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Summary. A numerical study on the uniform shear flow past a long cylinder of square cross-section placed

parallel to a plane wall has been made. The cylinder is considered to be within the boundary layer of the

wall. The maximum gap between the plane wall to the cylinder is taken to be 0:25 times the cylinder height.

We investigated the flow when the regular vortex shedding from the cylinder is suppressed. The governing

unsteady Navier-Stokes equations are discretized through the finite volume method on staggered grid

system. A pressure correction based iterative algorithm, SIMPLER, has been used to compute the dis-

cretised equations iteratively. We found that the critical value of the gap height for which vortex shedding

is suppressed depends on the Reynolds number, which is based on the height of the cylinder and the

incident stream at the surface of the cylinder. At high Reynolds number (Re � 500) however, a single row

of negative vortices occurs for wall to cylinder gap height L � 0:2. The shear layer that emerges from the

bottom face of the cylinder reattaches to the cylinder itself at this gap hight.

1 Introduction

There have been several studies on the behavior of vortex shedding behind an obstacle placed

parallel to the ground because of its relevance in practical cases. Typical examples are the

vibration of pipelines lying on the sea-bottom under the effect of sea-currents; pipelines and

bridges under the effect of the wind, flow past heat exchanger tubes near walls, multiple

conductor transmission lines, structures in the atmospheric boundary layers or other significant

cases. Vortex shedding causes a noticeable erosion of the support of these structures. The

presence of the wall can modify the transport phenomena in the wake. For example, reducing

the cylinder-wall separation can lead to a significant augmentation of heat transfer along the

wall (Bailey et al. [1]). The presence of the ground modifies the dynamics, with respect to the

unbounded conditions, due to essentially three different factors: namely, the impermeability of

the wall gives an irrotational constraint to the bluff body wake, the velocity profile in front of

the body is notuniform, production of secondary vortex along the ground and the unsteady

boundary-layer separation from the wall. When there is a gap between the wall and the body,

the onset of vortex formation appears at a critical gap height (Bearman and Zdravkovich [2],

Taniguchi et al. [3], Bosch and Rodi [4], Zovatto and Pedrizzetti [5], Price et al. [6], Bailey et al.

[1]). The Karman vortex street is formed by concentration of vorticity due to the rolling-up

of separated shear layers that issued from both sides of the cylinder. Based on the flow
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visualization several authors observed that at small gap ratios the concentration of vorticity is

reduced and the formation of vorticity is interrupted by the gap flow mechanisms (Bearman

and Zdravkovich [2], Grass et al. [7] and Bosch et al. [9]). Some of the vorticity in the separated

shear layer is cancelled by the opposing vorticity in the boundary layer along the wall. The

vortex street behind the body consists of an upper row of strong negative vortices and a lower

row of weak positive vortices. The physical mechanism and the critical gap height for

which vortex shedding is suppressed has been investigated by several authors. Bearman and

Zdravkovich [2] predicted that the vortex shedding for a cylinder of circular cross-section near a

turbulent boundary layer along a plane wall is suppressed at gap height less than about 0.3

times the cylinder diameter. Grass et al. [7] observed experimentally that at small gap heights

the strong recirculation zone which is formed along the wall downstream of the cylinder deflects

the flow jet from the gap side away from the wall to form a free jet. This action prevents vortex

roll-up in the lower side of the cylinder. Taneda [8] studied the flow around a circular cylinder

towed through water past a plane wall. For small gaps between the wall and the cylinder,

Taneda [8] observed a single row of negative vortices shed downstream. Price et al. [6] also

observed the formation of a single row of negative vortices at gap height 0:25 times the cylinder

diameter. There they found the upstream separation bubble for small values of wall to cylinder

gap height and for the limiting case, when the cylinder is sited on the wall. Recently, Zovatto

and Pedrizzetti [5] made a study on the flow about a circular cylinder placed between two

parallel walls. The experimental and numerical studies on the turbulent flow around a square

cylinder in the proximity of a wall have been investigated by Bosch et al. [9]. They observed that

the influence of the wall resulted in a thinning of the shear layer along the wall side face of the

cylinder and a thickening of the shear layer along the upper side of the cylinder. Subsequently

