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Abstract

Numerical simulations were conducted to investigate the effects of the Reynolds number
(Re) and gap ratio (G/L) on the flow over two tandem equilateral triangular cylinders.
The variations in wake dynamics, aerodynamic coefficients, and Strouhal number (St)
were analyzed for Reynolds numbers ranging from 80 to 160 and gap ratios (G/L) from
0 to 6.0. The pisoFoam solver available in the OpenFOAM software, which employs
the PISO algorithm, was used to solve the governing flow equations. Analysis of the
vorticity contours reveals that the vortex shedding characteristics of the tandem cylinders
are strongly influenced by the gap ratio. Distinct vortex shedding from both cylinders is
observed only beyond a critical gap ratio, with vortex shedding being delayed up to this
critical value. Based on the vorticity patterns, three distinct flow regimes were identified
depending on the values of Re and G/L. The vortices shed from the cylinders are found
to be periodic and symmetric across the investigated ranges of Re and G/L. The time-
averaged drag coefficient remains positive for the first cylinder, while for the second
cylinder it transitions from positive to negative with increasing G/L. A higher value of
the CL,rms is observed for the second cylinder due to its placement in the wake of the first
cylinder. Furthermore, a sudden increase in both the force coefficients and the Strouhal
number is observed for both cylinders beyond the critical gap ratio. The Strouhal number
values are found to be nearly identical for the two cylinders.

Keywords: equilateral triangular cylinders; vortex shedding; fluid–structure interaction;
lift coefficients; drag coefficients; Strouhal number

1. Introduction
The study of flow around cylinders [1–8] has remained a significant area of interest for

fluid dynamicists over several decades due to its relevance in a multitude of engineering
disciplines. Triangular cylinders, in particular, have drawn substantial attention within
the scope of fluid–structure interaction (FSI) research [9–16] because of their distinct and
unique aerodynamic and hydrodynamic characteristics in comparison with other shapes,
such as circular, square, elliptical, etc. The research presented in this study has significant
applications across a wide array of domains, including, but not limited to, aerodynamics
and vehicle design, space exploration and related applications, and the development and
improvement of heat exchangers. Additionally, it has pertinent implications for civil and
marine engineering structures, as well as for the technological advancements in electronic
cooling systems, thereby extending its relevance to multiple scientific and engineering
sectors. Flow over triangular cylinders is widely used in ocean and marine engineering to
control vortex shedding and reduce flow-induced vibrations in offshore structures such as

Symmetry 2026, 18, 1109 https://doi.org/10.3390/sym18071109

https://crossmark.crossref.org/dialog?doi=10.3390/sym18071109&domain=pdf&date_stamp=2026-06-30
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://orcid.org/0000-0003-2187-2687
https://orcid.org/0000-0003-1411-0457
https://doi.org/10.3390/sym18071109


Symmetry 2026, 18, 1109 2 of 27

platforms, risers, and support frames. Their sharp edges fix the separation points, which
helps in modifying wake patterns and improving structural stability under ocean currents.
Triangular sections are also applied as passive flow control devices on subsea pipelines
and cables to minimize scouring and oscillations. In marine renewable energy systems,
they are utilized to enhance vortex-induced vibration for efficient energy harvesting from
ocean currents. Additionally, these geometries are extensively used in experimental and
CFD studies to better understand wake dynamics and hydrodynamic forces in marine
environments. Triangular cross-sectional elements have emerged as a topic of interest
for potential use in offshore risers and submerged infrastructure. Practical applications
involving triangular cylinders include vortex flowmeters, offshore jacket-platform bracing
members, lattice transmission towers, compact heat exchangers, solar air heaters, electronic
cooling channels, and passive flow-control devices. In many of these systems, multiple
bluff bodies may be arranged in tandem, making the understanding of wake interference
and vortex-induced vibrations essential for reliable design and operation.Their appeal lies
in their capacity to mitigate hydrodynamic forces and reduce the effects of vortex-induced
motion (VIM), thereby enhancing the structural stability and integrity of these systems
when subjected to challenging fluid dynamic conditions [15–19], which was one of the
primary motives to attempt this problem.

The flow over a triangular cylinder shows unique characteristics that clearly dis-
tinguish it from the flow around circular, elliptical, and square cylinder counterparts,
which adds to the motivation. Firstly, in contrast to circular cylinders, triangular cylin-
ders are more prone to flow separation at their three corners, as indicated in Figure 1,
which markedly alters the wake dynamics and, in turn, their aerodynamic perfor-
mance [9,10,20,21]. Secondly, as illustrated in Figure 1, the characteristics of the fluid
flow around triangular cylinders are strongly influenced by their internal angles θ1, θ2,
and θ3. Thirdly, the resulting wake and the associated vortex shedding structures differ
markedly depending on whether the incoming flow first impinges on the apex or on the flat
base of the triangular cylinder [11,12,14,22], as illustrated in Figure 2. In addition, variation
in flow dynamics is observed when cylindrical structures are tilted at various angles in
relation to the incoming fluid flow (angle of attack, α) [13,23,24].

The impact of changes in the apex angle on the wake dynamics of triangular cylinders,
particularly concerning vortex shedding behaviors and aerodynamic force coefficients,
was studied comprehensively by many researchers [9,24]. Their findings illustrate that
as the Reynolds number rises, cylinders with larger apex angles show a more significant
fluctuation in both lift and drag coefficients. Further, they claim that the frequency of vortex
shedding remains linearly related to the Reynolds number for all configurations of the
cylinders evaluated in their investigation.

Extensive research efforts have been devoted to understanding the effects of ori-
entation and incidence angle on wake development and the associated hydrodynamic
characteristics of equilateral triangular cylinders at low Reynolds numbers. These studies
have primarily focused on the base-facing and apex-facing configurations of the triangular
cross-section [25–27]. De and Dalal [10] conducted numerical simulations to analyze such
a geometric configuration subjected to a low Reynolds number regime, precisely in the
range of 10 ≤ Re ≤ 250. Their numerical simulations have observed the steady–unsteady
transition due to vortex shedding, and the critical Reynolds number corresponding to this
transition was found to be approximately 39.9. Their study also meticulously provided
quantitative data, including the drag coefficient, the root mean square (rms) of the lift
coefficient, as well as the Strouhal number, specifically for the apex-facing configuration of
the triangular cylinder. Ganga Prasath et al. [27] numerically analyzed the wake dynamics
of triangular prisms at low Reynolds numbers, establishing relationships between wake
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bubble length, Re, and aspect ratio (AR). The study also characterized drag coefficients for
base-facing and apex-facing orientations, highlighting AR and Re effects on drag forces.
Manzoor et al. [14] present a numerical investigation of fluid flow past a triangular cylinder
positioned in both left and right orientations over a Reynolds number range of 80–200.
For both orientations, regular vortex shedding is observed across all Reynolds numbers.
However, in the right-oriented case, vortices exhibit an upward drift with increasing Re,
accompanied by near-zero mean drag and negative mean lift in the range (80 ≤ Re ≤ 150).

Figure 1. Schematic sketch on flow over a triangular cylinder with different included angles θ1, θ2,
and θ3. The flow approaches the cylinder at an angle of attack, α. The flow is equally likely to separate
from all three corners, A, B, and C.

