08 2.12X0.230 0.133
Low Re %k-¢ [Lee, 1997] 0.02 0.0012 1.61 2.10£0.040 0.134
LES [Murakami, 1995] 0.001 0.022 1.60 2.09£0.130 0.132
EXP [Lyn, 1994] - - - 2.14£0.090 0.134
k-¢ [Present] 0.05 0.005 1.04 1.90+0.054 0.138
BSL [Present] 0.05 0.005 1.40 2.0010.064 0.142
SST [Present] 0.05 0.005 2.36 2.13%0.358 0.123
&-SST [Present] 0.05 0.005 2.01 2.0110.187 0.131
Figure 2 shows the time averaged U velocity t2r
component along the centerline. The SST model 1r --——— =

yields an excessively narrow reverse flow region
compared to the experimental result and LES
result. The result obtained from the &-SST tur-
bulence model is well in accord with the LES
result although it is found to be narrow compared
to the experimental result. The size of the reversed
flow region from the standard k-& model is lar-
ger than the other results. The differences in the
estimated size of the reversed flow region may be
due to the different magnitude of turbulent mix-
ing in the wake of the square cylinder, which is
illustrated as the total kinetic energy in Fig. 3.
Total turbulent kinetic energy, which is the sum
of the stochastic and the periodic kinetic energy,
is shown in Fig. 3, where all the computations
deviate from the experimental resuit. Though
Lyn’s experiment was performed by 2-D model-
ing, the TKE that was measured also included
spanwise kinetic energy not appeared in numeri-
cal computations Therefore, the TKE of the ex-
periment is higher than LES and RANS with the
turbulence models. The €-SST model somewhat
under-predicts the periodic part and the stoc-
hastic part, while the location of peak TKE coin-
cides with the LES and Lyn’s experiment. The
SST model is similar to the e-SST model in the
stochastic part, but over-predicts in the periodic
part and the location of peak TKE is closer to the
wall than other models. The BSL and the stand-
ard k-& model under-predict both parts. The
periodic part can be related to the turbulent

0.8 -l
3 Sl
30.6 f/ .'-:l..--'---- -

\50.4 o ?:/ e ket
> (JF JEp—"1 1Y
02F J/-" — am - SST
¥ | &8ST
or ' "’,’ . Exp(Lyn,1994)
02k e +  LES(Murakami,1995)

Fig. 2 Time averaged velocity component along the
centerline of the square cylinder (Free-stand-
ing, Re=22,000)

1~ — Ke
e BSL
----- SST

. O 8 ; e-SST

5 » . Exp(Lyn, 1994)

o . = + LES(Murakami,1995)

< L )

w gk
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s

o
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Fig. 3 Time averaged TKE along the centerline of
the square cylinder (Free-standing, Re=
22,000)

mixing in the wake of the square cylinder and the
size of the wake, therefore the peak TKE location
of the SST is closest to the square cylinder. Far
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from the square cylinder, the e-SST prediction
of the stochastic part is in agreement with that
of the SST. By comparing turbulence statistics
with the Lyn’s experiment and Murakami’s LES,
the ¢-SST turbulence model is found to repro-
duce important flow features around the square
cylinder.

3. Numerical Approach

In this study, governing equations are 2-D un-
steady incompressible Reynolds-averaged Na-
vier-Stokes equations. To calculate incompressi-
ble flow fields with efficiency, the continuity equa-
tion was transformed to the pressure equation
with the pseudo-compressibility scheme (Rogers,
1990). Then, the governing equations are given
as

Ob_ _ ,0ui
. P ax, (23)
ot @uiw
atc ax
’ (24)
__ 3, 0 Oui | Ju; \|_ dus
=~ o, [“’“t’( o, T oxs ﬂ o

