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Numerical analysis of the drag force of the flow in a square
cylinder with a flat plate in front
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Herein we present a numerical analysis of the drag force produced by the flow over a square cylinder with a flat plate positioned upstream
thereof. The numerical model used to solve the compressible Navier-Stokes equations is based on a finite difference method, second order
in time and fourth order in space. The plate height was varied from 20% to 100% the side of the square cylinder, and the distance between
the plate and the cylinder was varied from 0.5 to 3.0 times the side of the cylinder. The Reynolds number was considered to be 650, based
upon the side of the cylinder and the inflow speed. The numerical predictions show that, for some cases, the total drag force produced by the
square cylinder and plate system is lower than that of the square cylinder only.
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1. Introduction

The forces acting on bodies immersed in a fluid have been
subject of interest in recent decades. Some applications,
where aerodynamic drag reduction is directly related, are
the design of bridges and buildings, optimization in heat ex-
changers and turbo-machinery components.

Some of the first studies were from Morel & Bohn [1],
Igarashi & Terachi [2], and Koenig & Roshko [3]. In this
works, two bodies were placed in series. The results showed
that in some cases, the total drag was reduced in contrast with
the drag acting only over one of the bodies. The importance
of acoustic effects, responsible of vibrations in the config-
uration [4], was acknowledged in subsequent experimental
investigations. This problem has led to the use of the more
sophisticated instrumentation available for its study, which is
still a matter of discussion if the large scales are responsible
for the predominant energy in fluctuations. In fact, the mod-
ern implementation of non-intrusive experimental techniques
such as Laser Doppler [4] and particle image velocimetry [5]
have been efforts to get more accurate results of acoustics and
aerodynamics.

Numerical analysis in two dimensions ([6] and [7]) and
three dimensions [8] have successfully reproduced the phe-
nomenon for laminar flow and low Reynolds numbers. How-
ever, in spite of technological advances, Direct Numerical
Simulation remains as a high computational cost alternative
limited to low Reynolds numbers and simple geometries.
Consequently, a Large Eddy Simulation (LES) has been im-
plemented in the present work in order to analyze the drag
force produced by the flow around a square cylinder when a
flat plate is positioned upstream thereof. The main advantage
of performing a LES is that the fine details of the turbulence
are obtained for the studied Reynolds numbers.

The plate height is varied from 0.2 to 1.0 times the width
of the square cylinder, and for each height, the perpendicu-

lar distance between the control plate and the cylinder ranged
from 0.5 to 3.0 times the width of the cylinder. The Reynolds
number was considered to be 650, based upon the width of
the cylinder and the inflow speed. The drag force acting
on both the cylinder and the complete configuration (square
cylinder - plate) is also presented herein.

2. Mathematical model

The governing equations for a compressible flow, consider-
ing it as an ideal gas, are the conservation of mass and energy
as well as the momentum equation; in a Cartesian frame of
reference, they can be written as:

∂U
∂t

+
∂Fi

∂xi
= S (1)

whereU is a five-component vector defined by:

U = (ρ, ρu1, ρu2, ρu3, ρe)T (2)

Moreover, it is considered thatu = (u1, u2, u3) is the veloc-
ity vector and,ρ is the density. The velocity vector is also
written asu = (u, v, w). Equation (1) represents the evo-
lution of density (continuity equation), momentum and total
energy defined for an ideal gas as follows:

ρe = ρCνT +
1
2
ρ(u2

1 + u2
2 + u2

3) (3)

In Eq. (1), Fi are fluxes in the three directions, where
∀ i ∈ {1, 2, 3}, and for a Newtonian fluid, are given by:
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wherek = ρCpκ is the thermal conductivity andκ the ther-
mal diffusivity. The symbolδij is the Kronecker’s delta and
δij is the deviatoric component of the deformation tensor.
The termSij can be written as:

Sij =
1
2

(
∂ui

∂xj
+

∂uj

∂xi
− 2

3
(∇ · u)δij

)
(5)

The molecular viscosity is established through the empir-
ical Sutherland’s law [9]:

