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Abstract
This paper examines the acquisition of the measurement data of the spatial distribution of unsteady pressure on a ship 
advancing in waves. The purpose of the study is to investigate the reliability of the pressure data obtained by the unprec-
edented experiment and to provide experimental data of unsteady pressure which can be used for validation of arbitrary 
computation methods. The optical fiber sensing technology, so-called FBG (fiber Bragg gratings) sensing, is employed as 
the pressure sensors. In the experiment, 379 FBG pressure sensors (version 7; the latest version) in total are attached to the 
port side surface of ship model and also ordinary strain-type pressure sensors are embedded in the starboard side for validat-
ing reliability of FBG pressure sensors by comparing both results. In addition to the pressure distribution, measurement is 
made for unsteady hydrodynamic forces such as added mass, damping coefficients, and wave exciting forces, and also for 
ship motions and added resistance. Most of the measurement is repeated at least five times for each condition, and results of 
measured pressures are evaluated with mean value and standard deviation. Regarding the added resistance, the distribution 
for estimating added resistance is also extracted from obtained pressure distribution and its pressure contour is illustrated 
to show visually which hull region affects the added resistance significantly. Validation of the measured pressure with FBG 
pressure sensors is carried out also by integrating measured pressures over the ship model surface and comparing it with 
forces directly measured with load cells. The measured pressure distribution is compared with typical calculation results 
with the Rankine panel method in frequency domain to demonstrate usefulness of the spatial pressure data for validating the 
calculation method. Through these studies, it is confirmed that the measured unsteady pressures with FBG pressure sensors 
are accurate enough and valuable as the validation data for any calculation method.
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1  Introduction

The research on ship seakeeping has a long history, and 
numerous studies have been carried out. The strip method, 
which is still widely used in the practical design, was 
invented by Korvin-Kroukovsky [1] and Watanabe [2], and 
arranged in easily usable style by Salvesen, Tuck, and Falt-
insen [3]. The slender-ship theory was developed by Ogilvie 

and Tuck [4] and completed as the unified theory by New-
man [5], Sclavounos [6] and Kashiwagi [7]. Thereafter the 
fully three-dimensional numerical methods in the frequency 
domain such as the Green function method (GFM) [8, 9] and 
the Rankine panel method (RPM) [10–16] were presented in 
response to the development of the high-performance com-
puters, and the methods have been extended to the time-
domain analyses [17–27]. Recently the applications of CFD, 
which has matured in the research field of ship resistance and 
propulsion, can be found in some papers [28–34]. Besides, 
the development of a fully nonlinear potential method is 
attempted [35, 36] to calculate fast and solve nonlinear prob-
lems instead of CFD.

Most of these estimation methods on ship seakeeping 
are validated by comparing their numerical results with 
experimental results such as hydrodynamic forces and/
or ship motions; that is, integrated physical quantities. 
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Perhaps, for this reason, we have not seen many results 
that drastically surpass the strip method. For instance, it 
may be experienced by many researchers that the strip 
method sometimes gives more accurate results than the 
advanced methods if the results are simply compared with 
hydrodynamic forces and/or ship motions. If the results 
are compared with local physical quantities, the advanced 
methods should give better agreement with experiments 
than the strip method because they take account of three-
dimensional effects or some nonlinearities. In view of such 
background, Ohkusu [37–39] and some of the authors 
[40–43] have adopted the unsteady wave pattern generated 
by the ship as one of the local physical quantities, and have 
carried out a comparison between numerical and measured 
results. The advantage of the use of an advanced method 
has been made clear by estimating unsteady wave patterns, 
which cannot be estimated by the strip method with suffi-
cient accuracy. Although it is easy to measure the unsteady 
wave pattern with high accuracy and with low cost, which 
physically indicates the pressure distribution over the free 
surface, it is difficult to measure in the vicinity of a ship 
except for ship-side waves. If the unsteady pressure can 
be measured directly and spatially over the hull surface, 
it will be the most desirable data for both researchers and 
designers of ships. And it will drive greater innovation in 
EFD (experimental fluid dynamics) whose progress seems 
to be somewhat late compared with CFD.

Up to date, the pressure on the surface of the ship model 
has been measured using the differential-pressure-type sen-
sors [44–46] or strain-type sensors(e.g., [47]). The former 
cannot be used for the measurement near the free surface 
where the sensor goes into and out of the water. The latter 
cannot be set at bow and stern where the breadth of the ship 
model is too narrow for the sensor to be embedded, and 
requires one strain meter for each sensor. Both sensors are 
not appropriate for the multipoint measurement such that 
the total number of measurement points reaches 300 ∼ 400.

This paper proposes a new pressure measurement system 
that enables us to measure the pressure closely at 400 points 
simultaneously and to obtain the spatial distribution of the 
unsteady pressure on the ship model with typical size of 
Lpp = 2.4 m. The affixed-type FBG (Fiber Bragg Grating) 
pressure sensor [48–51] which is one of the optical fiber 
technologies is employed as the pressure sensor. The latest 
version, version 7 (ps1000-v7, CMIWS Co., Ltd.) [52], is 
used. For the validation of the FBG pressure sensors, the 
ordinary strain-type pressure sensors (SHVR-50k for 50kPa, 
NTL) are also embedded in the ship model along some ordi-
nates, and the measured results are compared with those 
obtained by the FBG pressure sensors. In addition, the meas-
urement accuracy by FBG pressure sensors is also evaluated 
by obtaining the mean value and standard deviation from the 
repeatedly measured results.

Two types of experiments are conducted. One is free-
motion test carried out by towing the ship model in regular 
head waves and measuring ship motions and added resist-
ance. Another is the forced-motion test carried out by oscil-
lating a ship model forcibly in heave/pitch motions while 
towing the model in calm water, and the added mass and 
damping coefficients are measured. Also, wave exciting 
forces are measured by restraining the motion of the model 
and towing it in regular head waves. In all cases, the pres-
sure distribution is synchronously measured. In addition to 
verifying the FBG pressure sensors by comparison with the 
strain-type pressure sensors described above, another valida-
tion of FBG pressure sensors is examined. The resulting spa-
tial pressure distribution is integrated over the hull surface as 
if it were a numerically calculated pressure distribution, and 
the obtained forces are compared with the forces measured 
directly by the load cells or strain gauges.

Regarding the added resistance, ‘added-resistance inte-
grand’, which is the integrand distributed on the wetted 
surface for estimating the added resistance, gives useful 
information suggesting which part of the hull dominates 
the added resistance significantly. Some of the distribution 
of added-resistance integrand obtained from measured pres-
sure is illustrated to show visually the hull parts that are 
most sensitive to the added resistance. Numerical calcula-
tion by means of RPM is performed and obtained unsteady 
pressures are compared with measured results. This bench-
mark test shows how the present measured unsteady pres-
sure distribution is useful for the validation of the numerical 
method.

2 � Principle of FBG sensor

Figure 1 illustrates the principle of a fiber Bragg grating 
(FBG). The FBG is a type of distributed diffraction grating 
etched into the fiber core that reflects a particular wavelength 
of light, called Bragg wavelength, and transmits all others. 
If the spacing between reflectors changes due to the load, 
temperature, and the acceleration, the Bragg wavelength also 
changes. Therefore, the load, etc.  can be measured by meas-
uring the change of Bragg wavelength. It is also possible to 
arrange many FBGs with different spacing of Bragg grating 
along one optical fiber, so the simultaneous multipoint meas-
urement can be conducted (see Figs. 2 and 3).