The third-order upwind biased scheme was em-
ployed for the convection terms, and the central
difference scheme was used for the viscous terms.
To calculate the time-dependent flow fields, dual
time stepping method was employed, where phys-
ical time terms were treated as sources at the right
hand side as shown in Eq. (24). The numerical
calculation procedure at each physical time step
At became the same with that of steady-state
solution. Parallel computing was employed for
effective analysis of unsteady flows. To this end,
physical domain was divided into several sub-
domains by using DDT (domain decomposition
technique). DP-SGS (Data Parallel Symmetric
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Gauss-Seidel) (Lee, 1997) method developed for
efficient parallel computing was employed for
temporal integration. At Fig. 4, D and B indicate
respectively height and breadth of the cylinder
and G means gap height from the ground. At the
inflow, 1/7 power law with the adequate boun-
dary layer thickness (8/D=1.23) was imposed at
10D in front of the rectangular cylinder. At the
outlet, flow properties were extrapolated and
symmetric boundary conditions were imposed.
On the upper boundaries and no-slip boundary,
conditions were imposed on the cylinder wall
surface and ground. To investigate the effects of
the grid size and the first grid spacing on the nu-
merical solutions, grid independency tests were
carried out at G/D=1.0 case with 398 X298 grid
where the first grid spacing Ax:/D=0.0025,
198 X 148 where Axy/ D=0.005, and 98 X 73 where
Ax;/D=0.01. The effect of the physical time step
on the unsteadiness of the solution was also inves-
tigated with A¢==0.025, 0.05, 0.1 cases in 198X
148 grid. Table 2 summarizes the preliminary test
results, and concludes that the 198 X 148 grid and
At=0.05 are sufficient for the following numeri-
cal experiments in view of them being nearly iden-

tical with the Strouhal numbers and aerodynamic
coefficients from 198 X 148 and 398 X298 grid.

‘, \ gt
Fig. 4 H-type 1-blcok grid system (198X 148, Ax;/
D=0.005)

Table 2 Numerical parameters and results with various grids and time steps

Grid size At Ax; C: Ca St
98 X173 0.05 0.01 —1.68~2.10 1.61~1.98 0.126
198 X 148 0.1 0.005 —1.98~1.93 1.80~2.07 0.149
198 X 148 0.05 0.005 —2.02~1.97 1.78~2.25 0.153
198 X 148 0.025 0.005 —2.04~1.99 1.77~2.27 0.154
398 X298 0.05 0.0025 —2.10~2.06 1.83~2.32 0.152
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4. Experimental Apparatus

The present study was performed in the sub-
sonic wind tunnel with cross section of 300 mm X
200 mm with a length of 1,000 mm each, and the
maximum speed was about 30 m/s and turbulence
intensity was less than 0.5%. The flow situation
and the coordinate system used in this study are
sketched in Fig. 5. The test model was a two-
dimensional square cylinder made of acryl, of
height D=26 mm and span of 7.7D, resulting in
a blockage ratio of approximately 10%. The cy-
linder was horizontally mounted with a l-axis
traverse unit at 21D downstream of the plate
leading edge. In order to remove the wall boun-
dary layer from the bottom of the test section, the
test section was divided by a horizontal partition
plate that was installed at the bottom. The plate
had a super—critical shape in leading edge for a
uniform velocity profile. The trip wires of various
diameters were installed in front of the horizontal
partition plate in order to control the turbulent
wall boundary layer thickness. The average in-
flow velocity was set to be #=10.3 m/s, hence
Re=18,000 (based on the on-coming velocity,
., and the cylinder height, D) and a sampling
frequency was 1 kHz. In order to observe the flow
pattern of the unsteady wake region the smoke
wire visualization technique was used. A Hot-
Wire Anemometer (HWA, hereafter) was used to
obtain the shedding frequency and to measure
velocity profiles in the gap region. The uncer-
tainty of free stream velocity was 0.5%. The large
sampling time could minimize the uncertainty to
less than £0.001 in the gap flow region. The
Strouhal number had the uncertainty of +0.003.

From several preliminary experiments and nu-
merical simulations performed with different

L3 7y
Y
U
\oret H
eme—— 1 HEIOD
iy
FTrip .
< 21D ; G X ¥
<] ]

Y

Fig. 5 Description of experimental setup
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boundary layer thicknesses, it was found that the
relation between the velocity profile and the vor-
tex shedding has similar qualitative characteris-
tics as the boundary layer thickness changes. The
present work has only chosen the experiments and
numerical data at 6/D=1.23 and Re=18,000 to
investigate those effects.

