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Synopsis

This study presents a comparative analysis of flow around a cylinder using the Immersed Boundary
Method (IBM) and the Arbitrary Lagrangian-Eulerian (ALE) approach within the OpenFOAM®
(FOAM-Extend-4.1) computational fluid dynamics framework. IBM simplifies mesh generation
by utilizing a fixed Cartesian grid, whereas ALE accommodates dynamic mesh deformation. We
performed 2D transient numerical simulations for Reynolds numbers (Re = 100, 200, 1000, 2000)
to evaluate the accuracy, efficiency, and robustness of both methods in capturing key flow character-
istics such as vortex shedding, lift, and drag coefficients. Both static and oscillating cylinder flows
were investigated. Initially, mesh sensitivity analysis was conducted using Richardson extrapola-
tion with a refinement factor of 2 and was validated against existing literature [1] [2] [3] [4] [S]
for Re = 200. The results demonstrate that both methods can accurately simulate flow around a
cylinder, though they differ in computational efficiency and ease of implementation. IBM required
significantly more computational time to achieve result convergence compared to ALE. For static
cylinders, ALE studies included IcoFoam-laminar, PimpleFoam-laminar, and PimpleFoam with
the k-omega SST turbulence model. The laminar models were effective for low Reynolds numbers
(£200), producing a drag coeflicient (Cd) of 1.4 for Re = 100 and 200 using IcoFoam, and 1.38
and 1.375 using PimpleFoam-laminar. The k-omega SST model estimated Cd values of 1.37 and
1.29 for Re = 1000 and 2000, respectively. Using IBM with the IcoFoam solver, Cd values were
1.5, 1.44, 1.287, and 1.143 for Re = 100, 200, 1000, and 2000, respectively. Studies on oscillating
cylinder flows, considering a 0.1D amplitude in the y-axis at a frequency of 1Hz, are also presented
and compared for IBM and ALE at Re = 100, alongside time-dependent and grid sensitivity tests for
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IBM. These findings provide insights into the strengths and limitations of IBM and ALE methods,
emphasizing trade-offs between computational efficiency and implementation complexity. Future
work will explore three-dimensional flows and hybrid approaches to combine the advantages of
both methods.

1 Introduction

Understanding the flow physics around cylindrical objects is a fundamental problem in fluid dynam-
ics with numerous engineering applications, including aerospace, civil, and mechanical engineering
sector [6]. Cylindrical structures are commonly used in various engineering designs such as bridge
piers, pipelines, offshore platforms for turbines and oil drilling, and aerodynamic bodies like air-
craft components and turbine blades [7]. Accurate simulation of such flows is crucial for designing
efficient structures and devices subjected to fluid forces, as it directly impacts their aerodynamic
performance, safety, and durability [8]. Predicting vortex-induced vibrations and drag forces on
cylindrical structures can lead to better designs that mitigate structural fatigue and failure caused
by resonance frequency [9], [10].

The flow around a cylindrical object changes significantly with different Reynolds numbers
(Re), a dimensionless parameter indicating the relative significance of inertial forces to viscous
forces in a fluid flow [11]. The formation of different von Kidrman vortex streets with respect to
Reynolds number for the flow around circular cylinder is illustrated below:
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Figure 1: Formation of Von Kdrman vortex streets around cylinder at different Reynolds number
[12].

The aerodynamic performance of any object depends on the Reynolds Number (Re) [13]; As
Re increases:

* At Re < 5, the flow remains attached and symmetrical with no separation.
* Between Re 5 to 15, steady, symmetric Eppil vortices form behind the cylinder.

* For Re 40 to 150, periodic vortex shedding occurs, creating a laminar von Kdrmén vortex
street.

* In the range of Re 150 to 300, the flow transitions from laminar to turbulent, increasing
instability.
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* AtRe 300 to 3 x10°, the vortex street becomes fully turbulent with chaotic shedding.

» Between Re 3 x10° to 3.5 x10°, the wake becomes narrower and more disorganized as the
laminar boundary layer transitions to turbulence.

» For Re > 3.5 x109, a fully turbulent vortex street is re-established.

There are various ways to study the aerodynamic performance and flow characteristics of the
flow around circular cylinder at different Reynolds numbers, including wind tunnel tests, field tests,
high-fidelity modeling using computational fluid dynamics (CFD), and low-fidelity modeling using
analytical equations. Computational fluid dynamics (CFD) models provide high-resolution data
similar to experimental tests without the need to create prototypes, making them more cost-effective
compared to expensive and time-consuming wind tunnel and field tests. The flow filed are computed
computationally using CFD [14].

