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Abstract
Model tests are often conducted by researchers in a real or a numerical towing tank to calculate residuary resistance
of a ship with the aid of Froude similarity. Common ITTC-1957 formula is usually employed to calculate frictional
resistance. As computer technologies develop over time, CFD tools are used for calculating total resistance of a ship
at full scale without establishing any dynamic similarities. In this paper, both Froude and Reynolds similarities are
numerically implemented to four different model scales by using virtual fluids. The total resistance at different Fr
numbers calculated by the numerical study is validated against the experimental data of DTMB 5512 (L=3.048 m)
model hull. The results show that establishing Froude and Reynolds similarities together in numerical simulation is
possible in principle. To determine whether it has advantages for prediction of full-scale ship total resistance by
employing this method, it is also examined the model scale with the same number of elements and Reynolds number
of the full-scale ship. Results show that numerical calculation of total resistance for a full-scale ship in a model scale
by defining virtual fluids has only slight advantages on the prediction of residuary resistance. Additionally, no
advantage in the calculation of frictional resistance is observed.
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1  Introduction

ɛ

Resistance characteristics of a newly built ship are gen-
erally estimated either by employing model tests in the tow-
ing tank or numerical calculations using different CFD
(Computational Fluid Dynamics) methods. For friction res-
istance component, ITTC-1957 (ITTC, 2011) model-ship
correlation formula is generally used. Several researchers
have also continued developing skin friction correction for-
mula which is recommended by ITTC (International Tow-
ing Tank Conference) i.e. Date and Turnock (1999) studied
on the derivation of skin friction correction formula by im-
plementing comprehensive CFD work. In their study, a
series of RANS (Reynolds-averaged Navier–Stokes) ana-
lyses with k–  turbulence model were performed for flat
plates to predict the skin friction coefficient precisely.

In addition, the residual resistance component is calcu-
lated numerically or experimentally for a model scale based
on only Froude similarity. Theoretically, total resistance
coefficient can be directly obtained by satisfying both
Froude and Reynolds similarities together in the model
tests. However, as known, it is impossible to perform these
similarities in nature all at once. Besides, conducting the
full-scale experiments is rare due to increasing costs and
lack of facility. Therefore, although numerically expensive,

total resistance of a full-scale ship can be predicted extens-
ively by using CFD tools without establishing any dynamic
similarities. Having said that, element numbers increase re-
markably within such large computational domain and res-
ults are often highly expensive in terms of CPU time.

