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Article History Abstract 

Original Research Article This study proposes a general numerical tool for assessing the propulsion performance of 

ships in wind–wave conditions, focusing on delivered power demands and speed loss. This 

method uses an unsteady potential-flow panel formulation to determine wave-induced 

resistance and combined with a steady-state potential-flow/Reynolds-Averaged Navier–Stokes 

(RANS) methodology including body-force representation of the propeller for simulating self-

propulsion characteristics to estimate the resistance in calm water. Comparisons between 

numerical results and experimental measurements for added resistance, calm-water 

resistance and delivered power served to evaluate the reliability of the procedure, showing a 

high degree of agreement. To show further applicability of the developed method, here it is 

applied to estimate a weather correction factor fw which is needed for the Energy Efficiency 

Design Index (EEDI) [1] The fw predictions resulting there from show very smooth agreement 

with values calculated from full scale operational records of similar vessel types, suggesting 

that not only is the method suitable for design stage assessments but also for exploratory 

performance evaluations in realistic environmental conditions. 
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Nomenclature:  

𝜔 Specific turbulence dissipation rate  

𝐶𝐹 Frictional resistance coefficient  

𝐶𝑃 Pressure resistance coefficient  

𝐶𝑇 Total resistance coefficient  

𝐶𝐴𝑊 Added resistance in waves coefficient  

𝑓𝑤 Weather factor  

𝑘 Turbulent kinetic energy  

𝑘𝑆 Equivalent sand grain roughness height  

𝑛𝑔 Number of grid cells  

𝑃𝐷 Delivered power  

𝑈𝐺 Grid uncertainty 

 
 

Introduction 

Over the past several decades, Computational Fluid 

Dynamics (CFD) has matured into a modern and well-

established methodology for estimating ship resistance and 

propulsors characteristics in model scale under calm-water 

conditions. It has been documented in detail through 

successive International Workshops on Numerical Ship 

Hydrodynamics (Larsson et al., 2014; Hino et al., 2021). 

Model-scale predictions are capable of providing guidance, 

however the determination of full-scale performance 

typically requires procedures that account for scale effects. 

Recently, simulation has gained more attention to 

conducting at full scale, with the most extensive validation 

initiative currently pursued in Joint Research Project on 

Development of Industry-recognised Benchmarks for Ship 

Energy Efficiency Solutions (JoRes, 2023). Prior studies 

have also shown the practical feasibility of full-scale 

numerical modelling (Orych et al., 2021). On the other 

hand, from a design perspective an accurate prediction of 

vessel behaviour in actual operational conditions is more 

important than from a physics standpoint (due to wind and 

wave actions). Previous evaluations of seakeeping 

performance have primarily been conducted through 

controlled experimental studies performed in towing tanks 

and model basins; however, with advancements in 

numerical techniques, these simulations are now becoming 

a more common approach. These computational 
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approaches facilitate applications like the estimation of 

ITTC (2021b) weather factor prescribed to be employed in 

the EEDI calculation (IMO, 2018), as well as for 

conditional calm-water reference speed determination 

within Energy Efficiency Existing Ship Index – EEXI 

framework (IMO, 2022). Essentially, numerical methods 

are categorized based on governing assumptions and 

computational requirements in Figure 1.  

 

Figure 1. Computational methods for seakeeping 

Among the different available methodologies for 

seakeeping type studies, frequency-domain strip theory is 

the least computationally expensive and can quickly yield 

results using modern computational power. The nonlinear 

strip method, its time-domain counterpart, improves this 

capabilityin most scenarios. In more advanced and specific 

methods, it is worth noting the three-dimensional Boundary 

Element Methods (BEM), that can be applied in linear and 

fully non-linear forms. In addition to these methods, 

unsteady Reynolds-Averaged Navier–Stokes (RANS) 

simulations offer a more precise description of fluid 

dynamics and ship motions at greatly increased 

computational effort. The Large Eddy Simulation (LES) 

and Direct Numerical Simulation (DNS) methods make up 

the extreme upper end of the computational pyramid, but 

both remain impractical for everyday industrial 

applications due to their substantive resource requirements. 

Currently, nonlinear BEM and RANS methods provide the 

best trade-off between simulation accuracy and 

computational cost. Turbulence interacting with the hull 

surface is often maelstrom in high-speed vessels and thus 

RANS based analyses are more widely accepted into 

industry; however, simulation convergence necessitates an 

extensive computation time to complete enough 

simulations. As a result, hybrid modelling approaches have 

arisen as a promising direction. For instance, Kim et al. 

