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Abstract:  

This study quantifies simulation uncertainties arising from discretisation and modelling uncertainties 

in a CFD solver used to predict the motions of a containership in head waves at two forward speeds. 

Simulations were conducted in regular head waves with various wavelengths to predict the heave and 

pitch motions, viscous and total surge force, and the added resistance of the S175 containership using 

the OpenFOAM CFD solver. Numerical uncertainty assessment due to discretisation is performed 

using the factor of safety and correction factor approaches with a constant CourantςFriedrichsςLevy 

based approach. Most numerical outcomes exhibit monotonic convergence with low uncertainty 

levels. Transfer functions are calculated using three mesh resolutions, and comparisons with 

experimental data demonstrate satisfactory agreement. To systematically validate the numerical 

predictions, the experimental uncertainties are estimated using a simplified procedure based on 

available data in the literature. Modelling uncertainty is evaluated using the Frequency-Independent 

Model Error, Coefficient of Determination, and Modified Total Difference. The total simulation 

uncertainty combines contributions from discretisation and modelling uncertainties. The increased 

ship velocity does not significantly affect overall uncertainty. The correction factor approach 

consistently exhibits higher numerical uncertainty estimates than the safety factor approach across 

most analyses. 
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1. Introduction 

As modern commercial shipsΩ ǎƛȊŜΣ ŎŀǇŀŎƛǘȅ ŀƴŘ ǎǇŜŜŘ ƛƴŎǊŜase, the hull structures will likely 

experience highly nonlinear ship motions and wave loads (Kim, 2011). The development of new ship 

types and the increase in size, ƳƻǘƛǾŀǘŜŘ ōȅ ǘƘŜ άŜŎƻƴƻƳȅ ƻŦ ǎŎŀƭŜέ ŜŦŦŜŎǘ, have been the main driving 

force for researchers in past decades concerning the accuracy of seakeeping computations of wave-

induced ship motions and loads (Parunov et al., 2022b).  
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Over the last few decades, seakeeping analysis methods have been developed based on mathematical 

models with different degrees of complexity, from the linear frequency-domain 2D strip method to 

the nonlinear time-domain 3D panel method and computational fluid dynamics (CFD) simulations. 

These analysis methods may roughly be divided into linear and nonlinear methods, or the potential 

flow-based methods and CFD tools using the Reynolds Averaged Navier Stokes (RANS) equations.  A 

review of methods dealing with nonlinearities was covered in detail by Hirdaris et al. (2014). Froudeς

Krylov nonlinear methods were considered the most popular because they may capture many 

important nonlinear effects with reasonable computational time. CFD tools were classified as fully 

nonlinear methods that include viscous effects and may address the breaking waves, slamming and 

green water on decks. However, the high computational expenses and numerical uncertainties are 

still a concern. 

Numerous comparative studies on seakeeping methods have been performed. The 15th ITTC 

committee (1978) carried out a comparative study on the motions of the S-175 containership at 

forward speed (Froude number 0.275) using the methods available (mainly strip theory), showing 

reasonable agreement for the ship motions. Kim et al. (2008) compared the Rankine panel method 

with a commercial code and model tests and obtained good results for a containership. Bunnik et al. 

(2010) performed a comparative study among 11 seakeeping tools (potential flow-based and CFD 

solvers) for a containership and a ferry with forward speed. It was shown that there was no added 

value by using CFD tools in the ship motion calculations for the studied cases. Schellin et al. (1996) 

assessed the uncertainties of a strip theory and 3D panel methods for linear responses of a 

containership in regular waves, comparing them with model test measurements. They concluded that 

there was no clear tendency indicating whether strip theories or the panel method produced more 

accurate results. It was also found that even computer codes based on the same theoretical 

background (strip theory) may produce different results. Guedes Soares (1999) and Husser and 

Brizzolara (2020) also found the same conclusions. The study by Husser and Brizzolara (2020) 

concluded that all linearised potential flow methods show a large discrepancy with the experimental 

loads among four approaches to predict the motions and structural loads on a containership in waves. 

In addition to differences in the theoretical formulation of the codes, this could also be the 

consequence of numerical errors, the incompleteness of background theory, or the userΩs mistake 

(Parunov et al., 2022b). 

One of the main advantages of CFD modelling is its capability to simulate any scenario that includes 

all the important aspects of the fluid flow. The unsteady RANS code CFD Ship-Iowa V.4 was applied by 

Castiglione et al. (2009, 2011) for a high-speed catamaran advancing in head regular waves. 

