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Abstract. The estimation of hydrodynamic interaction forces occurring when a ship is navi-
gating in confined waterways plays an essential role in inland maneuverability modeling. The
forces include the bottom effect which significantly affects the current loads and the flow around
the hull. Therefore, this article deals with the evaluation of ship-bottom interaction force. A
Three Degrees of Freedom model (3 DOF) is used in these simulations to account for surge, sway
and yaw motion of the studied containership. The model’s hydrodynamic derivatives are de-
termined based on CFD generated hydrodynamic forces. Using a RANSE solver, computerized
Planar Motion Mechanism (PMM) tests are simulated at three values of depth to draft ratios.
Based on the identified hydrodynamic coefficients, a comparative study is carried out with the
semi-empirical formulations in published literature.

1 INTRODUCTION

Doing maneuverability prediction with a variety of scenarios is of great importance to guar-
antee the safety of a ship. According to the PIANC recommendations [1], the ship-bottom
interaction depends on the ratio (h/T ) of water depth (h) to the ship’s drought (T ). When
this ratio is below three (depth restriction), the bottom effect becomes significant, thus causing
a greater change in water velocity and pressure distribution around the hull which severely
affects the ship’s maneuverability. Several studies have discussed the underlying physics and
have attempted to model these effects [3, 4]. However, most of the investigations carried out
in this field rely on experimental or semi-empirical methods to describe the interaction force
between the ship and the channel bed. In particular, captive model testing, is known to be
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the most widely accepted approach, as it offers access to a proper mathematical model of the
ship’s motion. Due to progress in modern CFD techniques, simulation by a fully CFD approach
has proven its reliability in deep water[5, 6, 7]. In fact, instead of carrying out the Planar
Motion Mechanism ( PMM) tests in a towing tank, the tests are reproduced numerically. This
method, not only, allows avoiding the expensive costs of experimentation, yet helps to consider-
ably reduce the scale effect caused by the incapacity to achieve Froude and Reynolds similarities
simultaneously, and the method gives access to detailed flow field around the hull.

In spite of less numerically based publications found on simulations in confined waters, CFD
methods are gaining importance in the field of maneuverability. Most recently, the International
Conference on Ship Maneuvering in Shallow and Confined Water held in Hamburg in 2016, tried
to fill this gap. Among the existing computerized fluid dynamic studies on the water depth effect,
presented during this conference, He et al.[8], ran a series of systematic computations of pure
sway motion tests at (h/T ) ratios of 10, 3, 1.5 and 1.2, at a constant speed. He provides a
qualitative insight into the bottom effect on the hydrodynamic forces. Furukawa et al. [9],
focused on the longitudinal components of hydrodynamic derivatives for eighteen geometries of
ship hulls deduced from captive model testing in shallow waters.

The aim of this work is to expand on the above mentioned studies to estimate the hydrody-
namic coefficients of a 3DOF mathematical model in different channel configurations (different
values of h/T ) using a RANSE solver to numerically reproduce the PMM tests of a 1:25 scaled
modeled containership hull. Note that in addition of the dynamic tests, our PMM tests include
also the static drift and speed variation tests.

To properly apprehend the interaction between the ship’s hull and the bed of the canal, the
hydrodynamic forces acting on the hull are determined numerically for various values of the
ship’s speed. The numerical simulations are repeated for a number of canal configurations. The
reliability of the numerical results are confirmed through the validation of standard tests in
deep water.

2 PMM TESTS

The PMM tests are carried out on a bare hull model of a 135m inland containership scaled
to 1:25. The hull characteristics are given in table 1. The ship’s geometry is symmetric to its
midship. The tests include static tests (static drift and speed variation) ,and other dynamic tests
(pure sway, pure yaw and yaw and drift). In static drift simulations, the drift angle was varied
between zero and fifteen with a step of three degrees whereas in dynamic tests, a single run
method was adopted in which the dimensionless frequency was set to 7.753, the dimensionless
maximum sway amplitude was 0.03, the dimensionless maximum yaw amplitude was set to
0.0196 and the drift angle varies according to the dynamic test between zero and three degrees.
These values are in accordance to the I.T.T.C recommandations concerning the restriction of
oscillation frequency presented in “Recommended Procedures and Guidelines : Captive Model
Test Procedure ”[10]. An overview of the dynamic tests is given in figure 1. The maximum full
scaled ship forward moving speed is no higher than 19 Km/h for all tests corresponding to a
Froude number between 0.137 and 0.067.
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Table 1: Geometric parameters of ship hull