Bosch et al. [9] observed through experimental studies that irregular or intermittent vortex

shedding occurs for gap heights just larger than the gap height where complete suppression of

vortex shedding occurs. Bailey et al. [1] observed that the strength of the upper shear layer

increased for wall to cylinder gap height 0:5 times the cylinder height, while the lower shear

layer decreased in strength. They concluded that suppression of periodic shedding occurs be-

cause of the increasingly different strengths of the shear layers for decreasing gap heights so that

the lower shear layer is eventually too weak to couple with the upper one. Recently, Martinuzzi

et al. [10] made an experimental study on the influence of wall proximity on vortex shedding

from a square cylinder. Through the surface pressure measurement they observed some

important differences between the flow around a circular cylinder and the square cylinder for

lower values of wall to cylinder gap heights. Liou et al. [11] presented a three-dimensional large

eddy simulation of the turbulent wake behind a square cylinder. Their result shows that the

celerity of the positive vortex shed from the lower side of the cylinder is smaller than that of the

upper side shed vortex due to the interaction with the wall boundary layer.

We find from the above discussions that most of the existing studies on the influence of wall

proximity on vortex shedding behind a square cylinder are based on the experimental mea-

surements where the Reynolds number is in the turbulent range, and in this range of Reynolds

number the flow is found to be relatively insensitive to the variation of the same. Therefore the

dependence of the critical gap height for which vortex shedding is suppressed on the Reynolds

number has not been investigated in most of the previous studies discussed before. Another

motivation for the present work is that the mechanism of vortex shedding suppression in the

laminar or turbulent range of the Reynolds number is made for a circular cylinder (Bearman

and Zdravkovich [2], Taneda [8], Lei et al. [12], Zovatto and Peritzzetti [5], Price et al. [6]). For a

square cylinder the location of the flow separation is fixed at the upstream corners unlike a

circular cylinder, where separation points move back and forth.
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The objective of the present paper is to investigate the physical mechanisms for the ces-

sation of vortex shedding and the formation of a steady wake for smaller values of wall to

cylinder gap height. The flow is considered to be two-dimensional and laminar. This is bound

to miss out many significant features of practical flows, especially three-dimensionality and

turbulence, but these features are complex individually let alone acting together. Recently,

Bailey et al. [1] examined the three-dimensional nature of turbulent vortex shedding from a

square cylinder in the vicinity of a plane wall. There they concluded that for gap heights close

to that for vortex shedding suppression the vortex formation process is increasingly two-

dimensional. However, it is assumed that the three-dimensional effect would not severely

contaminate the results obtained from changing the gap height at a fixed Reynolds number.

It has been observed by several authors, as discussed before, that regular vortex shedding is

suppressed when a cylinder is placed close to a rigid boundary beyond a gap between the wall

and the cylinder of 0:3 times the cylinder height. In order to investigate the wake structure

when regular vortex shedding is suppressed, we restricted our investigation for the flow at

wall to cylinder gap heights below 0:3 at various values of the Reynolds number. Our result

shows that the suppression of vortex shedding depends on the wall to cylinder gap heights as

well as on the Reynolds number. An upstream separation bubble appears for small values of

wall to cylinder gap height.

2 Governing equations and numerical methods

We consider a plane wall lying along the x-axis, and a long cylinder of square cross-section of

height A is placed parallel to the plane wall at a height H from the plane wall (see Fig. 1). We

considered that the upstream flow field is due to a uniform shear which is in accord with the

boundary-layer theory. We take the prescribed slope k of the incident velocity profile at the

surface multiplied by A; i.e., U ¼ kA as the velocity scale and the height of the cylinder A as

characteristic length. Time-dependent, two-dimensional Navier-Stokes equations for a constant

property fluid in nondimensional conservative form are given by

@u

@x
þ @v

@y
¼ 0; ð1Þ

u = y

1.0

 L

y, v

x, u

 O 

Fig. 1. Schematics of the flow configuration. ‘‘o’’ indicates the location of the monitor point at which
the time history of the velocity field is evaluated
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where the dimensionless variables are defined as

u ¼ u

U
; v ¼ v

U
; x ¼ x

A
; y ¼ y

A
; t ¼ tU

A
; p ¼ p

qU2
; Re ¼ UA

m
: ð4Þ

The variables with bar denote dimensional variables. Here u and v denote the Cartesian

components of velocity, m is the kinematic viscosity, q is the fluid density, and L ¼ H=A is the

nondimensional wall to cylinder gap height.

