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Abstract

The confined flow of a Newtonian fluid around a square cylinder mounted in a rectangular channel was investigated both numerically 

and experimentally. Ratio between the pipe and channel height, the blockage ratio, is kept constant at 1/4. The flow variables 

including streamlines, vorticity and drag coefficients were calculated at 0 ≤ Re ≤ 50 using finite volume method. The velocity terms 

in the momentum equations are approximated by a higher-order and bounded scheme of Convergent and Universally Bounded 

Interpolation Scheme for the Treatment of Advection (CUBISTA). Particle Image Velocimetry (PIV) was also used to obtain the two-

dimensional velocity field. The flow measurements were conducted for 1 ≤ Re ≤ 50. Streamline and vorticity results obtained by PIV are 

compared with those of the numerical simulation. Based on this comparison, good agreement is found between the numerical and 

experimental results in a qualitative manner.
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1 Introduction
Numerical analysis of the flow past over bluff bodies have 
been conducted in fluid mechanical studies for a long 
time [1-4]. The analysis of external flow past a square cyl-
inder is used various engineering applications such as shell 
and tube heat exchangers [3-7], coating processes, cool-
ing towers, extruders and membrane processes. It involves 
complex phenomena like flow separation and reattach-
ment, drag formation. Most experimental and numerical 
studies [1-4] on the flow past a stationary square cylinder 
have been performed at moderate to high Reynolds num-
bers. In this flow is unsteady. There are also many steady 
flow studies on square cylinders.

Characteristics of the steady confined flow past a square 
cylinder have been studied by Breuer et al. [8]. They pre-
sented results for Re = 0.5–300 in two-dimensional flow. 
The results were computed using finite-volume and lat-
tice-Boltzmann simulations with a blockage of 1/8. 
Separation was not observed for Re < 1. Gupta et al. [9] stud-
ied the steady flow and heat transfer characteristics in relation 

with the power-law fluids for Re = 5–40 and B = 1/8. Sharma 
and Eswaran [10] presented results for B = 1/20 and Re = 
1−160 by using a finite-volume formulation. These studies 
are related to the physics of the Newtonian flow past a square 
cylinder and the accuracy of numerical predictions of sim-
ulations. In recent study, Rashidi et al. [3] studied the flow 
and heat transfer in a multiple square obstacles using finite 
volume method at constant Re = 100. They observed that 
heat transfer enhances as the space ratio enhances between 
obstacles due to causing higher temperature gradient around 
channel wall and obstacles.

The results of the theoretical studies (especially 
numerical simulations) on fluid flow mechanics should 
be evaluated with respect to the experimental studies 
performed at similar conditions. In this study, Particle 
Image Velocimetry (PIV) is used to carry out flow field 
measurements experimentally. PIV has been used for 
both Newtonian and non-Newtonian fluid flow measure-
ments [11]. This technique enables the qualitative and 
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quantitative flow visualization by means of accurate mea-
surement at multiple points over the entire flow.

In this study, Newtonian flow around square cylinder 
with B = 1/4 is analyzed by developing non-uniform stag-
gered 372 x 162 grids on finite volume code as in Fig. 1. 
Objective of this study is twofold. One is to obtain accu-
rate numerical solutions of the system providing flow 
physics simulations. The other one is to compare and ver-
ify to the corresponding streamline and vorticity profiles 
using PIV measurements.

2 Governing equations and numerical methodology 
In this study steady incompressible and isothermal flow 
of a Newtonian fluid over a 2D confined square cyl-
inder is considered. The flow system is schematically 
depicted in Fig. 2. The blockage ratio, defined as the ratio 
between heights of the square obstacle and the channel is 
1/4 (b/H = 1/4). The length of channel is set as L/H = 30 
while the downstream channel length is 1/24 to ensure 
fully developed flow.

