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is the configuration and design of the pipeline. In the present study, the flow around
different configurations of a piggyback pipeline close to a flat seabed has been
investigated using Computational Fluid Dynamics (CFD) software, Altair HyperWorks. In
this paper, the main objective is to determine the hydrodynamic forces of VIV on a
piggyback pipeline with different gap ratios between the pipeline and the seabed. This
study examines the flow between several configurations of a pipeline, specifically, a
piggyback pipeline, by varying the gap ratios between the pipeline and the seabed. The
pipeline was modelled with a constant diameter ratio (d/D) of 0.2, gap ratio betw een
the main pipeline and the piggyback pipeline of 0.2 and gap ratio between pipeline and
seabed of (G/D) =0t02.0. The Reynolds number is 3.6 x 104 corresponding to the upper-
transition regime, and the reduced velocity is fixed at Ur = 6 to capture the lock-in
phenomenon. Results show that lower gap ratios, especially G/D = 0.5, lead to increased
drag and vibration amplitudes due to strong flow interference and vortex shedding.
Intermediate gap ratios reveal transitional flow behavior. Vibrating cylinders experience

keywords: significantly higher drag than fixed ones, highlighting the importance of considering
VIV; piggyback; pipeline; seabed; gap structural motion in design. These findings underscore the critical role of the gap ratio
ratio; CFD in optimizing pipeline performance and stability in offshore applications.

1. Introduction

Submarine pipelines are essential components in offshore oil and gas operations, where they are
used to transport petroleum products across vast underwater distances [1]. In recent years,
economic and technical considerations have promoted the widespread adoption of bundled pipeline
systems, including the piggyback configuration. This arrangement typically consists of two parallel
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cylindrical pipes with differing diameters secured together, enhancing structural support and
installation efficiency. An example of such a configuration of piggyback pipeline is shown in Figure 1

[2].

Fig. 1. Example of piggyback pipeline [2]

Offshore pipelines are constantly subjected to hydrodynamic forces due to ocean currents. The
interaction of these currents with the cylindrical structures can result in vortex shedding, an unsteady
flow phenomenon that generates oscillating lift and drag forces on the pipeline [3,4]. This shedding
process often induces Vortex-Induced Vibration (VIV), which is known to cause significant fatigue
damage over time [5]. In fluid mechanics, VIV arises when periodic vortex formation creates
alternating pressure distributions across the structure, leading to self-excited oscillations [6].

Earlier experimental work by [7] demonstrated that the proximity of a pipeline to a boundary,
such as the seabed, significantly alters the vortex shedding behavior. When the clearance between a
pipe and a wall is small, regular vortex shedding may be suppressed, leading to reduced vibrations.

An illustrative example of this phenomenon is the motion of a submerged pipeline moving
perpendicular to its axis. As the fluid flows around the pipeline, a boundary layer develops and
separates due to curvature effects, leading to alternating vortex formation. Asymmetric vortex
shedding results in fluctuating lift forces, causing the structure to oscillate transversely. This dynamic
feedback loop continues until changes in flow conditions alter the instability mechanism. Figure 2
presents an experimental setup of a piggyback pipeline subject to VIV [8].
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Fig. 2. Example of piggyback pipeline experiment [8]

The flow dynamics around piggyback pipelines are significantly more complex than those around
single pipes due to the interaction between the main and auxiliary pipes. The smaller pipe can
interfere with the primary vortex formation, potentially reducing VIV under specific arrangements
[9]. However, this modification also leads to anincreasein the dragforce on the main pipe, especially
when arranged side-by-side, where the maximum drag values are observed [10]. When piggyback
systems rest on or near the seabed, both geometric configuration and proximity to the boundary can
further influence vortex shedding and vibration suppression [11].

In this study, the Vortex-Induced Vibration (VIV) characteristics of piggyback pipelines near the
seabed are investigated using Computational Fluid Dynamics (CFD) simulations via Altair AcuSolve.



Journal of Ship and Marine Structure
Volume 9, Issue 1 (2025) 1-9

The study focuses on how different gap ratios between the pipeline system and the seabed (G/D =0
to 2.0) affect the hydrodynamic forces and VIV behavior. Simulations are conducted at a Reynolds
number of 3.6 x 10%, placing the flow in the upper-transition regime. The reduced velocity is fixed at
Ur = 6 to induce significant vibration amplitudes.

2. Methodology
2.1 Geometrical Model and Boundary Condition

This study investigates the flow dynamics and hydrodynamic interference around a large
stationary pipeline (circular cylinder) influenced by a nearby auxiliary smaller cylinder. The objective
is to analyze how variations in geometric parameters such as gap ratio and cylinder placement affect
the drag force and flow patterns at a high Reynolds number of 3.6x104, which simulates offshore
pipeline conditions.

