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Abstract

In this paper, full-scale ship performance in actual seas, which was predicted by the method described in part 1 of the pre-
sent study, was validated through a comparison with onboard monitored data. The full-scale performance of a large bulk
carrier was monitored by a dedicated on-board monitoring system, and the monitored data were thoroughly analyzed and
reduced to the form of performance parameters applicable to the comparison with the prediction results. The full-scale ship
performance predictions evaluated in the form of shaft power increase agreed quite well with the analyzed monitored data
obtained under actual operating conditions. Thus, the effectiveness of the performance prediction method presented in this

study was fully confirmed.

Keywords Full-scale ship - Onboard monitoring - Performance in a seaway - Validation of performance predictions

1 Introduction

In order to reduce greenhouse gas emissions from ships,
fuel saving by improving the hull form and the power plant
systems has been strongly demanded. For this reason, con-
firmation of whether the ship performance is achieved as
designed and reflection in new ship design have become
more important.

Part 1 of this study described a method for predicting
ship performance in actual seas. In this paper (part 2 of the
present study), the effectiveness of the prediction method is
evaluated through a comparison of full-scale performance
monitoring and analysis results with the performance pre-
dictions obtained from the method described in the part 1.

For full-scale performance monitoring and analysis, we
employed the “Sea-Navi” voyage support system [1, 2]. This
system continuously monitors items including the ship’s
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position, speed, power and fuel consumption, and weather
conditions. The monitored performance data are statistically
analyzed by an on-board subsystem in an automatic manner
for a specified duration of time to reduce the data size and
cost of analysis work. The statistically analyzed data are then
sent to a shore-side subsystem and examined by a rigorous
analysis method, as will be described in the present study.

It has frequently been stated that full-scale on-board per-
formance data are so unreliable and inconsistent that, con-
sidering the large amount of work involved in eliminating
the effects of many disturbing factors, the detailed analy-
sis of such data is not worthwhile compared to the analy-
sis of new-building speed trial data, but this has not been
the author’s experience. It is true that the performance data
recorded on board are subject to the effects of a variety of
disturbances and are difficult to apply to detailed analysis on
a hydrodynamic basis. However, when a sufficient amount
of data is available and an appropriate analysis method
such as that presented in this paper is employed, it is pos-
sible to obtain a high-quality performance evaluation with
accuracy comparable to the results of normal new-building
speed trials. In any case, it is apparent that the final criterion
of ship performance must obviously be the results that are
consistently monitored and analyzed in service, and the ship
designer should finally accept this position.


http://orcid.org/0000-0002-8636-6104
http://crossmark.crossref.org/dialog/?doi=10.1007/s00773-017-0511-5&domain=pdf

Journal of Marine Science and Technology (2018) 23:782-801

783

Service performance monitoring and analysis has a long
history and has been utilized for the management of ship
operations over the years. A number of works have been
done on service performance analysis by utilizing abstract
log data (e.g. [3-5]). In recent years, many on-board perfor-
mance monitoring studies which were conducted in a similar
way to that employed in the present study have been reported
(e.g. [6-11]).

In normal full-scale ship performance predictions in the
design stage, the ship’s performance is evaluated under
strictly defined weather conditions. In the normal practice
in ship design, the still-water condition, which means no
wind and no waves, is the principal weather condition for the
performance evaluation. In addition to this condition, other
specifically defined weather conditions such as Beaufort
wind force scale-based conditions have been employed for
performance in a seaway. Thus, the primary consideration
in this paper is placed on the evaluation of full-scale perfor-
mance under these specifically defined weather conditions
and the validation of the performance predictions.

A brief description of the on-board monitoring system
employed in the present study is given in the next sec-
tion. Next, a physics-based full-scale performance analysis
method is described in detail. Finally, the effectiveness of the
present full-scale performance prediction method described

Fig. 1 Configuration of “Sea- — |—— Onsh Svst
Navi” on-board monitorin o ooao nshore System
system £ — Voyage Data Recorder (VDR)

o ooao

in part 1 is thoroughly validated by comparing the results
of predictions with the analyzed results obtained on a large
bulk carrier in the fully loaded condition in actual seas.

2 On-board performance monitoring
system

The on-board monitoring system “Sea-Navi” voyage sup-
port system [1] is employed in this study. The typical con-
figuration of the “Sea-Navi” monitoring system is shown in
Fig. 1. This system primarily consists of a suite of sensors
(whose combination differs for a particular ship) and the
system PC, which is used to acquire, analyze, and display
data. Most hull-related data (ship’s speed, course, heading
wind, rudder angle, etc.) are obtained from the Voyage Data
Recorder (VDR) as LAN output data. Machinery-related
data (fuel-oil flow rate, fuel-oil temperature, shaft power,
etc.) are obtained from the engine-room data logger. Ship
motions and encountered waves are optional monitoring
items and are measured by using dedicated motion sensors
and a radar wave analyzer. Other on-board monitoring sys-
tems similar to “Sea-Navi” in system configuration have
been employed in many service performance studies (e.g.
[12-14]).