5. Results and Discussion

5.1 Flow pattern

The smoke wire technique was used to visu-
alize the vortex shedding motion for various gap
heights in the range of G/D=0~1.5 at §/D=
1.23 and Re=3,500 (#==2m/s). Okajima (1992)
reported that the similar flow pattern around a
square cylinder was detected in the wide range of
Reynolds number between 100 and 20,000. From
Okajima’s result, the flow visualization results
with smoke wire at Re=3,500 can simulate the
flow pattern at Re=18,000. In Fig. 6, the instan-
taneous flow with smoke wire shows the simi-
lar flow pattern to the numerical simulation as
shown in Fig. 7. At G/D=0.3 in Fig. 6, there
is no regular vortex shedding because the gap
flow between the square cylinder and the wall is
squeezed like a jet flow, hence the lower separated
shear layer can not interact with the upper
separated shear layer of the cylinder. The vortex

G/D=0.3

G/D=05

Fig. 6 Smoke wire flow visualization for various
gap heights (8/D=123, Re=3,500, #.=2
m/s)
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G/D = 0.3

G/D = 0.6
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Instantaneous streamline distributions for
various gap heights (Computation, §/D=
1.23, Re=18,000)

Fig. 7

shedding occurs above G/D=0.5 where the suf-
ficient momentum is furnished from the gap re-
gion to wake region as the gap height increases.
The critical gap height may exist around G/D=
0.5 where the intermittent vortex shedding is
identified. At G/D=1.0 and 1.5, the Karman vor-
tex streets appears to be slightly oblique due to
the interference of separated shear layer on the
ground.

Figure 7 shows instantaneous streamline distri-
butions for various gap heights. At G/D=0.3,
where the vortex shedding is suppressed, the long
recirculation zone is identified past the square
cylinder. But at G/D=0.6 above the critical gap
height, the additional separation bubble that
affects the wake region on the ground is identi-
fied. As the gap height increases, the separation
bubble on the ground gets weaker and finally
disappears at G/D=1.5.

5.2 Spectral analysis and strouhal number

Figure 8 shows the variation of lift coefficients
at G/D=0.6, 0.7 and 1.0. When G/D is above
0.6, periodic oscillations are observed in Fig. 8. It
is found that the lift coefficient has one primary
shedding frequency and minor shedding frequen-
cies at G/D=0.6 and 0.7. The primary shedding
frequency is affected by the interaction between
the upper separated shear layer and the lower se-
parated shear layer of the square cylinder, and the
minor shedding frequency is originated from in-
terference of the separation bubble on the ground.
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Fig. 8 Lift coefficients for various gap heights
(Computation, §/D=1.23, Re=18,000)
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It is also evident with the frequency domain in
Fig. 9 and averaged streamline in Fig. 10. As the
gap height increases, the separation bubble on
the ground is weakened and finally the minor
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Fig. 10 Averaged streamline distributions for vari-
ous gap heights (Computation, §/D=1.23,
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shedding frequency disappears at G/D=1.0 as
illustrated in Fig. 8. This phenomenon is con-
firmed by the moving ground (Kim, 2005) that
the separation bubble does not exist. At G/D=
0.3 in Fig. 10, a long circulation zone without
vortex shedding is identified, however there is a
separation bubble on the ground at G/D=0.6
and 0.7.
In Fig. 11, the Strouhal number that gap
heights increases is compared with the results
from Kenjo (1997) . The transition region of the
Strouhal number is found after the critical gap
height in the present study, but Kenjo’s result
shows that the Strouhal number monotonically
decreases as the gap height increases. This differ-
ence may be due to the increase of intermittent
of the vortex shedding at 0.5< G/D<0.7 as men-
tioned by Bailey et al.(2002) and Bosch et al.
(1996) The present numerical simulation results
are in good agreement with Kenjo’s experimental

t = 0 (Minimum Lift)

C.:.:[:;v«. -

t="T /2 (Maximum Lift)

[N

A e

Fig. 12 Vortex formation process in a half cycle of
oscillation at G/D=0.6 (Computation, §/
D=1.23, Re=18,000)

result. The Strouhal number decreases and con-
verges to the value at free standing as the gap
height increases.