Two prominent computational methods for simulating flow around cylinders are the Immersed
Boundary Method (IBM) and the Arbitrary Lagrangian-Eulerian (ALE) approach. IBM simplifies
the mesh generation process by allowing complex geometries to be represented on a fixed or base
Cartesian grid, thus avoiding the need for dynamic mesh adaptation. This method is particularly
useful for simulations involving moving boundaries or deformable structures. However, the sim-
plicity of IBM comes at the cost of increased computational time to achieve convergence, especially
for high-fidelity simulations [15].

The Immersed Boundary Method was initially applied in Foam-Extend 3.2 and Foam-Extend
4.0, utilizing the Discrete Ghost-Cell Forcing technique along with a weighted least squares inter-
polation. However, Foam-Extend version 4.1 is based on the discrete cut cell approach and offers
greater accuracy in capturing flow characteristics. In Foam-Extend 4.1, cells within IBM are cate-
gorized into three types after intersection: fluid (live), solid (dead), and intersected cells, as shown
in Figure 2. Unlike previous versions, Foam-Extend 4.1 considers all intersected cells as 1B cells,
not just those whose centers are in the fluid region, as illustrated below [16], [17]:
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Figure 2: Cell types for IBM in a) Foam-Extend 4.0 and b) Foam-Extend 4.1 [17]

The Immersed Boundary (IB) method utilizes linear cuts through intersection points within
each cell. Cells are divided into living (fluid) and dead (solid) sections. The living sections be-
come independent fluid cells, rather than being added to neighboring cells as in traditional cut-cell
methods. This approach necessitates new calculations for cell center, volume, and geometrical data

3
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for cut faces and new IB faces. Inactive cells and faces are omitted from the discretization matrix.
Geometric data for the living parts of the cells are updated, enabling the IB influence to be incor-
porated as a standard boundary condition in finite volume method discretization [16], as shown
below:

o Background cell
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o Corrected face centre
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Figure 3: Cut-Cells with corrected cells and face centers by OpenFoam FE- 4.1 [16]

OpenFoam’s Foam Extend Version 4.1 has great potential to solve both simple static mesh and
dynamic mesh problems, including transient or steady-state simulations. The static mesh solvers
include laplacianFoam, simpleFoam, and icoFoam. For dynamic mesh problems, the PIMPLE
method, referred to as pimpleDyMIbFoam, is used. Regardless of the solver employed, the imple-
mentation of the discretization matrix is primarily handled in two Immersed Boundary classes [15],
[16]:

* immersedBoundaryPolyPatch
* immersedBoundaryFvPatch

For immersed boundaries, geometric data are handled and modified at the polyPatch level by the
immersedBoundaryPolyPatch class. Additionally, the immersedBoundaryFvPatch class acts as the
interface linking the immersed boundary condition to the finite volume discretization.

The Arbitrary Lagrangian-Eulerian (ALE) CFD technique is good at handling mesh changes
during simulations, which helps in accurately capturing boundary layer effects and flow separation
[18]. ALE is useful when precise control over the mesh near object boundaries is needed, such
as in studies of laminar-turbulent transition and complex wake dynamics. This method provides
accurate results for flow characteristics like vortex shedding and drag coeflicients and is widely used
in both academic and industrial applications [19]. However, implementing ALE can be complex
and computationally demanding, requiring advanced mesh generation and handling techniques.
The ALE approach involves cutting cells to define fluid and solid boundaries, making it possible
to simulate fluid-solid interactions within the CFD framework. It solves moving domain problems
within a fixed reference domain by using an artificial domain velocity. This approach applies the
characteristic method to solve the Navier-Stokes equations in the fixed domain, ensuring accurate
simulation results [20], [21].

This report presents a comparative study of the Immersed Boundary Method (IBM) and the Ar-
bitrary Lagrangian-Eulerian (ALE) methods within the OpenFOAM computational fluid dynamics
framework. The study investigates the flow around static cylinders at various Reynolds numbers
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(Re =100, 200, 1000, 2000) to evaluate the accuracy, efficiency, and robustness of both methods.
Initial mesh sensitivity analyses, employing Richardson extrapolation, were performed and vali-
dated against existing literature [1] [2] [3] [4] [5] for Re = 200. Additionally, this study analyzes
the flow around oscillating cylinders with a 0.1D amplitude in the y-axis at a frequency of 1.5 Hz to
understand the dynamic response and the effect of grid independence using IBM. The oscillation of
the cylinder was set up using the dynamic mesh capabilities of OpenFOAM, and the IBM studies
were conducted using the OpenFOAM Foam-Extend version 4.1.

