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A B S T R A C T  

This study presents a comparative analysis of hydrodynamic forces on cylindrical 

offshore piles with both constant and linearly varying diameters utilizing 

computational fluid dynamics (CFD) simulations. The classical Morison equation is 

evaluated alongside an extended version to address limitations in predicting forces on 

geometrically complex structures. Mesh convergence studies are performed to select 

the optimum grid size for separate wave and current simulations. The focus is on test 

cases characterized by small Keulegan-Carpenter (KC) numbers and relatively high 

Reynolds (Re) numbers within both inertia-dominated and diffraction zones.  

Numerical simulation results are utilized to compare the force predictions of the 

classical Morison equation and the extended Morison equation. It is observed that the 

classical Morison equation performs adequately for constant diameter piles, but it fails 

to predict forces on variable diameter piles accurately. In contrast, the extended 

Morison equation, incorporating nonlinear effects and variable cross-sections, 

provides significantly more accurate force predictions, particularly in the diffraction 

zone compared to the numerical simulations. This study emphasizes the critical 

importance of accounting for geometric variations, such as linearly varying pile 

diameters, under separate waves and currents loadings in hydrodynamic force 

calculations. These considerations support the development of enhanced design 

methods and optimization strategies, leading to safer and more efficient offshore 

structures.

1. Introduction 

The behavior of offshore structures, such as piles, under the influence of waves and currents is highly 

significant for the design and analysis of various marine engineering projects. In general, offshore piles are 

subjected to complex environmental loads that may affect their structural integrity and stability. Here, waves 

exert dynamic loads on the piles and cause them to experience cyclic loading, leading to fatigue and potential 

failure over time. The level of stress and strain the piles experience is determined by the magnitude and 

frequency of the waves, as well as the characteristics of the pile. On the other hand, currents may induce lateral 
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forces on the piles, causing them to undergo lateral displacements. These forces can be particularly significant 

in areas with strong tidal or ocean currents [1-2]. To ensure the stability and integrity of offshore piles, 

engineers must consider the design criteria for wave and current loading, including analyzing environmental 

conditions, such as wave height, period, direction, and current velocity and direction [3]. 

The Morison equation [4] is a widely used semi-empirical equation in offshore engineering to estimate 

the forces exerted on structures, such as piles, by both currents and waves. It has been extensively applied in 

the design and analysis of offshore structures due to its simplicity and effectiveness. The approach has two 

basic assumptions: the total wave force is expressed as a superposition of drag and inertia forces while the 

scattering of waves in the presence of the pile is completely neglected in accord with the Froude-Krylov 

hypothesis. The final total force is usually formulated using the horizontal component of wave orbital velocity 

as given by linear theory. However, the application is by no means limited to linear theory. In this study, 

besides classical Morison equation, a revisited version of Morison equation is adopted where nonlinear effects 

are included by setting the upper limits of integrals to the actual free surface or wave crest as stated by [5]. On 

the other hand,  the main issue with Morison’s equation is the determination of the drag and inertia constants 

Cd and Cm since comparisons with experimental data and field measurements show considerable scatter [2-6]. 

Therefore, the drag and inertia coefficients are by no means fixed; hence, the selected values in this study 

should only be viewed as acceptable choices. However, it is important to note that the Morison equation, in 

general, is a semi-empirical approach and has certain limitations, which necessitates the use of advanced 

numerical methods like Computational Fluid Dynamics (CFD) to accurately capture complex effects, such as 

turbulence, vortex shedding, and nonlinear wave-structure interactions. Ahmed et al. [7] used RANSE to 

predict solitary wave formation using Ansys-CFX numerically. Similarly, viscous flow around the ship in full 

scale is also modelled with RANS equations for a transient, incompressible, free surface flow [8]. Wave 

impact loads on a monopile structure are investigated with a numerical model to study the effect of the shape 

of breaking waves [9]. Similarly, with RANS equations by employing Star-CCM+, the optimum longitudinal 

single transverse step location for a high-speed craft has been studied [10] and hydrodynamic performance 

and energy conversion characteristics of an oscillating buoy has been modeled [11]. Clément et al. [12] 

evaluated the Morison approach with CFD modeling on surface-piercing cylinders and derived coefficients 

from CFD loads using OpenFoam. Other than these, REEF3D has been extensively utilized for studying wave-

structure interactions in coastal regions [13]. REEF3D uses Reynolds-averaged Navier-Stokes (RANS) 

equations as well, including the free surface [14] where focused wave kinematics and focused wave–structure 

interaction is investigated numerically. It is also used to investigate the behavior of structures under wave and 

current forces [15]. It has also been utilized in high-order discretization schemes and parallel computation 

strategies to enhance the accuracy and efficiency of wave simulations [16-17]. Kamath et al.[18] investigated 

the wave interaction with a pair of large tandem cylinders, presenting the changes in diffraction pattern around 

the cylinder for different wave steepnesses and investigating the differences between theoretical and numerical 

results for waves with higher steepness. Lin and Liu [17] sought hydrodynamic coefficients induced by waves 

and currents for submerged circular cylinders. They derived drag and inertia coefficients using simulated wave 

forces and the least-squares method, providing insights into the hydrodynamic behavior of cylinders. Park and 

Koo [19] focused on mathematical modeling of partial-porous circular cylinders with water waves. They 

calculated wave excitation forces and wave run-up on multibodied partial-porous cylinders, highlighting the 

significant influence of porous-portion ratios and wave conditions on hydrodynamic properties. Song et al. 

[20] utilized numerical approximation to model water wave interaction with multiple cylinders of arbitrary 

shape. Their study involved investigating wave run-ups and forces on cylinders using the finite element 

method, complementing physical model experiments. Zhao et al. [21] derived an analytical solution for the 

interaction of waves with arrays of circular cylinders. Their work provided a comprehensive understanding of 

wave forces acting on multiple cylinders by considering incident and scattered wave forces. Wang et al. [22] 

analyzed the earthquake and wave interaction of circular cylinders considering water-structure-soil 

interaction. Their results highlighted the substantial increase in dynamic responses of cylinders due to wave 

forces, emphasizing the importance of considering these forces in structural design. 