The formulation of the flow begins by considering 
basic equations of fluid flow, i.e. dimensionless form of 
the continuity and momentum equations (Eqs. (1)-(3)) 
given below [12-14].
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A finite volume method [13, 14] with non-uniform stag-
gered grid is used to obtain discrete form of the flow equa-
tions. Second order central difference scheme is used for 
the approximation of the diffusion terms in the momentum 
equations. Convective terms in the equations are approx-
imated by at least second-order accurate, bounded and 
non-uniform version of CUBISTA [13] scheme given in 
Eq. (4). The implementation of the CUBISTA scheme is 
carried out via deferred correction method that was pro-
posed by Rubin and Khosla [16]. Hayase et al. [17] reported 
a study by for the formulation of uniform QUICK scheme 
into CUBISTA scheme. This scheme is preferred due to its 

documented advantages on the higher order schemes [16]. 
The purpose of the convection scheme use is then to specify 
the values of ϕf (ϕw, ϕe) at the face, based on existing values 
at the neighbouring cell centres ϕc (ϕP) with their locations 
as xW, xw, xP, xe, xE in Fig. 3. The simplest scheme satisfying 
the transportive property is upwind, whereby ϕf = ϕP where 
P is the cell centre situated on the upwind side in relation to 
face f (measured by Ff > 0). With using coordinates notations 
in Fig. 3, generalized form of CUBISTA is given as:
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The final form of the two dimensional discretized gov-
erning equations over a control volume can be expressed 
symbolically as follows using finite volume method:
A A A A A bP i j E i j W i j N i j S i jφ φ φ φ φ

, , , , ,
= + + + ++ − + −1 1 1 1

 (5)

where the coefficients are approximated by the upwind dif-
ferencing scheme. The SIMPLE [17] method is employed 

Fig. 1 Non-uniform mesh around the obstacle with minimum cell size 
of Δx = 0.02 and Δy = 0.01 for B = 1/4

Fig. 2 Schematic of 2D flow around a square cylinder
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to handle the coupled system of the continuity, momentum 
and equations. The set of linearized algebraic equations are 
then solved by using the Thomas algorithm or the tridiago-
nal matrix algorithm (TDMA). The solution process is reit-
erated until the maximum relative change of flow variables, 
Øi,j (u, v, p) is less than a prescribed tolerance or residual as:
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Use of correct boundary conditions especially for stress 
components is crucial to capture the physics of the flow. 
The following inlet conditions are imposed for x and 
y-components of the velocity, u and v respectively. 

Inlet Boundary Conditions:
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No slip boundary conditions are assumed at the sol-
id-fluid interfaces:
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At the channel exit Neumann boundary conditions are 
imposed for the flow variables:
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3 Numerical Results and Discussion
Fig. 4 shows the effect of Re number on the confined flow 
patterns around the square obstacle in terms of streamline 
and vorticity profiles for Re = 0, 10, 20, 30, 50. The stream-
line profiles are shown in the upper half of figures, while 
the vorticity contours are shown in the lower half. No sep-
aration occurs from the surface of the cylinder for Re = 0 
due to creeping nature of the flow. However, flow separa-
tion is observed at higher Re numbers. Near the cylinder 

the streamline and vorticity profiles are quite similar but 
there are growing size differences further downstream, 
indicating the greater development of the wake as the 
Reynolds number increases from 0 to 50. The length and 
size of the vortex obtained also increased with growing 
wake region as in the Fig. 4.

The flow separation gets more pronounced at the vicin-
ity of the obstacle edges as increased Re number. A closed 
recirculation region consisting of two symmetric vorti-
ces develop in the wake region as shown in Figs. 4(c) - (e). 
Dimensionless recirculation length that is also known 
as the wake region is defined by Breuer et al. [8] as the 
distance between the obstacle surface and reattachment 
point of streamlines (i.e., ψ = 0 on the axis of symmetry at 
y = 2) to form the encapsulated region behind the obstacle. 
As Reynolds increased, this length also gets larger.

