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Abstract: Wave excited roll motion poses danger for moored offshore vessels such as Floating
Production Storage and Offloading (FPSO) because they cannot divert to avoid bad weather.
Furthermore, slack cargo tanks are almost always present in FPSOs by design. These pose an
increased risk of roll instability due to the presence of free surfaces. The most common method of
determining roll damping is roll decay tests, yet very few test have been performed with liquid
cargo, and most liquid cargo experiments use tanks that span the entire width of the vessel; which is
seldom the case for full scale FPSO vessels during normal operations. This paper presents a series
of roll decay test carried out on a FPSO model with two two-row-prismatic tanks with different
filling levels. To directly investigate the coupling between the liquid sloshing and the vessel motion,
without modifying the damping, tests were performed at a constant draft. The equivalent linear roll
damping coefficients consisting of linear, quadratic and cubic damping terms are analyzed for each
loading condition using four established methods, the Quasi-linear method, Froude Energy method,
Averaging method and the Perturbation method. The results show that the cubic damping term is
paramount for FPSOs and at low filling levels, were the FPSO is more damped. Recommendations
regarding the applicability of the methods, their accuracy and computational effort is given and the
effect of the liquid motion on the vessel motion is discussed.

Keywords: nonlinear roll motion; FPSO; roll damping; roll decay; liquid cargo motion

1. Introduction

Roll motion is the most dangerous motion amongst the six degrees of freedom because it can lead
to capsizing [1,2], causes crew discomfort, and thus reduce the vessel’s efficiency [3]. Roll motion is
especially critical for offshore floating vessels such as Floating Production Storage and Offloading
(FPSO) units because they are expected to operate at a location for extended duration and as such
cannot avoid severe weather conditions. In addition, FPSOs experience continuous cargo loading and
offloading [4], hence slack tanks cannot be avoided. Oscillations in slack cargo tanks can effect the roll
motion characteristics of the vessel, it is therefore important to consider the free surface effect on roll
damping [5].

Damping effects can be classified into linear and nonlinear components. Linear damping does
not consider the viscosity of the liquid and it is described using linear radiation/diffraction theory [6].
Nonlinear damping includes the effects of liquid viscosity and appendages [6,7]. The vessel’s roll
damping can be described as linear for vessels with small roll amplitudes [8] but linear models are
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insufficient for vessels with large roll amplitudes, therefore, nonlinearities need to be accounted for
when the roll amplitude is large enough to capsize the vessel [9]. Nonlinearities are further important
when considering the effect of bilge keels [10] or liquid cargo motion [5].

Froude [11] was the earliest to predict nonlinear roll motion effects on floating vessels.
Subsequently, Ikeda et al. [12] developed an empirical method that divided roll damping into five
components (skin friction on the hull, eddy making, wave, lift and appendages). This empirical
method provided low accuracy for damping at large angles, cannot handle attributes of complex
flows [13] and are only applicable at the design stage [14]. Beyond design stage, excited roll motion,
forced roll motion and the free roll decay test [15] are three methods for determining the nonlinear roll
motion. These three methods can be done by experiment or by Computational Fluid Dynamics (CFD).

For forced roll motion, the model is rotated with the aid of a mechanical device and it is maintained
in a fixed axis [15,16]. Kinnas [17] simulated a FPSO with and without bilge keels in harmonic
forced motion and he observed a linear relationship between roll moment and roll amplitude in
inviscid flow and a nonlinear relationship between the roll moment and roll angle in viscous flow.
Thiagarajan et al. [18] did forced roll motion studies numerically and experimentally for an FPSO and
concluded that the amplitude of the damping was influenced by the roll angular velocity and the bilge
keel widths.

Using the excited roll motion method, the model is freely floating and it is excited by regular
beam waves or an internal mechanical device such as a gyro roll exciter or a contra-rotating mass
or an internal lateral shifting mass [14]. Blume [19] obtained roll damping coefficients using this
method and he showed that roll damping coefficient was dependent on the maximum roll angle,
metacentric height and heel angle of the vessel but Blume’s method had long measurement time.
Using same method, Handschel and Maksoud [20] improved on Blumes work by reducing the
measuring time, improving the estimation accuracy of roll damping coefficient over a wide frequency
range and provided possibilities of determining roll damping with nonlinear stability moment curve.
Wasserman et al. [21] compared experimental and numerical results obtained from excited roll motion
and free roll decay test and concluded that the excited roll motion was superior to the roll decay test
for larger damping values.

Despite the findings by Wasserman et al. [21], free roll decay test is the most widely used
method [5,22–27] because it is the recommended technique by the International Maritime Organization
(IMO) [28]. There are five methods to determine the damping coefficients for the vessel roll motion
from roll decay test [29]: Quasi-linear method, Froude Energy method, Roberts Energy method,
Averaging method and the Perturbation method.

The Quasi-linear method is the simplest method because the equivalent linearised damping
coefficient with respect to the roll angle amplitude can be directly obtained without the need for any
curve fitting. It further, permits aggregating data from different decay tests as long as it is the same
loading condition [14], this is beneficial for vessels with higher dampening since they will experience
fewer oscillations before reaching steady state. The roll decrement is calculated from successive peaks
or successive troughs or the double amplitudes of the roll decay curve (see Figure 1) [21]. This method
is sometimes referred to as the logarithmic decrement method [30]. Though widely used [5,14,28,30–32],
this method can be highly inconsistent because it sometimes shows poor correlation between the roll
decrements and the roll angle amplitudes, leading to a incorrect damping coefficient [33].