The geometric configuration includes a large main cylinder with a diameter (D) of 0.1 m and a
smaller auxiliary cylinder with a diameter (d) of 0.02 m, establishing a diameter ratio of d/D = 0.2.
The gap ratio (G/D), defined as the vertical distance between the pipeline and the seabed divided by
the diameter of the main cylinder, was varied systematically with values of 1.0, 1.5, and 2.0, to
examine their influence on hydrodynamic interaction. Table 1 summarizes the key geometric and
physical parameters used in the simulations.

A mass ratio (m = 10) was chosen to isolate fluid-induced effects. A time step of 0.001 seconds
was used in the final simulation to ensure temporal accuracy, though 0.05 seconds was sufficient for
preliminary validation purposes. Similar time step approaches have been validated in vortex-induced
vibration and bluff-body flow studies at comparable Reynolds numbers.

Table 1

Physical parameter for present model

Description Symbols Value
Diameter of the small cylinder d (m) 0.02
Diameter of the large cylinder D (m) 0.1
Diameter ratio d/D 0.2
Distance of pipeline and seabed e 0.2

Gap ratio between pipeline and G/D 05,1,15,2
seabed

Position of the small cylinder a 0°,90°, 180°
Mass ratio m 10

Time step s 0.001
Reynold number Re 3.6 x 10*

The computational domain is designed to minimize boundary interference while ensuring realistic
flow development. The boundary conditions applied in this study are outlined in Table 2. The
cylinders are treated as no-slip walls, which is standard for solid-fluid interfaces in bluff-body flow
studies. The top, bottom, and side boundaries are defined as symmetry planes, reducing
computational effort and reflecting ideal fluid behavior. The inlet is treated as a velocity inflow, while
the outlet is modeled using a slip-wall boundary condition, with zero viscous stress to prevent
artificial backflow or pressure buildup consistent with common practices in high Reynolds number
flow modeling [12]. Then, Figure 3 shows the gap ratio between the fixed cylinder and auxiliary pipe
are 0.5, 1, 1.5, 2. The absolute mesh for each design model is 0.04.
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Table 2

The boundary condition of the present model

Type of boundary conditions Surface Name

Wall Cylinders

Symmetry Top, bottom and sides
Inflow Inlet

Outflow Outlet

Gap 0.5

Gap 2.0
Fig. 3. Meshes of geometry with different gap ratios

2.2 Mesh Independence Study

To ensure the accuracy and reliability of numerical results, a mesh independence study was
conducted by comparing the variation in drag coefficient (Cd) across different mesh densities [13,14].
This approach verifies that the solution is not significantly influenced by further mesh refinement, a
critical step in computational fluid dynamics (CFD) analysis of flow around bluff bodies [15].

The domain was discretized using a structured mesh with a uniform grid size of 0.04 m, providing
an optimal balance between resolution and computational cost. A mesh sensitivity study was
conducted to confirm that the selected mesh captured the essential vortex shedding and pressure
variations accurately. The geometry and mesh designs for different gap ratios areillustrated in Figure
4. This meshing strategy is supported by previous findings that emphasize the importance of fine
mesh resolution around bluff bodies to accurately capture wake structures and pressure gradients.

Figure 5 illustrates the relationship between the number of mesh elements and the resulting drag
coefficient. The experimental results and reference validation study both show differing trends. In
the validation paper, the drag coefficient stabilizes quickly and remains nearly constant after a certain
mesh resolution, indicating convergence of the solution. In contrast, the experimental simulation
shows a non—monotonic trend, where the drag coefficient fluctuates, increasing and decreasing as
mesh density changes. This may be attributed to geometric and numerical discretization errors
inherent at lower resolutions.

At mesh level 3, the lowest value of Cd is observed, suggesting a possible under-resolution of flow
features, such as wake vortices. This indicates that while a coarse mesh can reduce computational
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time, it may also result in an underestimation of hydrodynamic forces. Moreover, at mesh level 0,
the model failed to generate a mesh, rendering it invalid for simulation.

Based on the consistency observed beyond a certain mesh density and comparative analysis with
validated literature, a mesh size of 0.04 m was chosen for this study. This resolution strikes a balance
between computational efficiency and result accuracy. Such mesh independence testing is consistent
with best practices established in similar CFD studies on flow past cylinders.

Fig. 4. lllustration for close-up mesh
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Fig. 5. Mesh independence study for the present model

2.3 Model Validation

To ensure the credibility and accuracy of the computational setup, a validation study was carried
out by comparing the mean drag coefficient (Cd) obtained from the present numerical model with
results reported in previous experimental and numerical studies for a stationary circular cylinder at
a Reynolds number of Re = 3.6 x 10%.

