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Abstract.  In this study, the nominal wake field of a semi-displacement type high-speed vessel was
computed at full scale by using CFD (Computational Fluid Dynamics) and GEOSIM-based approaches. A
scale effect investigation on nominal wake field of benchmark Athena vessel was performed with two models
which have different model lengths. The members of the model family have the same Fr number but different
Re numbers. The spatial components of nominal wake field have been analyzed by considering the axial,
radial and tangential velocities for models at different scales. A linear feature has been found for radial and
tangential components while a nonlinear change has been obtained for axial velocity. Taylor wake fraction
formulation was also computed by using the axial wake velocities and an extrapolation technique was carried
out to get the nonlinear fit of nominal wake fraction. This provides not only to observe the change of nominal
wake fraction versus scale ratios but also to estimate accurately the wake fraction at full-scale. Extrapolated
full-scale nominal wake fractions by GEOSIM-based approach were compared with the full-scale CFD result,
and a very good agreement was achieved. It can be noted that the GEOSIM-based extrapolation method can
be applied for estimation of the nominal wake fraction of semi-displacement type high-speed vessels.
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1. Introduction

Nominal wake region of high-speed vessels differs from that of conventional displacement type
of ships. A particular consideration is needed to calculate the nominal wake fraction because the
wake characteristics have a very crucial role on a successful design of the propulsion system. Scale
effect is another important issue that should be considered in the hydrodynamic design stage and the
examination of it shows some differences from classical displacement type of vessels because of
significant change of flow field at high speeds.

It is known that there are generally two components of nominal wake field, the viscous wake and
the pressure wake. The viscous wake component (friction) usually dominates the wake flow for
displacement type of vessels. On the other hand the pressure wake is significant for high-speed
vessels especially for planing types (Odabasi and Fitzsimmons 1978). Semi-displacement type of
high-speed vessels have hybrid hydrodynamic characteristics with a round bilge form. Therefore, it
is hard to make a straightforward assessment for wake surveys of semi-displacement high-speed
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vessels.

In the past, Savitsky and Morabito (2010) was conducted comprehensive experimental studies
with stepped planing hulls to analyze and develop empirical formulations for longitudinal nearfield
wake profiles. Beigi and Manshadi (2020) have carried out a computational study about the effect
of the measurement location on wake field of submarines and they found that the near location to
the considered geometry produces non-uniform velocity profiles. Gray-Stephens et al. (2020a) have
made an experimental study on longitudinal nearfield wake and compared their results with those of
empirical approach and linear wake assumption. They mentioned more successful estimation of
empirical formulation given by Savitsky and Morabito than linear wake assumption. Gray-Stephens
et al. (2020b) have also performed a computational investigation on the nominal wake field of a
planing hull by using a transient RANS (Reynolds Averaged Navier Stokes) solver and the results
at various velocities and trim angles have been presented. Authors mentioned that CFD results are
the most accurate ones over empirical or linear approaches.

There are also some other experimental and numerical studies on wake field of semi-
displacement type of high-speed vessels. The experimental studies were conducted for benchmark
Athena hull at David Taylor Naval Ship Research and Development Center. Effective wake survey
for fully appended model scale results were given by Hurwitz and Crook (1980) and comparison of
sea trials was made for wake field at model scale by Day Jr et al. (1980). Bhushan et al. (2009) have
investigated how the wake field is affected by different turbulence modelling properties for fully
appended Athena hull both at model scale and full-scale. They compared the computational results
with EFD (Experimental Fluid Dynamics) results given by Jenkins (1984) and their wake field
results with a rough wall function had a better agreement with those of experiments.

