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ABSTRACT
A numerical study on the Couette-Poiseuille based non-uniform flow over a square
cylinder of height a* placed parallel to the wall at different gap ratios (L=H*/a*:
0.1≤L≤2.0, where H* is the gap between the cylinder and wall) is conducted for different
inlet non-dimensional pressure gradients P. The governing equations are solved
numerically through finite volume method based on SIMPLE algorithm on a staggered
grid system. Both P and L have an appreciable effect on the vortex shedding frequency,
aerodynamic forces and the flow structure around the cylinder. At L≤0.25 for P≤3 the
flow remains steady similar to the linear shear flow (P = 0). While increasing the value
at P=5, unsteadiness developed in the far field propagates towards the cylinder,
becoming quasi-steady in nature for L = 0.1. A further increase in L results in stretching
of the shear layers from the cylinder; for a high P the flow deflects towards the
downstream side with irregular transverse and longitudinal vortices. Collecting all the
simulated results obtained, four distinct flow patterns I, II, III and IV are identified based
on the vorticity contours, which are steady flow, unsteady single row vortex, two
stretched row of vortices and trailing edge separation with complex wake, respectively.
The critical gap height for onset of the vortex shedding decreases with increasing the
value of P. The intensity of peak in the power spectra of the lift coefficient increases
with the increase in P. At large L, the sharp peak changes into broad band and the
wake interaction becomes complicated depending on P and L. An attempt is made to
find a universal shedding frequency that is independent of L for different nonlinear
velocity profiles.
NOMENCLATURE
a* :height of the cylinder (m)
L :nondimensional gap height from cylinder to plane wall
P :nondimensional pressure gradient
Re :Reynolds number (Ua*/ν)
CD :time averaged drag coefficient
CL :rms of lift coefficient
St :Strouhal number
U :velocity at distance h* from the wall (m/s)
V : kinematic viscosity of fluid

1. INTRODUCTION
In many practical cases the flow approaching the structures, for example offshore
platforms, is not uniform because of the velocity gradients from the incoming flow.
Although high Reynolds number flows appear in most practical examples, the flow at
low Reynolds number has an application in small heat exchangers and electronic
cooling components. The difference between the flow velocities at upper and bottom
part of the structure in the wall proximity makes flow somewhat more complex, resulting
in different wake flow patterns. Therefore, it is very important to understand the basic
flow phenomena from a cylinder under the influence of a non-uniform velocity profile
near the wall. This study investigates the effect of the gap height L(=H*/a*, where H is
the gap between wall and the cylinder and a* is height of the cylinder) and non-linearity
of approaching velocity profile based on inlet pressure gradient P on flow
characteristics of a square cylinder.
Numerical studies on flow past a square cylinder for different inlet shear parameter K
and at different Reynolds numbers Re were conducted by Hwang et al. (1997, Re=5001500, K=0-0.25), Cheng et al. (2005, Re=100, K=0-0.5), Cheng et al. (2007, Re=50200, K=0-0.5), Lankadasu and Vengadesan (2008, Re<100, K=0-0.2). The results
showed that the Strouhal number (St), mean drag (CD) and fluctuating forces
decreases with increasing K. Cheng et al. (2007) conducted simulation at Re=100,
0≤K≤0.5 for flow over a square cylinder and concluded that unlike that for a circular
cylinder, the shedding frequency for the square cylinder decreases with increasing K.
Lankadasu and Vengadesan (2008) reported that with increasing K, the critical Re, at
which flow becomes unsteady, is reduced. Similarly several numerical studies have
been conducted on rectangular cylinder of different aspect ratios under uniform and
shear flow, e.g. by Sohankar (2008, Re=105), Islam et al. (2012, Re=100-250), Yu et al.
(2013, Re=105) and Cao et al.(2014, Re=22000). These studies have shown that Re
effect is less significant compared to other parameters (e.g., incoming velocity profile).
Cao et al. (2014) concluded that the linear movement of the stagnation point to the high
velocity side with increasing K is an inherent behavior in shear flow.
Several studies on effect of wall proximity of a cylinder have also been carried out
(Bailey et al., 2002; Lee et al. 2005; Kumar and Vengadesan, 2007; Wang and Tan,
2008; Dhinakaran, 2011; Maiti, 2012; Samani and Bergstorm, 2015). Bailey et al. (2002)
conducted an experimental study and examined the vortex shedding from a square
cylinder near a wall at Re=19000 and their results showed that the suppression of
vortex shedding occurs for L<0.4. Lee et al. (2005) studied effect of aspect ratio and
L(0.3≤L≤2) and introduced simple passive control method to reduce the aerodynamic
drag and vortex-induced oscillation. They observed that the vortex begins to shed by
the interaction of the separated shear layer on the upper surface of the cylinder with the
upwash flow from the gap region. Wang and Tan (2008) experimentally compared the
near-wake flow patterns for a circular and a square cylinder for different L ranging from
0.1 to 1.0. They concluded that the vortex shedding strength in the case of square
cylinder is relatively weaker, as compared to that of the circular cylinder at the same L,
and the critical L for vortex shedding are 0.3 and 0.5 for the circular and square

