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The members of the Resistance Committee
of the 28th ITTC are:

• Dr. Thomas C. Fu (Chair)
Office of Naval Research,
Ship Systems and Engineering Research Di⁃
vision
Arlington, Virginia, U.S.A.

• Dr. Hisao Tanaka
Japan Marine United Corporation
Tsu, Japan

• Dr. Jin Kim
Maritime and Ocean Engineering
Research Institute
Daejeon, Korea

• Assoc. Prof. Gregor Macfarlane
Australian Maritime College
University of Tasmania
Tasmania, Australia

• Wentao Wang
China Ship Scientific Research Center
China

• Dr. Richard Pattenden
QinetiQ
United Kingdom

• Dr. Mario Felli
CNR⁃INSEAN
Rome, Italy

• Professor Sakir Bal
Istanbul Technical University
Istanbul, Turkey

Four committee meetings have been held
during the work period:

• Washington, DC, USA, 3－4 March 2015 at
Naval Surface Warfare Center, Carderock
Division.

• Tokyo, Japan, 30 Nov—1 Dec 2015, at Na⁃
tional Maritime Research Institute

• Gosport, England, 26－27 July 2016, at Qi⁃
netiQ

• Launceston, Tasmania, 16 － 17 February
2017 at Australian Maritime College.

１．２　 Ｔａｓｋｓ

The recommendations for the work of the
Resistance Committee as given by the 27th IT⁃
TC were as follows:

(1) Update the state⁃of⁃the⁃art for predic⁃
ting the resistance of different ship concepts
emphasizing developments since the 2014 IT⁃
TC Full Conference. The committee report
should include sections on:

a. The potential impact of new technologi⁃
cal developments on the ITTC.

b. New experimental techniques and ex⁃
trapolation methods.

c. New benchmark data.
d. The practical applications of computa⁃

tional methods to resistance predictions and
scaling.
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e. The need for R&D for improving meth⁃
ods of model experiments, numerical modeling
and full⁃scale measurements.

(2 ) During the first year, review ITTC
Recommended Procedures relevant to resist⁃
ance and resistance specific CFD procedures:

a. Identify any requirements for changes
in the light of current practice, and, if approved
by the Advisory Council, update them.

b. Identify the need for new procedures
and outline the purpose and content of these.

(3 ) Review definitions of ship surface
roughness and develop a guideline for its meas⁃
urement; hereunder resolve differences between
ISO 4287 and the widely used BMT roughness
measurement system. Include the effect of coat⁃
ings and their through⁃life changes.

(4) Review trends and new developments
on understanding the phenomenon of unsteady
free surface flows, including their influence on
added resistance and experimental techniques

(5) Develop a new procedure for wave
profile measurement and wave resistance analy⁃
sis.

(6) Review roughness of models and ap⁃
pendages produced by rapid prototyping. As⁃
sess effects of this roughness on resistance.

(7) Propose guidance for ITTC members
to reduce/manage their uncertainty as a result
of the worldwide resistance benchmark tests of
previous ITTCs.

(8) Review turbulence stimulation meth⁃
ods and devices from the point of view of their
physics and update the relevant procedure 7.5⁃
01⁃01⁃01 Ship models. Check occurrence of
turbulence stimulation methods in other proce⁃
dures and update as needed.

(9) Develop a procedure for verification

and validation of the detailed flow field data.

(10) An ITTC benchmark study shall be
initiated according to 7.5⁃01⁃03⁃04 Benchmark
for PIV (2C ) and SPIV (3C ) set⁃ups. The
benchmark study would involve PIV measure⁃
ments performed on a flow of interest, with
fully detailed uncertainty analysis. The results
can then be compared with similar measure⁃
ments done in different facilities or with high⁃
quality CFD computations from various organi⁃
zations.

(11) Continue the World Wide Campaign
and endeavour to obtain the new and already
submitted test data in open form in order to en⁃
able a more detailed insight into the deviations
between the data.

２　 ＳＴＡＴＥ ＯＦ ＴＨＥ ＡＲＴ

２．１　 Ｅｘｐｅｒｉｍｅｎｔａｌ Ｔｅｃｈｎｉｑｕｅｓ ａｎｄ Ｅｘｔｒａｐｏ⁃
ｌａｔｉｏｎ

The most notable and organized activity
on experimentation topics in the marine envi⁃
ronment is the Advanced Model Measurement
Technology conference series (AMT). The 5th
conference of the series, held in Istanbul in
September 2015, gives specific emphasis on
coating assessment and performance, drag re⁃
duction and energy efficiency of ships.

New experimental approaches have been
proposed to collect and monitor biofilm growth
and assess their effect on the frictional drag
characteristics. Atlar et al. (2015) reported on
the design, manufacture and early operational
experiences of a specially designed strut ar⁃
rangement deployed on the research vessel of
Newcastle University to collect fouling samples
while the ship in in⁃service (Figure 1).Demirel
et al. (2015) presented a novel experimental ap⁃
proach to predict the added resistance caused
by the calcareous fouling. The approach is
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based on an extensive series of towing tests in
which the effects of the coverage percentage
and locations of the fouling accumulation is ex⁃
amined over a range of Reynolds numbers u⁃
sing flat plates covered with artificial, 3D prin⁃
ted barnacles. Li et al. (2015) measured the
roughness characteristics of a biofilm cultivated
in a controlled environment and assessed its
effect on the frictional drag characteristics u⁃
sing a special axisymmetric body apparatus.

Figure 1 　 Manufacturing, painting, initial
installation process and some details of the
moon pool plug and strut assembly as well
as transporting of safe stand (Time sequence
of events is left to right and from top to bot⁃
tom) (Atlar et al., 2015)

The use of convectional approaches based
on resistance measurements has been improved
through dedicated apparatuses minimizing any
interference and other uncertainty sources, in⁃
cluded the human factor. For example, Perel⁃
man et al. (2015) used a dedicated balance de⁃
signed to reject parasitic forces due to the cross
coupling interference in the direction perpen⁃
dicular to the flow to undertake high Reynolds

skin friction tests about samples of smooth and
rough surfaces, treated with several coating
systems. Savio et al. (2015) performed resist⁃
ance tests on a series of plates (6m × 0.6m),
having different roughness levels, in fully auto⁃
matic mode in order to carry out tests exactly
in the same way for all the tested plates (i.e.
the carriage is left unmanned and the tests are
executed with prescribed automatic proce⁃
dures).

Some advances have been made in the as⁃
sessment of the roughness and coating applica⁃
tion characteristics. For example, Li et al.
(2015) used a tailor made portable laser profil⁃
ometer which provides a contactless measure⁃
ment capability of roughness characteristics by
a laser probe installed on a traverse device,
whose positioning relative to the test surface is
measured by an encoder (Figure 2). Savio et al.
( 2015 ) measured roughness characteristics
through a high resolution 3D scanning laser,
making several imprints of each plate to cover
a surface extent much bigger than the laser
scanner area. Moving Gaussian and spatial fil⁃
ters (with different cut offs) were applied to the
surface profiles to account for spatial distribu⁃
tion, to filter out various surface texture fea⁃
tures and to remove the long wavelength
“ form” of the plate and its imprints (Figure 3).
The accurate assessment of the coating applica⁃
tion characteristics is a relevant issue in the ex⁃
ecution of resistance tests since the perform⁃
ances of the same paint can be influenced sig⁃
nificantly by the quality of the application, as
reported in Savio et al. (2015). This implies
that high quality surface scans, able to resolve
minimal differences in the paint application
should be used.

The development and application of new
experimental approaches to measure the wall
stress distribution has been mainly based on the
use of optical techniques. For example, Olson
et al. (2015) introduced a new non⁃intrusive
surface pressure and shear stress diagnostics
technique that works as the molecular counter⁃
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Figure 2 　 Portable laser profilometer sche⁃
matic diagram (Li et al., 2015)

Figure 3 　 Arithmetic mean of absolute
heights of the surface of the tested plates for
three cut offs; 8, 2.5 and 0.8 mm (Savio et
al., 2015)

part of Particle Image Velocimetry (PIV). In
this technique, fluid molecules, rather than seed
particles, are marked and tracked to enable
wall⁃glare⁃free⁃boundary⁃layer⁃resolved meas⁃
urements. Another approach concerns the use
of Temperature Sensitive Paint (TSP) that relies
on surface temperature measurements to obtain
the relative skin friction characteristics ( see
Liu, 2013).

For testing catamarans in towing tanks, the
concept of towing a single demihull in close
proximity to the tank wall for taking interfer⁃
ence effects into account was used by Zurcher et
al. (2013), Kamal et al. (2015) and Haase et al.
(2016b), as shown Figure 5. The advantage over
the full catamaran configuration including both
demihulls is that more physical space is availa⁃
ble in the model for mounting equipment, such
as self⁃propulsion gear and that larger scale fac⁃

Figure 4 　 Example 1c⁃MTV image pair ob⁃
tained over a portion of the suction surface of
an airfoil at incidence: “ undelayed” ( top)
and “delayed” (bottom) images are separated
by 10 ms. Green lines represent phosphores⁃
cence produced by molecules excited by Ex⁃
cimer

tors can be achieved. Tank length and water
depth may then become the limiting factors for
the model size (Haase et al. 2016a). This con⁃
cept was proven by Rovere (1997).

２．２　 Ｎｅｗ Ｂｅｎｃｈｍａｒｋ Ｄａｔａ

A new ship hull used in Tokyo 2015: A
Workshop on CFD in Ship Hydrodynamics (ht⁃
tp://www.t2015.nmri.go.jp) is a Capsized bulk
carrier called Japan Bulk Carrier (JBC), which
has been designed together with its energy sav⁃
ing duct for the validation of the CFD predic⁃
tions of ship flows with energy saving device.
The design ship speed is set to 14.5 knots. The
propeller is a conventional five⁃bladed propel⁃
ler with the AU section. The geometries of a
main hull and a duct are shown in Figure 6 and
the principal particulars are listed in Table 1
and Table 2. The duct has a circular shape with
the diameters of 0.55 Ｄｐ(propeller diameter), the
angle of attack 20 Deg. And its section form is
NACA4420 with the chord length of 0.3 Ｄｐ .
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Figure 5　 Top: Concept of a single catama⁃
ran demihull towed in close proximity to
the tank wall for realising larger models
and scale factors for catamarans. Bottom: A
photograph of a 4.35 m long model of a
high⁃speed wavepiercing catamaran demi⁃
hull towed in th in the 100 m long AMC
towing tank (Zurcher 2015)

Figure 6 Geometries of a ship hull (left) and
a duct(right)

Ｔａｂｌｅ １　 Ｐｒｉｎｃｉｐａｌ ｐａｒｔｉｃｕｌａｒｓ ｏｆ ａ ｓｈｉｐ
Lpp［m］ Lwl［m］ B［m］ D［m］ d［m］ CB

280.0 285.0 45.0 25.0 16.5 0.858

Ｔａｂｌｅ ２　 Ｐｒｉｎｃｉｐａｌ ｐａｒｔｉｃｕｌａｒｓ ｏｆ ａ ｐｒｏｐｅｌｌｅｒ

Dp［m］ H/D BR AR No. of
blades

Blade
section

8.12 0.75 0.18 0.50 5 AU

The ship model with the scale ratio of
1/40 (i.e. Lpp = 7.0m) was constructed and test⁃
ed in the 400m towing tank of the National
Maritime Research Institute. Also, the flow
field measurement was carried out using the
SPIV (Stereo Particle Image Velocimetry) sys⁃
tem. Note thet the ship model is not equipped
with a rudder, since a rudder may interfere with
the leaser sheet of the SPIV. In addition, SPIV
measurement using 3.2 m model is also con⁃
ducted in Osaka University. The stern shape of
7m model with the duct and propeller is shown
in Figure 7 Duct and propeller.

Figure 7　 Duct and propeller

The Committee added this new benchmark
data to the procedure 7.5⁃03⁃02⁃02: CFD, Re⁃
sistance and Flow Benchmark Database for
CFD Validations for Resistance and Propulsion.

２．３　 Ｐｒａｃｔｉｃａｌ Ａｐｐｌｉｃａｔｉｏｎｓ ｏｆ ＣＦＤ

CFD can be a reliable tool to determine
the drag of marine surface craft, as the relevant
flow phenomena are resolved. However, in
comparison to model scale experiments 3% －
8% of deviation in drag may still occur (Ak⁃
barzadeha et al. ( 2015 ), Kleinsorge et al.,
(2016 ), Ozdemir et al., ( 2014 ), Sun et al.
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(2016).

For unconventional craft including multi⁃
hulls and planing vessel, a certain deviation
from experimental results may be expected.
Jiang et al. (2016) used CFD to investigate a
planing trimaran up to speeds of FrV = 5.9 for
which the drag was under⁃predicted by 15% .
However for speeds below FrV <5, the drag was
within 6% of the experimental measurements
which is in the range of what De Luca et al.
(2016) found who concluded with 5% － 8%
under⁃prediction for a planing boat at Fr = 0.8⁃
1.4. Eslamdoost (2014) predicted the drag with⁃
in 4% for Fr =0.2⁃1.6 for a 2.3 m planing mo⁃
nohull (Figure 8). Also at lower speeds (Fr =
0.2⁃0.45) under⁃prediction of 2% －8% can oc⁃
cur for a 4.3 m high⁃speed catamaran model
and less than 4% under⁃prediction for a 2.5 m
medium⁃speed catamaran model (Haase et al.
2016b).

Numerical Full⁃scale Predictions and Its
Validation Computational fluid dynamics can
be used to directly determine the drag of the
full scale ship, but it is difficult to validate
these results due to the absence of controlled⁃
environment testing facilities for full⁃scale
ships. One approach is to simulate the self⁃pro⁃
pelled model and then compare to sea⁃trial re⁃
sults, which implies that not only the resistance
is accurately predicted, but also the propeller
performance and the propeller⁃hull interaction.