Ghadirian et al. [23] stated different studies of the wave-current interaction effect on the force 

coefficients exist from different angles and have different conclusions. However, to our knowledge, cases with 
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small KC numbers, high Re numbers, and smooth circular cylinders have not been investigated or documented 

yet. As the diameter of the substructures of offshore wind turbines gets larger, the KC number gets smaller. 

When the diffraction parameter is high (πD/L >1) and the KC number is small, the flow is primarily inertia-

dominated, and wave diffraction effects become significant [24]. Koterayama and Hu [25] highlighted the 

limited research on wave forces on horizontal cylinders at low KC numbers and relatively low Re numbers, 

noting the complexity of force coefficients under such conditions. Sarpkaya [1] also emphasized the need for 

further investigation into these specific conditions to improve the understanding of hydrodynamic forces.  

The Morison equation is a widely used semi-empirical model for estimating forces on offshore piles; 

however, it assumes simplified conditions and does not fully account for complex geometries, such as linearly 

varying diameters. To address these limitations, this study employs an extended version of the Morison 

equation incorporating nonlinear effects and more complex interactions, enhancing its applicability to modern 

offshore structures. The effects of wave and current forces on piles with linearly varying diameters have not 

been extensively studied in the literature. This study uses the CFD module of REEF3D, which solves the 

Reynolds-averaged Navier-Stokes (RANS) equations, to calculate forces on piles with both constant and 

linearly varying diameters under four specific conditions characterized by small Keulegan-Carpenter (KC) 

numbers, small diffraction parameters, and high Reynolds numbers. By comparing results from the classical 

and extended Morison equations with numerical simulations, this study provides new insights into 

hydrodynamic forces on these structures, contributing to filling a gap in current research and offering 

improved methodologies for offshore engineering design. 

2. Materials and methods 

In this study, the open-source CFD model REEF3D was used to analyze separate wave and current 

loading interaction with constant and linearly varying bottom-fixed cylinders in a 3D numerical wave tank. 

For wave-induced cases, the focus is on analyzing forces by small Keulegan-Carpenter (KC) numbers, where 

the flow around the pile is primarily inertia-dominated rather than governed by viscous forces. The KC number 

is a dimensionless parameter used to characterize the interaction between wave-induced flow and a structure, 

such as an offshore pile. The KC number is defined as 𝐾𝐶 =
𝑈𝑚𝑇

𝐷
 where 𝑈𝑚 is the maximum horizontal 

velocity of water particles induced by the wave at the pile location, 𝑇 is the wave period, and 𝐷 is the 

characteristic diameter of the pile. For piles with a constant diameter, 𝐷 refers to the pile’s uniform diameter, 

with values of 𝐷0 = 0.1 𝑚 or 𝐷0 = 0.8 𝑚. For piles with a linearly varying diameter, 𝐷 refers to 𝐷0, the 

diameter at still water depth. In these cases, the values used for 𝐷0 are 0.066 m or 0.53 m, depending on the 

specific pile geometry. 

Before starting numerical simulations, mesh convergence studies were conducted. As shown in  

Figure 1, the Morison equation is used for the validation of wave forces and physical experiments by Aksel et 

al. [26] are used to validate the current forces. Here, two test scenarios considering waves and currents are 

created for mesh convergence. In the first test scenario, waves acting on two different constant diameter 

cylinders are investigated, and numerical wave forces for various grid sizes are compared with the results of 

the classical Morison equation to select the optimal grid size. In the second test scenario,  current effects are 

compared with the results of physical experiments [26], leading to the selection of the optimal mesh grid size. 

After mesh convergence and verification tests, eight cases are set up and grouped by their geometry (two piles 

with different constant diameters – T1R1 and T1R2, and two different piles with linearly varying diameters – 

T2R3 and T2R4). The summary of these cases for different pile types and associated wave and current 

conditions is given in Table 1. 
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Table 1  Summary of numerical cases for different pile types and associated wave and current conditions 

Pile Type Cases Pile Diameter(s) [m] Wave Height [m] Wave Period [s] Current [m/s] 

T1R1 Case 1 D0=0.1 0.021 1.98 
- 

Case 2 D0=0.1 - - 0.33 

T2R3 Case 3 
D0=0.066 

Dh=0.132 
0.021 1.98 - 

Case 4 
D0=0.066 

Dh=0.132 
- - 0.33 

T1R2 Case 5 D0=0.8 0.021 1.98 - 

Case 6 D0=0.8 - - 0.33 

T2R4 Case 7 
D0=0.53 

Dh=1.07 
0.021 1.98 - 

Case 8 
D0=0.53 

Dh=1.07 
- - 0.33 

 

Fig. 1  Methodology for analyzing wave and current forces using REEF3D 
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T1R1 and T2R3 are in the zone where inertia is dominant, while T1R2 and T2R4 are in the diffraction 

zone. Each of them is tested with separate waves and currents loading. Thus, separate wave and current forces 

acting on cylinders with constant and linearly varying diameters are examined in both diffraction and inertia 

dominant zones. In all eight cases mentioned in Table 1, numerical forces induced by separate  waves and 

currents are compared with the results of classical Morison and Morison Equation revisited by Beji [5] as seen 

in Figure 1. It should be noted that for T1R1-Case 1 and T2R3-Case 3 the drag coefficient 𝐶𝑑  is 0.7 and the 

inertia coefficient 𝐶𝑚 is 2.06. For T1R2-Case 5 and T2R4-Case 7, these values are 0.7 and 1.74, respectively. 

2.1 Morison equation 

The Morison equation is a fundamental tool used in offshore engineering to estimate the hydrodynamic 

forces exerted by waves and currents on cylindrical structures. Beji [5] extended the Morison equation to 

include nonlinear effects and more complex interactions, enhancing its applicability to constant and linearly 

varying diameter piles. 