Length
(LPP)

Beam
(B)

Draft
(T)

Block coefficient
(CB)

Wetted surface
(WS)

Cross area of
ship (CS)

Real model 135m 11.4m 2.5m 0.899 2104.8m2 34.114m2

Scaled model (1:25) 5.4m 0.456m 0.1m 0.899 3.367m2 0.0545m2
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Figure 1: Dynamic PMM tests illustration

3 NUMERICAL SIMULATIONS

The steady and unsteady averaged Navier-Stokes equations (URANSE) are solved using a
finite volume solver under ANsys FLUENT to simulate respectively the dynamic tests. For
system closure, the k − ω SST (shear stress transport) model is chosen for its ability to insure
a good description of the entire boundary layer. Computations were performed on 1:25 scaled
model to reduce the computational time. The geometry of the domain is set such that it extends
1Lpp from the bow and 2Lpp to the aft of the ship, and is distanced with 1Lpp for each from port
and starboard sides in respect to the 2011 ITTC recommendations [11].The boundary conditions
were set as follows. At the inlet, velocity value was imposed. For the outlet, a pressure was
adopted to prevent back-flow from occurring. For top and sides, a symmetry condition was
applied and the boundary condition around the ship’s hull is set to a no slip wall. Depending
on the simulated PMM test, the cylinder in which the ship is placed can be subject to periodic
rotatory motion. In such cases, its use helps to conserve an appropriate mesh near the boundary
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Figure 2: Domain and boundary conditions

layer. The bottom is fixed as a wall moving with the free stream speed. More details are found
in figure 2. Computations use an unstructured grid. In order to mesh the complex geometry
in the proximity of the hull, tetrahedral cells were used, whereas the rest of the fluid domain
grid is generated using a multi-block hexahedral mesh. Different grid sizes have been tested for
static drift test and based on the obtained results, a grid of about 1211809 cells was adopted,
whereas in dynamic tests, the grid size was roughly 2436701 cells. The simulations were carried
out for a ship navigating in deep water (h/T=5), in medium deep water (h/T=2) and in shallow
water (h/T=1.2). The numerical method was validated for different channel configurations by
comparison to towing tank measurements. The validation tests are reported in [12].

4 MATHEMATICAL MODEL OF SHIP MOTION

The ship’s trajectory simulation is based on the definition of two coordinate systems. The
motion is described using a body-fixed coordinate system related to the ship and which moves
relatively to the inertial reference frame (O, xe, ye, ze). This local frame of motion denoted by
(xG, x, y, z), has its origin set at the center of gravity of the ship (figure 3) with the external
forces being applied on the surrounding fluid balancing the inertial forces acting on the ship.
The metacentric height is high enough as to allow that the roll is neglected. As for inland
navigation, the ship rarely encounters severe wether conditions, the mathematical model is
limited to to surge, sway and yaw.

The equations of motion are written in equation 1 by:

(m+mx) u̇− (m+my) vr = X

(m+my) v̇ + (m+mx)ur = Y (1)
(Izz + Jzz) ṙ = N

X and Y are the external forces applied to the ship and projected respectively on the x- and
y-axis and N is the moment of yaw expressing the rotational forces around the z-axis. On the
left hand side of equation 1, m refers to the ship’s mass, u̇, v̇ and ṙ are respectively the cinematic
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Figure 3: PMM test coordinate system

and angular accelerations, while r is the yaw angular velocity. Izz is the moment of inertia along
the z-axis. mx, my and Jzz are terms due to added mass and added inertia. The external
forces and yaw moment gather all the forces acting on the propeller, the rudder, the hull and
interaction effects due to confinement. The forces are written in an dimensionless form using
the prime-system II. The dimensionless forces are:

X
′
=

X

0.5ρU0LppT
Y

′
=

Y

0.5ρU0LppT
, N

′
=

N

0.5ρU0L2
ppT

(2)

The forces are supposed to be quasi-steady and depend mainly on u, v, r, u̇, v̇, ṙ and δ in calm
water and can be described using Abkowitz’s model[13] modified by Strom-Tejsen[14].