Comparison with strip theory solutions showed that the RANS method predicted ship motions with 

higher accuracy and allowed the detection of nonlinear effects. Hu et al. (2010a, 2010b) applied the 

CIP-based code RIAM-CMEN to a post-Panamax containership at Froude number 0.179 in head and 

bow regular waves, showing that results from RIAM-CMEN generally compare better with 

experiments than with the potential theory codes, particularly the case for hydrodynamic pressures 

on the hull and heave and pitch motions. 

Nevertheless, CFD tools also have limitations regarding the various simulation parameters and the 

high requirements of computational resources. Although most CFD solvers use the same governing 

equations, the order of spatial and temporal discretisation methods varies. Further, differences are 

also created from the use of mesh topology, turbulence-related assumptions and boundaries. These 
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differences increase the sources of uncertainty associated with CFD computations. The most 

frequently discussed sources of uncertainty are numerical round-off error, discretisation error, 

iterative error, and mathematical model uncertainty (i.e., uncertainty in turbulence modelling). Xiao 

and Cinnella (2019) classified the uncertainties of RANS into four categories, amongst which the most 

direct was the uncertainty of the parameters in the turbulence model. Duraisamy et al. (2019) 

reviewed the recent developments in quantifying uncertainties in RANS models via physical 

constraints. On the other hand, the simulation numerical uncertainties in CFD were discussed in detail 

by Coleman et al. (1997) and Stern et al. (2001), along with the verification and validation study.  

Discretisation error has generally been considered the dominant source of numerical errors in 

computational simulation (Roy, 2005; Eça and Hoekstra, 2009, 2014). The relevant procedures (ITTC, 

2008, 2017) were applied in practical CFD applications of predicting ship motions and wave loads, i.e., 

Zhang et al. (2008), Gatin et al. (2018), Wang et al. (2021a) and Huang et al. (2022b). In addition, 

Messler et al. (2021) concluded that including fine geometric details in a planning hull CFD model was 

not beneficial to the overall accuracy of the simulations relative to the necessary design accuracy. 

Oberhagemann (2016) proposed using constant Courant Friedrichs Lewy (CFL) numbers for 

uncertainty study, requiring fewer simulations and providing better convergence in most cases. The 

CFL-based approach has also been adopted in other studies (Islam and Guedes Soares, 2021; Wang et 

al., 2021a; Wang et al., 2021b), showing that it facilitates more stable results while reducing the 

required number of simulations for uncertainty estimation.  

Several methods for modelling uncertainties in transfer functions were reviewed in Parunov et al. 

(2020, 2022a, 2022b). It was concluded by Parunov et al. (2022b) that the most helpful model 

uncertainty quantification method is the Frequency Independent Model Error (FIME) introduced by 

Guedes Soares (1991). It represents a systematic error or the bias of the computed transfer functions. 

The total difference (TD) measure was introduced by Kim and Kim (2016) to assess the deviation of an 

individual numerical model from the mean of all models. Parunov et al. (2022b) performed the 

benchmark study on motions and loads of the 6750-TEU Flokstra containership and computed the 

model uncertainties. FIME of an individual code concerning the average of all codes and FIME of the 

method average for experiments were both calculated. Following this approach, Abdelwahab et al. 

(2022) proposed a modified total difference to quantify the uncertainty of individual seakeeping codes 

against available experimental results. The method was applied by Abdelwahab et al. (2023) to assess 

uncertainties of the computed motions and sectional loads on a fast containership in regular waves. 

Although many investigations have been performed regarding the numerical discretisation errors and 

modelling uncertainty of CFD solvers for seakeeping analysis, the total simulation uncertainty of the 

two sources has rarely been quantified. The total simulation uncertainty of the OpenFOAM solver for 

seakeeping analysis of the conventional ITTC containership model S175 is estimated in the present 

study. The numerical uncertainty analysis due to discretisation is quantified using the factor of safety 

(Ὂ) and correction factor (ὅ) approaches with a constant CFL number. Results indicate that most 

numerical results have monotonous convergence and low uncertainties. The measures of model 

uncertainty, FIME, CoD and the modified total difference are computed for the transfer functions of 

heave and pitch motions. The total numerical uncertainty is then estimated as the square root of the 

sum of the discretisation error and model uncertainty squared. The findings indicate that the total 

uncertainties and their contributing factors remain consistent across both Froude numbers, 

suggesting that an increase in speed has minimal impact on overall uncertainty. However, additional 
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assessments are recommended to validate this conclusion further. Furthermore, the correction factor 

method consistently produces higher numerical uncertainty estimates than the safety factor method 

in most analyses. The systematic uncertainty study offers a valuable framework for verification and 

validation (V&V) practices in ship hydrodynamics using CFD tools. 