The two main energy methods based on energy conservation are: Froude and Roberts [21,29].
Froude energy method assumes that for each half cycle, the energy lost by damping is equal to the work
done by the hydrostatic restoring moment that reduces the roll amplitude. Roberts energy method [34]
equates roll damping to an energy loss function. Froude energy method does not necessarily require a
curve fitting for the roll angle series, it is weakly sensitive to shift in the origin of roll angle measurement
in the vertical and horizontal direction due to roll period, errors in righting arm estimation, and roll
amplitude definition. Roberts method on the other hand requires curve fitting and it is strongly
sensitive to a shift of the origin of roll angle measurement [21]. A comparative studies have been
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carried out to compare the Quasi-linear and Energy methods and they agree that the Quasi-linear
method is more susceptible to errors [29] and the energy methods are suitable for larger amplitudes
based on curve fitting of the energy envelop [15,21]. Since both Roberts and Froude method are both
based on conservation of energy, only Froude energy method will be treated in this paper.
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Figure 1. Roll angle decay response with peaks and double amplitudes annotations test case 8,
see Section 3.3.

The Averaging method by Kryloff and Bgoliuboff [35] assumes the profile of the roll decay is
sinusoidal and the rate of change of the amplitude and phase is constant at their average values for
each cycle, that make this method to be more applicable for light damped systems [35]. It is more
complex than the other methods because it produces a complex expression for the decay envelop.
Though it is reliable, it is sensitive to the first peak of the decay motion hence, a distortion in the first
peak of the decay would affect results obtained by this method [29].

The Perturbation method assumes that the nonlinear damping terms are small compared to the
linear damping terms. This assumption permits the solution of the roll motion to be treated as a linear
motion with some perturbations. This makes this method more complicated than the other methods as
the roll decay angle amplitude envelop needs to be fitted with a higher order nonlinear equation with
three unknown variables [29].

The damping coefficient may be dependant on the chosen analyzing method [28] or it may be
affected by the different definitions of the average roll amplitude (φm) (Equations (11) and (12)) [21].
Other factors that can affect the damping coefficients obtained are the estimation of the righting
moment (GZ) of the vessel [15]. Therefore, choosing which method, mathematical model and the
average roll amplitude to use to determine the damping coefficients is challenging, and more research
on the topic is needed.

This paper investigates the equivalent linear damping coefficients obtained using four methods
and two mathematical models for roll damping from a roll decay test of a model scale FPSO. A series
of roll decay test on the FPSO model with two two-row prismatic tanks with different filling levels was
carried out at the Davidson Laboratory of Stevens Institute of Technology. The test were performed
at constant draft, constant displacement and only roll motion was applied. The obtained damping is
dependant on the chosen analyzing method, by comparing the effect of the number of terms included
in the curve fit needed to obtain the dampening coefficient, guidance regarding method selection can
be provided. The effect of the liquid motion on the vessel motion and the effect of change in draft are
further discussed.
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2. Theoretical Background

The model was free to roll, but fixed in all other degrees of freedom (DOFs), the dynamic behaviour
of the vessel is therefore described by the single degree of freedom (DOF) equation:

(I + A)φ̈ + B(φ)φ̇ + C(φ)φ = F(t) (1)

where I is the roll mass moment of inertia (Kg m2), A is the added mass moment inertia (Kg m2),
B(φ) is the roll damping coefficient (Nm.s), C(φ) is the restoring stiffness coefficient (Nm) and F is
the time dependent forcing moment which is zero for calm water tests. φ, φ̇ and φ̈ are the roll angle,
angular velocity and angular acceleration respectively. C = ρg∇GZ where ρ∇ is the model mass (Kg)
and GZ is the angle dependent restoring lever (m) [36]. The normalised form of the roll motion is:

φ̈ + b(φ)φ̇ + c(φ)φ = f (t) (2)

where b(φ) is the roll damping coefficient per mass moment of inertia = B(φ)
(I+A)

, c(φ) is the roll stiffness

coefficient per unit mass moment of inertia = C(φ)
(I+A)

and f (t) is the applied moment per mass moment

of inertia = F(t)
(I+A)

.
The nonlinear damping moment per mass moment of inertia b(φ) can be expressed by a series

expansion consisting of a linear term and higher order nonlinear terms, as a function of φ and φ̇ [37]:

Total damping︷ ︸︸ ︷
b(φ)φ̇ =

Linear damping term︷︸︸︷
b1φ̇ +

Quadratic damping term︷ ︸︸ ︷
b2|φ̇|φ +

Cubic damping term︷︸︸︷
b3φ̇3 +

Higher 4th order terms︷ ︸︸ ︷
O(φ4) (3)

Inserting Equation (3) in Equation (2) for a calm water roll decay test, where f (t) = 0,
the normalised equation of motion for the vessel becomes:

φ̈ + b1φ̇ + b2|φ̇|φ̇ + b3φ̇3 + c(φ)φ = 0 (4)

Equation (4) is an accurate mathematical model of dynamic ship rolling in calm water, since it
includes the effects of the resistance due to the linear damping coefficient b1 and nonlinear damping
coefficients b2 and b3. However, this nonlinear equation is rarely solved [7], since it requires iterative
numerical ODE solvers to overcome the non-linearity in the equation represented by terms |φ̇|φ̇
and φ̇3. Hence using a linearized equivalent equation is beneficial. In the linearized form the total
damping coefficient b(φ) is replaced by an equivalent linear damping coefficient be(φa) [7,29] which
is dependent on the vessel roll angle amplitude and the roll period. The linear, quadratic and cubic
damping coefficients are also kept constant in the equivalent linear damping. The linearized one DOF
equation of motion with equivalent damping coefficient is:

φ̈ + be(φa)φ̇ + ce(φa)φ = 0 (5)

where ce(φa) is the amplitude dependent stiffness and φa is the roll angle amplitude at certain time.
The relationship between the total damping and the equivalent linear damping is:

b(φ) = be(φa) (6)

be(φa) = b1 +
8

3π
ωdφab2 +

3
4

ω2
dφ2

ab3 (7)

2.1. Quasi-Linear Method (Logarithmic Decrement)

The Quasi-linear or the Logarithmic decrement method is considered to be the simplest technique
to directly compute the equivalent linear damping coefficient be with respect to the roll angle amplitude
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obtained through roll decay tests [29]. The transient roll angle φ(t) is assumed to be a sinusoidal
motion with decaying amplitude as shown in Equation (8), where φ0 is the initial roll angle amplitude
and φa(t) is the decaying amplitudes for peaks or troughs as shown in Figure 1 and Equation (9).

By applying Equation (9) for two successive peaks i and i + 1 (or troughs), of the decaying
envelope, the logarithmic decay can be determined (Equation (10)) and then the equivalent linear
damping coefficient (Equation (11)).

When measuring the roll angle, a measurement offset may occur causing irregularity of peaks
and troughs amplitudes envelopes leading to different predictions of the damping coefficient by peak
based or trough based envelopes. The double amplitude based logarithmic decay technique [21] is
used to compensate this possible offset, instead of analysing the peaks’ envelope and the troughs’
envelope separately, the absolute difference between each peak and following trough is considered as
shown in Figure 1, and the equivalent linear damping coefficient is obtained using Equation (12) [36].
Figure 2 shows the equivalent linear damping coefficient be (12) as a function of the average roll angle
amplitude φm, the plot is a combination of four roll decay tests with different initial roll angles for
loading condition 8 (see Section 3.3).

φ(t) = φ0 e
−bet

2 cos (ωdt) (8)

φa(t) = φ0 e
−bet

2 (9)

φi+1

φi
= e

−be
2 (ti+1−ti) (10)

be(φm) =
ωd
π

ln
φi

φi+1
, f or φm =

φi + φi+1

2
(11)

be(φm) =
ωd
π

ln
φD,i

φD,i+2
, f or φm =

φD,i + φD,i+2

4
(12)
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Figure 2. Equivalent linear damping coefficient estimation using quasi-linear method Equation (12),
test case 8 by combining results of 4 tests with different initial roll angles, see Section 3.3.

2.2. Froude Energy Method

Froude energy method [7,36] is based on the assumption that the energy lost due to the damping
ED 1

2
in a half cycle is equivalent to the hydrostatic stiffness restoring energy applied by the restoring

lever arm Er 1
2
:

ED 1
2
= Er 1

2
(13)

The energy lost by damping in a half cycle and restored by stiffness are calculated by assuming
that the motion is sinusoidal through each quarter cycle as shown in Equation (14), compared with the
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Quasi-linear method that assumes that the motion is sinusoidal with an exponential decaying term
(Equation (8)).

φ = φisin(wdt) (14)

φ1 is the amplitude of the roll motion in the first quarter cycle quarter φ1 ≤ φ ≤ 0, φ2 is the
amplitude of the roll motion over the second quarter cycle 0 ≤ φ ≤ φ2 as shown in Figure 3, ωd is
the natural damped angular frequency. Equation (14) is only valid for a quarter cycle, hence the half
cycled energy terms must be calculated by the summation of energy terms in each cycle quarter as:

ED1 1
4
+ ED2 1

4
= Er1 1

4
+ Er2 1

4
(15)

The energy dissipation including linear, quadratic and cubic damping in a quarter cycle is
described by Equation (16), hence the total energy dissipation during the half cycle between amplitudes
φ1 and φ2 can be described using Equation (17).

EDi 1
4
=
∫ π

2wd

0
(b1φ̇2

i + b2|φ̇i|φ̇3
i + b3φ̇4

i ) · dt (16)

ED 1
2
=
∫ π

2wd

0
(b1(φ̇

2
1 + φ̇2

2) + b2(|φ̇1 + φ̇2|(φ̇3
1 + φ̇3

2)) + b3(φ̇
4
1 + φ̇4

2)) · dt (17)

Integrating Equation (17) gives Equation (18) which is the energy dissipated in the half cycle
from φ1 to φ2. For φ1 ' φ2 and φa = ( φ1+φ2

2 ) the total energy dissipation can be simplified as shown in
Equation (19).

ED 1
2
=

1
4

πb1ωd(φ
2
1 + φ2

1) +
2
3

b2ω2
d(φ

3
1 + φ3

2) +
3

16
b3πω3

d(φ
4
1 + φ4

2) (18)

ED 1
2
=

1
2

πb1ωdφ2
a +

4
3

b2ω2
dφ3

a +
3
8

b3ω3
dπφ4

a (19)

The energy done by the restoring moment lever arm during the half cycle between φ1 and φ2 is
described by Equation (20). By averaging the the successive amplitudes the restoring energy can be
represented using Equation (21), where φa =

φ1+φ2
2 , c = ω2

d and dφ
dr = φ1 − φ2.