Ponkratov & Zegos (2015 ) modelled a
steadily sailing ship (CB=0.8) at design draught
including the propeller and the superstructure u⁃
sing CFD and compared it to sea trial data at the
same conditions. Shaft power was over⁃predic⁃
ted by no more than 3% at Ｆｒ = 0.19. Extrapo⁃
lated model test results were within 4% of the
measured data. Simulations at model scale con⁃
cluded with deviation to measurements no
more than 3% for drag and propeller character⁃
istics. They conclude that the ship⁃hull interac⁃
tion may have been more accurately predicted
in CFD, however, they also admit that it is dif⁃

Figure 8　 Free⁃surface from CFD and ex⁃
periments from Eslamdoost (2014)

ficult to support such a statement.

Mikkelsen & Steffensen (2016) also used
CFD to predict the powering requirements for a
62,000 dwt bulk carrier (L =200 m) at 14.5 kn.
Compared to sea trials, CFD over⁃predicted the
delivered power by 2% , while extrapolated
model test data over⁃predicted by 6% . Howev⁃
er, compared to the sea⁃trialled ship, a stock
propeller was used and drag due to the super⁃
structure, bilge keels and hull roughness was in
included using empirical corrections from ITTC
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guidelines instead of resolving the effects using
CFD.

Haase et al. (2016b) used CFD to predict
the full⁃scale drag in conjunction with model⁃
scale experiments. They first modelled the ship
(a 98 m high⁃speed wave⁃piercing catamaran)
at model scale and after acceptable agreement
with experimental data was achieved they sim⁃
ulated the vessel at full⁃scale Reynolds num⁃
bers. Instead of increasing the size and speed of
the ship, they decreased the viscosity so that
Froude and Reynolds number correlate to the
full scale ship. The drag can then be linearly
scaled to full⁃scale by form factor cubed (λ3 )
and the ratio of fluid density (ρSW/ρFW), as out⁃
lined in Figure 9. While hull roughness was re⁃
solved, air drag was empirically considered.
For Froude numbers around 0.4, sea⁃trial re⁃
sults were within the range of numerical pre⁃
dictions and extrapolated model scale data. At
lower Froude numbers the model⁃scale data
and CFD prediction under⁃predicted the sea⁃tri⁃
al results. For estimating drag from the sea⁃trial
results, they correlated shaft power with the
thrust curves of the water jet propulsor and as⁃
sumed that drag equals thrust.

CFD can be useful for predicting resist⁃
ance components. Kinaci et al. (2015) simula⁃
ted the KCS in single⁃phase double body simu⁃
lations and multi⁃phase simulations, where the
difference in drag can be attributed to the
wave⁃making resistance. Park (2015) used CFD
to investigate the form factor for the KVLCC2
and DTMB 5415 using the double⁃body ap⁃
proach. He subdivided the form factor into fric⁃
tional and viscous pressure components. The
contribution due to the viscous pressure loss
was more than twice as significant when com⁃
pared to the additional friction. For both mod⁃
els the increase in friction was comparable, but
the pressure losses for the KVLCC2 were twice
as big when compared to the DTMB model.
For Reynolds numbers of 1 × 107⁃3 × 108 the
form factor increased by up to 10% when u⁃
sing ITTC ship⁃model correlation line, while it

Figure 9　 Flow chart for using CFD to pre⁃
dict the full⁃scale drag in conjunction with
model⁃scale experiments ( Haase et al.
2016b)

only increased by less than 4% when using the
Grigson line instead. Also Wang et al. (2016)
investigated the form factor as a ratio of pres⁃
sure drag over frictional drag for a double⁃body
tanker. Their results concluded that the form
factor is 3% smaller for the full⁃scale ship
when compared to model scale.

For industrial applications, turn⁃around
times, when using CFD in the simulation⁃based
design process, can be reduced if integrated
software approaches are used (Stern et al. 2015,
Kleinsorge et al. 2016).

Despite the advances using viscous CFD,
there are still many developments for potential
flow solver. These are mainly used for investi⁃
gating wave⁃making drag with much shorter
turn⁃around times and hence are suitable for
large design space exploration and model com⁃
parison in the early design stage of a vessel.
Deviations of 10% may be expected. Examples
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include: Peng et al. (2014), Yang et al. (2016),
Chen et al. (2016), Yua et al. (2015), Ginnis et
al. (2013), Will & Koempe (2015), and Tsub⁃
ogo (2016).

Sherbaz & Duan (2014) and Sun et al.
(2016 ) have used CFD for establishing the
effect of trim angle on the calm water resist⁃
ance for reducing fuel consumption during op⁃
eration. They both concluded with a trim to⁃
wards stern for reducing drag. Sun et al. (2016)
found very close agreement between his extrap⁃
olated CFD results (using ITTC' 57 approach)
and sea⁃trial measurements at different trim an⁃
gles.

The effect of Reynolds number ( scale
effect) on the form factor has been investigated
by RANS equations⁃based CFD analysis in
(Kinaci et al., 2016). It was found that the form
factor depends on Reynolds number almost lin⁃
early. This means that once two form factors
are computed (or measured experimentally) at
very low Froude numbers, one can easily apply
linear extrapolation technique to get the full
scale Reynolds number form factor.

Extrapolation/Scaling Hagesteijn et al.
(2016) note the large scatter of correlation val⁃
ues when deriving the powering requirements
at design draught based on sea⁃trial data at bal⁃
last conditions. A low value suggests low drag
and thus low fuel consumption. A low value is
desirable for the ship operator, but if the value
is too low, the service speed could be underes⁃
timated and the propeller overloaded which
leads to more cavitation, noise, erosion, and
potentially to shorter docking intervals. They
highlight the role of CFD for understanding
and predicting scale effects which then could
lead to lower correlation allowance values and
more accurate powering prediction.

For vessels with a deep transom stern, the
drag coefficient is highest when the transom
runs dry (Eslamdoost et al., 2013). Haase et al.
(2016c) found that the transom can contribute

up to 70% of the total drag for the full⁃scale
vessel and that the dry⁃state at full⁃scale occurs
at lower Froude numbers (dFR =0.02). The au⁃
thors highlight that CFD is capable of accurate⁃
ly predicting this effect (Figure 10) and consid⁃
er it as a non⁃linear scaling effect that is taken
into account when using CFD for extrapolating
model test results.

Haase et al. (2015) studied the drag prop⁃
erties and attitude of a hull form family for
large medium⁃speed catamarans (Ｆｒ = 0. 25⁃0.
49) at full⁃scale, using the approach presented
in Haase et al. (2016b). The hull form study at
full⁃scale Reynolds numbers is supposed to e⁃
liminate any scaling effects between the model
and full scale predictions.

For submarines, often a non⁃skid coating
is applied on the top side of the hull which ex⁃
ceeds typical hull roughness values (Shen &
Hess, 2011). The increase in drag force is not
primarily caused by an increase in shear force,
but rather by eddies originating from the pro⁃
trusions of individual roughness spikes. For
scaling the boundary layer on such surfaces,
Shen & Hess (2011 ) derived a momentum
boundary layer thickness similarity method for
roughness scaling which agreed well with re⁃
sults obtained from free⁃running submarine
models. Correlation formula for predicting
model⁃scale roughness to mimic non⁃skid sur⁃
faces:

ｈｍ ＝ｈｓ
１
λ

æ

è
ç

ö

ø
÷
Ｒｅｘｍ
Ｒｅｘｓ

æ

è
çç

ö

ø
÷÷

－０．２

＝ｈｓ
１
λ

æ

è
ç

ö

ø
÷ （λ） ０．３ Ｖｍ

Ｖｓ

æ

è
çç

ö

ø
÷÷

０．２

(1)

Shen et al. (2015) introduced a novel ap⁃
proach for extrapolating model⁃scale drag. For
an axis⁃symmetric body, they divided the body
into a laminar and a turbulent part. The model⁃
scale form factor was calculated for the partly
laminar⁃turbulent flow, while it was predicted
for the full⁃scale body with fully or almost full⁃
y turbulent flow. This leads to different form
factors at model and full⁃scale Reynolds num⁃
bers. When using tripping devices, the laminar
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Figure 10 　 Upper: Flow pattern in the
stagnant area past the partially ventilated
transom of a high⁃speed catamaran by nu⁃
merical prediction (top) and experiments
(bottom). Lower: State of transom ventila⁃
tion determined by experiments, empirical
formulations, and CFD at model and full
scale(Haase et al. 2016c)

area can be accurately predicted. The current
ITTC􀆳78 extrapolation procedure is considered
a special case (where the form factor is inde⁃
pendent of Reynolds number) of the presented
approach.

Drag Prediction in Finite Water Patel &
Premchand (2015) studied the DTMB 5415 at
h/T = 1.5 at length Froude number (Fr) from
0.15 to 0.36 which correlates to depth Froude
numbers (Frh) of 0. 6⁃1. 6. For depth Froude
number of 1.0 and below, their results are with
7% of an empirical prediction by Karpov. The
highest drag (270% ), when compared to deep

water, was found at Frh = 1.1.

Mucha et al. (2016) investigated the KCS,
DTC and KVLCC2 in shallow water conditions
(h/T =1.2, 1.3) at model scale. At speeds below
1 m/s CFD and experiments showed good a⁃
greement in drag. At the highest speed tested,
the deviation went up to 10% and 20% for at
h/T = 1. 3 and 1. 2 respectively, for DTC and
KCS. For the KVLCC2 good agreement over a
range of speeds (0.2⁃0.7 m/s) was achieved.
For predicting sinkage and trim, a Rankine⁃
source panel method and a slender⁃body theory
approach were also investigated. CFD lead to
more accurate prediction, BEM and SB meth⁃
ods are acceptable at the lower speed range.
Also, good results for the KCS at high speeds
with the Rankine⁃source approach can be a⁃
chieved (Gourlay et al., 2015). Generally, sink⁃
age is more accurately predicted that trim.

Tezdogan et al. (2016) studied the DTC
hull at depth Froude numbers (Frh) from 0.2⁃
0.5, for Fr < 0. 12. Compared to experiments,
squat deviated by up to 10% which was within
the experimental uncertainty. A critical depth
Froude number between 0.4 and 0.5 was found,
after which the resistance rapidly grew, espe⁃
cially due to an increase in friction at the hull.

Haase et al. (2016a) investigated a 2.5 m
model of a 130 m medium⁃speed catamaran.
Speeds of Ｆｒ=0.37, and 0.45 were investigated
at different draughts relating to Frh =0.37⁃0.92.
CFD predictions and experimental measure⁃
ments within 6% . With CFD they predicted
that for a tank width of b/L =1.4 a depth of h/L
= 0.7 is required to have residuary resistance
deviating less than 1% from an infinitely deep
tank. For a shallow water case (h/L =0.24) they
found that the tank width needs to be at least b/
L = 3 at Ｆｒ = 0.37 to have residuary resistance
deviating less than 1% when compared to an
infinitely wide tank and at b/L > 15 for Ｆｒ =
0.45. Values for infinitely deep or wide tanks
were achieved using Richardson extrapolation
of finite tank dimensions. Furthermore, they
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predicted the drag for full⁃scale catamarans.
For a 98 m high⁃speed catamaran at 18 knots at
h/L = 0.12⁃0.17, CFD under⁃predicted the drag
by 17% － 32% while corrected model⁃test re⁃
sults would have underestimated drag by 33%
－ 40% . When comparing full⁃scale simulated
drag of the 130 m catamaran with the extrapo⁃
lated experimental results, a difference up to
11% was reported, whereas CFD predicted up
to 12% less pressure drag than residuary resist⁃
ance (determined by experiments) and up to
35% more viscous drag.

Gao et al. (2014) used CFD to investigate
the drag of a KVLCC2 model advancing in
shallow water (h/T =1.2) where the sea floor is
covered with mud, from 0.0 to 0.4×T above the
sea bed, meaning that the lower 20% of the
vessel hull was covered in mud. The mud was
modelled as a Bingham plastic with a density
of 1220 kg/m3 . Results suggest that the ship􀆳s
penetration into the mud should be less than
10% of the ship􀆳s draught to avoid excessive
drag. The increase in drag is mainly addressed
to an increase in shear stress where the mud
covers the hull.

Gao et al. (2015) numerically studied the
drag of a Wigley hull when advancing in mud⁃
dy waters using the Herschel⁃Bulkley model
for simulating the mud (Figure 11). Similar to
the above study, the frictional drag increases
once the ship starts penetrating the mud.

２．４　 Ｎｅｅｄ ｆｏｒ Ｒｅｓｅａｒｃｈ ａｎｄ Ｄｅｖｅｌｏｐｍｅｎｔ

The need for research and development
for improving methods of full⁃scale powering
predictions.

One popular attempt was made to validate
full⁃scale drag predictions (Denny & Maurice
1951), where the paddle wheeler Ｌｕｃｙ Ａｓｈｔｏｎ
(see Figure 12) was powered with air borne jet
turbines on a force balance to avoid any hull⁃
propulsor interaction. However, a considerable
effort was required.

Figure 11 　 Top: Three phase (air, water,
and mud) for a hull advancing in shallow
water with muddy ground. Bottom: Dras⁃
tic increase in drag once the hull pene⁃
trates the mud for Hmud /D>0.1 (Gao et al.
2014)

Figure 12 　 The Lucy Ashton, a former
paddle wheeler with jet turbines for meas⁃
uring full⁃scale drag
( flickr. com/photos/scottishmaritimemuse⁃
um/)

Ponkratov & Zegos (2015) stated that in
sea trials the propeller torque, shaft rpm and
speed can be sufficiently accurately measured
for CFD validation purposes. However, propel⁃
ler thrust is difficult to obtain, because the lon⁃
gitudinal deformation of the shaft is in the
same order of magnitude as the equipment tol⁃
erances.

Mikkelsen & Steffensen (2016) claim re⁃
peatability of full⁃scale powering measurements
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between four sister ships. However, when com⁃
paring sea trial powering measurement with
measurements of ships in service, they found
an increase in power requirement of 8% , which
was related to bio⁃fouling effects. They state
that sea trials are a “ trustworthy reference” for
extrapolated towing tank data and full⁃scale
CFD predictions. They furthermore state the is⁃
sue that most sea trials are conducted at ballast
conditions, even though it is an off⁃design case.