Another important flow characteristic is vorticity dis-
tribution around the obstacle. Vorticity profiles can also be 
used to investigate the behavior of the fluid flow around the 
obstacle. Stream function, ψ, and vorticity, ω, are obtained 
through the solution of the following Eqs. (10)-(11).
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Vorticity are also helpful in locating separation points. 
These contours seem to transit from being symmetrical at 
Re = 0 to being asymmetrical at higher Re numbers as in 
Fig. 4. The magnitude of the corner vorticity (at x = 20) 
increases with Re number at the upstream of the flow for 
Re = 20, 30, 50. To do detail analysis of vorticity, some 
primary points are chosen. Values of the stream func-
tion and vorticity and their primary axial wake locations 
at x = 22, 23, 24 and vertical locations at y = 2.5, 3 are 
tabulated in Table 1. These points are also considered as 
near wake (x = 22, y = 2.5) and far wake region (x = 24, 
y = 3) of the obstacle. In the near wake region, vorticity 
values (ω = -4.3842 at Re = 0) are larger compared to far 
wake region vorticity (ω = -1.4988 at Re = 0) due to highly 
intense velocity gradients in that region. Gupta et al. [9], 
Dhiman et al. [10], Sharma and Eswaran [25] have also 
reported similar vorticity distribution for Newtonian flow 
around the square cylinder in the range conditions 1 ≤ 
Re ≤ 45. For higher Re flows, vicinitiy vorticities (at x = 20, 
y = 1.5) get higher in Figs. 4(c)-(e), since v-velocity com-
ponent gradient is also higher at small Re as seen in Fig. 5.

For the same region, say x = 22 and y = 2.5, streamline 
magnitudes are similar for different Re number as in Table 1. 

Fig. 3 General representation for grid points in the x direction one 
dimensional Cubista
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(a) (b)

(c) (d)

(e)

Fig. 4 Streamline and vorticity profiles (upper and lower parts correspond to streamline and vorticity, respectively) for different Reynolds numbers. 
(a) Re = 0 (b) Re = 10 (c) Re = 20 (d) Re = 30 (e) Re = 50
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However, vorticity intensity shows a decreasing trend as 
compared to upstream locations. It can be resulted from 
that v velocity component changing with respect to x cre-
ates smaller gradients in the wake region for high Re num-
bers as shown in Fig. 5. Fig. 6 illustrates distribution of 
the velocity component, u at several positions of the flow 
field for Re numbers along the center line. At x = 19 that is 
the position of near cylinder region, the velocity profiles 
differs from Poiseuille flow. In the wake region, at x = 22, 
maximum velocity point shifts with respect to increasing 
Re. This behavior can be attributed to the vortex forma-
tion behind of obstacle. On the other hand, u-velocity com-
ponent changing with y axis has more symmetrical distri-
bution due to the imposed parabolic velocity profile at the 

inlet of the channel in Fig. 6. It is also nearly independent 
of Re numbers.

3.1 Drag coefficient around the obstacle
Drag coefficient Cd, is important characteristic quantities 
for flow around a cylinder. In the region of small Reynolds 
numbers the drag coefficient changes strongly with Re. 
A comparison of the results of different studies is shown 
in Table 2 at 0 ≤ Re ≤ 50. A Cartesian non-uniformly struc-
tured mesh with 372 x 162 grid system is used to repre-
sent the flow system having a blockage ratio of B = 1/8 
and B = 1/4. Drag coefficient is obtained by integrating 
the shear stress (viscous) and pressure contributions over 
the square cylinder surfaces denoted as f front, r rear, 
t top, and b bottom similar to the methodology reported by 
Dhiman et al. [10]. The relation for Cd can be written as:

Fig. 5 Vertical velocity (v) along the centerline y = 2  
at Re = 0, 10, 30, 50

Fig. 6 Velocity component, u, profiles for different positions  
at x = 19 (near cylinder), x = 22 (wake region) for Re = 0, 10, 30, 50 

along the centerline (y = 2)

Table 1 Intensities of the primary eddies and vorticity and their 
locations in the wake region