Er 1
2
=
∫ φ1

φ2

cφdφ =
c
2
[φ2

1 − φ2
2 ] (20)

Er 1
2
= ω2

dφa
dφ

dr
(21)
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Figure 3. Annotation of peak and trough amplitudes for half cycle, test case 8, see Section 3.3.
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By equating Equations (19) and (21) the decrease of amplitudes per half cycle dφa
dr can be

represented by a third order polynomial as shown in Equation (22). This equation can be solved
by determining the decay extinction coefficients: a, b and c. They can be determined by a third
order polynomial fit or second order polynomial fit if only the linear (a) and quadratic (b) damping
are considered.

dφa

dr
=

πb1

2ωd
φa︸ ︷︷ ︸

aφa

+
4
3

b2φ2
a︸ ︷︷ ︸

bφ2
a

+
3
8

ωdπb3φ3
a︸ ︷︷ ︸

cφ3
a

(22)

ae = a + bφa + cφ2
a =

πbe

2ωd
(23)

Figures 4 and 5 shows two examples of the Froude energy method used to determine the
equivalent damping coefficient per mass moment of inertia be (Equation (23)). In Figure 4a the
decrease in half cycle amplitudes is plotted as a function of the mean peak roll angle amplitude then
fitted with a quadratic polynomial to estimate the first two coefficients a and b (see Equation (22)),
then the equivalent damping coefficient is determined for the range of roll peak amplitudes using
Equation (23), see Figure 4b. In Figure 5a the results are fitted by a third order degree polynomial to
compute the three extinction coefficients a, b and c, the equivalent damping coefficient including the
cubic damping term are plotted in Figure 5b. By comparing Figures 4b and 5b It is obvious that after
including the cubic damping term, the behaviour of the equivalent damping with respect to the roll
angle peak amplitude is changed as an inflection point appears near 10◦ after which the the damping
is increasing.
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Figure 4. Equivalent linear damping coefficient estimation using Froude energy method with linear and
quadratic damping terms, test case 8 by combining results of 4 tests with different initial roll angles, see
Section 3.3. (a) Estimation of extinction coefficients a and b using quadratic curve fitting, Equation (22);
(b) Equivalent linear damping coefficient be estimation based on the extinction coefficients a and b
using Equation (23).
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Figure 5. Equivalent linear damping coefficient estimation using Froude energy method with linear,
quadratic and cubic damping terms, test case 8 by combining results of 4 tests with different initial
roll angles, see Section 3.3. (a) Estimation of extinction coefficients a, b and c using cubic curve
fitting, Equation (22); (b) Equivalent linear damping coefficient be estimation based on the extinction
coefficients a, b and c using Equation (23).

2.3. Averaging Method

The Averaging method developed by Kryloff and Bgoliuboff [29,35] is designed for lightly
damped systems. The Froude energy method assumes a sinusoidal motion of only half of the cycle,
the Averaging method on the other hand assumes the roll angle to be in a sinusoidal form for the
whole cycle, with a slight amplitude decay with respect to the time, as expressed in Equation (25).
By inserting φ(t) (Equation (25)) in the equation of motion (24) and integrating over the whole
cycle [35], an expression for the rate change of amplitude dφa

dt is generated as shown in Equations (26)

and (27). Equation (27) represents the relation between the amplitude rate change dφa
dt with the roll

angle amplitude φa by a second order equation which is fitted by the nonlinear least square algorithm to
evaluate the linear and nonlinear damping coefficients b1 and b2 (Equation (28)) as shown in Figure 6a.
Figure 6b shows the estimated equivalent linear damping coefficient per mass moment of inertia be,
Equation (28).

φ̈ + b1φ̇ + b2φ̇|φ̇|+ cφ = 0 (24)

φ(t) = φa(t) cos (ψ) , ψ = ωdt + θ (25)

dφa

dt
= − 1

2πωd

∫ 2π

0

[
b1φaωdcos2(ψ) + b2(φaωd)

2|cos(ψ)|cos2(ψ)
]

d(ψ) (26)

dφa

dt
= −

(
4b2ωd

3π

)(
3πb1

8b2ωd

)
φa︸ ︷︷ ︸

A B φa

−
(

4b2ωd
3π

)
φ2

a︸ ︷︷ ︸
A φ2

a

(27)

be = b1 +
8

3π
b2φaωd (28)



J. Mar. Sci. Eng. 2020, 8, 582 9 of 21

0 2 4 6 8 10 12 14

0

0.5

1

1.5

2

2.5

3

3.5

(a)

0 2 4 6 8 10 12 14

0.41

0.42

0.43

0.44

0.45

0.46

0.47

0.48

0.49

0.5

(b)

Figure 6. Equivalent linear damping coefficient estimation using Averaging method, test case 8 by
combining results of 4 tests with different initial roll angles, see Section 3.3. (a) Estimation of A, B
coefficients using quadratic curve fitting between dφa

dt and φa Equation (27); (b) Equivalent linear
damping coefficient be estimation based on b1 and b2 using Equations (28).

2.4. Perturbation Method

The Perturbation method is considered the most complicated method for analyzing roll decay
test data [29], because the roll decay angle amplitude envelope (Figure 7a) is fitted with a high order
nonlinear equation with three unknown variables.