ɛ

Numerous researchers paid attention to predict the full-
scale ship resistance characteristics through numerical tools.
Tahara et al. (2002) studied the viscous flow around the ship
at full-scale by RANS method. The main purpose of this
study was to present the applicability of the RANS solver
for viscous flow around full-scale ship and investigate ap-
propriate physical model for ship resistance problem. Vis-
onneau (2005) solved viscous flow around a full-scale ship
using RANS approach. Resistance, wake field and propul-
sion performance of a full-scale ship were predicted. On the
contrary to popular belief, it was concluded that the solu-
tion of the flow around the ship at a full-scale was less com-
plicated than a model scale due to the ability of CFD solv-
ers. Schewighofer et al. (2005) investigated the flow around
the Series 60 hull form at a model and full-scale by RANS
with k–  turbulence model. Wave profile was also com-
pared against a potential solver outputs and experimental
data. Results showed that the free surface calculations of the
turbulent flows around the simple geometries can be per-
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formed at a full-scale. Schweighofer et al. (2005) also in-
vestigated the effects of turbulence model on the wake field
at full scale. In the study of Starke et al. (2006), the wave
patterns and wake field of several ships were compared with
the experimental data. It was observed that the selected tur-
bulence model is the dominant factor in the prediction of the
wake field. Choi et al. (2011) investigated the scale effects
on resistance and propulsion performance of a VLCC ship.
Numerical analyses were conducted for full and model
scales with double body approximation. Scale effects were
examined for wake field, self-propulsion characteristics,
streamline pattern, hull pressure. Marcu et al. (2012) calcu-
lated the model scale resistance by using both viscous and
potential solver. While wave resistance component was de-
rived from potential solver, frictional resistance component
was obtained from viscous solver. Tezdogan et al. (2015)
solved the flow around a full-scale KCS (Kriso Container
Ship) ship using a viscous solver and calculated the total
resistance coefficient. Authors found the total resistance of a
ship slightly lower when compared with the model scale
towing tank measurements. In their study, the residual com-
ponent of total resistance was obtained by a viscous solver
while ITTC-1957 correlation line (ITTC, 2011) was adop-
ted to obtain the frictional component of total resistance due
to increased y+ values. These values are significant para-
meters for the boundary layer dynamics in a full scale cases.
Hänninen and Sehweighofer (2006) focused on the scale ef-
fects on the flow around a typical container ship. Results re-
vealed that using the k–  Shear Stress Transport turbulence
model has more advantages particularly compared with oth-
er turbulence models for flow speed decrease due to ad-
verse pressure gradient. Demirel et al. (2017) solved the
flow around a full-scale KCS ship using RANS approach.
Roughness effects on the resistance and power requirement
of the ship were investigated. It was observed that the wave
resistance is affected significantly in the presence of the hull
roughness. Liefvendahl and Fureby (2017) investigated the
grid resolution requirements for LES (Large Eddy Simula-
tion). The estimated grid resolution was implemented for
the ship model and full-scale hydrodynamic problems. The
difference between the schemes (Near-wall resolved LES,
Near-wall modeled LES and hybrid RANS-LES) was in-
vestigated in details. Farkas et al. (2018) made a compre-
hensive study to determine the hydrodynamic characterist-
ics of a full-scale ship at different draught both numerically
and experimentally. Total resistance, open water propeller
performance and self-propulsion characteristics of a full-
scale bulk carrier were considered. Advantages and disad-
vantages of the turbulence models in their study were dis-
cussed for hydrodynamic characteristics. Jasak et al. (2019)
compared sea trial measurements and full-scale numerical
results for two different self-propelled ships. Numerical ana-
lyses were performed by OpenFOAM software. Lee et al.
(2018) focused on calculation of the form factor for a full-

scale ship. Numerical analyses were employed for a model
and full scale by RANS approach. In this work, a practical
method was proposed to calculate the form factor of a full-
scale ship by considering different hull forms.

All papers discussed above make some significant con-
tributions to literature for resistance problem of a surface
ship at full scale. As an alternative, rather than full scale
ship resistance prediction, complete similarity (referred by
the authors) is applied in a study by defining a virtual fluid
and acceleration of gravity at model scale in a numerical
study. Zhao et al. (2015) studied self-propulsion experi-
ment of a ship model with energy saving devices based on
this complete ship similarity model. Reynolds and Froude
similarities were adopted to define the virtual fluid and ac-
celeration of gravity. Scale effects on the self-propulsion
and wake field were investigated by applying similarity
model on complete ship. This study claimed that scale ef-
fects were minimized by the above-mentioned technique
and it could be applied for non-traditional ship forms as
well. This study also suggested that a full-scale resistance
can be predicted by complete ship similarity model in scale
model dimensions with fewer grid numbers.

As the present literature indicates, the number of relev-
ant works in similarity research is insufficient or unclear.
Therefore, in this study, full similarity technique (so-called
FST by the authors) is presented by applying both Froude
and Reynolds conditions for a naval combatant. The nov-
elty of this paper is to reveal the advantages and disadvant-
ages of FST in the numerical calculations. Commercial CFD
software Star-CCM+ was used to discretize RANS equa-
tions by implementing finite volume method. GCI (Grid
Convergence Index) method was applied for verification.
First, FST was applied for four different model scales to in-
vestigate the total resistance characteristics for two differ-
ent Froude numbers (Fr=0.41 and Fr=0.28) for validation.
Both Froude and Reynolds similarities were applied by de-
fining virtual fluids at the main hull’s (L=3.048 m) Reyn-
olds numbers. While the calculated frictional resistance
coefficients at this Reynolds numbers were compared with
the ITTC-1957 formula (ITTC, 2011), total calculated res-
istance coefficients were compared with experimental res-
ults. Second, FST was applied for the model and full-scale
ships to investigate total resistance characteristics at
Fr=0.41. Both Froude and Reynolds similarities were satis-
fied by defining a virtual fluid at the full-scale ship’s Reyn-
olds number. This study has two main purposes. The first is
to show whether setting Fr and Re similarities together is
applicable theoretically. The second is to investigate the
functionality of the present method for numerical prediction
of a full-scale ship resistance at the model scale dimensions
by using virtual fluid.