In this study, a GEOSIM (GEOmetrically SIMilar) family has been generated with two different
model scales of Athena hull. First a GEOSIM-series was used as suggested by Telfer (1927). It is a
known approach to investigate the resistance, effective wake or propulsive parameters in
computational studies (Can et al. 2020, Delen ef al. 2020, Dogrul et al. 2020). The nominal wake
fraction results have also been extrapolated for displacement type KCS ship in the study of Delen
and Bal (2019). Can and Bal (2022) have computed principal hydrodynamic forces of Athena hull
and and conducted a full-scale extrapolation by GEOSIM based extrapolation strategy. Here a
modified version of the GEOSIM-based extrapolation method was performed for estimation of
nominal wake fraction of a semi-displacement type high-speed vessel. Extrapolated results with the
modified GEOSIM method have been compared with those of CFD at full-scale and the accuracy
of extrapolation approach was checked out. Change of wake field with different scale ratios,
including full-scale for each spatial component such as axial, radial and tangential velocities was
also discussed in this study. These computational results have been presented in detail.

2. Mathematical and numerical modelling
2.1 Governing equations
Three dimensional, fully turbulent flow is modeled as incompressible and time dependent during

the computational study. The governing equations are given here. First the continuity equation for
incompressible flow is as follows



Prediction of nominal wake of a semi-displacement high-speed vessel at full scale 145

aUu;
axi

=0 (1)

and the RANS equation can be expressed in short form below:
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i and j subscripts show directions of the cartesian coordinate system and U, P, p, v are the mean
velocity, mean pressure, fluid density and kinematic viscosity, respectively. (u{uj’) term is the

Reynolds stress term, and this term was handled by the realizable k-¢ turbulence model which is a
modified version of the standard two-equational model.

In the standard version of the k-¢ model, two additional transport equation is used to solve

principal turbulence parameters which are turbulence kinetic energy (k) and rate of dissipation (&)

as follows
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Here v: is the turbulence viscosity and it is calculated by (v; = C, ?). Other parameters are statistical

turbulence coefficients and (C.;=1.44, C..=1.92, C,=0.09, 0:=1.0, 0.=1.3), respectively. Further
information can be obtained from (Wilcox 1993).

2.2 Ship geometry and main particulars

Athena has a round bilge form and transom stern with a skeg. Model 5365 is a common literature
scale of Athena hull (A=8.25). It was used in computational and experimental studies (Jenkins, 1984;
Ratcliffe et al. 2008, Duman et al. 2018). In this computational study, two different scaled models
were used to generate GEOSIM series with a scale ratio of (1=8.25) given in literature and an
additional scale ratio (A= 5.5). Main particulars of the GEOSIM model family and full-scale Athena
hull are presented in Table 1. Here M1, M2, FS represent the model 1, model 2 and full-scale,
respectively. The 3D geometry of the Athena hull is given in Fig. 1.

2.3 Modified Telfer's GEOSIM method

The scale effect is an important issue that should be investigated properly. Understanding the
change of wake fraction between model and full scales is possible by reducing the scale ratio for the
geometrically similar forms at a constant Fr number. The concept of GEOSIM series was proposed
by Telfer to understand the effects of scaling and to include it in the calculation process of design
(Telfer 1927).
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Fig. 1 Athena R/V line plans (top: front view, station lines, middle: profile view, buttock lines: bottom: top
view, waterlines)

Table 1 Main particulars of the model family and full-scale of Athena hull

Parameter (Unit) M1 M2 FS
Scale ratio, A 8.25 55 1.0
Length between perpendicular, Lep 5.685 8.527 46.9

m

(Brgadth, B (m) 0.836 1.255 6.9
Draft, T (m) 0.180 0.272 1.498
Static wetted surface area, So (m?) 4.222 9.500 287.360
Displacement, A (kg) 375.91 1268.69 211078.92
Velocity, V (m/s) 5.974 7.317 17.160
Froude, Fr 0.80

The method was originally applied to ship resistance problem by generating a model family and
establishing a relationship between model scales and full-scale. Total ship resistance (Cp as
nondimensional coefficient) is represented by establishing a relationship between model and full-
scale results without any decomposition process as follows (Bertram 2012)

Cp = f(logRe™1/3) (5)

This equation can be modified for nominal wake fraction (wy) in terms of logarithmic Re number.
The equation is given below for nominal wake fraction

a
WN = (logRe)* (6)
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The normalized form nominal wake fraction (wy) is also given as

WN al
logR,  (logRe)*’

wy =

(7

The regression coefficients in Egs. (6) and (7) @, a’ and x, x " are calculated by using two different
scale ratios and a nonlinear curve fitting method. Taylor wake formula can be used to compute the

nominal wake fractions as follows

_Vs—Va
Wy = —Vs

(8)
here Vs is the ship velocity and V4 is the mean velocity at the propeller disk.

