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Abstract. This work introduces to the field of comparisons between the
Experimental Fluid Dynamics (EFD) and Computational Fluid Dynamics (CFD).
The ship resistance prediction can be, nowadays, performed by CFD techniques, but
the accuracy of the result obtained is not still well identified. The notable absence
of an extensive and freely accessible database, where both ships geometry and
experimental data are available, induced the scientific community to organize
workshops to investigate both the field of Verification and, most importantly, of the
Validation (commonly named: V&V). In this work, through the use of an open-
source viscous based code (i.e. OpenFOAMYVS), and the availability of a significant
experimental database, it has been tested a well-consolidated procedure to perform
CFD calculations, with the aim to seed a comparative EFD vs. CFD repository
which consists of about one-hundred simulations performed for fifteen different hull
shapes. The generated repository has been analysed, in order to extract statistical
considerations and assess potential correlations between the differences (among
CFD calculations and EFD results) and other physical parameters. The main output
of this analysis consists in having defined a mean absolute difference between
physical and virtual towing tank tests of 3.2% with a standard deviation of 2.17%.

Keywords. EFD, CFD, towing tank test, V&V, uncertainty.

1. Introduction

In the second half of the 19™ century, engine-driven propulsion systems started to replace
sails and by that time all the projects concerning the design of a new ship aimed at
defining if that ship was compliant or not with shipowner’s requirements (i.e. speed
requirements).

In 1868, William Froude proposed a new way to assess if the new design would
perform as request. He "first recognized the practical necessity of separating the total
resistance into components, based on the general law of mechanical similitude, from
observation of the wave patterns of models of the same form but of different sizes” [1].
Based on this assumption, the marine towing tanks facilities started to grow alongside
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the newly conceived discipline which is nowadays known as Experimental Fluid
Dynamic (EFD).

The “International Hydro-mechanical Congress” held in Hamburg in 1932 [2],
established the groundwork for the development of a robust, constantly updated, freely
accessible procedure drafted by the scientific committee, which nowadays can be found
among the “International Towing Tank Conference” (ITTC) “Recommended Procedures
and Guidelines”, able to quantify the differences between experiments and reality with a
reasonable level of reliability.

Meanwhile, a new type of technology was developing. Starting with the first
generation of electronic digital computer, dated back in 1937 [3], the opportunity to solve
numerically partial differential equations became an attainable result and so it can be
recognized the birth of the Computational Fluid Dynamics (CFD) in that period of time.

With the first international workshop on the numerical prediction about viscous flow
around ships, held in Gothenburg 1980, the phase of comparison between the results of
tests and CFD calculations had begun. Ten years after this workshop, which can be
considered a milestone in the field of CFD ship resistance, other conferences have taken
place [4]. Looking at the number of benchmarks it is possible to assess that the
comparison performed is only between three kind of hulls and many kinds of CFD codes.
Within the scientific community, other works investigating the differences between EFD
results and CFD calculations can be listed [5], [6]; thus, in these cases as well, the
performed comparisons deal with a few hull or few speeds only.

The aim of this work, instead, deal with the assessment of the differences between
the experimental measurements and the numerical predictions, for several hull shapes,
performed using a numerical setup in-house developed and based on the open-source
OpenFOAM environment. This activity could provide a different point of view on the
numerical uncertainty with respect to the classical approaches present in literature.

2. The available experimental database

At the University of Genova, a collection of old volumes containing more than 200
experimental tests has been found. The experimental tests, performed mainly in La
Spezia towing tank and in old Roma towing tank, are taken into account like benchmarks
for CFD calculations. The hull shapes have been chosen carefully to gain an
heterogenous family of data to be used for validating the CFD. Even if this database
collects mainly old fashion hull shapes, its amount of data can be considered a valuable
opportunity to test the CFD ability in the ship resistance predictions. In accordance with
the ITTC Symbols and Terminology List [7], the principal data of considered model are
summarized in Table 1.

Table 1. Main characteristics of the available database.