At the far upstream, the transverse velocity component is set to zero, and a sheared profile

for the longitudinal velocity component is assumed. At the plane wall and cylinder surface, no-

slip boundary conditions are applied:

u ¼ v ¼ 0 on the cylinder; ð5Þ

u ¼ v ¼ 0 on the plane wall y ¼ 0: ð6Þ

Further,

u! y; v! 0 in the upstream; ð7Þ

@u

@x
¼ 0; v ¼ 0 at the outflow boundary: ð8Þ

A zero shear boundary condition is specified along the upper boundary of the computational

domain. Thus,

@u

@y
¼ 0; v ¼ 0 at the top lateral boundary: ð9Þ

Flow is assumed to start from rest impulsively.

A staggered grid arrangement is used to compute the flow field. In the staggered grid

arrangement, the velocity components are stored at the midpoints of the cell sides to which they

are normal, and the pressure is stored at the center of the cell. The continuity and momentum

equations are discretized through the finite volume method over the control volumes. A typical

control volume employed for the momentum and continuity equations in the staggered grid

arrangement is shown in Fig. 3a–c. The convective terms at any interface of the control volume

are estimated by a linear extrapolation between the two grid-point neighbors on either side of

y

x
–1 0

0

0.5

1

1.5

2

1 2 3 4 5 6

Fig. 2. The arrangement of the computational grid in the computational domain near the cylinder and

plane wall for wall to cylinder gap height L ¼ 0:25
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the interface. The diffusion terms are discretized using a second-order, central difference

scheme. At higher Reynolds number we have used the third-order accurate upwind differences,

QUICK scheme, in the convective terms. Thus, the discretization of the space derivatives is

second-order accurate.

The flow is assumed to start impulsively from rest. A forward timemarching technique has been

employed to compute the flow field. An implicit first order scheme is used to discretize the time

derivatives present. A higher-order accurate time derivative discretization such as the three-time

level implicit scheme does not produce any significant advantage. The Euler implicit scheme is

computationally economical for smaller values of time steps as the three-time level implicit scheme

requires storage of two previous time step solutions and the computation time is much higher. A

comparison between the Euler implicit scheme and the three-time level implicit scheme has been

made in our previous study [14].

p

v

  j,k 

u

v

 j–1,k

j,k

 j,k–1

a

u j–1,k

uj–1,k+1

v j,k

vj,k–1

 pj,k   uj,k 

pj,k+1 uj,k+1 

 uj+1,k

u j,k+1

u j,k–1

b

vj,k+1

vj–1,k

uj–1,k uj,k
pj,k

vj,k–1

vj+1,k

c

uj,k

vj+1,k

pj+1,k

vj+1,k–1

Fig. 3. Schematic of a p-control volume,
b u-control volumeand, c v-control volume
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A pressure correction based iteration algorithm SIMPLER (Fletcher [13]) is used for com-

puting the discretized equations. At each time step the iteration procedure starts by supplying

the previous time step solutions for velocity and pressure fields. The pressure link between the

continuity and momentum is accomplished by transforming the continuity equation into a

Poisson equation for pressure. The Poisson equation implements a pressure correction for a

divergent velocity field. A converged solution at each time level is achieved by successively

predicting and correcting the velocity components and pressure.

3 Grid considerations, and algorithm testing

Anonuniformgrid distribution in the computational domain is incorporated (seeFig. 2). The grid

is finer near the surfaces of the square cylinder and plane wall to better resolve the gradients near

the solid surfaces. To check the grid independency we performed computations for four set of

grids, namely, 185� 170; 185� 340; 370� 170 and 370� 340 with the first and second

number being the number of mesh points in the x-direction and in the y-direction, respectively.

Themaximumdistance of the first grid point fromeachwall is0:01A and0:005A for the coarse and

fine grids, respectively. The effect of grid size on Strouhal number (St) and the time-average drag

coefficient (CD) experienced by the cylinder at various values of theReynolds number for uniform

flow past a square cylinder placed in an unbounded region has been discussed in our earlier paper

(Figs. 3a and b of [14]).We found that the changes in solution due to halving the grid size occur on

the third decimal place.