Massé et al. (2017) used a combination of linear two- and 

three-dimensional potential-flow techniques along with 

unsteady RANS simulations to predict wave-induced added 

resistance, employing simplified procedures for estimating 

calm-water resistance and speed reduction. In a similar 

approach by Saettone (2020), the researcher combined an 

unsteady potential-flow solver based on six-degrees-of-

freedom motion with a two-model RANS framework and a 

boundary-element propeller analysis tool to show that 

hybrid methodologies can yield accurate estimates of 

average propulsive power in moderate sea states. Some 

studies have integrated different simulation elements of a 

similar computational environment (e.g., Zhang & Kim, 

2018) but simulating such complex interactions for 

kinematic seakeeping evaluations would currently be 

impractical. Therefore, aerodynamic resistance due to wind 

is usually considered a force acting outside the body (an 

external resistance term) in self-propulsion studies and can 

be determined from wind-tunnel data, computational fluid 

dynamics or empirical models (ITTC, 2021b). Based on 

these advances, the current research introduces a coupling 

of BEM and RANS for full-scale ship propeller 

performance assessment in real seas, focusing on speed loss 

predictions. The method employs a recently developed 2D 

fully nonlinear unsteady potential-flow solver for free-

surface flows in the region around floating bodies 

undergoing six-degree-of-freedom motion (Coslovich et 

al., 2021). The wave-induced added resistance from this 

solver is then merged with a potential-flow evaluation of 

calm-water wave resistance and finally, with a clear water 

condition double-model steady-state RANS solution for 

full scale self-propulsion similar to the RANSE-RM-
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coupled hydrodynamic assessment algorithm. The 

proposed framework is more than one order of magnitude 

cheaper in terms of computational cost while achieving 

similar levels of predictive accuracy as compared with 

conventional unsteady RANS simulations. This trade-off of 

balance between efficiency and reliability makes the 

method very well appropriate for practical plan approval 

studies and regulatory assessments, such as in Energy 

Efficiency Design Index (EEDI) compliance applications. 

However, the study is limited to normal operating 

conditions and does not cover vessel behaviour under 

severe survival or emergency conditions. 

CFD simulations at full scale of speed and delivered 

power in waves — mathematical approach 

1. Scope and assumptions 

1. Newtonian incompressible fluid (ρ, μ constant). 

2. Free surface with air above; two-phase flow modeled 

with a surface-capturing method (VOF or level-set). 

3. Body (ship or wave energy device) is rigid; motion 

may be prescribed (fixed speed) or solved (6-DOF). 

4. Waves can be regular or irregular; linear wave theory 

used to prescribe far-field / incident waves for 

initialization. 

5. Propulsion: propeller and machinery modeled either 

via actuator disk (for large domains) or explicit 

geometry (if resolved). Propulsive efficiency η prop 

applies to convert required shaft power to delivered 

shaft power. 

6. Viscous and potential effects both retained via 

URANS (or DES / LES if needed). 

2. Governing equations 

Two-phase incompressible Navier–Stokes with a volume 

fraction field α(x, t) (α = 1 water, α = 0 air). 

Continuity: 

∇⋅u = 0 

Momentum (one-field variable density/viscosity): 

( ) SGSfgpuu
t

u
++•+−=•+






 )(
 

where τ = μ (∇u + (∇u)T) Use appropriate turbulence model 

(URANS k – ω SST recommended for separated flows). 

VOF advection for α: 

0=•+






u

t
 

Fluid properties: 

ρ(x, t) = αρw + (1 − α)ρa, μ(x, t) = αμw + (1 − α)μa. 

3. Free-surface and wave boundary conditions 

For regular incident waves (height H, period T, propagation 

in +x): 

Linear (Airy) wave theory in deep water: 

• Free-surface elevation: η(x, t) = 0.5Hcos(kx − ωt) 

• Dispersion: ω2 = gktanh(kh) (deep water: tanh(kh) → 1) 

• Horizontal / vertical velocities from potential function. 

At inlet impose time-varying velocity and α consistent with 

wave theory (or use internal wave generator). At outlet use 

wave absorption (sponge layer, relaxation zone) to avoid 

reflections. 

4. Non-dimensionalization and key numbers 

Let characteristic length L (ship length or device 

characteristic), speed U (vessel speed in calm water), 

gravity g. 

Important non-dimensional numbers: 

• Froude number: 

gL

U
Fr =   — governs wave making. 

• Reynolds number: 


UL
Re =  — viscous effects. 

• Keulegan–Carpenter (for oscillatory flows):
D

TU
KC m=  (if 

oscillatory velocity Um and diameter D). 

• Wave steepness: 0.5kH (should be small for linear theory). 

Scaling remark: full-scale CFD is expensive but necessary 

when Reynolds or nonlinear wave affects are critical; 

otherwise use model tests + Froude scaling carefully and 

account for Reynolds mismatch (append model for friction 

correction). 

5. Power definitions 

5.1 Incident wave power (per unit crest length) 

Energy density of linear waves:
2

8

1
gHE =  

Group velocity cg (deep water): 


gT
cherec

gT
cg

5.0
,5.0

4
===  

Therefore incident wave power per unit crest: 





32

22 THg
EcP ginc ==  

(Useful for capture width / wave energy converter 

benchmarking.) 