2.1.1 Application for Constant Diameter Circular Pile 

For constant diameter circular cylinders, the Morison equation is expressed as: 

𝑑𝐹 =
1

2
𝜌𝐶𝑑|𝑈|𝑈𝑑𝐴𝑝 + 𝜌𝐶𝑚

𝑑𝑈

𝑑𝑡
𝑑∀         (1) 

In Equation 1, the total infinitesimal force 𝑑𝐹 acting on the infinitesimal height 𝑑𝑧 of the pile is given 

by the expression where 𝜌 is the fluid density, 𝑈 is the horizontal flow velocity, 𝑑𝐴𝑝 is the infinitesimal 

projected frontal area, 𝑑∀ is the infinitesimal displaced volume of the circular structure, 𝐶𝑑 is the 

dimensionless constant coefficient of drag, and  𝐶𝑚 is the dimensionless constant coefficient of inertia (mass).  

This classical Morison formulation, as shown in Figure 2, assumes that the diameter of the cylinder is 

constant along its length and that the cylinder is fully submerged. While this equation provides a reasonable 

approximation of the forces acting on such structures, it is limited in its application to modern offshore 

structures that often have more complex geometries. 

 

Fig. 2  Constant diameter circular pile parameters 

Equations (2) to (8) are derived from Beji [5], which describe the drag and inertia forces for a cylindrical 

pile using the Morison equation and provide conditions for determining the maximum force. The drag and 

inertia forces of the Morison equation for a fixed diameter cylindrical pile are expressed as 𝐹𝑑 = 𝐹𝑑0𝐹̅𝑑 and 

𝐹𝑖 = 𝐹𝑖0𝐹𝑖̅ . Here, horizontal drag and inertia force components Fd and Fi are given in Equation 2. 

𝐹𝑑0 =
1

2
𝜌𝑔𝐶𝑑𝐷0𝐻2

8 sinh 2𝜇ℎ
 ;  𝐹𝑖0 =

𝜋

4
𝜌𝑔𝐶𝑚𝐷0

2𝐻

2 cosh 𝜇ℎ 
                                                                                    (2) 

The non-dimensional drag and inertia force components 𝐹‾𝑑 and 𝐹‾𝑖 are given as; 

𝐹‾𝑑 = 2𝜇ℎ(1 + 𝜀ℎ) + sinh 2𝜇ℎ(1 + 𝜀ℎ)                              (3) 

𝐹‾𝑖 = sinh 𝜇ℎ(1 + 𝜀ℎ)                (4)  
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In equations 3 and 4, the nonlinearity parameter is  𝜀ℎ = 𝑎/ℎ and dispersion parameter is 𝜇ℎ = 𝑘ℎ. The 

linearized forms of non-dimensional force and moment components are obtained by simply setting the 

nonlinearity parameter 𝜀ℎ to zero, where subscript 𝑙 refers to linearization as denoted by Equations 5 and 6. 

𝐹‾𝑑𝑙 = 2𝜇ℎ + sinh 2𝜇ℎ                                  (5) 

𝐹‾𝑖𝑙 = sinh 𝜇ℎ                                               (6) 

To find the maximum force, 𝐹𝑖  and 𝐹𝑑 values should be compared and the maximum force should be 

determined according to the following condition given in Equation 7. 

𝐹𝑖

2𝐹𝑑
≤ 1              (7) 

If this condition is met, the maximum force is calculated as in Equation 8. 

𝐹𝑚𝑎𝑥 = 𝐹𝑑 +
𝐹𝑖

2

4𝐹𝑑
             (8) 

If 𝐹𝑖/2𝐹𝑑 ≥ 1 then maximum force is 𝐹𝑚𝑎𝑥 = ±𝐹𝑖. 

2.1.2 Application for linearly varying diameter circular pile 

The classical Morison equation is revisited by Beji [5] to extend its applicability to circular piles with 

linearly varying diameters as depicted in Figure 3. This extension helps predict the hydrodynamic forces on 

structures with non-uniform geometries, common in contemporary offshore engineering. 

 

Fig. 3 Linearly varying diameter circular pile parameters 

For a cylinder with a linearly varying diameter defined as 𝐷(𝑧) = 𝐷0(1 − 𝑟ℎ𝑧/ℎ) where 

𝑟ℎ = 𝐷ℎ/𝐷0 − 1 the force components are modified to account for the varying geometry. 

The extended Morison equation for such cylinders incorporates the integration of pressure and shear 

stress over the surface area of the structure, leading to the following formulations for the drag and inertia 

forces, as given in Equations 9 and 10. 

𝐹‾𝑑 = 2𝜇ℎ(1 + 𝜀ℎ) [1 +
𝑟ℎ(1−𝜀ℎ)

2
] + (1 − 𝑟ℎ𝜀ℎ) sinh 2𝜇ℎ(1 + 𝜀ℎ) 

                  − (
𝑟ℎ

2𝜇ℎ
) [1 −  cosh 2𝜇ℎ(1 + 𝜀ℎ)]                                                                                (9) 

𝐹‾𝑖 = [(1 − 𝑟ℎ𝜀ℎ)2 + 2𝑟ℎ
2/𝜇ℎ

2] sinh 𝜇ℎ(1 + 𝜀ℎ) 

                  −(2𝑟ℎ/𝜇ℎ)[(1 + 𝑟ℎ) − (1−𝑟ℎ𝜀ℎ)cosh 𝜇ℎ(1 + 𝜀ℎ)]                                                  (10) 

Linearized forms are given in Equations 11 and 12. 

𝐹‾𝑑𝑙 = 2𝜇ℎ(1 + 𝑟ℎ/2) + sinh 2𝜇ℎ − (𝑟ℎ/2𝜇ℎ)(1 − cosh 2𝜇ℎ)                                               (11) 

                      𝐹‾𝑖𝑙  = (1 + 2𝑟ℎ
2/𝜇ℎ

2) sinh 𝜇ℎ − (2𝑟ℎ/𝜇ℎ)(1 + 𝑟ℎ − cosh 𝜇ℎ)                                                 (12) 
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For circular piles with varying diameters, an extension of the Morison equation significantly improves 

the accuracy of force predictions. This improvement is particularly important under complex wave conditions, 

where the classical Morison equation falls short. By integrating the pressure and shear stress over the variable 

surface area, the extended Morison equation provides a more accurate and reliable estimate of the 

hydrodynamic forces acting on these structures. 