By comparing the two methods, this study aims to highlight the strengths and limitations of
each approach, providing insights into their applicability for various fluid dynamics problems. The
findings will inform future research and practical applications, guiding the selection of appropriate
computational methods for specific engineering challenges.

2 Governing Equations and Models

2.1 Problem definition

The objective of this study is to model and analyze the flow around a cylinder, emphasizing wake
characteristics and aerodynamic performance using CFD. It compares the ALE approach (Open-
FOAM version 9) with the IBM (Foam-Extend version 4.1). Both static and oscillating cylinders
are examined to assess differences in wake dynamics, boundary layer behavior, and aerodynamic
coefficients between the two methods.

2.2 Governing equations

In this study, both laminar and turbulent models have been analyzed for the flow around a cylinder.
In computational fluid dynamics (CFD), flow fields are calculated using the conservation equations
for mass and momentum in incompressible, isothermal fluid flows, along with the energy equation.
These equations, commonly known as the incompressible Navier-Stokes (N-S) equations, mathe-
matically represent the principles of mass and momentum conservation [22], are given by:
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The Navier-Stokes equations above are solved simultaneously based on a finite-volume (FV) based
solver with fluid flow boundary conditions. To accurately capture the effects of turbulence on fluid
flow with higher Reynolds numbers, A Reynolds-Averaged Navier-Stokes (RANS) model is applied,
which decomposes the instantaneous velocity into mean and fluctuating components. The time-
averaged formulation is utilized to simplify and reduce the complexity of the governing equations,
facilitating more efficient computations [22], as demonstrated below:

dpu; Opuiu; oP 0%u; Hpul’.u;.
™ - i 3
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The Reynolds stress term —pul’.u;., represented by a turbulence eddy viscosity (u;) model, follows
the shear-stress-transport (SST) £ — w model. This model demonstrates accurate boundary layer
capturing capabilities in transitional flow regimes.

2.3 Geometry and Mesh

A rectangular domain was chosen as the control volume (CV) with dimensions of 50 meters in
the x-direction and 40 meters in the y-direction. The cylinder is located at origin (0, 0, 0), has a
diameter of 2 meters and is positioned 20 meters away from the left boundary of the domain. The top
and bottom walls were kept far from the cylinder to minimize boundary effects on its aerodynamic
performance [23], as illustrated below:

<

20 30

All the dimensions are in meters
Figure 4: Control Volume domain choosen for this study

The control volume dimensions for both ALE and IBM studies were kept the same. The geom-
etry was modelled in OpenFOAM using a blockMeshDict file and a structured mesh was generated
for both solvers. Edge grading was used to refine the mesh near the cylinder, and smooth grading
was applied to ensure a gradual transition between blocks, avoiding sudden jumps in cell size and
ensuring smooth fluid flow field calculations. The block mesh for both the ALE and IBM solver
are illustrated below:

Block Grading

BlockMesh generation

Figure 5: BlockMesh used for ALE approach.



OpenFOAM Research Migration Project FOSSEE, IIT Bombay
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Figure 6: BlockMesh used for IBM approach.

In ALE modeling, the cylindrical patch was cut to define the boundary of the object for fluid-
structure interaction (FSI). However, for IBM, a base structured mesh was generated, and an IB
cylinder surface was created separately using On-Shape (online CAD modeling site) to define the
immersed boundary solid walls inside the domain without actually cutting the cells. The domain
cells are then categorized into solid cells, IB cells, and fluid cells within the base mesh.