Re ω ψ x y

0 -1.8930 1.6636 22 3

0 -1.7269 1.6874 23 3

0 -1.4988 1.7168 24 3

0 -4.3842 1.3526 22 2.5

0 -3.0359 1.3762 23 2.5

0 -2.2318 1.4061 24 2.5

10 -1.9136 1.6246 22 3

10 -1.8391 1.6379 23 3

10 -1.7330 1.6548 24 3

10 -2.9159 1.3424 22 2.5

10 -2.3837 1.3531 23 2.5

10 -2.0887 1.3668 24 2.5

20 -1.9703 1.6089 22 3

20 -1.9091 1.6177 23 3

20 -1.8289 1.6291 24 3

20 -2.6605 1.3589 22 2.5

20 -2.2703 1.3442 23 2.5

20 -2.0476 1.3316 24 2.5

30 -2.0254 1.6021 22 3

30 -1.9662 1.6084 23 3

30 -1.8932 1.6167 24 3

30 -2.3695 1.3365 22 2.5

30 -2.1791 1.3397 23 2.5

30 -2.0538 1.3438 24 2.5

50 -2.0765 1.5949 22 3

50 -1.9779 1.5985 23 3

50 -1.9034 1.6035 24 3

50 -2.1139 1.3343 22 2.5

50 -2.0603 1.3351 23 2.5

50 -1.9946 1.3359 24 2.5
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The decreasing trend of Cd with increasing Re is 
captured. The impact of Re on Cd becomes more pro-
nounced at low Re region. At very low Re region (Re < 1) 
that strong impact can be deduced through the Stokes 
drag coefficient as Cd = 24/Re. The drag results are also 
listed in Table 2 along with the available values in liter-
ature. No data is found in the literature for B = 1/4 for 
the Newtonian case. Therefore, comparison was only 
done for B = 1/8. When B = 1/8, the results of this study 
and those earlier studies compare well with each other. 
Therefore the methodology followed in this study seems 
to be accurate to simulate the flow for the Newtonian case. 
Another interesting result is associated with the effect of 
the blockage ratio on the Cd. Due to the Newtonian nature 
of the flow, the drag originates from the form drag act-
ing on the front and rear surfaces and shear drag on the 
top and bottom surfaces. When flow gets more restricted 
due to presence of a larger obstacle, i.e. larger B, higher 
velocities between the channel and the obstacle give rise 
to higher shear stress and form drag effects, i.e. larger Cd 
values as shown in Table 2.

4 Visualization of Flow Field 
 PIV is a laser optical measurement technique for analyz-
ing laminar and turbulence flow, microfluidic flow pro-
cesses. Standard PIV measures two velocity components 
in a plane using a single camera. The principle behind PIV 
is to derive velocity vectors from sub-sections of the target 
area of the particle-seeded flow by measuring the move-
ments of particles between two light pulses [19, 20]:

v x
t

=
∆
∆

.

In a standard, two-dimensional system, illumination 
of the flow field is provided by a narrow sheet of light. 
The flow is seeded particles, and the images of these par-
ticles are recorded by a camera placed at 90° to the light 
sheet. Low Reynolds number PIV studies in the literature 
are scarce due to difficulties encountered to obtain high 
quality velocity measurements. On the contrary, reports 
on numerical investigation at low Reynolds number flows 
are more readily available as mentioned in Introduction 
part. In this section, we qualitatively describe the sequence 
of changes that occurs to the flow pattern around a square 

cylinder with blockage ratio of 1/4 with Reynolds number 
within the range of 1 and 50 using PIV.

A large number of studies have been performed to inves-
tigate the Newtonian flow over single square cylinder to 
analyze turbulence flow characteristics. Okajima et al. [21] 
carried out an experimental study of flow past a square cyl-
inder as well as rectangular cylinder for 70 < Re < 20,000 
to determine the vortex shedding frequencies for unsteady 
flow. Okajima found that the highest Strouhal number (St) 
was observed when 104 < Re < 2 x 104. Van Oudheusden 
et al. [22] studied the vortex shedding and drag force char-
acteristics in the near wake of a square cylinder placed at 
various angles (Ɵ) to the mean flow for Reynolds num-
bers of 4,000, 10,000, and 20,000 using PIV. They found 
that the flow separation occurred at both front corners and 
the shallow recirculation regions were observed above 
and below the obstacle while the angle is 0. The separa-
tion points move downstream while Ɵ > 0. Furthermore, 
two other large recirculation regions appeared in the wake 
behind the body in a similar fashion as that for the circu-
lar cylinder. According to Berrone and Marro [23] as Re 
is increased, the upstream–downstream symmetry of the 
streamlines disappeared and two eddies appeared behind 
the cylinder. These eddies get bigger with increasing Re, 
the flow becomes unsteady due to wake instability mecha-
nisms and the phenomenon of vortex shedding, known also 
as von Kármán Street [24]. The literature review indicates 
the importance of turbulence characteristics for bluff bod-
ies at high Reynolds numbers. These are mainly related to 
the unsteady flow around the obstacle.