2.2 Numerical model 

Numerical simulations are demonstrated by REEF3D where it has been extensively utilized for studying 

wave-structure interactions in coastal regions [13]. It employs the Reynolds-Averaged Navier-Stokes (RANS) 

equations to simulate flow dynamics, including the free surface evolution [15]. It has been applied in various 

studies to investigate the behavior of structures under wave and current forces. It utilizes high-order 

discretization schemes and parallel computation strategies to enhance the accuracy and efficiency of wave 

simulations [16]. The RANS equations form the basis of the REEF3D::CFD module, which is the part of the 

REEF3D software that handles fluid dynamics, allowing for precise simulations of how incompressible fluids 

behave around structures and the resulting forces. The application of REEF3D in this study focused on 

analysing the wave and current forces on circular cylinders with both constant and varying diameters. 

Continuity and momentum equations are shown in Equations 13 and 14. 

𝜕𝜌

𝜕𝑡
+ 𝛻 ⋅ (𝜌𝒖) = 0                                                             (13)                                                                                                           

𝜕𝜌𝒖

𝜕𝑡
+ 𝛻 ⋅ (𝜌𝒖𝒖) = −𝛻𝑝 + 𝛻 ⋅ 𝜏                    (14) 

where 𝜌 is the fluid density, 𝒖 is the velocity vector, 𝑝 is the pressure, 𝜏 represents the stress tensor, 

incorporating both viscous and Reynolds stresses. 

To simulate turbulent flows, k-ε model has been used, as given in Equations 15 and 16. This model 

includes two transport equations: one for the turbulence kinetic energy 𝑘 and another for its dissipation rate 

𝜖: 

𝜕𝑘

𝜕𝑡
+ 𝑢 ⋅ 𝛻𝑘 = 𝛻 ⋅ (𝜈𝑡𝛻𝑘) + 𝑃𝑘 − 𝜖                               (15) 

𝜕𝜖

𝜕𝑡
+ 𝑢 ⋅ 𝛻𝜖 = 𝛻 ⋅ (𝜈𝑡𝛻𝜖) + 𝐶1𝜖

𝜖

𝑘
𝑃𝑘 − 𝐶2𝜖

𝜖2

𝑘
                   (16) 

where 𝜈𝑡 is the turbulent viscosity, 𝑃𝑘 the production term of turbulence kinetic energy, 𝐶1𝜖 and 𝐶2𝜖are model 

constants. 

The Volume of Fluid (VOF) method is used to track the free surface between fluids. The advection 

equation is given in Equation 17. 

𝜕𝐹

𝜕𝑡
+ 𝒖 ⋅ 𝛻𝐹 = 0                      (17) 

where 𝐹 represents the volume fraction of fluid. 

Calculating wave forces on structures involves integrating pressure and shear stresses exerted by the 

waves on the structure’ surface. The forces acting on a structure are derived from the integration of pressure 

and shear stress over the surface area of the structure. The total wave force 𝐹𝑤 is computed as in Equation 18: 

𝐹𝑤 = ∫ (−𝑝𝑛 + 𝜏)
𝜕𝑉

 𝑑𝐴                     (18)  

where 𝑝 is the pressure exerted by the wave, 𝑛 is the unit normal vector to the surface, 𝜏 is the shear stress 

vector, 𝜕𝑉 represents the surface area of the structure. The pressure force 𝐹𝑝 is calculated by integrating the 

pressure over the surface area of the structure: 

𝐹𝑝 = ∫ −𝑝𝑛 𝑑𝐴
𝜕𝑉

                                                                                                                         (19) 
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This force given in Equation 19 represents the normal component of the wave force acting perpendicular 

to the surface. The shear stress force 𝐹𝜏, given in Equation 20, is computed by integrating the shear stress over 

the surface area of the structure: 

𝐹𝜏 = ∫ 𝜏
𝜕𝑉

 𝑑𝐴                      (20) 

This force represents the tangential component of the wave force acting parallel to the surface. The total 

wave force acting on the structure is the sum of the pressure force and the shear stress force;  𝐹𝑤 = 𝐹𝑝 + 𝐹𝜏. 

3. Mesh convergence for separate wave and current loads acting on constant diameter circular piles 

Mesh convergence is crucial as it ensures that the numerical solution becomes independent of the grid 

size, leading to accurate and stable results. Different grid sizes are tested to ensure the accuracy and reliability 

of the numerical simulations. The process of mesh convergence is performed to determine the optimal grid 

size for simulating wave forces in regular waves, with comparisons made using wave forces obtained from 

the classical Morison equation. Additionally, a mesh convergence test is conducted for current flow velocities 

by comparing the results with the experimental findings of [26] with flow data measured at a distance of 4D. 

In the grid independence studies, a grid stretching factor of 1.2 is employed to control the mesh size within 

the computational domain. For wave cases, it is found that a finer mesh with an initial grid size of 0.01 around 

the pile provided the best agreement with the classical Morison equation's wave force results. For current 

cases, a finer mesh with an initial grid size of 0.025 around the pile provided the best agreement with the 

experimental findings of [26]. This approach allowed for a smooth transition to a coarser grid in the far field, 

optimizing computational efficiency while maintaining the necessary accuracy near the pile. 

3.1 Wave acting on a constant diameter pile 

Considering waves only, a mesh convergence study is conducted for piles with two different constant 

diameters: T1R1-Case 1 and T1R2-Case 5. The domain dimensions are set as follows: width = 1.5 m,  

length = 20 m, and height = 1 m. A screenshot of waves acting on a constant diameter pile is given in Figure 

4a. The piles in both case 1 and case 2 are positioned at 12 meters from the inlet, as given in Figure 4b. Figure 

4c illustrates mesh refinement and grid stretching along the flow direction. 