2.4 Initial and Boundary Condition

For the ALE approach, the initial and boundary conditions for the CFD simulation included fixed
velocity and zero gradient pressure at the inlet in the x-direction, inletOutlet velocity and fixed
pressure at the outlet to maintain zero atmospheric output pressure, symmetry conditions on the
top and bottom walls, no-slip wall conditions at the cylinder walls, and empty face type for front
and back faces due to 2D simulation. The initial and boundary condition for ALE approach are
illustrated below:

[Patch name: sym1
U & p: symmatry

Initial conditions
Uniform U & p
Patch name: in [Patch name: out
U fixedValus > . - U: inletOutiet
p: zeroGradient w p: fixedValus
,
h
Patch name: cylinder
U firedValue
p: zeroGradiant
Y
Patch name: sym2 Patch name: back and front
U & p: symmairy U & pi empty
| X

Figure 7: Initial and Boundary conditions for ALE model
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However for the Immersed Boundary Method (IBM) approach, the cylinder surface as defined as
an immersed solid boundaries (ibCylinder) using a mixedIb type biundary condition. The front and
back planes are set to empty for both studies. Uniform initial conditions for velocity and pressure are
applied throughout the domain. The initial and boundary condition for IBM approach are illustrated
below:

Patch name: sym1
U & p: symmetry
Immersed Boundary Patch

ibCylinder
i

Initial conditions. Bpe CE=i
patchType immersedBoundary;
triValue uniform ©;
triGradient uniform @;
triValueFraction uniform @;

Patch name: in Patch name: out setDeadValue yes;

U: fixedValue - U: inletOutlet
p: zeroGradient .‘ N p: fixedValue deadValue 0;

value uniform @;

Patch name: ibCylinder
Type: mixedIB
Patch Type: immersedBoundary

Y

Patch name: sym2 Pﬂch‘l\lml: back and front
U & p: symmetry U & p: empty
X

Figure 8: Initial and Boundary conditions for IBM model

2.5 Solver setup

2.5.0.1 Fluid Properties

A in-compressible Newtonian fluid is used to study the effect of varying Reynolds numbers for
the flow around a cylinder. The density is set to 1 kg/m>, and the kinematic viscosity is varied to
achieve different Reynolds numbers: 0.02 m?/s for Re=100, 0.01 m?/s for Re=200, 0.002 m?/s
for Re=1000, and 0.001 m?/s for Re=2000. This adjustment of viscosity allows for the control of
the Reynolds number, ensuring the correct flow characteristics. The Newtonian transport model is
utilized in the transport properties of the fluid to maintain consistent behavior in accordance with
the Newtonian fluid assumption.

2.5.0.2 Dynamic Mesh Treatment

In this study, the oscillating cylinder CFD model parameters were carefully chosen to analyze the
dynamic behavior of the cylinder under varying conditions. The oscillating amplitude was set
to 0.1D, where D represents the diameter of the cylinder (m) for oscilatting frequency of 1 Hz.
The simulations were conducted for Re=100, using two solvers: PimpleFoam for the Arbitrary
Lagrangian-Eulerian approach and pimpleDyMFoam for the Immersed Boundary Method This ap-
proach ensured that the dynamic mesh treatment accurately captured the fluid-structure interactions
and provided reliable data for comparison between the ALE and IBM methods. The setup and pa-
rameters are summarized in Table 1 below:
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Table 1: Oscillating Cylinder CFD Model Parameters

Parameter
Oscillating Amplitude 0.1D \ D = Diameter of Cylinder (m)
Oscillating Frequency F=1Hz
Solver PimpleFoam (ALE) \ pimpleDyMFoam (IBM)
Re 100

For the ALE model, the dynamic mesh treatment was configured using the PimpleFoam solver
in OpenFOAM version 9. displacementLaplacian solver with quadratic diffusivity type was used
in dynamic mesh dictionary (dynamicMeshDict) to ensure smooth mesh adaptation around the
oscillating cylinder. A additional pointDisplacement file is used to define the cylinder’s oscillating
motion/physics, with the oscillatingDisplacement type applied to the cylinder boundary for forced
displacement. Dynamic mesh motion is specified for the boundaries with the required amplitude
and oscillation frequency. This setup allows the mesh to dynamically adapt to the cylinder’s motion,
accurately capturing fluid-structure interactions.

For the IBM model, the pimpleDyMFoam in Foam-Extend version 4.1 is used with defined
oscillating parameters. The dynamic mesh parameters are configured using the dynamicMeshDict
file. The dynamic mesh type is set as immersedBoundarySolidBodyMotionFvMesh, which enables
dynamic motion for the immersed boundary. The motion function for the cylinder, named ibCylin-
der, is defined using the linearOscillation function type. The oscillation parameters are set with an
amplitude of (0, 0.1D, 0), indicating a 0.1D (meter) unit oscillation in the Y-direction for a specific
period. This configuration enables the cylinder to undergo linear oscillation with the specified am-
plitude and period. This setup is essential for accurately capturing fluid-structure interactions and
simulating the oscillatory behavior of the cylinder within the fluid domain considering Immersed
Boundary Methods.