GPS Info(Lat.,Ln.,Speed,Cource) ]

Wind Speed & Direction ‘

LAN | Heading Angle ‘
Satellite \ | Rudder Angle |
Communications - | Shaft R evolutions |
Onboard Analysis | Log Speed ‘
(Mean Values,Standard
Deviation,etc) M/E Fuel Flow Meter |
Data M/E Fuel Thermometer ‘
Logger
(ECC) Fuel Index ‘
Shaf Horse Power Meter |
"Sea-Navi" PC Ship Motion measurement equip.
| Vertical Gyro(RollPitch) |
Extra Options LAN Vertical Accelerometer
R'fidar Wave H.elght Meter. . | X-Band Radar
(Wave Height, Wave Period, Wave Direction)

@ Springer



784

Journal of Marine Science and Technology (2018) 23:782-801

The measured data are merged as a time-series data file
of 20 min length containing all the data items. Then, a sta-
tistical analysis of the time-series data is conducted in the
system PC. The average, minimum, maximum, standard
deviation, significant value, and zero up-cross period are
calculated for all the data items at intervals of 20 min.

3 Full-scale performance analysis method

The monitored performance data are analyzed so as to give
results as the propulsive power increase due to encountered
weather effects on the basis of the Beaufort wind force (BF)
scale. The analysis of monitored data is divided into the fol-
lowing four steps:

1. Step 1: Scrutiny of monitored data.
Step 2: Estimation of resistance increases due to encoun-
tered disturbances.

3. Step 3: Correction of ship’s performance for the effect
of disturbances.

4. Step 4: Evaluation of ship’s performance in standard
weather conditions.

3.1 Scrutiny of monitored data

In order to remove uncertainty of the data and conduct the
analysis under an equivalent basis to the greatest extent pos-
sible, a certain group of monitored data is selected for the
analysis.

For the performance analysis in the still-water condition
(i.e. no wind and no wave condition), the following criteria
are specified in the data scrutiny:

1. The true wind speed is less than a certain threshold value
to eliminate data under strong winds.

2. The significant wave height is less than a certain thresh-
old value to eliminate data in large waves.

3. The average and standard deviation of the rudder angle
during a certain duration of time are within certain
threshold values to eliminate the data during intentional
steering operations.

4. Maximum difference of the rudder angle during a certain
duration of time are within certain threshold values to
eliminate the data during intentional steering operations.

5. Propeller revolutions are greater than those correspond-
ing to the minimum output of the main engine capable of
continuous running to eliminate the data during exces-
sively slow speeds, for example, during harbor maneu-
vers.

6. The difference in propeller revolutions during a certain
duration of time is within a certain threshold value of the
maximum propeller revolution corresponding to MCO

@ Springer

to eliminate the data during accelerating or decelerating
operations.

7. The pitch angle is less than certain threshold values to
eliminate data in rough weather conditions.

8. The roll angle is less than certain threshold values to
eliminate data in rough weather conditions.

For the performance analysis in standard wind and wave
conditions (i.e. under the effect of specific wind and wave
magnitudes), the following criteria are specified in the data
scrutiny:

1. Difference between average true wind angle and mean
wave direction is less than a certain threshold value to
eliminate data under strong swells.

2. Difference between wind-speed based Beaufort scale
and wave-height based Beaufort scale is less than a cer-
tain threshold value to eliminate data in strong swells or
gusty winds.

3. Standard deviation of true wind direction during certain
duration of time is within certain threshold values to
eliminate the data under changing wind conditions.

4. Standard deviation of the rudder angle during certain
duration of time is within certain threshold values to
eliminate the data during intentional steering operations.

5. Maximum difference of the rudder angle during certain
duration of time is within certain threshold values to
eliminate the data during intentional steering operations.

6. Standard deviation of the heading angle during certain
duration of time is within certain threshold values to
eliminate the data during intentional steering operations.

7. Propeller revolutions are greater than those corresponding
to the minimum output of the main engine capable of con-
tinuous running to eliminate the data during excessively
slow speeds, for example, during harbor maneuvers.

8. The difference in propeller revolutions during certain dura-
tion of time is within a certain threshold value of the maxi-
mum propeller revolution corresponding to MCO to elimi-
nate the data during accelerating or decelerating operations.

3.2 Estimation of resistance increases due
to encountered disturbances

The increases in ship’s resistance due to environmental and
external disturbances such as wind, waves, steering and
drifting are estimated. The directions of wind and waves
relative to the ship’s heading and ship’s drifting angle are
defined as shown in Fig. 2.

The resistance increase due to wind (AR
by

wing) 1S calculated

1
ARing = Epa “Ar- {CAA(Twind,R) ’ V\%/ind,R = Can(0) - Vé }’
(D
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Fig.2 Definition of ship’s course and heading and wind and wave
directions

where p, is the mass density of air, A} is the transverse pro-
jected area above the waterline including the superstructure,
and C, () is the wind resistance coefficient; Cy,(0) is the
wind coefficient in a head wind, W;,q g is the relative wind
direction, V,;,qr is the relative wind speed, and V; is the
ship’s speed over ground. Since the relative wind resistance
due to self-running of a ship is included in the still-water
resistance of a ship in the present method, the resistance
increase due to wind is evaluated by excluding the relative
wind resistance due to self-running from the total wind
resistance as shown in the right-hand side of Eq. (1)

The wind resistance coefficient is based on the data
derived from model tests in a wind tunnel or from data cal-
culated by the method in [15].