Figure 2 shows a structure of the FBG pressure sen-
sor of ver. 7. The size of the sensor is sufficiently small 
with diameter of 8.6 mm (pressure-sensitive part: 5 mm), 
length of 14.8 mm, and thickness of 0.6 mm. Two FBGs 
with different spacing of Bragg grating are contained in one 
sensor and they are fixed to the diaphragm so that they do 
not interfere with each other. The value measured by the 
temperature-sensitive part is used to eliminate the influence 
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of the temperature on the result measured by the pressure-
sensitive part.

The initial type of FBG pressure sensor, whose prin-
ciple is the same as that described above but its size and 
shape were different, was first applied to measure the 
steady pressure distribution at bow and stern parts for a 

ship model with Lpp = 4.0 m [48, 49]. The total number of 
sensors was only 40 points. Thereafter the improvement 
and the test for the FBG pressure sensor were repeated 
and recently reached the latest completed version which 
enables to measure the steady pressures at 146 points at a 
time [50, 51]. Note that this sensor is available only for the 
measurement of steady pressure with a large ship model.

In 2015, a compact-type FBG pressure sensor almost 
similar to Fig. 2 was newly developed to measure the 
unsteady pressures on a smaller ship model with Lpp ≅ 2.5 
m. The sensor version was ver. 1. The measurement using 
28 FBG pressure sensors and 14 strain-type pressure sen-
sors succeeded in clearly illustrating the contour plots 
of the unsteady pressure distribution near the bow part 
[53]. The sensor was improved year by year and tested 
repeatedly while increasing the number attached to the 
ship model [53–55].

The present version of the FBG pressure sensor in 
Fig. 2 is ver. 7 in which the span is longer compared with 
the previous version, and the stiffness of the frame and 
the diaphragm is higher to stabilize the measured value. 
As a result, the influence of temperature interference can 
be greatly reduced compared to the previous version. 
The details are described in the reference [52]. A sensor 
with a rating of 100 kPa is used in the range of -1 kPa to 
+4 kPa with an interrogator Si255, and its resolution is 
4 Pa (=0.4 mmAq). This rating is large enough to meas-
ure gauge pressures even for larger size models such as 
Lpp = 5 ∼ 6 m. These FBG pressure sensors can be eas-
ily attached to the surface of ship model by double-sided 
tape. For the data acquisition, two interrogators (Hyperion 
Si255-16-ST(1000Hz)-160-DP, Micron Optics, Inc., soft-
ware; Enlight) are used in the present pressure measure-
ment using 379 FBG pressure sensors.

Fig. 1   Principle of FBG pres-
sure sensor
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Fig. 2   Structure of FBG pressure sensor of ver. 7

Fig. 3   Serial connection of FBG pressure sensor
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3 � Towing tank experiment

3.1 � Measurement of pressure distribution

Experiments for measuring the pressure distribution were 
conducted in the towing tank at RIAM (Research Institute 
for Applied Mechanics), Kyushu University in 2021. The 
length, breadth, and depth of the towing tank are 65 m, 5 m 

and 7 m, respectively. The test ship model is the RIOS bulk 
carrier that is used in RIOS (Research Initiative on Ocean-
going Ships) [56] system. The principal particulars, body 
plan, and photo of the model are shown in Table 1, Figs. 4 
and 5, respectively.

For measuring the pressure distribution, 379 FBG pres-
sure sensors ver. 7 (ps1000-v7, CMIWS Co., Ltd.) shown in 
Fig. 2 were used. While this sensor is considerably improved 
regarding temperature interference effects [52], the sensor is 
not completely free from the effect like other conventional 
sensors. Therefore, the measurements using them were 
conducted when the temperature difference between air and 
water was within ±2 ◦ C in which the temperature interfer-
ence effects are small. In addition, the calibration tests of the 
FBG pressure sensors [52, 57] were carried out each time 
when the temperature difference changed from the one in 
the previous calibration test by 2 ◦ C. The principle, features 
including the repeatability, the calibration method for the 
FBG pressure sensor, and some notes are written in [52] in 
detail. FBG pressure sensors of 379 in total were attached 
in 33 sections on the port side as shown on the left of Fig. 4. 
They also can be seen as black dots in Fig. 5. The pressure 
data at 379 points were logged through two interrogators. 
Besides FBG pressure sensors, 19 strain-type pressure sen-
sors (SHVR-50k for 50kPa, NTL) were embedded in three 

Table 1   Principal particulars of RIOS bulk carrier

Item Value Unit

Ship length: Lpp(≡ L) 2.4000 m
Ship breadth: B 0.4000 m
Draft: d 0.1280 m
Displacement volume: ▽ 0.09830 m3

Block coefficient: Cb 0.8000 –
Water-plane area: Aw 0.8354 m2

Center of floatation: xf −0.0254 m
Horizontal center of gravity: xG 0.0510 m
Vertical center of gravity: zG −0.0200 m
Vertical center of buoyancy: zB −0.0618 m

Longitudinal metacenter height: GML
3.1717 m

Pitch gyration radius: �∕Lpp 0.2500 –

Table 2   Target input amplitude 
and wave steepness H∕� 
for measuring pressure 
distribution in each test 
condition ( �: wavelength. 
L ≡ Lpp , K: wavenumber, Ke

: wavenumber obtained from 
encounter circular frequency 
�e(= � + KU) , H: wave height). 
The output of incident wave 
amplitude is about ±10 % of the 
input �a

�∕L 0.3 0.5 0.8 1.0 1.25 1.5 2.0

KL 20.9 12.6 7.9 6.3 5.0 4.2 3.1
KeL 69.7 33.7 17.8 13.2 9.9 7.8 5.5
Free-motion test Input �a [cm] 1.20 1.20 1.92 1.20 1.20 1.20 1.20

H∕� 1/30 1/50 1/50 1/100 1/125 1/150 1/200
Diffraction test Input �a [cm] – 1.20 1.92 1.20 1.20 − 1.20

H∕� 1/50 150 1/100 1/125 1/200
Forced-heave test Input |X3| [cm] – 1.00 1.00 1.00 1.00 – –
Forced-pitch test Input |X5| [deg.] – 1.364 1.364 1.364 1.364 – –

Fig. 4   Body plan and positions 
of pressure sensors. � on bow 
flare means the line shown by 
angle, measured from ordinate 
9.98 with the stem line ( y = 0 ) 
defined as 90◦ . Black circles 
show sensors above still water 
and white circles below still 
water
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sections on the starboard side for checking the accuracy of 
outputs by FBG pressure sensors. Their position is shown 
on the right of Fig. 4.

Experiments conducted roughly consist of two tests. 
One is the measurement of longitudinal ship motions and 
added resistance (referred to as free-motion test in this 
paper). This test was carried out by towing the model at 
constant forward speed in regular head waves (corresponds 
to � = 180 degrees in Fig. 6). Another is the measurement 
of unsteady hydrodynamic forces using a forced motion 
device. This test was carried out by towing the model in 
calm water. Periodical heave and pitch motions are forced 
individually and the added mass and damping coefficients 
are measured (referred to as forced-heave test and forced-
pitch test). The amplitude of heave and pitch motions are 
10 mm and 1.364 , respectively. Wave exciting forces are 
also measured by towing the model in regular head waves 
with the motion of model restricted (referred to as diffrac-
tion test). In all tests, the towing speed is 0.18 in Froude 
number based on Lpp , and the conditions of incident waves 
are shown in Table 2. The steepness of incident waves is set 
to be small so that H∕𝜆 < 1∕30 is satisfied (H; wave height, 
� ; wavelength). The measurement system is written in [57, 
58] in detail. The sampling rate of the data is 200 Hz for the 
present measurements.