Ponkratov (2016) provided sea trial meas⁃
urements of a cargo ship in ballast conditions.
The ballast draught may have led to a low aft
draught and resulted in a relatively low propel⁃
ler immersion and thus negatively impacted the
uncertainty of the measured data.

Full⁃scale powering predictions using
CFD appear to have the potential for being
practically applicable and can be validated by
measurement in sea trials. However, the above
cases have the drawback of representing a hull
largely unaffected by bio⁃fouling or sailing at
ballast draught, which both is not applicable to
the typical ship in operation.

３　 ＰＲＯＣＥＤＵＲＥＳ

３．１　 Ｒｅｑｕｉｒｅｍｅｎｔｓ ｆｏｒ Ｃｈａｎｇｅｓ

The committee determined that the follow⁃
ing procedures would benefit from updating:

• 7. 5⁃01⁃01⁃01 Ship Models—Revised sec⁃
tions on construction materials, surface fin⁃
ish, manufacturing tolerance, turbulence
stimulation and updated references.

• 7.5⁃01⁃03⁃04 Benchmark for PIV(2C) and
SPIV(3C) setups

• 7.5⁃02⁃02⁃01 Resistance Test—Revised def⁃
inition of variables to include new variables
that were missing, sinkage and trim, correc⁃

ted oscillation period formula, added section
on extrapolation to full scale, updated un⁃
certainty analysis and updated references.

• 7. 5⁃02⁃05⁃01 High Speed Marine Vehicle
Resistance Test—added missing variables,
added information on sand strips, speed
measurement instrumentation, thermome⁃
ters, data acquisition methods, data reduc⁃
tion and updated references.

• 7.5⁃03⁃01⁃01 Uncertainty Analysis in CFD
Verification and Validation Methodology
and Procedures—a minor update of Revi⁃
sion 02, in which the references to the ISO
document have been updated to the latest
issue of the JCGM GUM, and further de⁃
tails of the Least Squares Root method for
estimating error have been added.

• 7.5⁃03⁃01⁃02 Uncertainty Analysis in CFD,
Guidelines for RANS Codes—minor edito⁃
rial revisions.

• 7.5⁃03⁃02⁃01 Uncertainty Analysis in CFD
Examples for Resistance and Flow—minor
editorial revisions and corrections.

• 7.5⁃03⁃02⁃02 Benchmark Database for CFD
Validation for Resistance and Propulsion—
updated to include reference the 28th ITTC
RC report discussion of benchmark data⁃
base.

The following procedures were deter⁃
mined by the RC and AC to not require an up⁃
date:

• 7. 5⁃02⁃01⁃01 Guide to the Expression of
Uncertainty in Experimental Hydrodynam⁃
ics

• 7.5⁃02⁃01⁃03 Fresh Water and Seawater
Properties

• 7.5⁃02⁃02⁃02 General Guidelines for Uncer⁃
tainty Analysis in Resistance Tests
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• 7.5⁃02⁃02⁃02.1 Example for Uncertainty A⁃
nalysis of Resistance Tests in Towing Tanks

• 7.5⁃02⁃02⁃02.2 Practical Guide for Uncer⁃
tainty Analysis of Resistance Measurements
in Routine Tests

• 7.5⁃02⁃04⁃02.1 Resistance Test in Level Ice

• 7.5⁃02⁃04⁃02.5 Experimental Uncertainty A⁃
nalysis for Ship Resistance in Ice Tank Tes⁃
ting

• 7.5⁃03⁃01⁃01 Uncertainty Analysis in CFD,
Verification and Validation Methodology
and Procedures

• 7.5⁃03⁃01⁃02 Uncertainty Analysis in CFD
Guidelines for RANS Codes

• 7.5⁃03⁃02⁃01 Uncertainty Analysis in CFD
Examples for Resistance and Flow

• 7.5⁃03⁃02⁃03 Practical Guidelines for Ship
CFD Applications

• 7.5⁃03⁃02⁃04 Practical Guidelines for Ship
Resistance CFD

３．２　 Ｎｅｅｄ ｆｏｒ Ｎｅｗ Ｐｒｏｃｅｄｕｒｅｓ

The RC had a number of discussions on
possible new procedures and guidelines. While
there are a number of new and innovative ex⁃
perimental techniques, numerical models, and
model construction methods, the RC felt that
all of these areas are too premature to warrant
the need for ITTC procedures, and that the cur⁃
rent procedures provide adequate guidance at
this time. Future committees should continue
monitoring these advances and develop the
necessary guidelines/procedures as these areas
become more established.

４　 ＳＨＩＰ ＳＵＲＦＡＣＥ ＲＯＵＧＨＮＥＳＳ

When performing experiments on scale
models of ships the hulls are considered hy⁃
draulically smooth, whereas full⁃scale ship
hulls are subject to paint, marine growth (ran⁃
ging from soft slime to hard barnacles) and ge⁃
ometric imperfections, including dents, paint
defects, weld lines, and plate thickness differ⁃
ences. These impact the drag force and the flow
into the propeller (Guiard et al., 2013, Lind⁃
holdt et al., 2015). Relative to the fully turbu⁃
lent flow over a smooth plate, the skin friction
coefficient for flow over a rough surface in⁃
creases with increasing Reynolds numbers.
However, in absolute terms the skin friction co⁃
efficient for rough surfaces is independent of
Reynolds number once being in the fully rough
regime, as shown in Figure 13.

Figure 13　 Drag coefficient for a flat plate
of different roughness at a range of Reyn⁃
olds numbers (White, 2009)

Measurements by Ponkratov (2016) sug⁃
gest that the hull roughness of an operating, but
freshly cleaned 138 m cargo vessel varies from
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70⁃270 μm depending on the position on the
hull.

The exact roughness of the hull is mostly
unknown. Consequently, Haase et al. (2016b)
investigated a hull with equivalent sand grain
roughness of 100 and 200 μm and concluded
with reference to ITTC guidelines (which sug⁃
gested 150 μm if the exact value is unknown)
that the exact value should be in between these
two. Full⁃scale measurements for a 98 m high⁃
speed catamaran were within the predicted
range for Fr around 0.4.

Shen & Hess (2011) found that for very
rough surfaces, such as non⁃skid surfaces on
submarines, the increase in drag is dominated
by additional eddy drag induced by the rough⁃
ness elements, rather than by the increase in
skin friction drag. Thus they proposed a mo⁃
mentum boundary layer thickness approach for
considering an appropriate roughness in model⁃
scale experiments.

Bio⁃fouling From comparison of sea⁃trial
results and powering data of the same vessel in
service, Mikkelsen & Steffensen (2016) conclu⁃
ded that marine growth caused additional drag
of 8% .

Walker et al. (2014) and Schultz et al.
(2015) measured skin friction drag of coated
and fouling⁃affected plates with purposely cul⁃
tured biofilms. Using a scaling approach of
Granville, Walker et al. (2014) concluded for
friction increase up to 3% for AF (anti⁃fouling)
coating (less than 1% for fouling release coat⁃
ing) when compared to a smooth surface on
150 m ship at 30 knots. However, for a vessel
covered in moderate slime film, friction in⁃
creased by 48% leading to 19% increase in to⁃
tal drag.

Monty et al. (2016) measured the drag of
a tubeworm covered plate in a wind tunnel and
concluded an equivalent sand grain roughness
of 325 μm. This leads to an increase in friction

by up to 59% and the total drag up to 34%
considering a frigate and VLCC at different
speeds, if residuary resistance was unaffected.

Turan et al. (2016) towed a smooth plate
with 5% －20% coverage of artificial barnacles
for investigating the impact on the drag. They
concluded that friction on a LNG carrier increa⁃
ses by up to 37% － 98% and drag by 23% －
60% for the 5% －20% barnacle coverage if re⁃
siduary resistance was assumed being constant.

Demirel et al. (2014) and Vargas & Shan
(2016) validated different CFD models in a to⁃
wing tanks using surface piercing rough flat
plates covered with different AF coatings. They
both found that the CFD model was capable of
predicting the drag within 2% － 2.5% of the
measured values.

Demirel at al. (2016) have further applied
their CFD model to investigate the increase in
effective power at the full⁃scale KCS for two
speeds (19, 24 knots) for a variation of rough⁃
ness ranging from smooth, to that of AF coat⁃
ings, of slime, and of heavy calcareous fouling.
Compared to Monty et al. (2016) and Turan et
al. (2016), they also investigated the effect on
residuary and wave⁃making resistance. With
reference to the smooth hull, the coating in⁃
creased the friction up to 11% and the powe⁃
ring requirement up to 7% and in the heavy
calcareous case these figures reached 170%
and 130% respectively. The wave⁃making drag
for the AF coated hull reduced by 5% when
compared to the smooth case, which was even
more pronounced for the heavy fouling case
where it reduced by 72% . The relative reduc⁃
tion in wave⁃making was more pronounced at
19 knots when compared to the 24 knot case.
Nevertheless, the reduced wave⁃making drag
occurred at the cost of a higher total drag force.
The wave patterns for a smooth and heavily
fouled hull are shown in Figure 14.

Lindholdt et al. (2015) have conducted a
comprehensive review on bio⁃fouling and relat⁃
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ed drag penalties for ocean⁃going vessels. They
concluded that small scale tests for hull coat⁃
ings are important and common, but more in⁃
sight on fouling species, mechanical roughness,
and aging effects of the hull was missing. They
proposed that more research on the applicabili⁃
ty of small⁃scale testing for full⁃scale applica⁃
tions is required. Also, they suggest a replica⁃
tion of the ships operating pattern (static and
dynamic) when considering drag performance
investigations. While surface roughness can be
described with only one parameter (e.g. equiva⁃
lent sand grain roughness ), the density and
shape of the roughness elements should be
taken into consideration. However, they men⁃
tion even when including more parameters on
the roughness and its distribution, accurate pre⁃
diction are still difficult to achieve. Generally,
drag penalties due to hard macro⁃fouling is bet⁃
ter understood than losses due to soft bio⁃foul⁃
ing. Different types of fouling are shown in
Figure 15.

Ice Interaction For accurately modelling
the friction between a ship and sea ice, Cho et
al (2015) investigated different materials and
paintings to achieve a desired friction behav⁃
iour in model⁃scale experiments. They conclu⁃
ded that the addition of small amounts of MgSi
to lacquer and diluent was desirable. With this
method, the frictional coefficient between a test
sample and fresh water ice could be controlled
in the range of the target value.

Superhydrophobic Surface Superhydro⁃
phobic coatings and surfaces are becoming an
increasingly popular technique for the reduction
of drag in applications involving the flow of
liquids over solid surfaces, for a wide range of
Reynolds number, from laminar to turbulent
conditions. Such coatings work by the interpo⁃
sition of a gas layer between the liquid and the
solid wall, trapped by distributed microscopic
roughness elements present at the wall. Liquid
can flow over the gas layer with negligible fric⁃
tion.

Figure 14　 Wave making of the KCS at
24 knots for a smooth hull (top) and a
hull affected by heavy calcareous fouling
(bottom) (Demirel et al, 2017)

Dr. Anish Tetuja, Assistant Professor of
Materials Science and Engineering at the Uni⁃
versity of Michigan, Ann Arbor, recently pub⁃
lished two articles that have garnered signifi⁃
cant popular press coverage. In the work, “Ｈｙ⁃
ｇｒｏ⁃ｒｅｓｐｏｎｓｉｖｅ ｍｅｍｂｒａｎｅｓ ｆｏｒ ｅｆｆｅｃｔｉｖｅ ｏｉｌ⁃ｗａｔｅｒ
ｓｅｐａｒａｔｉｏｎ” (Arun et al., 2012) they developed
the first⁃ever solely gravity driven methodolo⁃
gies for the separation of a range of different
oil⁃water mixtures. Listed below are links to
some of the popular press coverage. Overall
well over 100 newspapers, magazines and web⁃
sites have highlighted this work.

Dr. Tetuja􀆳s group also developed one of
the first ever surfaces on which any liquid, in⁃
cluding various oils, alcohols, blood, acids and
bases, bounce and roll⁃off. Their paper entitled,
“ Superomniphobic Surfaces for Effective
Chemical Shielding” (Pan et al., 2013 ) has
been highlighted by over 100 publications.
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Figure 15 　 Different types of bio⁃foul⁃
ing: Slime (top), weed (middle), and bar⁃
nacles (bottom) (Willsher, 2007)

５ 　 ＷＡＶＥ ＰＲＯＦＩＬＥ ＭＥＡＳＵＲＥＭＥＮＴＳ
ＭＥＴＨＯＤＳ

Typical towing tank methods for measur⁃
ing steady (constant ship speed) ship generated
waves have included marking the steady wave
profile contact line with a grease pencil and the

post run measuring the change from the design
waterline, using resistive wave staff, and finger
probes. Very few organizations routinely make
wave profile measurements. At one time it was
not uncommon for the steady ship generated
transverse wave field to be characterized to es⁃
timate the wave resistance. The improved abili⁃
ty of CFD to be able to accurately estimate
wave, viscous, and total resistance has led to
the scarcity of this type of towing tank work.
When the RC polled the members on which in⁃
stitutions had documented procedures for wave
profile measurement only two organizations
still made these types of measurements. When
these procedures were reviewed it became clear
that these techniques were being used not to
charcterize wave resistance, but to validate
CFD codes. They were also focused on unique
applications and experiments. Since so little
steady wave resistance work was taking place
and that there was no well established organi⁃
zational techniques or testing, ITTC guidelines
and procedures were not warranted.

There is work being done that may be rel⁃
evant in the future to the ITTC. Work in meas⁃
uring turbulent free⁃surface flows (wave break⁃
ing ), typically optical, laser based methods
have been developed. The break⁃up of a turbu⁃
lent liquid into spray is a complicated multi⁃
phase flow problem with complex break⁃up
mechanisms. Currently, direct simulation of
these processes is impractical due to the large
range of scales and the requirements on grid
resolution and computation time. Because of
these limitations, experimental studies have
been used to develop semi⁃empirical closure
models and these have relied on advance meas⁃
urement techniques. Experimental research on
liquid sheet break⁃up has been performed to
improve the understanding of free⁃surface
break⁃up mechanisms ( Fu et al., 2012 and
Hackett et al., 2012). While circular liquid jets
have been studied extensively, e.g. Lin & Reitz
(1998), geometrical and scale differences make
the break⁃up of a liquid sheet different from
both circular free and wall jets, although the
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mechanisms leading to the sheet􀆳s break⁃up can
be similar (Dai et al, 1998). These structures
cause the liquid surface to roughen, and create
ligaments, which results in spray production.
As examined by Sarpkaya and Merrill (2000),
ligaments elongate until surface tension effects
result in the tip pinching off of a ligament to
create a droplet.