X ′, Y ′ and N ′ are given by :

X ′ =X ∗+Xu̇ u̇′ +Xu∆u′ + Xuu∆u′2 + Xuuu∆u′3 +Xvvv
′2 +Xrr r

′2 +Xvvu v′2∆u′

+Xrru r2∆u′ +Xδδuδ
2∆u′ +Xvr v

′ r′ +Xvδ v
′δ +Xrδ r

′δ +Xvru v′ r′∆u′

+Xvδu v′ δ∆u′ +Xrδu r′ δ∆u′ +Xδδδδ

Y ′ = Yu∆u′ + Yuu∆u′2 + Yuuu∆u′3 + Yv̇ v̇
′ + Yṙ ṙ

′ + Yv v
′ + Yvvv v

′3 + Yrr
′ + Yrrrr

′3

+ Yvrrv
′r′2 + Yvδδv

′ δδ + Yvuv
′∆u′ + Yvuuv

′∆u′2 + Yrδδr
′ δ2 + Yrvvrv

′2 + Yrur
′∆u′

+ Yruur
′∆u′2 + Yδδ + Yδδ

3 + Yδvvδv
′2 + Yδrrδr

′2 + Yδuδ∆u′ + Yδuuδ∆u′2 (3)
+ Yδδδuδ

3∆u′ + Yvrδv
′r′δ

N ′ =Nu∆u′ +Nuu∆u′2 +Nuuu∆u′3 + Nv̇v̇
′ +Nṙ ṙ

′ +Nvv
′ +Nvvvv

′3 +Nvrrv
′r′2

+Nrr
′ +Nrrrr

′3 +Nvδδv
′ δδ +Nvuv

′∆u′ +Nvuuv
′∆u′2 +Nrδδr

′ δ2 +Nrvvrv
′2

+Nrur
′∆u′ +Nruur

′∆u′2 +Nδδ +Nδδ
3 +Nδvvδv

′2 +Nδrrδr
′2 +Nδuδ∆u′

+Nδuuδ∆u′2 +Nδδδuδ
3∆u′ +Nvrδv

′r′δ

Where u′ and v′ are dimensionless linear velocities in x- and y-direction, respectively, and r′

is the non-dimensional angular velocity in the z-direction and ∆u is the disturbance in surge
velocity. X∗ is the reference steady state value of X’ and tends towards zero when the ship is
advancing at a constant speed (similar to speed variation test configuration). The first-order
hydrodynamic derivatives of forces and moment are devided into velocity derivatives denoted by
Xu, Yv, Nv, Yr, Nr and acceleration derivatives Xu̇, Yv̇, Yṙ, Nv̇, Nṙ. The second order derivatives
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are divided into uncoupled hydrodynamic coefficients mainly Xuu, Xvv, Xrr and cross-coupled hy-
drodynamic derivatives Xvr. In a similar way, the third order derivatives are divided into uncou-
pled Xuuu, Yvvv, Yrrr, Nvvv, Nrrr and cross-coupled coefficients regrouping Yvrr, Yrvv, Nvrr, Nrvv.
Since the simulations are carried out on the bare hull, the terms δ related to the rudder can be
omitted.

5 IDENTIFICATION OF HYDRODYNAMIC DERIVATIVES

5.1 Tests results

When UKC or (h/T) decreases, the shallow water effect increases drastically leading to an
increase in wave-making resistance. This results in a huge wave resistance for small UKC
numbers and the pressure resistance becomes significant, which explains the increase in the
X ′ total force observed during the simulation tests. In addition to this, it is expected that
the resistance force in pure sway tests is smaller than that in the yaw tests. Since during the
latter, the ship is constantly changing its heading in order to follow the path which results in
a variation of the projected area and thus, too, the forces. Also, the reduction of water depth
causes a strong increase of transverse forces and moments as the ship turns. This can be seen
onigures 4, 5 and 6, where the time history of pure sway, pure yaw, and yaw and drift tests
are shown. It is also possible to verify the symmetry of the pure sway and pure yaw tests with
respect to the direction of motion. The symmetry is completely lost in yaw and drift test due
to the asymmetric nature of the test.
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Figure 4: Time history of dimensionless force/moment for dynamic simulation in pure sway mode
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Figure 6: Time history of dimensionless force/moment for dynamic simulation in yaw and drift mode

5.2 Identified coeffiicients

The sway velocity derivatives can be identified using static drift test by fitting the plot of the
longitudinal force to the drift angle using a second order polynome via:

X ′ = Xvv β
2 +X∗ (4)

The sway force and yaw moment are fitted using a third order polynomial occording to the
following

(Y ′, N ′) = (Yvvv, Nvvv)β
3 + (Yv, Nv)β (5)

In addition to these coefficients, the resistance derivatives are extacted from static speed variation
test. For this test, the ship is moving forward at a constant speed with the drift angle set to
zero. The surge force is plotted against the advancing speed(see figure 7), and the curve is
fitted afterwards using a third order polynomial and the dimensionless Xuuu, Xuu and Xu are
determined by deviding the polynomial parameters by 0.5 ρLT .