Current PIV measurements were conducted to inves-
tigate the impact of square obstacle inside a channel. 
Particle image velocimetry (PIV) was used to measure the 
two-dimensional velocity field to reveal streamlines and 
vorticity patterns in a qualitatively manner. The changes 
of flow structure of the system due to effect of Re num-
ber were compared with computational results obtained at 
similar conditions.

Table 2 Comparison of Cd in steady flow regime with literature for 
various Re numbers

Re B = 1/4
(present)

B = 1/8 
(present)

B = 1/8
[10]

B = 1/8
[9]

B = 1/8
[8]

10 8.127 3.699 3.663 3.511 3.872

20 4.702 2.462 2.442 2.448 2.578

30 3.556 2.214 - - 2.278

40 3.236 1.826 1.852 1.864 1.925

50 2.608 1.793 1.751 1.762 1.854
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PIV visualizations (Dantec Dynamics) were per-
formed at Nanotechnology Engineering Department at 
Cumhuriyet University, Sivas. The experiments were 
carried out in a 300 cm long channel plexiglas of ½ in 
with the inner cross-section of 12 x 12 cm. The channel 
and the closed flow loop to circulate clean tap water via 
a magnetic pump are depicted in Fig. 7. Square obsta-
cle made of plexiglas was installed in the test section as 
shown in Fig. 8. The dimensions of obstacle were 3 cm 
height, 0.5 cm in thickness, and 12 cm in width to provide 
a blockage ratio of 1/4. B is the ratio of obstacle diame-
ter over channel diameter. Experiments were done at the 
Reynolds numbers of 1, 20, 30, 40, 50 where the Reynolds 
number was defined based on the diameter of the channel 
and the mean water velocity. To observe two-dimensional 
flow field of the system, illumination of the flow field was 
provided by a narrow sheet of light. The flow was seeded 
by Polyamide particles of size 50 μm and the images of 
these particles were recorded by a camera placed at 90° 
to the light sheet depicted in Fig. 7. Solid state Nd: YAG 
lasers using frequency-doubling crystals to produce light 
at 532 nm was used as the light source. 256 pair of images 
were taken by PIV camera and these images yields veloc-
ity vectors by cross-correlating the interrogation region in 
the first 5 image with the corresponding search region in 
the second image pair [20, 21].

Averages of these images were taken by PIV processor 
to get flow field. Two dimensional mean velocity vector 
fields at Re = 50 is presented in Fig. 9. The plot represents 
the typical behavior flow past over an obstacle. The flow 
shows that the flow is affected by the obstacle mainly in 
the surrounding region with the flow separation off the 
top and bottom edges of the obstacle. Fig. 9 also exhibits 
strong recirculation region at downstream of the obstacle. 
Stagnation areas are observed near the obstacle wall.

Vortices induced by the obstacle enhance mixing in 
the recirculation zone. Subsequent plots in Figs. 10(b) 
and 10(e) give the vortex patterns. These locations are 
the extent of the flow within the given field of view from 
the region immediately downstream of the square obsta-
cle including the recirculation zone up to the region where 
the flow reattaches itself. Comparing the flow patterns 
for both results, symmetrical vortex region can be identi-
fied similar to the numerical results in Fig. 4. At Re = 20, 
small vortexes start to occur near attachment of the wake 
region as shown in Fig. 10(b). The wake area or recircu-
lation region also increases as the effect of inertial forces 
increases when Re is increased from Re = 30 to Re = 50. 