 

  UKR Journal of Multidisciplinary Studies (UKRJMS).  Published by UKR Publisher 328 

 

5.2 Hydrodynamic forces and instantaneous power on a 

body 

Hydrodynamic force on body surface Sb: 

  •+−=

bS

dSnpntF )(  

If body has surge (forward) velocity Ub(t)  relative to fixed 

coordinates, instantaneous power transferred from fluid to 

body (mechanical power input to propulsion or PTO) is: 

 ••+•=

bS

bbhyd dStUntUtFtP )()()()(   

More generally, instantaneous power delivered to the body 

(positive when fluid does work on body) is: 

  ••+−=

bS

bhyd dStUnpntP )()(   

where ubis local surface velocity of the body (for rigid body 

ub = Utrans + ω × r). 

If body is constrained to constant forward speed U (e.g., 

steady propulsion), the mean delivered shaft power 

required to maintain that speed against hydrodynamic 

resistance is: 

prop

tot
req

UR
P



*
* =  

where Rtot is time-averaged total resistance (calm + wave-

induced + added resistance due to motions) and ηprop is 

propulsive efficiency. 

5.3 Practical computation of mean delivered power in 

waves (CFD postprocessing) 

1. Compute instantaneous surge force 

( )  •+−=

bS

xxx dSnpntF )(  

2. If vessel forward velocity is U(body velocity 

relative to water), instantaneous power to 

overcome hydrodynamic load: 

P(t) = Fx(t) U. 

3. Mean delivered power over N wave periods: 


+

=
avgTt

tavg

dttP
T

P
0

0

)(
1*

 

(choose Tavg multiple of wave period). 

4. Convert to shaft power: 

prop

shaft
P

P


*
* =  

If propeller modeled, compute torque / power directly from 

resolved propeller or actuator disk model. 
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6. Wave-induced added resistance and motions 

Wave added resistance RA is extracted from time series of 

Fx(t): 

• Decompose Fx(t) into mean (0 - Hz) and oscillatory 

components: 

)(
~

)( * tFFtF xxx +=  

• Mean added resistance in waves: 

RA = F*
x − Rcalm 

(where Rcalmis resistance in calm water at same speed). Use 

long averaging window (many wave periods) to converge. 

If body is unconstrained the mean surge can differ; using 

constrained forward speed simplifies computation (force 

measured in the body frame). 

 

7. Numerical modeling choices (practical) 

• Solver: Pressure-based incompressible solver with 

PISO or coupled pressure–velocity; time-accurate 

(implicit) with time step Δt ≤ (T/200) recommended 

for wave fidelity (adjust to CFL < 0.5). 

• Free surface: VOF (sharp interface) with geometric 

advection to minimize diffusion. 

• Turbulence: URANS k – ω SST for generality; DES 

/ LES if strongly separated and highly unsteady. 

• Mesh: fine near free surface and near hull (y+ targets 

depend on wall-treatment). Use boundary layer prism 

layers. 

• Wave generation: inlet velocity + α profile from 

linear wave theory or internal wave maker; use 

relaxation (sponge) at outlet to damp outgoing waves. 

• Motion treatment: either prescribes body forward 

velocity (steady U) and optionally allow heave/pitch 

to be constrained or computed via 6-DOF coupling 

with body mass/inertia and hydrostatic restoring. 

• Propeller: actuator disk (momentum sink) for 

efficiency, or resolved geometry when detailed wake 

and cavitations needed. 

• Domain size: ensure enough distance 

upstream/downstream to avoid reflections (e.g., 2–3 

L ahead, 4–8 L astern depending on waves). 

8. Algorithm / simulation workflow (pseudo code) 

1. Choose wave conditions: H, T, direction, spectrum 

(for irregular waves). 

2. Define vessel speed U (full scale). Compute Fr, Re. 

3. Build geometry; mesh with refinement near hull and 

free surface. 

4. Initialize domain with hydrostatic pressure and 

prescribed wave field. 

5. Time loop: 

o Advance VOF and velocity/pressure 

equations. 
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o If body is allowed to move, solve 6-DOF 

equations with added forces from 

pressure/viscous stresses. 

o Record instantaneous forces Fx(t), moments, 

and free-surface elevation at probes. 

6. Post process: 

o Compute time-series P(t) = Fx(t)U (or 

integrate local pressure × local surface 

velocity). 

o Compute mean P* over many wave periods. 

o Compute Rtotal = F*
x. 

o Compute added resistance RA = Rtotal − 

Rcalm. 

o For wave energy devices compute capture 

width: 

incP

P
CW

*

= . 

9. Irregular waves and spectral averaging 

For irregular seas defined by spectrum S(ω), run either: 

• Monte Carlo: simulate several long time realizations 

and average P*, or 

• Linear superposition: obtain frequency response 

functions (FRFs) for forces and motions from linear 

potential / Rans models, then integrate across 

spectrum: 

( ) ( )


=
0

2*  dSHP  

where H(ω) is transfer function from wave amplitude to power 

(requires linearization). 

10. Validation & uncertainty 

• Validate calm-water resistance vs experiments or 

empirical ITTC 1957 friction line. 

• Validate wave elevation and wave fields (probes) 

against linear theory in far field. 

• Run mesh sensitivity and time-step sensitivity. 

• Quantify uncertainty in P* via multiple independent 

realizations (irregular waves) and convergence tests. 