The Perturbation method assumes the nonlinear damping coefficients are small compared to the
linear damping coefficient. The motion is described using Equation (29), where ε is the perturbation
expansion parameter. This equation is assumed to have a solution represented by a power series of ε,
Equation (30). By inserting the zero, first and second order expansions (Equation (30)) in (29), a new
equation of motion is obtained for each expansion. The equations are Equations (31)–(33), respectively.
Equation (31) represents the linear damping case and has an analytic solution representing the standard
roll angle decay profile with linear damping, Equation (34). By inserting φ0 from Equation (34) in the
Equation of motion for the ε1 expansion (Equation (32)), φ1 can be estimated as shown in Equation (35),
this process can be repeated to obtain an estimation of φn, where n is the order of the perturbation
expansion. The roll angle φ(t) is the geometric sum of the all solutions, as seen in Equation (30),
with ε = 1 resulting in the roll angle profile, φ(t) as shown in Equation (36) and with an amplitude
envelope profile φr shown in Equation (37).

φ̈ + b1φ̇ + εb2φ̇|φ̇|+ cφ = 0 (29)

φ(t) =

ε2expansion︷ ︸︸ ︷
φ0(t)︸ ︷︷ ︸

ε0expansion

+εφ1(t)

︸ ︷︷ ︸
ε1expansion

+ε2φ2(t) +

Higher 4th order terms︷ ︸︸ ︷
O(ε4) (30)

Equation o f motion with ε0 expansion : φ̈0 + b1φ̇0 + cφ0 = 0 (31)

Equation o f motion with ε1 expansion : φ̈1 + b1φ̇1 + cφ1 = −b2 φ̇2
0 sgn(φ̇0) (32)

Equation o f motion with ε2 expansion : φ̈2 + b1φ̇2 + cφ2 = −b2 φ̇0 φ̇1 sgn(φ̇0 + εφ̇1) (33)

φ0 = φ01 e
−b1t

2 cos (ωdt + θ01) (34)

φ1 =
8b2ωd
3πb1

φ2
01 e

−b1t
2 cos (ωdt + θ01) (35)
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φ(t) =
3πb1φ01

3πb1e
−b1t

2 − 8 b2 φ01 ωd

cos(ωdt) (36)

φr =

[
1

φ01
e
−b1πr

2ωd − 8 b2ωd
3πb1

]−1

(37)
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Figure 7. Equivalent linear damping coefficient estimation using the perturbation method, test case
8, see Section 3.3. (a) Roll angle decay test envelope nonlinear curve fitting with Equation (37);
(b) Equivalent linear damping coefficient using the estimated coefficients b1 and b2 Equation (38).

The perturbation derived roll angle amplitude envelope (Equation (37)) is fitted with the measured
roll angle amplitude envelope φr from the roll decay test (see Figure 7a). The fitted curve is nonlinear
with three unknown parameters (b1, b2 and φ01) where φ01 is the initial amplitude parameter or
amplitude of zero order solution, and obtained by the nonlinear curve fitting of Equation (37). Figure 7a
shows a roll angle decay test where the trough measured envelope is fitted with Equation (37) using
the nonlinear least square algorithm to compute b1 and b2, the equivalent linear damping coefficient
per unit mass moment of inertia be (Equation (38)) as shown in Figure 7b is then obtained.

be = b1 +
8

3π
b2φaωd (38)

3. Experimental Set Up

3.1. Model and Instrumentation

An existing tanker hull model made of wood is fitted with two two-row cargo tanks made
of acrylic plates. The cargo tanks were placed in the model such that the sloshing occurs in the
longitudinal axis of the tank during the roll motion. The model attached to the heave post and tow
carriage is shown in Figure 8a. A roll pivot box is connected to the tow carriage to measure the roll
amplitude and the walls of the port stern cargo tank is fitted with four water level gauges see Figure 8b
to measure liquid water level in the tanks. All instrumentation used are calibrated prior to the test,
see Appendix A. The main particulars of the model and cargo tanks are shown in Table 1. The draft
of the vessel was measured at three locations; stern, amidships and the bow during the free floating
inclining test and the roll decay tests and they are shown in Table A2.
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Table 1. FPSO and cargo tank characteristics.

Parameter Value Unit

Length overall LOA 2.18 m
Beam B 0.341 m
Depth D 0.19 m

Unballasted vessel weight 24.96 kg
Ballasted vessel weight 40 kg

Displacement (ballast condition) ∆m 0.029 ton
Kyy 1.09 m
Kzz 1.09 m
Kxx 0.12 m

Cargo Tank Outer Dimensions

Length LT 0.49 m
Width BT 0.26 m

Width of one tank BT1 0.13 m
Depth DT 0.17 m

Thickness t 0.01 m

(a) Model attached to tow carriage (b) Cargo tank with water level gauges

Figure 8. Model attached to heave post and cargo tank.

3.2. Inclination Test

To obtain the model’s vertical center of gravity KG, an inclining test was carried out in calm
water by horizontally shifting an inclination mass of wi = 2.04 kg to the port and starboard sides
with a horizontal shift d causing heeling angles [38]. The weight displacement were kept constant
(inclination weight was taken from the loaded ballast) as shown in Figure 9, Figure A1 and Table A1.
The Metacentric Height GM, was obtained using Equation (39) [38]. Table 2 shows the measured
distances, the load moment per displacement, and the resulting roll angle. To get the vertical distance
from the keel to the Metacenter KM, a hydrostatic analysis was conducted using ORCA3D [39] where
the KM is evaluated at various vessel displacements. The vertical center of gravity KG 91.6 mm,
was determined using Equation (40) .

