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1 Introduction
Ship maneuverability is the ability of a ship to keep or change its state of motion under the operations of

rudder and propeller and it plays a critical role in relation to navigation safety and economy of a ship. Generally
speaking, there are two methods to give predictions of ship maneuverability, specifically the free-running model
tests or the captive model tests together with mathematical models. In present work, the second mehod is
considered and slight modifications is made to the MMG mathematical model.

1.1 MMG model
The MMG model is a simplified mathematical model for solving ship maeuvering problems. It was first

proposed in Ogawa et al. (1977) by a research group called Maneuvering Modeling Group in Japanese Tow-
ing Tank Conference (JTTC). To date, considerable simulation methods based on the MMG model for ship
maneuvering have been presented. On the purpose of avoiding inadaptability of hydrodynamic derivatives to
different modified methods, in Yasukawa & Yoshimura (2015), a MMG standard method for ship maneuvering
predictions was proposed.

Fig.1 shows the coordinate system used in this article. O0 − x0y0z0 is the earth-fixed coordinate system
where x0y0 plane coincides with the still water surface and the z0 axis points downward. O − xyz is the body-
fixed coordinate system with the origin O taken at the center of gravity of the ship, and the x, y, z axises point
respectively towards the bow, the startboard and downward. U ≡

√
u2 + v2 represents the advancing speed of

the ship and u, v denote the velocity components along x, y axises. β denotes the drift angle of the ship and is
defined as β ≡ arctan(−v/u). r, p are the yaw rate and roll rate of the ship and ψ,φ denote the heading angle
and rolling angle.

As described in Yasukawa & Yoshimura (2015), the hydrodynamic forces acting on ship can be expressed as
Eqn.1. 

X = XH +XR +XP

Y = YH + YR + YP

N = NH +NR +NP

with


XH = −R0 +Xvvv

2 +Xvrvr +Xrrrr +Xvvvvv
4

YH = Yvv + Yrr + Yvvvv
3 + Yvvrv

2r + Yvrrvr
2 + Yrrrr

3

NH = Nvv +Nrr +Nvvvv
3 +Nvvrv

2r +Nvrrvr
2 +Nrrrr

3

(1)

where the subscript H,R,P represent hull, rudder and propeller, respectively. In present work, the hy-
drodynamic forces acting on bare hull are investigated. Where, Xvv, Xvr..., Yv, Yr..., Nv, Nr... are hydro-
dynamic derivatives, where Xvv, Xvvvv, Yv, Yvvv, Nv, Nvvv are obtained through oblique towing tests and
Xvr, Xrr, Yr, Yvvr, Yvrr, Yrrr, Nr, Nvvr, Nvrr, Nrrr are obtained through dynamic PMM tests, specifically pure
yaw and pure sway tests, or circular motion tests. In the present work, we will mainly discuss hydrodynamic
forces related to lateral velocity v and both experimental and numerical oblique towing tests were conducted,
so that all the hydrodynamic derivatives related to yaw rate r can be eliminated.

As is stated in the introduction, all the hydrodynamic derivatives used in the MMG model have explicit
physical meanings. Hydrodynamic derivatives related to lateral velocity v, which are obtained through oblique
towing test, mean the force or moment induced by a unit component of velocity along y axis in maneuvering
motions. However, all the hydrodynamic derivatives are deducd at initial state with a certain value of forward
speed and will remain constant during maneuvering motions. Actually a significant amount of speed loss occurs
during maneuvering motions, like full turning or zig-zag motions, both in free running model tests and sea trials.
As a result, it is theoretically inappropriate to treat all the hydrodynamic derivates invariant as used to in the
MMG standard model. In Simonsen & Stern (2014), the oblique towing tests of the DTMB-5415 hull were
performed at 3 different towing speed, but the specific relationship between towing speed and hydrodynamic
derivatives was not given.

The purpose of this artical is to investigate the effects of advancing speed on hydrodynamic derivatives and



The 34th International Workshop on Water Waves and Floating Bodies, Newcastle, Australia, 7-10 April, 2019.

Fig. 1: Coordinate system Fig. 2: Planar motion mechanism

yield a expression between them. At small value of lateral velocity v, the relationship between hydrodynamic
forces and lateral velocity is roughly linear, so the nonlinear term like Xvvvv, Yvvv, Nvvv can be neglected and
only three linear hydrodynamic derivatives Xvv, Yv, Nv need to be considered. Accordingly, the Eqn.1 can be
rewriten as Eqn.2 in the present work.

X = XH = −R0(U) +Xvv(U) · v2

Y = YH = Yv(U) · v
N = NH = Nv(U) · v

(2)

2 Outline of experimental tests and numerical computationals
In this work, the ONR Tumblehome (ONRT) bare hull, which is the 2015 Tokyo CFD workshop benchmark

hull form without bilge keels, twin rudders and propellers, is considered. Both experimental and numerical
oblique towing tests are performed of a model scale ship hull with the scale ratio λ ≡ 1/30. Tab.1 and Tab.2
list the test and computational conditions.

