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Resistance Test and Performance Prediction Method with Skin Frictional Drag
Reduction Techniques

1. PURPOSE OF THE GUIDELINE

The purpose of the procedure is to comple-
ment the existing procedures for the resistance
and propulsion model tests when the skin fric-
tional drag reduction techniques are employed
in the model test to predict the full scale perfor-
mance. Such techniques include air lubrication,
low frictional coating and hull appendages. The
existing resistance and propulsion performance
prediction method are not applicable in such
cases, because the model-ship extrapolation is
based on the skin frictional drag coefficient for
the “baseline” surface without skin frictional
drag reduction.

2. PARAMETERS

2.1 Data Reduction Equations
Total resistance coefficient Cr = %’fsﬁ
Residual Resistance Coefficient

Cr = Cry — Cem (L + k)

Schoenherr Correlation Line (ATTC line)

0.242

Nl log;o(ReCr)

-7

Froude number Fr = Jot
-

Depth Froude number Fry = N
Reynolds number Re = %

2.2 Definition of Variables

Ca Correlation allowance

Can Air resistance coefficient

Cp, Drag coefficient

Ce  Frictional resistance coefficient

Cr.  Local skin friction coefficient

Cr Residual resistance coefficient

Cr Total resistance coefficient

D Propeller diameter (m)

Fp  Skin friction correction in self-propulsion
test

Ji Propeller advance coefficient

Ky Thrust coefficient

g  Acceleration of gravity (m/s?)

k Form factor

L Representative length [normally Lw. for
Frand Los for Re] (m)

Ry  Total resistance (N)

Re Reynolds number

S Wetted surface area (m?)

Sex  Wetted surface area of bilge keels (m?)

t Thrust deduction factor

V' Ship speed (m/s)

w  Taylor wake fraction in general

wr  Taylor wake fraction, thrust identity

AC: Roughness allowance

np  Propulsive efficiency or quasi-propulsive
coefficient

ny  Hull efficiency

no  Propeller open water efficiency

nr  Relative rotative efficiency

«  Frictional drag reduction factor

Water density in general (kg/m?)

Scale factor

Kinematic viscosity (m?/s)

< >

Subscript “m” signifies the model scale value.
Subscript “s” signifies the full scale value.

Subscript “saseLine” signifies the case without
skin frictional reduction.
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Subscript “smooth” Signifies the case with smooth
surface.

Subscript “srr” signifies the case with skin fric-
tional reduction.

3. BASIC REMARKS: CATEGORIZA-
TION OF SKIN FRICTIONAL DRAG
REDUCTION TECHNIQUES

Skin frictional drag reduction has been
noted as an effective way to improve the fuel ef-
ficiency of ships. This is because the skin fric-
tional drag is the major resistance component,
occupying more than 60% of total resistance for
Froude number below 0.15. The most noticeable
technique is the air lubrication, where air is in-
jected onto the hull surface to form a bubbly
flow or air layer (Jang et al. 2014). Application

of low frictional anti-fouling coating (Yang et al.

2014) could be alternative way to achieve skin
frictional drag reduction. Yet another possibility
is the surface mounted hull appendage like

outer-layer vertical blades array (An et al. 2014).

Although these techniques vary in the underly-
ing physical mechanism leading to skin friction
reduction and the quantitative drag reduction ef-
ficiency, they pose a significant common issue
performance prediction based on the scaled
model test. The extrapolation method in the ex-
isting performance prediction procedure is
based on the ITTC 57 Model-Ship Correlation

Line originated from the ATTC line 22 =

NG
log,o(Re - C¢), which is an empirical skin fric-
tion correlation for a smooth surface. Therefore,
if a certain skin frictional drag reduction tech-
nique is employed in a model test, then the skin
frictional characteristics of the model will no
longer follow the existing Model-Ship Correla-
tion Line, leading to an incorrect performance
prediction of full-scale ship. This draft guideline
proposes a new scaling method which can be
employed when a skin frictional drag reduction
technique is employed in model test.

Depending on the nature of the skin friction
techniques, different extrapolation methods
need to be employed. In the present guideline,
the skin friction techniques are to be divided into
two categories; homogeneous and inhomogene-
ous.