µ(T ) = µ(Tref )
(

T

Tref

) 1
2 1 + S

Tref

1 + S
T

(6)

whereS, Tref andµ(Tref ) are properties of the gas. The
thermal conductivityk(T ) is obtained assuming molecular
Prandtl number is:

Pr =
ν

κ
=

Cpµ(T )
k(T )

(7)

For this analysis, the Prandtl number is considered to be 0.7
(air). The classical equation of state regarding the static pres-
surep, temperatureT , and densityρ is:

p = RρT (8)

and closes the system of equations, withR = Cp − Cν .
γ = Cp/Cv, which is constant and equal to 1.4.Cp andCv

are the specific heat capacity at constant pressure and volume
respectively [10].

For turbulent flows, the system of equations is closed
with the Large Eddy Simulation technique, which consists
of directly simulate large flow scales, that is, scales that are
larger than the local grid size, whereas small scales, or those
smaller than the local grid size are filtered, and their effect on
large scale movement is modeled based on a subgrid model.
The model that was used in this work is the selective struc-
ture function model, which is an extrapolation to the physical
space of the spectral model [11-13].

The system in generalized coordinates is solved by means
of an extension of the explicit McCormack scheme, second
order in time and fourth order time in space, developed by
Gottlieb & Turkel [14]. This numerical scheme is a correc-
tor - predictor scheme using generalized coordinates. The
adaptation to the generalized coordinates (allowing the use
of a non-uniform grid) is performed by introducing a Jaco-
bian matrix, which transforms a non-uniform grid complex
geometry or curvilinear geometry, into a Cartesian coordinate
system within a simple orthogonal geometry with a uniform
grid in the generalized coordinate system (ξ1, ξ2, ξ3) [9].

Due to the use of the Large-Eddy Simulation, the tempo-
ral discretization requires to be explicit (as much as possible
in order to avoid numerical diffusion), which entails signif-
icant restrictions on the value of the time step. To prevent
small time steps, as a result of the correct acoustic simulation
of the problem, we used an alternative method [15] to that
developed by Wang & Trouv́e [16]. This method consists of
only adding the acoustic part of the expansion to the energy

FIGURE 1. Scheme of the configuration to be simulated.

equation. This simple procedure can rescale the speed of
sound into similar values to that of the flow velocity under
analysis.

Finally, both the cylinder and the plate were created from
the immersed boundaries method [17]. The boundary condi-
tions are based on the resolution of the local wave equations
on the boundary [18].

3. Description of the problem

The system to be simulated consists of a square cylinder of
infinite length positioned in a channel, as shown in Fig. 1.
The width of the square, D, is taken as the reference length.
The cylinder is placed in the center of the vertical distance
(7D) and at a distance of 6.5D from the input of the compu-
tational domain. In the direction of length of the cylinder,
the distance of the simulated domain is 6D, and periodic con-
ditions are placed at the ends to simulate an infinite length.
A plate of variable height h and with negligible thickness
is placed upstream of the square cylinder. The distance be-
tween the cylinder and the plate is, s. The inlet and outlet
boundaries are the left and right edges in Fig. 1, respectively.
The thermodynamic variables of the inflow (P0 andT0), in-
let speed (U0) and viscosity (ν0), are considered as reference
values, atmospheric conditions. The Reynolds number based
on these reference values is Re= 650.

4. Numerical details

The simulations are brought into a three-dimensional domain
21D×14D×6D in x, y and z directions, respectively. The
computational domain has 180×139×80 nodes in the x, y
and z directions, respectively. The grid has been refined in
those areas where the greatest shear stresses are expected,
which is shown in Fig. 2. Both the dimensions and the res-
olution of the calculation domain were obtained from a grid
independence study [19]. The boundary conditions are based
on the work of Poinsot & Lele [18]. The inlet and outlet of
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FIGURE 2. Grid of the computational domain used in the simula-
tions.

the flow (i = 1 and i = nx, respectively) is a subsonic input and
non-reflecting subsonic output. Slip conditions at the walls
were imposed in the y direction, and finally periodic bound-
ary conditions were imposed in thez direction, which are
used to simulate the infinite length of the cylinder, see Fig. 2.
As initial condition, the three velocity components are null
and the thermodynamic variables, pressure and temperature,
have their reference values (atmospheric values).