Table 1: Test conditions

Test ID Towing speed U/(m/s) Drift angle β/◦

1-9 1.418
0,±2,±4,±6,±8,

±10∗,±12,±16,±20∗

10-18 0.709
0, 2, 4, 6, 8,

10∗, 12, 16, 20∗

The experimental oblique towing tests were carried out in the twoing tank of Marine Design and Research
Institute of China (MARIC). Fig.2 illustrates the planar motion mechanism. In Tab.1, ∗ indicates the conditions
have been repeated 10 times for uncertainty analysis. And in tests 1-9, drift angles both to the port side and
the startboard side are performed to yield the corrected data for symmetry with respect to the straight-ahead
towing direction such that: χm = χ++χ−

2 . Where χm is the corrected data for any data variable (χ = X,Y,N),
and χ+ or χ− is the data χ respectively measured at positive or negative drift angle β. Besides, to analysis
the effects of the advancing speed during oblique towing tests on the hydrodynamic derivatives two advancing
speed U = 1.418m/s and U = 0.709m/s are considered.

Table 2: Computational cases conditions

Case ID Towing speed U/(m/s) Drift angle β/◦ Turbulence model Mesh resolution
1-6

1.418
0, 2, 4, 6, 8, 10 SST M

7-9 12, 16, 20 DES F

10-13 1.064 0, 2.67, 5.33, 8 SST M

14-17 0.709 0, 4, 8, 12 SST M

18-21 0.425 0, 6.69, 13.46, 20.38 SST M
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For numerical calculations, the open-source CFD library OpenFOAM is used. As is demonstrated in
Tab.2, two grid resolutions (M,F short for medium and fine) and two turbulence models (SST, DES short
for kOmegaSST and kOmegaSSTDES) are used. The number of cells for M,F two grid levels are 6 million and
11 million, with a refinement ratio of

√
2 in x, y, z three directions. In order to capture the vortex separation, for

cases 7-9 with big drift angle and high advancing speed the fine grid and DES model are used and the medium
grid and SST model are used for other cases. Simulation results of cases 1-9 and 14-17 will be compared with
the experimental measurements for validation purpose and in cases 10-13 and 18-21, two more advancing speed
are considered to figure out the relationship between advancing speed U and the hydrodynamic derivatives
Xvv, Yv, Nv.

3 Comparison and validation
Fig.3 shows calculated hydrodynamic forces X,Y and moment N in comparison with experimantal mea-

surements at two different advancing speed U = 1.418m/s. In Fig.3, EFD denotes the corrected experimental
data, and χ+ and χ− respectively correspond to data measured at positive and negative drift angle, and CFD
denotes numerical results given by cases 1-17. The 10% error bands are relative to the corrected experimental
data. As is illustrated, the overall predicted hydrodynamic forces and moment are in reasonable agreement with
experimental measurements. So the further study can be based on the numerical results.

Fig. 3: Comparison between experimental measurements and numerical results of longitudinal force X (left),
lateral force Y (middle) and yaw moment N (right) of cases with advancing speed U = 1.418m/s.

4 Advancing speed effects on hydrodynamic derivateves
Fig.4 illustrate the numerically predicted non-dimentional longitudinal force (X + R0)/R0 with respect to

square of lateral velocity v2/gLpp, non-dimensional lateral force Y/mg and yaw moment N/(mg · Lpp) with
respect to lateral velocity v/

√
gLpp. As is described in Eqn.3, (X + R0)/R0 has a linear correlation with

v2/gLpp and Y/mg,N/(mg · Lpp) have a linear correlation with v/
√
gLpp. Consequently, the hydrodynamic

derivatives or the slope of each curves can be yielded by a linear regression, which are listed in Tab.3.

Fig. 4: Numerical results of logitudinal of force X minus resistance, lateral force Y and moment along z axis of
four advancing speed.
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Fig. 5: Relationship between advancing speed and hydrodynamic derivatives
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Table 3: Hydrodynamic derivatives of the ONRT hull at four advancing speeds.

U/(m/s) X ′
vv Y ′

v N ′
v

0.425 -395.2 -0.137 -0.049
0.709 -88.2 -0.168 -0.077
1.064 -39.2 -0.211 -0.110
1.418 -23.9 -0.264 -0.148

It is obvious that, the hydrodynamic derivatives of the ONRT ship hull vary a lot for different advanc-
ing speeds. Fig.5 illustrates the relationship between dimensionless advancing speed U ′ ≡ U/

√
gLpp and

hydrodynamic derivatives X ′
vv, Y

′
v , N

′
v, where the scatters correspond to hydroydnamic derivatives yielded

from Fig.4 and the solid lines are fit curves of hydrodynamic derivatives based on the least square method.
For X ′

vv, with the decrease of advancing speed the ship resistance R0(U) reduce to zero and then be-
cause of the asymmetry of ship bow and stern the magnitude of Xvv(U = 0) is not zero, so the magni-
tude of X ′

vv approaches infinite. Accordingly, we assume the hydrodynamic derivative X ′
vv in the form of

X ′
vv = 1/[U ′2 · (aU ′ + b)], where the coefficients a, b, determined via least square method, are a ≈ 7.1, b ≈ 0.3

respectively. Y ′
v , N

′
v vary linearly with the advancing speed that can be assumed in the form of Y ′

v = kY U
′+ cY

and N ′
v = kNU

′ + cN . Likewise, the coefficients kY , cY , kN , cN are determined by least square method that
kY ≈ −0.906, cY ≈ −0.08, kN ≈ −0.706, cN ≈ −0.006. So we can concluded that, the hydrodynamic derivatives
of the ONRT hull, specifically X ′

vv, Y
′
v , N

′
v, vary greatly for different advancing speed and can be expressed as

Eqn.4. 
X ′

vv(U
′) =

1

U ′2 · (7.1U ′ + 0.3)

Y ′
v(U

′) = −0.906 · U ′ − 0.08

N ′
v(U

′) = −0.706 · U ′ − 0.006

(4)
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