 
 (a) Waves acting on a constant diameter pile (Case 1) 

 

 
                                                          (b) Numerical domain 

 

 

 (c) Mesh refinement and grid stretching along the flow direction 

Fig. 4  Numerical setup and wave interaction with a constant diameter pile for Case 1 
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This study involved testing three different grid sizes (0.10, 0.050, and 0.01). The convergence tests are 

conducted with wave conditions specified in Table 1 acting on T1R1-Case 1 and T1R2-Case 5. In Figures 5a 

and 5b, the grid size convergence can be seen respectively for both cases. 

 

(a) Grid convergence for T1R1-Case 1  (b) Grid convergence for T1R2-Case 5 

Fig. 5  Comparison of numerical wave force (blue line) and wave force obtained using classical Morison equation (red line) for 

cases T1R1-Case 1 and T1R2-Case 5 as a function of grid size 

The wave force results (blue line) obtained from these tests are compared with the results obtained using 

the classical Morison equation (red line) to validate the numerical simulations for cases T1R1-Case 1 and 

T1R2-Case 5, as given in Figures 5a and 5b, respectively. As the mesh size is refined, the results converge 

towards those predicted by the classical Morison equation. The convergence is evident as the mesh size 

decreased to 0.01 m, with minimal differences observed. However, it is important to note that the convergence 

tests rely on classical Morison equation solutions, and the diffraction zone may not yield the best results due 

to the limitations of the Morison equation in capturing diffraction effects. As the mesh refines, wave force 

begins to converge to the results of the classical Morison equation. This convergence starts to give almost the 

same result when the mesh size is 0.01m. The mesh convergence study confirmed that the grid size of 0.01 m 

is appropriate for the set-up, ensuring that the numerical results are independent of grid resolution. 

The wave force results (blue line) obtained from these tests are compared with the results obtained using 

the classical Morison equation (red line) to validate the numerical simulations for cases T1R1-Case 1 and 

T1R2-Case 5, as given in Figures 5a and 5b, respectively. As the mesh size is refined, the results converge 

towards those predicted by the classical Morison equation. The convergence is evident as the mesh size 

decreased to 0.01 m, with minimal differences observed. However, it is important to note that the convergence 

tests rely on classical Morison equation solutions, and the diffraction zone may not yield the best results due 

to the limitations of the Morison equation in capturing diffraction effects. As the mesh refines, wave force 

begins to converge to the results of the classical Morison equation. This convergence starts to give almost the 

same result when the mesh size is 0.01m. The mesh convergence study confirmed that the grid size of 0.01 m 

is appropriate for the set-up, ensuring that the numerical results are independent of grid resolution. 

3.2 Current acting on a constant diameter pile 

Considering currents only, the mesh convergence study is conducted by replicating the experimental 

set-up of Aksel et al. [26]. The pile used in these set of experiments is modeled to investigate the current acting 

on it as seen in Figure 6 from both top and side views. 
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Fig. 6  Currents acting on the constant diameter circular pile 

In the physical experiment, the pile diameter D is 0.16 m and U is the free flow velocity, 0.33 m/s. Water 

depth is 0.32 m, channel length is 10 m, and the pile is located 2 m away from the inlet. In the experimental 

study, the velocity measurement grid applied by [27] had been used, as seen in Figure 7a. This grid comprises 

thirteen locations in the longitudinal direction and nine points depthwise. Figure 7b illustrates the numerical 

replication of this physical experiment depicted in Figure 7a, where dots represent the measurement points. A 

comprehensive validation of all experimental results is conducted for all measurement points; however, the 

detailed results are not presented in this text. 

 

(a) Physical experiment and probe locations [27]; vertical (x–z) plane at the centerline (y/D = 0) 

 

(b) Numerical replication of the physical experiment 

Fig. 7 Physical experiment setup and its numerical replication for current-induced velocity profiles 

The mesh convergence study is conducted using three different grid sizes (0.10, 0.050, and 0.025), as 

shown in Figures 8a, 8b, and 8c, respectively. Here, dots show the experimental results at a 4D distance, and 

the red line shows the numerical results at that point. For each grid size, flow velocities at a distance of 4D 

are computed. These results are compared with the experimental data measured at the same 4D distance, 

indicated by Figures 7a and 7b. The mesh convergence study for current acting on a constant diameter circular 

cylinder, using grid sizes 0.10, 0.050, and 0.025, identified 0.025 as the optimal grid size (Figure 8c), ensuring 

numerical solution independence from grid resolution. This grid size provided the most reliable and accurate 

results, as seen in the strong correlation between numerical and experimental profiles at most probe locations 

in Figure 8c. 

4D 
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(a) Current case mesh convergence study 

(grid size=0.1) 

 

(b) Current case mesh convergence 

study (grid size=0.05) 

 

(c) Current case mesh convergence 

study (grid size=0.025) 

  

Fig. 8  Mesh convergence study for current case velocity profiles, comparing numerical model results (orange solid line) with 

experimental results (black circles) for different grid sizes 

4. Simulation of separate wave and current acting on circular piles 

This study focused on examining two types of circular piles; piles with constant diameters (T1R1 and 

T1R2) as seen in Figure 9a and piles with linearly varying diameters (T2R1 and T2R2) as seen in Figure 9b. 