A number of quantitative visualization
techniques have been utilized in experiments
focused on the break⁃up of a turbulent liquid
wall jets and breaking waves. Shakeri et al.
(2009) utilizes a cinematic laser⁃induced fluo⁃
rescence (LIF) technique to meausure breaking
wave profiles. The features of the breaking
process can be easily identified. The focus of
these types of efforts are to investigate mecha⁃
nisms and provide data for assessment of nu⁃
merical simulations of the bulk properties of
the fluid and resulting spray.

６　 ＲＯＵＧＨＮＥＳＳ ＯＦ ＭＯＤＥＬＳ ＡＮＤ ＡＰ⁃
ＰＥＮＤＡＧＥＳ

The Final Report of the 27th RC provides
an overview of the various rapid prototyping
techniques in common use, such as: stereo li⁃
thography; laser sintering; inkjet/3D printing;
masking process; fused deposition; and lami⁃
nated object manufacturing. A review of pub⁃
lished literature on the subject identified a huge
number of publications on rapid prototyping in
general, on all facets of the process and a broad
range of applications, and many note that the
surface roughness of parts manufactured is crit⁃
ical as this can affect part accuracy, reduce the
post⁃processing finishing costs and improve
functionality of the parts. However, no publica⁃
tions could be identified that specifically deal
with the manufacture of hydrodynamic/ship
models or appendages and the effect that their
surface roughness has on resistance measure⁃
ment.

Bennett et al. (2015) performed an initial

investigation into the use of 3D printing tech⁃
nology to manufacture a structurally accurate
flexible towing tank model for assessing the
consequences of wave⁃ship interaction from a
ship structural design perspective. The material
properties of different 3D printed materials
were assessed for their ability to model the
scaled structural behaviour of a ship. Practical
considerations for the construction of 3D prin⁃
ted models were discussed, including the con⁃
straints imposed by the limited size of printer
beds for currently available units, thus requi⁃
ring a modular approach for constructing large
ship models.

Adelnia et al. (2006) conducted a study to
determine the suitability of models constructed
using rapid prototyping methods for use in sub⁃
sonic and transonic wind tunnel testing by
comparing against more conventional models
constructed of aluminium. In general, good a⁃
greement was found, except for runs involving
higher loading where it was assumed that the
3D printed models were bending. The authors
also noted that the surface finish of the 3D
printed models was not as smooth as the alu⁃
minium model and that this had a measurable
effect on the aerodynamic characteristics.

A benchmark study that quantified and
compared mechanical and other properties of
parts produced by various rapid prototyping
processes was performed by Kim and Oh
(2007). This included tensile, compressive and
impact strengths, hardness, heat resistance, di⁃
mensional accuracy, manufacturing speed, ma⁃
terial costs and surface roughness. It was found
for all methods that the tensile and impact
strengths were strongly dependent on the build
direction, and as the surface inclination increa⁃
ses, in most cases, the surface roughness de⁃
creases owing to the reduction of “ stair step⁃
ping” ( a dimensional shift as each layer is
printed). It was noted that the findings are
somewhat dependent on factors such as experi⁃
ence of operators, environmental conditions
and states of the materials used. Another
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benchmark study was performed by Mahesh ｅｔ
ａｌ. (2004) in which a purposely⁃designed part
was designed and fabricated to evaluate many
of the abovementioned mechanical properties
and features, but interestingly did not appear to
include surface finish.

In order to inform the ITTC community of
the surface roughness of typical ship models
and items produced using rapid prototyping
techniques (3D printers) the 28th ITTC RC have
quantified the surface roughness of existing
ship models manufactured from a range of
‘ traditional􀆳 materials and manufacturing tech⁃
niques and compared these to test samples pro⁃
duced using rapid prototyping methods (for va⁃
rious materials and machine⁃specific settings).
This study has also assessed how this surface
roughness affects frictional resistance.

Finally, discussion has been included on
some of the known practical issues that have
arisen with the use of rapid prototyping/3D
printers for producing ship models and append⁃
ages. The focus of the study is on additive
technologies, whereby the object is created by
adding layer by layer of a liquid, powder or
sheet material to produce plastic, ceramic, met⁃
al or composite parts (traditional “subtractive”
methods such as CNC machining have been ig⁃
nored).

６．１　 Ｓｕｒｆａｃｅ Ｒｏｕｇｈｎｅｓｓ Ｃｏｍｐａｒｉｓｏｎ

The surface roughness of several existing
ship models and typical raw test samples pro⁃
duced by different 3D printers was quantified
using a commercially available surface rough⁃
ness meter using a stylus⁃based direct measure⁃
ment, refer Figure 16[Mitutoyo model 178⁃561⁃
02E, typical cost around US $ 2,000 (Mitutoyo,
2017)]. The surface roughness was evaluated
by the ISO 4287: 1997 method (ISO, 1997),
which defines the following parameters for use
as indices of surface roughness evaluation:

• Ra (μm ): Arithmetic mean surface

roughness

• Rz (μm): Maximum surface roughness

• RSm (μm): Significant period of sur⁃
face roughness

The first two parameters, Ra and Rz, are
focused on the ｈｅｉｇｈｔ of the roughness (as de⁃
fined in Figure 17), while RSm considers the
ｐｅｒｉｏｄ of the roughness (defined in Figure 18).
It is the roughness height that is considered to
be the index that most affects ship model re⁃
sistance. Applying a Fast Fourier Transforma⁃
tion (FFT) to the measured surface profiles,
significant period λ (μm) and maximum ampli⁃
tude h (μm) of each profile were also deter⁃
mined. By comparing the two, the roughness
characteristics of each ship model and test sam⁃
ple can be clarified.

Figure 16 Stylus type surface roughness
meter

Figure 17 Definition of maximum surface
roughness Rz from ISO 4287:1997

The selected ship models covered a range
of traditional materials including paraffin wax,
polyurethane foam (with lacquer ) and wood
(with lacquer) which were constructed to meet
the commonly accepted standard for ship mod⁃
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Figure 18 Definition of significant period
of surface roughness RSm from ISO 4287:
1997

els provided in ITTC Procedure 7.5⁃01⁃01⁃01
(which is equivalent to that achieved with san⁃
ding using 300 to 400 grit wet and dry paper).
For comparative purposes, the surface rough⁃
ness of a polished metal propeller was also in⁃
cluded. The results are provided in Table 3.

Ｔａｂｌｅ ３ 　 Ｓｕｒｆａｃｅ ｒｏｕｇｈｎｅｓｓ ｍｅａｓｕｒｅｍｅｎｔｓ ａｎｄ
ｐａｒｔｉｃｕｌａｒｓ ｏｆ ｓｈｉｐ ｍｏｄｅｌｓ

Similarly, measurements were made to
quantify the surface roughness from a number
of raw test samples produced by two different
rapid prototyping 3D printers (“ FlashForge
Creator Pro” and “Catalyst Ex”), covering a
range of manufacturing process variables such
as: material, print speed and print orientation.
Each sample consisted of a 30 mm× 30 mm×
5 mm thick flat disc.

The measurement results for eight individ⁃
ual samples made with “ FlashForge Creator
Pro” are shown in Table 4. The surface profiles
of the samples displaying the maximum (Sam⁃

ple “ a”) and the minimum Rz value (Sample
“d”) are compared in Figure 19. The results of
the FFT analysis on these two profiles are
shown in Figure 20. Similarly, the measurement
results from twelve samples made using the
“Catalyst Ex” 3D printers are shown in Table
5 and Figure 21 and Figure 22 (for Samples
“D” and “ I”).

Ｔａｂｌｅ ４ 　 Ｓｕｒｆａｃｅ ｒｏｕｇｈｎｅｓｓ ｒｅｓｕｌｔｓ⁃ＦｌａｓｈＦｏｒｇｅ
Ｃｒｅａｔｏｒ Ｐｒｏ ３Ｄ ｐｒｉｎｔｅｄ ｓａｍｐｌｅｓ

Figure 19 　 Comparison of surface profile
for two FlashForge Creator Pro 3D printed
samples

Figure 20　 Comparison of FFT results for two
FlashForge Creator Pro 3D printed samples
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Ｔａｂｌｅ ５　 Ｓｕｒｆａｃｅ ｒｏｕｇｈｎｅｓｓ ｒｅｓｕｌｔｓ⁃Ｃａｔａｌｙｓｔ Ｅｘ ３Ｄ
ｐｒｉｎｔｅｄ ｓａｍｐｌｅｓ

Figure 21 　 Comparison of surface profile
for two Catalyst Ex 3D printed samples

Figure 22 　 Comparison of FFT results for
two Catalyst Ex 3D printed samples

In order to compare the roughness evalua⁃
tion results from the two methods, the correla⁃
tion between the ISO method and FFT analysis
are shown in Figure 23. Regarding the rough⁃

ness height, both the arithmetic mean (Ra) and
maximum surface roughness Rz from the ISO
method show good agreement with the maxi⁃
mum amplitude (h) from FFT analysis. Howev⁃
er, for the roughness period, the ISO defined
significant period of surface roughness (RSm)
and the significant period (λ) from FFT analy⁃
sis do not match very well.

Figure 23 　 Correlation between ISO
Roughness and FFT Results

The maximum surface roughness (Rz) de⁃
fined in ISO 4287:1997 seems to better reflect
the characteristics of the actual surface profile,
compared to the maximum amplitude h (μm)
obtained by FFT analysis.
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Table 5, the raw surface finish of all rapid
prototyping test samples, regardless of the ma⁃
terial or method of manufacture, are considera⁃
bly rougher than all of the ship models (Table
3). It is believed that the difference is too great,
thus the raw finish from rapid prototyping is
considered unacceptable for ship model resist⁃
ance tests. Additional processes, such as san⁃
ding and sealing, is recommended prior to per⁃
forming such model tests.

６．２　 Ｅｆｆｅｃｔ ｏｆ Ｓｕｒｆａｃｅ Ｒｏｕｇｈｎｅｓｓ ｏｎ Ｒｅｓｉｓｔ⁃
ａｎｃｅ

To acquire accurate fluid force measure⁃
ments it is necessary that the surface of the
ship model during a towing tank test should be
finished as smooth as possible and the influ⁃
ence of the surface roughness is eliminated.
From this point of view, ITTC Recommended
Procedures and Guidelines 7. 5⁃01⁃01⁃01 on
Ship Models (ITTC, 2011) recommend model
surface finish as follows; “The model surface
should be smooth and equivalent to that a⁃
chieved with a 300 to 400 grit wet and dry pa⁃
per” , but there is no specific criteria of model
surface roughness.

In order to consider the implementation of
specific criteria for model surface roughness, a
study was performed that employed the formu⁃
la for the frictional resistance increment for
sand roughness given by White (1991) to eval⁃
uate the influence on frictional resistance (see
Equation 2).

Δｕ ／ Ｕτ ＝
１
κ

ln １＋０．３·ｋ＋( ) (2)

Where Δｕ is the non⁃dimensionalized ve⁃
locity defect, κ is Karman􀆳s constant, and ｋ+ is
non⁃dimensionalized roughness height.

Assuming that model surface roughness is
equivalent to sand roughness, the frictional re⁃
sistance increment due to roughness can be
easily estimated. According to the empirical

fact that the maximum roughness height Rz is
the most significant value to determine the fric⁃
tional resistance increment in case of an actual
ship hull surface paint (Tanaka, 2003) the fric⁃
tional resistance coefficient increased by rough⁃
ness ΔCF was obtained by substituting Rz in
place of ｋ+ in Equation 1.

Examples of evaluation result of rough⁃
ness influence to frictional resistance increment
are shown in Figure 24, in which L is the
length of flat plate. In this figure, roughness in⁃
fluence due to various roughness scale is ex⁃
pressed as the frictional resistance increment
coefficient ΔCF that is equivalent to “ rough⁃
ness allowance ” for actual ship powering.
When model ship length and its characteristic
roughness height are known, the frictional re⁃
sistance increment can be estimated easily u⁃
sing this kind of diagram.

Figure 24 　 Evaluation results of frictional
resistance increment for flat plate with vari⁃
ous scale roughness

Furthermore, in order to clarify the influ⁃
ence on the resistance measurement in the to⁃
wing tank test, the relative frictional resistance
increment due to the model surface relative
roughness Rz/L is shown in Figure 25. In this
figure, the red hatched zone indicates model
scale range of Reynolds number and approxi⁃
mate model scale relative roughness height
range considering towing tank test speed and
model length. When the size and roughness of
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the model are specified, the influence on resist⁃
ance increase due to surface roughness can be
obtained. By comparing the resistance incre⁃
ment amount in the total resistance with the
measurement accuracy or uncertainty or bias
error inherent to each towing tank, it is possible
to quantitatively evaluate the influence of the
surface roughness of the model on the meas⁃
urement result, and thus establish a criterion of
satisfactory roughness for carrying out an accu⁃
rate test. Therefore, by using the presented
method, it is possible to easily investigate the
influence on the measurement, not only for
conventionally used materials like paraffin wax
or polyurethane but also for new materials that
may be adopted in rapid prototyping technolo⁃
gy.

Figure 25 　 Relative Frictional Resistance
Increment for Flat Plate with Various Scale
Roughness

Table 5 for a range of ship model lengths
from 2 to 8 metres. The results suggest that the
effect that ship model surface roughness has on
resistance is negligible (approximately 0.1% of
CF, 0.5% of CT), provided that the model sur⁃
face is finished according to the ITTC Recom⁃
mended Procedure for ship models (7.5⁃01⁃01⁃
01). However, in the case of the less than ideal
raw surface finish from rapid prototyping tech⁃
niques, the influence of the model surface
roughness seems not to be negligible.

