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Abstract - A numerical study was performed to investigate the
behavior of an incompressible turbulent flow around four
cylinders in a square configuration at a Reynolds number of Re
= 3000. The study is performed in order to explain the flow
dynamics in tube bundles. Using the Reynolds-Averaged Navier-
Stokes (RANS) approach with the k-w SST turbulence model, the
computations were performed using the open source and free
software Code_Saturne. Two configurations are analyzed: in-
line (a = 0°) and staggered (a = 45°), both with a spacing ratio
of P/D = 1.5. The results of the first configuration were validated
by comparison with the available experimental and numerical
data. The bistability phenomenon was shown based on the
different fields of velocity in the in-inline configuration. The
analysis of the results of the staggered configurations led to the
conclusion that the effect of new configurations on the flow
dynamics is well demonstrated by an observation of a jet flow
which is distinct from the regular gap flow, characterized by a
narrow width and high velocity. Altering the wake shape can
cause significant variations in the magnitude and direction of
the jet flow, resulting in potential structural vibrations that
must be considered in practical engineering applications.
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1. Introduction

The study of flows around cylinders offers
important insights for optimizing structures subjected to
fluid flows. Jet flow can induce destructive vibrations in
a heat exchanger by creating fluid-structure interactions.
This vibrational effect is caused by mechanisms such as
vortex shedding or turbulent buffeting and must be
considered during design, along with heat transfer and
pressure drop, to prevent fatigue and potentially
catastrophic failure. Mitigating these issues may involve
reviewing the flow limits and exchanger geometry.

Flow around one cylinder has been the subject of
several studies (Adobes et al. [1], Kahil [2]), where the
flow behavior has been investigated. For flow studies
around multiple cylinders, the pitch-to-diameter ratio
P/D and the alignment angle «a are essential parameters
for understanding the dynamics of fluid flow around the
cylinders. The P/D ratio refers to the distance between
the centers of the two cylinders divided by their
diameters. This parameter plays a crucial role in
determining the flow pattern and the extent of the wake
zone behind the cylinders. On the other hand, the
alignment angle @ between the two cylinders and the
cross-flow direction can significantly affect the pressure
distribution around the cylinders and lead to changes in
the flow structure.



Experimentally, the flow around tandem and
staggered cylinders has been extensively studied, with
investigations into the gap between cylinders and the
Reynolds number. Alam et al. [3] investigated the flow
characteristics and fluid forces acting on two circular
cylinders arranged in various staggered configurations.
They found that the lift forces mainly depended on the
gap flow between the cylinders at small gap widths,
regardless of the staggered angle. The maximum
fluctuating drag force acting on the downstream cylinder
occurred at an angle of 10 and gap widths of 2.4 to 3.0.
Studies on three and four cylinders were conducted in
both in-line and staggered arrangements, where the
effects of cylinder spacing and Reynolds number were
analyzed. Paula et al. [4] investigated the bistability
phenomenon around three cylinders in two triangular
arrangements. The results identified the presence of
bistable flow in the configuration where one cylinder is
upstream and two are downstream. The study
conducted by Pouryoussefi et al. [5] examined the impact
of cross-flow on the flow interference between three
cylinders arranged in an equilateral-triangular pattern
of equal diameter, as well as between four cylinders
arranged in a square pattern, with P/D spacing ratios
varying from 1.5 to 4 at a subcritical Reynolds number of
6.08x10%. The results showed that the aerodynamic
coefficients were significantly affected by changes in
P/D. Moreover, decreasing the P/D value amplified the
effects of flow interference between the cylinders.
Several studies have examined the impact of geometric
parameters on the flow pattern transitions around four
cylinders arranged in an in-line and staggered square
configuration (Lam etal. [6], Zhou et al. [7]). Their results
showed that the development of free shear layers around
the cylinders was significantly influenced by the spacing
ratio, which, in turn, has a considerable impact on the
force and pressure characteristics of the four cylinders.
The results also showed the presence of bistable flow
when the spacing ratio was set to P/D = 1.5.

Regarding numerical studies, Afgan et al. [8] used
the dynamic Smagorinsky model (LES) to simulate the
flow around two side-by-side cylinders with different
pitch-to-diameter ratios at a Reynolds number of 3000.
The study revealed that at low gap ratios, the cylinders
behaved as a single body with top-to-bottom vortex
shedding, while at intermediate gap ratios, a biased flow
behavior was observed with a bistable flow pattern.
Finally, at higher gap ratios, the cylinders behaved as two
independent cylinders with symmetrical wake patterns
and anti-phase vortex shedding. Tong et al. [9] presented
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a numerical study of the steady flow around two circular
cylinders with various arrangements at a low subcritical
Reynolds number of Re = 103. The study examined the
P/D ratio, ranging from 1.5 to 4, and the angle a, ranging
from 0° to 90°. The results showed a significant change
in the pressure distribution on each cylinder with
changes in arrangement, particularly when P/D = 3 and
a < 60°, which resulted in movements of the stagnation
points and variations in pressure distribution at the
cylinder surface. Rahmani et al. [10] numerically
modeled the flow around four cylinders arranged in a
square configuration using RANS. They found that the
P/D = 1.5 configuration exhibited three biased flow
modes, designated as modes 1, 2, and 3.