(a). Apex facing the flow (b). Base facing the flow

Figure 2. The schematic picture showing the flow over an equilateral triangular cylinder (θ1 = θ2 = θ3 = 60◦)
with apex facing and the base facing the flow (α = 0 and 180◦), respectively.

The present study focuses exclusively on flow over equilateral triangular cylinders
in the apex-facing configuration (Figure 2a). Although considerable research has been
conducted on flow past triangular cylinders, the apex-facing configuration has received
comparatively less attention in the literature. Moreover, owing to its relevance in various
engineering applications, a comprehensive understanding of the associated wake dynamics
and flow-induced responses remains necessary.

In an effort to mitigate vortex shedding and the associated unsteady aerodynamic
forces on bluff bodies, numerous active and passive flow-control methods have been
proposed and extensively investigated by researchers [8,28–34]. A substantial body of work
exists on flows past multiple cylinders arranged in various configurations, such as tandem,
side-by-side, and staggered layouts. Among these, arrangements involving multiple
circular cylinders have been particularly well studied. Comprehensive reviews of the
flow around circular cylinders have been provided by Zdravkovich [35] and Sumner [36].
Experimental studies related to flow past multiple cylinders can be found in the work of
Igarashi [37], Bearman et al. [38], and Xu et al. [39]. Igarashi [37] conducted an experimental
study of flow past two circular cylinders arranged in tandem at small gap ratios and in the
subcritical Reynolds number range. Six distinct flow regimes were identified as functions of
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Reynolds number and gap spacing. Velocity and pressure fluctuations around the cylinders
were examined, along with the vortex shedding frequency (St), for various combinations
of Reynolds numbers and gap ratios.

The effect of varying the gap ratio and Reynolds number on the Strouhal number of
two cylinders in tandem was experimentally investigated by Xu et al. [39]. They found
that up to a critical gap ratio, vortex shedding appears only in the wake of the downstream
cylinder, and the Strouhal number decreases sharply as the gap ratio increases. Once
this critical gap ratio is exceeded, both cylinders shed vortices independently, and the
Strouhal numbers of the two cylinders become identical. Moreover, the vortex shedding
behavior of the tandem cylinders was classified into four distinct regimes based on the
Strouhal–Reynolds number relationship. Numerical investigations of the aerodynamic
characteristics of multiple circular cylinders in uniform flow have been presented by Li
et al. [40], as well as by Meneghini et al. [41], Sharman et al. [42], and Liu et al. [43]. In
the numerical study by Li et al. [40], the flow past a single cylinder and a pair of tandem
circular cylinders was examined at a Reynolds number of 100, with the gap ratio varying
between 2 and 6. Independent vortex shedding from each cylinder was detected only
beyond a certain critical gap ratio; below this critical value, the Strouhal number decreased,
and it increased again once the gap ratio exceeded it. The downstream cylinder was found
to experience reduced drag and increased lift.

Following extensive studies on multiple circular cylinders, the flow past multiple
square cylinders has also received considerable attention from researchers due to its distinct
separation characteristics and wake interactions. Interestingly, the observed vortex shed-
ding and its related behavior exhibited the same pattern. The aerodynamic characteristics
and the shedding frequency showed a trend similar to that of the circular cylinder [44–47].

Compared with the extensive literature on circular and square cylinders, studies of
flow past multiple triangular cylinders remain relatively limited.

Hamid and Noh [48] numerically examined the influence of placing a control cylinder
upstream of a main triangular cylinder for Reynolds numbers between 50 and 250 at a fixed
gap ratio of 1. Their results showed that the upstream control cylinder substantially weak-
ened the aerodynamic forces acting on the main cylinder and delayed the onset of periodic
vortex shedding. At lower Reynolds numbers, the control cylinder was even capable of
fully suppressing vortex shedding from the main cylinder. Manu and Ajith [49] numerically
investigated the influence of placing a downstream triangular cylinder on the Strouhal
number of an upstream equilateral triangular cylinder over a range of Reynolds numbers
from 75 to 200 and gap ratios from 0 to 2.5. The results showed that, for all Reynolds num-
bers and gap ratios considered, the two-cylinder configuration produced lower Strouhal
numbers compared to the corresponding single-cylinder case. Fallah et al. [50] examine the
influence of oscillation frequency, phase difference, and the configuration of two triangular
cylinders on hydrothermal behavior in a channel at Re = 200. The side-by-side configu-
ration achieves a higher thermal performance index (TPI) than the tandem configuration,
with maximum TPI values of 1.69 and 1.3, respectively. The combination of oscillatory
motion and geometric arrangement leads to improved convective heat transfer relative to
stationary cylinder cases.

Table 1 provides an overview of prior research works on multiple cylinders in lami-
nar flow, including the corresponding Re and G/L values. The majority of these studies
concentrate on the ranges 50 ≤ Re ≤ 200 and 0 ≤ G/L ≤ 10. Collectively, the existing liter-
ature reveals a shortage of thorough investigations and fundamental analyses of laminar
flow past multiple triangular cylinders at low Reynolds numbers. Moreover, the existing
literature provides limited discussion of the fluid dynamics underlying wake behavior,
particularly for tandem equilateral triangular cylinders in the apex-facing configuration.
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Figure 3 provides a schematic representation of the configuration analyzed in this study.
We examine how introducing a second, identically sized equilateral triangular cylinder of
base length L influences the wake structure and aerodynamic response of the upstream
cylinder. The present numerical study focuses on the effects of the gap ratio (G/L) and
Reynolds number (Re) on the flow past two equilateral triangular cylinders arranged in an
tandem configuration, with both cylinder apexes facing the incoming stream, as depicted
in Figure 3.

Table 1. Synopsis of computational studies on laminar flow over bluff bodies of different shapes.

Si
No Literature Cylinder

Crossection Re G/L

1 Li et al.(1991) [40] Circular 100 2–6
2 Meneghini et al. (2001) [41] Circular 100–200 1.5–4
3 Sharman et al. (2005) [42] Circular 100 2.0–10
4 Liu et al. (2014) [43] Circular 200 0.1–6
5 Derakhshandeh and Alam (2020) [51] Circular 50–200 4.0
6 Wei et al. (2018) [46] Circular, Square 100 4.0–10
7 Abbasi et al. (2018) [52] Square 1–130 2.0, 5.0
8 Zhou et al. (2021) [53] Square 100 <10
9 Sohankar (2012) [54] Square 130, 150, 500 0.3–12
10 Lankadasu and Vengadesa (2008) [55] Square 100 2.0–7.0
11 Wang et al. (2011) [56] Triangular 200 2.0–5.0
12 Zhani et al. (2017) [57] Triangular 100 2.0,5.0
13 Hamid and Noh (2020) [48] Triangular 50–250 1.0
14 Manu and Ajith (2021) [49] Triangular 75–200 0.0–2.5
15 Fallah et al. (2024) [50] Triangular 200 −

Figure 3. Schematic sketch showing the laminar flow over two tandem equilateral triangular cylinders.
L is the length of the base of the cylinder and G is the gap between the cylinders measured from the
base of the upstream cylinder to the apex of the downstream cylinder.