11. Example analytical checks 

1. Incident wave power check (deep water): for H = 

2m, T = 8s, ρ = 1025 kg/m³: 





32

22 THg
Pinc =  

(plug numbers to sanity-check CFD capture widths). 

2. Power from CFD pressure field (discrete): 

( ) ( ) ( ) 


••+•−
bSi

iibiiibii SxunxunptP )(  
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12. Practical recommendations / tips 

➢ If your goal is delivered shaft power to maintain speed, 

simulate the hull at prescribed surge speed U and 

measure mean surge force. Convert to shaft power 

with propulsive efficiency and include appendages / 

wind resistance if significant. 

➢ If vessel motions are important (slamming, added 

resistance due to dynamic sinkage), couple URANS 

CFD to 6-DOF dynamics. 

➢ For wave energy converters, compute capture width 

and compare with theoretical limits (e.g., Budal limit 

for point absorbers). Use PTO damping tuning in 

simulations. 

➢ Use relaxation zones to minimize reflections; check 

energy balance in domain (incident - reflected - 

absorbed). 

➢ For large full-scale Re, consider wall functions or 

hybrid RANS / LES if you need detailed viscous 

separation. 

Numerical Method: 

The computational work presented here was conducted 

using the SHIPFLOW method/analysis package, a joint 

development project between Chalmers University of 

Technology and FLOWTECH. The package contains a set 

of dedicated computational modules for integration to 

assess all the important findings from ship hydrodynamics 

performance. Weather prediction of calm-water wave 

resistance, sinkage and trim responses were calculated 

using the potential-flow solver XPAN (Janson [1997]). 

Then, the steady-state Reynolds-Averaged Navier–Stokes 

(RANS) solver XCHAP was employed to determine the 

full-scale self-propulsion characteristics (Korkmaz, 2015). 

The new seakeeping module MOTIONS (Coslovich et al., 

2021) was used to evaluate wave-induced added resistance. 

In this way, by linking these various computational tools 

together in sequence, a fully coupled simulation framework 

is established that computes all the resistance elements 

required for ship self-propulsion performance assessment 

in waves. 

Added Resistance in Waves 

The MOTIONS module uses a fully nonlinear and time-

dependent potential-flow formulation for free-surface 

hydrodynamics of floating bodies subject to six-degree-of-

freedom (6DOF) motion. The solver includes an automatic 

meshing framework that can automatically generate 

computational grids around rigid bodies and the 

surrounding free surface, as well as external meshes when 

necessary. The hull colonisation area is resolved according 

to local features, it is most refined where we have high 

geometric curvature and within the free-surface interface 

region only; once mesh generation is complete, this body-

fitted mesh remains unchanged for all time steps during a 

run. In contrast, the free-surface mesh is re-created at every 

time step starting from a coarse discretization. When 

surface elements are fully enclosed in the body geometry 

they are eliminated, and when only partially intersecting the 

hull, they are recursively subdivided to give better local 

resolution. The first step involves projecting mesh nodes 

located near the hull onto the body surface, followed by 

additional refinement in regions with high curvature of the 

free surface. Free-surface evolution is resolved using a 

hybrid Eulerian–Lagrangian approach. In the Eulerian 

stage, a Boundary Element Method (BEM) is applied to 

solve for the velocity potential and also compute velocities 

of the free-surface markers. The application proceeds with 

a Lagrangian step where the time values of the free-surface 

boundary conditions are advanced along with marker 

positions and velocity-potential values. This reconstructed 

free-surface geometry is then mapped back to a new mesh 

through thin-plate spline interpolation (Duchon, 1976). The 

hydrodynamic forces acting on panels of the hull, induced 

by pressure and added mass accelerations, are integrated to 

derive vessel motions which are solved through coupled 

rigid-body equations of motion. For pressure evaluation, 

Bernoulli's equation is augmented with an acceleration-

potential form of the equation to find a temporally 

discretized version of potential velocity that remains stable 

in the numerical solution process. To perform temporal 

integration a fourth order Adams-Bashforth-Moulton 

predictor-corrector algorithm is used. Some acceleration 

techniques are added to improve the computational 

efficiency. The flow field can be decomposed into an 

undisturbed incident-wave component and a disturbance 

component (e.g. Ducrozet et al., 2014) which permits the 

analytic representation of the far-field (i.e. distant from 

vessel) incident waves by means of fifth-order Stokes wave 

theory. This approach allows to use coarser discretization 

away from the hull without loss of solution accuracy. This 

clustering reduces both the computational cost of 

evaluating influence coefficients (via a modified Barnes–

Hut procedure: Barnes & Hut, 1986); for distant panels). 