This paper is organized as follows. In Section 2, geo-
metrical properties of the main hull form are presented. In
Section 3, mathematical method for the problem is presen-
ted in detail. In Section 4, CFD verification studies are giv-
en. The results of the study are discussed in Section 5 by us-
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ing several graphs and tables. Finally, in Section 6, conclud-
ing remarks of the study are briefly given.

2  Ship geometry and cases
DTMB (David Taylor Model Basin) 5512 naval surface

combatant was selected to verify FST. 3-D view of the ship
and main particulars are given in Fig. 1 and Table 1, re-
spectively. Four different models were generated from the
main hull (LPP=3.048 m) to investigate FST. The detailed in-
formation about the sehull forms can be found in Section 3.5.

∇

In Table 1, LPP denotes the length between perpendicu-
lars, LWL denotes the waterline length, T denotes the
draught, S denotes the wetted surface area,  denotes the

displacement volume, CB denotes the block coefficient and
CM denotes the mid ship section coefficient of the ship.

3  Numerical modelling

3.1  Governing equations
Consider an incompressible flow in Cartesian coordin-

ates. Averaged momentum and continuity equations are
written in tensor form as follows:

ρ
(
δUi

δt
+U j

δUi

δxi

)
= − δP

δxi
+

δτ
δx j
−
δ(ρu′iu

′
j)

δx j
; (1)

δUi

δxi
= 0, (2)

ρu′iu
′
j

ρ
µ

ε

where  denotes the turbulence stress tensor, U denotes
the mean velocity vector, u’ denotes the fluctuating velocity
vector, P denotes the mean pressure,  denotes the density
and  denotes the dynamic viscosity of the fluid. Further ex-
planations for k–  turbulence model may be found in Wil-
cox (2006).

Flow solver adopted in STAR-CCM+ uses a finite
volume method which discretizes RANS equations for nu-
merical model of fluid flow. Segregated flow model used in
the solver and convection terms in the equations were dis-
cretized by applying a second-order upwind scheme. RANS
solver adopted a predictor-corrector SIMPLE-type al-
gorithm between continuity and momentum equations. For
unsteady terms, a first-order scheme was applied in mo-
mentum equations. A summarized list of the numerical dis-
cretization was tabulated in Table 2. In addition, the posi-
tion of free surface was tracked using Volume of Fluid
(VOF) model. In this model, calculations were performed
for water and air phases.

The model experiments were conducted free to sinkage
and trim (Lazauskas, 2009). Hence, DFBI (Dynamic Fluid

Body Interaction) module in STAR CCM+ was used for the
movement of the ship throughout the analyses. Two de-
grees of freedom motion of the body were obtained by cal-
culating the velocity and pressure field in the fluid domain.

3.2  Time step size selection
Time step size was determined as stated by CFL (Cour-

ant-Friedrichs-Lewy) condition for explicit unsteady simu-
lations. CFL (or Courant) number for each cell in the com-
putational domain was calculated by CFL=U∆t/∆x and
should be smaller than or equal to 1 for numerical stability.
Here, U stands for the mesh flow speed, Δt stands for the
time step size and Δx stands for the mesh cell dimension.
However, implicit methods are generally used for unsteady
simulations on relatively large solution domains. In un-
steady implicit problems, the restriction imposed by the
CFL condition is no longer a strict issue, thus decreasing the
memory required in the computer. Besides, CFL number
might change significantly in a large computation domain.
In this paper, CFL number was targeted in the range of 5.
For this purpose, we focused on the critical regions as in
Courant number where Δx is relatively small and U is relat-
ively large. Therefore, we considered the adjacent cells to

Table 1   Main particulars of the DTMB 5512 full and other scales (Simman, 2014)

λ=46.588 (Full scale) λ= 2 λ= 1 (Main hull) λ= 0.5 λ= 0.2
LPP (m) 142 6.096 3.048 1.524 0.609
LWL (m) 142.18 6.104 3.052 1.526 0.610