Minimum Maximum

Dimension Symbol Value Value UoM
Length of waterline Lwe 3.780 5.720 m
Maximum moulded breadth at design WL Bwi 0.651 0.840 m
Draught at midship Twm 0.185 0.327 m
Displacement volume v 0.231 0.848 m3
Area of wetted surface S 2.630 5.399 m?
Area of maximum transverse section Ax 0.183 0.204 m?
Area of waterplane Aw 2.638 3.241 m?

Ratio L/B Luw/Buwr 5.053 7.628
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Ratio B/T Bw../Ty 2.410 4.043 -
Block coefficient Cy =V/LBT 0.401 0.699 -
Scale ratio A=Lg/Ly 5.0 28.9 -
Froude number F=V/JgL 0.05 0416 -

3. Workflow description and numerical methodology

The procedure to use this repository, where both experimental results and CFD
calculation will be stored, is described in detail in this paragraph.

3.1. Hull identification

The criteria used to select the EFD experiments to be reproduced numerically is
connected with the parameters reported in Table 2. Each parameter has been selected to
get a sufficiently heterogeneous range of values for the experimental data to look for
correlation analysis between the EFD experiments and the CFD calculations. This should
provide an adequately diversified measurements to perform the comparisons.

Table 2. Changes in the parameters considered in the selected EFD experiments.

Value Ratio

Parameters Symbol Min Max UoM
Model length Lwi 3.780 5.720 [m]
Ratio Ly /B Lw./BwL 5.053 7.6283 [adim]
Ratio B/T Byi/Tu 2.410 4.0432 [adim]
Scale factor A=Lg/Ly 5.000 28.921 [adim]
Ship speed E=V/\Jgly. 0.150 0.416 [adim]

3.2. 3-D model generation

Once the case has been selected, it is possible to generate the 3D digital twin of the hull
to be tested. Beginning with the lines plan of the selected model, a 3D model of the hull
(an example is illustrated in Figure 1) has been created (using FREE!ship, version 3.13+)
and, the obtained CAD model has been subjected to a first verification, which consist of
two checks:

e displacement volume check: based on 1— (VMCFD / VMEFD) formulation, the
volume difference should be lower than 0.5%.

e test on hull form geometries: a consistency check between the given data and the
3D geometry (such as the area of water plane, its centre of flotation, the position of
centre of buoyancy, the wetted surface area and hydrodynamical coefficients) is
conducted, the overall difference must remain below 1%.

Figure 1. 3D model of the hull generated from the lines drawing.

Considering that the maximum Froude’s number among the repository is close to
0.41 and all the hull tested are in displacement mode, these differences have a limited
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impact on the total resistance of the vessel; therefore, the proposed checks have been
considered robust enough to get the 3D digital twin of the hull. While, considering a
planning hull mode regime, the differences can affect the resistance [8], so they have to
be taken into account.

3.3. Numerical approach

The open-source code OpenFOAM libraries (version 8) have been used to create a
customized numerical setup applied to all the selected geometries.

The flow arising from the hull and any of its attached appendages can be sufficiently
described by the Reynolds-averaged approach, in which the Navier-Stokes equations [9]
are treated as reported in (1):

i v u=0
p3—1;+p(ﬁ-l7ﬁ) =pg —Vp+uv?u+Ty (1)

where U represent the average velocity, p the average pressure fields, p the fluid density,
 its dynamic viscosity and Ty the Reynolds stresses tensor. In order to get the tensor
properly modelled, in particular near to the wall, where a boundary layer is present, the
k-@ SST two equation turbulence model has been used.

A finite volume method with cell-centered variables has been applied to solve the
equation (1). Because of the presence of the free-surface among water and air, the
interFOAM solver was chosen to perform all the simulations for a two-phase flow,
immiscible and isothermal fluids. The volume of fluid approach (VoF) has been selected
to capture the interface effects, because of its capability in modelling flows interfaces
[10] and in gaining an excellent compromise between accuracy and computational effort
as previously demonstrate also for a fast twin screw propellers ship [11].