2.4 Numerical modelling

The FVM method has been used to discretize the governing equations by using commercial Star
CCM+ software. A segregated flow strategy was adapted to the solution and the coupling between
pressure and velocity variables was ensured by SIMPLE (Semi-Implicit Method for Pressure-Linked
Equations) method. Second order upwind scheme for convective terms and first order Euler implicit
scheme for transient terms in the governing equation were used to construct the numerical solution.

The multiphase flow field has been modeled by VOF (Volume of Fluid) method (Hirt and Nichols
1981). Time step was specified by considering the formula suggested by ITTC for computational
studies in ship hydrodynamics: [0.005~0.01L/V]. Here, L is the length and V is the velocity (ITTC
2011).

In this computational study, flow field is fully turbulent due to high Re number at each scale ratio
and the turbulence was modeled by executing the realizable k-e turbulence model which is a two-
equational turbulence model and a suitable option for ship hydrodynamics studies (ITTC 2011). The
k-e model also gives advantages in computational cost almost %25 according to the k-w model
(Quérard et al. 2008). Furthermore, realizable model can handle some problems of the standard
model such as over prediction of turbulence viscosity in some flow fields which include a big flow
separation or high-level mean shear rate. An additional damping term was added to provide
dissipation in turbulence viscosity and correct the physical modelling. Two possible scenarios can
be applied during near wall modelling. First, near wall region is modeled without using any wall
function and this condition is ensured by keeping y+ under 1 (y+<1). Second and more common
option is using wall function and moving y+ to relatively larger values (30 < y+<300). In this study,
second option was preferred and two-layer y+ treatment was performed for near wall modelling.
This wall function enables both low- and high-level y+ values to satisfy the general y+ condition in
the range between 30-300 for most parts of the geometry and to avoid some local regions which
have lower y+ values (y+<1) such as stagnation points around the geometry.

The computational domain should have appropriate dimensions to catch physical features of the
flow field and limit the element numbers and computational cost. ITTC recommendations have been
considered while dimensions of the computational domain were selected (ITTC 2011). The
dimensions are (-3.6 <x/Lpp< 2.8, 0 <y/Lpp <2.4,-2.1 <7/Lpp< 1.6) of upstream (x), transverse (y)
and vertical direction (z), respectively. At the entry region to the computational domain, uniform
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Fig. 2 Numerical towing tank for 2DOF Athena and applied boundary conditions

velocity distribution was defined as velocity inlet boundary condition. Zero pressure gradient
condition was assigned as pressure outlet to the exit side of the domain. Hull surfaces were defined
as no-slip walls and normal and tangential velocities were equal to zero. Other boundaries which are
hull midplane section, far side of the domain in transversal direction, bottom and top regions were
defined as symmetry boundaries. Normal velocities were zero since tangential velocities were
nonzero values along these boundary faces. General view of the domain, main dimensions and type
of the boundaries are shown in Fig. 2.

Spatial discretization was made by using trimmer mesh algorithm. The algorithm uses cartesian
cut-cell method to generate hexahedral dominant mesh structure in the computational domain. Local
mesh refinements can be achieved by creating sub-volumetric controls and a finer mesh can be
generated there. These refinements are needed where the high flow gradients occur, and this kind of
refinement strategy was adapted in this study. Mesh structure of bow, stern and overall geometry for
hull and free surface region for whole computational domain was refined and finer mesh regions
were obtained in these regions. Hull geometry was defined as free to heave and pitch motions by
using DFBI (Dynamic Fluid Body Interaction) method. Mesh deformation arising from the vertical
motion was acquired by overset mesh technique which is an efficient way of modelling mesh
deformation over time (Stern et al. 2013). The method is highly appropriate especially for high-
speed marine vehicles because of relatively higher vertical motion response than displacement type
of vessels (Sukas ef al. 2017). General view of the mesh structure of M1 model scale is given in Fig.
3. Local refinement regions were placed where the high flow gradients occur such as, bow and stern
regions. Free surface plane and the overset region as a box which surrounded the hull geometry were
also considered as high gradient regions so local refinements were performed in those regions. These
refined mesh regions can also be seen in Fig. 3. Mesh structures of the other model scale (M2) and
full-scale was systemically refined in terms of scale ratio.
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Fig. 3 Mesh structure around the hull geometry for M1 model of Athena hull (left: profile, right: front view)

