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Abstract - In the present study, the numerical results of flow and 
heat transfer structure around a very slender bluff body with a 
rectangular cross-sectional area are investigated in detail. The 
Reynolds number is considered so low that the flow presumably 
is laminar. Reynolds number, Prandtl number, aspect ratio and 
the angle of incidence are assumed to be 100, 0.71, 0.1 and 45 
degrees respectively. An in-house finite volume computer code 
using the SIMPLEC algorithm and non-staggered grid is 
employed for the simulations in the two-dimensional and 
incompressible flow regime. The study of spatial resolution and 
grid independency is carried out as well. Furthermore, the 
instantaneous variations of flow parameters are provided and 
discussed thoroughly. The global quantities including pressure 
and viscous drag and lift coefficients, the Root Mean Square 
(RMS) of drag and lift, and Strouhal number are also computed. 
The simulations reveal that the angle of incidence of the bluff 
body relocates the stagnation point from the centre to a point at 
the one-sixteenth of frontal side. An acceptable verification has 
been observed by making a comparison between the provided 
results and available data in the literature. 
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1. Introduction 

The prediction and analysis of flow characteristics 
over slender bluff bodies have recently attracted 

significant attention in the field of aerodynamics and 
wind engineering. The essential and practical 
importance of an understanding of flow behavior around 
bluff bodies is still demanded by mechanical and 
aeronautical engineers. Despite the simple geometry of 
common bluff body objects such as square, circular, and 
rectangular, the flow analysis around them is very 
complicated. However, due to the complexity of the flow 
that usually come across bluff bodies, the prediction of 
lift and drag forces, frequency of eddy shedding, and 
pressure distribution still disclose many curious facts for 
investigators. In recent decades, Computational Fluid 
Dynamics (CFD) has become one of the most popular and 
efficient method for the analysis of the flow structure in 
the early stage of each real construction and 
manufacturing process. Flow separation, vortex 
shedding, fluctuating lift and drag forces, vibration, 
noise, and heat transfer patterns around bluff bodies 
were extensively investigated by researchers, i.e., [1]-
[10]. 

The effect of the orientation of a square cylinder on 
flow characteristics has been experimentally studied by 
[11]. The angle of incidence was ranged from 0 to 60 
degrees, and the Reynolds number was changed from 
1340 to 9980. Their results disclosed that flow 
separation points were located at the leading edge of the 
cylinder with zero inclination. When the angle of 
orientation was greater than zero, the location of 
separation points was moved downstream, and the size 
of the wake region was increased. They also found that 
an increase in the angle of incidence caused a smaller 
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drag coefficient and a higher Strouhal number. Particle 
Image Velocimetry (PIV) was used by [12] to capture the 
vortex shedding phenomenon caused by flow passing a 
two-dimensional square cylinder at incidence for 
Reynolds numbers of 4000, 10000, and 20000. A 
comprehensive study on the vortex shedding process 
and the coherent large-scale flow unsteadiness were 
done by them. 

The flow pattern around a square cylinder with 
two aspect ratios of 16 and 28, an angle of incidence 
between 0 and 45 degrees and a Reynolds number of 410 
was investigated by [13]. PIV along with hot wire 
anemometry, was utilized to find flow parameters such 
as velocity, pressure, and fluctuations. The lowest drag 
coefficient and highest Strouhal number was found at 
22.5° of incidence. The flow visualization images 
revealed that the streamwise space between the 
alternating vortices in the downstream was depended on 
the angle of incidence. They also observed that the drag 
coefficient was decreased and the Strouhal number was 
increased as the aspect ratio was enhanced. 

Flow around a rectangular bluff body with an 
aspect ratio of 1:5 was studied by [14] using a high-
pressure wind tunnel. By making a comparison between 
two angles of incidence; α=0 and 45 degrees, it was found 
that the distribution of the lift coefficient caused a 
reattachment for α=0° and consequently empowered the 
vortex shedding phenomenon. 