Figure 7: Variation of surge force with forward speed in speed variation test

The sway acceleration derivatives can only be deduced from pure sway tests. In order to
identify the derivatives from pure sway test, the forces and yaw moment time history presented
in figure 4 are fitted using a second (for X force) and third order Fourrier series as explained
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bellow.

X ′ = X ∗+1

2
Xvv v

′
max

2 +
1

2
Xvv v

′
max

2 cos(2ω′t′)

Y ′ = −(Yv v
′
max +

3

4
Yvvv v

′
max

3) cos(ω′t′) + Yv̇ ω
′ v′max sin(ω′t′)− 1

4
Yvvv v

′
max

3 (6)

N ′ = −(Nv v
′
max +

3

4
Nvvv v

′
max

3) cos(ω′t′) +Nv̇ ω
′ v′max sin(ω′t′)− 1

4
Nvvv v

′
max

3

A good agreement is found in general between the repeating derivatives of pure sway and static
drift with a ratio of the value of respectively Yv and Nv in static drift to its value obtained through
pure sway test varying roughly between 0.85 amd 1.23, and average value of the same ratio of
Yvvv and Nvvv no bigger than to 1.09. Yaw rate derivatives coefficients are determined, in this
study, through simulations of pure yaw tests. Similarly, for pure sway test, the derivatives are
identified using Fourier series fitting for t, the following expressions for each force and moment:

X ′ = X ∗+1

2
Xrr r

′
max

2 +
1

2
Xrr r

′
max

2 cos(2ω′t′)

Y ′ = (Yr r
′
max +

3

4
Yrrr r

′
max

3) sin(ω′t′) + Yṙ ω
′ r′max cos(ω′t′)− 1

4
Yrrr r

′
max

3 (7)

N ′ = (Nr r
′
max +

3

4
Nrrr r

′
max

3) sin(ω′t′) +Nṙ ω
′ r′max cos(ω′t′)− 1

4
Nrrr r

′
max

3

Finally, coupled derivatives are identified using yaw and drift tests by Fourrier fitting in respect
to the following form :

X ′ = X ∗+1

2
Xrr r

′
max

2 +Xvvv
′2 +Xvr v

′ r′max sin(ω′t′)− 1

2
Xrr r

′
max

2 cos(2ω′t′)

Y ′ = Yv v
′ +

1

2
Yvrr v

′ r′max
2 + Yvvvv

′3 + (Yr r
′
max +

3

4
Yrrr r

3
max + Yrvv r

′
max v

′2) sin(ω′t′)

+Yṙ ω
′ r′max cos(ω′t′)− 1

2
Yvrr v

′ r′max
2 cos(2ω′t′)− 1

4
Yrrr r

′
max

3 cos(3ω′t′) (8)

N ′ = Nv v
′ +

1

2
Nvrr v

′ r′max
2 +Nvvvv

′3 + (Nr r
′
max +

3

4
Nrrr r

′
max

3 +Nrvv r
′
max v

′2) sin(ω′t′)

+Nṙ ω
′ r′max cos(ω′t′)− 1

2
Nvrr v

′ r′max
2 cos(2ω′t′)− 1

4
Nrrr r

′
max

3 cos(3ω′t′)

The identified coefficients are presented in table 2.