Because of a steady-state solution is expected, to speed-up the solution convergence,
the quasi-steady approach named Local Time Step (LTS) has been selected among the
OpenFOAM libraries [12]. This model gives the possibility to arrange the time step for
each cell inside the computational domain, keeping it to the minimum value, in line with
the limit imposed by the local Courant number, as shown in equation (2):

C = (u-At/Ax) < Chpax ()

where u is the flow speed, At is the local time step and Ax is the characteristic dimension
of the cell in the flow direction.

The reference frame has been fixed into the intersection of the aft perpendicular with
the free surface, the shape of the computational domain has been chosen as a
parallelepiped box and, by considering the symmetry of the hull shape and to reduce the
computational effort, all computations are performed with a symmetry boundary
condition at the ship center-plane.

Moreover, to better reproduce the physical conditions adopted during towing tank
tests, the hull is free to sink and trim according to the physics of the problem.
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3.4. Mesh generation

Based on [13], the generation of the mesh inside the computational domain has been
generated using a combination of the two utilities named blockMesh and cfMesh,
available inside the OpenFOAM suite. The faces of the domain, which is defined as a
parallelepiped box, represent the boundary for the numerical calculation and their
characteristics are listed on Table 3, considering the reference frame centered in the
intersection of the aft perpendicular with the free surface.

Table 3. Domain shape and size.

Boundary PO[S:I:}OH Type
Upstream X=2.67*Lw. Velocity inlet

Downstream X=-2.67*Ly. Pressure outlet
Side Y=4.09*Lw, Symmetry plane
Centre symmetry plane Y=0 Symmetry plane
Bottom Z=-1.39*Lw. Symmetry plane
Top 7=0.53*Lw Symmetry plane

Ship model (half hull) - Wall

Three different type of refinements are used to better describe the physics of the
problem: the first one consists of an anisotropic refinement across all the free surface of
the domain, the second one consists of 5 boxes across the position of the hull with a
hierarchical decrease refinement (cell size length factor 2), and the last consists of two
prisms with a isosceles triangles base across the free surface to better describe the wave
patterns, as shown in Figure 2.a and Figure 2.b.

|

(a) (b)
Figure 2. 3-D view of the refinements (a) and sketch of the adopted mesh in the ship center-plane (b).

To account for the boundary layer development, each wall has its own prism layer
region close to the wall itself; its thickness (BL) can be estimated trough the equation (3)

BL = (0.16 - L/R$7)[m] €))

where L is the representative length of the wall considered and Re is the local Reynolds
number.

The wall function approach has been utilized to describe the velocity profile close
to the wall, and its thickness has been split accordingly with equation (4) to ensure that
the y* value (non dimensional distance to the wall) remained below the reference value,
fixed at 150.

y* = -U/v) [adim] “)

The mesh generation operation has resulted in a mean value of cells for each
simulation close to 2.2M cells.
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3.5. Post processing analysis.

For each performed simulation, a post process analysis has been applied; in fact, after
each simulation has finished, it was necessary to verify its numerical consistency. By
looking at the history of the signal of the total resistance (Rry), it is possible to assess if
the simulation has reached a convergence; in Figure 3.a a properly convergence
simulation is shown where the mean value of the signal is calculated on the last 5000
iterations.
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8.3 4 EFD data
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Figure 3. History of the resistance signal (Ry) for an hull of the repository (a) and uncertainty analysis
performed for the same hull at fixed speed with 5 different meshes respectively with 0.63M, 0.84, 1.03, 1.27
and 1.73 million cells (b).

Even though the uncertainty data for the EFD results aren’t available, and therefore,
in principle, it is not possible to achieve a full validation for the simulations performed
as request by the ITTC’s Recommended Procedure and Guidelines for CFD [14], the
uncertainty analysis was carried out at the verification level for some hull. An example
of the uncertainty analysis performed for one hull of the database (at the design speed)
with five different meshes has been reported in Figure 3.b. The uncertainty quantification
(UQ), firstly proposed by Eca - Hoekstra [15], has been here reported, showing a quite
low uncertainty quantification of about 3.5% for the fine mesh.