The aerodynamic behavior of rectangular bluff 
body with an aspect ratio of 1:5 was investigated by [15], 
[16] numerically and experimentally. In their 
comprehensive studies, all details of flow involving 
pressure distribution on the cylinder, drag and lift forces, 
as well as the vortex shedding phenomenon were 
investigated using a wind tunnel for unsteady high 
Reynolds number flow regime. They found that the size 
of the recirculation region near the lateral walls of the 
cylinder was decreased versus free-stream turbulence. 
They also showed that turbulence level affected the 
vortex shedding mechanism significantly and made the 
vibration of the flexible cylinder consequently. Wake 
measurement was done by a slight Reynolds number 
dependence of the Strouhal number frequency. Both 
numerical and experimental studies of flow structure 
around a rectangular bluff body with an aspect ratio of 
5:1 was carried out by [17] using Large Eddy Simulation 
(LES). Two moderate and high turbulence inlets were 
considered as inlet boundary conditions. They found that 
shear layer instabilities appeared adjacent to the leading 
edge of the bluff body when the strong level of inlet 

turbulence flow was considered. Therefore, this 
instability made a higher shear layer curvature and a 
shorter reattachment length as well. 

The main purpose of this numerical study is to 
investigate the incoming free-stream flow influence on 
aerodynamic forces applied on and heat transfer 
characteristics from a very slender bluff body with 
rectangular cross section area and sharp corners. 
Regarding the assumed Reynolds number, the flow 
regime is remained laminar. A comprehensive grid study 
is carried out to reveal optimal mesh size. 

It is found that the vortex shedding phenomenon 
made by rectangular vortex generator can affect all fluid 
and thermal parameters throughout computational 
domains particularly downstream flow. The assumed 
boundary conditions and geometrical constants are 
presented in Figure 1. Based on this figure, the 
dimensionless height of the domain is 20; upstream 
distance is 8.5 and downstream distance is 20. These 
constant values are suggested by several comprehensive 
studies such as [18]-[21]. The inlet X-velocity component 
of 1.0 is applied to the entrance while the fully developed 
boundary condition is employed at flow output as well. 
It means that downstream distance is long enough that 
all flow parameters have no variation in X-direction. 
Moreover, two other sides of the domain are presumed 
far-field. It also indicates that these boundaries are not 
affected by the boundary layer created by the solid walls 
of the vortex generator. Eventually, no-slip boundary 
condition and constant wall temperature are considered 
on the heated bluff body where placed at 45° of incidence 
(see Figure 1). 

 

 
Figure 1. Geometrical details of the problem and coordinate 

system along with considered boundary conditions. 
 

2. Computational Method 
The numerical analysis includes continuity, 

Navier-Stokes, energy and other related equations for 
simulation of flow and heat transfer characteristics 
around the described bluff body. All simulations are 
done for two-dimensional, incompressible, Newtonian 



 

 39 

and unsteady-periodic flow. The governing equations in 
dimensionless form are as follows: 

 
Ui,i = 0                                                                                          (1) 

Ui,τ + (UiUj),j
= −P,i + Re−1Ui,jj                                           (2) 

θ,τ + (Ujθ)
,j

= (Re Pr)−1θ,jj                                                     (3) 

 
where 

P =
p

(ρuin
2 )

, θ =
T − Tin

Tw − Tin
, Ui =

ui

uin
  i, j = 1, 2,  

 
The Reynolds, Strouhal and Prandtl numbers are 

defined as follows: 
 

Re = uind υ⁄                                                                                 (4) 
St = fd (uinυ)⁄                                                                                (5) 
Pr = υ α⁄                                                                                          (6) 
 
where d, f, t, T, ρ, υ, and α correspond to the projection of 
vortex generator height/width, the frequency of eddy 
shedding, time, temperature, density, kinematic 
viscosity and thermal diffusion of fluid respectively. The 
capitalized X and Y are dimensionless coordinate axes 
which are defined as x/d and y/d, respectively. 
Furthermore, constant density, viscosity and 
dimensionless time-step of Δτ=0.025 are considered to 
all simulations. An in-house computer code employing 
collocated variables has been utilized to transform the 
partial differential equations to algebraic equations by 
finite volume method. The velocity-pressure coupling in 
the governing equations is based on the algorithm of the 
semi-implicit method for pressure linked equations-
consistent (SIMPLEC), and a second-order Crank–
Nicolson scheme is utilized. The second-order upwind 
differencing scheme is applied for the spatial 
discretization of the pressure and momentum terms. To 
compute the global parameters such as aerodynamic 
forces, Strouhal number, drag and lift coefficients, and 
the RMS of these forces, a sampling time of 10 
predominant vortex shedding cycles are considered. 