The coordinate system used in the experimental analysis 
is shown in Fig. 6. The moving coordinate system, o-xyz 
advancing at the same speed as towing speed U, and the 
body-fixed coordinate system ō-xyz are defined. Both origins 
are put at the midship centerline and the ship model is oscil-
lating in surge, heave, and pitch directions periodically with 
encounter circular frequency around the origin o. Periodical 
surge, heave, and pitch motions are expressed by �1(t) , �3(t) 
and �5(t) , respectively.

3.2 � Measurement of ship‑side wave profiles

The ship-side wave profiles are very important in the analy-
sis of measured pressure, providing precise timing when 
the pressure sensor goes into and out of the water surface. 
Ship-side wave profiles were measured in 2021 and 2022 
independently of the pressure measurement using another 
model with the same hull form and the same size. They 
were measured by handmade wave probes with capacitance 
shield wire [59] along the 31 sections illustrated on the left 
of Fig. 4 except for two bulb sections. The ship-side wave 
data were obtained in all conditions in Table 2 and towing 
tests in calm water.

4 � Analysis of experimental data

4.1 � Ship‑side wave profiles

There are two important roles for the use of ship-side wave 
profiles. The pressure sensors around the still waterline go 
into and out of water periodically due to ship motions and 
waves. One role is to detect whether the sensor is exposed to 
air or not and make the pressure zero when the sensor is in 
air. This treatment is not necessary if the sensor size is quite 
small. However, both the present FBG pressure sensor and 
strain-type pressure sensor have diameters of about 5 mm, 
and sometimes the measured pressure does not show zero 
correctly even when the center of the sensor is exposed to 
air. The effect of surface tension of the water also can be one 
of the reasons. Another role is to know precisely the bound-
ary of the wetted surface. This role is important to obtain 
the hydrodynamic forces correctly by integrating measured 
pressures over the wetted surface, which is explained later 
in Sect.  4.3.

As already mentioned in Sect. 3, ship-side wave profiles are 
measured in experiments that are not the same as the tests for 
getting the pressure distribution. Therefore, assuming repeat-
ability of the experiments of ship-side wave and pressure under 
the same condition, obtained data of ship-side wave profiles 
are expanded to the Fourier series, and obtained coefficients 
are saved for use in the pressure analysis carried out later. The 
ship-side wave elevation �(x;t) measured at section x along 

Fig. 5   Photo of RIOS bulk carrier
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the ship-side can be written in the Fourier series expansion 
as follows:

where �e is the encounter circular frequency. Note that the 
ship-side wave 𝜁(x̄;t) is defined as the wave elevation from 
z = 0 to the wave surface, which is measured with capaci-
tance shield wires attached to the hull. The incident regular 
wave �I(t) measured at x = 0 (midship) can be written as

omitting small higher harmonic terms. Here, �oc and �os are 
cosine and sine components of the 1st harmonic in the Fou-
rier series expansion of measured incident wave. �a means 
the incident wave amplitude. The time reference in the 
experimental analysis is set to t = 0 when the crest of the 
incident wave reaches the midship x = 0.

To match the phase of the time-dependent term in the 
ship-side wave (1) to this reference, that term is divided by 
the complex amplitude �o of the incident wave. This corre-
sponds to shifting the phase concerning time. In the case of 
the 1st-harmonic component of (1), it becomes as follows:

As confirmed in (4), the time to be shifted is �∕�e ≡ Δt . By 
applying this time shift Δt to the higher harmonic compo-
nents of (1), the ship-side wave elevation through time shift 
can be expressed below

where K0 = g∕U2 , and g is the gravitational acceleration. 
The coefficients cn(x) at 31 sections obtained for all the wave 
conditions shown in Table 2 are saved. The ship-side wave 
can be recomposed by substituting cn(x) into (5) along with 

(1)�(x;t) = � (0)(x) + Re

N∑

n=1

{
� (n)
c
(x) − i� (n)

s
(x)

}
ein�et

(2)
�I(t) ≅ Re

{

(�oc − i�os) e
i�et

}

= Re

{

�o e
i�et

}

= Re

{

�a e
i� ei�et

}

(3)
�o ≡ �oc − i�os = �a e

i�

�a =

√

�2
oc
+ �2

os
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(4)
� (1)
c
(x) − i� (1)

s
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�o
ein�et =
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e
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�

�e
)

(5)�(x;t) =
1

2K0
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in�et
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s
(x)
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e−in�eΔt

⎫
⎪
⎪
⎬
⎪
⎪
⎭

measured �a in the tests for pressure measurement. In the 
present analysis, N is set to N = 5 . Needless to say, in the 
case of forced-heave/pitch tests, the incident wave �I(t) in 
(2), which is the time reference, must be replaced with heave 
motion �3(t) or pitch motion �5(t).

4.2 � Pressure

In the experiment, all the signals of sensors including pres-
sure sensors are recorded as initial values at the calm water 
condition, and they are subtracted from the signals recorded 
thereafter. The initial signals are usually called zero points. 
The zero points for the pressure sensors below the still water 
are set under the hydrostatic loading condition, while the 
zero points for the pressure sensors above the still water are 
set under the atmospheric loading condition. Therefore, the 
measured pressures pm(x̄;t) must be corrected to get gauge 
pressures pg(x̄;t) as follows:

where � is the water density.
The obtained pressure data are processed using ship-side 

wave data. Some examples of the time history of pressure 
and the ship-side wave in ord. 9.0 are illustrated in Fig. 7. 
The pressure data in time history around the still waterline 
do not show a complete sinusoidal curve as shown in the red 
lines of two upper figures in Fig. 7, and the signals seem to 
be periodical sinusoidal pulse. This is because the sensor 
is periodically exposed to air. In addition, the pressure in 
air does not show zero exactly as confirmed outside of the 
analysis region in Fig. 7, where any correction with ship-side 
wave data is not applied. The FBG pressure sensor has a 
diameter of 5 mm and a thickness of 0.6 mm, and it is con-
sidered that especially the relationship between this thick-
ness and the surface tension of water makes it poor to drain 
water on the sensor. However, the diameter of the sensor can 
be one of the reasons, since similar phenomena sometimes 
occur even for strain-type pressure sensors.

To correct this unnatural pressure when the sensor is in 
air, the ship-side wave is effectively used. In the beginning, 
the following preparations are necessary: 

	 (i)	 Expand the incident wave data measured together 
with pressures to the Fourier series in the form (2), 
in the analysis range usually set like nTe ( Te ≡ 2�∕�e , 
n: integer).

	 (ii)	 Obtain the amplitude �a and phase � in (2). Note that 
these are different values from those obtained for the 
incident wave analysis in the measurement of ship-
side waves carried out in advance.

(7)pg(x̄;t) =

{
pm(x̄;t) (z ≥ 0)

pm(x̄;t) − 𝜌gz (z < 0)
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	 (iii)	 Shift the time histories of all data including pressure 
data by Δt = �∕�e . Here, Δt indicates the shift of the 
time history to match it with the time reference based 
on the incident wave.