 

Fig. 9  Types of constant and linearly varying diameter piles examined under separate wave and current loadings 

In total, eight scenarios summarized in Table 1 are created to numerically calculate the separate wave 

and current forces acting on them. The numerical wave and current forces acting on each type of piles are then 

compared with the results of the classical Morison equation and extended Morison equation, as given by Beji 

[5]. 
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4.1 Numerical set-up 

In all wave cases, the water depth is 0.5 m. Domain width is 1.5 m and length is 20 m. Piles T1R1-Case 

1, T2R3-Case 3, T1R2-Case 5 and T2R4-Case 7 are positioned 12 meters from the inlet. In all current cases 

the water depth is 0.32 m. Domain width is 1.5 m and length is 10 m. Piles T1R1-Case 2, T2R3-Case 2, T1R2-

Case 6 and T2R4-Case 8 are positioned 2 meters from the inlet. Table 1 shows all the cases and their 

characteristics. In cases 1 and 2, the diameter is 0.1 meters and in cases 3 and 4, the diameter is 0.066 meters 

at still water depth and 0.132 meters at the bottom. In cases 5 and 6, the diameter is 0.8 meters, and in cases 7 

and 8, the diameter is 0.53 meters at still water depth and 1.07 meters at the bottom. The wave height for all 

cases is 0.021 m, and the wave period is 1.98 s. For all current cases (cases 2, 4,6 and 8), the current flow is 

0.33 m/s. 

The investigation into wave cases (Cases 1, 3, 5, and 7) presented in Table 1 aims to analyse the impact 

of diffraction. Cases 1 and 3 are specifically chosen to reside within Zone I, marked by the red dot in Figure 

10, where inertia effects are dominant. 

 

Fig. 10  Morison equation and diffraction relationship [2]; red dot: Cases 1-3, yellow dot: Cases 5-7 

Conversely, cases 5 and 7, marked by the yellow dot in Figure 10, are deliberately placed within Zone 

2, where diffraction takes place. This selection evaluates the reliability of the Morison equation by comparing 

its predictions with those of direct numerical simulations.  

4.2 Calculation of Wave and Current Forces 

The total hydrodynamic force 𝐹𝑇 acting on the surface of the pile due to waves and currents is determined 

by integrating the effects of pressure and shear stress over the pile's surface, 𝛤, as shown in Equation 21: 

𝐹𝑇 = ∫ (−𝑛𝑝 + 𝑛 ∙ 𝜏)𝑑𝛤
𝛤

                                                                                                            (21) 

This approach involves a numerical calculation where the model accurately captures the surface profile 

of the pile, allowing for precise computation of the pressure distribution around the cylinder. In this method, 

both pressure (𝑝) and shear stress (𝜏) are calculated along the boundary of the pile, and their effects are 

integrated to determine the forces exerted by the fluid. The unit normal vector 𝑛 is defined as pointing outward 

from the pile's surface, indicating the direction in which the pressure acts perpendicular to the surface. The 
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term −𝑛𝑝 represents the force due to pressure acting inward against the pile surface. The term 𝑛 ⋅ 𝜏 represents 

the dot product of the normal vector 𝑛 with the shear stress vector 𝜏, yielding the scalar component of the 

shear stress that aligns with the normal direction. By integrating these contributions over the surface 𝛤, the 

equation accounts for both normal pressure forces and shear stress components, providing a comprehensive 

measure of the hydrodynamic forces. This method ensures that the pressure and shear stresses are accurately 

represented and summed over the pile’s surface, yielding a robust evaluation of the fluid-structure interactions 

under varying wave and current conditions. 

5. Numerical results 

A comprehensive analysis of wave and current forces acting on circular piles with both constant and 

varying diameters is presented using numerical simulations (REEF3D), the classical Morison Equation, and a 

revisited version by Beji [5]. The results show that the classical Morison equation performs well for constant 

diameter piles but has limitations for linearly varying diameter structures. The Reynolds number analysis 

highlights that cases close to the transitional regime (e.g., T2R3) show more significant deviations, while those 

in the turbulent regime (e.g., T1R2 and T2R4) demonstrate better alignment with numerical results. This 

comprehensive analysis underscores the significance of considering geometric variations and flow regimes in 

hydrodynamic force calculations. 

Investigating separate wave and current cases involves analysing the impact of diffraction and inertia 

effects on piles with different geometries. Based on Figure 10, Cases 1, 2, 3, and 4 are located in Zone I (Inertia 

Dominated). This zone is characterized by large inertia forces with relatively small drag. Cases 5, 6, 7, and 8 

fall into Zone II (Diffraction Region), where wave diffraction effects become significant, and the interaction 

is more complex. The revised Morison equation offers improved accuracy, particularly in the diffraction zone 

where complex flow interactions occur. 

Wave cases (1, 3, 5, 7) examine the influence of diffraction on wave forces. With the force results 

obtained from CFD simulations, these scenarios are compared with those obtained using the classical and 

extended Morison equations. Current cases (2, 4, 6, 8) focus on current-induced forces and their comparison 

with the Morison equation. Wave and current conditions are specific to each case, as summarized in Table 1. 

Table 2 provides a detailed comparison of wave force results from numerical simulations and predictions from 

both Morison equations for different pile geometries. In Table 2, the error percentages between the numerical 

force calculations and the Morison equations range from 2.7% to 9.38% for Beji (2019) and 4.59% to 8.41% 

for the classical Morison method. These values indicate that while both approaches are reasonably close to the 

numerical results, noticeable variations depend on the specific pile type and wave case considered. This also 

underscores the importance of grid refinement to accurately capture the forces, especially in complex flow 

conditions. 

In the inertia-dominated regime (Zone I), the KC numbers of T1R1 Case 1 and T2R3 Case 3 are 1 and 

1.52. While the Reynolds (Re) numbers for these cases are close to the transitional flow regime, the numerical 

model effectively captures the inertia effects. This effective capture is reflected in the close agreement between 

numerical simulations and semi-empirical predictions. T1R1 Case 1, the numerical force is 1.09 N, closely 

matching Beji (2019)'s 1.12 N and Classical Morison's 1.14 N. This agreement highlights the accuracy of 

numerical simulations and empirical models in the inertia-dominated zone. Similarly, T2R3 Case 3, which is 

also in Zone I, shows good agreement with numerical and semi-empirical predictions, with a numerical force 

of 1.07 N compared to Beji (2019)'s 1.17 N and Classical Morison's 1.16 N, underscoring the reliability of 

these models in this zone as well.  