3. Numerical results

A nominal wake survey has been performed for Athena hull with a skeg which is a semi-
displacement type high-speed vessel. A GEOSIM family was generated by considering a common
literature scale (M1: A=8.25) and an additional model scale (M2: A=5.5). Full-scale hull geometry
has also been included to the computational study for comparison. First, a verification study was
conducted to ensure the established numerical setup in this study, and spatial discretization was only
examined because it is the predominant component of overall uncertainty. M1 model scale was used
for verification study and the outputs was implemented systematically to the spatial discretization
of other members of the model family in terms of the scale ratio. After that, nominal wake fields are
given in detail by presenting each spatial component separately. The components are given together
for GEOSIM series to figure out the scaling effect clearly on nominal wake fraction. Behavior of
the axial and the other components (radial and tangential) of velocity with scale ratios has been
discussed. Wake fraction was computed by using the axial component of nominal wake and the
GEOSIM extrapolation approach based on modified Telfer’s method. Therefore, the scaling became
a part of the nominal wake estimation at full-scale by putting it in the extrapolation equation versus
Re number.

3.1 Verification and validation study

GCI (Grid Convergence Index) method was used to estimate the numerical uncertainty. The
method was first proposed by Roache (1998) and various modifications were then implemented to
improve the method. Today, GCI method is a very common and suitable method for computational
ship hydrodynamics (ITTC 2011). The spatial discretization is usually dominant in computational
studies, therefore only the uncertainty arisen from spatial discretization was considered. The
uncertainty procedure suggested by Celik et al. (2008) has been used for verification and the method
is explained briefly in this section.

Total resistance coefficient of M1 model of Athena hull was analyzed for uncertainty estimation.
The computations were made for half of the geometry because of symmetrical form of Athena hull.
With the uncertainty computation, the specified mesh structure was kept fixed and adapted to the
other scales.

N1, N2, N3 are three different mesh sets which have different refinement ratios and ¢, ¢, and
¢4 are the associated result parameters correspond to each mesh structure in verification analyses.
Refinement ratios are as follows
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h h
1 = h—j;rsz = h_z )

Selection of the refinement rates are important for quality of the verification analyses and Celik
et al. (2008) mentioned that the values should be kept above 1.3 (r> 1.3). Some other computational
studies applied a higher refinement rate as V2 (Ozdemir et al. 2016, Kumar and Vijayakumar 2020).

21 and ¢3; are the differences between the results of successive grid structures such as (&5 =
¢, — ¢, and &3, = 3 — ¢,) and the convergence condition (R) is computed as

R=%2 (10)

There are three scenarios as a result of verification studies. First, mesh set can be monotonically
convergent with the satisfied condition (0<R<1). Second, it can be oscillatory convergent with the
condition (-/<R<(), otherwise the result is divergence of the mesh set. The results of uncertainty
study with the verification parameters are presented in Table 2. Notice that R parameter satisfies the
monotonically convergence condition (R=0.52). Furthermore, the uncertainty was obtained in a
satisfactory level which is almost (GCI = 0.53%). As a result of the uncertainty analyses, N1 grid
has been selected for the computational study.

Computational and experimental results are presented in Table 3 for comparison. Here Cp and
%AC, are given in Egs. (11) and (12), respectively. This validation study has been performed for
total resistance and trim values of M1 model. Relative differences are computed as 3.82% and 2.85%
for resistance and trim, respectively. These relative differences are in a satisfactory level for
validation study.