At the initial stage of motion the time step dt is taken to be 0:001 which has been subse-

quently increased to 0:005 after the transient state. Further changes in the size of time step dt

below 0:01 do not produce any significant changes in the solution. The effect of time step dt on

the time average drag coefficient (CD) for different Reynolds numbers (Re) for uniform flow

past a square cylinder exposed in a unbounded domain is shown in Fig. 4.

In our computation, dt < dx and the velocity is always less than one except in the region

between the cylinder and the ground. Clearly the Courant number ðC ¼ juj dt
dx
Þ is less than one

in the computational domain. It assumes a maximum value 0:9 in the cells situated symmet-

rically between the cylinder and the wall.

The height of the top lateral boundary and outflow boundary is chosen large enough that the

influence of the boundary condition on the wall shear stress is very weak. Tests were made in

order to determine the suitable distances of the top boundary and downstream boundary. The

outflow boundary distance is increased with an increase of Re. For a typical computation at

Re ¼ 250 and L ¼ 0:25, for example, the top lateral boundary and outflow boundary are taken

as 8A from the plane wall and 40A from the cylinder rear face, respectively.

In order to assess the accuracy of our numerical method, we have computed St and CD for

uniform flow past a square cylinder without plane wall at different values of Re and compared

with the results due to Davis and Moore [15], Franke et al. [16], Treidler [17], Arnal et al. [18],

Li and Humphrey [19], and Hwang and Yao [20]. A detailed discussion of errors has been made

in Bhattacharyya and Maiti [14] (ref. Fig. 3).

A comparison of our computed results ðSt and CDÞ when the cylinder of height A is placed in

a boundary-layer thickness d at a gap height H from a wall has been compared with Hwang and

Yao [20]. The boundary-layer flow is generated from a uniform stream over a flat plate. Table 1

displays the comparison for various values of d
A
and L ¼ H

A
at Re ¼ 1000. Our results are in

excellent agreement with the results of Hwang and Yao [20].
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4 Results and discussions

The present flow field is governed by two parameters, namely, the Reynolds number Re and

wall to cylinder gap heights L. We have presented the numerical solutions for wall to cylinder

gap heights L ¼ 0:25, 0:2, 0:15 and 0:1 at different values of the Reynolds number.

The time evolution of the velocity components ðu; vÞ at the point which is on the centerline of

the cylinder and just off the rear face of the cylinder (the location of the monitor point is

indicated in Fig. 1) for wall to cylinder gap heights L ¼ 0:25, 0:2, 0:15, 0:1 at Re ¼ 250 shows

that the flow field reaches a steady state at this Reynolds number after an initial transition. The

time history of the velocity field is not shown here for the sake of brevity. The vorticity contours

for the steady flow at the wall to cylinder gap height L ¼ 0:25 are shown in Fig. 5 when

Re ¼ 250. It shows that in the vicinity of the cylinder and the plane wall there are three shear

layers; the two shear layers that develop near the surface of the cylinder on the top and bottom,

respectively, and the shear layer that develops along the plane wall. The upper shear layer on

Table 1. Comparison of Strouhal number (St) and time-average drag coefficient (CD) at Re = 1000 and

for boundary-layer thickness d
A
¼ 0:8; 5:0 at various gap heights L

Configuration Strouhal number (St) Drag coefficient (CD)

d
A

L Present Hwang

et al. [20]

%Error Present Hwang

et al. [20]

%Error

0:8 5:5 0:121 0:122 1:64 1:99 1:98 0:50

3:5 0:121 0:124 2:41 1:97 1:97 0:00

1:5 0:132 0:135 2:22 2:13 2:14 0:46

1:0 0:144 0:140 2:86 2:10 2:15 2:36

5:0 5:5 0:122 0:121 0:82 1:97 1:94 1:54

3:5 0:106 0:111 4:50 1:64 1:66 1:21

1:5 0:086 0:088 2:27 0:80 0:79 1:26

1:0 0:083 0:080 3:75 0:52 0:50 4:00

1

1.5

2

2.5

3

0 200 400 600 800 1000 1200 1400 1600

 , dt=0.001
, dt=0.005

Re

CD

 __

Fig. 4. The effect of time step dt on time average drag coefficient ðCDÞ for different Reynolds numbers

(Re) for uniform flow past a square cylinder placed in an unbounded domain
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the cylinder and the shear layer on the plane wall has negative vorticity and is indicated by

dashed lines, whereas the lower shear layer on the cylinder has positive vorticity and is

indicated by solid lines. It is clear from the figure that the vortex shedding is suppressed at this

Reynolds number and the wake behind the cylinder is steady. The thick wall boundary layer at

low Reynolds number interacts with the cylinder lower shear layer and diffuses part of the

positive vorticity in the lower shear layer. Consequently this lower shear layer is not strong

enough to influence the negative upper shear layer. The upper shear layer thus convects

downstream without being roll-up, and the weak lower shear layer reattaches with the cylinder

lower face without shedding.