In the homogeneous category, the entire
surface characteristics are modified so that the
skin frictional drag reduction occurs everywhere.
Low frictional coating falls in this category. In
this category, the presence of drag reduction
mechanism at a particular location is scarcely
affected by the local conditions such as pressure
gradient, surface curvature, etc. In addition, the
skin friction reduction effect can hardly be
switchable, so the comparison between model
tests with skin friction reduction (hereinafter
called as “SFR” test) and without skin friction
reduction (hereinafter called as “BASELINE”
test) would require two identical models. This is
however, impractical in most cases, so the com-
parison between two states needs to be per-
formed in a canonical flow around simpler ge-
ometry, i.e., atotal drag measurement of a towed
flat plate or a floating-element skin friction
measurement in a turbulent boundary layer de-
veloping in a circulating water tunnel. The ad-
vantage of canonical test is that the “BASE-
LINE” test result as well as the “SFR” test result
can be compared with the empirical correlation

such as the ATTC line % =log,o(Re - C)
for a smooth surface.

In the inhomogeneous category, the bound-
ary layer is influenced locally and the skin fric-
tion effect takes place at a certain locations. Air
lubrication, polymer injection and replaceable
hull appendage belong to this category. Taking
air lubrication for example, the local skin fric-
tion greatly varies whether the injected air layer
IS present or not in the immediate vicinity of the
location at question. Since the drag reduction
mechanism (presence of injected air/polymer,
interaction between appendage and boundary



» ITTC — Recommended
Procedures and Guidelines

7.5-02
-02-03
Page 5 of 12

mc

INTERNATIONAL
TOWING TANK
CONFERENCE

Resistance and Propulsion Test and Perfor-
mance Prediction with Skin Frictional Drag 2017 00
Reduction Techniques

Effective Date | Revision

layer) is strongly affected by the local condi-
tions, the drag reduction effect can’t be quanti-
fied in terms of canonical flow measurement.
Also the skin friction reduction effect to can be
turned “ON” and “OFF” in this category. There-
fore, a single model would suffice for both SFR
test and BASELINE test. In this draft guideline,
attention is paid to set up a procedure to carry
out model test and then to extrapolate to full
scale for the inhomogeneous techniques.

4. DESCRIPTION OF PROCEDURE: RE-
SISTANCE TEST FOR INHOMOGE-
NEOUS TECHNIQUES

Resistance tests are conducted to provide
data from which the resistance of the model
hull at any desired speed may be determined.
For this purpose, the model resistance and its
speed through the water are simultaneously
measured. The running attitude of the model -
i.e. the sinkage fore and aft, or the running trim
and sinkage - is usually also measured.

The resistance (or drag) is the horizontal
component of the force opposing the steady for-
ward motion of the model hull. The resistance
is determined by measuring a towing force.

4.1 Model and Installation

41.1 Model

The model should generally follow the ITTC
Recommended Procedure 7.5-01-01-01, Ship
Models and 7.5-02-02-01, Resistance Test.
Model tests with skin frictional drag reduction
inherently require comparison between test with
skin friction reduction (SFR” test) and without
skin friction reduction (“BASELINE” test).

Care must be taken to ensure that the skin
frictional reduction apparatus such as air injec-
tion hole(s) and hull appendage installation

slot(s) have minimal influence on the resistance
measured during the BASELINE test. In other
words, the hull surface of the model during the
BASELINE case should be maintained as
smooth as possible, devoid of any noticeable
step and discontinuity.

4.1.2 Test Condition

Models should be tested in both of the fol-
lowing conditions:

1. “BASELINE” test. This is intended to de-
termine the resistance coefficients of the
baseline case

2. “SFR” test. This test is intended to deter-
mine the decrease in resistance coeffi-
cients due to the skin friction reduction
technique applied.

4.1.3 Installation

The model(s) should be run at the correct
calculated displacement. For model installation
and trimming see ITTC Recommended Proce-
dures 7.5-01-01-01, Ship Models and 7.5-02-02-
01, Resistance Test.

4.2 Measurement Systems

In case of resistance test, this should comply
with the ITTC Recommended Procedure 7.5-02-
02-01, Resistance Test.