T (m) 6.15 0.264 0.132 0.066 0.026
S (m2) 2972.64 5.4784 1.3696 0.3424 0.0548
 (m3) 8424.4 0.6664 0.0833 0.0104 0.00066
CB 0.507 0.507 0.507 0.507 0.507
CM 0.821 0.821 0.821 0.821 0.821

Table 2   Numerical modelling properties

Turbulence model ɛk–
Convection term Second order

Pressure link SIMPLE
VOF wave Second order

Temporal discretization First order
Iteration number in each time step 7

 
Fig. 1.   3D view of DTMB 5512.
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∆t=
0.01
√

2

L
U

the ending of the boundary layer (see Fig. 2).To work with

reasonable CFL numbers,  is taken which is lower

than the one ITTC recommended (ITTC, 2011).

3.3  Computational domain and boundaries
Given boundary and initial conditions must be suitable

for all analytical and numerical solutions. These conditions
must be defined compliant with the flow characteristics. In
the present work, the computational domain was created to
predict the resistance behavior of DTMB 5512 hull in deep
water. Only half of the body was modelled to save computa-
tional time. Boundary conditions for the main hull are
shown in Fig. 3. It should be noted that the hulls with other
scales are geometrically identical with the main hull.

Negative x side was defined as velocity inlet, and posit-
ive x side was defined as pressure outlet. To avoid the
boundary effects, negative y side, positive z (top) and negat-
ive z (bottom) directions were considered as the velocity in-
lets. Ship boundaries were defined as no-slip walls where
the normal and tangential velocities are zero. Hence, both
kinematic boundary condition and no-slip condition were
satisfied on the hull surfaces. The dimensions of the compu-
tational domain are also given in Table 3.

3.4  Mesh configuration
Hexahedral elements were used to discretize the compu-

tational domain with FVM. Local grid refinements were
employed around the hull and near the free surface. Overset
grid technique, which has great capability to solve the flow
around a moving body, was used for all simulations to rep-
resent the motion of the subject ship (sinkage and trim).
Grid structure adopted in this study is given in Table 4. De-
tailed information for the use of overset grid techniques im-
plemented in ship motion problems can be found in Benek
et al. (1986).

Grid structure around the hull can clearly be seen from
Fig. 4. Two layer all wall y+ treatment was used for identi-
fying mean flow quantities around the near wall region of
turbulent boundary layers (, 2015). Cell sizes were gradu-
ally increased with a fixed ratio starting from boundary lay-
er of the hull to outer boundaries.

Refinement blocks were built near the ship’s bow and
stern regions to represent bow and stern waves. Bow and
stern refinements are depicted in Fig. 5. Owing to the mesh
resolution and element numbers that are important for cap-
turing the free surface deformation, some refinements were
also defined in neighboring free surface.

3.5  Establishing full similarity of ship models
Total resistance of a ship (RT) is composed of two com-

ponents, namely RF (frictional component) and RR (residual
component), which are given as follows:
RT = RR+RF, (3)

Table 3   Computational domain and overset dimensions
Computational domain dimensions

(From the overset boundaries)
Overset domain

dimensions (from hull)
Upstream 0.9LPP 0.26LPP

Downstream 4.2LPP 0.21LPP

Top 0.7LPP 0.16LPP

Bottom 1.075LPP 0.16LPP

Transverse 1.75LPP 0.34LPP

Table 4   Cell numbers of different grid qualities

Coarse grid Medium grid Fine grid
Number of cells 6.27×105 1.445×106 3.832×106

 
Fig. 2.   The cells for which CFL numbers calculated.

 
Fig. 3.   Computational Domain of the DTMB 5512.