The Reynolds numbers considered in this study are 80, 100, 120, 140, and 160, while
the G/L ratio is varied from 0.0 to 6.0 in increments of 0.5 for each Re value. For every
combination of Re and G/L, the vortex shedding characteristics and aerodynamic behavior
of both triangular cylinders are analyzed in detail. In addition, particular attention is
devoted to explaining the reasoning behind all the aerodynamic behavior observed in this
research work.

The methodology and results of this study are outlined in the following sec-
tions. Section 2 details the numerical approach, including the governing equations
for flow around triangular cylinders, the computational domain and boundary condi-
tions, the adopted solution procedure, and the definitions of the aerodynamic parameters.
Section 3 reports the domain independence assessment, followed by the grid and time
independence analyses, and ends with the validation of the numerical code. Section 4 pro-
vides an in-depth examination of vortex shedding and wake behavior behind the cylinders,
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together with an analysis of the variations in the aerodynamic coefficients and Strouhal
numbers for both cylinders. Finally, Section 5 highlights the principal outcomes and states
the conclusions of this numerical investigation.

2. Numerical Methodology
2.1. Governing Equations

The two-dimensional governing equations for the laminar incompressible flows in the
non-dimensional form can be represented as:

∂u
∂x

+
∂v
∂y

= 0 (1)

∂u
∂t

+ u
∂u
∂x

+ v
∂u
∂y

= −∂p
∂x

+
1

Re

(
∂2u
∂x2 +

∂2u
∂y2

)
(2)

∂v
∂t

+ u
∂v
∂x

+ v
∂v
∂y

= −∂p
∂y

+
1

Re

(
∂2v
∂x2 +

∂2v
∂y2

)
(3)

where the variables u, v and p represent the non-dimensional velocity components in
the x and y directions and the non-dimensional pressure, respectively. The velocity com-
ponents are non-dimensionalised using the free-stream velocity u∞ and pressure is non-

dimensionalised with dynamic pressure ρu∞
2

2 . The Reynolds number, Re, is a dimensionless
parameter defined as Re = u∞ L

ν , where u∞ is the free-stream velocity, L is the characteristic
dimension of the cylinder, and ν is the kinematic viscosity.

2.2. Computational Domain

A rectangular computational domain is selected for simulating the flow over two
apex-facing tandem triangular cylinders, as shown in Figure 4. The boundary conditions
used for the computational simulations are indicated in the figure. The dimensions of
the domain used, the grid structure, and the time step employed for the solution algo-
rithm are selected after performing independence studies, which are discussed in the
preceding subsections.

Figure 4. Computational domain along with the boundary conditions used for the present study.

2.3. Boundary Conditions

The boundary conditions used in the work are shown in Table 2.
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Table 2. Boundary condition used in the work.

No. Boundary Name Condition Used

1 Inlet u = 1, v = 0
2 Outlet Stress-free condition ( du

dx = 0, dv
dx = 0)

3 Top du
dy = 0, v = 0

4 Bottom du
dy = 0, v = 0

5 Cylinder 1 u = 0, v = 0
6 Cylinder 2 u = 0, v = 0

2.4. Solution Strategy

The open-source finite-volume CFD toolkit OpenFOAM v10, is popular among the
research community for simulating bluff body flows [58–60] and has been used in this
work. Table 3 lists the solution settings of this numerical work, akin to Gao et al. [61]. The
pisoFoam solver, utilizing the PISO algorithm [62], solves the governing Equations (1)–(3).
The time-dependent terms are tackled using a second-order Crank–Nicolson scheme, while
the convective and diffusive terms are dealt with using a second-order linear upwind
scheme for spatial discretization. The time integration adheres to the CFL condition [63],
while the L2 norms of u and v are tracked [64–67] to drop below 10−6. Mass continuity is
also ensured below 10−6.

Table 3. Solution settings employed in OpenFOAM.

Solver pisoFoam
Model Laminar

Temporal discretization scheme Second-order Crank–Nicolson
Spatial discretization scheme

(convective terms) Second-order linear upwind
Spatial discretization scheme

(diffusive terms) Second-order linear upwind

2.5. Definitions and Formulations of Some Global Quantities Used

For the equilateral cylinder of side length L, free stream velocity of u∞ and fluid density
ρ, the hydrodynamic quantities have been estimated based on the empirical equations
given below and produced from Damu et al. [68].

Drag coe f f icient, CD =
FD

1
2 ρu2

∞L
(4)

Total drag f orce, FD =
∮ (

pdy +
1

Re
∂u
∂n

dx
)

(5)

Li f t coe f f icient, CL =
FL

1
2 ρu2

∞L
(6)

Total li f t f orce, FL =
∮ (

pdx − 1
Re

∂u
∂n

dy
)

(7)

Time − averaged li f t coe f f icient, CL =
1
T

∫ T

0
CL(t)dt (8)

Time − averaged drag coe f f icient, CD =
1
T

∫ T

0
CD(t)dt (9)

rms value o f the li f t coe f f icient, CL,rms =

√
1
T

∫ T

0
[CL(t)]

2dt (10)
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rms value o f the drag coe f f icient, CD,rms =

√
1
T

∫ T

0
[CD(t)]

2dt (11)

where p represents the static pressures of the fluid.
The vortex shedding frequency (f ) is characterized by,

Strouhal number, St =
f L
u∞

(12)

3. Independence Tests
3.1. Domain Independence Test

A rectangular computational domain is selected for simulating the flow over two apex-
facing, tandem triangular cylinders. For the domain independence test, seven different
domain sizes are selected by varying the dimensions Lu, Ld, and Ls; the dimensions are
indicated in Figure 4. The test was conducted for a representative Reynolds number of
100 and G/L = 6.0, which is the largest of all G/L considered in this study. The integral
quantities, such as the aerodynamic coefficients and the Strouhal number, are evaluated
for both cylinders for all seven cases (C1 to C7) from the flow field obtained and are
summarized in Table 4. It can be observed that there is not much change in the parametric
values obtained after C6, manifesting a domain independence about C6. Hence, C6 which
is highlighted in the Table 4 is selected for all the subsequent simulations in this study.

Table 4. Summary of domain independence test conducted for Re = 100 and G/L = 6.0.

Domain Cylinder 1 Cylinder 2

Cases (Lu×Ld×Ls) CD CL,rms St CD CL,rms St

C1 5L×15L×15L 1.8420 0.3240 0.2000 0.5455 0.7786 0.2000
C2 6L×17L×18L 1.7970 0.3178 0.1971 0.5137 0.7320 0.1971
C3 7L×19L×21L 1.7670 0.3069 0.1943 0.4982 0.7053 0.1943
C4 8L×21L×24L 1.7440 0.2992 0.1943 0.4853 0.6846 0.1943
C5 9L×23L×27L 1.7240 0.2956 0.1914 0.4792 0.6773 0.1914
C6 10L×25L×30L 1.6980 0.2897 0.1914 0.4821 0.6766 0.1914
C7 11L×27L×33L 1.6920 0.2906 0.1914 0.4717 0.6672 0.1914

3.2. Grid Independence Test

Subsequently, the grid independence test is conducted on the domain obtained from
the domain independence test. The computational domain is discretized using quadrilateral
cells, providing adequate grid refinement around the cylinders to capture the boundary
layer and the associated behavior accurately. A grid-independence test was conducted on
ten progressively refined meshes (M1 to M10) for the highest Reynolds number, Re = 160,
and for G/L = 0 and 6, and the results are summarized in Tables 5 and 6. The refinement is
achieved by varying the number of cells on the surface of the cylinders from 5 to 50 (i.e., M1

and M10 indicate, respectively, 5 and 50 cells on the cylinder surface) and the corresponding
total numbers of cells are indicated in the second column of Tables 5 and 6.