4.3 Instrumentation

This should comply with the ITTC Recom-
mended Procedure 7.5-02-02-01, Resistance
Test.
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4.4 Calibration

This should comply with the ITTC Recom-
mended Procedure 7.5-02-02-01, Resistance
Test.

4.5 Test Procedure and Data Acquisition

This should comply with the ITTC Recom-
mended Procedure 7.5-02-02-01, Resistance
Test.

4.6 Data Reduction and Analysis

The speed, resistance, sinkage and trim and
any other continuously recorded quantities of
the test should be presented as mean values de-
rived from an integration of the instantane-ous
measured values over the same measuring inter-
val (chosen according to the guidelines in sec-
tion 3.5.1 and 3.5.2 of the ITTC Recommended
Procedure 7.5-02-02-01, Resistance Test.), with
the appropriately averaged zero measurements
subtracted from the average values.

Total resistance and residuary resistance co-
efficients, together with Froude Number, are
calculated for each speed using the data reduc-
tion equations given in Section 2.1.

Resistance Rty paseLine Measured in  the
“BASELINE” resistance tests is expressed in
the non-dimensional form

_ RTM,BASELINE
CTM,BASELINE -1

5 PmSMVit

Details regarding the evaluation of S, and
pm Should be referred to the ITTC Recom-
mended Procedure 7.5-02-02-01, Resistance
Test. Similarly, Resistance Rry srr measured in
the “SFR” resistance tests is expressed in the
non-dimensional form

_ Rmser
CtMsFR = 1

5 PmSMVit

The residuary resistance of the ship is calcu-
lated from the ‘BASELINE’ tests without skin
friction reduction assuming the form factor to be
independent of scale and speed. The residuary
resistance can therefore be calculated as:

CrpaseLINE = CrmpaseLine — (1 + k) CempaseLINE

where CrypaseLine 1S derived from the ATTC
line as follows;

0.242

= |0910(Re CFM,BASELINE)
v CrM BASELINE

The reason why the ATTC line is adopted
instead of the ITTC 57 Model-Ship Correlation
Line is that the physically meaningful skin fric-
tional characteristics is required to give a correct
estimate of the amount of skin friction reduction
in the consequent comparison with the SFR test
results. It should be kept in mind that the ITTC
57 Model-Ship Correlation Line does not repre-
sent the actual skin frictional coefficient espe-
cially in low Reynolds numbers.

The form factor is determined from low
speed tests as described in Section 3.6.2 of the
ITTC Recommended Procedure 7.5-02-02-01,
Resistance Test.

The difference between the total resistance
coefficients from the “SFR” test and the
“BASELINE” test gives the frictional drag re-
duction factor a, assuming that the residuary re-
sistance is not affected by the reduced skin fric-
tional drag.

Crsrr = Crmspr — (1 + k) Crym ser
CrBASELINE = CRSFR

Crm.BaseLINE — (1 + k) Cem BASELINE =
= Crmsrr — (1 + k)Cem ser
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CFM,BASELINE - CFM,SFR
_ CTM,BASELINE - CTM,SFR

1+k
a= CFM,SFR _ CTM,BASELINE - CTM,SFR
CFM,BASELINE (1 + k)CFM,BASELINE

4.7 Geosim Tests for the Extrapolation of a
for Full Scale

It is reasonable to assume that the frictional
drag reduction factor « depends on the Reyn-
olds number, a(Re). In order to predict such de-
pendence, the geosim tests with varying Reyn-
olds number are recommended. Each test should
be based on Froude scaling and the respective
Reynolds number needs to be spaced at least one
order of magnitude. From each test with respec-
tive Reynolds number Rey;(i=12-) ,
a(Rey,) is calculated by the process described
in the previous section. The dependence of
a(Rey;) on Rey,; is required to be appropri-
ately analysed to predict the extrapolated value
of a(Reg) for the full scale.

It is worthwhile to mention that test using
multiple models with varying scale factors are
very costly process. Even the highest Reynolds
number involved in such test might not be close
enough to the full scale Reynolds number to
avoid scale effect. Considering the practical size
limitation in the tank test, the scale factor Aof
the largest model is recommended to become
smaller than 35. This will have the ratio of
Reynolds numbers between the full scale and
the model, which is equal to 13/2, to be less than
200.