Table 3 presents the comparison of the drag coefficient values. The current numerical simulation
yielded a Cd of 0.22562, which shows reasonable agreement with the value of 0.33776 reported by
[16]. Although a relative deviation is observed, the maximum relative error is less than 5%, which is
considered acceptable for high Reynolds number simulations involving turbulent flow past bluff
bodies. This level of agreement supports the reliability of the turbulence modeling and meshing
strategies used in the study.
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Table 3

Turbulent case, Re = 3.6 x 10*

Source Cq
Present 0.32562
Marek et al., [16] 0.33776

The primary purpose of this validation is to ensure that the numerical setup, including boundary
conditions, mesh strategy, and turbulence modeling is consistent with those used in prior validated
studies. This agreement indicates that the simulation methodology is capable of capturing the
essential flow physics and can be confidently used to study more complex flow scenarios involving
dual cylinders and varying gap ratios.

Validation is a critical step in CFD studies, particularly at high Reynolds numbers, where
turbulence effects dominate, and numerical errors can become significant. Prior studies have
emphasized the importance of such validation against experimental data to verify model
performance.

3. Results

The results of the numerical simulations are presented in this section to analyze the influence of
gap ratio (G/D) on the hydrodynamic behavior of dual-cylinder configurations, under both fixed and
vibrating conditions.

As shown in Figure 6, the drag coefficient (Cd) exhibits a clear decreasing trend as the gap ratio
(G/D) increases. Notably, the configuration with G/D = 0.5 produces the highest drag coefficient,
suggesting a strong interaction between the main and auxiliary cylinders at close proximity.
Interestingly, the case of G/D = 0.2 deviates from this general trend, indicating a transitional flow
regime or altered vortex shedding behavior.

This observed behavior is consistent with previous studies, which demonstrated that small gap
ratios intensify the blockage effectand wake interference, thereby increasing pressure drag [17]. The
sudden fluctuation in drag coefficient can be attributed to the interaction between shear layers and
wake flow instability in that transitional spacing regime.
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Fig. 6. Mean drag coefficient with different gap ratios

In the vibrating analysis shown in Figure 7, the amplitude ratio (Ay/D) varies with increasing gap
ratio. A peak displacement is observed again at G/D = 1.5, where the fluid-structure interaction is
most intense due to the narrow spacing between the cylinders. Beyond this, the amplitude ratio
fluctuates, indicating alternating constructive and destructive interference effects as the gap
increases.
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These findings alignwith the published literature, where close cylinder proximity has been shown
to enhance vortex-induced vibration amplitude due to increased wake synchronization and flow-
induced forces [18].
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Fig. 7. Amplitude Ratio with different gap ratios

Figure 8 compares the drag coefficient (Cd) for both fixed and vibrating states. The Cd values in
the vibrating state are significantly higher across all gap ratios. The minimum drag values are 0.87 for
the fixed cylinder and 1.6 for the vibrating cylinder, while the maximum values reach 1.0042 and
2.0043, respectively. This difference highlights the dynamic amplification of hydrodynamic forces
under fluid-structure interaction [19,20].

Peak drag coefficients for both states are observed at G/D =0.5, reinforcing that this configuration
generates the strongest fluid interference. This is consistent with earlier validation, where single-
cylinder drag coefficients typically range from 0.7 to 0.9, as reported by [21], suggesting that the
observed drag amplification arises specifically from inter-cylinder interference rather than numerical
artifact. The results confirm that small gap ratios enhance both drag force and transverse vibrations
due to stronger wake interaction and fluid-structure coupling, aligning with findings in published
literature. Larger gaps reduce these effects, though transitional behaviors are observed at
intermediate spacings.
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Fig. 8. Mean drag coefficient for fixed and vibrating cylinder with
different gap ratio
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4. Conclusions

In conclusion, the present study examined the influence of gap ratio (G/D) on the hydrodynamic
performance of a dual-cylinder system under both fixed and vibrating conditions using numerical
simulation. Results indicate that as the gap ratio increases, the drag coefficient generally decreases
in both cases, with the smallest gap ratio (G/D = 0.5) producing the highest drag force due to
increased flow interference. In the vibrating state, the amplitude ratio also peaked at G/D = 0.5,
attributed to intensified vortex shedding and strong fluid-structure interaction. Notable variations
were observed at intermediate, suggesting transitional flow behavior. The comparison between fixed
and vibrating states revealed that vibrating cylinders experience significantly higher drag forces.
These results emphasize that the gap ratio is a critical design parameter influencing both flow
dynamics and structural response in offshore or pipeline applications.
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