 
Fig. 4.   Grid structure around the hull.
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RR can be regarded as the summation of the wave resist-
ance (RW) and viscous pressure resistance (RVP) stems from
the drag related to normal pressure while RF is caused by the
shear stress upon the hull. RR can be expressed as:
RR = RVP+RW. (4)

Total resistance and related components are usually ex-
pressed in non-dimensional form by dividing each term to
wetted surface area and dynamic pressure. According to di-
mensional analyses, total resistance coefficient (CT) can be
considered as a function of both Froude number (Fr) and
Reynolds number (Re).
CT =CR(Fr)+CF(Re), (5)
where, CR is the residuary resistance coefficient and CF is
the frictional resistance coefficient. CF is calculated using
ITTC-1957 formula (ITTC, 2011) as follows:

CF =
0.075

(logRe−2)2 . (6)

Besides, Reynolds and Froude numbers can be stated as
follows:

Re =
VL
ν

; (7)

Fr =
V
√

gL
, (8)

ν
where, V is the ship velocity (m/s), L is the ship length (m),
g is the acceleration of gravity (m/s2) and  is the kinematic
viscosity of the fluid (m2/s).

According to FST, Froude and Reynolds similarities can
be set in the following way:

Frs = Frm→
Vm√
gmLm

=
Vs√
gsLs

; (9)

Res = Rem→
VmLm

νm
=

VsLs

νs
, (10)

λ

where subscripts m and s denote the model ship and the full-
scale ship, respectively. From the Froude similarity, rela-
tion between the forward speeds can be derived as shown
below. Here,  represents the scale ratio.

Vm =
Vs√
λ
. (11)

Thus, the relation between the kinematic viscosity of the
model and full scale ship through the Reynolds (Re) similar-
ity is derived as:

νm = νsλ−
3
2 . (12)

Another evaluation is performed for the averaged wall y+
value which is the significant parameter on the friction res-
istance in numerical analyses. Wall y+ value can be given as
follows:

y+ =
U∗∆x
ν
, (13)

ν
τw

where U* depicts the frictional velocity at the nearest
cell (m/s), Δx depicts the distance between the nearest cell
and wall (m),  depicts the kinematic viscosity (m2/s). U*

can be defined in terms of wall shear stress ( ) as given be-
low:

U∗ ≈
√

τw

ρ
. (14)

τwAs known, wall shear stress ( ) is related to CF:

CF ≈
τw

0.5ρU2 , (15)

ρ

λ λ

where U is the free stream velocity (m/s) and  is the fluid
density (kg/m3). With two different scale ships at the same
Fr (=0.41), ( =1 and =46.588), CF for the model and full
scale (CFM, CFS) can be written as follows:

CFM ≈
τwm

0.5ρmU2
m

; (16)

CFS ≈
τws

0.5ρsUs
2 . (17)

In this way U* can be derived for model and full-scale
ship:

U∗S ≈
√

1
2

CFSU2
S; (18)

U∗M ≈
√

1
2

CFMU2
M. (19)

Therefore, wall y+ values can be defined for model and full
scale as follows:

y+S =
US
∗∆xS

νS
=

√
1
2

CFS
US∆xS

νS
; (20)

y+M =
UM
∗∆xM

νM
=

√
1
2

CFM
UM∆xM

νM
. (21)

If Froude and Reynolds similarities are satisfied togeth-
er, relationship between the model scale and full-scale wall
y+ values can be obtained as shown below:

 
Fig. 5.   Mesh refinements around bow and stern regions.

 Savas SEZEN, Ferdi CAKICI China Ocean Eng., 2019, Vol. 33, No. 4, P. 493–502 497



yS
+

yM+
=

√
1
2

CFS
US∆xS

νS√
1
2

CFM
UM∆xM

νM

= 1
(
Both Re and Fr similarity

)
(22)

This means that wall y+ is the same for the model and
full scale for the same Re. Therefore, it can be seen that
there is no practical advantage of using virtual fluids in
model dimensions on the prediction of friction component
for the same element number.

On the other hand, only if Froude similarity was satis-
fied, the relation of wall y+ values can be written as follows:

yS
+

yM+
=

√
1
2

CFS
US∆xS

νS√
1
2

CFM
UM∆xM

νM

=

√
CFS

CFM
λ3/2 (

Only Fr similarity
)

(23)
As shown in Eq. (23), wall y+ values have extremely high
values in the full-scale case.

3.5.1  Establishing full similarity at model scale Reynolds
number

λ

As known, model experiments partly satisfy the similar-
ity condition. However, both similarity models can be satis-
fied using the virtual fluid in numerical simulations. There-
fore, total resistance of a ship was calculated for different
model scales ships based on the model scale Reynolds num-
ber ( =1) to validate full similarity at two different Fr
(Fr=0.41 and Fr=0.28). The main particulars of the model
ships and fluid particulars are listed in Table 5 and Table 6.