The added resistance in waves which is the resistance
increase due to wave effects (AR,,,.) is presented as a sum-
mation of the resistance increases due to wind waves and
swells, and is calculated by

BZ
ARypve =Py " 8° <I> : {H2 - Caw.wp(@wpwvs T wowv)

+Hewrr - Cawst@swirs Tmswin) )

@
where p,, is the mass density of water, g is the acceleration
of gravity, B is the ship’s breadth, L is the ship’s length, H
is the significant height of wind waves, Hgyy 1 is the height
of swell, Cpw wp() is the coefficient for the added resistance
due to wind waves, Cay g () i the coefficient for the added
resistance due to swell, and aypwy is the encounter angle
of wind waves; 0 means head waves, agy; 1 1S the encounter
angle of swell; 0 means head swell, T} wpwy is the mean
period of wind waves, and Tgy, ;. is the period of swell.

Caw.wp()» and Cay s () are calculated by linear super-
position of the directional wave spectrum and the response
function of the mean resistance increase in regular waves.
The response function of the mean wave resistance increase
in regular waves is based on the data derived from tests in

a ship model basin or from data calculated by the method
in [15].

Resistance increase due to steering (AR, ) is calculated
by
ARy =1 —1tg) - Fy - siné, 3)
where # is the deduction factor for resistance due to steer-
ing, Fy is the normal force acting on the rudder, and § is the
rudder angle.

Resistance increase due to drifting (AR ) is calculated
by

1
ARy = 5P V- L-d- Cprerx(P), “4)

where V is the ship’s speed through water, d is the ship’s
mean draft, Cpgrerx() is the coefficient for the resistance
increase due to drifting of the ship, and f is the drifting
angle of the ship.

tr and Cprpr x() are based on the data derived from tests
in a ship model basin. In cases where a database covering
ships of similar type is available, those data can be used
instead of carrying out model tests.

Resistance increase due to yaw (AR, ,,) is calculated by

yaw
AR, =04 -L-(M+Cg-m)-7

, 5
=0.2-p.L-v-(1+CB-my)-w;-wg, )

where M (= pV) is the ship’s mass, m, is added mass in
the lateral direction of the ship, 7 (=0.527¥,/ T\P)z) is the
square of average of the yaw rate, V is the ship’s displaced
volume, Cy is the ship’s block coefficient (= V/(L-B-d)), my’
(= my/(p-L-B-d)) is the normalized my, My (=27/Ty) is the
circular frequency of yaw motion, ¥, is the amplitude of yaw
motion, and Ty is the period of yaw motion.

3.3 Correction of ship’s performance for effect
of disturbances

After scrutiny of the monitored data, the speed—power per-
formance of the ship is corrected for the effect of exter-
nal disturbances to obtain the performance in the specified
weather and operating conditions. The procedure for the per-
formance correction is established based on the resistance
and the resistance and thrust identity method [16, 17]. The
resistance and thrust identity method is principally based
on the assumptions that, over the normal range of full-scale
ship operations, the ship’s propeller produces the same
thrust in a wake field of wake fraction w as in open water
with speed V(1 —w) and that the ship’s total resistance in
a seaway is represented by the linear summation of the still-
water resistance and resistance increases due to disturbances
encountered.
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The ship’s speed—power performance correction calculation
is made by using the ship’s resistance/self-propulsive charac-
teristic and propeller open-water characteristic data obtained
from tests in a ship model basin or by a theoretical method
which has accuracy equivalent to model tests. For ease of cor-
rection, propeller open water characteristics are described by
the following formulae:

Kr(J) = apJ? + byJ + cp (6)
Ko() = ag* + boJ +¢q @)
() = ar + by /J + ¢ /)7, ®

where K() is the thrust coefficient, K() is the torque coef-
ficient, 7p() is the load factor (= KT(J)/Jz), J is the propeller
advance coefficient (= V,/npDp), V), is the speed of flow into
the propeller, np is the propeller shaft speed, Dy is the pro-
peller diameter, ar, by, cr, are the factors for the thrust coef-
ficient curve, and ag bQ, Cq are the factors for the torque
coefficient curve.

The correction is based on the resistance increases cor-
responding to the external disturbances estimated by Eq. (1)
through (5). The ship’s total resistance is calculated from the
monitored ship’s delivered power. The total resistance is then
corrected by deducing the estimated resistance increases, and
finally, the corrected speed—power performance is obtained.

The performance correction is conducted for the following
two standard weather conditions:

1. Still-water condition (no wind and no wave condition)
for the verification of the ship’s normally contracted per-
formance.

2. Beaufort weather condition (wind and wave conditions
specified according to the Beaufort wind force scale
[18]) for the verification of the ship’s performance in a
seaway (see Table 1).

The adaptation of the wind speed-based BF scale as a
weather scale for the analysis is based on the consideration that
the evaluation of prevailing wind conditions is far more accu-
rate than the corresponding assessment of the wave conditions.

3.3.1 Performance correction to the still-water condition

The following describes the procedure for the correction of the
ship’s performance to the still-water condition:

First, the delivered power to the propeller (Pp g) is calcu-
lated from the measured shaft power (Pg g) by

Pps =Pgs s ©))
where Pg g is the measured shaft power, and 7 is the shaft
efficiency.

@ Springer

Table 1 Beaufort scale-based standard weather condition

Beaufort Wind speed (m/s) Sig. wave Mean wave
scale height (m) period? (s)
1 0.90 0.1 12

2 2.45 0.2 1.7

3 4.40 0.6 3.0

4 6.70 1.0 39

5 9.35 2.0 5.5

6 12.30 3.0 6.7

7 15.50 4.0 7.7

8 18.95 5.5 9.1

#Wave period (7},) is calculated from wave height as T,;, = 3.864/Hy,

The propeller torque coefficient in the monitored condition
(KQ,S) is calculated by

Koo = Pps iR 10
Qs Zﬂ-pw-ng’-Dg’ (10)

where 7y, is the relative rotative efficiency of the propeller, ng
is the measured shaft speed, and Dy, is the propeller diameter.