4.8 Full Scale Predictions

The full scale frictional reduction factor
a(Reg) obtained from the procedure in the
above will satisfy the following relationship;

G
«(Reg) = FS,SFR

CFS,BASELINE

Thus, the total resistance coefficient of a
ship without bilge keels is

Crs = (1 + k)Cpsspr + ACp + Cg + Cp + Cpps =
= a(1 + k)CpspasLiNg + ACg + Cr + Cp + Caps

where

k is the form factor determined from the re-
sistance test, see ITTC standard proce-
dure 7.5-02-02-01.

Ces Is the frictional resistance coefficient of
the ship according to the ATTC line

Cr isthe residual resistance coefficient calcu-
lated from the total and frictional re-
sistance coefficients of the model in the
resistance tests: Cgr = Cty — Cem(1 +
k)

The form factor kand the total resistance co-
efficient for the model C;,, are determined as
described in the ITTC standard procedure 7.5-
02-02-01.

The correlation factor for the calculation of
the resistance has been separated from the
roughness allowance. The roughness allowance
ACg per definition describes the effect of the
roughness of the hull on the resistance. The cor-
relation factor C, is supposed to allow for all ef-
fects not covered by the prediction method,
mainly uncertainties of the tests and the predic-
tion method itself and the assumptions made for
the prediction method. Both correlation factors
are determined as described in the ITTC stand-
ard procedure 7.5-02-02-01.

- ACk is the roughness allowance:
1

- 1
ACp = 0.044 [(k—S) - 10Re'§] +0.000125,

LwL
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where kg indicates the roughness of hull surface.

When there is no measured data, the standard
value of kg=150x10"° m can be used.

Ca Is the correlation allowance. Cp is deter-
mined from comparison of model and
full scale trial results. When using the
roughness allowance as above, the 19"
ITTC recommended using Ch=
(5.68 — 0.6 log Re) x 1073,

Caas 1S the air resistance coefficient in full scale

A .
Cans = CDA”:S\’S, where, Ays is the
S9S

projected area of the ship above the wa-
ter line to the transverse plane, Ss is the
wetted surface area of the ship, pa is
the air density, and Cp, is the air drag
coefficient of the ship above the water
line. Cpa can be determined by wind
tunnel model tests or calculations. Val-
ues of Cpp are typically in the range
0.5-1.0, where 0.8 can be used as a de-
fault value.

If the ship is fitted with bilge keels of modest
size, the total resistance is estimated as follows:

3STIBK [ACe + Cp] +
Ss

Crs = a(1 + k) Cgs pasLing +

+CR + Caas

where Sgi is the wetted surface area of the bilge
keels.

5. DESCRIPTION OF PROCEDURE:
SKIN FRICTIONAL RESISTANCE
MEASUREMENT FOR HOMOGENE-
OUS TECHNIQUES

Whilst the comparative resistance ship
model test are conducted for the inhomogeneous
techniques as in Section 4, those model tests are
replaced with a canonical flow tests to directly
quantify the skin frictional drag for both “SFR”
and “BASELINE” conditions. As far as the

coating is concerned, the “BASELINE” test re-
fer to the measurement of skin frictional drag
with the baseline coating. There could be two
subcategory of canonical flow test; the first one
is a global one to measure the skin frictional

drag of a towed flat plate, leading to the skin

frictional drag coefficient Cr = %. Schultz
P

(2004) is a notable example of towed flat plate

measurement. The second one is local measure-

ment of wall shear stress using floating-element

skin friction balance in a turbulent boundary

layer in a circulating water tunnel, which then
leads to local skin friction coefficient C; = %
P

5.1 Test Procedure

Unlike the ship model tests described in sec-
tion 4, there is no currently available ITTC rec-
ommended procedures and guidelines for the ca-
nonical flow tests. Care should be undertaken to
identify all the possible errors in the particular
test conducted. Usually comparison of the tests
result for smooth surface with the following cor-
relation is helpful in quantifying such measure-
ment errors;

For global measurement,
0.242

N

where Re; is based on the length of flat plate, L.
For local measurement,

= logo(ReLCr)

1
=415 In(ReXCFL) +17
vV CFL
where Re, is defined by the local streamwise

coordinate x of the measurement location in the
boundary layer.
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5.2 Data Reduction