The form of the wake at the lower value of wall to cylinder gap height L ¼ 0:1 is described in

Fig. 6 for Re ¼ 350. We find that the wake is steady at this value of Reynolds number with

L ¼ 0:1. The upper shear layer emerges from the top of the cylinder transported downstream

almost horizontally without forming any vortex in the near wake of the cylinder. The negative

wall boundary layer interacts with the positive shear layer induced by the cylinder wall face and

greatly reduces its strength. The wall boundary layer separates in the downstream of the

cylinder and the separation point shifts further downstream at an increased value of the

Reynolds number.

Figure 7 shows the pressure distribution (Cp) along the cylinder surface at Re ¼ 250 for gap

height L ¼ 0:25; 0:2; 0:15; 0:1. The pressure is positive along the windward face of the cylinder.

A separated pressure distribution occurs along the bottom face and side face of the cylinder. It

may be noted that at gap height higher than 0:3 the negative pressure (base suction) occurs near

the front corner of the bottom face of the cylinder, and the flow encounters an adverse pressure

gradient in the gap region [2]. On the contrary, our result for L � 0:25 at Re ¼ 250 shows that

fluid moves with the pressure gradient in the gap region.

The underbody flow at Re ¼ 200; 400 for wall to cylinder gap heights L ¼ 0:25; 0:1 is

presented in Figs. 8 and 9. The time histories of velocity components (not presented for the

sake of brevity) show that the wake is steady for these cases. Figure 9 depicts the pressure

distribution along the wall side face of the cylinder and along the plane wall in the gap

region. Figure 9a and b shows that the pressure distribution ðCpÞ difference between the

sides is almost zero in the core of the gap region for L ¼ 0:1; 0:25 at Re ¼ 200; 400. This

implies that for smaller values of wall to cylinder gap height the gap flow is unidirectional,

and the core flow resembles that of channel flow. This result agrees with the experimental

x

y
–7.5

–7.5

5.0

–1 0
0

0.5

1

1.5

2

2.5

3

3.5

1 2 3 4 5 6

Fig. 5. Vorticity contours for wall to cylinder gap height L ¼ 0:25 at Re ¼ 250. The negative vortex

lines are denoted by dashed lines and positive vortex lines are denoted by solid lines
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Fig. 6. Vorticity contours for wall to cylinder gap height L ¼ 0:1 at Re ¼ 350. The negative vortex lines
are denoted by dashed lines and positive vortex lines are denoted by solid lines
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Fig. 7. Pressure distribution (Cp) over the cylinder for wall to cylinder gap heights L ¼ 0:25;
0:2; 0:15; 0:1 at Re ¼ 250
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Fig. 8. u-velocity profiles in the gap flow for wall to cylinder gap heights L ¼ 0:25; 0:1 at Re ¼ 200; 400
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finding of Martinuzzi et al. [10]. We have presented the time average pressure distribution

ðCpÞ along the wall side face of the cylinder and along the plane wall in the gap region for

gap height L ¼ 0:5 at Re ¼ 200; 400 in Fig. 9c. It may be noted that for this gap height

L ¼ 0:5 at Re ¼ 200; 400 the wake is periodic and consist of an upper row of strong

negative vortices and lower row of weak positive vortices. Our result shows that when

L > 0:25, the bottom face pressure is less than the pressure along the wall. Our result agrees

qualitatively with the Martinuzzi et al. [10] pressure measurement. There they have argued

through inviscid analysis that when the pressure distribution along the bottom face is less

than the pressure distribution along the wall, the streamline curvature below the bottom

face is positive with respect to the lower face. When the streamline curvature is positive, the

upper and lower shear layers of the cylinder are strongly coupled. The interaction of these

shear layers result in a regular vortex shedding behind the body.