3.5.2  Establishing full similarity at full scale Reynolds
number

FST was implemented for full scale and model scale us-
ing Reynolds number of full-scale ship at Fr=0.41. The flu-
id particulars, main features of the model and full-scale
ships are given in Table 7.

4  CFD verification study
In Grid Convergence Method (GCI) based on Richard-

son (1911) extrapolation was applied for verification pro-
cedure. This method was offered by Roache (1998) and has
been applied with some modifications in numerous studies.
The methodology described by Celik et al. (2008) was im-
plemented for the verification of grid resolution. The grid
spacing was refined systematically. Refinement factor (r)
was selected as 21/2 as frequently adopted in CFD applica-
tions.

Three solutions were considered in this manner. The
procedure implemented in the present study is described as
follows (Celik et al., 2008):

εThe difference between the solution scalars ( ) should
be determined by Eq. (24)
ε21 = φ2−φ1, ε32 = φ3−φ2. (24)

φ1 φ2 φ3where, ,  and  refer to the solution of fine, medium
and coarse mesh grid. Convergence conditions of the nu-
merical study can be calculated by Eq. (25),

R =
ε21

ε32
. (25)

The possible R values and possibilities are listed below
(Stern et al., 2006):

(a) –1 < R < 0  Oscillatory convergence;
(b) 0 < R < 1  Monotonic convergence;
(c) R < –1  Oscillatory divergence;
(d) R > 1  Monotonic divergence.
If the values for convergence condition are like Case (b),

the procedure can be implemented. However, in Case (a),
often more than three solutions are needed and the uncer-
tainty (Uk) should be calculated as follows (Wilson et al.,
2001; De Luca et al., 2016):

Uk =
1
2
|S U−S L| , (26)

Table  5    Numerical  conditions  for  full  similarity  ship  model  at
Fr=0.41

λ
0.2 0.5 1 (Main hull) 2

LWL (m) 0.6104 1.526 3.052 6.104
V (m/s) 1.0026 1.5852 2.2419 3.1705

S 0.0548 0.3424 1.3696 5.4784
ρ (kg/m3) 997.5 997.5 997.5 997.5
ϑ (m2/s) 8.273×10–8 3.270×10–7 9.250×10–6 2.616×10–6

Re 7397058.162 7397058.162 7397058.162 7397058.162

Table  6    Numerical  conditions  for  full  similarity  ship  model  at
Fr=0.28

λ
0.2 0.5 1 (Main hull) 2

LWL (m) 0.6104 1.526 3.052 6.104
V (m/s) 0.6852 1.0834 1.5321 2.1667

S 0.0548 0.3424 1.3696 5.4784
ρ (kg/m3) 997.5 997.5 997.5 997.5
ϑ (m2/s) 8.273×10–8 3.270×10–7 9.250×10–6 2.616×10–6

Re 5055101.84 5055101.84 5055101.84 5055101.84

Table  7    Numerical  conditions  for  model  and  full  scale  ships  at
Fr=0.41

λ
1 (Main hull) 46.588 (Full-scale)

LWL (m) 3.052 142.18
V (m/s) 2.2419 15.29

S 1.3696 2972.64
ρ (kg/m3) 997.5 997.5
ϑ (m2/s) 2.917×10–9 9.250×10–6

Fr 0.41 0.41
Re 2345516340.3 2345516340.3
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where SU and SL are the maximum and minimum values of
oscillation, respectively. If the convergence condition is like
Case (c) or (d), it is not possible to predict the uncertainty
(Wilson et al., 2001; De Luca et al., 2016).

The apparent order of p can be obtained by Eq. (27)
(Celik et al., 2008)

p =
ln

∥∥∥∥∥ ε32

ε21
+q

∥∥∥∥∥
ln (r21)

, (27)

where,

q = ln
(

r21− s
r32− s

)
; (28)

s = sgn
(
ε32

ε21

)
. (29)

The extrapolated value is:

φ21
ext = (rpφ1−φ2)/(rp−1). (30)

The approximate relative error and extrapolated relative
error are:

e21
a =

∣∣∣∣∣∣φ1−φ2

φ1

∣∣∣∣∣∣ , e21
ext =

∣∣∣∣∣∣φ21
ext−φ1

φ21
ext

∣∣∣∣∣∣ . (31)

Finally, the GCI index is calculated by:

GCI21
fine =

1.25e21
a

rp
21−1

. (32)

The total resistance coefficient at Fr=0.41 is selected for
numerical uncertainties. The results of the verification study
are given in Table 8.