The mean values of the variables are obtained by averag-
ing the instantaneous signal in time and in the homogeneous
z direction (direction of the length of the cylinder).

5. Results

Several simulations were performed where the distance s, and
the plate height, h, of the control plate (see Fig. 1), were
changed in order to know the effect of these modifications
in the flow behavior. Table I provides the nomenclature used
for the presentation of the results of each of the studied cases.
It is noteworthy that only the cases represented with a letter
are presented in this paper. However, all 21 possible cases
shown in the table were performed. Case A is the base case
where the control plate is not used. The shaded cells shown
in Table I correspond to the same case A, when s/D=0 and/or
h/D=0.

5.1. Numerical validation

Both the code and the flow configuration were validated from
the comparison with experimental data on parameters such
as the lift, drag and pressure coefficients, and the Strouhal
number [19]. In this paper, we performed numerical sim-
ulations of the flow around a rectangular cylinder (without
control plate) for different Reynolds numbers.

For the case of this work, Re=650, the half drag coeffi-
cient value, Cd, predicted by the numerical model for the

FIGURE 3. Mean pressure fields in an x-y plane, for cases A (a), B
(b), C (c), D (d) and E (e). Dimensionless pressure values, P/Po.

cylinder without the control plate (Case A) is 2.088; exper-
imentally, it was found ranging from Cd≈2.05 to 2.1. For
this same case, the Strouhal number calculated by the model
is St=0.1732; experimentally, it was found to range from
St≈0.12 to 0.16 [20]. Finally, it was found that the predicted
mean lift coefficient was Cl≈0.

6. Pressure fields

Mean pressure fields for cases A, B, C, D and E are shown in
Fig. 3. The zones with higher pressure occur when the flow
hits the control plate, stagnation zone, while low-pressure
areas are associated with regions of high flow velocity, but
above all, with recirculation zones mainly formed behind
both bodies. In cases A and B, these recirculation zones ap-
pear only behind the cylinder. However, recirculations also
appear in the area separating both bodies for cases C, D and
E, being more evident in cases D and E. This was due, mainly,
to the boundary layer separation and the creation of vortices
behind both bodies

As may be confirmed by subsequent analysis, drag reduc-
tion is closely related to the difference between the pressures
upstream and downstream of the bodies under study. The
drag is directly proportional to this pressure difference for
this configuration. For aerodynamic geometries,i.e. circu-
lar section, the drag is also strongly dependent on the shear
stress over the wall of the body.

Figure 4 shows the average pressure contours for cases F,
G, H, and I. As the control plate grows in its height, the de-
creasing of pressure is accentuated behind it as well as an in-
crease in the size of the high pressure zone upstream thereof.
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FIGURE 4. Mean pressure fields in an x-y plane, for cases F (a), G
(b), H (c) and I (d). Dimensionless pressure values, P/Po.

The pressures before and after the cylinder are balanced; thus,
decreasing the drag force on it. As it will be seen later, the
drag force values on the cylinder will become negative in the
cases H and I.

A simple way is to visualize the turbulent structures is
by displaying iso-surfaces of the criterion Q [21] (second in-
variant of the velocity gradient). Q=1/2 (ΩijΩij − SijSij),
whereΩij is the antisymmetric part andSij is the symmetric
part of the velocity gradient. Figure 5 shows the iso-surfaces
for a dimensionless value Q = 200 for the different studied
cases. Three points are characterized in the figures. Point 1
identifies the boundary layer separation, where the flow has
its maximum acceleration. Point 2 identifies antisymmet-
ric large vortices formation behind the bodies (Von Karman
Street). The axis of rotation of these structures is perpendic-
ular to the free stream flow. Finally, point 3 identifies the
moment at which the turbulence becomes three-dimensional.
The larger structures identified in point 2 begin to deform in
an S-shape, leading to structures in which longitudinal vor-
ticity is intensified.