Once either Cr or Cr is measured for both
“SFR” condition and “BASELINE” condition,
the frictional drag reduction factor « is then
given as follows;

For global measurement,

_ CF,SFR
a9Qa =
CF,BASELINE

For local measurement,

CFL,SFR

a D ———————
CFL,BASELINE

5.3 Extrapolation of a for Full Scale

Here, the Granville’s similarity law scaling
procedure described in Schultz (2007) is
adopted. Originally, this method is devised to
extrapolate the effect of coating roughness to
full scale resistance performance. Granville
(1987) describes how to quantify the roughness
function AU for either global measurement or
local measurement. For rough surface, AU™ rep-
resent a downward shift of log-law velocity pro-
file, which is associated with the momentum
deficit due to roughness.

Following the Granville’s frictional drag
characterization methods, the roughness func-
tion for “SFR” condition can be calculated as
follows;

For global measurement,

2 2
WUt)spr = | |=— - =] -
R G Cr
smooth SFR
19.7 2 2
l CFL CFL
smooth SFR

(AU*)gaseLine can be calculated similarly.

Granville’s similarity law scaling procedure
is illustrated graphically in Figure 1 The proce-

dure consists of first plotting the frictional re-

. .. 0.242
sistance coefficient of a smooth plate =

NG
log,o(Re Cr) as a function of log,,(Re.). The
frictional resistance coefficient for the rough
plate laboratory measurement is then plotted on
the graph of Cr versus log,(Re.). This point co-
incides with the intersection of two curves. The
first curve is the smooth friction line displaced
horizontally by kAU*/In 10. The second curve
is the line of constant Lyj,e = Lpiate Uz/v Which

satisfies the following equation;

For full scale Crs determination, the line of
constant L is shifted by log(Ls/Lpjate ). The
intersection of this line and the first shifted
curve then identifies Crs. This process can be
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performed for both “SFR” condition and
“BASELINE” condition to give Cessrr and
CesaseLine- Finally, The full scale frictional drag
reduction factor a(Reg) is given by the follow-
ing relationship;

CFS SFR
a(Res) = -
CFS,BASELINE
0.005 .
& |og(£5/‘[pf’afe )
0004 {  <choenherr .. lab scale C
correlation <AU* /In10
0.242 _c/h B

0003 | /- =log,,(Re; - Cr) e H

o
0.002 -
Lia
Re; = =
0.001 - \Es(“ﬂ%)
0.000 v
5 6 7 8 9
lOglg (REL )

Fig. 1 Graphical representation of Granville’s similarity
law scaling

5.4 Full Scale Predictions

The total resistance coefficient of a ship
without bilge keels is

Crs = (L + k)Crsspr + Cr + Cp + Caps =
= a(1 + k)Cps pasLiNg + Cr + Cp + Caas

If the ship is fitted with bilge keels of modest
size, the total resistance is estimated as follows:

SS + SBK
Crs = 5 [(1 + k) Cps pasLine + Ca] +

+CR + Cpas

where Sgk is the wetted surface area of the bilge
keels.

These equations are similar to those in Sec-
tion 4.8 except that the roughness allowance.
ACe is omitted. This is because the model-ship

roughness allowance has been already ac-
counted in predicting Crsser and CespaseLine 1IN
Section 5.3.

6. DESCRIPTION OF PROCEDURE:
SELF-PROPULSION TEST FOR INHO-
MOGENEOUS TECHNIQUES

Similarly, as the comparative resistance tests
described in Section 4, comparative self-propul-
sion tests can be conducted to investigate the ef-
fect of skin frictional drag reduction technique
on the propulsion performance. Since some
parts of the existing propulsion test procedure
and performance prediction such as the skin
friction correction force can be affected by the
reduced skin friction, appropriate amendment to
the existing guidelines seems to be necessary.
This is the background of the present section.

6.1 Model and Installation
6.1.1 Models

6.1.1.1 Hull Model

The model hull should be manufactured ac-
cording to the Standard Procedure 7.5-01-01-01,
Ship Models. The condition of the hull model
prepared for self-propulsion tests should be the
same as its condition for the resistance test.