%AC, = 100 X (CD (crp) = o @F’”) (11)

Cp(EFD)

and drag forces are nondimensionalized by the following formula

__Fp
T 0.5pS,V2 (12)

Cp

Table 2 Verification results of the uncertainty analyses for bare Athena hull at Fr=0.8

Parameter M1 Model
N1 1.630 x 106
N2 0.984 x 10°
N3 0.670 x 108
¢, x 103 4,077 x 103
¢, x 103 4.098 x 10’
¢; x 103 4141 x 10
R 0.52

GCIZlfine 053%
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Table 3 CFD and EFD (Jenkins, 1984) results of total drag and trim values for M1 scale of Athena hull at
Fr=0.8

Cpx103 T %AC, %At
CFD 4.543 0.994 3.82% 2.85%
EFD 4.376 0.967 - -

3.2 Results for nominal wake

Nominal wake fractions of model family and full-scale Athena hull with a skeg are presented
here. Experimental wake field characteristics of Athena hull have been provided by several studies
for various conditions such as different velocities and measurement locations around propeller, with
and without propeller cases or model/full-scale results (Day Jr et al. 1980, Hurwitz and Crook 1980).
In this study, the computational results present a higher velocity than those of given in the literature
with (F7=0.8) while the maximum Fr in these studies is (Fr=0.6).

First, nondimensional wake velocities are shown at a shifted propeller plane in the forward
direction. General view of the measurement plane is given in Fig. 4. Note that the Athena model has
twin propellers and shaft angle (6= 8.5°). The measurement plane was translated because the hull
geometry has no appendages, and a high shaft angle takes the propeller disk away from the geometry.
For these reasons, the wake field is measured at that plane (0.052Lpp in +x direction) and 0.75R
radial location was preferred to present results. The geometric representation of the propeller plane
is given in Fig. 5 with the radial location and nominal wake components as axial (Uz), radial (Uz)
and tangential (Uy). Wake velocities of each component are given in Figs. 6-8 for axial, radial and
tangential ones, respectively. Here z, » and @ subscripts are used to represent axial, radial and
tangential components of the wake velocities, respectively. Notice that the axial velocities increase
regularly from smaller scale ratios to the full-scale while other components are almost same in a
nondimensional form. The axial component is dependent to the scale effect clearly, while the other
components have not affected with the change of model length in the nondimensional form. This
means that the axial wake velocity has a nonlinear relation with the scale ratio while the other wake
components (radial and tangential) have almost linear change.

» +X

Fig. 4 Measurement Plane: 0.052Lpp in +x from propeller disk and 0.75R in radial location (left: profile,
right: back view)
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Fig. 5 Representation of the measured nominal wake components on 0.75R radial location of the propeller
plane: Axial (Uz), radial (Ur) and tangential (Up)
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Fig. 6 Nondimensional axial velocities at the measurement plane for all scales of Athena hull at Fr=0.8

The GEOSIM extrapolation was used to predict the full-scale nominal wake fraction by using
model-scaled results and obtaining a Re number-based regression equation according to Egs. (6)
and (7). Re number is an indicator of the scale effect for the geometrically similar models at a
constant Fr number, therefore establishing a Re number-based regression function has provide an
extrapolation approach which completely includes the hydrodynamic effects of scaling and



Prediction of nominal wake of a semi-displacement high-speed vessel at full scale 153

——v—— M1 (A=8.25)

0.25 —e— M2 (A=5.5)
s FS (A=1)

02 F

0.152_ "“u’\‘\ /./"’"
01 ‘ -.‘ o/

0.05 | o

ur/u
o
T

005 F N\, 5

0.1 i— ‘\_\ p’
015 F \": /

) S AN I IS R BTN S N S
. 0 50 100 150 200 250 300 350
8-theta (°)

Fig. 7 Nondimensional radial velocities at the measurement plane for all scales of Athena hull at Fr=0.8

—v—— M1 (A=8.25)

0.25 —e—— M2 (A=5.5)
F FS (A=1)
02 F
F b

0.15 - a *

F ¥
005 | (_.4 \

=2
3 °F . K S
& 3
005 F ’
o L ./
01 F " /'.
015 | v o
g vop2-
02|
. E v
025 = 50 100 160 200 250 300 350
9-theta (°)