For each simulation, ship and speed, all data coming out from the post-processing
analysis are named and stored inside a repository into a standardized template to facilitate
subsequent analyses.

4. The comparison repository

Applying the previous described procedure for different hulls, the repository has been
generated. The database consists of 92 simulations for 15 types of ships at different
speeds, coming from the available experimental database. For each performed simulation,
it is possible to compare the obtained result with the experimental data by applying
criterion AR = [(RTCFD / RTEFD) — 1] and reporting the difference, named “ARt”, as a
percentage.

Different kinds of analyses can be carried out using the obtained data. Examining
the ARy value, it is possible, firstly, to perform a statistical-based analysis of the raw data,
secondly to correlate the ARr value with the geometry of the hulls or with the
configuration of the test (bare/fully appended hull), and lastly looking for correlations
among the value and the hydrodynamic main parameter.
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4.1. Statistical-based analysis

As reported in Figure 4, where each point represents a single test for a generic hull at a
generic speed, the average differences between the CFD calculations and the EFD results
has been analyzed as a function of the non-dimensional ship speed (i.e. Froud number),
considering or not its sign (Figure 4.a and Figure 4.b respectively). It is evident that the
differences are reasonably balanced between underestimations (ARt < 0) and over-
estimations (ARt > 0), in fact an average of 0.4% can be seen. Even if the standard
deviation is less than 4%, some of them are in the range between 6 and 8% (except for
an outlier where an error close to 10% is recorded). When the absolute differences are
considered, the average value becomes only 3.24% with a standard deviation of 2.17%.

Consequently, for a blind calculation, it is possible to assess a mean difference
between data and the calculation itself lower than 4% without any characterizations about
its sign.
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Figure 4. Differences between CFD calculations and EFD results plotted as a function of the speed; differences
with sign (a), absolute value of the difference (b).

The data can be further analyzed using the data discrete binning method; in fact, by
splitting all the speed range in bins, it is possible to evaluate the mean value of the results
inside that range. The speed range has been divided into 12 bins and the mean value was
calculated for each bin, establishing consistency by setting a minimum of 5 samples per
bin. As shown in Figure 5.a by the dash-dot red line with squares, a dependency of the
difference with the speed is present and this difference tends to shift from an
underestimated value to an over-estimated one increasing the ship speed.
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Figure 5. Trend of differences between CFD calculations and EFD results plotted against velocity (obtained
by splitting the speed range in bins and calculating for each one of them the local mean). Square represent the
mean value of the bin, each number next to the square represents the number of occurrences inside that range
(a). Trend of differences between CFD calculations and EFD results plotted against velocity with Gothenburg
2010 workshop 2010 results (b).

These results, where a single numerical set-up has been applied for all the cases
tested, generally comply with the one reported by the Gothenburg 2010 workshop [4],
where several codes and numerical set-ups performed the same simulations. In particular,
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as shown in Figure 5.b, considering the results for the DTMB 5415 hull in free trim
condition (green line) results show a very good agreement among the differences with
the one registered in the proposed database (red line). This is an important result which
gives a consistency in the work performed; so, it is possible to move through further
analysis of differences between the EFD results and the CFD calculations and consider
these findings as indicative of an inherent consistency.

4.2. Differences versus hull geometry and configuration

To assess if correlations among results and geometrical characteristics are present, it is
possible to divide the results as reported in Figure 5.a considering the presence or the
absence of the appendages and the hull studied.

Each hull has been tested for different speeds to replicate the towing tank experience
and for clarity of reading, each hull has an identification number and one color which
identify always the same case in the current paper. The Figure 6, shows the data for each
hull. Except for one case (identified as ID_15), for all the other results, the difference
shows a trend with a positive rate of change when speed increase.
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Figure 6. Trend of differences between CFD calculations and EFD results plotted against velocity (each case
has an hull identification number and a different color).