2.5.0.3 Solution Method and Control

For IBM: The simulation control parameters were configured using the controlDict file. In this
study, we explored two solvers, namely pimpleDyMFoam and icoFoam, by incorporating the im-
mersedBoundary libraries. A small time step was employed in all simulations to accurately capture
the transient flow characteristics and intricate vortex structures. Transient solvers were utilized to
study the time-variation behavior of flow physics around the cylinder. Forces on the cylinder were
measured using the inbuilt force function, facilitated by the libforces.so library. Solution meth-
ods were defined in the fvSolution file to specify the solvers and algorithms necessary for solv-
ing the governing equations. The pressure-velocity coupling was managed using the ’SIMPLE’
algorithm, with adjustments for non-orthogonality and under-relaxation to enhance convergence.
Solvers for pressure and velocity fields were respectively configured with CG (Conjugate Gradient)
and BiCGStab (Bi-Conjugate Gradient Stabilized) methods, supplemented by appropriate precon-
ditioners to ensure numerical stability and efficiency. Numerical discretization strategies were set
using the fvSchemes file. Time derivatives were approximated using the Euler method, while spa-
tial discretizations employed Gauss linear schemes for gradient calculations and upwind schemes
for divergence terms, ensuring both accuracy and stability in capturing the complex dynamics of
the flow. These schemes were crucial for accurately resolving the interactions between the fluid and
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the cylinder, enabled by IBM.

For ALE: Three solvers, namely Laminar-pimpleFoam, laminarlcoFoam, and pimpleFoam-
kOmegaSST turbulence model, were used in this study to capture the transient flow physics around
the cylinder. Forces were reported using the inbuilt force function. Numerical discretization was
set up in the fvSchemes files to maintain the accuracy and stability of the computations. The *Euler’
scheme was chosen for time derivatives, and gradient calculations were performed using the least
squares method. Divergence and Laplacian schemes were carefully selected to balance computa-
tional efficiency and numerical precision, which are critical for managing the complex flow dynam-
ics around the cylinder. The finite volume solution was handled by the fvSolution file. Different
solvers were utilized for pressure and velocity fields, with GAMG employed to enhance efficiency
during the coarse levels of the simulation and PCG used for the final pressure adjustments. Velocity
was managed by a PBiCGStab solver with specific preconditioners to ensure solver robustness. The
PIMPLE algorithm was configured to optimize the coupling between pressure and velocity fields,
accommodating the dynamic mesh adjustments intrinsic to the ALE method used in the simulation.

3 Results and Discussions

3.1 Convergence Tests

3.1.1 Grid Size Convergence Test

A mesh or grid size convergence test is important for evaluating the impact of mesh refinement on
the accuracy and stability of computational fluid dynamics (CFD) simulations. In this study, the
Richardson extrapolation technique was utilized to conduct the mesh sensitivity analysis, wherein
the element size was refined by a factor of 2, thereby minimizing errors associated with mesh re-
finment. The flow around a static cylinder at a Reynolds number (Re) of 200 was analsysed by
employing both Arbitrary Lagrangian-Eulerian (ALE) and Immersed Boundary Method (IBM) ap-
proaches. Four different mesh quality were generated using the blockMeshDict file in OpenFOAM,
specifically Coarse, Medium, Fine, and Finer, with the total number of elements increasing from
9,000 to 140,400 for IBM simulations, and from 2,300 to 147,200 for ALE simulations. The coef-
ficient of drag (Cd) values were monitored once steady-state convergence was achieved and subse-
quently averaged, as outlined in Table 2. Our results revealed a consistent trend of increasing drag
coefficient with finer meshes for both methods, with ALE’s Cd rising from 1.3842 on the Coarse
mesh to 1.4027 on the Finer mesh, and IBM’s from 1.2815 to 1.44, as illustrated in Figure 9. No-
tably, computational times also increases with mesh refinement, particularly observed in the fine
mesh, which was further utilized in subsequent studies. It was observed that IBM simulations were
relatively more time-consuming compared to ALE simulations.