In these figures, it can also be observed that the flow from
the free stream hits the control plate, generating vortex shed-
ding from their ends and entraining irrotational flow from the
free stream, creating a small recirculation zone between the
bodies (plate and cylinder). Later on, the flow sticks to the
horizontal faces of the cylinder. The flow in this region will
depend on the values of both h and s.

In particular, when the distance between the bodies is not
very large, for example, cases B and C, two quasi-stationary
vortices are formed between the two bodies (which remain
in this position throughout the study, with only small oscil-
lations), joining both bodies like a more aerodynamic body.
In the case C, the size of the vortices is larger because the
distance s was also increased, which is why there is a better
coupling towards the horizontal faces of the cylinder. For the
same case C, it is observed that the width of the wake behind
the cylinder is qualitatively smaller compared with the other
cases. In this instance, the control plate achieves its better
reduction effect of the overall drag of both bodies.

FIGURE 5. Topology of the turbulent structures in the studied con-
figurations. Cases A (a), B (b), C (c), D (d), E (e), F (f), G (g), H
(h), and I (i). Isosurfaces of criterion Q, (Q/(U0/D)=200).

The cases D and E show that the distance between the
bodies is large enough so that the Von Karman Street devel-
ops behind the plate, vortices somewhat two-dimensional. In
the case E, the flow takes place afterwards, reaching a com-
pletely turbulent character. For the case F, the turbulence is
fully developed (three-dimensional) and the cylinder is im-
mersed in it.

In cases G, H and I, where the plate height, h, is large,
the occurrence of the Von Karman Street becomes again per-
ceived behind the cylinder, which is evidenced by the ap-
pearance of longitudinal vortices immediately downstream
the cylinder and its fast development in a three-dimensional
turbulence. However, the flow behind the plate is likewise
a fully developed turbulence. Such cases can be interesting
in particular if the heat transfer between the cylinder and the
flow is to be increased.
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FIGURE 6. Pressure coefficient on the surface of the cylinder.
Cases A, B, C, D and E.

7. Aerodynamic coefficients

Figure 6 shows the mean pressure coefficient distribution
(Cp = (P − P0)/(1/2ρU2

0 )) over the entire surface of the
cylinder for different cases (Cases A, B, C, D and E). The
solid line denotes the pressure coefficient obtained when the
plate is not present in the configuration, for instance, case A.
The remaining lines correspond to the pressure coefficient on
the cylinder when the plate is placed infront of it. When the
control plate is used, the pressure coefficient is lower than
in case A for the front face (P1-P4). On this front side, in
cases B and C, the pressure distribution is concave, while for
D and E cases the distribution is convex, because the stagna-
tion zone is located mainly in the front face of the plate and
cylinder edges (points P1 and P4). On the rear face (points
P2-P3), the pressure decreases, even for case B, wherein there
is an increment compared to the other cases. Similar results
in the pressure distribution were found in similar experimen-
tal work to the preset simulated case but for higher Reynolds
number [22], and for a flow around two square cylinders [5].

Figure 7a shows the ratio between the drag coefficient
Cd(Cd = Fd/(1/2ρAU2

0 )), where A is the surface of the
plate and / or cylinder, and the location of the control plate
with respect to the cylinder, s, and its height h. The drag
coefficient was obtained by integrating the pressure and the
wall shear stress on all faces of both bodies. It is noted that
the drag acting on the cylinder decreases in all cases when the
plate is placed in front of it, which produces a low pressure
area due to the formation of the wake behind the plate.