2. Uncertainty quantification 

2.1 Numerical uncertainty due to discretisation 

ITTC (2008, 2017) guidelines recommend procedures for uncertainty analysis in CFD simulations. The 

simulation error ‏ is defined as the difference between the actual value Ὕ and the simulated value Ὓ. 

This may be further elaborated as the sum of modelling. ‏  and numerical errors ‏  in CFD (‏

Ὓ Ὕ ‏  ‏ ), under the assumption that all error correlations are zero. Numerical errors stem 

from the numerical solution of mathematical equations, including discretisation, while modelling 

errors arise from the assumptions and approximations made in the mathematical representation of 

the physical problem. 

Numerical errors are generally decomposed into iterative errors ‏, grid size errors ‏ , time step 

errors ‏, and other parameter-related errors ‏) ,‏ ‏ ‏ ‏  Here, other parameter .(‏

errors are related to pre-existing errors or errors associated with the pre-defined inputs in the 

modelling. The errors related to the other parameters are mostly ignored unless something specific is 

mentioned. In addition, iterative uncertainties are negligible for steady-state simulations. Thus, 

discretisation uncertainties (grid size and time errors) dominate. The uncertainty due to the grid and 

time step is investigated by varying particular conditions, assuming that the other parameters remain 

unaffected, according to the ITTC guidelines. 

In this case, the simulation numerical uncertainty is provided as, 

Ὗ Ὗ Ὗ Ὗ Ὗ      ρ 

The corrected uncertainty Ὗ  is given by, 

         Ὗ Ὗ Ὗ Ὗ Ὗ      ς 

where the solution is corrected to produce a numerical benchmark, and the estimated simulation 

numerical error is ‏ᶻ ᶻ‏ ᶻ‏ ᶻ‏  .ᶻ‏

Following the constant CFL number-based approach (Oberhagemann, 2016; Islam and Guedes Soares, 

2021), the grid and time step uncertainty are evaluated together, ensuring simulation stability. The 

numerical error is calculated as ‏ ‏ ȟ‏  and the simulation numerical uncertainty ,‏

can be estimated as, 

Ὗ Ὗ Ὗȟ Ὗ        σ 

where UG,T means the joint uncertainty due to the grid and time steps. 

Although the details of the uncertainty quantification procedures can be found in ITTC (2008, 2017) 

guidelines, the fundamental equation will be recalled here. The first step in uncertainty analysis is to 

determine the convergence of the solutions produced by the solver. A convergence study for 
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parameters is performed following a systematic refinement process to create multiple solutions (at 

least 3) for the parameter under investigation, holding all other parameters constant.  

For example, if ὶ is the grid refinement ratio, ὶ Ўὼȟ Ўὼȟϳ Ўὼȟ Ўὼȟϳ Ўὼȟ Ўὼȟϳ .  

Here, in Ўὼȟ  , ὼ is the unit cell size in the mesh, Ὥ is the refinement ratio, and ά is the number of 

solutions. If ὛȟȟὛȟ ÁÎÄ Ὓȟ represent three different solutions with fine, medium, and coarse input 

parameters, respectively, then the changes between medium-fine and coarse-medium input are 

represented by, ‐ȟ  Ὓȟ  Ὓȟ and ‐ȟ  Ὓȟ  Ὓȟ. So, the convergence ratio (Ὑ) for the input 

parameter is defined as,  

Ὑ ‐ȟ ‐ȟϳ        τ 

Based on the sign and magnitude of Ὑ, three convergence conditions are given as: 

1. Monotonic convergence: 0 < Ὑ < 1 

2. Oscillatory convergence: Ὑ < 0         υ 

3. Divergence: Ὑ > 1 

If the convergence is monotonic, Richardson extrapolation is used to estimate Ὗ ÏÒ ‏ᶻ ÁÎÄ Ὗ . In the 

case of oscillatory convergence, uncertainty is estimated by bounding the error within the average of 

oscillating maximums (Ὓ) and minimums (Ὓ), Ὗ  Ὓ Ὓ . As for divergence cases, errors and 

uncertainties cannot be estimated. 