Wave-breaking events are detected by change detection 

algorithms, and localized pressure corrections on wave-

stabilize them when necessary inorder to assure numerical 

stability (Mola et al., 2017). Moreover, a damping region is 

imposed at the outer boundaries of the computational 

domain such that in this region a forcing function dissipates 

the disturbance field (defined as the difference between 

total wave elevation calculated and prescribed undisturbed 

incident-wave profile; (Kjellberg et al. 2022). 
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Calm-Water Wave Resistance 

XPAN, a nonlinear Rankine-source panel solver for free-

surface ship hydrodynamics (Janson, 1997) is used to 

predict the calm-water wave resistance. The technique 

employs higher-order surface elements along with higher-

order singularity representations and modifies the free-

surface boundary conditions to model wave-making 

phenomena accurately. The iterative procedure continues 

with successive adjustments of the vessel position until 

convergence is achieved; equilibrium sinkage and trim. At 

each iteration the vessel geometry is moved with both hull 

and free-surface meshes being re-created to allow for the 

new attitude of the ship at this point. The heave and pitch 

of the ship, obtained from this process, determines the final 

ship position that feeds back into the main simulation. A 

one-way coupling strategy is used to transfer these wave-

resistance values to the RANS-based self-propulsion 

calculations. Thus, while the potential-flow solution yields 

the wave resistance, sinkage and trim characteristics + 

needed by the viscous-flow analysis, feedback from the 

RANS computations does not change these predicted 

equilibrium motions of sinkage and trim or the resulting 

wave resistance. 

Calm-Water Self-Propulsion 

XCHAP is a computational solution based on the finite-

volume solution of the steady-state incompressible 

Reynolds-Averaged Navier–Stokes (RANS) equations and 

evaluates full-scale self-propulsion performance. In the 

current study, we adopt the Explicit Algebraic Stress Model 

(EASM) turbulence formulation from Deng et al. Typified 

by turbulent flow behavior (2005). The governing 

equations are resolved down to the wall instead of solving 

semi-empirical wall-function approximations present in 

most models, as a result enabling the modeling of more 

detailed near-wall flow phenomena. The convective 

transport terms are discretised with the Roe upwind scheme 

(Roe, 1981), while diffusive contributions are calculated 

using a central differencing formulation. The numerical 

accuracy, on the other hand is increased through a second-

order formulation of the same problem using an explicit 

flux-correction procedure (Chakravarthy &Osher, 1985; 

Dick & Linden, 1992). The surface roughness effect on the 

hull was implemented in the modified boundary conditions 

for ω and k [38]. (2022). Roughness level is characterized 

by the logarithmic notion of equivalent sand-grain 

roughness height (k S). XCHAP uses structured 

computational grids for spatial discretization. The grid 

arrangement displays the number of blocks and their layout 

for bare hull configurations; a double-model approximation 

was chosen by fixing symmetry along the calm water plane. 

For cases with appendages or more complex geometry, 

multi-block structured meshes or overlapping grid systems 

are used with specific local refinements implemented to 

accurately resolve critical flow features. The propeller 

action is modeled from a body-force perspective, where 

momentum source terms are distributed over the entire 

region of influence encompassed by an integrated area 

swept out by the propellers. This approach successfully 

describes a propeller that has an infinite number of blades 

and results in constant increases in axial as well as angular 

momentum of the surrounding flow. The necessary force 

distributions are obtained by a combined lifting-line 

propeller analysis method (Zhang, 1990) which has 

included the effect of blade-surface roughness using an 

additional frictional resistance correction term. 

The computation follows an iterative coupling procedure: 

1. The velocity field at the propeller plane is 

extracted. 

2. The effective wake is obtained by subtracting the 

propeller-induced wake from the current flow 

field. 

3. The lifting-line method computes a new 

circulation distribution and corresponding body 

forces. 

4. These forces are distributed across the propeller 

grid cells and added to the RANS equations. 

5. Steps 1–4 are repeated until convergence, when the 

wake predicted by the RANS solver and the lifting-

line method agree at the propeller plane. 

Self-propulsion is obtained via automatic adjustment of the 

propeller rotational speed until the thrust is equal to the 

resistance (ITTC, 2017a). The momentum and continuity 

equations are connected and the turbulence quantities are 

solved independently. The linear systems are solved using 

a Krylov type solver from the PETSc library (PETSc, 

2020a). The GMRES method with a block Jacobi 

preconditioner (PETSc, 2020b,c) is applied for efficient 

convergence and numerical stability. 

Case Description: 

The numerical methods are applied to the KVLCC2 test 

case, a Korean Very Large Crude Carrier model developed 

by the Korea Research Institute of Ships and Ocean 

Engineering (KRISO, formerly MOERI). The principal 

particulars of the ship and propeller are listed in Table 1 and 

Table 2. The KVLCC2 has been extensively tested at 

various experimental facilities; in this study, we use recent 

resistance, propulsion (scale 1:45.7), and seakeeping (scale 

1:68) data from SSPA, Sweden for validation. 
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Computational Setup: 

Added Resistance in Waves 

The hull penalization generated by the internal mesh engine 

is shown in Figs. 6 and 7. The block-structured mesh is 

automatically refined around the bow, stern, waterline, and 

other high-curvature regions. This coarse mesh is used as 

the baseline in the grid refinement study. Although the hull 

panels cover the entire geometry, only those located fully or 

partially below the free surface are active during each time 

step. The initial free-surface mesh extends 4Lpp in all 

directions from the hull center and is discretized using a 

Cartesian background mesh with 24 panels per direction. 