The propeller advance coefficient in the monitored condi-
tion (Jg) is determined by Eq. (11) by using the torque coef-
ficient KQ,S,

2aQ

an

Jsz

The thrust coefficient in the monitored condition Ky is
obtained by Eq. (6) by using the propeller advance coefficient
Js. Then, the propeller efficiency (175 g) is obtained as

noo= U5 Krs .
08 ™ 2z Kos ' (12)

The load factor of the propeller zg is calculated as
_ Krs

s = J_§ (13)
The full-scale propeller wake fraction is calculated by

Va JS * ns * DP
wg == ——— (14)

V.

w

V.

w

where V, is the ship’s speed through water.
The total resistance in the measured condition Ry g is also
estimated by using the propeller load factor g as

Rpg=p, V2 -Di-(1-0)-(1—wg) -1, (15)

where ¢ is the thrust deduction factor.
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The propulsive efficiency coefficient 7 g is calculated by
using the propeller efficiency and self-propulsion factors as

1—1¢
s = Mos MR " T~ (16)

Ws
The total resistance is corrected by subtracting the esti-
mated resistance increases from Ry g as

+ AR 4 + ARy + AR

wave

RT,S,Crct = RT,S - (ARwind + AR yaw)'
a7
The corrected load factor of the propeller is determined

by using the corrected total resistance as

RT,S,CrCt
po V2 -DE-(1=1)-(1—wg)

TS,Crct =

(18)

The corrected propeller advance coefficient is determined
by Eq. (18) by using the corrected load factor zg ¢,

by — \/b% —dcp - (A — T5 crer)

2(aT - TS,Crct)

19

]S,Crct =

The thrust and torque coefficients of the propeller are cor-
rected by substituting Jg ¢, in Eqs. (6) and (7). Then, the
corrected propeller efficiency is obtained as

JS,Crct KT,S,Crcl

nO,S,Crct = '

. 20
KQ,S,Crct ( )

The corrected propulsive efficiency coefficient is obtained
as

1—1t
1—wg

ey

"p.s.cret = M0,8,Cret IR *

Then, the required correction for delivered power AP is
calculated as

Rrs = Rrscred) Y, n
APy = s ~ Rrscred) - Ve Pos D.S >

DS, Cret

The corrected delivered power to the propeller is obtained
as follows:

Ppscree = Pps — APpgs. (23)

The corrected shaft power is obtained as

PS,S,Crct = PD,S,Crct/nS' (24)

The corrected propeller speed is obtained from the cor-
rected propeller advance coefficient as
1-wg) -V,

25
JS,Crcl D P 25)

nS,Crct =

3.3.2 Performance correction to the Beaufort standard
weather condition

The procedure for correction of the ship’s performance to
the Beaufort standard weather condition is the same as for
the still-water condition except for the total resistance cor-
rection (Eq. (17)). In the case of Beaufort standard weather,
the total resistance is corrected only for the difference of the
wave effect between the actual weather condition and the
measured wind speed-based the Beaufort weather condition.
In the Beaufort standard weather condition, the wave condi-
tion is specified as follows (see Fig. 3):

1. Wave height (Hgg_ying): Calculated from the measured
true wind speed according to Table 1.

2. Wave period (7}, wvpgp): Calculated from the measured
true wind speed according to Table 1.

3. Wave direction (ayypp): Set to be the same as the meas-
ured true wind direction.

4. Characteristics: Consist of wind wave components only,
with no swell component.

Here, the measured true wind speed is corrected to the
value at 10 m above sea level by the 1/7th law of wind speed
distributions by taking into account differences in the height
of the anemometer.

>
Significant Wave Height, H (m)

-
N

B VTWD, BF-Wave

VTWD, Mes

BI:Wind EBFWave

0 ; . . N A . .

0 1 2 3 4 5 6 7 8 9
Beaufort Scale

True Wind Speed, Vp (M/s)

Fig. 3 Definition of Beaufort scale-based wind and wave conditions
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Thus, the total resistance is corrected by subtracting the
estimated resistance increases due to effects of wind and
waves and substituting the estimated resistance increase
corresponding to the Beaufort standard weather condition

(ARwind,BF’ ARwave,BF):

RT,S,Crct = RT,S - (ARwind - ARWind,BF) - (ARwave - ARwave,BF)

(26)
AR,;,q gr 18 calculated as a resistance increase due to wind
of the encountered true wind speed and the Beaufort scale-
based reference wind direction (Opp .p) as

AR g Br = %Pa “Ar- {CAA('Pwind,BF,rcf) : szvind,R = Caa0)- Vé }

27
where W4 sr et 15 the relative wind direction due to the
true wind direction Oy ¢ and the ship’s speed V. Ogg ¢
is set based on the encountered true wind direction (6) as
follows:

Oppres = 0° for0° = 6 < 15°,
=30° for 15° £ 0 < 45°,
=60° for45° <6 <75°
=90° for75° £ 6 < 105°, (28)
=120° for 105° < 0 < 135°,
=150° for 135° £ 6 < 165°,
=180° for 165° < 6 < 180°.