In Zone II, significant differences arise. KC numbers of T1R2 Case 5 and T2R4 Case 7 are smaller than 

1, and Re numbers indicate a turbulent regime. For T1R2 Case 5, the numerical force is 58.95 N, whereas Beji 

(2019) predicts 60.54 N, and the Classical Morison equation gives 61.87 N. These discrepancies highlight the 

limitations of the classical Morison Equation in capturing complex interactions in the diffraction zone. T2R4 

Case 7 also shows deviations with a numerical force of 59.30 N compared to Beji's (2019) 64.86 N and the 

Classical Morison's 64.26 N, reinforcing the need for advanced modeling techniques. In these cases, the KC 
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numbers are lower, and the Reynolds numbers indicate turbulent flow, making accurate modeling more 

challenging with classical Morison Equations but necessary to capture the diffraction effects. 

Table 2 Comparative analysis of numerical wave force results with Morison equation predictions for different pile geometries. 

Pile Type Case Wave 
Numerical Force 

[N] 

Morison by Beji (2019) 

[N] 

Classical Morison 

[N] 

T1R1 Case 1 + 1.09 1.12 1.14 

T2R3 Case 3 + 1.07 1.17 1.16 

T1R2 Case 5 + 58.95 60.54 61.87 

T2R4 Case 7 + 59.30 64.86 64.26 

Figures 11 to 14 further illustrate these wave force results, comparing the numerical model against both 

Morison equations for various pile geometries under wave conditions. The comparison of Figures 11 to 14 

highlights the impact of flow regime and geometric characteristics on wave force predictions. 

  
Fig. 11  T1R1-Case 1 KC=1 Re= 5208 wave force results 

Figures 11 and 12 (T1R1-Case 1 and T2R3-Case 3) involve Reynolds numbers close to the transitional 

regime, where the flow exhibits both laminar and turbulent characteristics, complicating accurate wave force 

modeling. In these cases, while numerical results and Beji (2019) provide closely aligned predictions, the 

Classical Morison equation tends to overestimate wave forces, particularly for linearly varying diameters, as 

seen in Figure 12, indicating its limitations in transitional flows. In Figure 11, the wave force results from 

numerical simulations and Beji (2019) show excellent agreement with each other and the Classical Morison 

equation, indicating robustness in capturing inertia effects for constant diameter piles. However, in Figure 12, 

the results from numerical simulations show noticeable differences compared to both the Classical Morison 

equation and Beji (2019). This discrepancy can be attributed to REEF3D's ability to more accurately capture 

the detailed flow dynamics and turbulence effects in transitional regimes. 

  
Fig. 12  T2R3-Case 3 KC=1.52 Re= 3437 wave force results 
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In contrast, Figures 13 and 14 (T1R2-Case 5 and T2R4-Case 7) involve turbulent Reynolds numbers 

where the flow is fully turbulent and chaotic yet statistically predictable. Here, predictions from numerical 

simulations, Beji (2019) and the Classical Morison equation show better agreement, as the turbulent regime 

reduces sensitivity to specific geometric details, allowing the Classical Morison equation to approximate 

forces more accurately even for piles with linearly varying diameters like in Figure 14.  

In Figure 13 (T1R2-Case 5), which falls into Zone II (Diffraction Zone), the results from numerical 

simulations, Beji (2019) and the Classical Morison equation show good agreement, indicating that all models 

can accurately capture the wave forces for constant diameter piles in the turbulent regime. The chaotic yet 

statistically predictable nature of turbulent flows allows for reasonable accuracy with semi-empirical models, 

demonstrating that the Classical Morison equation can still be effective in such scenarios despite its 

simplifications. This contrasts with the transitional regime seen in Figure 12, where the numerical results differ 

significantly from both the Classical Morison equation and Beji (2019) due to the complexities of transitional 

flows and geometric variations. This difference highlights the importance of advanced numerical methods like 

REEF3D in capturing detailed flow dynamics in transitional regimes, whereas in fully turbulent regimes, even 

simplified semi-empirical models can provide reasonable predictions. 

 

Fig. 13  T1R2-Case 5 KC=0.13 Re= 41663 wave force results 

In Figure 14 (T2R4-Case 7), the results from numerical simulations and Beji (2019) show good 

agreement, indicating their suitability for capturing the complex wave-structure interactions in the diffraction 

zone. Despite the linearly varying diameter and higher Reynolds numbers, the Classical Morison equation 

also provides reasonable predictions. This suggests that in the turbulent regime, where the flow is chaotic but 

statistically predictable, the Classical Morison equation can still offer reasonable accuracy. The overall 

agreement across the models demonstrates their effectiveness in the turbulent regime, emphasizing the 

importance of considering flow characteristics and geometric complexities in wave force predictions.  

 
Fig. 14  T2R4-Case 7 KC=0.19 Re= 27601 wave force results 

The sensitivity to geometric variations is evident; constant diameter piles (Figures 11 and 13) show good 

agreement across models in both regimes, while linearly varying diameters (Figures 12 and 14) exhibit 

significant performance variations. Close to transitional regimes, the Classical Morison equation's 
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simplifications are less effective, leading to discrepancies, whereas in turbulent regimes, the chaotic but 

predictable nature allows better performance. The classification into Zone II (Diffraction Zone) and Zone I 

highlights the importance of flow regime in wave-structure interaction modeling; in Zone I (inertia-

dominated), precise geometric modeling is crucial for accuracy, captured better by numerical simulations and 

Beji (2019), whereas in Zone II (diffraction-dominated), wave diffraction effects dominate. The Classical 

Morison equation provides reasonable predictions in turbulent flows despite geometric complexities.  

Table 3 provides a detailed comparison of current force results from numerical simulations and 

predictions from the Morison equations for piles with constant and linearly varying diameters focusing on 

current cases. The current cases analyzed have the following Reynolds numbers: T1R1 Case 2: Re = 33825, 

T2R3 Case 4: Re = 22324, T1R2 Case 6: Re = 270600, T2R4 Case 8: Re = 179272. All cases (2, 4, 6, and 8) 

are in the turbulent flow regime. However, Cases 6 and 8 have a much higher Reynolds number, indicating a 

more intense and fully developed turbulent flow compared to Cases 2 and 4, which are in the turbulent regime 

but at a relatively lower intensity. 