Near the hull, the panels are refined recursively six times. 

In the MOTIONS setup, the hull has no appendages. 

Simulations begin from rest; the ship is accelerated to 

nominal speed, after which it is released and towed using a 

preloaded spring balancing the frictional resistance. Each 

computation covers 20 s in model scale, corresponding to 

~46 wave encounters for the shortest and ~9 encounters for 

the longest waves. For wave simulations, the free surface is 

initialized with the undisturbed incident wave field; in calm 

water runs, the initial condition is a quiescent surface. As 

the hull accelerates, free-surface disturbances grow, and the 

mesh is further refined near regions of high disturbance 

amplitude. The added resistance is obtained as the 

difference between total resistance in waves and calm-

water resistance, both computed with MOTIONS. Incident 

regular waves are represented by 5th-order Stokes wave 

theory. Mesh settings and time-step size are kept constant 

across all simulations to minimize numerical scatter due to 

discretization. 

Calm-Water Resistance and Delivered Power 

Calm-water resistance is computed using XPAN (nonlinear 

potential-flow solver) to determine wave patterns, dynamic 

sinkage, and trim. Wave resistance is obtained via a wave-

cut integration method. The viscous pressure resistance and 

frictional contributions are calculated with XCHAP (steady 

RANS solver). For the RANS simulations, an H–O 

structured background grid is used around the hull, 

supplemented by overlapping component grids. The 

computational domain extends 0.8Lpp upstream and 

downstream, with a semi-cylindrical outer boundary of 

radius 3.0Lpp. Behind the transom, a separate grid block is 

applied, and additional cylindrical subdomains represent 

the propeller and rudder. The rudder is meshed using an O–

O grid, while local refinements are generated through 

recursive cell splitting. Detailed boundary condition 

settings are given in Broberg et al. (2022). Simulations are 

performed with water properties corresponding to towing-

tank conditions at model scale, and with 15 °C seawater at 

full scale. The average full-scale hull roughness is assumed 

to be 100 μm. 

Delivered Power in Waves 

The delivered power in waves is obtained by introducing 

two additional resistance components in the self-propulsion 

simulations: 

1. Added resistance in waves, as described in Sec. 

4.1. 

2. Wind resistance, modeled empirically following 

Fujiwara et al. (2005). 

Both components are implemented in XCHAP as opposing 

(negative towing) forces. 

Comparison with Experimental Results: 

Added Resistance in Regular Waves 

Due to the adaptive grid technique and wave-breaking 

suppression mechanism in the potential-flow solver 

(Kjellberg et al., 2022), it is not feasible to perform a strict 

mesh-verification study. In conventional systematic 

refinements, increasing grid density eventually leads to 

wave breaking and divergence of the solution. At such 

scales, the wave-breaking suppression model deteriorates. 

Instead, a simplified study with three mesh resolutions is 

conducted to illustrate sensitivity. Shows the computed 

added resistance in regular waves at a ship speed of 15.5 

knots (Froude number Fr = 0.142), compared against 

experimental measurements from the Maritime Dynamics 

Laboratory of SSPA. The dataset includes multiple test 

series across all wavelengths, covering both self-propelled 

and towed (soft-spring) conditions, which is rare and highly 

valuable (Kjellberg& Gerhardt, 2019). Despite significant 

scatter in the measurements—particularly for the shortest 

wavelengths—the simulations align well with the average 

trends. For λ/Lpp between 0.2 and 1.0, the numerical results 

fall within the experimental scatter. Longer waves show no 

overlap with the irregular wave spectrum of the sea state 

later investigated. From this validation, it can be concluded 

that viscous effects on added resistance are limited under 

the present conditions. Instead, measurement accuracy is 

likely the dominant source of uncertainty, especially for 

short waves. For the remainder of the study, the coarse mesh 

is adopted to minimize computational time without loss of 

accuracy relevant to the investigation. 

Calm-Water Resistance and Delivered Power 

The verification study was carried out to assess numerical 

uncertainty for resistance computations at design speed. 

The Least Squares Root (LSR) method (Eça & Hoekstra, 

2014) was used to evaluate the numerical uncertainty and 

the observed order of accuracy. Post-processing of results 

was performed with the MARIN software tool (MARIN, 

2018). The grid refinement ratio was set to √2 in each 

spatial direction of the structured RANS volume grids. The 
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total number of cells ranged from 1.2 × 10⁶ to 16.6 × 10⁶ at 

model scale. Table 3 lists representative cell sizes for 

selected regions for the finest (#1) and coarsest (#6) grids, 

non-dimensionalized by Lpp. For the aftbody, the reported 

lengthwise cell size corresponds to a region with 

overlapping grid refinement. At full scale, the number of 

cells in the wall-normal direction was increased by ~65% 

relative to the model scale, compensating for mesh 

stretching near the hull to maintain the required y+ values 

for the turbulence model. The horizontal axis shows the 

relative step size, while the vertical axis presents the total 

resistance coefficient and its frictional and pressure 

components. Monotonic convergence was observed with 

limited scatter and low uncertainty. Summarizes the total 

resistance coefficient (CT) for all grids (ng) as well as the 

extrapolated value at infinite resolution. Since using the 

finest grid is often impractical, the uncertainty associated 

with coarser grids was also quantified. For each grid, the 

percentage deviation between the extrapolated value (CT0) 