In the calculation of AR ;4 gr, sSymmetry of the true wind
direction relative to the ship’s longitudinal plane is assumed.
Performance characteristic parameters used in the full-scale

performance analysis are evaluated by themethod listed in
Table 2.

dR,... F is calculated as an added resistance in wind
waves of the magnitude according to the Beaufort standard
weather condition as

B? )
Avae,BF =p-8" <T> : {HBF—wind : CAW,WD (aWV,BFv Tm,wv,BF) }

(29)
3.4 Evaluation of ship’s performance in standard
weather conditions

The corrected ship’s performance obtained from the calcu-
lations by the procedure described in the preceding section
is used for the verification of the performance predictions
conducted in the design stage. As mentioned earlier, in many
cases a ship’s full-scale performance is confirmed only in
the trial condition (i.e. lightly loaded condition); thus, the
actual performance in the fully loaded condition (normal
design condition) is not verified for most ship types. In addi-
tion, as ship’s speed trial before delivery is conducted under
a relatively calm sea condition (usually less than Beaufort
wind scale 5), the ship’s performance under actual operating
conditions, that is, its performance in actual seas under the
influence of external disturbances including wind and waves,
has not been verified so far.

By using the on-board performance monitoring and anal-
ysis methods described in this paper, a ship’s performance
in both the fully loaded condition and in actual seas can be
evaluated and readily compared with those predictions. For
the evaluation of performance in the fully loaded condition,
the corrected speed—power performance is compared with
the prediction obtained from model test results in the format

Table 2 List of performance
parameters employed in the full-
scale performance analysis

Type Parameters used in the Sources
analysis
Resistance in still water Rrg On-board monitoring®
Self-propulsion factors 1—¢ ng Model test
1-w On-board monitoring®
fs Design data®
Propeller open-water characteristic K1(D), Ko(J) Model test
Wind resistance increase Caa(P) Model test
Added resistance in waves Cawla, T) Model test and theoreti-
cal calculation®
Steering resistance increase Fx Theoretical calculation®
Drifting resistance increase Corrrx(B) Model test
Yawing resistance increase m,’ Theoretical calculation®

'y

#Obtained as a result of the analysis

® Shaft efficiency (j75) is estimated based on the shat-line configuration of the on-board propulsion plant

°By the method described in Part I, in which the hybrid approach using both model test results and theo-
retical calculation results is employed

4By the method described in part 1
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of speed—power curves. A detailed analysis of the corrected
performance makes it possible to obtain model-ship correla-
tion allowances, that is, the correction factors for the resist-
ance and self-propulsive factors applied in the performance
predictions. For the evaluation of performance under the
influence of external disturbances, a comparison is usually
made in terms of the performance deterioration relative to
the still-water condition (no wind/wave) by using parameters
such as shaft power increase or speed loss.

Shaft power increase in actual seas is defined as a percent
increase of shaft power relative to that in the still-water con-
dition (i.e. no wind and no waves) at the same ship’s speed
(Vy) as follows (see Fig. 4):

PS,AS(VS,AS) - PS,O(VS,AS)

% 100 (%),
Ps0(Vs as)

Shaft power increase =

(30)
where Pg 55() is the shaft power in actual seas, and Pg () is
the shaft power in still water.

Shaft Powe, P,

O
~(/)
p
w

Vsas Ship' Speed, V.

Fig.4 Definition of shaft power increase

4 Evaluations of ship performance
predictions by comparison with full-scale
monitoring data

To evaluate the accuracy of the accuracy of ship perfor-
mance prediction in actual seas, full-scale performance
data of a large bulk carrier is compared with the predic-
tions according to the prediction method described in
part 1 of this study. The full-scale data are monitored
by the system described in the Sect. 2 and are analyzed
according to the performance analysis method described in
the Sect. 3. Then the analyzed data are compared with the
predictions according to the method described in part 1.
Regarding performance predictions in this section, still-
water performance is predicted using model test results,
and speed-power relationship is established by a kind of
Resistance and Thrust Identity Method (RTIM) since it
is considered to be the most rational among the available
prediction method as described in part 1.

4.1 Subject ship

A large bulk carrier recently built in Japan (hereinafter
designated “Ship A”) was selected as the subject ship for
the full-scale performance monitoring and analysis. Its
dimensions are approximately 320 m in length, 55 m in
width, and 30 m in depth. Ship A has been mainly operated
on the route between Brazil and East Asia.

4.2 Results and discussion
4.2.1 Characteristics of monitored full-scale data

Two voyage cases, both in the fully loaded condition, were
selected for the evaluation.

The time series of the monitored data is shown in
Figs. 5 and 6, which includes the encountered weather
(wind speed, wave height), rudder angle (average, standard
deviation (SD)), drift angle, heading angle, ship motions
(pitch and roll angles), speed through water (denoted
“T.W.” hereafter), shaft power and shaft revolution. Since
the figure of the last three items (speed through water,
shaft power and shaft revolution) are confidential affairs
of the ship owner and its figures cannot be disclosed due
to the restriction of commercial contracts, these figures are
shown here with only a relative unit scale of a magnitude
of each item. All the data shown in Figs. 5 and 6 were
processed over a time duration of 20 min from the raw
time series data sampled at 1 Hz. Except for the SD of the
rudder angle, heading angle and the pitch and roll angles,
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Fig.5 Monitored weather and performance data, voyage case 1
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Fig.5 (continued)
the 20 min average data are shown for each measured item.  type of performance in the design loaded condition cannot
The spike-like behaviors shown in the figures of shaft rev-  be verified in the new-building speed trials mentioned in the

olutions and power are due to short-time speed ups for  Introduction. Therefore, evaluation from monitoring data is
cleaning of the main engine turbocharger or soot-blowing  of significant practical importance from the viewpoint of
procedures conducted at an interval of about 3 days during  ship design.