Table 3 Comparative analysis of numerical current force results with classical Morison equation predictions for different pile 

geometries. 

Pile Type Case Current Numerical Force [N] Classical Morison [N] 

T1R1 Case 2 + 1.35 1.25 

T2R3 Case 4 + 1.14 1.56 

T1R2 Case 6 + 11.07 10.00 

T2R4 Case 8 + 12.44 12.63 

In T1R1 Case 2, which involves a constant diameter cylinder, the flow is in the turbulent regime. The 

numerical result for the current force is 1.35 N, while the force calculated using the classical Morison equation 

is 1.25 N. This shows that the numerical simulation slightly overpredicts the force compared to the semi-

empirical formula, suggesting a good but slightly conservative performance of the numerical model in the 

lower end of the turbulent regime.  

In T2R3 Case 4, which features a cylinder with a linearly varying diameter, the Reynolds number 

suggests a transitional to turbulent flow regime. The numerical result is 1.14 N, significantly lower than the 

calculated force of 1.56 N from the Morison equation. This discrepancy suggests that the classical Morison 

equation may not fully account for the complexities of flow around linearly varying diameter piles in a 

transitional regime. In transitional flow conditions, the flow can exhibit characteristics of both laminar and 

turbulent regimes, leading to more complex interactions that the classical Morison equation, which assumes a 

more simplified flow behavior, may not accurately predict. A similar pattern is observed in wave-induced 

cases like T2R3 Case 3, where the transitional regime also complicates force predictions. Additionally, mesh 

refinement is particularly important for these cases, given that the piles are slender and require detailed 

resolution to accurately capture the complex flow patterns. 

For T1R2 Case 6, which involves a constant diameter cylinder, the Reynolds number clearly places it 

within the fully turbulent flow regime. The numerical result is 11.07 N, compared to the 10.00 N calculated 

using the Morison equation. This overprediction indicates that the numerical model tends to estimate higher 

forces in high Reynolds number scenarios, possibly due to enhanced turbulence modeling around the large 

diameter cylinder. A similar overprediction trend is observed in wave-induced cases like T1R2 Case 5, 

suggesting that the numerical model consistently predicts slightly higher forces in fully turbulent regimes, 

whether induced by waves or currents, likely due to its detailed turbulence modeling capabilities. 

In T2R4 Case 8 (current-induced) and T2R4 Case 7 (wave-induced), both involving cylinders with 

linearly varying diameters, the Reynolds numbers indicate fully turbulent flow regimes. In Case 8, the 

numerical force is 12.44 N, while the classical Morison equation predicts a slightly higher force of 12.63 N. 

This minor discrepancy suggests that, in fully turbulent conditions, the classical Morison equation tends to 

slightly overpredict the forces on linearly varying diameter piles. A similar trend is observed in the wave-
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induced Case 7, where the classical Morison equation also slightly overpredicts compared to numerical results. 

These consistent findings across both wave and current scenarios indicate that the classical Morison equation 

still provides reasonable accuracy for fully turbulent flow regimes, despite its simplifications. 

The classical Morison equation may not always be adequate for calculating current forces, particularly 

for structures with complex geometries or in different flow regimes. The differences between the numerical 

results and the classical Morison equation are more pronounced for the linearly varying diameter pile in the 

transitional flow regime (Case 4) compared to the constant diameter pile (Case 2). However, for fully turbulent 

conditions (Case 8), the Morison equation shows a closer match to numerical results, indicating it may be 

more reliable under these conditions. This suggests that the classical Morison equation's suitability depends 

on the flow regime and pile geometry. Therefore, the numerical model must be carefully refined, especially 

near walls and with appropriate mesh refinement, to ensure accurate predictions. This is particularly important 

for varying diameter piles, where complex flow interactions can lead to significant differences between 

numerical and semi-empirical results. 

6. Conclusions 

The novelty of this work lies in focusing on test cases characterized by small Keulegan-Carpenter (KC) 

numbers and relatively high Reynolds (Re) numbers within both inertia-dominated and diffraction zones, 

where separate waves and currents act on piles with constant and linearly varying diameters. The study 

includes a thorough analysis of hydrodynamic forces under these conditions, critical in offshore engineering 

as they represent inertial and turbulent flow systems, respectively.  

Simulations have shown that the extended Morison equation provides more accurate force predictions, 

especially for piles with linearly varying diameters. The results demonstrate that while the classic Morison 

equation is suitable for constant diameter piles, it fails to capture the complexity of flow interactions around 

variable diameter piles, resulting in less accurate predictions. In contrast, the extended version of the Morison 

equation, which includes nonlinear effects and adjustments for variable cross sections, better accounts for 

these complexities and provides improved predictive capabilities when compared to the classical formulation. 

This improvement is most significant in the diffraction zone, where the wave structure interaction is 

particularly complex.  

The results emphasize the importance of considering geometric variations and flow patterns in 

hydrodynamic force calculations. The integration of numerical simulations using RANS equations for 

validating the extended Morison equation strengthened the reliability of the results. This combined approach 

not only confirmed the applicability of the extended Morison Equation but also provided practical insights 

into their application in piles with constant and linearly varying diameters, especially for small KC and high 

Re numbers. By validating the extended equation against detailed numerical simulations using REEF3D, the 

study demonstrated the enhanced accuracy and versatility of the extended Morison equation for predicting 

hydrodynamic forces. However, the observed discrepancies between numerical results and semi-empirical 

calculations, further underscore the need for careful consideration of grid resolution, particularly to enhance 

the reliability of turbulence modeling in varying flow regimes. This validation is particularly crucial for 

modern offshore structures with complex geometries and under specific flow conditions, ensuring more 

reliable and efficient design and optimization strategies in offshore engineering. Further studies should 

incorporate experimental validation with a broader range of flow conditions, as well as simulations under the 

combined action of waves and currents, to enhance the practical applicability of the findings and better reflect 

the complexities of real marine environments. 
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