 

3. Grid Generation 
According to Figure 1, the computational domain 

is a rectangle with a dimensionless size of 20⨯29.5. This 
area must be discretized to very small finite volumes to 
capture all flow phenomena, particularly near the bluff 
body where flow separation, reverse flow, pressure 
gradient and shear flow are dominant matter. 

 
(a) 

 
(b) 
Figure 2. The schematic of grid generation (a) whole domain, 
(b) zoomed-in view of the area around the vortex generator. 

 
As illustrated in Figure 2(a), quadrilateral meshes 

are generated entire the computational domain. With the 
first grid minimal setting 0.0005 away from the bluff 
body walls, the grids are stretched gradually with an 
expansion rate of 1.02 for 1×d dimension in both X- and 
Y-directions from the solid walls of the bluff body (see 
the enlarged view in Figure 2(b) for more details). 
 
4. Numerical Approach Validation 

In all numerical simulation data validation is 
intended to make certain, well-defined, accurate, and 
precise numerical procedure as well as results. Table 1 
shows some of the both numerical and experimental 
results in the literature for a single square bluff body at 
angle of attack zero. According to the data in Table 1, an 
acceptable agreement is observed between present 
study and others’ results. Some differences between 
results are rooted in solution methods, different 
Reynolds number and geometrical details. 
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Table 1. validation of the numerical procedure by experimental and numerical data in the literature. 

Ref. Method Cd Cdp St 

Present Study Num. 1.49 1.44 0.147 

Sohankar and Etminan [6] Num. 1.48 1.44 0.146 

Sharma and Eswaran [22] Num. 1.50 1.44 0.149 

Gera et al. [23] Num. 1.46 1.44 0.129 

Sohankar et al. [24] Num. 1.44 1.4 0.143 
Shimizu and Tanida [25] Exp. 1.58 N/A 0.133 

 
5. Mesh Independency Study 

A mesh independency study is carried out to find 
an optimal number of cells and the impact of the number 
of cells on the flow parameters, i.e. mean drag coefficient 
and Strouhal number. Five non-uniform and structured 
cases of generated mesh including 24140, 32144, 38700, 
46295 and 56680 volumes are provided to distinguish 
an independent grid number. Therefore, the variations of 
the drag coefficient and Strouhal number versus five 
mentioned grid cases are presented in Figure 3. This 
figure clearly demonstrates a negligible deviation 
between the mentioned flow parameters for the grid 
number of 46295 and 56680. Consequently, grid number 
of 46295 should be selected to minimize the 
computational time for all following simulations. 

 

6. Numerical Results and Discussion 
Figure 4 illustrates, where the time-histories of the 

lift and drag coefficients are drawn, the steady flow 
changes into an unsteady-periodic regime after a specific 

 

 
Figure 3. Independency study for mean drag coefficient (left 

axis) and Strouhal number (right axis). 

time, and these forces apply to the bluff body periodically 
with a constant frequency. It means that as the time-
marching process is commenced, the time-histories 
experienced a transient start-up process reaching a fully 
saturated periodic flow. The period of the transient time 
depends on initial conditions, the Reynolds number, the 
aspect ratio and the angle of incidence of the bluff body 
(as it mentioned by [18]), which is about τ=25 as it 
recognizable from Figure 4. In this case the amplitude of 
drag force is 0.51 and 46% greater than the lift. 
Meanwhile, the time-mean of total drag and lift forces are 
1.63 and 0.18 respectively (see Table 1 for further 
details.). Interestingly, it is also recognized that more 
than 95% of the drag force is belonged to the pressure 
component, but just one-third of the lift force is rooted in 
the pressure component. 