Another way for interpreting the differences between CFD and EFD consists of

looking at the configurations of the model tested; in particular it is possible to split the
comparisons into two kinds of configurations: bare hull and fully appended.
Figure 7 reports, for each ship, the average error (square dots) and its standard deviation
(upper and lower bars) between computations results and experimental data. From this
figure, for the fully appended hulls the average standard deviation is equal to 2.77%
(average between all the tests) while for the bare hull configuration it is equal to 2.02%.
Except for few cases (like ID 15 where the model has been tested also in the very low-
speed region where laminar phenomena may have taken place), in both configurations
the standard deviation for each case is usually lower than the one obtained from the raw
data analysis. This effect maybe be linked to the presence of a systematic error connected
with the uncertainty deriving from the procedure to generate the 3D geometry starting
from the available data (generally an image of the lines plan) and/or how the EFD data
have been obtained (old procedures and old equipment for acquiring measurements).
Hence, this kind of analysis leads to consider for a generic hull tested a mean difference
with the experimental data in accordance with the one reported in 4.1 paragraph (3.24%
with a standard deviation of 2.17%) but, if more confidence on the geometry and test
conditions can be achieved, a lower uncertainty could be expected.
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Figure 7. differences between CFD calculations and EFD results plotted for each hull with appendages (a),
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that hull.

4.3. Differences versus hydrodynamic main parameters and correlation analyses

An alternative approach to identify correlations in the results, is to compare them with
the geometrical hull dimensions or coefficients of the models.

As stated by ITTC guidelines for the resistance test [16], the model should be as
large as the dimensions of the tank allow and the onset of the blockage phenomenon
should be prevented, a correlation analysis firstly considering the scale A =
(Lpp)s/(Lpp)y of the model and secondly the length of the model (Lpp),, has been
carried out as shown in Figure 8.a and Figure 8.b respectively. Looking at the results
obtained, nothing remarkable is revealed by this kind of analysis.
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Figure 8. Differences between CFD calculations and EFD results plotted against the scale ratio (a) and the
length of the model (b) for all the cases studied.

The last comparison performed, as reported in Figure 9.a and Figure 9.b, deals with
the main geometrical ratio Ly, /By, and By, /T respectively. Even upon conducting
this last analysis, it remains impossible to draw a correlation between the geometrical
ratios shown and the differences registered.
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Figure 9. Differences between CFD calculations and EFD results plotted against the ratio By, /T (a) and the
ratio Ly, /By, (b) for all the cases studied.
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5. Conclusions

A repository composed by 92 comparisons (for 15 different hulls) between the EFD
results coming from the towing tank experiences and the CFD calculations has been
presented in this article.

The created repository analysis has revealed that a general over on under estimation
cannot be identified for the selected numerical set-up (an average difference of 0.4% is
reported) between CFD calculations and EFD results for the total resistance of the models.
Considering the differences, seen as the distance of the prediction by the measurements
(differences without sign), the mean error consists of 3.24% with a standard deviation of
2.17%. So, it is possible to generalize the result described, considering an absolute mean
difference between EFD and CFD of about 3.2%.

A weak but credible correlation was found between speed and differences such that
at low speed, an under-estimation of CFD was recorded, while at high speed an
overestimation of CFD prediction was observed. It is not possible to assess any clear
correlation with the discrepancies and the hydrodynamic main parameters. Moreover,
the presence of appendages in the models leads to a slightly higher standard deviation
compared with the results coming from hulls tested without appendages. Thus, for each
hull configuration is possible to assess that the standard deviation (seen as a sort of
uncertainty of the prediction) is lower than the one obtained from the raw data and so,
for a generic hull, the mean difference between EFD and CFD has a lower difference of
about 2%. Differently a systematic gap is present for most of the considered models,
ascribed to the uncertainty on the entire process to generate the simulation and if more
confidence on the geometry and test conditions can be achieved, a lower uncertainty
could be expected

This study paves the way for other kind of analysis in order to look for possible
correlations between the accuracy of a CFD calculation and some physical issue and it
requires other simulation to get a more extensive comparison database also including
modern hull shapes where the geometries are properly described and ideally supported
by the experimental uncertainty assessments to better reproduce the CFD ability with
nowadays designs along with its level of uncertainty.
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