cylinders, respectively. Maiti (2012) reported that aerodynamic characteristics of a
square cylinder under uniform shear flow are more sensitive to L for L>1 than for L ≤1.0.
Dhinkaran (2011) observed an increment in aerodynamic forces with a decrement in L
for the flow past a square cylinder placed near a moving wall at Re=100. The flow
behavior was classified into two-row vortex street (1≤L≤4), single-row vortex street
(0.4≤L≤1), quasi-steady vortex street (L=0.3) and vortex shedding suppression (L<0.3).
Recently, Samani and Bergstrom (2015) conducted large eddy simulation to examine
the wall proximity effect of a square cylinder for three values of L=0, 0.5 and 1.0 at
Re=500. An increase in L leads to an increase in mean lift force (CL) and a decrease in
mean drag (CD) coefficients. As the cylinder approaches the wall, the wake flow
becomes increasingly asymmetric with the top recirculation cell displaced significantly
upward and further downstream, and a secondary recirculation zone develops on the
bottom wall.
The aforementioned studies on the flow around a single cylinder are based on either
uniform flow or linear shear flow with and without wall proximity. It is clear from these
studies that the inlet velocity profile and the gap flow greatly altered the aerodynamic
forces and flow around the cylinder. However, numerical studies on a square cylinder in
wall proximity under non-uniform velocity profile are scarce. Therefore, the present
study is aimed at understanding the effect of inlet non-linear velocity profile on
aerodynamic forces and the wake flow structure of a square cylinder at different L.

2. PROBLEM DESCRIPTION
With a wall lying along the x*-axis, a cylinder of square cross section of height a* is
placed parallel to the wall at gap height H* from the wall (Fig.1(a)). The inflow and
outlet boundaries lie at a distance 10a* and 20a* from the front and rear face of the
cylinder, respectively. The top lateral boundary lies at 10a* from the plan wall. The
upstream flow field is taken as Couette-Poiseuille flow based nonlinear velocity profile
u*(y*). This upstream condition is consistent with the Navier-Stokes equation and
viscous effects, because of no-slip requirement at the wall (Schlichting, 2000). In other
words, the cylinder is sub-merged into the boundary layer of a plane wall. The following
nonlinear velocity profile (with characteristic velocity U at y* = 10a*) is considered at the
inlet:
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where Re=Ua*/ν, p=p*/(ρU2) and, μ and ν are the viscosity and kinematic viscosity of
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The nondimensional quantities V=(u, v), and p and t denote the velocity, pressure and
time, respectively, with characteristic length and velocity are a* and U, respectively.
No-slip condition is used on the cylinder surfaces and on the plane wall. A Dirichlet
boundary (u=u(y), v=0) is used at the inlet boundary, while the Sommerfeld condition
(∂ɸ/∂t)+uc(∂ɸ/∂x)=0, where ɸ is any flow variable, and uc is the local wave speed) is
applied at the outlet. A slip boundary condition (∂u/∂y=0, v=0) is imposed on the top
lateral boundary. The numerical treatment to the Sommerfield condition has been
discussed in details in the previous study (Maiti, 2011).
A finite volume method on a staggered grid system and then the pressure correction
based iterative algorithm SIMPLE (Patankar, 1980) are applied. A third-order accurate
QUICK (Leonard 1995) is employed to discretize the convective terms and central
differencing scheme for diffusion terms. A fully implicit second-order scheme is
incorporated to discretize the time derivatives. At the initial stage of motion, times step
is taken to be 0.0001 which has been subsequently increased to 0.001 after the
transient state.