	 (iv)	 Regenerate the time history of ship-side wave eleva-
tion (5) with �a obtained in (ii).

With those preparations, first, the ship-side wave recom-
posed with (5) is synchronized to the time-series pressure 
data. Second, the pressure sensor is judged whether it is 
in air or water. Then when the position z of the pressure 
sensor is above �(x;t) , the gauge pressure of the sensor is 
corrected to be zero in the analysis range.

This correction procedure is shown in the analysis range 
shown in Fig. 7 (4Te in the figure). For a sensor at � = 99.5 
degrees illustrated on the left of the figure, its vertical 
position is z = 0.024 m and the corresponding position are 
illustrated with the dotted line in Fig. 7(d) which shows the 
time history of ship-side wave elevation on ord. 9.0. The 
cross points between the dotted line and the time history of 
ship-side wave elevation indicate the timing when the sen-
sor goes into and out of water, and they are illustrated with 
the blue line as a pulse signal in Fig. 7(a) and (b) showing 
the time history of the measured gauge pressure of the sen-
sor. The positive pulse signal indicates the sensor is in air, 
and the negative pulse signal is in water. Only in the range 
of negative pulse signal, the gauge pressure is corrected to 
be zero. For a sensor at � = 60 degrees ( z = −0.08 m), no 
cross points exist in Fig. 7(d). In this case, no correction 
is required as shown in Fig. 7(c).

After the correction process using ship-side wave, pres-
sure data in time series are decomposed by the Fourier series 
expansion in the form

where the linear complex amplitude is denoted as p(x̄) . In 
the present analysis, N is set to N = 10 . Once p(0)

m
(x̄) , p(n)

mc
(x̄) 

and p(n)
ms
(x̄) are obtained, the pressure pm(x̄;t) can be recom-

posed by (8), omitting higher harmonic terms than N = 10.

4.3 � Hydrodynamic forces

A procedure to obtain the time history of hydrodynamic 
forces Fi(t) (i = 1, 3, 5) acting in i-th direction by integrating 
measured pressure over the wetted surface is explained here. 
The pressure integration is performed at every time step.

Although the following explanation uses the free-motion 
test as an example, a similar procedure is also applied to the 
forced-heave/pitch test and diffraction test. 

1)	 The hull surface is divided into four zones for accurate 
integration, and the measured pressure at discrete points 
is interpolated numerically within each zone. The four 
zones are the stern part, the middle part, the flare part, 
and the bow part as shown in Fig. 8. Each zone is discre-

(8)pm(x̄;t) = p(0)
m
(x̄) + Re

N∑

n=1

{
p(n)
mc
(x̄) − ip(n)

ms
(x̄)

}
ein𝜔et
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mc
(x̄) − ip(1)

ms
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Fig. 7   Some examples of correction process for pressure data using ship-side wave at ord. 9.0. Red lines are time histories of pressures. Blue 
lines are pulse-like signals for judging whether sensors are in air or water
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tized in the longitudinal and girth directions as shown in 
Table 3. The numbers of division in both directions are 
denoted as NX� and NB� in the table.

2)	 In each cross-section of x , the position zw of the water 
surface at instantaneous time t is searched using the 
ship-side wave data recomposed by (5). This position 
where the gauge pressure is zero corresponds to the 
upper boundary of the region in the following pressure 
analysis. In the analysis below, the pressure data below 
this position are used. Here, the pressure data of a sen-
sor within 3 mm from this position are not used because 
those data sometimes show large noise. For the interpo-
lation of the pressure, the girth from the keel up to zw is 
discretized into NB� segments.

3)	 In each cross-section, measured pressure data are 
smoothed by the least squares method using several 
adjacent points. This process is for avoiding the poor 
interpolation affected by uncertain output pressure that 
sometimes occur locally. The smoothing is applied only 
to pm(x̄;t) excluding hydrostatic pressure −�gz . Since the 
pressure distribution excluding −�gz has a sharp peak at 
z = 0 , the smoothing is carried out by dividing the area 
into z < 0 and 0 ≤ z ≤ zw if zw > 0.

4)	 In each section, the pressure data after the above proce-
dure are interpolated along the girth. One example of the 
interpolated curve is illustrated in Fig. 9.

5)	 The pressure data obtained by interpolation along the 
girth of each cross-section are interpolated in a longitu-
dinal direction.

6)	 The coordinates of grid points for the interpolation are 
transformed from ō-xyz to o-xyz using ship motions. The 
measured ship motions by the Fourier series expansion 
and its linear complex amplitude Xj can be expressed as 

N is set to N = 10 , the same as the pressure data. Using 
ship motions �j(t) recomposed by (10) omitting higher 
harmonic terms than 10-th, the coordinates x, y, z are 
transformed as follows: 

 The hull surface divided into NX� × NB� in �-th zone con-
stitutes rectangular panels for pressure integration. Then 
the normal vector nk(t) = {n1k(t), n2k(t), n3k(t)} and its 
moment component xk(t) × nk(t) = {n4k(t), n5k(t), n6k(t)} 
in the coordinate system o-xyz are calculated at the k-th 
panel center. Besides that, the surface area of the panel, 
ΔSk(t) , is also calculated.

7)	 The forces Fi(t) acting in i-th direction are now calcu-
lated as 

 where pgk(x̄k;t) denotes the average of gauge pressures 
(7) at four grid points of the k-th rectangular panel. NP� 
(= NX� × NB�) indicates the total panel number in �-th 
zone.

(10)�j(t) = �
(0)

j
+ Re

N∑

n=1

{
�
(n)

jc
− i�

(n)

js

}
ein�et

(11)Xj ≡ �
(1)

jc
− i�

(1)

js

(12)x(t) = 𝛼1(x̄;t) , y(t) = y , z(t) = 𝛼3(x̄;t)

(13)
𝛼1(x̄;t) = 𝜉1(t) + x cos 𝜉5(t) + z sin 𝜉5(t)

𝛼3(x̄;t) = 𝜉3(t) − x sin 𝜉5(t) + z cos 𝜉5(t)

}

(14)

Fi(t) = −
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pgk(x̄k;t) nik(t) ΔSk(t) (i = 1, 3, 5)

Fig. 8   Four zones for integrating pressure distribution

Table 3   Grid number for each 
zone ( NX� : number of division 
in the longitudinal direction, 
NB� : number of division along 
girth)

Zone 
number, 
�

Zone N
X� × N

B�

1 Stern 20 × 50
2 Bow flare 30 × 50
3 Middle 250 × 100
4 Bulb 20 × 50

   girth length [m]
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Fig. 9   An example of interpolated result and measured pressure data 
pm in ord. 9.98 at a certain time t. The blue line indicates the position 
of the still waterline, z = 0
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8)	 By marching the time t and repeating the same procedure 
from 2) to 7), the time history of Fi(t) can be obtained. 
Once the time series Fi(t) of the fluid force acting in 
the i-th direction is obtained as described above, the 
subsequent analysis can be performed in the same man-
ner as the usual analysis using load cells. For example, 
applying the Fourier analysis to the data in waves and 
taking the steady term, the resistance of the steady com-
ponent is given. By subtracting the resistance obtained 
in the calm water condition, the added resistance can be 
obtained.