As it is understood from Table 8, the convergence con-
dition is between –1 and 0 (oscillatory convergence). Thus,
the uncertainty of grid spacing is calculated by Eq. (26) and

φ2

the percentage of uncertainty is derived by simply dividing
this result (Uk) by the medium grid solution . Here, the
difference between medium and fine mesh results was ob-
served relatively low. Therefore, medium mesh was selec-
ted in the rest of the analyses as a consequence of decreas-
ing computational cost.

5  Results and discussion

t2 = t0.2
√
λ2/λ0.2

This section presents the numerical results and discus-
sions on total resistance of the DTMB 5512 in calm and
deep water with figures and tables. The time intervals in all
analyses were taken identical according to Froude similar-
ity, i.e. . Plus, the signal averaging was per-
formed when the convergence of the data was achieved as
seen from Fig. 6.

Before discussing the observations of different scales,
numerical results of different Froude numbers (Fr=0.28 and
Fr=0.41) were validated by using experimental results as
seen in Table 9. It is to be noted that experimental results
are given diagrammatically for wide range of Froude num-
bers Lazauskas (2009). The desired experimental results for
two Froude numbers were obtained by using data digitizer
software. The difference between numerical and experi-
mental study was approximately 3% at Froude number of
0.41 while it was 5% at Froude number of 0.28.

5.1  Numerical results for model scale Reynolds number
After validation study, different model scale ships were

used to investigate FST. Calculations associated with the
resistance components at different scales (see Section 2)
were performed and results were compared.

As seen from Fig. 7, CF values at different scales were
independent of the scale ratio due to satisfied FST. Interest-
ingly, results revealed that CF values calculated by ITTC has
slight discrepancy when Fr=0.41 cases were examined.
However, differences were smaller at Fr=0.28 as expected
due to certain forward speed limitations on ITTC-1957 for-
mula (Date and Turnock, (1999). It should be noted that av-
erage y+ values on the hull surfaces for different scales are
reported between 30 and 60.

Table 8   Numerical Uncertainty for CT at Fr=0.41

Grid convergence
φ1 0.007069
φ2 0.006984
φ3 0.007167
R –0.464

GCIMEDIUM 1.32%

 
λ λFig. 6.   Time avareging of RT signal =0.2 and =2 at Fr=0.28.
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As clearly seen from Fig. 8, CR values at different scales
were approximately the same for Fr=0.28 and Fr=0.41 sep-
arately. As noted earlier, CR was a function of Froude num-
ber and these values are expected to be constant at a fixed
Fr.

As extracted from Fig. 9, CT values were the same for
different scale ratios due to FST and establishing Fr–Re
similarities was possible by creating a virtual fluid.

As can be seen in Fig. 10 and Fig. 11, free surface eleva-
tions are only the function of Froude number and these elev-
ations change with the scale ratio. The free surface eleva-

λ λtions are only given for =0.2 and =2. It should be noted
that free surface elevations were captured in the same man-
ner by using both virtual and real fluids (Please see the
wave elevation scale in Fig. 10 and Fig. 11).
 

Table  9    Comparison  of  calculated  total  resistance  coefficients
(Lazauskas, 2009)

λ=1 (L=3.052 m)
Fr CT (EXP) CT (CFD) Relative difference (%)

0.28 0.004648 0.004878 4.95
0.41 0.006800 0.006985 2.72

 
Fig. 7.   Comparison of CF at different scales and Fr.

 
Fig. 8.   Comparison of CR at different scales and Fr.

 
Fig. 9.   Comparison of CT at different scales and Fr.

 
λFig. 10.   Comparison of free surface deformation between real (left) and virtual (right) fluids at =0.2.