The horizontal component of velocity profile at different x-station ðx ¼ 0:25; 0:5; 0:75Þ
within the gap region is presented in Fig. 8. The perpendicular velocity ðvÞ is almost negligible,

and the horizontal velocity (u) takes a parabolic form. The magnitude of the velocity in the gap

flow increases with the increase of the Reynolds number. It may be noted that at higher values

of wall to cylinder gap height L the velocity profiles overshoot, and a strong gap flow generates

[21].

Effects of higher Reynolds number (Re � 500) on the flow at different values of wall to

cylinder gap height are shown in Figs. 10–13. At Re ¼ 500, the time histories of the velocity

components (u; v) at the monitor point (the location of the point is indicated in Fig. 1) is

presented in Figs. 10a and b for wall to cylinder gap heights L ¼ 0:25; 0:2; 0:15 and 0:1. It

shows that the wake is periodic at Re ¼ 500 for L ¼ 0:25. A weak periodicity occurs for wall to

cylinder gap height L ¼ 0:2. But the wake is steady at L ¼ 0:15 and 0:1 for Re ¼ 500. This may

be due to the fact that at higher Re the wall boundary-layer thickness reduces and for wall to

cylinder gap heights L � 0:2 the interaction with the cylinder upper shear layer is not strong

enough to prevent rolling-up. Figures 10c and d show that the flow field is periodic at Re ¼ 700

when the gap height is L ¼ 0:2.

Figure 11 shows the vorticity contours at wall to cylinder gap height L ¼ 0:25 for high values

of Reynolds number Re ¼ 500. The result shows that at this high value of Reynolds number the

upper shear layer rolls-up in a periodic manner and the wake consists of a single row of

negative vortices. The wall boundary layer diffuses the positive vortex induced by the cylinder

lower shear layer and reduces the circulation, which delays the roll-up into a well-defined

positive vortex. The periodicity in the wake associated with the shear layer originates from the

upper side of the cylinder. Earlier Price et al. [6] also observed the same phenomena for the case

of a circular cylinder placed close to a wall.

The vorticity contours at wall to cylinder gap height L ¼ 0:2 and 0:25 for Reynolds number

Re ¼ 700 are shown in Figs. 12 and 13. The flow field is periodic at these values of the

parameter. The wake consists of a single row of negative vortices. The flow separation and

formation of large eddies on the plane wall in the downstream of the cylinder occurs at this

lower gap height L ¼ 0:2 for higher values of the Reynolds number Re ¼ 700.

5 Conclusions

The uniform shear flow past a square cylinder placed close to a plane wall has been investigated

numerically for Reynolds numbers (Re) up to 700 and at different values of wall to cylinder gap
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height (L ¼ 0:25; 0:2; 0:15; 0:1). The major results of the present study can be summarized as

follows:

(i) At smaller values of wall to cylinder gap height (L < 0:25) or lower Reynolds number

(Re < 500) vortex shedding is suppressed, and the wake behind the cylinder is steady.

The thick wall shear layer of negative vortices interacts with the positive vorticity induced

by the cylinder lower shear layer. The cylinder lower shear layer reattaches to the cyl-

inder itself, and the upper shear layer convects downstream almost horizontally without

being roll-up.

(ii) The gap flow near the trailing edge of the cylinder when vortex shedding is suppressed is

almost unidirectional and similar to a channel flow.
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(iii) At the lower values of wall to cylinder gap heights, the separation bubble appears in the

upstream of the cylinder.

(iv) At large Reynolds number (Re � 500) the wake consist of a single row of counter rotating

vortices induced by the cylinder upper shear layer.

(v) The critical value of wall to cylinder gap height for vortex shedding suppression decreased

as the on-coming boundary layer increased.

It may be noted that several authors (e.g., Bosch and Rodi [4], and Bosch et al. [9], Bailey et al.

[1], Martinuzzi et al. [10]) considered the turbulent flow behind a square cylinder near a wall

and observed that the vortex shedding suppression is much less sensitive to the oncoming
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boundary layer thickness. We found that the vortex shedding suppression depends on the wall

boundary layer thickness as well as cylinder to wall gap height. Our result shows that the

reattachment process of the separated shear layer on the wall side face interrupts the vortex

feedback mechanism and vortex shedding is suppressed.
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