For all the meshes considered in the test, the time-averaged aerodynamic coefficients
and Strouhal number were evaluated in the same way, as discussed in Section 3.1, for both
the cylinders and are consolidated in Tables 5 and 6. It is evident from the table that the
parameters evaluated are almost insensitive to the mesh when the total number of cells
exceeds 100,056 (i.e., M9), with deviations of less than 1%. Hence, the grid independence
test confirms that M9 is the optimum mesh that can be used for the preceding simulations
of this study.
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Table 5. Summary of grid independence test conducted for Re = 160 and G/L = 6.0.

Mesh Cells
Cylinder-1 Cylinder-2

CD CL,rms St CD CL,rms St

M1 13,366 1.589 0.176 0.213 0.0901 0.242 0.213
M2 21,300 1.601 0.196 0.227 0.0921 0.249 0.227
M3 28,800 1.665 0.275 0.230 0.0933 0.261 0.230
M4 35,800 1.691 0.321 0.230 0.0951 0.275 0.230
M5 48,786 1.723 0.355 0.230 0.0962 0.283 0.230
M6 67,200 1.755 0.376 0.230 0.0975 0.281 0.230
M7 74,226 1.875 0.392 0.230 0.0986 0.294 0.230
M8 83,000 1.888 0.403 0.230 0.0993 0.301 0.230
M9 100,056 1.895 0.412 0.230 0.0996 0.307 0.230
M10 112,500 1.897 0.416 0.230 0.0998 0.308 0.230

Table 6. Summary of grid independence test conducted for Re = 160 and G/L = 0.0.

Mesh Cells
Cylinder-1 Cylinder-2

CD CL,rms St CD CL,rms St

M1 13,366 1.281 0.0396 0.175 −0.201 0.051 0.175
M2 21,300 1.296 0.0442 0.183 −0.230 0.072 0.183
M3 28,800 1.301 0.0502 0.185 −0.255 0.088 0.185
M4 35,800 1.356 0.0538 0.185 −0.273 0.102 0.185
M5 48,786 1.380 0.0560 0.185 −0.287 0.115 0.185
M6 67,200 1.351 0.0574 0.185 −0.299 0.123 0.185
M7 74,226 1.364 0.0586 0.185 −0.309 0.129 0.185
M8 83,000 1.376 0.0601 0.185 −0.317 0.133 0.185
M9 100,056 1.382 0.0610 0.185 −0.321 0.135 0.185
M10 112,500 1.383 0.0610 0.185 −0.323 0.135 0.185

3.3. Time Step Independence Test

After obtaining the optimum grid, the time step independence test is conducted on
M9 for Re = 100 and G/L = 6.0 to see the sensitivity of the simulations on the time step
used and to obtain the time step independent solution. For this, six different time steps
have been considered, and the simulations are performed. The corresponding aerodynamic
coefficients and Strouhal number of both cylinders are calculated for all six cases and are
summarized in Table 7. It is not surprising to note the declining trend in the change in
the parameters evaluated between two consecutive time steps. However, after T4, the
percentage deviation in the parameters between two consecutive cases has reached below
1.0%, which is adequately small enough to consider T4 as the optimum time step for the
computations for the rest of the studies.

Table 7. Summary of time step independence test conducted for Re = 100 and G/L = 6.0.

Cases ∆t
Cylinder-1 Cylinder-2

CD CL,rms St CD CL,rms St

T1 2×10−2 1.7080 0.2992 0.1933 0.4801 0.6135 0.1933
T2 1×10−2 1.6980 0.2921 0.1933 0.4717 0.601 0.1933
T3 5×10−3 1.6920 0.2871 0.1933 0.4671 0.5932 0.1933
T4 1×10−3 1.6910 0.2845 0.1933 0.4629 0.5885 0.1933
T5 5×10−4 1.6930 0.2846 0.1933 0.4631 0.5883 0.1933
T6 1×10−4 1.6990 0.2853 0.1923 0.4648 0.5901 0.1923
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3.4. Code Validation

The OpenFOAM code is validated for flow over apex-facing single equilateral trian-
gular cylinder against six similar previous investigations at Re = 100. The aerodynamic
parameters are evaluated and compared with the existing literature and are consolidated
in Table 8. The percentage deviation obtained from the present computations and that from
the literature is indicated in brackets. It can be seen that the present code shows agreement
with the reported values, and the maximum deviation obtained is 4.167%, which is very
much within the admissible limit.

Table 8. Validation for flow over a single equilateral triangular cylinder at Re = 100.

Literature CD CL,rms St

De & Dalal [10] 1.7610 (0.454%) 0.3200 (−0.168%) 0.1980 (1.010%)
Bao et al. [12] 1.7000 (4.058%) 0.3000 (−1.167%) 0.1950 (2.564%)

Wang et al. [56] 1.7100 (3.450%) 0.2850 (4.035%) 0.1960 (2.040%)
Chatterjee et al. [69] 1.7550 (0.797%) - 0.1970 (1.522%)
Dhiman et al. [70] 1.7320 (2.136%) - 0.1920 (4.167%)

Altac et al. [71] 1.7580 (0.625%) - 0.1990 (0.502%)
Present study 1.7690 0.2965 0.2000

4. Results and Discussion
In this section, the results obtained from the present numerical analysis are discussed

in detail. The numerical investigation focuses on the flow dynamics over two in-line
equilateral triangular cylinders and examines the influence of different gap ratios (G/L)
and Reynolds numbers (Re). The study systematically investigates the effect of G/L
from 0 to 6 in steps of 0.5 and Re at five discrete values from 80 to 160 in increments of
20. This section aims to explore how variations in both the gap ratio and the Reynolds
number impact the vortex shedding behavior, wake characteristics, and the aerodynamic
performance of the cylinders.

4.1. Vortex Shedding

For flow over an equilateral triangular cylinder, the range of Re considered in this
study is characterized by unsteady laminar vortex shedding. Vortex shedding is visualized
and analyzed with the help of vorticity contours, which are covered in more detail in the
following sections. In addition, a comprehensive discussion has been included to explain
how the introduction of a second equilateral triangular cylinder in the wake of the first
cylinder alters the vortex shedding pattern and its properties.

4.1.1. Instantaneous Vorticity Contours

The vorticity contours for one shedding cycle for various G/L ratios at Re = 100 are
shown in Figure 5. Here, the instantaneous vorticity contours are plotted at eight equal
time intervals (a–h, in rows) of a single time period, and the corresponding instances are
marked on the CL-time history at the top for better clarity in the explanation. The columns
of the figure represent three different G/L ratios: 1.0, 2.0, and 5.0. Vortex shedding has been
observed from the downstream cylinder consistently, regardless of the specific G/L value.
However, when considering smaller G/L ratios 1 and 2, it is observed that vortex shedding
predominantly occurs from the downstream cylinder alone. On the contrary, the upstream
cylinder does not exhibit any notable vortex shedding phenomenon. Furthermore, on
comparing G/L = 1.0 and 2.0, it has been noted that for G/L = 2.0, the separated shear
layer emanating from the downstream cylinder undergoes a more significant elongation
compared to when G/L = 1.0. Consequently, the delay in shear-layer interaction modifies
the onset of vortex shedding, thereby affecting both the shedding frequency and drag force.
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The vortex shedding characteristics and associated wake behavior will be further analyzed
using Urms contour plots, which will be elaborated in the subsequent sections. On the other
hand, for the case where G/L = 5.0, illustrated in Figure 5, independent vortex shedding
from each cylinder is evident, as shown in column-3. The vortices also form closer to the
upstream cylinder compared with the cases of G/L = 1 and 2. Moreover, an important
observation is made, in which these vortices merge into a single row of vortices at the
downstream cylinder.