The Coefficient of Lift (Cl) and Coefficient of Drag (Cd) data obtained from the Arbitrary
Lagrangian-Eulerian (ALE) simulations demonstrated consistent results, particularly with medium,
fine and finer mesh qualities. Also, these meshes exhibited similar phases in von Karman vortex
generation, indicating synchronized and stable vortex shedding patterns having same amplitude, as
shown in Figure 10. Conversely, the coarse mesh in IBM simulations revealed significantly inaccu-
rate Cd and Cl values, suggesting a dependency on finer meshes for precise calculations. However,
for IBM, a phase difference in Cl values was observed over time, indicating variations in the timing
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of vortex shedding across different mesh sizes, as shown in Figure 11. This highlights the crit-
ical influence of mesh quality on the accuracy of aerodynamic coefficients in IBM simulations,
underscoring the need for careful mesh selection to capture complex flow dynamics accurately.

Table 2: Grid size convergence test for ALE and IBM Methods

Parameter
Mesh | Coefficient of Drag (Cd) | Computational Time (s) | Number of Elements
ALE IBM ALE IBM ALE IBM
Coarse | 1.384218 1.2815 144 2674 2300 9000
Medium | 1.398152 1.425 592 11528 9200 36000
Fine 1.402569 1.44 3397 35735 36800 81000
Finer | 1.402687 1.44 25499 88540 147200 140400
T B s B 2
Figure 9: Grid size convergence test for ALE and IBM Methods
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Figure 10: Grid size convergence test- a) Coeflicient of Drag (Cd)-Left, and b) Coefficient of Lift
(C1)-Right for ALE at Re=200
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Figure 11: Grid size convergence test- a) Coeflicient of Drag (Cd)-Left, and b) Coefficient of Lift
(CD-Right for IBM at Re=200

3.2 Validation

we assessed the accuracy of our computational fluid dynamics models by comparing the coeffi-
cient of drag (Cd) values obtained at Reynolds number 200 with values reported in existing litera-
ture [1] [2] [3] [4] [5], as outlined in Table 3. This comparison is essential for verifying the models
capability to predict flow behavior accurately under specified conditions. Our CFD study utilized
the Arbitrary Lagrangian-Eulerian (ALE) and Immersed Boundary Method (IBM) models, which
yielded Cd values of 1.402 and 1.44, respectively. The Cd values from the present study gener-
ally fall within the range of values reported in the literature [1] [2] [3] [4] [S], particularly when
considering the associated uncertainties. The developed CFD models were further considered for
studying the influence of varying Reynolds number on cylinder’s aerodynamic performance.

Table 3: Comparison of ¢; Values at Re = 200 with literature.
’ ALE (Present Study) \ 1.402 — Re =200 ‘
| IBM (Present Study) | 1.44-Re =200 |
Reference cqs—Re =200
[5] Russel and Wang 1.29 +£ 0.022
[2] Calhoun and Wang 1.17 £ 0.058

[1] Braza et al. 1.40 = 0.05
[3] Choi et al. 1.36 £ 0.048
[4] Liu et al. 1.31 £0.049

3.3 Results

The influence of varying Reynolds numbers on the aerodynamic performance of a static cylinder
was assessed using IBM and ALE approach. The simulations employed IcoFoam (laminar model),
PimpleFoam (laminar model), and PimpleFoam with the k-omega SST model. The study was con-
ducted across four Reynolds numbers: laminar flow at Re 100 and 200, and transitional/turbulent
flow at Re 1000 and 2000.

12
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For Reynolds numbers 100 and 200, which are within the laminar flow regime, the models
predicted C, values closely aligned with those published in the literature [1] [2] [3] [4] [5]. However,
for higher Reynolds numbers (1000 and 2000), which represent transitional flow, slightly higher
predictions were obtained using the ALE with the laminar model. This necessitated the deployment
of the k-omega SST turbulence model with PimpleFoam to capture more accurately the transitional
turbulence flow around the cylinder.

The results from IBM with the laminar model and ALE with the k-omega SST model pro-
duced closely aligned C, values. Specifically, C,; values of 1.5 and 1.44 were predicted using IBM,
whereas a C,4 value of 1.4 was observed with the ALE-IcoFoam solver. The PimpleFoam laminar
model estimated C,; values at 1.38 and 1.375. In cases of Re 1000 and 2000, C,; values were 1.287
and 1.143 using IBM, and for PimpleFoam with the k-omega SST model, the values were 1.374
and 1.29, respectively as outlined in Table 4. These results indicate that C; values decrease with
an increase in Reynolds number for flow around a static cylinder, consistent with findings reported
in the literature [24], also illustrated in Figure 12.