From Fig. 7, it can be seen that there is proportionality
between the height of the plate and the reduction of the drag
coefficient on the cylinder. As shown in Fig. 5, in cases E, F
and G, vortices are created on an alternating basis behind the
plate wake, while in cases H and I, the turbulence is practi-
cally three-dimensional. This causes the pressure in the front
face of the cylinder to become smaller as the plate height
increases. For this configuration, the drag force is mainly re-
lated to the distribution of pressures on the surface of the bod-
ies. When the plate is large enough, cases h/D = 0.8 and 1.0,
the drag coefficient on the cylinder is negative. This change

FIGURE 7. Drag coefficient variation with distance of separation
s/D for different heights h/D (21 cases of Table I). a) Only in the
cylinder, b) The sum in both bodies, cylinder and plate.

indicates that the horizontal force acting on the cylinder has
changed its direction; thus, it becomes a force that pushes the
cylinder in opposite direction to the flow direction.

Figure 7b shows the total drag coefficient in the system,
which is the sum of the coefficient acting on the cylinder and
the plate. This coefficient is shown as a function of the plate
position for different heights. Figure 7b shows that the total
drag coefficient increases as the plate height increases. The
most significant case of such behavior is when h/D = 1.0,
where the total drag becomes even greater than that obtained
in the configuration without plate, case A. For case I, despite
having the greatest total drag coefficient (of the cases stud-
ied in this paper), the lowest coefficient was only found in
the cylinder. The case C has the lowest total drag coefficient;
less than 50% of that obtained for the case A. According to
Fig. 5, case C is the one with a higher dimensional behav-
ior in the turbulent structures, indicating that the flow is in
transition without a marked development of the turbulence.

For the cases previously analyzed, three different flow
configurations can generally be seen, as shown schematically
in Fig. 8. The first configuration corresponds to the highest
reduction of the drag coefficient in both bodies, case C; two
quasi-stationary symmetric vortices are formed between the
bodies. This allows coupling of the two bodies into one with
a more aerodynamic geometry. The second configuration oc-
curs in case E; a greater separation between the bodies gives
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FIGURE 8. Schematic configuration of the flow for the most repre-
sentative cases: C, E and I (Table I).

rise to antisymmetric vortices (Von Karman Street), which
affect the coupling between both bodies, decreasing the pres-
sure difference between the faces upstream and downstream
of the cylinder (between points 2 and 3, Fig. 8), but increas-
ing it between the faces of the plate (between points 1 and
2, Fig. 8). Finally, the third configuration corresponds to
case I; the turbulence in the wake behind the plate is com-
pletely developed, leaving the cylinder within this turbulent
flow. In recent cases (G, H, and I) substantial increases of the
total drag coefficient are present, but negative values of this
coefficient are obtained if it is only calculated in the cylin-
der. These configurations were also observed by Igarashi &
Terachi [2] and Igarashi [23].

8. Conclusions

In this paper, numerical simulations of the flow with the
Large Eddy Simulation approach were performed to study
the influence of a flat plate in the drag force produced by the
flow over a square cylinder of infinite length. The model uses
an immersed boundaries technique which allows the use of
high order schemes.

To validate the model, we compared the case where only
the square cylinder is exposed to the flow, with experimental
data obtained by other authors. The results obtained in this

study show a good approximation to the corresponding ex-
perimental results. The flow analysis was done by varying
the size and position of the plate, which was placed upstream
of the cylinder.

From the results presented herein, we conclude that those
configurations where a reduced total drag is present corre-
spond to those where the bodies are coupled to form a more
aerodynamic profile. Case C is the most representative case
where the turbulence in this flow is not fully developed; thus
staying in transition (quasi-bidimensional structures) in the
entire configuration. In contrast, due to the poor develop-
ment of the turbulence, poor mixing conditions in such cases
were observed, which may be an undesirable characteristic in
some applications such as heat transfer. This work provides
the basis for heat transfer problems and/or combustion, where
the challenge will be to find a balance between aerodynamic
forces and heat transfer.

On the other hand, there were cases where the drag on
the cylinder was negative; the effect of the plate height deter-
mined the presence of these cases. However, for these cases
the total drag was increased when compared with the case
without plate, which can lead to unwanted effects mainly
on aerodynamic and structural applications. In these cases,
the flow characteristics were a three-dimensional turbulence
fully developed downstream of both bodies; in some cases,
higher turbulent interaction in space between the bodies and
downstream of the cylinder can happen.
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