4.4 � Added mass, damping coefficients, and wave 
exciting forces

In forced-heave/pitch tests, either heave or pitch motion 
is enforced on the ship model with a forced motion device 
while towing the model in calm water. The load cells 
equipped at the fore and aft part of the model measure 
the reaction forces, and total forces acting at the midship 
center are obtained finally. On the other hand, the forces 
can be also estimated by integrating the measured pres-
sure distribution over the model through the same proce-
dure described for the free-motion test in Sect. 4.3. In this 
case, the j-th motion forced to the model by the device is 
expanded to the Fourier series as shown in (10) first of 
all. Since the device accurately enforces the sinusoidal 
motion to the model, the terms except for the 1st-harmonic 
term in (10) are almost zero. Thus, the complex motion 
amplitude Xj in (11) is obtained. In the analysis, this value 
is used instead of �o in (2) for the reference of time; t = 0 
in the analysis is defined as the timing when the motion 
reaches the maximum amplitude. The ship-side wave in 
the forced-heave/pitch test is regenerated by replacing �a 
to |Xj| in (5). Following the same procedure described in 
Sect. 4.3, the time history of forces Fi(t) is obtained in the 
form of (14). Fi(t) obtained in this way is expanded to the 
Fourier series as

N is set to N = 5 , but higher harmonic terms are not nec-
essary in the subsequent analysis. Using linear complex 
forces fi obtained in (16), the added mass Aij and damping 
coefficients Bij , in which i stands for the direction of force 
and j the direction of forced motion, are calculated. For the 
forced-heave test, they can be computed as

(15)Fi(t) = f
(0)

i
+ Re

N∑

n=1

{
f
(n)

ic
− if

(n)

is

}
ei�et

(16)fi ≡ f
(1)

ic
− if

(1)

is

Similarly, for the forced-pitch test, the following results can 
be calculated:

In (17) and (18), C33 = �gAW  , C35 = C53 = −�g xf AW  , 
C55 = �g▽GML are the restoring coefficients. AW , xf  and 
GML are shown in Table 1.

In the case of diffraction test, the procedure to get the time 
history of Fi(t) in (14) is the same as described in Sect. 4.3. 
The treatment for the reference of time using the incident 
wave is the same. The obtained time history is also expanded 
to the Fourier series like (15), and fi in (16) is obtained 
by extracting the 1st-harmonic component. Using complex 
force fi , the wave exciting forces Ei are calculated as

4.5 � Added resistance

The added resistance can be also estimated from the analysis 
of the time histories (15) obtained by integrating measured 
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pressure distribution at every time step. This is called the 
‘time-domain analysis’ in this paper hereafter. In this analy-
sis, the added resistance RAW is simply obtained by

where both f (0)
1

 and f (0)
1 (calm)

 stand for f (0)
1

 in (15), but they are 
obtained by towing the model in waves and calm water, 
respectively. The subscript ‘calm’ shows the quantities 
obtained in the analysis for the experiment towing the model 
in calm water.

Another method to obtain the added resistance is called 
the ‘frequency-domain analysis’ in this paper. In this analy-
sis, first the measured pressure is expanded to the Fourier 
series as in (8), and the zeroth order terms, p(0)

m
(x̄) and 

p
(0)

m (calm)
(x̄) are obtained discretely at measured points. Next, 

they are smoothed and interpolated so that they are expressed 
by continuous curves. Finally, it is integrated over the hull 
surface multiplying the x component of the normal in the 
coordinate system o-xyz, to get the added resistance. The 
difference of attitude of the hull for p(0)

m
(x̄) and p(0)

m (calm)
 is 

taken into account through the difference of the x component 
in the normal.

That procedure will be explained concretely in what fol-
lows. Figure 10 illustrates a sample of pressure distribution of 
p(0)
m
(x̄) and p(0)

m (calm)
(x̄) along a girth. The horizontal axis indi-

cates the angle between the keel and the arbitrary position on 

(20)RAW = −
{
f
(0)

1
− f

(0)

1 (calm)

}

the girth measured from the centerline (see Fig. 4), and the 
vertical axis is the nondimensionalized pressure. Symbols are 
measured pressure with sensors, and curves show smoothed 
and interpolated pressure distribution with measured pres-
sures. White symbols are pressures in z ≤ 0 and closed sym-
bols filled with colors are pressures in z > 0 . In the figure, the 
gauge pressures, p(0)

g
(x̄) and p(0)

g (calm)
(x̄) , are also illustrated as 

reference. They are defined by (7), and continuous and dif-
ferentiable even at z = 0 . The pressure difference Δp(0)

m
(x̄) 

between p(0)
m
(x̄) and p(0)

m (calm)
(x̄) is shown by triangle symbol 

and red curve. Δp(0)
m
(x̄) is the so-called added pressure. As 

confirmed from the red curve in this figure, the curve has a 
sharp peak at z = �

(0)

(calm)
− �

(0)

3 (calm)
 which shows the position 

of the relative wave elevation of the steady wave. In the 
smoothing and interpolation of Δp(0)

m
(x̄) , the region must be 

divided at this position. The lower and upper regions of this 
position are divided into NB� and �NB� (= 10) , respectively, in 
the present analysis. The figure also suggests why the pressure 
difference becomes large around the ship-side wave of the 
steady wave.

The added resistance can be estimated by integrating p(0)
m

 
and p(0)

m (calm)
 separately considering the time-averaged attitude 

of the hull as follows:

where �NP� = NX� × �NB� . n(0)
1k

 and n(0)
1k (calm)

 are the x com-
ponent of normal in the o-xyz system. They are calculated at 
the center of the k-th panel consisting of adjacent four nodes, 
and the attitude of the hull is taken into account through the 
following relation:

(21) can be expressed in the form

where 𝜎x(x̄) defined by
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�x(x) ΔSkFig. 10   A sample of added pressure distribution ΔP(0)
m
(x̄) along 

the girth in a cross-section. The abscissa shows the angle measured 
from centerline (see Fig. 4). Symbols are the results of measurement 
at pressure-sensor points, and curves are smoothed and interpolated 
results of them
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is referred to as the added-resistance integrand in this paper. 
Here, N′

P�
 is N�

P�
= NP� + �NP� , and (25) is calculated using 

relation (22).

5 � Results and discussion

The pressure distribution measured with FBG pressure sen-
sors is validated by not only the direct comparison with the 
pressure measured with strain-type pressure sensors but 
also the comparison of hydrodynamic forces obtained by 
integrating measured pressures with those obtained by load 
cells. The results are also compared with typical calcula-
tion results with the frequency-domain RPM (Rankine Panel 
Method) [58, 60]. In the RPM, the linearized free-surface 
condition based on the double-body flow is used, and the 
panel-shift method and artificial friction coefficients are 
employed for satisfying the radiation condition numerically. 
The comparison is to demonstrate how the spatial distri-
bution of measured pressure is useful for the validation of 
numerical calculation methods.

5.1 � Pressure distribution

Results will be shown for the steady pressure distribution 
obtained by towing the ship model in calm water with-
out restricting its motion, and the 1st-harmonic unsteady 

(25)

�x(x) =
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mk
n
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− p
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mk
n
(0)

1k
(NP� + 1 ≤ k ≤ N�

P�
)

pressure distribution obtained by (9) for four different tests; 
that is, forced-heave, forced-pitch, diffraction, and free-
motion tests. As for the unsteady pressure, the time-varying 
measured pressure pm(x̄;t) in (8) is also shown as some snap-
shots in one period.