Figure 5. Vorticity contours (seven segments evenly spaced in one shedding cycle) at Re = 100
and various G/L. The corresponding time instances are marked in the CL-time history at the top
each column.

4.1.2. Regimes of the Wake

On detailed examination and scrutiny of the vorticity contours, various regimes R1,
R2, and R3 within the wake flow are revealed for flow over tandem triangular cylinders,
as shown in Figure 6. Distinct colors are used to denote the regimes, and their labels
are provided directly in the figure. The first two columns of Figure 6 correspond to the
lower values of G/L = 1 and 2. The second and third columns represent G/L = 5 and 6,
respectively. Figure 6 provides a comprehensive consolidation and substantiation of three
distinct regimes, each of which is elaborated in more detail below. The characteristics that
define these regimes are influenced by multiple geometric and fluid dynamic parameters.
These include, but are not limited to, the relative size of the cylinders, their alignment with
respect to the flow direction, the Reynolds number (Re), and the gap ratio (G/L), etc.
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Figure 6. Vorticity contours unwrapping different regimes of flow at t = 1500 s. R1, R2, and R3 are the
three distinctly different regimes observed (for a combination of Re and G/L), which have unique
flow characteristics.

1. Regime-1 (R1). In the region denoted as R1, the phenomenon of vortex shedding
predominantly occurs in the immediate wake of the downstream cylinder. The
characteristics of the vortex shedding appear as if they were generated from a single
body, masking the existence of the second cylinder within the wake, as discussed in
Section 4.1.1. This behavior is particularly notable when the gap ratio G/L is small,
irrespective of the Reynolds numbers used in the present study. Furthermore, with
an increase in the G/L ratio, the initiation and subsequent release of vortices tend to
move farther from the downstream cylinder. This observation is clearly visible in the
second column of Figure 6, which would cause an increase in the reattachment length.
More details about the wake characteristics and behavior are discussed in Section 4.2.

2. Regime-2 (R2). An independent vortex shedding pattern is observed from both
cylinders after the gap ratio crosses a threshold, known as the critical gap ratio,
denoted as (G/L)cr, irrespective of the Reynolds number (Re). It should be noted
that for all the cases analyzed, the (G/L)cr occurs between 2 and 5. In this scenario,
vortices generated from the upstream cylinder move into the inter-cylinder space
and proceed to merge with those detached from the downstream cylinder. This
vortex interaction and subsequent merging in the wake of the second cylinder signif-
icantly influence both the aerodynamic characteristics and the downstream vortex
shedding pattern.
In regime R2, vortex shedding takes place in the immediate vicinity of the downstream
cylinder, and this occurrence is markedly different from the dynamics observed in
region R1. A detailed analysis of the vorticity contours, as illustrated in Figure 6,
reveals for G/L ratios of 5 and 6, the emergence of two additional, clearly distinct flow
patterns. The first pattern is characterized by being in proximity to the downstream
cylinder, with the presence of fewer undulations that extend downstream, and is
categorized as Regime-2. Subsequently, a second pattern is identified, exhibiting more
significant undulations and a greater amplitude of oscillations, bearing resemblance
to the characteristics observed in region R1, and is therefore classified as Regime-3.
The distinct regimes are clearly identified in Figure 6.

3. Regime-3 (R3). The interaction occurring between the upper and lower sequences of
elongated vortices, as observed in the region denoted as R2, results in the initiation
of two-dimensional vortex shedding. However, when the situation is exposed to
low-viscosity conditions, where the 2D instabilities responsible for the vortex shed-
ding cease, the damping effect grows in their amplitude. This amplification process
subsequently culminates in the formation of secondary vortices, as can be observed in
Figure 6 for higher G/L values of 5 and 6. This phenomenon, which is categorized as
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Regime-3, manifests at a considerable distance from the downstream cylinder and
is evident across all conditions of Reynolds numbers for G/L ratios of 5 and 6. The
generation of secondary vortices is heavily influenced by both the Reynolds number,
Re, and the G/L ratio. As the Reynolds number increases, due to the inertial effects,
the vortices become more pronounced, and the location where secondary vortices
begin to form is displaced further downstream, as can be seen in Figure 6. Conversely,
an increase in the G/L ratio accelerates the shear layer “rolling-up” process, thereby
facilitating faster shedding of vortices.

4.1.3. Periodicity and Frequency of Vortex Shedding

This analysis is conducted to estimate the vortex shedding frequency across differ-
ent configurations characterized by varying Reynolds numbers (Re) and the G/L ratio.
Also, the periodic nature of the vortex shedding is analyzed using the phase diagrams.
Figure 7 presents the Fourier transform of CL with respect to time for both the upstream
(Cylinder 1) and downstream (Cylinder 2) configurations.

Figure 7. PSD of lift coefficient plotted for variety of Re and G/L. The inset shows the corresponding
phase diagrams (CL vs. CD plot). The solid line indicates the upstream cylinder, and the dotted line
indicates the downstream cylinder.

The non-dimensional shedding frequency, denoted as the Strouhal number (St), is
defined as Equation (12) and is conventionally obtained from the power spectral density
analysis of the lift coefficient, which is represented on the horizontal axis, as shown in
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Figure 7. The plot distinguishes the two cylinders with different line styles, where the solid
line corresponds to Cylinder 1, and the dotted line to Cylinder 2. It is noteworthy that across
all examined scenarios, the predominant (vortex shedding) frequency of lift oscillations
remains identical for both cylinders, regardless of the Reynolds number (Re) and G/L
values. Moreover, to confirm the periodicity of the vortex shedding in each scenario,
the phase diagram depicting the lift coefficient (CL) versus the drag coefficient (CD) is
incorporated within every plot in Figure 7. The presence of a closed-loop nature for the
phase diagram serves as an indicator of the periodic characteristics of the flow field around
the cylinder. Also, the loops maintain a symmetry of about CL = 0, which suggests that the
cylinder undergoes oscillations around its mean position. Consequently, in a time-averaged
framework, this results in zero net lift being generated by the cylinder. The drag coefficient
associated with Cylinder 1 consistently exhibits positive values across all values of the G/L
ratio. Conversely, the behavior of the drag coefficient for Cylinder 2 is distinct, as it initially
displays negative values when in the pre-critical range of G/L. Subsequently, as the G/L
ratio surpasses its critical threshold, the drag coefficient transitions to positive values in the
post-critical range. Furthermore, for Re ≥ 100 at larger G/L, a second harmonic component
is exclusively observed for Cylinder 2, which is marked and highlighted in Figure 7 for
enhanced clarity. More comprehensive analysis of this phenomenon will be provided in
the forthcoming Section 4.3 on aerodynamic coefficients.