One complete cycle of the lift coefficient in a fully 
periodic flow regime is illustrated in Figure 5 
simultaneous with one cycle of drag coefficient. As it 
clearly seen, these forces are antiphase, with a phase lag 
of π (180 degrees). It means that the maximum value of 
the lift coefficient (the point labelled with b) happens 
when the drag coefficient is at the lowest value (the point 
labelled with b') and vice versa. On the other hand, the 
mean values of both coefficients (the points labelled with 
c and c') do not be happened at the same time. This time 
lag is caused by a dominant component of drag force 
which is produced by the considerable streamwise 
pressure gradient between frontal and rear sides of the 
bluff body. 

To have a clear and deep understanding of the 
physics of the flow, instantaneous streamlines are 
colored by velocity, vorticity and temperature at two 
important moments; the maximum values of lift and drag 
coefficients, in which are shown in Figure 6. According to 
the results, the Y-velocity difference between frontal and 
rear regions of the bluff body is remarkable and causes 
maximum lift force as well. Meanwhile, the X-velocity 
component is experienced the highest difference 
between the frontal and rear sides and makes the maxi- 
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(a) 

 
(b) 

Figure 4. Time-histories of (a) lift and (b) drag coefficients 
(two zoomed-in views are also illustrated for more details). 

 
-mum drag coefficient accordingly. Besides, the position 
of the low-pressure vortex region behind the bluff body 
is located at the top-rear corner of the bluff body, 
providing the possibility of maximum lift force (centre 
column in Figure 6) while the centre of wake region is 
located in the horizontal direction of the bluff body, in 
which creates the maximum drag force as well. 

The instantaneous patterns of some of the flow 
parameters are shown in Figure 7. The negative X- 
velocity component behind the bluff body means the 
movement of the wake region of the flow to the upstream 

 
Figure 5. Time history of one cycle of lift and drag 

coefficients. 

 
, which is clearly depicted in Figure 7. By moving away 
from the solid walls, flow velocity is recovered as the 
inlet flow. By having a look at the velocity components 
and vorticity contours simultaneously, it is found that 
the upward and downward Y-velocity in combination 
with the X-component push the vorticity regions 
towards the downstream frequently. Thus, the 
stagnation point of flow on the frontal side of the bluff 
body is located at the bottom one-fifth. The exact 
position of this point depends on the angle of incidence 
and inlet flow direction as well. 
Figure 8 shows the instantaneous non-dimensional 
pressure distribution on the walls (labeled by the 1st set 
of cells), and so close to the walls (labeled by the 2nd and 
3rd sets of cells) at the moment of maximum lift force. As 
expected, the highest pressure occurs on the side AB 
where the incoming flow hits that at first. Hence, a 
stagnation point is located at a short distance of 0.0625 
from point A toward point B where the stagnation 
pressure is 0.5625. At the moment of maximum lift, the 
high-velocity region is located near the side BC where 
the lowest pressure is there. A low-pressure distribution 
is on the side CD where a big wake region is presented. 
Regarding Figure 7, the centre of the wake region is 
closer to the top-rear corner of the bluff body indicating 
the lowest value of pressure over that zone which can be 
realized in Figure 8 as well. Figure 8 also displays 
pressure distribution around the bluff body in the 2nd 
and 3rd sets of cells where the largest deviation happened 
near the stagnation point and the top-front corner 



C
l

0 10 20 30 40 50 60 70 80 90
-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

Frame 001  01 Mar 2018 

70 75 80 85 90
0

0.1

0.2

0.3

20 40 60 80
-0.1

0

0.1

0.2

0.3

0.4



C
d

0 10 20 30 40 50 60 70 80 90
0

0.5

1

1.5

2

2.5

3

3.5

4

Frame 001  01 Mar 2018 

20 40 60 80
1.4

1.6

1.8

2

70 75 80 85 90
1.4

1.6

1.8



C
l

C
d

81 82 83 84 85 86 87

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

1.4

1.5

1.6

1.7

1.8

1.9

2Cl

Cd

a

b

c

d

e

a'

b'

c'

d'

e'

Frame 001  02 Mar 2018 Frame 001  02 Mar 2018 



 

 42 

 

 

 

 

 