3. GRID INDEPENDENCE AND VALIDATION OF CODE
In this study, a nonuniform grid distribution is considered in the domain, with a uniform
grid along the cylinder surface and increasingly enlarged grids away from the cylinder
surface. The grid distribution in x-and y-directions is shown in Fig.1(c). The grid
distribution in x - and y - directions is similar to that used in our previous study, Maiti
(2012). Depending on the size of the distributed grids, the horizontal and vertical lines
of the computational domain are divided into five and three, respectively, distinct
segments. Along the y-direction, a uniform grid with size 0.005 is considered between
wall and top of the cylinder (within the segment ‘Iy’ in Fig.1(c)). With reference to Franke
et al. (1990) and Sohankar et al. (1997), the value of the first grid size from the cylinder
is kept constant as 0.004 for the present computation.
The grid refinement study on the number of uniform nodes and on the resolution of grid
near the cylinder surface and the far-fields was conducted in the previous study (Maiti,
2011, 2012 and Maiti and Bhatt, 2015) for the case of single and inline tandem
cylinders. A detailed discussion on the percentage of deviation has been made in these
studies. In the present study the grid distribution along the y-direction varied according
to the gap height of the cylinder from the wall. The numerical code validated for the
case of a square cylinder placed near a wall (Bhattacharyya et al., 2006) has been
used in the present study. Thus, the previous published results by the authors also
show the validity of the used code for this work.
In the present study the following operational dimensionless parameters affecting the
flow are considered:
 L= 0.1, 0.25, 0.5, 1.0, 1.5 and 2.0
 Inlet pressure gradient P = 0, 1, 3, 5
 Reynolds number (Re): 1000 (based on velocity at height 10a* from wall (Maiti
and Bhatt (2015))). Davis et al. (1984) found a good agreement between the
numerical and experimental results for Re around 1000 for uniform flow.
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ncreasing regime (fo
or pattern
III and IV
V). CL is re
elatively lo
ow for P=0 case compared to th
he higher vvalues of P.
P Similar
to the CD coefficie
ent, CL attrributes eith
her suppre
ession of vortex
v
sheddding or ve
ery small
fluctuatio
on at lowe
er L and P.
P Quick in
ncreasing regime is corresponnds to the onset of
vortex sshedding regime for all L an
nd P. Higher fluctuation at hhigher P indicates
fluctuatio
on of lift is stronge
er. At L=2 the fluctu
uation of the
t
lift coeefficient enhanced
approxim
mately 100
0% for P=5
5 case com
mpared to P=0. As it can be sseen from the flow
structure
es in Figs.2 and 3, with
w the inccrease in L the stagn
nation poinnt is shifted
d into the
higher vvelocity reg
gion. Lei et
e al. (199
99) and Dipankar and Senguppta (2005) reported
that the variation in
i the force coefficie
ents is asso
ociated witth the movvement of the front
stagnation point of
o the cylinder. Maiti (2012) ob
bserved the
e similar trrend of inc
crease in
CD and CL values with increa
ase in L fo
or the unifo
orm shear flow.
f
ency and s
spectra
4.5 Vorttex shedding freque
The spe
ectra of lift coefficients of the ccylinder as functions of L and P are pres
sented in
Fig. 8. F
For L ≤ 0.1, P ≤ 5 an
nd L = 0.25
5, P ≤ 3 an
nd L = 0.5, P = 0, th e flow was
s steady,
and therre was no peak the power
p
specctra. For hiigher value
es of L andd P, a defin
nite peak
is obserrved in the
e spectra. For
F P = 0, one single
e dominan
nt peak is iidentified (Fig.
(
8a),
the peakk height bo
oosting witth increasin
ng L. For higher
h
valu
ues of P annd L, the wake
w
and
wall vorrtex intera
action resu
ults in a ccomplicate
ed wake (Fig. 3) annd multiple
e and/or
broadba
anded peaks. These multiples peaks corrrespond to
o the cylinnder own shedding
s
frequenccy and the interaction
n of the wa
ake with wa
all vortices
s.

F
Fig. 8. The power spe
ectra of flu
uctuating lifft coefficien
nt at differeent P and L.
L

er (St) at different L aand P.
Fig. 9. Contourrs of Strou hal numbe
Fig. 9 prresents the
e contour plots of Sttrouhal num
mber (St) of
o the vorttex sheddin
ng of the
cylinder for differe
ent L and P. The do
ominant pe
eak in Fas
st Fourier transform (FFT) is
considerred as the St. As dem
monstrated
d in Figs. 2 & 3, the wake
w
topollogy of the
e cylinder
placed in nonuniform flow crucially depends on P and L. The Strouhal number
increase
es when P is further increased from 0 to 5. The inc
crease in S
St for prese
ent study
is contra
ary to the finding of Saha et a
al. (1999) and Lanka
adasu & V
Vengadesan (2008)

who reported that St either remain constant or decreases with increase in the incoming
shear rates. The maximum St (=0.18) is identified in pattern-II for L=0.25, P=5, where
the wake consists of a single row of regular vortices. St of the dominant peak is
sensitive to P. In general for pattern-III and IV, St decreases with increase in L for P ≥ 1.
At large L, the effective Reynolds number increases and vortices are stretched, it
results smaller value of St. These observations are consistent with Maiti (2012) who
reported drop in St at higher L for a uniform shear flow past square cylinder.
It has been observed here that significant changes occur in St with change in L
particularly for higher values of P. For P≤3 variation in St is less with variation in L,
compared to the higher value of P ≥ 3. The variation in St is corresponding to change in
wake flow pattern. Roshko (1954) define a universal Strouhal number (St*) based on
the hypothesis that the wake of different bluff bodies are similar in structure, as