GM =
wi d

∆ tan ϕ
(39)

KG = KM− GM (40)

Figure 10a shows the inclining moment for the inclining tests with respect to the heeling angles
ϕ, where a linear curve fitted to the dataset showed a slope of 70.0 mm representing the metacentric
height GM as shown in Equation (39). Where ∆ is the total displacement of the vessel in kg, see Table 1.

To validate the experimental inclining test, a reverse numerical inclining test was implemented
in ORCA3D using KG from the experimental test and the same loading conditions. As shown
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in Figure 10b the numerical metacentric height for this loading case is 70.7 mm, confirming the
experimental results.

Figure 9. Model during Incline Test.

Table 2. Inclination test.

Side Load Horizontal Shift d (mm) Load Moment per Displacement wd
∆ (mm) Roll Angle φ◦

−150 −78 −5.9
Port side −100 −52 −3.9

−50 −26 −1.9

0 0 0.1

50 26 2.0
Starboard side 100 52 4.0

150 78 6.0
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(a) Experimental determination of Metacentric Height
GM from incling test
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(b) Numerical determination of Metacentric Height
GM using ORCA3D software

Figure 10. Determination of Metacentric Height GM from experimental inclining test data and
numerical modelling using ORCA3D software.

3.3. Roll Decay Test

The vessel roll decay experiment followed the guidelines and procedures by the International Marine
Organisation (IMO) [40] and the International Towing Tank Conference (ITTC) [7] which advised that for
highly damped vessels with low oscillation number, several roll tests (at least four) should be implemented
with different initial roll angles, so the estimated damping coefficient would be continuous through the
whole range of roll angle amplitudes. During the test, both two-row cargo tanks (4 compartments in total),
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were filled with water as shown in Table 3. The initial angle of the test was imposed by a system of pulley
and strings as shown in Figures 8a and A1. The volume displacement was kept constant (constant draft)
for loading conditions 1–8 and the draft was increased for loading condition 9. The initial disturbance was
between 7.3◦ and 17.7◦, ITTC [7] recommends a disturbance larger than 25◦, however it was not possible
to achieve with the current experimental set up.

Table 3. Water Tank Loading Conditions.

Forward Aft

Condition
Port Starboard Port Starboard

Volume Percentage Volume Percentage Volume Percentage Volume Percentage
(L) (%) (L) (%) (L) (%) (L) (%)

1 0 0 0 0 0 0 0 0
2 0 0 3 50 5.5 95 0 0
3 0 0 0.6 10 3 50 5.5 95
4 0.6 10 5.5 95 3 50 0.6 10
5 3 50 0 0 0.6 10 0.6 10
6 3 50 0 0 0 0 0.6 10
7 5.5 95 0 0 0 0 0 0
8 5.5 95 5.5 95 5.5 95 5.5 95

9 * 5.5 95 5.5 95 5.5 95 5.5 95

* Sinkage was allowed for Condition 9 as shown in Table A2 and Figure A2.

Roll amplitude was recorded by a rotational potentiometer installed inside the roll pivot box as
shown in Figure A1. The model was allowed to roll freely after the release of the pulley-string system
for all conditions, while sway, surge, yaw, pitch and heave were restricted.

To ensure no initial angular velocity nor unintended sloshing effect of the loaded water were
induced, each test were performed for at least 3 minutes after the initial angle was set. Data collection
was started before the release of pulley-string system to show the setup was at steady state prior to the
test, in accordance with IMO and ITTC procedures [7,40].

To evaluate the repeatably of the the roll decay tests, some loading conditions were repeated with
the same initial roll angle. The number of peaks and troughs before steady state for each repeated pairs
are the same, however a deviation in the natural decay period is observed. Table 4 shows the percentage
difference between each two measured natural periods, no dramatic deviation except for condition 8
where the cargo volume is at its maximum and the liquid sloshing on tanks wall is random in nature.

Table 4. Natural decay period for conditions with the same initial roll angle.

Condition Initial Roll Angle ϕ± 0.1◦ Natural Period (s) Percentage Difference %

3 16.6 1.68 6.131.58

5 12.6 1.26 101.14

7 13.6 1.30 6.351.22

8 16.6 1.62 25.32.09

4. Results and Discussion

4.1. Effect of Analyzing Method

The equivalent linear damping coefficient per total mass moment of inertia (be) is studied
using the roll decay analysis methods presented in Section 2 for the 9 filling conditions described in
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Tables 3 and A2. For most conditions and analysis methods, the equivalent linear damping coefficient
is observed to have the same trend; it is inversely proportional to the roll angle amplitude as shown in
Figure 11. As expected using the Averaging method, quadratic Froude energy method and Perturbation
methods yields almost a linear relation between the equivalent linear damping coefficient and roll
angle amplitude. However, for the Quasi-linear and cubic Froude energy methods where the cubic
damping term is included, a nonlinear relation is observed, that implies that the cubic damping term
can not be ignored for the tested vessel type.