6.1.1.2 Propeller/Propulsion Unit Model

This should comply with the Section 3.1.1.2
of the ITTC Recommended Procedure 7.5-02-
03-01.1, Propulsion/Bollard Pull Test.

6.1.2 Installation

This should comply with the Section 3.1.2 of
the ITTC Recommended Procedure 7.5-02-03-
01.1, Propulsion/Bollard Pull Test.
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6.2 Instrumentation

This should comply with the Section 3.2 of
the ITTC Recommended Procedure 7.5-02-03-
01.1, Propulsion/Bollard Pull Test.

6.3 Calibration

This should comply with the Section 3.3 of
the ITTC Recommended Procedure 7.5-02-03-
01.1, Propulsion/Bollard Pull Test.

6.4 Test Procedure and Data Acquisition

6.4.1 Methods

This should comply with the Section 3.4.1
and the Section 3.4.2 of the ITTC Recom-
mended Procedure 7.5-02-03-01.1, Propul-
sion/Bollard Pull Test.

6.4.2 Skin Friction Correction Force

The skin friction correction force (Fp), ap-
plied as an external tow force, is to achieve the
theoretically correct propeller loads during the
self-propulsion test. It takes into account the dif-
ference in skin friction coefficients between the
model and the full scale ship. General terms
should be consistent with those described in the
Section 3.4.3 of the ITTC Recommended Proce-
dure 7.5-02-03-01.1, Propulsion/Bollard Pull
Test.

For the “BASELINE” self-propulsion test,
the skin friction correction force is given as:

Fp BASELINE = E,DMSMVI\%[

{(1 + k) (CempaseLiNe — CrsBaseLing) — ACE}

For the “SFR” self-propulsion test, the skin
friction correction force is given as:

Fpspr = EPMSMVI\%[
{@ +K)(Comsrr — Crssir) — ACF}

6.5 Data Reduction and Analysis

This should comply with the Section 3.5 of
the ITTC Recommended Procedure 7.5-02-03-
01.1, Propulsion/Bollard Pull Test.

The required values of t, w;, ng and ny are
calculated according to the data reduction equa-
tions defined in the Section 2.1 of the ITTC Rec-
ommended Procedure 7.5-02-03-01.1, Propul-
sion/Bollard Pull Test. For “BASELINE” and
“SFR” self-propulsion test, those values should
be calculated using data measured in the respec-
tive test.

6.6 Full Scale Predictions

6.6.1 Scale Effect Corrections for Propeller
Characteristics

This should comply with the Section 2.4.2 of
the ITTC Recommended Procedure 7.5-02-03-
01.4, 1978 ITTC Performance Prediction
Method.

6.6.2 Full Scale Wake and Operating Condi-
tion of Propeller

General terms should be consistent with
those described in the Section 2.4.3 of the ITTC
Recommended Procedure 7.5-02-03-01.4, 1978
ITTC Performance Prediction Method.

Full scale wake in the case of “BASELINE”
case is calculated by the following formula:

WTS BASELINE — (tpaseLing + 0.04) +

+(wrmBaseLiNe — teaseing — 0.04)
(1 + k)Crs parLiNg + ACR
(1 + k)Cem BASELINE
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For “SFR” case, full scale wake is given as:

WTS SFR = (tpaseLing +0.04) +

+(WTM,SFR — UBASELINE — 0-04)
(1 + k)Cpsspr + ACE

(1 + K)Crmsrr

The load of the full-scale propeller is ob-
tained using the formula described in the Sec-
tion 2.4.3 of the ITTC Recommended Procedure
7.5-02-03-01.4, 1978 ITTC Performance Pre-
diction Method.

For “BASELINE” case,

) e =
J?/ gasELINE
S

CTS,BASELINE

2 2
ZD (1 - tBASELINE)(l - WTS,BASELINE)
For “SFR” case,

(ﬁ) _ N Crs,sFr
J?/spr  2D2 (1

- tSFR)(l - WTS,SFR)2

The full scale quantities for respective case,
“BASELINE” and “SFR”, are calculated using
the formulae described in the Section 2.4.3 of
the ITTC Recommended Procedure 7.5-02-03-
01.4, 1978 ITTC Performance Prediction
Method.
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