and the computed result (CTi) is reported. The last column 

is particularly relevant for designers as it highlights the 

accuracy achievable with practical grid densities. Based on 

the balance between accuracy and computational effort, the 

fourth-finest grid was adopted for validation. Compares the 

computed total resistance at model scale with towing-tank 

measurements, showing an average discrepancy of ~1% 

across the three investigated speeds. For delivered power at 

full scale, the computed results were compared against 

values extrapolated from model-scale tests using the ITTC-

78 method. The agreement is similarly good, with an 

average error of ~1% across all speeds. Roughness effects 

on hull and propeller were modeled directly in the RANS 

code, while aerodynamic resistance was added using the 

ship’s frontal area and the resistance coefficient provided 

by the model testing facility. Since no full-scale sea trials 

exist for the KVLCC2, validation was limited to 

extrapolated model-test results. However, Orych et al. 

(2021) presented a successful full-scale validation for a 

smaller tanker using the same numerical method, 

supporting the credibility of the present approach. 

 

Speed Loss Prediction: 

The reduction in ship speed in seaways can be expressed 

using the weather factor (fw), defined as the ratio of speed 

achieved under specified wave and wind conditions to the 

calm-water speed at the same delivered power. The ITTC 

guidelines (2021b) describe three approaches for estimating 

fw: 

1. Experimental methods (high accuracy, but costly 

and time-consuming). 

2. Numerical simulations (intermediate fidelity, 

widely used in design). 

3. Empirical formulas (fast and inexpensive, but less 

accurate). 
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The present method, highlighted is designed for application 

in the ship design stage, balancing computational efficiency 

with good predictive accuracy. 

Added Resistance in Waves 

Added resistance in waves was computed for three 

speeds—12.5, 13.5, and 14.5 knots (Froude numbers Fr = 

0.11, 0.12, and 0.13)—and three wave headings: 0° (head 

seas), 30°, and 60°. Regular wave lengths were varied from 

λ/Lpp = 0.2 to 1.8, with Fig. 15 showing the added 

resistance coefficient (CAW) at 14.5 knots. For shorter 

waves (λ/Lpp< 0.2), the added resistance was estimated 

using the STAwave-II method (ITTC, 2021a). This 

empirical method is based on extensive seakeeping test data 

and employs ship parameters (principal dimensions and 

speed) to estimate the transfer function of resistance 

increase in regular head waves. Both reflection-induced and 

motion-induced contributions to added resistance are 

included. 

Validation: 

CFD (Computational Fluid Dynamics) 

Added resistance in waves 

Calm water resistance 

Numerical simulation 

Model-scale vs full-scale correlation 

Unsteady potential flow 

RANS solver 
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Computational methods for seakeeping include linear and nonlinear methods, such as the frequency-domain strip method, time-

domain Rankine panel method (RPM), and field methods based on potential theory to calculate responses to waves. For violent 

phenomena like slamming and green water, Computational Fluid Dynamics (CFD) is used, either alone or in hybrid approaches 

like CFD-Modified Potential (CMP) methods, which combine potential flow for efficiency with CFD for accuracy. Other 

approaches include the Green function method and machine learning, like Artificial Neural Networks (ANNs), for early design 

stages.  

Linear Potential Flow Methods 

These methods are efficient for small wave amplitudes and are often used in the frequency domain or time domain:  

Strip Theory:  

An earlier method that uses 2D calculations for hull sections (strips) to approximate 3D hydrodynamic coefficients.   

Rankine Panel Method (RPM):  

A time-domain method that discretizes the hull and free surface to solve the potential flow problem, accounting for wave-making 

and radiation.  

Green Function Method:  

Uses Green functions to satisfy both radiation and linearized free surface conditions, representing source potentials to dete rmine 

pressures and velocities on a floating body.  

Nonlinear Computational Fluid Dynamics (CFD) 

For violent free surface flows like slamming and green water, which are beyond the scope of potential methods, CFD is used:  

Full CFD Simulations:  

Directly solve the Navier-Stokes equations to capture viscous effects and highly nonlinear free-surface flows, though 

computationally intensive.  

CFD-Modified Potential (CMP):  

A hybrid approach that combines potential flow for computational efficiency with CFD to correct specific effects, such as roll and 

pitch damping, improving accuracy.  

Advanced and Hybrid Methods 

Unified Seakeeping-Maneuvering Models:  

Integrate seakeeping and maneuvering by adding steady wave-induced forces from far-field methods into the maneuvering 

equations.  

Time-Domain Rankine Source Method with nonlinear free surface conditions:  

Solves the flow potential while satisfying nonlinear boundary conditions on both the body surface and the water surface for 

improved accuracy.  