Figure 12 shows the vorticity contours during
a half cycle of the vortex shedding formation at
G/D=0.6. The periodic vortex shedding and the
clockwise separated shear layer from the ground
are clearly identified, and the vortex is upwardly
inclined by the ground effect as seen at Fig. 6. The
vortex at the lee side of the square cylinder is
deflected because of the ground effect.

5.3 Velocity profiles in gap region

From the results given in the previous section,
we can deduce that the gap flow and the separa-
tion bubble on the ground affect the vortex shed-
ding behind the square cylinder near the ground.
Therefore, it is important to investigate the ve-
locity profiles in the gap region in order to un-
derstand the vortex formation mechanism. The
averaged streamwise velocity distributions from
computations and experiments are measured at
the exit position of the gap between square cy-
linder and ground. Figure 13 and Figure 14 show
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the averaged velocity profiles by experiments as
well as the computation results for various gap
heights. In the cases where the vortex shedding
occurs, the value of maximum velocity denoted
u/ U= is greater than the cases without vortex
shedding. Also, the position at which maximum
velocity occurs is closer to the lower surface of the
square cylinder. If the square cylinder is located
near the ground, the gap flow plays a role as a
jet flow along the ground, causing the position
(y/G) of maximum velocity to move closer to the
ground. This deters interaction between the upper
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separated shear layer and the gap region flow,
resulting in the suppression of the vortex shed-
ding. The difference in the velocity profile be-
tween the experimental results and computational
results seems to be due to the different turbulent
intensity and the 3-D effect of the experimental
conditions. Yet, the patterns of velocity profile in
the present study are still meaningful from a
qualitative analysis viewpoint.

Figure 15 shows the rms velocity profiles at
G/D=0.3~1.5. In the case that the regular vor-
tex shedding occurs, the position (y/G) of maxi-
mum rms value is higher than 0.6. At G/D=0.5,
where intermittent vortex shedding exists. The
averaged velocity profile shows the same tendency
with G/D==0.7, 1.0 and 1.5; however the rms
velocity profile is different from G/D=0.7, 1.0,
1.5. Therefore, the averaged and the rms velocity
profiles are another base the intermittent vortex
shedding occurs around G/D=0.5. With higher
value of rms velocity, the more kinetic energy is
furnished to the wake region. As the position of
the maximum rms velocity approaches the lower
surface of cylinder, there is more active interac-
tion between the separated shear layers. There-
fore, from these results, it is concluded that the
position of maximum velocity (y/G) takes a key
role in the unsteady oscillation past a square
cylinder. Based on this investigation, simple pas-
sive control methods attached vertical or hori-
zontal plates on the lower surface of the square
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cylinder are helpful to reduce the aerodynamic
drag as well as to suppress the vortex-induced
oscillation. (Lee, 2005)

6. Conclusions

In this study, the unsteady flow field past a
square cylinder near a wall has been investigated
by experiments and numerical simulations. In
order to verify the e-SST turbulence model where
is adapted for predicting large separation region
such as a square cylinder, the 2-D incompressi-
ble Reynolds Averaged Navier-Stokes equations
were used. Through spectral analysis and smoke
wire flow visualization, it was discovered that the
velocity profiles in a gap region have a strong
influence on the vortex shedding past the square
cylinder near a wall. The Strouhal number has a
transition region around G/D=0.5~0.7 above
the critical gap height. The primary shedding
frequency is affected by the interaction between
the upper and lower separated shear layers of the
square cylinder. The minor shedding frequency
originates from the separation bubble on the
wall above the critical gap height. The pair vortex
past a square cylinder near a wall was asymmetric
and deflected upwards due to separated shear
layer from the wall and the separation bubble.
But these phenomena disappear as the gap height
increases because the wall effect diminishes. The
periodic vortex shedding mechanism has a strong
correlation with the position (y/G) of maximum
averaged and rms velocity (#/u.) in the gap
region as well as the velocity itself. As the posi-
tion of maximum velocity approaches the lower
surface of cylinder, regular vortex shedding oc-
curs. It is possible to suppress vortex shedding
past a square cylinder near a wall by controlling
the position of the maximum velocity and mo-
mentum in the gap region using various methods.
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