St * 

fw
U w
 St
ub
u b a*

(5)

Where f is the shedding frequency, w is the lateral distance between the two free shear
layers and
is the time mean velocity at the boundary layer separation defined as

ub
 1  CP
U

(6)

Where CP is the base pressure. The concept of a universal Strouhal number has been
used by many researchers with different definition of wake widths (Griffin & Ramberg
1974, Roshko 1954, Alam & Zhou 2007 and Alam et al. 2011). All these studies are
based on higher Reynolds number uniform flow. So far, nobody has used this theory for
the single cylinder with nonuniform inlet flow in wall proximity. An interesting question
arises is : for a nonlinear inlet flow, is it possible to find the universal Strouhal number
that is independent of L ? It is clear from the flow structures that the presence of
incoming nonlinear flow and the wall confinement produce an asymmetry in the two
separated shear layers emerging from the upper and lower surfaces of the cylinder.
Therefore, it is difficult to measure the wake width for the present case. For the St*
calculation we have considered cylinder height (a*) as the characteristic length instead
of the wake width w. The values of St* are calculated as, St  St / ub and plotted
along with St in Fig. 10. It is clear from Fig.10, St and St* curves are qualitatively similar.
For linear shear flow case (P=0), the values of St* collapsed to fairly constant value
with less variation (0.037±0.003) with L. However, there is large variation in St* for P=5
(St*=0.085 ± 0.03). The higher variation in St* for larger P can be explained based on
that increase in P is similar to increase in Re. Richter and Naudascher (1976) observed
variation in St* (0.1560-0.2800) with change in Re from 2×104 -1.0×105 to 2×105-4×105.
Here also for P≥3, we observe large variation in St* ≈ 0.03 - 0.1 for P=3 and St* ≈ 0.050.13, for P = 5 with L. However, the range of variation in St* is (0.036 - 0.04) & (0.04 0.058) for P = 0 & 1, respectively. Large variation at lower L(≤1.0) is attributed the wall
proximity effect, which insinuates that the defining of universal Strouhal number St*
*

does no
ot fit for the
e flow pastt square cyylinder in wall
w proxim
mity. As it is evident from the
Fig. 10 tthat for L≥1.0, variation in St* iis less parrticularly fo
or small vaalues of P. It shows
that Rosshko theorry for findin
ng St* bassed on
provides better
b
apprroximation at lower
P for L≥1.0.

Fig. 10. Variationss in Strouh
hal numbe r (St) and modified Strouhal
S
nnumber (Stt*) with L
for differrent P.

5. CONC
CLUSIONS
S
The effe
ect of gap height
h
and
d inlet-flow nonlinearity on the characteris
c
stics of flow
w around
a squarre cylinderr has bee
en investig
gated num
merically. We
W found that the pressure
gradientt (P) and gap
g height (L) have an apprec
ciable effec
ct on the ddependenc
ce on the
flow stru
ucture, forcces and sh
hedding fre
equency. Four
F
distinc
ct flow pattterns are classified
c
based o
on the conttours of sp
panwise vo
orticity. The flow is steady
s
for P≤ 3, L≤ 0.25
0
and
P=0, L=0.5 in patte
ern-I. The unsteadine
ess is gene
erated for L=0.1 at faar downstream and
it conve
erts into co
omplete vo
ortex shedd
ding at L=
=0.25 by in
ntroducing nonlineariity in the
incoming
g flow at P=5.
P
Unste
eady period
dic flow wiith a single
e row of voortices is observed
o
in patterrn-II. In pattern-III sh
hear layerss from the bottom of the cylindeer remain attached
and two row of vorrtices strettched in the
e streamw
wise directio
on. For L ≥ 1.0 unste
eady flow
is obserrved from the
t cylinde
er for all th
he cases. The
T gap flo
ow changees apprecia
ably with
change in either P or L whic
ch play a m
measure ro
ole in the fo
ormation oof wake vortices. At
large L and P in pattern-IV,, trailing e dge separration occu
urs and th e wake interaction
becomes complicated, whic
ch results Strouhal peak bec
comes brooad banded in the
he critical gap
g heightt for onset or suppression of thhe vortex shedding
s
power sspectra. Th
dependss on P. The
e shedding
g frequenccy of the cy
ylinder dec
creases witth increase
e in the L
for P ≥ 3 comparred to P=0
0 case. Th
he St* variation sho
ows that R
Roshko’s theory
t
of

universal Strouahl number does not fit for higher P≥3 and lower L≤1.0. The values of
CD and CL are insensitive to change in L for P=0 and upto L=0.5 for P ≥ 1. For L>0.5,
CD increases almost linearly with L. The average pressure coefficient C P shows
significant change along the surface of the cylinder with increase in L and P that result
in an increase in the value of CD.
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