It is empirically known that the roughness

effect is reduced when the roughness wave⁃
length is sufficiently longer than the roughness
height on the painted surface of actual ship hull
(Sasajima, 1965; Mieno, 2012). Since this phe⁃
nomenon is expected to occur on the model
scale model as well, discussion of the results
should be given careful consideration. Al⁃
though the method considers only the wave⁃
length, it is effective because it always gives a
stricter standard.

Ｐｒａｃｔｉｃａｌ Ｉｓｓｕｅｓ Ｅｘｐｅｒｉｅｎｃｅｄ ｗｉｔｈ Ｒａｐ⁃
ｉｄ Ｐｒｏｔｏｔｙｐｉｎｇ

Most commercially available rapid proto⁃
typing units will provide the ability to change
factors such as layer resolution, interior fill
style, orientation, and support style. Changing
layer resolution can affect surface finish and
build times, for example, selecting a smaller
layer resolution will usually create a smoother
surface finish, but takes longer to build. The in⁃
terior fill can affect the strength of the finished
product. Generally, the options available in⁃
clude ( a ) solid, which produces a stronger,
more durable part, but build time will be longer
and more material is used; (b) sparse⁃high den⁃
sity, will reduce the build time and material us⁃
age, but with reduced strength, and (c) sparse⁃
low density, with further reductions in strength,
build time and material usage. Geometric dis⁃
tortion has been known to occur for all interior
fill options, but found to be less likely for solid
build. The orientation of the part to be printed
can impact build speed, part strength, surface
finish and material consumption. Often a part is
stronger within a layer than it is across layers,
so it is possible to orient a part to have its
greatest strength across a specific area. In some
techniques, there can be a significant difference
in surface finish between horizontal and verti⁃
cal orientation, with most attaining a better fin⁃
ish for a vertically oriented part than horizontal.
For example, the print orientation for Samples
“a” and “ d” in Table 4 was horizontal and
vertical respectively, and the significant differ⁃
ence is evident in Figure 20. It is common for
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3D printers to incorporate different methods to
support the item during the model build
process to aid the build process and dimension⁃
al accuracy. The support material is removed
when the part is complete.

The following list provides some facts and
tips that may be useful when considering the
use of rapid prototyping to manufacture ship
models or appendages:

• Dimensional inaccuracies:

○　 If items are long and thin they are
likely to distort or warp.

○ 　 The temperature during lay⁃up can
impact print quality (and this can
change with material selection).

○　 Entry level printers can have low di⁃
mensional tolerance due to deforma⁃
tion of the part associated with inter⁃
nal stresses from thermal cooling re⁃
sulting in a large variation in the
structural properties between parts
(refer Bennett et al. 2015 for more
details).

○　 The shell thickness can affect dimen⁃
sional accuracy.

• Surface finish (orientation during lay⁃up):
The tool path can influence surface finish
(but often the software that drives the 3D
printer provides little or no control over
this).

• Stiffness: Materials such as nylon have been
found unsuitable for models of propeller/ro⁃
tors or other appendages that are required to
remain rigid when under test conditions
(Liu et al. 2015).

• Materials that absorb water or are porous
need to be coated with a suitable sealant to
eliminate/minimise water absorption.

• The surface of many materials have been
known to become slimy when submerged in
water for lengthy periods.

• Longevity: Further investigations into the
long term effect of ageing on the perform⁃
ance of 3D printed materials in the marine
environment are needed in order to develop
a fully rounded understanding of the struc⁃
tural properties (Bennett et al. 2015).

７　 ＵＮＣＥＲＴＡＩＮＴＹ ＧＵＩＤＡＮＣＥ

For reducing the uncertainty of towing
tank measurements, Steen et al. (2016) found
that when analysing towing tank data in multi⁃
ple instead of single time windows, the uncer⁃
tainty of the mean value can be reduced (see
Figure 26). Furthermore, they have modelled
the carriage and ship model as a moving mass⁃
spring⁃damper system. Comparison of simula⁃
ted and measured towing force allowed to con⁃
clude that the noise in the carriage speed is the
main contributor for the noise in the resistance
data.

Figure 26 　 Predicted mean and confidence
interval (95% ) for resistance data from ex⁃
periment and simulation using multiple win⁃
dow technique (Steen et al., 2016)
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Brouwer & Klinkenberg (2016) investiga⁃
ted the spectral components of the uncertainty
spectrum. Using this power spectrum based
method, sources of significant uncertainty can
be identified and, when avoided, the overall
uncertainty can be reduced. While this ap⁃
proach aided reducing uncertainties in the mid⁃
frequency range, low frequency noise was
maintained and sources need to be identified.

Low⁃frequent noise in drag measurements
was found to occur due to the unsteadiness of
the free surface caused by the acceleration of
the model as mathematically predicted by
Havelock (1949) and Wehausen (1964). It was
related to model testing by Day et al. (2009)
and also proven to occur in CFD simulations
and for full⁃scale ships (Haase et al., 2016a). In
deep water, this low⁃frequent noise solely de⁃
pends on the model speed, while decreasing
water depth reduces the frequency and it be⁃
comes zero for a depth Froude number of uni⁃
ty.

Some systematical resistance tests have
been performed in Ata Nutku Ship Model Tes⁃
ting Laboratory of Istanbul Technical Universi⁃
ty (ITU) to determine the uncertainties for a
displacement type of ship (KCS hull) in (Delen
and Bal, 2015). The uncertainty arising from
the resistance tests has been estimated and
compared according to ITTC 2002 and 2014
regulations (ITTC 2002 and ITTC 2014). It has
been found that both ITTC regulations are in
good agreement. In the revised regulation (IT⁃
TC, 2014), only the dominant components that
are important on the results have been taken in⁃
to consideration. Thus the applicability of the
regulation has been improved.

８　 ＴＵＲＢＵＬＥＮＣＥ ＳＴＩＭＵＬＡＴＩＯＮ

８．１　 Ｉｎｔｒｏｄｕｃｔｉｏｎ

It is now accepted practice to use turbu⁃

lence stimulation devices on any model which
may experience laminar flow during model
tests. An extensive review on historical devel⁃
opment and fundamental physics of turbulence
stimulators (TS) was conducted by 26th ITTC
Resistance Committee (2011) and included in
their final report. This included an example ap⁃
proach for evaluating the appropriate model
scale resistance correction and suggestions
made as to how to more effectively use the
procedure that incorporates the application of
turbulence stimulation.

A complementary review is conducted by
28th ITTC Resistance Committee, especially fo⁃
cusing on state⁃of⁃the⁃art development since
26th ITTC conference meeting in 2011. Revi⁃
sions to the relevant procedure 7. 5⁃01⁃01⁃01
Ship Models have been proposed, placing more
principal description on the application of tur⁃
bulence stimulators. The occurrence of turbu⁃
lence stimulation methods in other procedures
is also listed.

It is worthwhile restating the reasons that
turbulence stimulation is applied to a ship mod⁃
el, which are (in decreasing order of impor⁃
tance): (1) ensure that the flow regime at model
scale is equivalent to that at full scale, (2) that
the model scale flow is constant and hence re⁃
peatable across the range of design Froude
numbers and between repeat tests, and (3) that
a known scaling approach can be applied.

８．２　 Ｈｉｓｔｏｒｉｃａｌ Ｄｅｖｅｌｏｐｍｅｎｔ ｏｆ Ｔｕｒｂｕｌｅｎｃｅ
Ｓｔｉｍｕｌａｔｉｏｎ Ｍｅｔｈｏｄｓ

For a full scale ship, the length based
Reynolds number is typically 108 or higher,
therefore the flow around the entire hull is fully
turbulent. For the scaled model during the
model test, the length based Reynolds number
range is typically from 105 to 107 (Figure 27),
considerable laminar flow can be expected a⁃
round bow area then by natural transition along
the model hull from laminar flow to turbulent
flow, if no turbulence stimulator is used (Figure
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28). The concern arises when a fully turbulent
friction line, such as ITTC 1957 model⁃ship
correlation line is used for scaling the model
scale resistance to full scale. The practical an⁃

swer to the problem is to deliberately “ trip”
the laminar flow by some kinds of devices near
the stem.

Figure 27　 An example for flow regime estimation for typical model/ap⁃
pendage length without turbulence stimulation devices (υ = 1.1386× 10⁃6

m2 /s for 15℃ fresh water, g =9.8067 m/s2)

Trip wires were first used in the Berlin
tank as early as 1925 and came into general use
there around 1933 (Manen 1988). Since then,
various types of turbulence stimulation meth⁃
ods have been adopted (refer Figure 29), inclu⁃
ding leading rod ahead of the model, trip wire,
sand strips, pins or studs, normal plate and slot⁃
ted strip, etc. (Breslin & Macovsky 1950, Pres⁃
ton 1958), as well as forced vibration of the

model, disturbance of the flow by mechanical
devices, sound devices, or water jets (Davidson
1951).

The most commonly utilized turbulence
stimulators now are studs, wires and sand strips
which are described in detail in the ITTC pro⁃
cedure 7.5⁃01⁃01⁃01 Ship Models.
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Figure 28　 Illustration of the boundary layer development (bottom) around a ship model
hull and the related skin friction coefficient for laminar and turbulent flow (Gillmer &
Johnson, 1982)

Figure 29　 Different turbulent stimulation devices, clockwise from top left: studs,
sand strip, trip wire, Hama strips (Murphy 2010)
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Turbulence stimulators attached to the
model increase the resistance due to its parasit⁃
ic form drag. The total friction resistance com⁃
ponent of the model is equivalent to the sum of
the friction resistance of the laminar flow area
ahead of the TS, the parasitic drag of TS itself
and the friction resistance of the turbulent flow
area downstream of the TS. The total friction
resistance of the whole model which is covered
by the assumed fully turbulent flow, derived
from the ITTC 1957 model⁃ship correlation
line formula, should equal to the sum of sec⁃
tional friction resistance components, if the size
and position of the TS is appropriate and no
drag correction is made.

An example method of the resistance cor⁃
rection for a unit aspect ratio stud was given in
Molland et al. (1994) and also presented in 26th

ITTC Resistance Committee final report (Sec⁃
tion 6.4). As an example, for model 6b of semi⁃
displacement hull form, the maximum change
in model total resistance was 3% .

The studs, typically between 1.6 and 3.2
mm in diameter, 0.5 to 3.0 mm high and spaced

between 12 and 25 mm apart, will generate 3D
various unsteady vortex structures shown in
Figure 30 (Pattenden et al., 2005, Pattenden et
al., 2007). Hughes & Allan (1951) derived a
minimum distance between the pins (studs, 3.2
mm diameter, 2.5 mm height at 25.4 mm spac⁃
ing) to the stem that was required for success⁃
fully tripping the flow. This work was the basis
for tripping guidelines until today (Figure 31).

It is worth checking that the spacing is
sufficient otherwise large areas of laminar flow
can be created downstream before the turbulent
disturbance has spread to the full width.

Figure 30 A schematic of typical vertical
flow features around an aspect ratio 1 cylin⁃
der

Figure 31　 Location of studs as turbulence stimulators (Hughes and Allan, 1951)
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The wire, typically between 0.5 mm and
1.0 mm diameter and convenient manufacturing
and mounting, will generate turbulence to dis⁃
turb the laminar flow around bow area without
TS. Breslin & Macovsky (1950) investigated
the flow regime over the hull of a tanker model

with and without wires (0.032 inch) at various
speeds using 18 hot⁃film sensors. Figure 32
shows an example of the extent of laminar flow
for a range of speeds with and without trip
wires.

Figure 32　 Visualization of laminar, transitional, and turbulent areas on a tanker model with⁃
out (left) and with (right) trip wires (Breslin & Macovsky, 1950)

Wires are often preferred over other TS
devices for convenience, due to their dimen⁃
sional accuracy and ease of fitting. However,
wires are less effective at promoting transition
generally.

The sand strip, typically comprise backing
strips/adhesive of 5 mm to 10 mm width cov⁃
ered with sharp edged sand with grain size a⁃
round 0.50 mm. Sand strips are the preferred
method of turbulence stimulation for long slen⁃
der hulls, such as high speed catamarans.

It is better to have a few roughness ele⁃
ments only rather than a high density attached
to tape, often the tape thickness itself is suffi⁃
cient to ensure transition and that use of a ser⁃
rated tape edge is effective at promoting transi⁃
tion.

For TS around bulbous bows, great care
should be taken that the size and number of TS
used does not fundamentally alter the bow
wave and thus the progressive accumulation of
pressure and skin friction resistance along the
hull.
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Turbulence stimulation should be applied
to appendages when laminar flow over the ap⁃
pendage is likely. The approach for the selec⁃
tion of appropriate turbulence stimulation de⁃
vices for appendages is presented in 26th ITTC
Resistance Committee final report (Section 6.5)
and provided in the revised Ship Models proce⁃
dure (7.5⁃01⁃01⁃01).

８．３　 Ｒｅｃｅｎｔ Ｒｅｓｅａｒｃｈ ｏｎ Ｔｕｒｂｕｌｅｎｃｅ Ｓｔｉｍｕ⁃
ｌａｔｉｏｎ

26th ITTC Resistance Committee final re⁃
port (2011) presented the fundamental physics
reviews on turbulence stimulation methods.
The turbulence stimulators acts to mix high
momentum flow down into the lower less ener⁃
getic regions of the boundary layer, and makes
the laminar⁃turbulent transition occurring rapid⁃
ly and without significantly altering the form
drag. The generated disturbances can be associ⁃
ated with various unsteady vortex structures be⁃
hind a trip stud as shown in Figure 30, those
on the 2D flow separation behind a trip wire or
the more general generation of disturbances be⁃
hind multiple elements on a roughness strip.