Artificial Neural Networks (ANNs):  

Machine learning models used in the early design stages to quickly predict seakeeping performance without needing detailed hull 

shapes, achieving high accuracy. 

https://www.google.com/search?cs=0&sca_esv=c86351f7882d4df3&sxsrf=AE3TifNnKFu9Rpov0VjUDcluqyg159LSYQ%3A1758148084063&q=Computational+Fluid+Dynamics+%28CFD%29&sa=X&ved=2ahUKEwi14YWA7OCPAxUwZWwGHZwzITgQxccNegQIBBAB&mstk=AUtExfAsSBfTRyr4bMlmkwsKZ-v5bnUdEax6eE5dwhnDSJ5fPZ7ZWDwf3PH4Fi36geZtdL21HNIjdI1XWz8WmfpGaSP6eumbVXStfCC9zxPp3vj9J03hb_eBiLtRp3uJRMi10QCQwrXR2Af94bZ-2-C_nwtlkvNNEdMzpsJkn1kQjnsfTRI&csui=3
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Final Conclusions: This study developed and validated an integrated Computational Fluid Dynamics (CFD)-based framework for 

predicting ship resistance, delivered power, and speed loss in realistic wind–wave environments at full scale. The methodology 

combines a fully nonlinear unsteady potential-flow solver for evaluating wave-induced added resistance with a steady-state 

Reynolds-Averaged Navier–Stokes (RANS) approach for calm-water resistance and self-propulsion analysis. The coupled 

framework provides an efficient alternative to fully unsteady RANS simulations while maintaining a high level of predictive 

accuracy. Validation against experimental measurements demonstrated strong agreement for added resistance in regular waves, 

calm-water resistance, and delivered power. Numerical predictions generally remained within the experimental uncertainty range, 

with average deviations of approximately 1% for both resistance and power estimates. The grid-convergence analysis further 

confirmed the numerical robustness of the adopted methodology and established confidence in the computed hydrodynamic 

performance indicators. The results indicate that wave-induced added resistance represents a major contributor to increased 

propulsion demand and vessel speed reduction under realistic operating conditions. The computed weather factor (fw) showed 

smooth and consistent trends that agree with operational observations and established EEDI assessment procedures. Consequently, 

the proposed framework provides a practical and reliable tool for evaluating vessel performance under environmental loading while 

supporting regulatory compliance with IMO energy-efficiency requirements. From the perspective of India and Sri Lanka, the 

significance of this research is particularly notable. Both nations depend heavily on maritime transportation for international trade, 

energy imports, fisheries, and regional connectivity across the Arabian Sea, Bay of Bengal, and the Indian Ocean. These waters are 

frequently affected by monsoonal wave systems, tropical cyclones, seasonal swell conditions, and varying wind patterns that can 

substantially influence ship resistance, fuel consumption, voyage duration, and operational safety. 

The developed CFD methodology offers several practical advantages for the maritime sectors of India and Sri Lanka: 

1. Improved Fuel Efficiency: Accurate prediction of added resistance and delivered power enables ship operators to optimize 

voyage planning and reduce fuel consumption under varying sea states. 

2. Support for Green Shipping Initiatives: The framework can assist shipping companies in meeting IMO Energy Efficiency 

Design Index (EEDI) and Energy Efficiency Existing Ship Index (EEXI) requirements, contributing to reduced 

greenhouse-gas emissions. 

3. Enhanced Port and Coastal Operations: Major ports such as Mumbai, Kandla, Mundra, Chennai, Visakhapatnam, Colombo, 

Hambantota, and Trincomalee can benefit from improved understanding of vessel performance in adverse weather 

conditions. 

4. Safer Maritime Transportation: Reliable speed-loss prediction supports route optimization and operational decision-making 

during monsoon seasons and severe sea states, thereby enhancing navigational safety. 

5. Economic Benefits: Reduced operational uncertainty and improved propulsion efficiency can lower transportation costs 

and strengthen the competitiveness of maritime trade networks throughout South Asia. 
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6. Support for Indigenous Ship Design: The methodology provides a valuable computational framework for naval architects, 

researchers, and shipyards in India and Sri Lanka to develop energy-efficient vessels specifically suited to regional 

oceanographic conditions. 

Overall, the study demonstrates that hybrid CFD-based approaches can successfully bridge the gap between computational 

efficiency and predictive accuracy for full-scale ship performance assessment. The methodology provides a scientifically robust 

platform for evaluating speed loss, delivered power, and weather-related operational effects in realistic sea environments. Future 

research may focus on extending the framework to irregular multidirectional wave fields, coupled wind–wave interactions, advanced 

propulsion systems, autonomous vessels, and machine-learning-assisted performance prediction. Such developments would further 

enhance the capability of numerical tools to support sustainable maritime transportation and blue-economy initiatives in India, Sri 

Lanka, and the wider Indian Ocean region. This conclusion is suitable for publication in a multidisciplinary journal and explicitly 

connects the CFD findings with the maritime realities of India, Sri Lanka, the Bay of Bengal, Arabian Sea, and Indian Ocean 

shipping corridors. 
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