Increased computer power and the development
of numerical methods have made it possible to perform
3D flow calculations in various configurations while
taking into account the effects of viscosity and
turbulence. These advances have made Computational
Fluid Dynamics (CFD) an increasingly important tool for
the development and optimization of various industrial
processes. Among the wide range of known
computational codes, it is important to note that all the
numerical tools used to generate and analyze the results
are open source (free numerical models). The meshes
introduced in the computational code were generated
and designed using the Gmsh mesh generator [11], and
the entire numerical part was done by Code_Saturne
[12]. The analysis of the computational code results was
visualized and processed using EnsightFree [13].

This work contributes to our understanding of
flow behavior in in-line and staggered tube bundles. The
investigation method is based on a numerical approach
(RANS). The industrial context is well defined, directly
connected to applications related to tube bundles of heat
exchangers.

2. Case setup

2. 1. Computational details

The design of geometries and the preprocessing of
the simulations are presented in this part. The free mesh
generator GMSH is used in order to produce meshes. In
addition, the two free software; “Code_Saturne” for the
processing and “EnsightFree” for the post-treatment of
the results, are used.
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Figure 1. Computational domain of four cylinders in a square
arrangement with pitch to diameter ratio P/D = 1.5.
(a) in-line configuration, (b) staggered configuration.

Figure 1 shows the configuration of four cylinders
in a square arrangement with a spacing of P/D = 1.5
(measured spacing ratio between the center of the
cylinders and the diameter). The compute domain
dimensions are 25D in the X direction, 20D in the Y
direction, and 1D in the Z direction. The length upstream
of the cylinder is 10D, and at the entrance a uniform
speed is imposed. Periodicity was applied in the Z
direction, simulating flow in turbulent conditions for an
incompressible fluid without heat transfer. The analysis
is done for a Reynolds number (Re = 3000).

Figure 2 shows the different configurations of the
mesh according to the progression factors. A mesh
sensitivity study was carried out in order to validate the
numerical results with the experimental studies of Lam
et al. [10] and to properly adapt the mesh. This study
consists of comparing four meshes of different densities
(see table 1).
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Fue 2. Zom of the meshes in the (XY) plane for four
cylinders in in-line arrangement.

(a) Coarse, (b) medium, (c) fine and (d) very fine.

Table 1. Number of cells in each direction for different

meshes.
Type of mesh N cells (Nx * Ny)
Coarse 12800
Medium 51200
Fine 115200
Very fine 204800

Figure 3 shows the selected meshes (fine) for the
two configurations (inline and staggered), for all
computations of the study.

elected meshes.

Figli‘re 3. Zoomed view of the
(a) in-line configuration, (b) staggered configuration.

.

2. 2. Governing equations and turbulence model
Code_Saturne is an open-source program,
developed primarily by EDF, intended for computational
fluid dynamics (CFD) simulations. This software solves
the Navier-Stokes equations for two-dimensional and
three-dimensional flows, whether laminar or turbulent,
steady or unsteady, incompressible or slightly
compressible, and isothermal or non-isothermal. In
addition, it handles the transport of scalar quantities.
This system operates based on the finite volume method,
which supports unstructured meshes comprising a
variety of cell types such as hexahedra, tetrahedra,
prisms, pyramids, and polyhedra. Although the majority




of models rely on cell-centered and finite volumes that
are arranged coherently.

The current work is done in the frame of Reynolds-
averaged Navier-Stokes. The RANS equations are time-
averaged equations of motion for fluid flow:
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The turbulence model used is the k-w SST (Shear
Stress Transport). The latter combines the original
Wilcox k-w model, which is effective near the walls, and
the standard k-¢ model, effective away from the walls,
using a blending function. The formulation of turbulent
viscosity is modified to take into account the transport
effects of turbulent shear stress.