A high deviation of the equivalent linear damping coefficient is observed when comparing the
Averaging method and Froude energy method with quadratic and cubic terms at small roll angle
amplitudes, across all loading conditions, see Figure 11. The Averaging method assumes that the
motion is sinusoidal through the whole cycle, therefore it does not produce accurate results at lower
angles where damping is high. The Froude energy method on the other hand assumes the motion
is sinusoidal for only the cycle quarter and therefore produces more reliable results at low rolling
angles [29]. At higher roll angle amplitudes, where the damping decreases, the Averaging method
converges with the results from the other methods, this is expected and consistent across all loading
conditions, since the Averaging method is recommended for lightly damped systems.
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(a) Condition 1, cargo = 0.0 L
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(c) Condition 3, cargo = 9.1 L
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(f) Condition 6, cargo = 3.6 L
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(h) Condition 8, cargo = 22 L
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(i) Condition 9, cargo = 22 L with
increased draft

Figure 11. Equivalent linear damping coefficient determined using different analysis methods as a
function of roll angle amplitude for different liquid loading conditions.
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4.2. Effect of Liquid Cargo

Looking at results of the Quasi-linear method using all peaks and double amplitudes, a relation
between the total cargo volume and the slope of the equivalent linear damping coefficient is observed at
higher roll angle amplitudes. For low loading conditions [5, 6 and 7] (Figure 11e–g) the the equivalent
linear damping coefficient has a negative slope at higher roll amplitude angles. On the other hand
for the high loading conditions [2, 3, 4, 8 and 9] (Figure 11b–d,h,i) the damping coefficient show an
inflection point nearly at the roll angle amplitude 10◦ followed by an increase. It should be noted that
the change in dampening at higher filling levels [2, 3, 4, 8], is solely due to the increase in liquid cargo
and thus liquid cargo motion, since the volume displacement is only changed in condition 9.

To evaluate the effect of the amount of liquid cargo on the vessel damping, a comparison is done
between the mean linear equivalent damping coefficient for the whole range of rolling amplitudes
and the volume of liquid cargo loading for the 9 loading conditions, see Figure 12. The results show
that the vessel is highly dampened for cases of low filling volumes (conditions [6, 5 and 7]) where the
liquid cargo sloshing forces’ effect on the tank walls does not affect the vessel motion. At condition 9,
maximum condition with 22 L, and with increased draft, the vessel is observed to be very stable with
the highest average equivalent damping coefficient due to the additional damping resistance applied
by the increased draft. On the other hand and for high filling conditions [2, 3, 4 and 8], the cargo
sloshing forces on tanks’ walls affected the dynamic behaviour of vessel rolling, where the equivalent
linear damping coefficient decreased to about 50 percent compared to the very low filling conditions.

0 3.6 4.2 5.5 8.5 9.1 9.7 22 22*
0

0.5

1

1.5

2

Quasi-Linear method all peaks

Quasi-Linear method double amplitude

Froude energy method with quadratic term

Froude energy method with quadratic and cubic terms

Averaging method

Perturbation method

Figure 12. Average equivalent damping coefficient be and as a function of the liquid cargo volume for
the different test conditions. Note that conditions 8 and 9 have the same cargo volume but different
draft, see Tables 3 and A2.

4.3. Effect of Volume Displacement

Increasing the draft from 7.8 cm (condition 8) to 11.7 cm (condition 9), while keeping the liquid
cargo volume constant, a dramatic increase in the damping is seen (Figure 13a,b). Figure 13a,b show
the decay roll angle response for the two conditions with initial heel angle φ0 = −15◦ where condition
8 require twice as many oscillations compared with condition 9 to reach steady state. A comparison of
the equivalent linear damping coefficient between conditions 8 and 9, is shown in Figure 14 where
a dramatic increase of the damping is observed when the draft increased. Analyzing condition 8
using methods that considers both quadratic and cubic terms such as (Quasi-linear and Froude energy
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method with quadratic and cubic terms), it becomes clear that the damping coefficient has nonlinear
behaviour as it slightly decreases with increasing roll amplitude, and beyond roll angle φa = 5◦ the
damping is almost constant. However, using methods that only considers the quadratic damping terms
such as (Averaging, Perturbation and Froude energy with quadratic term) the damping coefficient is
observed to be almost constant for the whole range of roll angle amplitudes as shown in Figure 14.
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(a) Decay test roll angle response for condition 8
with draft = 7.6 cm and cargo = 22 L
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(b) Decay test roll angle response for condition 9
with draft = 11.7 cm and cargo = 22 L

Figure 13. Effect of vessel draft on the dynamic response of the FPSO model during roll decay test.
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Figure 14. The effect of the vessel draft on the equivalent linear damping coefficient be using different
decay analysis methods. Condition 8 has a shallow draft equivalent to an unloaded vessel, condition 9
has a draft equivalent to a fully loaded vessel. In both conditions all tanks have a 95± filling level.
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5. Conclusions

In this paper an experimental study was conducted to evaluate the equivalent linear damping
coefficient of an FPSO vessel with liquid cargo in two two-row tanks at nine different filling levels.
The equivalent linear damping was obtained using four different methods. To evaluate the effect of
liquid cargo, the draft is kept constant for all but one loading condition. The model is highly damped,
therefore multiple roll decay tests at different initial disturbance angle were needed to get a sufficient
number of oscillations to obtain the equivalent linear damping.

The effect of liquid cargo volume in the two-row tanks on the vessel roll damping was investigated
at constant draft. The results showed that the vessel damping is inversely proportional to the loaded
cargo volume, an increase in the liquid cargo results in more liquid sloshing on the tanks walls
which produces additional forcing moments, thus increasing the rolling motion and decreasing the
vessel damping.