For flow stimulation around ship models,
it is convenient to consider the Reynolds num⁃
ber in different ways:

• Longitudinal Reynolds numbers:

√ length Reynolds number: ＲｅＬ ＝
ＶＬ
ν

with Ｖ being model velocity, Ｌ being model
length, and ν being the kinematic viscosity

√ local Reynolds number: Ｒｅｘ ＝
Ｖｘ
ν

with ｘ being the longitudinal coordinate aft of
the leading edge

• Normal Reynolds numbers:

√ momentum thickness Reynolds num⁃

ber: Ｒｅθ ＝
Ｖθ
ν

with θ being the momentum thickness that is

defined by: θ＝ ∫
ｄ

０

ｕ
Ｕ

１⁃ ｕ
Ｕ

æ

è
ç

ö

ø
÷ dｙ

and can be approximated by: θ＝ ０．６６４ｘ
Ｒｅｘ１ ／ ２

(Schli⁃

chting and Gersten, 2000)

√ roughness Reynolds number: Ｒｅｋ ＝
ｕｋｋ
ν

with ｕｋ being the model velocity and ｋ the
roughness height

√ roughness Reynolds number: Ｒｅｄ ＝
Ｕｋ
ν

with Ｕ being the velocity far away from the
wall/undisturbed inflow velocity

Murphy (2010) investigated the effect of
different thicknesses of Hama strips on the ex⁃
tent of laminar flow on a thickened flat plate
and a prismatic ship hull of DARPA shape.
Hot⁃film sensors were used. Without stimula⁃
tion the flow tripped at Ｒｅθ around 550 on the
flat plate and around 350 at the prismatic hull.
On both devices, with sufficiently thick strips
(7 layers) the flow tripped by ｄＲｅθ =100 earlier,
when compared to not using stimulators.

Jones et al. ( 2013 ) tested a submarine
model in a wind tunnel at ＲｅＬ =(3.6- 6.3)×106 .
They compared the effect of a trip wire and
sand strips on the skin friction on the body u⁃
sing a Preston⁃tube. A wire of 0.2 mm diameter
and an 80 grit (ｋ = 0.21 mm) sand strip were
found to correctly trip the flow for ＲｅＬ< 5.4 ×
106 , for higher speeds the flow was overstimu⁃
lated. For a 0.5 mm diameter wire, the flow
was overstimulated for 600 wire diameters
downstream of the wire. They conclude that
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under⁃stimulation has a more significant effect
on the skin friction than over⁃stimulation, so
they suggest to utilize wire diameter Reynolds
number of Ｒｅｋ =580－900 for appropriate stim⁃
ulation. The sand strip was found to deteriorate
during the testing, thus wire stimulators were
recommended.

Shen et al. (2015) investigated axis⁃sym⁃
metric bodies and found that a tripping wire of
0.53 mm diameter satisfying Ｒｅｋ = 400 is suffi⁃
cient to trip the flow when located 5% L aft of
the nose.

Hutchison (2014) investigated the scaling
effects on a 1/8 scale model of an IACC sailing
yacht. Two rows of studs were placed 200 mm
apart from each other, with the foremost one
being 200 mm aft of the forward perpendicular,
corresponding to 6 and 20% ＬＰＰ . The flow re⁃
gime was investigated using a Kurtosis analysis
of hot⁃film measurements (Binns et al., 2009).
Turbulent flow was concluded for all cases in⁃
vestigated from 2.4×104 with turbulence studs
used. Without studs the stimulating effect of
free surface waves was noted. It was concluded
that for this model, when scaling using the
Grigson friction line a minimum Reynolds
number of 2.6× 106 (Ｆｒ = 0.27) should be o⁃
beyed.

Lee (2014) used CFD to correlate back⁃
ground turbulence and surface roughness to
critical momentum thickness Reynolds num⁃
bers, at which the flow over a flat plate trips.
According to his results ( Figure 33 ), on a
smooth plate the flow trips at Ｒｅθof 300－400,
if the background turbulence is of 2% －2.5% .
A rougher surface and more background turbu⁃
lence reduce the critical momentum thickness
Reynolds number. Pearson (2015) used Lee􀆳s
approach and simulated the flow transition over
a fully submerged scale model of a 4.3 m long
wave⁃piercing catamaran. Pearson (2015) found
that laminar flow extended to Ｒｅｘ = 4 × 105(for
a flow tripping at Ｒｅθ = 320) on the bow if no
stimulation was used, which correlated to hot⁃

film measurements on a scale model (Figure
34). Schnabel (2017) experimentally concluded
for laminar areas up to 9 × 105 and also found
more turbulent flow close to the free surface, e⁃
ven though no distinct wave⁃breaking was ob⁃
served for this hull with very fine angle on en⁃
try.

Furthermore, the results of Pearson (2015)
suggest that when using a sand patch at the
bow for turbulence stimulation, extending from
the leading edge to Ｒｅｘ = 0.5 × 105 at 1 m/s, it
must have at least an equivalent sand grain
roughness of 200 μm for making the flow fully
turbulent, however no drag penalty for higher
roughness was identified. This can be ex⁃
plained, because the rough patch does not ex⁃
tent into the fully turbulent flow range. Also
the simulation results show that the local skin
friction coefficient for fully turbulent flow after
tripping is higher than that of the fully turbu⁃
lent flow simulation, which supports the con⁃
cept of a virtual boundary layer origin being aft
of the leading edge (Smits 1982).

Figure 33 　 Critical momentum thickness
Reynolds number based on CFD simulations
for flow over a flat plate for different surface
roughness and turbulence intensity ( Lee,
2014)

Zurcher (2015) used two rows of studs (at
72 mm and at 434 mm aft of the leading edge)
for the above mentioned catamaran demi hull
where each row corresponded to Ｒｅθof 320 for
the highest and lowest speed of the investigated
range. The 3×3 mm studs were placed 20 mm
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Figure 34　 Top: Skin friction coefficient
on the bow of a wave⁃piercing catamaran
model (along the white line) for different
patch roughness at the leading edge,
shown in purple. Bottom: Simulation re⁃
sults and correlation with experimental
measurements. The green curve shows
the CFD results and the flow type meas⁃
ured at the hot film sensors are written in
red text (Pearson 2015)

apart from each other. McDonagh (2016) used

different configurations of studs (3×3 mm, 0.6
×0.6 mm) and sand strips on the same wave⁃
piercing catamaran demi hull. He concluded for
sand strips that roughness was secondary to the
width of the sand strips for generating turbulent
flow. For studs, he found the number is more
important than their size to make the flow tur⁃
bulent. Most effective was a configuration of
only one row at 72 mm aft of the bow, with 10
mm stud spacing. From the results of Bradford
(2015 ) and McDonagh (2016 ), a minimum
Reynolds number of ＲｅＬ = 3. 2 × 106 was re⁃
quired to achieve fully turbulent flow for any
stimulators used.

８． ４ 　 Ｏｃｃｕｒｒｅｎｃｅ Ｒｅｖｉｅｗ ｏｆ ＴＳ ｉｎ ＩＴＴＣ
Ｐｒｏｃｅｄｕｒｅｓ

All the model test procedures of ITTC
framework have been checked for occurrence
of TS. And the list of relevant procedures are
shown in Table 6. Most procedures refer to the
basic procedure provided in Ship Models (7.5⁃
01⁃01⁃01), which is revised by adding more
principal guidance for the usage of TS by 28th

ITTC Resistance Committee. Special TS treat⁃
ments were found during pod housing unit re⁃
sistance, and special consideration should be
taken during the HSMV resistance and sea⁃
keeping tests.

Ｔａｂｌｅ ６　 Ｌｉｓｔ ｏｆ ＩＴＴＣ ｐｒｏｃｅｄｕｒｅｓ ｗｈｉｃｈ ｉｎｃｌｕｄｅ ＴＳ ｄｅｓｃｒｉｐｔｉｏｎ

Ｐｒｏｃｅｄｕｒｅ Ｎｕｍｂｅｒ Ｔｉｔｌｅ Ｐａｇｅ Ｎｏ． Ｃｏｍｍｅｎｔｓ

7.5⁃01⁃01⁃01:
2011 Rev.03 Ship Models 4⁃5 Detailed description on TS, as a refer⁃

ence for other procedures

7.5⁃02⁃02⁃01:
2011 Rev.03 Resistance Test 3, 12 Refer to Ship Models

7.5⁃02⁃03⁃01.1:
2011 Rev.04 Propulsion/Bollard Pull Test 15 Refer to Ship Models

7.5⁃02⁃03⁃01.3:
2008 Rev.00

Propulsion, Performance Podded
Propulsion Tests and Extrapolation 9 Artificial roughening on pod housing
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7.5⁃02⁃05⁃01:
2008 Rev.02

Testing and Extrapolation Methods
High Speed Marine Vehicles Re⁃
sistance Test

3⁃4, 12

1） TS applicable for Ｒｅ less than 5 ×
106

2） Might be omitted for higher Ｒｅ
3） Trip wires are not recommended
4） TS for appendages out of boundary
layer is recommended

7.5⁃02⁃05⁃04:
2014 Rev.01

Testing and Extrapolation Methods
High Speed Marine Vehicles Sea⁃
keeping Tests

5
If the control system consists of fins,
turbulence stimulation should be ap⁃
plied

7.5⁃02⁃06⁃02:
2014 Rev.04 Captive Model Test Procedures 15 Documentation if any

7.5⁃02⁃06⁃01:
2014 Rev.03 Free Running Model Tests 2, 9 Documentation if any

7.5⁃02⁃07⁃04.1:
2008 Rev.02

Testing and Extrapolation Methods
Loads and Responses, Stability
Model Tests on Intact Stability

3 Turbulence stimulation required for rud⁃
ders and fins

９ 　 ＦＬＯＷ ＦＩＥＬＤ ＶＥＲＩＦＩＣＡＴＩＯＮ ＡＮＤ
ＶＡＬＩＤＡＴＩＯＮ ＰＲＯＣＥＤＵＲＥ

Assessing the accuracy and uncertainty of
detailed flow field data is an impelling necessi⁃
ty for both the numerical and experimental
communities due to the expanding use of CFD
in ship design and hydrodynamics research and
to the increasing demand on reliable experi⁃
mental data for verification and validation pur⁃
pose, particularly when complex viscous hy⁃
drodynamics is concerned.

Although the argument was tasked to the
Specialist Committees on “CFD in Marine Hy⁃
drodynamics” and on “Detailed Flow measure⁃
ment techniques” of the 27th ITTC and some
coordinated efforts have been recently conduc⁃
ted under the framework of NATO⁃AVT on
separated flows (Falchi et al., 2016), the verifi⁃
cation and validation of the detailed flow field
data is still an open issue far from having been
addressed that requires further efforts to devel⁃
op ad⁃hoc and useful methods able to achieve
the right trade⁃off between technical rigor and
practicality.

All that said, the development of a proce⁃
dure for verification and validation of the de⁃
tailed flow field data is still premature and
needs dedicated, cooperative efforts by experts
of both communities to be usefully achieved.

１０　 ＢＥＮＣＨＭＡＲＫ ＰＩＶ ＭＥＡＳＵＲＥＭＥＮＴＳ

The “hand⁃in⁃hand” relationship between
the broadening use of PIV⁃based techniques
within the ITTC organizations and the larger
and larger range of practitioners dealing with
the application of these techniques has made
crucial the need to make benchmark data avail⁃
able for the purpose of verifying the quality of
the measurement setups. To this end, due to the
inherent differences between a 2C and a SPIV
(3C ) setup, two different benchmarks have
been developed by the ITTC Detailed Flow
Measurement Committee in the 26th and 27th
ITTC and have been formalized in the proce⁃
dure 7.5⁃01⁃03⁃04.

The 2C PIV benchmark utilizes a two⁃
component PIV system on a simple 2D geome⁃
try consisting of a splitter plate with fence, as
shown in Figure 35. The 3C PIV benchmark u⁃
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ses a SPIV system on a more complex 3D flow
field generated by a piercing surface flat plate
operating at incidence, as shown in Figure 36.

Figure 35 　 2C PIV benchmark: flow
around splitter plate with fence

Figure 36 　 SPIV benchmark: Piercing
surface flat plate at incidence

The two benchmarks have been basically
intended:

•to ensure that the measurement set up (e.g.
cameras, light sheet, seed characteristics,

etc.) meet specifications;
• to provide new users of the PIV technique

with an indication of how successfully the
measurement technique has been implemen⁃
ted in all its steps. This implies that all rele⁃
vant aspects of the test must be made avail⁃
able to any member organization partaking
in the benchmark tests by a dedicated repos⁃
itory. Of specific interest are, for example,
the PIV images and the processed results,
such that participants can not only compare
their own images, but also their PIV pro⁃
cessing algorithms on other image sets;

• to give new users the opportunity to evalu⁃
ate and compare their measurement setup
with other established institutions.

The establishment of the PIV and SPIV
benchmarking tests has been initiated by the
28th ITTC Resistance Committee through a re⁃
vision of the procedure 7.5⁃01⁃03⁃04. This has
involved clear instructions for performing the
benchmark test including details about the
model to be used, the measurement conditions
and the measurement parameters, as shown in
Table 7 and Table 8. Further, the revised 7.5⁃
01⁃03⁃04 procedure provides details about the
organization of the benchmark program along
with information about the conditions to access
to the repository and to store the data.