4.2. Wake Parameters

In this section, an extensive and detailed examination is provided that includes the
consideration of three crucial parameters related to the dynamics of the wake, specifically
focusing on the vortex formation length (Lf), the recirculation bubble length (Lr), and the
wake width (W). Each of these parameters plays a pivotal role in influencing the wake
dynamics and possesses significant implications for the aerodynamic characteristics related
to the cylinder. Figure 8 displays the contours of the fluctuating component u′u′ for various
G/L ratios for Re = 100. The parameter u′ represents temporal variations in the streamwise
velocity component u, and is computed as u′ = u − u. Here, u denotes the streamwise
velocity averaged over time, and u′ indicates the deviations from this mean flow speed.
The length of vortex formation, denoted Lf, is specified as the span that originates from the
base of the downstream cylinder to the specific location along the centerline of the wake,
where the fluctuations in velocity reach their peak value. Meanwhile, the wake width,
symbolized as W, is quantified as the vertical separation between the locations of the peak
velocity fluctuations located on opposite sides of the wake. The recirculation bubble is
generally observed by graphically representing the contours where u equals zero. This
particular representation serves to demarcate the boundary that separates the recirculation
region from the surrounding forward flow. The recirculation bubble length, symbolized as
Lr, can be estimated by evaluating the distance extending from the tip of this bubble back
to the base of the cylinder, specifically traced along the centerline of the wake. All these
definitions are taken from the literature [72,73].

Typically, flow separation initiates from both the upper and lower surfaces of the
cylinder, which subsequently leads to the development of shear layers along each side of
the cylinder. These shear layers interact with one another, a process that plays a crucial role
in the shear layer’s roll-up’, ultimately culminating in vortex shedding. In this study, it
was observed that the shear layer, which detaches from the leading cylinder, subsequently
converges with the second cylinder and interacts with the shear layer that forms in the
wake of the downstream cylinder. In contrast to conventional interactions, the dynamics
of this shear layer interaction are highly intricate. The shear layer ‘roll-up’ process is
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significantly influenced by both the Reynolds number (Re) and the G/L ratio, indicating a
notable sensitivity to these parameters.

Figure 8. Contours of streamwise fluctuating velocities u′u′ plotted for various G/L ratios at
Re = 100, along with the contour of u = 0 (pink line). The vortex formation length (Lf), the recirculation
bubble length (Lr), and the wake width (W) are evaluated and are indicated on the plot.

Figure 9 illustrates the variation of vortex formation length, the recirculation bubble
length, and the wake width with different G/L ratios at a Reynolds number (Re) of 100.
Upon examination, it becomes clear that all three of these parameters tend to increase with
a rise in G/L values when Re is maintained at 100, as depicted in Figure 9. A reduced
vortex formation length indicates that vortices begin to form in proximity to the cylinder
surface. As previously mentioned, when the G/L ratio rises, there is a corresponding
decline in interaction, causing the shedding mechanism to become less pronounced. As a
result, there will be a delay in the shedding process, which, in turn, leads to an elongation
of the vortex formation length as the ratio of G/L is augmented. In a similar manner, the
wake becomes broader, and the recirculation bubble extends further along the streamwise
direction with an increase in the G/L ratio. It is important to underscore that the trio
of parameters addressed within this section plays a crucial role in influencing the vortex
shedding phenomena and the aerodynamic properties of the flow. These parameters serve
as the underlying explanation for numerous aspects of wake dynamics, which will be
elaborated upon in the following sections.
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(a). Vortex formation length (b). Recirculation bubble length (c). Wake width

Figure 9. Variation of vortex formation length, recirculation bubble length and the wake width are
plotted with various G/L ratios at Re = 100.

4.3. Aerodynamic Coefficients

The aerodynamic force coefficients, which include the lift coefficient (CL), the drag
coefficient (CD), and their statistical interpretations, are calculated using Equations (4)–(11).
Note that, in the subsequent sections, an ‘¯’ and ‘rms’ are used to denote the time-averaged
and root mean squared quantities. This section elaborates on how these coefficients vary
with changes in the Reynolds number and the G/L ratio.

4.3.1. Coefficient of Drag

The temporal evolution of the drag coefficient (CD) for both upstream and downstream
cylinders over the interval from t = 1150 to 1200 is depicted in Figure 10, for different values
of the gap-to-length ratio (G/L) and Reynolds number (Re). It is observed that the upstream
cylinder experiences a positive drag across the entire range of G/L values considered. In
contrast, the second cylinder demonstrates an initial negative drag coefficient, maintaining
this behavior until it reaches a critical threshold of the G/L ratio. Beyond this critical point,
the downstream cylinder exhibits transitions to positive drag, which will be discussed later
in this section. Significant effects are observed on the magnitude and the amplitude of the
drag force experienced by the upstream cylinder when a second cylinder is introduced
in its wake. For every case examined, the drag coefficient of the downstream cylinder is
consistently found to be lower than that of the upstream cylinder. The root mean square
values associated with the oscillations of the drag coefficient CD are calculated and plotted
in Figure 11 against varying ratios of G/L and Reynolds numbers (Re). From the figure, it
can be concluded that the amplitude of the drag coefficient for cylinder-2 is consistently
lower than that for cylinder-1, irrespective of the values of G/L and Re. Examination
reveals that for cylinder-1, there is a noticeable decrease in the amplitude of the drag
oscillations as both G/L and Re increase, up to a critical threshold of G/L, after which an
increase is observed. For cylinder-2, the amplitude of drag oscillations decreases with an
increase in G/L and a decrease in Re, up to a certain critical point of G/L. Beyond this
critical point, the amplitude begins to increase with further increases in G/L, especially at
lower values of Re, while it tends to stabilize at higher levels of Re.

Figure 12 consolidates the variation of the time-averaged drag coefficient CD plotted
against G/L ratio for different Re. This plot reinforces the observation that cylinder-1
consistently demonstrates positive drag throughout the range of Re and G/L values. In
contrast, cylinder-2 exhibits negative drag prior to reaching the (G/L)cr, and then proceeds
to the regime of positive drag. The absence of vortex shedding between cylinder-1 and
cylinder-2, coupled with an increase in the gap ratio G/L, leads to a reduction in fluctua-
tions in the wake of cylinder-1. Consequently, the mean (time-averaged) drag coefficient of
cylinder-1 decreases in the precritical regime. Surpassing (G/L)cr, the flow pattern in the
wake behind cylinder-1 transitions into a more unstable phase, which is associated with a
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notable increase in the drag coefficient. Also, it is found that the CD increases consistently
with an increase in Re, as seen in Figure 12. For the downstream cylinder, this behavior
contrasts with the trend observed for the upstream cylinder after exceeding the critical
threshold G/L. Of particular interest is the transition of the drag coefficient from negative
to positive values, which is closely aligned with the critical value (G/L)cr. This emphasizes
the importance of the threshold in defining the specific drag characteristics of the down-
stream cylinder. With respect to cylinder-2, it is observed that the average drag coefficient
progressively increases throughout the G/L range for any specified Reynolds number, Re.
The critical gap ratio marks a significant transition point where the average drag coefficient
shifts from negative to positive. Furthermore, it should be highlighted that the mean
drag coefficient tends to decrease as the Reynolds number increases in all the G/L ratios
considered. In every scenario involving Re, the calculated mean drag coefficient values
for cylinders 1 and 2 arranged in the specified tandem configurations were consistently
found to be less than those recorded for the configuration featuring a solitary equilateral
triangular cylinder. Regardless of the parameters G/L and Re, the mean drag coefficient for
both cylinders remained always below that of a single cylinder in all conditions evaluated.