For most of the tested cases, the linear equivalent damping coefficient is observed to be inversely
proportional to the roll angle amplitude. As expected, the relationship between the roll angle and
equivalent linear damping coefficient depends on the analyzing method; methods that only accounts
for the linear and quadratic damping terms such as quadratic Froude energy method, Averaging
method and Perturbation method, show a linear relationship. However a nonlinear relation is seen
when using methods that accounts for the cubic damping term such as, Quasi-linear method and
quadratic-cubic Froude energy method. This implies that the cubic damping term is necessary for this
vessel type.

There are no dramatic differences between different roll decay test analysis methods for estimation
the equivalent linear damping coefficient except the Averaging method that underestimates the
coefficient for this highly dampened system.

The perturbation method is accurate in determining the linear and non-linear damping coefficients
but it requires three unknown exponential curve fitting for the decay envelope. Hence, it is
recommended to be used for roll decay tests that have large number of oscillations to ensure robust
and stable curve fitting or the the curve fitting algorithm should be constrained for an expected range
of the unknown values to be estimated.

Therefore, the Froude energy and the Quasi-linear methods are recommended, as they are able to
compute the damping coefficient with no restrictions with regards to the system dampening (high
or low), nor do they require a large number of peaks (minimum three). The Quasi-linear method has
an advance over the Froude energy method; no curve fitting is required and the equivalent damping
coefficient is computed directly with minimum.
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Appendix A. Test Equipment

The locations of the ballast and measuring equipment used for the roll decay test are shown in
Figure A1 and Table A1. All locations are measured from the aft longitudinally and from the keel
for vertical distances. The model was fixed in sway, surge, yaw, pitch and heave, while free to roll.
For condition 1 to 8, the model was locked in heave, fixing the draft at the unloaded ballasted condition.
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For condition 9, sinkage was allowed by temporarily releasing the heave restrain, after the model
reached the draft required to support the load heave was again clamped.

The model was free floating (not attached to the have post) for the inclination test, at the ballasted
loading condition. Pivot box and drag balance (10), attachment bar (11) were not loaded in inclination
test. The ballast weight distribution and incline weight (12) during the test is shown in Figure A1 and
Table A1.

Table A1. Devices and Locations.

Unit Name and LCG VCG Mass
Figure Number [mm] from Aft [mm] from Keel [Kg]

FPSO Hull (1) with Ballast (2 and 3) 1136.0 91.6 24.10
and Empty Cargo Tanks (4 and 5)

Forward Ballasts (2)
(Roll Decay Test)

Port Ballast (TCG = 44.45 mm) 1771.65 117.81 4.72
Starboard Ballast (TCG = −44.45 mm) 1771.65 117.81 4.72

(Inclination Test)
Port Ballast (TCG = 44.45 mm) 1771.65 110.30 4.15

Starboard Ballast (TCG = −44.45 mm) 1771.65 110.30 4.15

Aft Ballast (3)
(Roll Decay Test) 400.05 129.81 5.67
(Inclination Test) 400.05 121.80 4.77

Forward Cargo Tank (4) 770.64 Varies Varies

Aft Cargo Tank (5) with Water Level Gauges 1529.08 Varies Varies

Heave Post (6) with Pulleys and clamps (7 and 8) 412.50 685.80 3.20

Pivot Box and Drag Balance (10) 412.50 190.55 3.88

Attachment Bar (11) 1677.92 304.8 0.71

Incline Weight (12) 1328.42 280.80 2.04

Strings used to induce roll (9)

Figure A1. Position of sensors and weights in the model.

Table A2. Draft and draft measuring locations from Aft.

Incline Test Location (mm) 612.77 1108.07 1743.07

(Port) Draft (mm) 66 66 66

Roll Decay Test
Location (mm) 615.95 1098.55 1746.25

Draft (mm)
Condition 1–8 70 78 81

(Starboard) Condition 9 105 117 125
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Figure A2. Measuring Locations.

Figure A3. Schematic of Cargo Tank.

Appendix A.1. Ballast Weight and Weight Posts

The ballast weight were secured on three weight post, two in the forward and one in the aft as
shown in Figure A1. The weight posts were fixed on the bottom of the model to minimize the motion
induced by the ballast.

Appendix A.2. Cargo Tank

Two two-row tanks were installed in the forward and aft of the model as shown in Figure A1.
The tanks consisted of two separated compartments, shown in Figure A3, one on the port side and one
on the starboard side. The tank was machined with angled edges as shown in Figure A3 to reduce
corner sloshing effect. Four water level gauges were installed at the center line of four walls in the port
compartment of the aft cargo tank.

Appendix A.3. Towing Carriage and Heaving Post

Towing carriage was served as a testing platform in the roll decay test. Sensors, camera, heave post,
pivot box and the model itself were attached to the carriage. The primary use of the carriage is to record
the roll angle and to fix the movement of the model in surge, sway, yaw and heave. The heave post
and the attachment bar are the component connecting the model to the towing carriage, see Figure A1.
A pulley system was setup on the model for roll decay test as shown in Figure A1. Two pulleys were
fixed on the heave post and two strings were secured on the starboard side of the model. To ensure a
quick release during the test, the string selected has low flexibility and a weight realise system was
implemented to avoid slack.
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Appendix A.4. Pivot Box

The Pivot Box is attached to the base plate of the model and orientated so that only roll was
allowed. The included rotational potentiometer is the primary method to measure roll in the roll decay
test. The potentiometer is calibrated to statically to within an accuracy of ± 0.18 degrees.
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