2

cd (1BM)

--1--Cd (PimpleFoam-Laminar Model)
-<1--Cd (IcoFoam-Laminar Model)

--8--Cd (PimpleFoam-k-Omega SST Model)

| ooozzzzzzEEEE
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14

Coefficient of Drag (Cd)
| |

0.8

[} 200 400 600 800 1000

Reynolds Number

1200 1400 1600 1800 2000

Figure 12: Influence of varying Reynolds number on the aerodynamic performance of cylinder
comparision between ALE and IBM

Table 4: Coeflicient of Drag (Cd) Across Different Models and Reynolds Numbers.

Re IBM | IcoFoam Laminar Model | PimpleFoam Laminar Model | PimpleFoam k-Omega SST Model
100 | 1.505 1.402 1.382 -

200 | 1.441 1.402 1.375 -

1000 | 1.287 1.652 1.627 1.374
2000 | 1.143 1.817 1.805 1.29

The instantaneous Cl and Cd plots indicate that Cd reduces with an increase in Reynolds num-

ber, whereas Cl values increase with higher Reynolds numbers. The CI and Cd plots reveal more
dynamic behavior of flow around the cylinder, attributed to the formation of von Karman vortex
streets. The findings demonstrate the magnitude of these aerodynamic forces generated over time
using different solvers, as illustrated below:
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Figure 13: Comparison of a) Coeflicient of Drag (Cd)-Left, and b) Coefficient of Lift (Cl)-Right

for IBM and ALE at Re=100
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Figure 14: Comparison of a) Coeflicient of Drag (Cd)-Left, and b) Coefficient of Lift (Cl)-Right

for IBM and ALE at Re=200
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for IBM and ALE at Re=1000

————— Re-2000 (PimpleFoam-K-omega SST)

Re-2000 (IcoFoam-Laminar)

——Re-2000 (PimpleFoam-Laminar) ——Re-2000 (1BM)

Coefficent of Drag (Cd)

05

450 455 460 465 470 475
Time (s)

480

485

490

495 500

Coefficient of Lift (CL)

| ————— Re-2000 (PimpleFoam-K-omega

Re-2000 (PimpleFoam-Laminar)

S5T)

Re-2000 (IcoFoam-Laminar)
Re-2000 (IBM)

Time (s)
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for IBM and ALE at Re=2000
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Figure 17 and 18 illustrates the formation of Von Karman vortex generation around a static cylin-
der at varying Reynolds numbers—Re=100, 200, 1000, and 2000—highlighting the transition from
laminar to turbulent flow regimes. At Reynolds numbers Re=100 and Re=200, the flow remains
largely laminar, characterized by smooth and steady streamlines with only slight vortex shedding
noticeable at Re=200, indicative of the initial stages of flow instability and separation. However,
at Re=1000, the flow exhibits a clear shift towards transitional dynamics; the vortex shedding be-
comes more pronounced and regular, signaling an increased influence of inertial forces over viscous
forces, which introduces more complex and periodic oscillations in the wake of the cylinder. By
Re=2000, the flow fully enters the early turbulent phase, featuring frequent vortex shedding and
chaotic patterns that denote a significant increase in turbulence intensity and wake complexity, also
illustrated below:

Figure 17: Velocity contours: Illustration of Von Karman Vortex Formation Around a Cylinder at
different Reynolds number using ALE

Figure 18: Streamline contours:Illustration of Von Karman Vortex Formation Around a Cylinder
at different Reynolds number using ALE
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At Re=200, both IBM and ALE methods effectively demonstrate the fundamental phenomenon
of vortex shedding behind a cylinder, which is typical for this range of Reynolds numbers. The
detailed flow structures captured by both methods are indicative of their respective strengths in
resolving the complex dynamics of fluid flow around bluff bodies. IBM shows more confined and
structured wake patterns, while ALE provides a broader perspective on flow dispersion, which may
be crucial for applications involving extensive fluid-structure interactions, as demonstrated below:

Figure 19: Representation of grid and velocity flow field for ALE and IBM at Re=200

Figure 20: Velocity contours:Illustration of Von Karman Vortex Formation Around a Cylinder at
different Reynolds number using ALE and IBM at Re=200

A study on flow around an oscillating cylinder was also conducted for the same cylinder oscillating
with a 0.2 m amplitude in the Y-axis at a frequency of 1 Hz. The results indicate that both models
are able to capture the flow physics precisely; however, there is a slight variation between the Cl and
Cd values. Averaged Cd values of 1.52 and 1.404 were found for ALE and IBM respectively, and
this disparity is due to the IBM’s inability to accommodate the mesh motion dynamics precisely
when it oscillates,as illustrated below:
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Figure 21: Grid size convergence test- a) Coeflicient of Drag (Cd)-Left, and b) Coeficient of Lift
(CD-Right for IBM at Re=100