 
λFig. 11.   Comparison of free surface deformation between real (left) and virtual (right) fluids at =2.
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5.2  Numerical results for full-scale Reynolds number

λ

In this section, first, the results of numerical solutions at
Fr=0.41 associated with full scale Re are given. Resistance
components for the full-scale ship ( =46.588) were calcu-
lated using different element numbers starting from 1.5×106

to 9.5×106. The main reason to reach such high element
numbers is to predict CF value with a high level of accuracy
in comparison with ITTC formula. The numerical results are
given in Table 10. As seen in Table 10, numerical CF val-
ues approach to ITTC-1957 formula due to increasing ele-
ment numbers i.e. decreasing wall y+ values. In other
words, an increase in wall y+ value deteriorates the calcula-
tion of CF in full-scale resistance prediction due to low res-
olution of the boundary layer grid. CR values of full-scale
ship at different grid sizes reach up to the value of model
scale ship as the number of elements increases.

λ

The second step, a comparison study was made to in-
vestigate the functionality of FST on the prediction of full-
scale ship’s CT at model scale dimension ( =1). As clearly
proved in Section 3.5, averaged y+ values on the hull sur-
face do not change because Reynolds numbers remain con-
stant. On the other hand, accurate prediction of CF directly
depends on y+ values. Generally, extremely high Re num-
bers are observed in a full-scale case referring extremely
high y+ values unless sufficient numbers of elements are
used. To make fair comparison, element number was taken
the same as 1.5×106 in full and model scale computational
domains as seen from Table 11.

As can be seen in Table 11, CF values are the same for
both full-scale and model scale ships due to Reynolds simil-
arity. FST only provides a slight contribution on the CR val-

ue due to decreased cell size dimensions on the free surface
for the model scale at the same element count. On the other
hand, free surface deformation for full-scale and model
scale using FST is also given in Fig. 12. As expected, wave
elevations change with scale ratio due to Froude similarity.

6  Conclusions

ɛ
In this paper, flow around several DTMB 5512 models

and full-scale ships was solved using RANS with k–  turbu-
lence model. Verification study was conducted by GCI
method which is recommended in ITTC procedure for CFD
verification. The numerical results were compared with the
experimental results for total resistance. Then, FST was im-
plemented for four different model scales to investigate the
total resistance characteristics at two different Froude num-
bers (Fr=0.41 and Fr=0.28) for validation purpose. The res-
ults show that establishing Froude and Reynolds similarit-
ies together was possible without losing any accuracy of
total resistance coefficient at the model scale Reynolds
number. To examine the functionality of FST for the predic-
tion of full-scale ship resistance in a model scale dimen-
sions, this technique was employed for full and model scale
ships at the full-scale Reynolds number. According to the
inference from this study, the same high element numbers
should be adopted to represent high Reynolds numbers at
full and model scale due to increased wall y+ values.
However, such a similarity might yield less grid number re-
quirement in the model scale computational domain since
the calculation of residual resistance components as trunca-
tion errors were lower compared with the computational do-
main for a full-scale case. Therefore, by defining virtual flu-
ids, applying Froude and Reynolds similarities together in
the numerical calculations is possible but such application

Table 10   Numerical results for the full scale ship (Fr=0.41)

Element count 1.5×106 3.5×106 9.5×106

CF (CFD) 0.001558 0.001507 0.001443
CF (ITTC) 0.001381

Dif. CF (CFD) and CF (ITTC) 12.82% 9.12% 4.49%
y+ values 6000 2000 1500
CR (CFD) 0.003773 0.003646 0.003520

CR (CFD, at model scale) 0.003535
Dif. CR (CFD) and CR (CFD, at

model scale) 6.78% 3.20% 0.38%

Table 11    Comparison of numerical results for the full and model
scale ship for 1.5×106 element number (Fr=0.41)

λ=1 λ=46.588
CF (CFD) 0.001557 0.001558
CF (ITTC) 0.001381
CR (CFD) 0.003683 0.003773

CR (CFD, model scale) 0.003636
Dif. CR (CFD) and CR(CFD, model scale) 1.29% 3.77%

 
λ λFig. 12.   Comparison of free surface deformation between virtual fluid (right, =1) and real fluid (left, =46.588) at Fr=0.41.
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has only slight advantages for the prediction of residual res-
istance.
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