Benchmark data is accessible at this URL:
http://www.ittc⁃benchmark.cnr.it. Access is open
to any ITTC participant organization that up⁃
loads or has already uploaded its database and
is conditioned upon the compilation of a ques⁃
tionnaire with personal information (i.e. name,
affiliation, etc.) and details about the database
to be uploaded (e.g. benchmark type, experi⁃
mental rig, image calibration and processing
procedure, etc.). The primary purpose of the
questionnaire, is to provide any user with all
the relevant information about the experimental
campaign.
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Ｔａｂｌｅ ７　 ２Ｃ ＰＩＶ ｂｅｎｃｈｍａｒｋ ｓｐｅｃｉｆｉｃａｔｉｏｎｓ
Ｔａｂｌｅ ７⁃２Ｃ ＰＩＶ ｂｅｎｃｈｍａｒｋ ｓｐｅｃｉｆｉｃａｔｉｏｎｓ

Ｇｅｏｍｅｔｒｙ ａｎｄ
ｍａｔｅｒｉａｌ

2H 40mm

hf 10 mm

L >100 hf

W
Large enough to avoid
3d effect in the meas⁃
urement section

Material Aluminium or steel

Ｆｉｅｌｄ ｏｆ ｖｉｅｗ ａｎｄ
ｐｌａｎｅ ｐｏｓｉｔｉｏｎ

Out of plane
position of

measurement
plane

Z =0

Recommended
field of view

（minimum size）

- 1.5 hf <X<4.5 hf

0.5 hf <Y<4.5 hf

Ｍｅａｓｕｒｅｍｅｎｔ
Ｃｏｎｄｉｔｉｏｎｓ

U∞
5m/s （ low speed） or
10 m/s （high speed）

ＰＩＶ ｉｍａｇｅ
Ｆｏｒｍａｔ TIFF or BMP

Vector field
Ｆｏｒｍａｔ

X （mm） , Y （mm） , Z （mm） , U （m/s） ,
V （m/s）

Ｔａｂｌｅ ８　 ３Ｃ ＰＩＶ ｂｅｎｃｈｍａｒｋ ｓｐｅｃｉｆｉｃａｔｉｏｎｓ

Ｇｅｏｍｅｔｒｙ
ａｎｄ

ｍａｔｅｒｉａｌ

L 500 mm

W 800 mm

H 6.35 mm

Material steel

Ｆｉｅｌｄ ｏｆ
ｖｉｅｗ ａｎｄ

ｐｌａｎｅ ｐｏｓｉｔｉｏｎ

Plane
P1

Out of plane
position x = ⁃100 mm

Recommended
field of view

（approximatively）

⁃150 mm<Y<
150 mm

⁃100 mm<Z<
100 mm

Plane
P2

Out of plane
position x =100 mm

Recommended
field of view

（approximatively）

⁃150 mm<Y<
150 mm

⁃100 mm<Z<
100 mm

Ｍｅａｓｕｒｅｍｅｎｔ
ｃｏｎｄｉｔｉｏｎｓ

U∞

0.4m/s
（ towing tank） or

2 m/s（ free
surface channel）

Α

20 deg （ towing
tank） or 5 deg
（ free surface

channel）

ＰＩＶ ｉｍａｇｅ
ｆｏｒｍａｔ TIFF or BMP

Ｖｅｃｔｏｒ ｆｉｅｌｄ
ｆｏｒｍａｔ

X （mm） , Y （mm） , Z （mm） , U （m/s） ,
V （m/s） , W（m/s）

The revised 7.5⁃01⁃03⁃04 procedure is or⁃
ganized into 5 main sections and 3 appendices
and covers all aspects of performing a bench⁃
mark test, including setup and presentation of
the results, data uploading and downloading.

Sections 1 and 2 of the procedure report
the purpose and scope of the benchmark tests.

Section 3 presents the main requirements
and objectives of the PIV and SPIV benchmark
tests.

Section 4 presents the PIV and SPIV
benchmark studies including a detailed descrip⁃
tion of the two setups. Results from institutions
that have performed the benchmark tests are al⁃
so presented in this section as examples.

Section 5 describes the organizational
structure of the repository. A schematic repre⁃
sentation of the repository organization and ac⁃
cess procedure is shown in Figure 37 and Fig⁃
ure 38.

The three appendices report the question⁃
naire (Appendix A) and all the instructions on
performing the tests (Appendix B) and delive⁃
ring the data (Appendix C).
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Figure 37　 Repository organization

Figure 38　 Repository access procedure
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１１　 ＴＥＳＴ ＤＡＴＡ

１１．１　 Ｗｏｒｌｄ Ｗｉｄｅ Ｃａｍｐａｉｇｎ

The 24th ITTC Resistance Committee initi⁃
ated a worldwide series of comparative resist⁃
ance tests for identifying facility biases under
the framework of ITTC procedures for uncer⁃
tainty analysis. They invited all ITTC members
to participate in the task by performing resist⁃
ance tests on one of two geosims of the DTMB
5415 Combatant having lengths of 5.720 and
3.048 metres respectively. A technical proce⁃
dure was created, including data submission
guidance to preserve the confidentiality of the
data.

Progress and analyses from the worldwide
campaign has been reported each Resistance
Committees from the 24th to 27th ITTC. The fi⁃
nal report of the 27th ITTC Resistance Commit⁃
tee presented a summary of the inter⁃laboratory
comparison of the data provided by 11 towing
tanks for the large model. The present report
presents a similar summary for the small mod⁃
el.

Inter⁃laboratory campaign ( small model,
LBP = 3.048 m). The comparison of all availa⁃
ble test data from a total of 10 towing tanks for
the small model of DTMB 5415 has been per⁃
formed. The small model, denoted as Geosim
B, is a wooden geosim of the model DTMB
5415, with the following particulars in calm
water without trim (corresponding to a scale of
46.588): Lpp of 3.048 m, draft of 0.132 m, wet⁃
ted surface area of 1. 3707 m2 , displacement
volume of 0.0826 m3(ITTC, 2005). Further de⁃
tails of the hull form are available on the
NMRI web site (NMRI).

As prescribed by the ITTC comparative
tests, there would be 9 repeat tests at each
speed in each towing tank to perform statistical

analysis (note: not all tanks performed all 3
speeds). All the total resistance measurements
in a specific tank are corrected to each of the
three the nominal speeds (Fr = 0.1, 0.28 and
0.41) and converted to the nominal temperature
for fresh water of 15 degrees Celsius before
any statistical analysis is made.

The means of total resistance coefficients
from those repeat tests in each tank are given
in Table 9 as similar to large model as given in
the 27th ITTC. Such means can be regarded as
the best measurement in each towing tank. Af⁃
ter computing the average of each experiment
set, the general average and standard deviation
of the corresponding towing tank are found.
The experimental standard deviation (StDev) of
tests in each tank is also presented. Such stand⁃
ard deviations can be used to estimate the un⁃
certainties of repeatability of measurement in
each towing tank.

The practical approach to detect outliers is
applied for intra⁃laboratory comparisons as in
the 27th ITTC and they are given as the follow⁃
ing steps for the completeness of the report:

Step 1: Calculate the mean (R0) and stand⁃
ard deviation (S0) of 9 repeat tests,

Ｒ０ ＝
１
Ｎ
∑
Ｎ

ｋ＝１
Ｒｉ（ ｉ＝ １，２，…，Ｎ） (3)

Ｓ０ ＝
１

Ｎ⁃１
∑
Ｎ

ｉ＝１
Ｒｉ⁃Ｒ０( ) ２{ }

１ ／ ２

（ ｉ＝ １，２，…，Ｎ） (4)

Step 2: Decide if there is any test result
outside the scattering band of double deviation,

Ｒｉ⁃Ｒ０ ≤２ Ｓ０（ ｉ＝ １，２，…，Ｎ） (5)

Step 3: If no test is outside the band, no
outlier exists. If the kth test is outside the
“double” band, it will be doubted as an outlier.
Tick it out and calculate the mean (Ｒ∗ ) and
standard deviation (Ｓ* ) of the repeat tests a⁃
gain, excluding the kth test.
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Ｔａｂｌｅ ９　 Ｓｔａｔｉｓｔｉｃａｌ ａｎａｌｙｓｉｓ ｏｆ ｒｅｓｉｓｔａｎｃｅ ｍｅａｓｕｒｅｍｅｎｔ ｉｎ ｃｏｍｐａｒａｔｉｖｅ ｔｅｓｔｓ ｏｆ ｔｈｅ ｓｍａｌｌ ＤＴＭＢ ５４１５ ｍｏｄｅｌ
ｉｎ １０ ｔｏｗｉｎｇ ｔａｎｋｓ

Tank No

CT×103_15deg_Fresh Water of Small Model （3.048）_ DTMB 5415_S =1.371 m2

Ｆｒ＝ ０．１ Ｆｒ＝ ０．２８ Ｆｒ＝ ０．４１

Ｍｅａｎ ＳｔＤｅｖ Ｍｅａｎ ＳｔＤｅｖ Ｍｅａｎ ＳｔＤｅｖ

# 1 ４．８７７ ０．６０％ ６．６５９ ２．１２％

＃ ２ ５．３００ ３．８１％ ５．４６３ ０．８４％ ７．９８５ ０．５０％

＃ ３ ５．４４１ ２．５７％ ５．４６６ ０．４３％ ８．２５５ ０．４７％

＃ ４ ４．４１４ ８．２９％ ５．２４０ １．０２％ ７．０２４ ２．９７％

＃ ５ ５．３６２ ４．０３％ ５．４１２ ０．７１％ ７．８９１ ０．３８％

＃ ６ ５．３６７ ２．５９％ ５．４１２ ０．７１％ ７．８９１ ０．３８％

＃ ７ ７．７０６ １．５３％

＃ ８ ５．４７７ ４．５０％ ５．３５７ ０．９８％ ７．７３０ ０．８５％

＃ ９ ５．２６６ １．７７％ ５．３０３ ０．８０％ ７．５３３ ０．７２％

＃ １０ ４．４１２ ４．７２％ ５．２８２ ２．３９％ ７．８３１ ２．６２％

Ｂａｓｅｌｉｎｅ ５．１３０ ８．７３％ ５．３６７ １．５９％ ７．８５３ ２．７３％

Ａｖｅｒａｇｅｄ ａｆｔｅｒ ｏｕｔｌｉｅｒｓ （ｉｎ ＲＥＤ） ｔｉｃｋｅｄ ｏｕｔ

Ｓｔｅｐ ４： Ｊｕｄｇｅ ｉｆ ｔｈｅ ｋｔｈ ｔｅｓｔ ｉｓ ｏｕｔｓｉｄｅ ｔｈｅ
ｓｃａｔｔｅｒｉｎｇ ｂａｎｄ ｏｆ ｔｒｉｐｌｅ ｄｅｖｉａｔｉｏｎ，

Ｒｋ⁃Ｒ∗ ≤３ Ｓ∗ (6)

Step 5: If the kth test is outside the “ tri⁃
ple” band, its measurement can be considered
as an outlier and then the mean Ｒ* and stand⁃
ard deviation Ｓ* are adopted as statistic param⁃
eters of repeat tests. Otherwise, no outlier is de⁃
tected and the mean Ｒ0 and standard deviation
Ｓ0 of repeat tests are used. For inter⁃laboratory
comparison, the average of measurement means
of 10 towing tanks can be considered as a kind
of baseline.

When averaging the means of tests in 10
tanks, the detection of outlier can be performed
following the above steps. The statistical analy⁃
sis and corresponding results are shown in Fig⁃
ure 39⁃43 and Table 9. These deviations are

kind of measure for the facility bias. It is inter⁃
esting to note that the scattering of data be⁃
tween towing tanks is much smaller as Froude
number is increasing.

Figure 39　 Statistical analysis for means of
total resistance coefficients of 8 tanks (Ｆｒ =
0.1, no outlier)

２５



Figure 40　 Statistical analysis for means of
total resistance coefficients of 9 tanks (Ｆｒ =
0.28, no outlier)

Figure 41　 Statistical analysis for means of
total resistance coefficients of 9 tanks (Ｆｒ =
0.28,excluding one outlier)

Figure 42　 Statistical analysis for means of
total resistance coefficients of 10 tanks (Ｆｒ=
0.41, no outlier)

Figure 44 where it is shown that the scattering
band of overall average is larger than that of
small model as given in the 27th ITTC, when
the outlier is excluded.

Figure 43　 Statistical analysis for means of
total resistance coefficients of 10 tanks (Ｆｒ=
0.41, excluding outliers)

Figure 44　 Scattering of means of resistance
by 10 towing tanks in comparative tests of
the small DTMB 5415 model

The measurements of running sinkage and
trim would present more information to intra
and inter⁃laboratory comparison of resistance
tests. For intra⁃laboratory comparison, the sta⁃
tistical analysis given in (Olivire et al, 2001)
for sinkage and trim from repeat tests in each
towing tank is given in Tables 2 to 5. Obvious⁃
ly, the scattering of resistance is not closely
correlated to that of sinkage.

For intra⁃laboratory comparison the statis⁃
tical analysis for means of sinkage and trim
from repeat tests in each towing tank is shown
in Figures 45⁃50 and also presented in Tables
10⁃12. The scattering of resistance is not close⁃
ly correlated to that of trim, either, as shown in
Figure 51. Note that the standard deviation for
the lowest speed (Ｆｒ = 0.1) is higher due to the
very limited number of tank results. The sink⁃
age value given by 10th tank has been treated as
an outlier.
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Ｔａｂｌｅ １０　 Ｓｔａｔｉｓｔｉｃａｌ ａｎａｌｙｓｉｓ ｏｆ ｒｕｎｎｉｎｇ ｓｉｎｋａｇｅ ａｎｄ ｔｒｉｍ ｍｅａｓｕｒｅｍｅｎｔ ｉｎ
ｃｏｍｐａｒａｔｉｖｅ ｔｅｓｔｓ ｏｆ ｔｈｅ ｓｍａｌｌ ＤＴＭＢ ５４１５ ｍｏｄｅｌ （Ｆｒ=0.1)

Ct×103_15deg_Fresh Water of Small Model DTMB 5415
Lpp =3.048 m; S =1.371 m2

Ｒｅｓｉｓｔａｎｃｅ （Ｃｔ×１０３） Ｓｉｎｋａｇｅ （ｍｍ） Ｔｒｉｍ（ｄｅｇ）

Ｍｅａｎ ＳｔＤｅｖ Ｍｅａｎ ＳｔＤｅｖ Ｍｅａｎ ＳｔＤｅｖ

N/A N/A N/A

5.300 3.81% N/A N/A

5.441 2.57% －0.127 0.173 －0.026 0.004

4.414 8.29% N/A N/A

5.362 4.03% N/A N/A

5.367 2.59% N/A N/A

N/A N/A N/A

5.477 4.50% －0.106 0.173 －0.020 0.006

5.266 1.77% N/A N/A

4.412 4.72% －０．９９４ ０．３４０ －0.015 0.002

5.130 8.73% －0.116 0.015 －0.020 0.006

Averaged after outliers （ in RED） ticked out

Ｔａｂｌｅ １１　 Ｓｔａｔｉｓｔｉｃａｌ ａｎａｌｙｓｉｓ ｏｆ ｒｕｎｎｉｎｇ ｓｉｎｋａｇｅ ａｎｄ ｔｒｉｍ ｍｅａｓｕｒｅｍｅｎｔ
ｉｎ ｃｏｍｐａｒａｔｉｖｅ ｔｅｓｔｓ ｏｆ ｔｈｅ ｓｍａｌｌ ＤＴＭＢ ５４１５ ｍｏｄｅｌ （Ｆｒ＝０．２８）