With an increase in Re number, symmetrical vortexes 
become more discernible due to the increased accuracy 
of PIV at higher velocities.  Large part of the flow domain 
is affected by the obstacle and larger vortex appeared 
behind the obstacle as shown in Figs. 10(d)-(e) compared 
to Figs. 10(b)-(c) when the Reynolds number increased.

Vorticity field is calculated based on the velocity field 
shown in Fig. 10. At the edges of the obstacle where 

Fig. 8 Illustration of square obstacle inside experimental set-up

Fig. 9 Experimental velocity vector field at Re = 50

Fig. 7 Experimental flow loop set-up
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(a) (b)

(c) (d)

(e)

Fig. 10 Experimental streamline profiles around the square cylinder for different Reynolds numbers by PIV  
(a) Re = 1 (b) Re = 20 (c) Re = 30 (d) Re = 40 (e) Re = 50. Contour levels are shown from 0 to 2.5 with the increment of 0.5.

(a) (b)

(c)

Fig. 11 Experimental vorticity profiles around the square cylinder for different Reynolds numbers by PIV  
(a) Re = 1 (b) Re = 10 (c) Re = 30 (d) Re = 50. Contour levels are shown from -20 to 20 with increment of 5.

(d)
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boundary conditions of the system changes suddenly, 
highest intensity of the vorticity is obtained in the normal 
direction to the flow. But in the region between obstacle 
and the channel wall there is high shearing of the fluid 
and the vorticity magnitude is lower in this region as 
shown in Fig. 11. In order to study influence of Re on 
the vorticity dynamics of Newtonian flow around the 
obstacle, contour maps of the vorticity field of flow for 
different Reynolds numbers are presented in the follow-
ing plots in Figs. 11(a)-(d). There are qualitative similar-
ities between numerical and experimental results. For all 
Reynolds numbers, symmetrical vorticity distribution is 
attained in Figs. 11(a)-(d). Vorticity is almost uniform and 
its intensity remains the same at the corner of the obstacle 
depicted in Figs. 11(a) and 11(d).

Increase of flow inertia leads to increase in the inten-
sity of the vorticity contours as shown in Figs. 11(c) and 
11(d). Contour layers at the edges of the obstacle are more 
distinguishable, a behavior similar to the numerical pre-
dictions. As Reynolds number increases, vorticity pattern 
disperses symmetrically in the flow direction as shown in 
Fig. 4. Vortex area is also found to be higher as Reynolds 
number gets larger.

5 Conclusions
In this study numerical and experimental studies are car-
ried out for steady laminar flows of both Newtonian fluid 
around the confined square cylinder to reach physical 
mechanism of flow behavior around the square obstacle. 
Particle image velocimetry (PIV) was also used to obtain 
the two-dimensional velocity field. The results obtained 
in this study allow one to draw the following conclusions:

• Symmetrical vortex structure are found to be 
higher with an increase in the Reynolds number for 

Newtonian flow around the obstacle at Re > 20 as in 
Figs. 4(c)-(e) and Figs. 10(c)-(e).

• Highest intensity of vorticity is obtained in the 
normal direction to the flow. Symmetrical vortex 
structures at the wake region is observed when Re 
increased as in Figs. 4 and 10.

• Numerical simulations is confirmed by the experi-
mental visualization method. Particle image velocim-
etry (PIV) was used to measure the two-dimensional 
velocity field to reveal streamlines and vorticity pat-
terns in a qualitatively manner. The changes of flow 
structure of the system due to effect of Re number 
were compared with computational results obtained 
at similar conditions as in Figs. 10 and 11.

• The effect of inertia on vorticity distribution around 
the obstacle is analyzed and the results getting of two 
methods show that increasing the Reynolds number 
leads to increase of vortex area and intensity.

• The impact of Re number on Cd becomes more 
pronounced at low Re region as listed in Table 2. 
As inertial effects increase, the contributions of the 
viscous effect and pressure effect to the total drag 
coefficient decrease for Newtonian flow.

Nomenclature
Re Reynolds number
B Blockage ratio
τxy Shear stress
P Pressure
u Velocity
Cd Drag coefficient
n Power law index
ω Intensity of the primary vortex
ψ Stream function
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