5.1.1 � Steady pressure distribution

The spatial distribution of steady pressure p(0)
m (calm)

 , and its 
sectional distribution along the girth at ord. 1.5, 5.0, 9.0 and 
9.5 are shown in Fig. 11. Here, it should be noted that the 
measured steady pressure is corrected by adding 
�gz + �g�

(0)

3 (calm)
 to pg(x̄;t) in (7). In order of  5.0, 9.0, and 

9.5, the results with strain-type pressure sensors are also 
illustrated. The abscissa � denotes the hull position along the 
girth, as defined in Fig. 4. The left upper figure is the spatial 
distribution of steady pressure obtained by experiments, 
which is an average of 6 times tests. The right one is the 
computational result of the RPM. After obtaining the numer-
ical solution for the double-body flow based linear BVP 
(boundary-value problem), the hull surface is discretized 
again below the calm water considering the obtained sinkage 
and trim, and the same type of BVP is recalculated by the 
RPM. Thus, the difference of sinkage and trim between 
measured and computed is included in these results on pres-
sure distribution. Note that the upper edge in spatial distribu-
tion obtained in the experiment indicates the ship-side wave 
height and experimental data above ship-side wave elevation 
in sectional distribution are not illustrated.
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Fig. 11   Spatial and sectional distributions of steady pressure on 
RIOS bulk carrier, obtained from measurement in towing test in calm 
water for RIOS bulk carrier at Fn = 0.18 and computation by RPM. 

Results are corrected with steady sinkage and trim taken into account, 
and the abscissa � is defined in Fig. 4
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The results of sectional pressure distribution show that 
the difference can be seen between the FBG pressure sen-
sor and strain-type pressure sensor and that the RPM pre-
dicts the steady pressure measured with strain-type pressure 
sensor with acceptable accuracy. The difference in results 
between the FBG and strain-type pressure sensors can be 
considered to be caused by the thickness of the FBG pres-
sure sensor and optical fibers disturbing the flow field. To 
decrease these effects, a larger ship model should be used 
in the experiment. FBG pressure sensors may not be suit-
able for estimating the steady pressure in calm water unless 
a large model is used. Although the FBG pressure sensors 
have that drawback, the spatial distribution of steady pres-
sure with those sensors is useful to grasp the distribution 
over the hull, as shown in the figure.

5.1.2 � Unsteady pressure distribution

In the same manner as Fig. 11, the spatial and sectional dis-
tributions of unsteady pressures p(x̄) [see (9)] in the forced-
heave test, forced-pitch test, diffraction test and free-motion 
test are shown in Figs. 12, 13, 14 and 15, respectively. 
Unsteady pressures are nondimensionalized by the com-
plex motion amplitude X3 or X5 in (11) for forced-heave or 
forced-pitch tests and by the complex wave amplitude �o in 
(3) for diffraction test and free-motion test. Spatial distribu-
tion is illustrated by decomposing into cosine and sine com-
ponents which correspond to the real and minus imaginary 
parts respectively, and sectional distribution is shown with 
amplitude and phase. In these figures, the measured results 
for the forced-heave test, forced-pitch test, and diffraction 
test are the average value of two times measurements, and 
for the free-motion test is over five times measurements. 
For free-motion test, the standard deviation is also shown 
in the sectional distribution. In each figure, results for two 
frequencies corresponding to �∕L = 0.5 and 1.25 in Table 2 
are shown. Note that the upper boundary of the contour plot 
does not show the wetted surface but simply the distribution 
of the value p(x̄) in (9) obtained before giving free-surface 
by ship-side waves.

Sectional pressure distributions in those figures show that 
the results of FBG pressure sensors generally coincide with 
those of strain-type pressure sensors in good accuracy. The 
amplitude of unsteady pressure first increases generally as 
the depth of the sensor decreases, and next decreases as the 
position approaches the water surface and converges to zero 
finally. The RPM based on the linear theory can predict the 

first part of this tendency, but cannot predict the last two 
tendencies where a strong nonlinearity appears due to sen-
sors periodically going into and out of water. As a result, the 
RPM based on the liner theory overestimates the amplitude 
of unsteady pressure there. The difference between FBG 
pressure sensors and strain-type pressure sensors also seems 
to be slightly larger in those nonlinear regions. In regions, 
the time history of the pressure sensor shows a periodical 
sinusoidal-pulse wave since the sensor periodically goes out 
the water surface. At this moment, the thickness of the FBG 
pressure sensor may prevent quick drain of the water from 
the sensor surface. This can be one of the reasons for the 
difference above.

In the results of the free-motion test shown in Fig. 15, the 
standard deviations of the FBG pressure sensor show almost 
the same values as those of the strain-type pressure sensor, 
and they are practically acceptable values. As illustrated in 
the figure of spatial pressure distribution, the measurement 
with FBG pressure sensor is effective in acquiring the entire 
distribution at once over the hull with enough accuracy. This 
measurement method can be utilized to validate arbitrary 
computational results. In the present study, the RPM is vali-
dated as a test case and it is confirmed that the RPM shows 
relatively good agreement with measured spatial unsteady 
pressure distributions in all figures.

5.1.3 � Time series of pressure distribution

The time series of spatial pressure distribution for four 
different tests are illustrated in Fig. 16. The incident wave 
condition is �∕L = 1.25 and this corresponds to KeL = 9.9 . 
The illustrated pressure is the recomposed one by (8) with 
N = 10 , and contains all the components of the pressure 
except for the hydrostatic component. Besides the pressure, 
figures also illustrate ship motions and ship-side wave pro-
files by snapshots of every one-fourth period, where ship 
motions and ship-side wave profiles are recomposed by (5) 
and (10), respectively. The results consist only of the meas-
ured data and they can be utilized directly for validation such 
as CFD simulations. On the other hand, the time histories of 
hydrodynamic forces are obtained by integrating pressures 
over the wetted surface at every time step.

It should be emphasized that such a figure showing the 
time-series spatial distribution of the unsteady pressure over 
the hull surface was obtained using experimental data for the 
first time in this study.

5.2 � Hydrodynamic forces

As one of the validations of measured pressure distribution 
with FBG pressure sensors, the measured pressure distri-
bution at every time step as shown in Fig. 16 is integrated 
over the wetted surface, and the time histories of forces are 

Fig. 12   Spatial and sectional distributions of unsteady pressure by 
measured and computed in the forced-heave test for RIOS bulk car-
rier ( Fn = 0.18 ). Each distribution is expressed by decomposing into 
cosine and sine components, and amplitude and phase, respectively. 
Abscissa � is defined in Fig. 4. See Table 2 for conditions (a) and (b)
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obtained. Then they are expanded to the Fourier series, and 
the 1st-harmonic component is extracted and compared with 
forces directly measured by load cells.

Some examples of obtained time histories of forces 
F1,F3 and moment F5 are shown in Fig. 17. In the figures, 
the results of the forced-heave test and forced-pitch test in 
KeL = 9.9 (�∕L = 1.25) are illustrated. Note that F3 in the 
figure is illustrated by subtracting the buoyancy from F3 
obtained in (14). The black lines in the figures show the 
forces and moment directly measured by load cells, which 
contain inertia forces. The blue lines are hydrodynamic 
forces excluding inertia forces, which should be compared 
with the red lines obtained by the integration of measured 
pressures.