Fig. 8 Nondimensional tangential velocities at the measurement plane for all scales of Athena hull at Fr=0.8

combining viscous and pressure-based effects together in the computation process. The GEOSIM
method was executed by using two wake fractions at different scale ratios and putting those in Eq.
(6) directly or in Eq. (7) by the normalization process. After that, a nonlinear curve fitting method
was applied the data set and regression coefficients were obtained. Therefore, the "nominal wake
fraction curve" was plotted for Athena hull at Fr=0.8 with the obtained regression coefficients and
general equations in Egs. (6) and (7). This curve represents the trend of the nominal wake fraction
of Athena hull with the increasing Re number from the model scales to the full-scale. The nominal
wake fraction curve and extrapolated result by the GEOSIM method are presented in Fig. 9 with the
CFD results including full-scale one.
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Fig. 9 Comparison of nominal wake fraction results by CFD and GEOSIM extrapolation methods (red
symbols: CFD results, blue solid line: GEOSIM extrapolation curve)
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Fig. 10 Comparison of normalized nominal wake fraction results by CFD and GEOSIM extrapolation
methods (red symbols: CFD results, blue solid line: GEOSIM extrapolation curve)

In Fig. 10, the nominal wake fractions are normalized with Re number as (wy' = wy/logRe)
and these normalized model-scaled wake fractions are used in Eq. (7). With this normalization
process, a more successful estimation has been expected at full-scale and its effects on the
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Fig. 11 Nondimensional axial velocities at the measurement plane for all scales of Athena hull at Fr=0.8

Table 4 Comparison of the nominal wake fractions at full-scale by CFD and modified GEOSIM extrapolation
methods

CFD Mod. GEOSIM
wy X102 1.099 1.093
%Awy - 0.49%
wy' x103 1.230 1.230
%dwy' - 0.12%

extrapolated result are examined by considering the relative differences at full-scale with and
without Re number normalization.

Nondimensional axial velocity distribution on the port side propeller disk is also given in Fig. 11
for all scale ratios. Notice that the asymmetrical distribution is appeared in contour plots because of
the twin propeller system. Increase of the nominal velocities is also clear from model scale to the
full-scale.

The full-scale nominal wake fractions by modified GEOSIM based method with the full-scale
CFD result are given in Table 4. Relative differences were calculated as follows:

%Awy = 100 X (WN(GEOSIM) ~WN (CFD)) (13)

WN(CFD)

There is a very good agreement between both results.

4. Conclusions

In this study, the nominal wake field of a benchmark semi-displacement type high-speed vessel,
Athena R/V hull, were analyzed computationally by using a GEOSIM-based approach. Scale effects
on the nominal wake field of the Athena hull were examined with two different scaled models and
the full-scale CFD results. Beside Fr similarity, Re number has been included to the extrapolation
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approach and an accurate extrapolation for nominal wake characteristics was obtained. Two
important outcomes from this study can be stated about the wake fields of semi-displacement type
high-speed vessels.
o Axial component of wake velocities highly depends on scale effect and increases in a
nonlinear manner as the model length increases.
e Radial and tangential wake components are almost independent of scale effect in a
nondimensional form and can be extrapolated linearly from model to the full-scale.
Nominal wake fractions (only axial velocities) were used during the extrapolation process
because of the linear behavior of the other components (radial and tangential ones). These wake
fractions were placed at the nonlinear regression equation and “nominal wake fraction curve” has
been obtained by modified GEOSIM method. Extrapolation to the full-scale was easily made by
using the nominal wake fraction curve. Consequently, extrapolated results at full-scale are compared
with the full-scale CFD result. Modified GEOSIM result is in a very good agreement with the full-
scale CFD (%s4wy = 0.49%). Moreover, the normalization process of nominal wake fractions with
the associated Reynolds number at each scale ratio was improved the accuracy of the modified
GEOSIM method (%4wy" = 0.12%) and the relative difference has decreased according to full-
scale CFD result.
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