slow-steaming operations. Since wave measurement was First, monitored data are scrutinized so that the amount
not conducted on the ship, the forecast wave data were  of correction applied to the data and the scattering of the
used in place of measured data. In total, about 2000 data corrected data reduced to certain level. The setting of the
samples (each processed from 20 min of raw time series  threshold vales is determined through the parameter study

data) were obtained. of each component of disturbances on the data correction.
Figure 7 shows the example of filtering parameter study

4.2.2 Evaluation of full-scale performance in still-water results for the case of a particular voyage data of the sub-
condition ject ship. In this examination, the variations of the cor-

rected shaft power are examined by changing a particular
This case of performance evaluation is intended to evaluate ~ parameter (true wind speed and significant wave height)
the ship’s performance in the still-water condition (no wind  with the reaming parameters fixed. This figure shows that
and no wave condition). With most dry cargo vessels, this
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Fig.6 Monitored weather and performance data, voyage case 2
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Fig.6 (continued)

the corrected values are converged within certain level by
decreasing the threshold of filtering.

From the accuracy point of view, stringent threshold
setting is desirable, but this makes it difficult to obtain
enough samples for the analysis. Thus, the following cri-
teria for data scrutiny are determined as a compromise
between the smallness of data correction and scattering
and the scrutinized data size and applied to the still-water
performance evaluation:

1. Average true wind speed for 20 min is less than
4.0 m/s.

2. Significant wave height is less than 2.0 m.

3. Average rudder angle and standard deviation (SD) for
20 min are less than 2.0°.

PR R S S . .
34 35 36 37 38 39 40 41 42 43 44
Time (day)

L I L L L I L I 1 L L L
22 23 24 25 26 27 28 29 30 31 32 33

4. Maximum difference of rudder angle for 20 min is less
than 5.0°.

5. Average shaft revolution for 20 min is greater than 70%
of maximum revolution.

6. Difference between consecutive average shaft revolu-
tions for each 20 min period is less than 5% of the maxi-
mum revolution.

7. Pitch angle standard deviation (SD) for 20 min is less
than 0.25°.

8. Roll angle standard deviation (SD) for 20 min is less
than 0.50°.

The above data scrutiny is principally intended to
select data monitored under small disturbances due to
both encountered weather (wind and waves) and inten-
tional steering and propelling machinery operation. Setting
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Fig.8 Comparison of speed—power performance, voyage case 1

stringent criteria for data scrutiny makes it possible to
obtain high-quality data which requires only small cor-
rections for the disturbances.

After data scrutiny, about 30 samples were obtained. All
the selected data are shown in the form of speed—power
relationships in Figs. 8 and 9, together with the estimated
speed—power curve predicted in the design stage by the JTTC
method [19] from the model test results of resistance, self-
propulsion factors and propeller open water characteristics.

The JTTC method [19] is a kind of RTIM and one of the
widely used methods for the still-water speed—power perfor-
mance prediction which estimates the full-scale still-water
performance from model test results. This method is based
on the following assumptions:

@ Springer

1. The influence of propeller loading on self-propulsion
factors except for wake fraction can be neglected.

2. Propeller open-water characteristics can be evaluated in
a zone of Reynolds number during model test where the
scale effect of the open-water characteristics decreases
to be a negligibly small.

Thus the scale effect is considered in both total resist-
ance (Ry) and wake fraction factor (1 —w). Full-scale total
resistance is estimated from model resistance test results by
means of a form factor method in which both form factor
(1+k) and resistance coefficient C,, are assumed to be the
same for model and ship. Self-propulsion factors are evalu-
ated in model self-propulsion tests by means of the thrust
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Fig.9 Comparison of speed—power performance, voyage case 2

identity approach in which the propeller produces the same
thrust in a wake field of wake fraction w as in open-water
with speed of (1 —w) - V for the same rpm, fluid properties,
etc. [16]. Then the load factor of the propeller is determined
by Eq. (18) using Ry g (estimated still-water resistance) in
place of Ry g ¢, (analyzed still-water resistance with correc-
tions for disturbances). The propeller advance coefficient at
self-propulsion point in still water is determined by Eq. (19)
with the estimated propeller load factor. Propeller open-
water efficiency is determined by using Egs. (6), (7) and (20)
with the estimated advance coefficient. Finally, speed—power
relationship in still water is determined using the estimated
total resistance, self-propulsion factors and propeller open-
water efficiency.

In Figs. 8 and 9, three types of comparison are shown
for (1) all the monitored data, (2) filtered data according to
the above-mentioned criteria (1) through (8), and (3) cor-
rected data reduced to the still-water equivalent condition
by eliminating the effects of disturbances according to the
procedures described in Sect. 3. The right-hand figures in
Figs. 8 and 9 show the corrected speed—power data with
the estimated curve. These figures include the corrected
speed—power curve calculated by using the revised model-
ship correlation allowances obtained from the full-scale
analysis results.

As can be clearly seen in Figs. 8 and 9, the corrected
speed—power data and its curve show a quite good correla-
tion with the design estimated curves calculated by the still-
water performance prediction method based on the “thrust
identity” approach from towing tank model test data. In
addition, the scatter of the corrected data around the mean
corrected curve is relatively small, being equivalent to a
standard deviation of about 1% of the ship’s design speed.