The blue and red lines show good agreement not only in 
phase but also in the amplitude. This suggests that the added 
mass and damping coefficients will show good agreement 
between results by load cells and by pressure integration. 
This fact will be confirmed in subsequent figures.

On the other hand, the time-averaged value between the 
red and blue lines shows a small difference. This might 
be the effect of thickness of the sensors and optical fibers 
attached to the hull surface as already described in Sect.  
5.1.1.

The obtained forces and moment are expanded to the Fou-
rier series in the form of (15), and its 1st-harmonic com-
ponent is obtained as (16). The same process is applied to 
forced motions �j (j = 3, 5) using Eqs. (10) and (11), and the 
added mass and damping coefficients are obtained by (17) 
and (18). The results are shown in Fig. 18. As explained 
above, the added mass and damping coefficients obtained 
by direct measurement with load cells and by the pressure 
integration show good agreement. One of the reasons for the 
slight difference may be the influence of the parts in the bow 
and stern where pressure is not measured, as seen in Fig. 8.

A similar analysis is also applied to the wave exciting 
forces. In this case, the measured incident wave is expanded 
to the Fourier series in the form of (2), and its 1st-harmonic 
component is obtained as (3). Then using �o and measued 
forces fi (i = 1, 3, 5) , the wave exciting forces E1 , E3 and 
moment E5 are obtained as (19). Two results by load cells 
and pressure integration also coincide with good accuracy 
in wave exciting forces and moment.

Those hydrodynamic forces, Aij , Bij and Ei (i, j = 3, 5) , 
are validated furthermore by solving the linear simultane-
ous coupled motion equations between heave and pitch 
using them. Figure 20 shows measured results of surge, 

heave, and pitch motions by potentiometers along with 
results using RPM. Measured results with potentiometers, 
which are shown by white and red circles, are in good 
agreement with computed results using RPM.

Green triangles and blue inverted triangles are obtained 
by solving linear simultaneous motion equations between 
heave and pitch using average values of measured hydrody-
namic forces, Aij , Bij and Ei (i, j = 3, 5) . Note that necessary 
restoring coefficients are calculated from the principal par-
ticulars in Table 1. Besides, the simultaneous motion equa-
tions are formulated with only heave and pitch motions 
because the elements associated with surge motions were 
not obtained by experiments. In green triangles, hydrody-
namic forces obtained by integrating measured pressures 
are used. Blue inverted triangles are obtained by load cells. 
Both results agree well and this implies that the pressure 
measurement with FBG pressure sensor is sufficiently 
accurate. The slightly larger difference in pitch motion 
amplitude at �∕L = 1.25 (KeL = 9.9) can be considered to 
be caused by the small difference seen between the red cir-
cle and green triangle in Figs. 18 and 19. It is also noticed 
that both motions directly measured by potentiometers and 
computed by solving linear ship-motion equations using 
measured hydrodynamic forces with load cells coincide in 
quite good accuracy. This implies that a linear system is 
still applicable even for the blunt ship treated in this paper.

It is also confirmed that this kind of validation solving 
the motion equations with measured hydrodynamic forces 
is very effective as precise validation.

Through these analyses and investigations above, it is 
evident that the pressure measurement over the entire hull 
surface with FBG pressure sensors has acceptable accu-
racy at least in estimation of the 1st-order forces.

5.3 � Added resistance

The added resistance is the 2nd-order hydrodynamic force, 
which is obtained as the difference of resistance acting 
in the x direction when the model is towed in waves and 
calm water.

First, the distribution of the added-resistance integrand 
𝜎x(x̄) over the hull surface is shown in Fig. 21 for 7 wave 
conditions, which corresponds to the integrand when the 
added resistance is calculated in the frequency-domain 
analysis. Only one of the several experimental results in 
each wave condition is shown as an example. In the cap-
tion for each wave condition, the values of non-dimen-
sional added resistance CAW = RAW∕�g�

2
a
(B2∕L) obtained 

by pressure integration and strain gauge are written as 
reference. The used steady pressure p(0)

mk (calm)
 in (25) is the 

average of towing tests in calm water carried out 6 times.

Fig. 13   Spatial and sectional distributions of unsteady pressure by 
measured and computed in the forced-pitch test for RIOS bulk car-
rier ( Fn = 0.18 ). Each distribution is expressed by decomposing into 
cosine and sine components, and amplitude and phase, respectively. 
Abscissa � is defined in Fig. 4. See Table 2 for conditions (a) and (b)
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In the figure, the ship-side wave height in towing tests in 
calm water, which is also the average value of several tow-
ing tests, is illustrated in a black dashed line. And, the bot-
tom line of the ship-side wave elevation in the free-motion 
test, which is expressed by |𝜁 (x̄;t)|min in the equation, is 
shown in a pink dot-dashed line. The upper boundary of the 
color contour corresponds to |𝜁 (x̄;t)|max . The area between 
|𝜁(x̄;t)|min and |𝜁(x̄;t)|max is exposed to air periodically due 
to ship motions and waves. The area �S , where the girth is 
discretized into �NB� segments, is above the black dashed 
line (see Fig. 10). It can be seen from the figures that the 
bow flare part along the ship-side wave profile in calm water 
is remarkably contributing to the added resistance. This fact 
is also implied by the CFD calculation [28], and the impor-
tance of bow flare shape for the added resistance has been 
suggested by some researchers so far [61, 62]. Figure 21 
supports such facts experimentally.

On the other hand, it is also suggested that some thrust 
force may be generated from the hull surface around the 
bow part below the pink dot-dashed line. Now, dividing the 
wetted surface into two areas by the pink dot-dashed line, 
the areas above and below the line are expressed by Sa and 
Sb , respectively. The forces by integrating the added resist-
ance integrand over Sa , Sb and both are illustrated in Fig. 22. 
The force by integrating the pressure on both Sa and Sb is 
the added resistance. These calculations are carried out in 
the framework of frequency-domain analysis, and the results 
are expressed by the average and standard deviation of over 
5 times tests. In addition to those results based on the fre-
quency-domain analysis, the added resistance estimated by 
the time-domain analysis in (20) is also shown in the same 
figure. In Fig. 22, the computational result of enhanced uni-
fied theory (EUT) [7, 63] is shown as a reference.

As confirmed in this figure as well, the thrust force 
is generated on Sb while the resistance acts on Sa . This 
tendency can be also explained by calculation. Simply 
put, in the calculation by the near field method, the line-
integral term along the water line related to the ship-side 
wave squared is a positive value; which is resistance. On 
the other hand, the surface-integral term related to the 
flow velocity squared is a negative value; which is thrust. 
By summing these dominant terms and the other terms, 
the added resistance is normally given as resistance. The 
added resistance of S175 container ship estimated by Kim 
and Kim [64] with the time-domain RPM also indicates a 
tendency that the line-integral along the water line shows 
the resistance and the integral over the hull surface shows 

the thrust although the line-integral term is not composed 
of only ship-side wave squared. Zhang et al. [65] also 
mentioned the same point using the Wigley model. In 
their calculation, the waterline integration around the bow 
part shows dominant resistance, and this corresponds to 
the results in Fig. 21. To reduce the value of added resist-
ance, in addition to the method of reducing the resistance 
by devising the flare shape near the waterline, it is sug-
gested that there is also a method of increasing the thrust 
component by changing the shape under the waterline. 
However, it may be difficult in practice to change the 
hull shape under the waterline, since the shape is usually 
determined from a design concept for small resistance in 
calm water.