 
Figure 6. Instantaneous streamlines colored by velocity (left column), vorticity (centre column), and temperature (right 

column) at the moment of maximum lift (upper row) and maximum drag (lower row). 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7. Instantaneous contours of X-velocity, Y-velocity, and velocity on the upper row and from left to right respectively and 
pressure, vorticity, and temperature on the lower row and from left to right respectively, (see the zoomed-in views under each 

graph for further details). 
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indicating the lowest pressure region. 
The distributions of horizontal and vertical 

components of velocity on the axis of the computational 
domain have been illustrated in Figure 9(a) at the 
moment of maximum lift force. Based on Figure 9(a), the 
kinetic energy of the uniform velocity inlet flow is 
changing to the pressure head as the flow goes closer to 
the bluff body to set to the amount of zero on the wall 
satisfying no-slip boundary condition on the walls. It can 
be seen in Figure 9(a), the X-velocity is negative in the 
wake region over a distance of 3d. Then, X-velocity 
shows fluctuating behavior due to the vortex shedding 
which is damped in the downstream to reach a value of 
0.5 before leaving the domain. While the presence of the 
bluff body and the stagnation condition force the 
incoming flow redirects toward the front top and bottom 
corners displayed by V in Figure 9(a).  

The rotational effects of the vortex regions in the 
downstream also cause a greater fluctuation in Y-
velocity compared to X-velocity. According to Figure 
9(b), the lowest pressure happens at the centre of the 
wake region behind the bluff body (X⁓2). Afterwards, the 
pressure would be recovered as the inertia of the far-
field flow and momentum transport affect the 
downstream flow pattern significantly. Eventually, the 
temperature distribution follows a fluctuating trend 
coincident with the vortex shedding in the downstream 
where the thermal energy transport phenomenon 
occurs. 
 

 
Figure 8. Instantaneous pressure distribution on the walls 

and so close to the walls of the bluff body. 
(the schematic of the bluff body in this figure is at 45°) 

 
(a) 

 
(b) 

Figure 9. Distributions of (a) velocity components, (b) 
pressure and temperature on the axis. 

(solid line is for U and P, and dashed line is for V and T) 
 

7. Conclusions 
Numerical computation of laminar vortex 

shedding around a very slender vortex generator with a 
rectangular cross-section area is carried out for 
Reynolds number of 100, Prandtl number of 0.71, the 
aspect ratio of 0.1 and the angle of incidence of 45 
degrees. It is found that after a specific time the eddy will 
shed in downstream with a constant frequency. Due to 
the 45 degrees angle of incidence of the bluff body, more 
than 95% of net drag and one-third of lift forces are 
related to the pressure component. It is also observed 
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that the sinusoidal drag and lift forces have a 180-degree 
phase lag. This means that maximum drag force occurs 
simultaneously with minimum lift force and vice versa. 
In addition, the flow separation points are located at the 
leading and trailing edges of top and bottom sides 
respectively where the maximum value of vorticity is 
created. Eventually, the stagnation point of flow occurs 
at the bottom one-sixteenth of the frontal side of the bluff 
body. The value of the angle of incidence causes this 
movement from the centre of the frontal side to an end. 
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Nomenclature 
English Letters 
AS aspect ratio 
Cd total drag coefficient 
Cdp pressure drag coefficient 
Cl total lift coefficient 
d height of the bluff body 
f frequency of vortex shedding 
k fluid thermal conductivity coefficient 
p pressure 
P non-dimensional pressure 
Pr Prandtl number 
Re Reynolds number 
St Strouhal number 
t time 
Tin free stream temperature 
Tw wall temperature of the bluff body 
u streamwise velocity component 
U dimensionless streamwise velocity component 
uin free stream velocity 
v transverse velocity component 
V dimensionless transverse velocity component 
x streamwise axis of coordinate system 
X dimensionless streamwise axis of the coordinate              
             system (=x/d) 
Xd dimensionless streamwise distance between the rear  
             top corner of the bluff body and the exit plane 
Xu dimensionless streamwise distance between the inlet  
             plane and the frontal bottom corner of the bluff body 
y transverse axis of coordinate system 
Y dimensionless transverse axis of coordinate system  
             (=y/d) 
Greek Letters 
α thermal diffusion coefficient 
θ dimensionless temperature 
ν fluid kinematic viscosity 
ρ fluid density 
τ dimensionless time 
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