Figure 10. Temporal Variation of CD for various combinations of G/L and Re for both upstream and
downstream cylinders. The dataset is limited from t = 1150 to 1200 for better visual clarity.

The time-averaged static pressure distribution around the upstream and the down-
stream cylinders at Re = 100 and G/L of 1.0, 2.0, 3.0, 4.0 and 5.0 is shown in Figure 13. The
net drag acting on the triangular cylinders primarily arises from the pressure imbalance
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between the high-pressure region on the upstream faces and the low-pressure region in
the wake. Variations in the surface pressure distribution directly modify this imbalance,
thereby leading to a corresponding increase or decrease in the overall drag force.

(a). Cylinder-1 (b). Cylinder-2

Figure 11. Variation of the rms of the drag coefficient CD,rms with various G/L and Re.

(a). Cylinder-1 (b). Cylinder-2

Figure 12. Variation of time-averaged drag coefficient CD with various G/L and Re.

(a). Cylinder-1 (b). Cylinder-2

Figure 13. Time-averaged static pressure distribution around the cylinders for various G/L and Re.

Point A represents the front stagnation point, and B and C represent the rear corners
of the cylinders. For Cylinder 1, the flow is observed to accelerate from A toward B and
C, as evidenced by the monotonic decrease in pressure from A, reaching a minimum at B
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and C. For Cylinder 1, across all values of G/L, the pressure at the front stagnation point
remains higher than that at the base, indicating that Cylinder 1 experiences positive drag
over the entire range of G/L. The base pressure of Cylinder 1 increases (i.e., the suction
weakens) up to the critical G/L, which effectively reduces the pressure difference across
the cylinder and consequently lowers the net drag. Beyond the critical G/L, the base region
of Cylinder 1 is subjected to increasingly negative pressure with further increases in G/L,
resulting in an enhancement of the drag force acting on the cylinder. The trend of the mean
drag coefficient with respect to G/L for Cylinder 1, shown in Figure 12, is in agreement
with the above observations.

For all gap ratios, the pressure remains negative around the entire perimeter (A–B–C–A),
indicating that Cylinder 2 is fully submerged in the low-pressure wake of Cylinder 1 rather
than seeing a stagnation region at its front face. For Cylinder 2, the pressure at point A
is lower than the base pressure up to the critical G/L, resulting in a negative drag acting
on the cylinder. Beyond the critical G/L, the front stagnation pressure exceeds the base
pressure, thereby subjecting Cylinder 2 to positive drag. As G/L increases from 1 to 3, the
entire pressure distribution shifts upward, with the most pronounced change occurring
between G/L = 1 and 2. This upward shift leads to an overall increase in the net drag on
Cylinder 2. Beyond the critical G/L, at larger spacings (G/L = 4 and 5), the pressure along
the sides AB and AC becomes less negative, while the base region experiences slightly
stronger suction. Consequently, the pressure-induced drag continues to increase beyond
the critical G/L, as reflected in the variation of the mean drag coefficient for Cylinder 2
shown in Figure 12. In comparison with Cylinder 1, the pressure along the sides AB and
AC of Cylinder 2 increases from point A toward B and C, reaches a maximum, and then
decreases to a minimum at B and C.

4.3.2. Coefficient of Lift

The temporal evolution of the lift coefficient for both the upstream and downstream
cylinders, across varying values of the gap ratio (G/L) and Reynolds number (Re), is
illustrated in the initial two columns of Figure 14. The third column presents the power
spectrum density (PSD) corresponding to the oscillations of the lift coefficient CL. For all
the representative cases demonstrated, a single dominant frequency is evident, identifiable
as the vortex shedding frequency, and is denoted by the Strouhal number (St). The St
values corresponding to each case are indicated on the plot itself. It is important to note that
G/L = 1.0 and 2.0 fall within the pre-critical regime, whereas 5.0 and 6.0 pertain to the
post-critical regime for all Reynolds numbers considered. It can be observed from the
third column that before the critical gap ratio is reached, the Strouhal number St exhibits a
declining trend as the gap-to-length ratio G/L increases. However, once the critical gap
ratio is crossed, the situation reverses, with St beginning to rise as the G/L continues its
increase. The details about the aspects of St will be discussed in Section 4.4 of this paper.
Notably, there is a considerable rise in the amplitude of the lift coefficient for both cylinders,
particularly for the upstream cylinder, upon attaining the critical gap ratio due to vortex
shedding from both cylinders (first and second columns of Figure 14). Conversely, for the
downstream cylinder, this pronounced trend tends to become less distinct when subjected
to higher Reynolds numbers. The root mean square (rms) value of the lift coefficient over
time, denoted as CL,rms, was subjected to additional analysis to gain a deeper understanding
of oscillation amplitudes and to evaluate the influence of the Reynolds number (Re) and
the G/L ratio on these oscillations.
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Figure 14. Temporal evolution of lift coefficient at different Re and G/L combinations for the upstream
(first column) and downstream (second column) cylinders. The plot is zoomed from t = 1150 to 1200
for better clarity and understanding. The third column represents the power spectrum density plot of
the CL-time response (first column) to estimate the Strouhal number (St) for the upstream cylinder
(which is the same as the downstream cylinder).

Figure 15 illustrates the root mean square value (rms) of the lift coefficient, denoted
as CL,rms, for both cylinders. Observations from the figure indicate that for the upstream
cylinder, the CL,rms decreases to nearly zero as the gap ratio G/L increases from zero
up to the critical gap ratio. This reduction implies the effective suppression of vortex
shedding. Beyond the identified critical gap ratio ((G/L)cr), there is a notable increase in
CL,rms. This trend is consistent with previous research on flows around tandem cylinders,
circular or square, where the downstream placement of a cylinder in the wake effectively
inhibits vortex shedding from the cylinder upstream [45,74]. In the regime beyond the
critical gap ratio, the amplitude of oscillations exhibited by the upstream cylinder appears
to be almost unchanged with variations in G/L. This suggests that in this post-critical
regime, the influence of the downstream cylinder is minimally significant. In contrast, the
downstream cylinder shows a subtle downward trend in the root mean square of the lift
coefficient CL,rms. Again, this observation aligns with the earlier trends observed in the
literature, where the CL,rms values were lower for the upstream cylinder compared to the
downstream one. However, in the post-critical regime, there is an abrupt reduction in
CL,rms as the G/L continues to increase. Additionally, in the regime preceding the critical
transition, CL,rms exhibits an increase with the Reynolds number, Re. In stark contrast, an
inverse relationship is noted in the regime following the critical point. Furthermore, it
is important to acknowledge that across all the parametric combinations of Re and G/L
ratio employed in this study, the root mean square lift coefficient, CL,rms, for the upstream
cylinder consistently remains below the value reported for a single cylinder configuration.
Contrarily, in the post-critical flow regime, the CL,rms of the downstream cylinder, exceeds
that of the single cylinder.
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(a). Cylinder-1 (b). Cylinder-2

Figure 15. Variation of rms of lift coefficient with variety of G/L and Re.