The added resistances obtained by both frequency- and 
time-domain analyses qualitatively agree with the results 
obtained by the strain gauge. However, quantitative agree-
ment between the two-analysis methods is not necessarily 
good, although the results of the frequency-domain analy-
sis agree well in a long-wave region with directly meas-
ured values. Possible reasons for quantitative disagreement 
will be discussed below.

At first, the added resistance is the 2nd-order physi-
cal quantities and very small. Table 4 shows the non-
dimensional and dimensional wave exciting forces and 
added resistance when the incident wave amplitude is 
�a = 10 mm. In the table, the approximated mean values 
measured by load cells and strain gauge for each wave con-
dition are indicated. From the table, the added resistance 
is confirmed as a very small physical quantity compared 
with the wave exciting force. As a result, analyzed results 
show a large standard deviation as seen in Fig. 22.

As already mentioned in Sect. 5.1.1, the flow on the hull 
surface might be disturbed by the thickness of FBG pres-
sure sensors and optical fibers, and a noticeable measuring 
error in steady pressure is included as shown in Fig. 11. In 
fact, the average value of f (0)

1 (calm)
 used in (20) is +0.12 N. 

This indicates a thrust force occurs, which is unrealistic 
physically. The same influence can appear in the steady 
component of the measured pressure in towing tests in 
waves, where the steady component means the zeroth 
order or time-averaged value in the Fourier series of the 
measured pressure. Most of this influence to appear in tow-
ing tests in calm water and waves may be canceled out by 
taking the difference between the two, but in reality, slight 
differences can remain as errors. The difference between 
the frequency-domain and time-domain analyses is thought 
to be caused by the difference in how this error appears 
between the two different analysis procedures. To lessen 
this error, either a ship model with enough large size 
which can neglect the effect of sensor thickness should be 
used, or the thickness of FBG pressure sensor should be 

Fig. 14   Spatial and sectional distributions of unsteady pressure by 
measured and computed in the diffraction test for RIOS bulk car-
rier ( Fn = 0.18 ). Each distribution is expressed by decomposing into 
cosine and sine components, and amplitude and phase, respectively. 
Abscissa � is defined in Fig. 4. See Table 2 for conditions (a) and (b)
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made thinner. Although it can be considered that this effect 
would also affect the unsteady component of measured 
pressure, its influence on the 1st-harmonic component is 
negligible as seen in Figs. 18, 19.

6 � Conclusion

In this study, an unprecedented experimental data acquisi-
tion method for the pressure in the entire ship model surface 
was examined using FBG pressure sensors. The spatial pres-
sure distributions on the entire hull surface of the RIOS bulk 
carrier were measured by attaching FBG pressure sensors at 
379 points and by carrying out the forced-heave/pitch test, 
diffraction test, and free-motion test. The pressures meas-
ured by FBG pressure sensors were validated by comparing 
them with measured pressure by strain-type pressure sen-
sors. In addition, the measured pressure was integrated over 
the wetted surface and hydrodynamic forces were obtained 
to compare with those measured by load cells and strain 
gauges. The acquired conclusions are summarized below. 

(1)	 The steady pressure distribution measured by FBG 
pressure sensors in the towing test in calm water is 
slightly different from that measured by the strain-type 
pressure sensors. The difference might be caused by the 
flow disturbance due to the thickness of FBG pressure 
sensors and optical fibers.

(2)	 The 1st-harmonic component of measured unsteady 
pressure by FBG pressure sensors in the forced-heave 
test, forced-pitch test, diffraction test, and free-motion 
test was compared with that by strain-type pressure 
sensors and with computed results using RPM. Pres-

sure distributions measured by FBG pressure sensors 
and strain-type sensors show good agreement generally. 
The RPM based on the linear theory overestimates the 
unsteady pressure amplitude around the free surface 
where the hull surface periodically goes into and out 
of water.

(3)	 By integrating the pressure distribution on the wetted 
surface at every time step, the time histories of forces 
and moments were calculated. Applying the Fourier 
series expansion to the time histories and extracting the 
1st-harmonic component, the added mass and damping 
coefficients, and wave exciting forces were obtained. 
The obtained results show good agreement with the 
results measured by load cells.

(4)	 The added-resistance integrand was obtained by taking 
the zeroth component of the Fourier series of meas-
ured pressure in waves and calm water, and by taking 
their difference. The added-resistance integrand is large 
along the ship-side wave profile of steady wave, espe-
cially near the bow flare region. These regions yield 
resistance, while the region below the lowest of the 
unsteady ship-side wave elevation yields a thrust.

(5)	 The added resistance was obtained using two methods; 
time-domain analysis and frequency-domain analysis. 
Both analysis methods can capture the behavior of the 
added resistance measured by the strain gauge, but not 
necessarily accurate enough quantitatively. The reason 
for this is thought to be that the added resistance is the 
2nd-order hydrodynamic force and hence very small, 
which can be in the same range of measurement error 
caused by the disturbance flow due to the thickness 
of the sensor. To improve the accuracy, a larger ship 
model should be used.

Based on the above results, future work will be to construct 
a useful database for numerical calculations by conducting 
pressure measurements in oblique waves and in irregular 
waves.

Fig. 15   Spatial and sectional distributions of unsteady pressure by 
measured and computed in the free-motion test for RIOS bulk car-
rier ( Fn = 0.18 ). Each distribution is expressed by decomposing into 
cosine and sine components, and amplitude and phase, respectively. 
Abscissa � is defined in Fig. 4. See Table 2 for conditions (a) and (b)
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Fig. 16   Time series of spatial pressure distribution excluding hydrostatic pressure. Condition is Fn = 0.18 , �∕L = 1.25 (KeL = 9.9)
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Fig. 17   Time series of forces and moment. Condition is Fn = 0.18 , �∕L = 1.25 (KeL = 9.9)

Fig. 18   Added mass and damping coefficients of RIOS bulk carrier at Fn = 0.18 , obtained by load cells and by the integration of measured pres-
sure using FBG pressure sensors
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Fig. 19   Wave exciting forces and moment of RIOS bulk carrier at Fn = 0.18 , � = 180 degs, obtained by load cells and by the integration of 
measured pressure using FBG pressure sensors
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Fig. 20   Ship motions of RIOS bulk carrier at Fn = 0.18 , � = 180 
degs. White and red circles show the measured results by potentiome-
ters. Green triangles and blue inverted triangles are obtained by solv-
ing linear simultaneous motion equations between heave and pitch 

using measured hydrodynamic forces, Aij , Bij and Ei (i, j = 3, 5) . In 
green triangles, hydrodynamic forces obtained by integrating meas-
ured pressures are used. In blue inverted triangles, ones obtained by 
load cells are used
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Fig. 21   Distribution of added-
resistance integrand of RIOS 
bulk carrier at Fn = 0.18 , 
� = 180 degs. The black dashed 
line is the ship-side wave 
profile in towing test in calm 
water. The pink dot-dashed 
line is the bottom line of the 
ship-side wave elevation in 
the free-motion test. CAW is 
the non-dimensional value of 
added resistance defined by 
CAW = RAW∕�g�

2

a
(B2∕L)
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