A time-dependent and mesh-dependent study was also conducted for the IBM model with a 0.5
Hz oscillating frequency and 0.2 m amplitude in the Y-axis at Re=100. The findings concluded
that refining the mesh leads to more fluctuations in the instantaneous values of Cd. Whereas the
time-dependent study revealed that having a timestep size of 0.05s produces periodic, smooth os-
cillations. However, with timestep sizes of 0.01s and 0.005s, dynamic instabilities were observed
in the instantaneous values of Cd. This highlights that both the mesh and timestep play important
roles in predicting the accurate values of forces around any object while conducting IBM studies.

5

4 IBM-Re=100, Frequency 0.5Hz, Amplitude =0.2m (Y-axis)- Coarse Mesh
iy IBM-Re=100, Frequency 0.5Hz, Amplitude =0.2m (Y-axis)- Dt=0.01s \  IBMLRe=100, Frequency 0.5Hz, Amplitude =0.2m (Y-axis)- Medium Mesh
— IBM-Re=100, F; / 0.5Hz, Amplitude =0.2m (Y-axis)- Dt=0.05s -
¢ requency 0.5Hz, Amplitude =0.2m (V-axis) * ——IBM-Re=100, Frequency 0.5Hz, Amplitude =0.2m (Y-axis)- Fine Mesh
3 ——IBM-Re=100, Frequency 0.5Hz, Amplitude =0.2m (Y-axis)- Dt=0.005s
= S}
S 25 =
< s
@ £
£, a
s s 2
° ]
s 15 g
8 =
g E 1
5
o 0
10 1501 1502 1503 1504 1505 150.6 1507  150.8 1509 11
0
190 1001 1002 1003 1004 1005 1006 1007  100.8 1009 141 .
0.5

Time (5) Time (5)

Figure 22: Mesh sensitivity (right) and time step sensitivity(left) test for IBM at Re=100 and 0.5Hz
frequency.

4 Conclusions

This study provided a detailed analysis of aerodynamic behaviors around a static cylinder using both
the Immersed Boundary Method (IBM) and the Arbitrary Lagrangian-Eulerian (ALE) methods
within the OpenFOAM software suite. Through rigorous simulation, each method was evaluated
across a range of Reynolds numbers to determine their efficacy in modeling complex fluid dynamics,
such as vortex shedding and variations in lift and drag coefficients.

The findings illustrate that both IBM and ALE effectively capture flow phenomena with inherent
strengths and limitations. IBM, which allows for complex geometries on simple grids, was found to
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be computationally intensive, especially evident at higher Reynolds numbers where the need for ac-
curate turbulence modeling becomes critical. For example, at Re = 2000, IBM struggled with grid
independence, requiring finer meshes to approximate turbulent flows accurately, resulting in com-
putational times of up to 88540 seconds for the finest grids. In contrast, ALE’s ability to adaptively
refine the computational grid near fluid-structure interfaces offered more precise control over mesh
deformations but at the cost of increased setup complexity and potential numerical instabilities if
not properly managed.

For static cylinder simulations, lower Reynolds numbers (Re = 100 and 200) produced Cd val-
ues consistent with theoretical expectations—1.52 for ALE and 1.404 for IBM—highlighting both
methods’ capability to model laminar flow conditions effectively. However, transitional and tur-
bulent flows at Re = 1000 and 2000 exhibited discrepancies in predicted Cd values (ALE: 1.374,
IBM: 1.143 at Re = 2000), underscoring the necessity for employing advanced turbulence models
like the k-omega SST to enhance accuracy in higher Reynolds number regimes.

Additionally, oscillatory cylinder studies revealed the importance of mesh and time step opti-
mization in dynamic simulations. For instance, ALE demonstrated better handling of mesh move-
ment dynamics, though it required careful management to prevent instabilities, particularly at a
smaller time step of 0.005 seconds, which exposed limitations in temporal resolution.

This study significantly contributes to our understanding of flow dynamics around cylindrical
structures and provides practical insights for engineering applications involving similar fluid in-
teractions. Future work should focus on exploring three-dimensional flow impacts and employing
hybrid approaches that leverage both IBM and ALE’s strengths to overcome current limitations and
improve simulation efficiency and accuracy.
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