4.4. Vortex Shedding Frequency

The vortex shedding frequency in its non-dimensional representation, denoted as
Strouhal number (St), is derived by analyzing the power spectral density of the lift fluc-
tuations, elaborated in Section 4.3.2. Within the scope of the present study, it has been
found that the St values for both cylinders as shown in Figure 16, remain the same across
the set of parameters evaluated, signifying synchronized vortex shedding. As the gap
ratio increases towards a critical threshold, there is a noticeable reduction in St, eventually
hitting a minimum point and increasing afterwards. The observed decreasing pattern of
Strouhal number (St) in the pre-critical regime can be explained using the concept of vortex
formation length, denoted as Lf. A comprehensive explanation of this phenomenon is
provided in Section 4.2. The vortex formation length is a key parameter that identifies the
location where the ‘roll-up’ of the shear layer initiates, eventually leading to the develop-
ment of vortices downstream from the cylinder [73]. It has been observed that this vortex
formation length increases as the G/L ratio is increased. Similar observations can be made
from Figure 5 that the shed vortices are becoming elongated when the G/L is increased.
The increase in formation length results in the delay in the commencement of the shear
layer ‘roll-up’ process and ultimately culminates in a reduction in the frequency at which
vortices are shed.

Figure 16. Variations of St with G/L for different Re.

5. Conclusions
The present numerical study investigates the influence of gap ratio (G/L) and

Reynolds number (Re) on the vortex shedding characteristics and aerodynamic behavior
of flow over two tandem triangular cylinders arranged in an apex configuration. The
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numerical investigations are carried out for 80 ≤ Re ≤ 160 and 0 ≤ G/L ≤ 6 using the
OpenFOAM solver. The PISO algorithm is employed for solving the governing partial dif-
ferential equations of the 2D incompressible laminar flow around the equilateral triangular
cylinders. The major findings of the present study are summarized below.

• For flow past tandem equilateral cylinders, the Reynolds number and the gap ratio are
identified as the two primary parameters governing vortex shedding and the related
aerodynamic behavior.

• For small values of G/L, vortex shedding seems to occur solely behind the downstream
cylinder, effectively concealing the influence of the upstream cylinder; the flow behaves
as if it were shedding from a single body. When the gap ratio exceeds a certain
threshold known as the critical gap ratio, (G/L)cr, vortex shedding also develops in
the region between the two cylinders and then combines with the vortices formed
behind the downstream cylinder to develop a new shedding pattern.

• Three distinct flow regimes, denoted as R1, R2, and R3, are identified, which appear to
be specific to laminar flow over tandem equilateral cylinder arrangements. These wake
regimes characterize the underlying formation mechanisms and the associated vortex
shedding patterns. R1 is associated with the pre-critical flow regime, whereas R2 and
R3 correspond to post-critical flow conditions. In regime R1, the vortex shedding
behavior is effectively that of a single bluff body, with periodic vortices forming only
in the wake of the downstream cylinder. In contrast, in regimes R2 and R3, distinct
and independent vortex shedding is observed from both cylinders. Moreover, in R3,
the shed vortices are noticeably larger, exhibiting increased spatial extent and higher
oscillation amplitudes compared to those in R2.

• The phase diagrams (CL - CD plot) demonstrate that, for all investigated values of
G/L and Reynolds number (Re), the vortex shedding from both cylinders persists in a
symmetric and temporally periodic regime.

• A detailed analysis of changes in CD,rms, CL,rms, CD and St was carried out for a variety
of combinations of Re and G/L, and a graphical summary of the results is given below
for easy identification (Figure 17). The green color of the parameter block implies that
an increase in the parameter would increase the value of the measured quantity, and
the red color indicates an unfavorable trend.

Figure 17. Graphical summary: A graphical representation of the influence of gap ratio on the
quantities (CD,rms, CL,rms, CD and St) is provided. The green color indicates that when the value of
the parameters increases, the value of the measured quantity will also increase, while the red color
implies the opposite.

• The drag coefficient associated with the upstream cylinder remains strictly positive
over the range of configurations considered. In contrast, the drag coefficient of the
downstream cylinder exhibits a transition from negative to positive values as the
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normalized gap ratio G/L increases. Moreover, at higher values of G/L, CL-time
response exhibits a second harmonic for the downstream cylinder for Reynolds
numbers Re = 100 and Re = 120. Because the upstream cylinder is subjected to
a more pronounced frontal stagnation region than the downstream cylinder (from
the time-averaged static pressure profiles over the cylinders), the drag coefficient of
the downstream cylinder is consistently lower than that of the upstream one. Both
drag coefficients decrease with increasing G/L up to the critical ratio (G/L)cr, beyond
which a sudden increase (i.e., a discontinuous jump) in their values is observed.

• The downstream cylinder experiences stronger lift fluctuations as it is located in the
wake of the upstream cylinder. Consequently, the CL,rms of the downstream cylinder
is consistently higher than that of the upstream cylinder.

• The addition of a second cylinder is found to be a strategic approach to suppress the
vortex shedding, but only for the pre-critical regime. In contrast, strong vortices are
shed after the (G/L)cr. Both cylinders have shown a significant reduction in St up to
the critical G/L. After this point, there is a sudden rise in St with the increase in G/L,
leaving the minimum St at (G/L)cr.

• A comprehensive study has been performed to evaluate some wake parameters, such
as the vortex formation length, the wake width, and the recirculation length, which
have a significant impact on the vortex shedding behavior and associated aerodynamic
performance. Further, the variation in drag coefficient and shedding frequency with
respect to Re and G/L has been reasoned out with the help of these parameters. All
three parameters mentioned above are found to increase with G/L for the range of Re
considered. The increase in vortex formation length and wake width delays vortex
formation, which is responsible for the reduction in St. Figure 18 represents a graphical
summary of variation in these parameters with Re and G/L similar to that of Figure 17.

Figure 18. Figure showing the trend of vortex formation length, recirculation bubble length, and
wake width with increases in G/L (up to G/L = 2.0).

• The investigation of flow around tandem equilateral triangular cylinders provides
valuable insights into wake interference, force characteristics, and vortex dynamics
relevant to the design of heat exchangers, offshore structures, aerospace components,
and energy-efficient flow-control systems. The use of multiple-cylinder configurations
has been widely recognized as an effective approach for mitigating vortex shedding,
reducing dynamic fluid forces, and minimizing structural damage in fluid–structure
interaction problems. In the case of tandem triangular cylinders, the present study
demonstrates that the spacing ratio plays a critical role in governing wake interfer-
ence and the resulting vibration response. Configurations associated with strong
wake interactions produce larger oscillation amplitudes and force fluctuations, which
may accelerate fatigue damage and compromise structural integrity. Therefore, such
spacing arrangements should be avoided in practical applications where long-term
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durability is a primary concern. Conversely, spacing ratios that promote weaker wake
interactions can effectively reduce flow-induced vibrations and associated structural
loading, making them more suitable for the design of engineering systems incorporat-
ing tandem triangular structural members.
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