Next, for monotonous convergence, the order of convergence rate or accuracy (ὴ) is estimated, and 

Richardson extrapolation is used to estimate the discretisation error (‏  ȟ
ᶻ ).  

ὴ
 ȟ ȟϳ

 
      φ 

‏  ȟ
ᶻ ȟ        χ 

where ὶ is the grid refinement ratio. The Ὂ method (Factor of Safety approach) described by Celik et 

al. (2008) used a slightly different approach for predicting the apparent order ὴ, as 

ὴ  
 ȟ

ὰὲ
‐ȟ

‐ȟ ήὴ      ψ 

ήὴ ÌÎ ȟ

ȟ

      ωὥ 

ί ρȢίὫὲ
‐ȟ

‐ȟ       ωὦ 

Celik et al. (2008) also proposed the calculation of extrapolated values or solutions:  

Ὓ
ὶὛȟ Ὓȟ

ὶ ρ
    ρπ 

and the estimation of errors and extrapolated errors: 

Ὡ
Ὓȟ  Ὓȟ

Ὓȟ
     ρρὥ 
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Ὡ
Ὓ  Ὓȟ

Ὓ
    ρρὦ 

The Grid Convergence Index (GCI) was defined as a multiple of the Richardson normalised 

discretisation error (‏  ȟ
ᶻ ) by Ὂ (Factor of Safety). The value of Ὂ is suggested to be 1.25 for 

systematic parameter refinement study with at least three inputs, or 3 for simple convergence studies 

with two values of the input parameter. 

ὋὅὍ  
Ȣ  ȟ  

ȟ

 Ὂί ‏  ȟ
ᶻ     ρς 

ȟ‏
ȟ  ȟ

ȟ
     ρσ 

The corrected uncertainty was not mentioned by Celik et al. (2008). Thus, for predicting the corrected 

uncertainty (Ὗ ), the equation in the ITTC guidelines has been considered: 

Ὗ Ὂίρ ‏  ȟ
ᶻ      ρτ 

As an alternative to Celik et al. (2008) approach, Wilson and Stern (2002) and Wilson et al. (2004) 

proposed a correction factor (ὅ) based approach. The ὅ  based extrapolated value is defined as 

ȟ‏
ᶻ  ὅ‏  ȟ

ᶻ  ὅ ȟ     ρυ 

Here, instead of using a fixed value, the correction factor is determined based on an estimated order 

of accuracy for the solver as: 

ὅ         ρφ 

where, ὴ  is an estimate for the limiting order of accuracy, ὅ is used to correlate the estimated 

order of accuracy from the solutions and the limiting order of accuracy of the solver. When solutions 

are far from the asymptotic range, ὅ is sufficiently less than or greater than 1, and only the magnitude 

of the error is estimated through the uncertainty Ὗ. Finally, simulation uncertainty and corrected 

uncertainty are estimated as: 

Ὗ  
ωȢφρ ὅ ρȢρ ‏  ȟ

ᶻ ȟȿρ ὅȿ πȢρςυ

ςȿρ ὅȿ ρ ‏  ȟ
ᶻ ȟ             ȿρ ὅȿ πȢρςυ

   ρχ 

Ὗ  
ςȢτρ ὅ πȢρ ‏  ȟ

ᶻ ȟȿρ ὅȿ πȢςυ

ȿρ ὅȿ ‏  ȟ
ᶻ ȟ                       ȿρ ὅȿ πȢςυ

   ρψ 

In this paper, two methods based on Richardson extrapolation methods (Ὂ and ὅ) are adopted to 

quantify the numerical discretisation errors using the constant CFL-based approach.  