Speed (T.W.)

Speed (T.W.)

These favorable corrected results for Ship A imply not
only the correctness of the design performance but also the
adequacy of the present procedure of performance moni-
toring and analysis as a means of full-scale evaluation.

4.2.3 Evaluation of full-scale performance in actual seas

The evaluation of performance in actual seas was carried out
for the test ship by using the data from laden voyage cases of
about 40 days each. The voyage cases are the same as those
selected for the still-water performance analysis.

Figure 10 shows an example of the monitored data in
actual seas divided into groups of wind directions, where
0 denotes the true wind direction relative to the ship’s
heading. The three groups of & correspond to the cases
of head wind (0° =6 < 15°, about 350 samples), beam
wind (75° =6 < 105°, about 250 samples) and following
wind (165° = 6= 180°, about 150 samples), respectively.
The effect of the true wind direction (d) on speed—power
performance can be seen in the figure. That is, horizontal
spread of data samples, which corresponds to the speed
reduction due to encountered disturbances, decreases with
increasing true wind direction, in particular from the head
wind case to the beam and following wind cases. While
the difference between the beam and following wind cases
is small, this is mainly due to the fact that effects of wind
waves (added resistance in wind waves) under these wind
conditions are small and of similar magnitude for both
these wind cases.

As in the still-water performance analysis, data scrutiny
is conducted according to the following criteria to select
appropriate data for the performance evaluation. In this
case, the data scrutiny is conducted mainly to eliminate
the data both under excessive steering and maneuvering
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Fig. 11 Effects of threshold setting for filtering on the performance correction

motion and in wave environments different from the Beau- 1. Difference between average true wind angle (8) and
fort standard condition. The setting of the threshold vales mean wave direction () is less than 45°.
is determined through the parameter study of each com- 2. Difference between encountered true wind speed-based

ponent of disturbances on the data correction. Figure 11
shows the example of filtering parameter study results for
the case of a particular voyage data of the subject ship. 3.
In this examination, the variations of the corrected shaft
power are examined by changing a particular parameter (1) 4.

BF scale (BF,,;,q) and encountered wave-height based
BF scale (BF,,,.) is less than 3 (see Fig. 3).

Standard deviation (SD) of true wind direction for
20 min is less than 15.0°.

Rudder angle standard deviation (SD) for 20 min is less

difference between average true wind angle (f) and mean than 3.0°.
wave direction (a) and (2) difference between encountered 5. Maximum difference in rudder angle for 20 min is less
true wind speed-based BF scale (BF,;,4) and encountered than 6.0°.

wave-height based BF scale (BF,,,.) with the reaming 6.
parameters fixed. This figure shows that the corrected val-
ues are converged within certain level by decreasing the
threshold of filtering.

Standard deviation (SD) of ship’s heading for 20 min is
less than 3.0°.

Average shaft revolution is greater than 70% of the maxi-
mum shaft revolution.

=~
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8. Difference between consecutive average shaft revolu- In this case of analysis, the ship’s performance is cor-
tions for each 20 min period is less than 5% of the maxi-  rected for the difference of weather disturbances due to
mum shaft revolution. wind and waves. That is, the resistance increase due to

wind is corrected by taking into account the difference
between the encountered true wind direction and the

Fig. 12 Comparison of shaft
power increase, voyage case 1
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Fig. 13 Comparison of shaft
power increase, voyage case 2

Shaft Power Increase (%) Shaft Power Increase (%) Shaft Power Increase (%) Shaft Power Increase (%) Shaft Power Increase (%) Shaft Power Increase (%)

Shaft Power Increase (%)

=
3

N
S

%
3

IS
S

N
S

@
3

IS
S

Monitored Data Filtered Data Corectted Data

0°< 6 <15°

=
=}

160r 0°< 6 <15° 0°< 6 <15°

N
S

%
3

40|

IS
S

5

Shaft Power Increase (%)
Shaft Power Increase (%)

15°< 6 <45°

!
A
S
IS

=
3
=

15°< 9 <45° 0 15°< 6 <45°

N
S
N
S

80)

40

!
A
S

Shaft Power Increase (%)
5 8
\/‘”

I

Shaft Power Increase (%)

45°< 6 <75°

160r 45°< 9 <75°

R
S

@
3
@
3

o

Shaft Power Increase (%)
8

Shaft Power Increase (%)
8
\(Q

75°< 6 <105°

!
A
S
!
A
S

501 75°< g <105° 601 75°<  <105°

N
S
N
S

@
S
@
<)

IS
S

b
i/

IS
S

Shaft Power Increase (%)
Shaft Power Increase (%)

N
S

@
3

IS
S

!
A
S
!
A
S

160r 105°< 6 <135° 60 105°< 6 <135°

N
S
N
S

@
S
@
<)

IS
S
IS
S

$
/_

Shaft Power Increase (%)
Shaft Power Increase (%)

N
S

@
3

IS
S

135°< 6 <165°

!
A
S
!
A
=)

<
>
<
&
~
w
N
o
>
<
~
w
~
@
>
<

160r 135°< 6 <165° 60 135°< g <165°

N
S
N
S

@
S
@
<)

IS
S
IS
S

o
Shaft Power Increase (%)

Shaft Power Increase (%)

N
=}

@
3

IS
S

165°< 6 <180°

!
A
S
!
A
S

1601 165°< 6 <180° 60r 165°< 6 <180°

)
S
]
S

@
S
@
3

Cal. Cal.