2. 3. Mesh dependency test
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Figure 4. Sensitivity study for the mean velocity along the
centerline (Y/D = 0) for the validation case (in-line

configuration).
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The choice of mesh refinement is a delicate
problem. It is recommended to create a sufficiently fine
grid in order to ensure the accuracy of the results and to
reproduce all the phenomena without causing
excessively long computation time. Mesh adaptation is
an essential step to determine the optimal model. In
general, the mesh structure is refined near the walls and
even in the recirculation regions in order to correctly
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(1)

(2)

simulate the displacement in the dynamic boundary
layers, as well as to capture the regions of high gradients.
The improvement of the grid used should not lead to a
significant change in the results.

The simulations ran with different mesh
resolutions (coarse, medium, fine, and very fine) to
determine the mesh sensitivity and obtain accurate
results. The optimal mesh chosen in the validation case
was maintained for the other configurations. A
comparison of the mean streamwise velocity along the
centerline Y/D = 0 for the in-line configuration is
presented in figure 4. From X/D = 2-4, the mean
streamwise velocity varies significantly with changes in
mesh resolution from coarse to fine mesh and negligible
change between the fine and the very fine mesh.
Therefore, the fine mesh was selected for the current
study, which offers several advantages, such as saving
time, accurate results, and requiring fewer
computational resources.

3. Results and discussion
3. 1. In-line configuration

Figure 5 shows the distribution of the non-
dimensionalized mean streamwise velocity U/Uy in the
wake of the four cylinders in an in-line configuration at
P/D = 1.5 with a comparison of the results of Lam et al.
[10] at different X/D values. The comparison shows a
good agreement with the experimental and numerical
results.
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Figure 5. Comparisons of mean velocity profiles for in-line
configuration. (a) Streamwise velocity U/Uo, (b) Wall normal
velocity V/Uo.

The in-line four-cylinder array can be viewed as
either two cylinders in tandem arranged in parallel rows
or as two cylinders side-by-side arranged in parallel
columns. Elongated chains of vorticity are observed in
the shear layers that separate from the upstream
cylinders (cylinders 1 and 2). The vortices primarily



wrap around the downstream cylinders (cylinders 3 and
4) and are linked to alternate vortices that form
downstream of the cylinder array.

The wake patterns of the cylinders reveal the flow
deflection with a mode change in figure 6, where the
three modes (Mode 1, Mode 2, and Mode 3) are
illustrated. The transition from one mode to another is
non-periodic and unpredictable, which was also
observed in the case of two side-by-side cylinders
discussed by Afgan et al. [8]

Figure 6. Mode change (Bistability).

3. 2. Staggered configuration

Figure 7: Different instantaneous field:
(a) in-line configuration, (b) staggered configuration.

The current staggered configuration of the four
cylinders resulted from the rotation of the in-line four-
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cylinder by 45 degrees with the same spacing of P/D =
1.5. This arrangement places Cylinder 3 directly
downstream of Cylinder 1 along the X-axis, with Cylinder
2 and Cylinder 4 positioned adjacent to each other along
the Y-axis.

In comparison with the in-line four-cylinder
configuration, the greater level of interference between
the cylinders results in a more intricate pattern of
behavior being observed.

Considering the rapid variations in direction and
intensity of the incoming flow onto Cylinder 3, it can be
inferred that the interaction between the vortices and
the cylinder structure will lead to significant fluctuations
in the pressure forces and overall load on the
downstream cylinder. Compared with the four cylinders
in an in-line configuration, the shear layers that separate
from cylinder 1 are not able to extend sufficiently to
encircle cylinder 3 located downstream due to the effect
of cylinders 2 and 4 on the flow.

Figure 8: Different mean field:
(a) in-line configuration, (b) staggered configuration.
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Figure 9: Mean streamwise velocity U/Uo profiles for
staggered configuration.

4. Conclusion

A numerical study using the open-source and free
software Code_Saturne was carried out by analyzing the
dynamic behavior of an incompressible turbulent flow
around four cylinders in a square in-line and staggered
arrangement.

The resulting velocity and pressure fields, as well
as the recirculation length of the flow, are presented and
validated for the configuration of four cylinders in a
square in-line arrangement with a center spacing of P/D
= 1.5 and a Reynolds number equal to 3000. The mean
velocity profiles for different positions in the wake
region were plotted and analyzed, and the bi-stability
phenomenon was detected.

For the case of four cylinders in a square
arrangement with staggered configuration, a jet flow is
observed, which is distinct from the regular gap flow,
characterized by a narrow width and high velocity.
Altering the wake shape can cause significant variations
in the magnitude and direction of the jet flow, resulting
in potential structural vibrations that must be
considered in practical engineering applications.

Jet flow can induce destructive vibrations in a heat
exchanger by creating fluid-structure interactions. This
vibrational effect must be considered during design to
prevent fatigue and potentially catastrophic failure.
Mitigating these issues may involve reviewing the flow
limits and exchanger geometry.
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