Ｆｒ＝ ０．２８
Ｔａｎｋ Ｎｏ

Ｃｔ×１０３＿１５ｄｅｇ＿Ｆｒｅｓｈ Ｗａｔｅｒ ｏｆ Ｓｍａｌｌ Ｍｏｄｅｌ ＤＴＭＢ ５４１５
Ｌｐｐ ＝ ３．０４８ ｍ； Ｓ＝ １．３７１ ｍ２

Ｒｅｓｉｓｔａｎｃｅ （Ｃｔ×１０３） Ｓｉｎｋａｇｅ （ｍｍ） Ｔｒｉｍ（ｄｅｇ）

Ｍｅａｎ ＳｔＤｅｖ Ｍｅａｎ ＳｔＤｅｖ Ｍｅａｎ ＳｔＤｅｖ

＃ １ ４．８７７ ０．６０％ Ｎ ／ Ａ Ｎ ／ Ａ
＃ ２ ５．４６３ ０．８４％ －６．０９０ ０．８５２ －０．０８６ ０．０３１
＃ ３ ５．４６６ ０．４３％ －５．６２６ ０．３１３ －０．１２０ ０．０１９
＃ ４ ５．２４０ １．０２％ Ｎ ／ Ａ Ｎ ／ Ａ
＃ ５ ５．４１２ ０．７１％ Ｎ ／ Ａ Ｎ ／ Ａ
＃ ６ ５．４１２ ０．７１％ Ｎ ／ Ａ Ｎ ／ Ａ
＃ ７ Ｎ ／ Ａ －７．９０２ ０．１１０ －０．１４４ ０．０１６
＃ ８ ５．３５７ ０．９８％ －４．７６２ ０．１９７ －０．０９９ ０．００７
＃ ９ ５．３０３ ０．８０％ －４．８９０ ０．３９２ －０．０９８ ０．００７
＃ １０ ５．２８２ ２．３９％ －６．４４０ ０．２９８ －０．１２３ ０．００８

Ｂａｓｅｌｉｎｅ ５．３６７ １．５９％ －５．９５２ １．１５８ －０．１１２ ０．０２１

Ａｖｅｒａｇｅｄ ａｆｔｅｒ ｏｕｔｌｉｅｒｓ （ｉｎ ＲＥＤ） ｔｉｃｋｅｄ ｏｕｔ
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Ｔａｂｌｅ １２　 Ｓｔａｔｉｓｔｉｃａｌ ａｎａｌｙｓｉｓ ｏｆ ｒｕｎｎｉｎｇ ｓｉｎｋａｇｅ ａｎｄ ｔｒｉｍ ｍｅａｓｕｒｅｍｅｎｔ ｉｎ
ｃｏｍｐａｒａｔｉｖｅ ｔｅｓｔｓ ｏｆ ｔｈｅ ｓｍａｌｌ ＤＴＭＢ ５４１５ ｍｏｄｅｌ （Ｆｒ＝０．４１）

Ｆｒ＝ ０．４１
Ｔａｎｋ Ｎｏ

Ｃｔ×１０３＿１５ｄｅｇ＿Ｆｒｅｓｈ Ｗａｔｅｒ ｏｆ Ｓｍａｌｌ Ｍｏｄｅｌ ＤＴＭＢ ５４１５
Ｌｐｐ ＝ ３．０４８ ｍ； Ｓ＝ １．３７１ ｍ２

Ｒｅｓｉｓｔａｎｃｅ （Ｃｔ×１０３） Ｓｉｎｋａｇｅ （ｍｍ） Ｔｒｉｍ（ｄｅｇ）
Ｍｅａｎ ＳｔＤｅｖ Ｍｅａｎ ＳｔＤｅｖ Ｍｅａｎ ＳｔＤｅｖ

＃ １ ６．６５９ ２．１２％ Ｎ ／ Ａ Ｎ ／ Ａ
＃ ２ ７．９８５ ０．５０％ －１４．９６４ ０．９６６ ０．４５７ ０．０３６
＃ ３ ８．２５５ ０．４７％ －１６．４６７ １．０２５ ０．４９８ ０．０５５
＃ ４ ７．０２４ ２．９７％ Ｎ ／ Ａ Ｎ ／ Ａ
＃ ５ ７．８９１ ０．３８％ Ｎ ／ Ａ Ｎ ／ Ａ
＃ ６ ７．８９１ ０．３８％ Ｎ ／ Ａ Ｎ ／ Ａ
＃ ７ ７．７０６ １．５３％ －１７．２１６ ０．２２６ ０．３８７ ０．０１２
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Figure 45 　 Statistical analysis of running
sinkage measurement in comparative tests of
the small DTMB 5415 model (Ｆｒ=0.1)

Figure 46 　 Statistical analysis of running
trim measurement in comparative tests of the
small DTMB 5415 model (Ｆｒ=0.1)

Figure 47　 Statistical analysis of running
sinkage measurement in comparative tests
of the small DTMB 5415 model (Ｆｒ =
0.28)

Figure 48　 Statistical analysis of running
trim measurement in comparative tests of
the small DTMB 5415 model (Ｆｒ＝ ０．２８）
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Figure 49 　 Statistical analysis of running
sinkage measurement in comparative tests of
the small DTMB 5415 model (Ｆｒ=0.41)

Figure 50 　 Statistical analysis of running
trim measurement in comparative tests of the
small DTMB 5415 model (Ｆｒ=0.41)

Figure 51　 Correlation analysis of resistance
to sinkage and trim measurement in compar⁃
ative tests of the small DTMB 5415 model
(Ｆｒ=0.41)

The mean values and standard deviations
of the tank results (resistance, sinkage, trim) of
the small model for Froude numbers 0.1, 0.28
and 0.41 are given as compared with those of
large model in Table 13, Table 14 and Table 15,
respectively.
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It is noted that the standard deviations of
the total resistance coefficients of the large
model are lower than those of the small model.
Since the relative effect of the uncertainties will
be different for both models, the results of the
small model were found to be more scattered.
The present uncertainties of towing tanks and
the effects of them on the results should be fur⁃
ther investigated.

The limited number of sinkage and trim
data at the slowest speed (Ｆｒ = 0.1) would be
increased to improve the reliability of the re⁃
sults. The standard deviation of total resistance
coefficient for increasing Ｆｒ numbers is decrea⁃
sing as opposed to that in large model. On the
other hand, since the uncertainties are dominant
at low Ｆｒ, the standard deviation for small
model is higher than that of large model. The
present uncertainties of towing tanks and the
effects of them on the results should be further
investigated. The scattering of resistance is not
closely correlated to that of sinkage and trim,
either, as shown in Figure 51.

１２　 ＲＥＣＯＭＭＥＮＤＡＴＩＯＮＳ

The 28th ITTC Resistance Committee rec⁃
ommends the following:

（1) Recommend that ITTC adopt the fol⁃
lowing updated procedures:

• 7.5⁃01⁃01⁃01 Ship Models

• 7.5⁃01⁃03⁃04 Benchmark for PIV(2C)
and SPIV(3C) setups

• 7.5⁃02⁃02⁃01 Resistance Test

• 7.5⁃02⁃05⁃01 High Speed Marine Vehi⁃
cle Resistance Test

• 7.5⁃03⁃01⁃01 Uncertainty Analysis in
CFD Verification and Validation Meth⁃
odology and Procedures

• 7.5⁃03⁃01⁃02 Uncertainty Analysis in
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CFD, Guidelines for RANS Codes

• 7.5⁃03⁃02⁃01 Uncertainty Analysis in
CFD Examples for Resistance and
Flow

• 7.5⁃03⁃02⁃02 Benchmark Database for
CFD Validation for Resistance and
Propulsion

（2) Recommend an ITTC committee be
formed on methodological processes.

（3) The worldwide campaign data should
be disclosed via ITTC official website. We sug⁃
gest providing a searchable spreadsheet for use
of data. No new data was received. The number
of tests particularly for sinkage and trim would
be increased to improve the reliability of the
results. The uncertainties of towing tanks and
the effects of them on the results (especially on
sinkage and trim values) should also be further
investigated.

１３　 ＣＯＮＣＬＵＳＩＯＮＳ

１３．１　 Ｔａｓｋ １

The Committee identified new experimen⁃
tal approaches which have been proposed to
collect and monitor biofilm growth and assess
their effect on the frictional drag characteristics.
The use of convectional approaches based on
resistance measurements has been improved
through dedicated apparatuses minimizing any
interference and other uncertainty sources, in⁃
cluded the human factor. Some advances have
been made in the assessment of the roughness
and coating application characteristics.

The Committee added new benchmark da⁃
ta to the procedure 7.5⁃03⁃02⁃02: CFD, Resist⁃
ance and Flow Benchmark Database for CFD
Validations for Resistance and Propulsion.

CFD can be a reliable tool to determine
the drag of marine surface craft, as the relevant
flow phenomena are resolved. However, in
comparison to model scale experiments 3－8%
of deviation in drag may still occur.

１３．２　 Ｔａｓｋ ２

All ITTC Recommended Procedures rele⁃
vant to resistance and resistance specific CFD
procedures that were not reviewed during the
27th ITTC have been reviewed and updated in
the light of current practice. Also included was
Recommended Procedure 7. 5⁃01⁃01⁃01 Ship
Models, which was updated to incorporate as⁃
pects of the RC tasks related to hull surface
roughness, turbulence stimulation and the use
of rapid prototyping for manufacturing models
and appendages.

１３．３　 Ｔａｓｋ ３

The committee investigated the influence
of the surface roughness of the model ship used
in the towing tank test on the resistance meas⁃
urement result. Regarding the samples of vari⁃
ous materials used for model ships, the rough⁃
ness of the ISO method was measured using a
direct contact type roughness measuring device.
Assuming the obtained roughness height to be
equal to the sand roughness height, the incre⁃
ment of the frictional resistance due to the
roughness can be estimated based on the turbu⁃
lent boundary layer theory with respect to the
flat plate, using White􀆳s equation about the
sand roughness. By using this method, in addi⁃
tion to paraffin, or wood, or metal, or foamed
urethane, which have been used as a material
for model ships in the past, new materials used
for so⁃called 3D, which are gradually being
used recently. So, each organization can evalu⁃
ate the magnitude of roughness influence, or
determine the roughness criteria to minimize
the influence on the towing tank test.
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１３．４　 Ｔａｓｋ ６

The roughness of models and appendages
produced by rapid prototyping was reviewed,
including a survey of test samples produced by
multiple 3D printers, including manufacturing
process variables such as: material, print speed
and print orientation. It was found that the raw
surface finish of all samples are considered un⁃
acceptable when compared against the com⁃
monly accepted standard for ship models (ie. e⁃
quivalent to that achieved with a 300 to 400
grit wet and dry paper). Additional processes,
such as sanding and sealing, may be required
prior to performing model tests. The surface
roughness of the test samples produced using
rapid prototyping and several ship models con⁃
structed of various materials, were quantified
by direct measurement using a commercially a⁃
vailable surface roughness tester. A chart for
estimating the effect of surface roughness on
resistance is provided.

１３．５　 Ｔａｓｋ ８

Recent advances regarding turbulence
stimulation methods have been reviewed. Giv⁃
en the wide variation in model geometry the
turbulence stimulator device should be chosen
following consideration of its effectiveness and
convenience for the individual purpose. The
need to carefully consider the specific type,
size, quantity and placement of turbulence
stimulator device has been further emphasised
within the relevant procedure 7.5⁃01⁃01⁃01
Ship Models. Particular attention was given to
model tests on long slender hulls, such as high
speed catamarans, where the use of sand strips
are recommended. Additional advice on the ap⁃
proach for selecting appropriate turbulence
stimulation devices for appendages is provided.
Two ways are typically used to determine the
efficiency of tripping devices. The assessment
of the flow past the stimulators (usually done
using hot⁃film sensors) or the evaluation of the
drag force at a particular speed for different

stimulation devices. If used correctly, all three
commonly used devices (studs, sand strips and
trip wires) are capable of tripping the flow a⁃
round ship or submarine models without cau⁃
sing notable parasitic drag or over⁃stimulating
the boundary layer.

１３．６　 Ｔａｓｋｓ ７ ＆ １１

The results of the small model campaign
have been included for completeness, but the
RC don􀆳t think there is any insight to be gained
from looking at the small model results them⁃
selves and the major conclusions from the
worldwide campaign were from the large mod⁃
el and presented in the 27th ITTC RC final re⁃
port. It is believed that there is little further to
gain from additional analysis of the worldwide
series benchmark data.

１３．７　 Ｔａｓｋ １０

The ITTC benchmark study on PIV and
SPIV measurements has been initiated. Clear
instructions for performing the benchmark tests
including details about the case studies, the
measurement conditions and the measurement
parameters have been included in the revised
7.5⁃01⁃03⁃04 procedure. The organization of
the benchmark program along with all the nec⁃
essary information to access the repository and
to store the data are also reported in the revised
7.5⁃01⁃03⁃04 procedure.

１３．８　 Ｐｏｔｅｎｔｉａｌ Ｎｅｗ Ｔａｓｋｓ

• Conduct a study of super⁃hydrophobic
materials from the point of view of re⁃
sistance reduction.

• Accumulate and classify the original
benchmark test data listed in the re⁃
vised ITTC procedure 7.5⁃03⁃02⁃02
“Benchmark Database for CFD Vali⁃
dation for Resistance and Propulsion” ,
working closely with other ITTC com⁃
mittees and CFD workshop commit⁃
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tees. Make the database available on
the ITTC website and encourage con⁃
tinual improvement of the data.

• Produce guidelines on the verification
of ship scale CFD, by checking model
to ship scaling of skin friction, form
factor and wave resistance compo⁃
nents. Review and update uncertainty
analysis guidelines for CFD.
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