 

2.2 CFD Validation Procedure 

 

Validation is defined as a process for assessing simulation modelling uncertainty by using benchmark 

experimental data and, when conditions permit, estimating the sign and magnitude of the modelling 
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error itself. ¢ƘŜ ǎƛƳǳƭŀǘƛƻƴ ŜǊǊƻǊ όʵS) represents the difference between the simulation result (Ὓ) and 

the true value (ὝύΣ ǿƘƛƭŜ ǘƘŜ ŜǊǊƻǊ ƛƴ ǘƘŜ ƳŜŀǎǳǊŜŘ Řŀǘŀ ōȅ ŜȄǇŜǊƛƳŜƴǘ όʵD) captures the difference 

between the experimental data (Ὀ) and the same truth (Ὕ). Ideally, the truths for both simulation and 

experiment should align. Then, the comparison error Ὁ is given by the difference in the measured data 

Ὀ and simulation Ὓ values, as shown in:  

 Ὁ Ὀ Ὓ ‏  ‏ ‏  (19) 

where ‏  is the experimental error. Modelling errors ‏  can be decomposed into modelling 

assumptions and the use of previous data. To determine if validation has been achieved, Ὁ is 

compared to the validation uncertainty. Ὗ  is given by:  

 Ὗ Ὗ Ὗ  (20) 

 

 ρȡ ȿὉȿ  Ὗ  

ςȡ Ὗ  ȿὉȿ 
(21) 

 

The validation comparison is shown in Figure 1. If ȿὉȿ  Ὗ , the combination of all the errors in Ὀ and 

Ὓ is smaller than Ὗ  and validation is achieved at the Ὗ  level. If Ὗ  ȿὉȿ, the sign and magnitude of 

Ὁ  ‏  can be used to make modelling improvements.  

The corrected simulation value Ὓ is defined by:  

 Ὓ Ὓ ᶻ‏  (22) 

 

If the corrected approach is used, then the equations equivalent to ρω and ςπ are: 

 Ὁ Ὀ Ὓ ‏  ‏ ‐  (23) 

  

Ὗ Ὗ Ὗ  
 

(24) 

 

 

Figure 1. Definition of comparison error (Stern et al., 2001). 
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2.3 Modelling uncertainty 

The frequency-independent model error (FIME) introduced by Guedes Soares (1991) for evaluating 

the systematic bias between experiments and predictions of wave-induced responses is calculated as: 

 
ὥ

В Ὄ Ὄ  

В Ὄ
 (25) 

 

where Ὥ is the applied numerical model, Ὄ  is the calculated transfer function and Ὄ is the measured 

transfer function. The index Ὦ corresponds to the measurement frequency, specifically referring to the 

Ὦ-th frequency in the dataset. A FIME greater than 1 indicates that the numerical model 

underestimates measurements, and a FIME less than 1 suggests that the numerical model 

overestimates experimental results.  

The coefficient of determination (CoD), measured by the variance R2 of the errors, which is used to 

measure how well the regression prediction approximates the discrete data points, is given as: 

 
Ὑ ρ

В ὥὌ Ὄ

В ὥὌ Ὄ
 (26) 

 

where Ὄ is the average measured transfer function across all frequencies in the measurements. When 

R2 equals 1, the regression predictions fully fit the data, and all measurement points are on the 

regression line. In practice, an R2 greater than 0.9 is considered an excellent fit to the data points, and 

then FIME is an appropriate uncertainty measure. 

The modified total difference for transfer functions, proposed by Abdelwahab et al. (2022) is 

determined as: 

 
ὝὈ

В Ὄ Ὄ

В Ὄ
Ͻρππ (27) 

 

 

3. Description of CFD simulation 

This study investigates the conventional ITTC containership model S175 to predict added resistance 

and related motion response using the open-source CFD tool, OpenFOAM v10. The S175 is a popular 

containership model for the study of seakeeping problems. Various experimental and computational 

results are available for the S175 containership. A bare hull without appendages was studied in this 

case. The hull particulars are shown in Table 1, while the body lines and the hull geometry are shown 

in Figures 2 and 3, respectively. 

 



Version submitted for publishing  

Table 1. Main properties of the S175 containership. 

 Full-scale Model-scale 

Scale 1:1 1:40 

Length between perpendiculars (L) 175 m 4.375 m 

Breadth (B) 25.4 m 0.635 m 

Depth (D) 19.5 m 0.488 m 

Draft (T) 9.5 m 0.238 m 

5ƛǎǇƭŀŎŜƳŜƴǘ όɲύ 23,711 t 370 kg 

Longitudinal centre of gravity (LCG) from after 

perpendicular 

84.980 m  2.125 m 

Vertical centre of gravity (KG) from baseline  8.5 m  0.213 m 

Transverse radius of gyration  9.652 m  0.241 m 

Longitudinal radius of gyration  42.073 m  1.052 m 

 

 

Figure 2. Body plan for the S-175 ITTC containership (ITTC, 1983). 

 

 

Figure 3. Hull geometry of the S175 ship model. 

 