IS
S
IS
S

=)
o

Shaft Power Increase (%)
Shaft Power Increase (%)

S

reference true wind direction defined in Eq. (28), and the
resistance increase due to waves is adjusted by substituting
the estimated resistance increase under the actual wave
condition with that corresponding to the Beaufort standard
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condition based on the encountered true wind speed by
Eq. (29).

The corrected performance under the Beaufort standard
weather condition is evaluated in terms of the shaft power
increase, which denotes the percent increase of power
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relative to the power in still water at the same ship’s speed
through water. A comparison of the corrected performance
and the estimated shaft power increase curve is shown in
Figs. 12 and 13 for a group of wind/wave directions.

Power increase is estimated as a difference between the
speed—power curves in both still water and the Beaufort
standard weather condition. Speed-power relationship in
the Beaufort condition is made by the same procedure
as the JTTC method for still-water case described in
Sect. 4.2.2. By replacing total resistance in still water with
that in the Beaufort condition which includes the effects of
wind and waves, Speed—power curve in the Beaufort con-
dition is obtained in a straightforward manner. It is noted
that the estimation is made under the assumption that the
influence of propeller loading on self-propulsion factors
except for wake fraction can be neglected.

In these figures, the shaft power increase is presented
against the true-wind speed based BF scale. Three types
of data consisting of raw monitored data (e), filtered data
(O) and corrected data () are shown in the graphs at the
left, center and right, respectively. The data size are reduced
to about 50% of the original data by applying scrutiny cri-
teria (1) through (8). The differences between filtered (O)
and corrected (O) represent the effect of the difference in
wave conditions between the actual weather and the Beau-
fort standard weather, which assumes fully developed wind
waves. The physical meanings of the corrections applied in
this analysis are the effects of swell and the differences of
the mean periods and encounter directions of waves. In the
case where the swell effect is predominant, the corrected sea
margin is noticeably reduced from the monitored data. On
the other hand, in the case where the encounter directions
of wind and waves differ by large amounts, the correction

30 ‘ T . .
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Fig. 14 Comparison of speed—power performance

Ave. Diff. of Shaft Power Increase (%)
o

can be noticeable because the resistance increase due to
waves changes significantly with the encounter angle. If the
wave encounter direction is smaller (that is, closer to the
bow) than the encounter wave direction, the wave resistance
increase is corrected to a smaller amount than that corre-
sponding to the actual encountered wave condition.

As is clearly shown in Figs. 12 and 13, the corrected
shaft power increases correlate quite well with the estimated
curves. It is also noted that the corrections of the shaft power
increase data due to the difference in wave conditions are
relatively small, that is, the order of correction is less than
10% for most of the filtered data.

To evaluate the nature of these characteristics in more
detail, the averaged difference of the shaft power increase
(SPD) in the monitored data and calculated data was eval-
uated, as shown in Fig. 14. In this figure, the root mean
squares of the difference in the shaft power increase (RMS
(Diff. SPI)) calculated by Eq. (31) are shown on the base of
the encountered wind and wave direction (0).

N
RMS (Diff. SPI) = zlv > (SPLy — SPL,),

i=1

€29

where N is the number of monitored data, and SPI_
and SPI_,, are the monitored and calculated SPI values,
respectively.

Although the differences in all data cases are noticeable
compared to those in the still-water condition, these differ-
ences are reduced by applying filtering and corrections. The
difference between the filtered and corrected results is less
than 2%, and the corrected data are generally smaller than
3%.
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These results clearly imply that there exists a noticeable
difference in wave conditions between actual weather and
the wind speed-based Beaufort standard wave condition and
that ship’s performance evaluations in actual seas should be
conducted by imposing stringent scrutiny criteria consider-
ing the actual wave conditions and selecting the data under
conditions similar to those assumed in the performance pre-
dictions, instead of evaluating monitored data solely on the
basis of the wind speed-based Beaufort scale, as is done in
normal service performance analyses.

The agreement between the corrected results and the pre-
dictions of the shaft power increases in actual seas under
a wide range of wind and wave conditions presented here
clearly shows that a ship’s performance in service can be
estimated by using the present prediction method as far as
the weather conditions are similar to the Beaufort standard
weather conditions defined in this study. It should also be
stressed that speed—power performance is affected signifi-
cantly by encountered waves, and an accurate evaluation of
their effect is indispensable for enhancing the accuracy of
full-scale performance monitoring and analysis under varied
weather conditions dissimilar from the Beaufort standard
weather condition, such as wave environments with domi-
nant swell effects.

5 Conclusions

In this paper, the full-scale ship performance in actual seas
predicted by the method described in part 1 of the present
study has been validated by a comparison with onboard
monitored data.

The full-scale performance of a large bulk carrier was
monitored by means of a dedicated on-board monitoring
system. The monitored data were thoroughly analyzed and
reduced to the form of performance parameters applicable
to the comparison with the prediction results.

The full-scale ship’s performance predictions in still
water and in wind and waves agree quite well with the
analyzed data of the monitored service performance. The
agreement between the corrected results and the predictions
clearly implies that a ship’s performance in service can be
estimated by using the present prediction method as far as
the weather conditions are similar to those assumed in the
predictions.

It should also be stressed that speed—power performance
is affected significantly by encountered waves, and an accu-
rate evaluation of their effect is indispensable for enhanc-
ing the accuracy of full-scale performance monitoring and
analysis under varied weather conditions dissimilar from the
Beaufort standard weather, such as wave environments with
dominant swell effects.
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