6 COMPARATIVE STUDY

6.1 Comparison of computed derivatives with semi-empirical correlations in deep
water

As mentioned earlier, the sway velocity derivatives are determined through static drift and
pure sway tests. The static drift test is known to yield more reliable results, since the dynamic
tests are frequency dependent. A comparison of the identified coefficients to the existing semi-
empirical expressions developed by Inoue, Clarke, Norrbin, Wagner Smitt, Jones in deep water

8
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Table 2: Numerically identified derivatives
Static simulations Pure sway pure yaw yaw and drift

H/T
Coefficients 5 2 1.2 5 2 1.2 5 2 1.2 5 2 1.2
Xuuu 0.0056 0.00647 0.0652 - - - - - - - - -
Xuu −0.0516 −0.0567 −0.0626 - - - - - - - - -
Xu −0.0028 −0.0031 −0.0035 - - - - - - - - -
X∗ −0.0282 −0.0318 −0.0388 −0.0295 −0.0353 −0.0352 −0.02590 −0.0290 −0.0349 - - -
Xvv −0.0743 −0.1093 −0.1688 −0.0626 −0.1017 −0.1443 - - - - - -
Yv −0.1158 −0.2502 −1.5167 −0.1227 −0.2865 −1.2316 - - - - - -
Yvvv −1.5567 −3.5727 −6.7825 −1.5332 −3.4845 −6.6959 - - - - - -
Nv −0.0811 −0.1435 −0.4993 −0.0986 −0.1690 −0.4117 - - - - - -
Nvvv 0.0956 0.0756 0.5200 0.0836 0.0698 0.5017 - - - - - -
Yv̇ - - - −0.1158 −0.1679 −0.4806 - - - - - -
Nv̇ - - - 0.0046 0.0051 0.0185 - - - - - -
Xrr - - - - - - −0.0464 −0.051600 −0.1699 - - -
Yr - - - - - - 0.0254 0.046100 0.0736 - - -
Yrrr - - - - - - −0.0525 −0.015736 −0.0047 - - -
Yṙ - - - - - - −0.7112 −1.100700 −3.5770 - - -
Nr - - - - - - −0.0153 −0.022100 −0.0809 - - -
Nrrr - - - - - - −0.0525 −0.637800 0.5366 - - -
Nṙ - - - - - - −0.3063 −0.493500 −1.3755 - - -
Xvr - - - - - - - - - 0.0296 0.008679 0.001654

Yvrr - - - - - - - - - −0.1381 −0.180100 −0.632700

Yrvv - - - - - - - - - −0.3950 −5.663000 −15.776800

Nvrr - - - - - - - - - 0.0490 0.060800 0.182700

Nrvv - - - - - - - - - −0.7399 −1.890100 −3.973400

show good agreement with the coefficients determined numerically (see table 3). Based on the
aspect ratio theory, the correlations according to Jones, under estimates all the hydrodynamic
coefficients presented in the table except for Yr. The rest of the correlations presented are derived
using empirical methods. It has been noticed that Clarke correlations tend to overestimate the
derivatives, while the empirical relations proposed by Wagner Smitt tends to show the inverse
behaviour. Finally, the best results are obtained using the correlations of Norrbin and Inoue (The
maximum ratio of the numerically obtained derivatives to those calculated using the correlations
equal respectively to 2.3 and 2.4 and the minimum ratio is 0.63 and 0.7). Some discrepancies are
observed for Nv. This might be due to the inaccuracy of the semi-empirical methods when it is
used for other hull shapes than the ones they were developed for. It is worth noticing that the
most important derivatives are Xuu, Yv, Nv, Yr, Nr,Yv̇. The identified hydrodynamic derivatives
will be implemanted in a further work into the chosen mathematicaal model which will be used
to simulate standard tests (giration, zig zag, crash-stop..) and compared to in-situ tests results
for validation.

Table 3: Comparison of coefficients in deep water(h/T = 5)

semi-empirical numerical
Coefficients Jones[15] Wagner Smitt[16] Norrbin Clarke[18] Inoue[19] Static drift pure sway pure yaw test yaw and drift
Yv −0.0581 −0.0924 −0.1043 −0.1535 −0.1644 −0.1158 −0.1227 - -
Nv −0.0291 −0.0360 0.0346 −0.0316 −0.0370 −0.0811 −0.0986 - -
Yr 0.0291 0.0186 0.0402 0.0395 0.0290 - - 0.0254 -
Nr −0.0145 −0.0122 −0.0136 −0.0221 −0.0186 - - −0.0153 -
Yvrr - - - - −0.1317 - - - −0.1381

Yrvv - - - - −0.3840 - - - −0.3950

Nvrr - - - - 0.0485 - - - 0.0490

Nrvv - - - - −0.7378 - - - −0.7399
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6.2 Comparison of computed derivatives with semi-empirical correlations in shal-
low water conditions

In shallow water, it was possible to compare the coefficients obtained numerically to those
provided by Ankudinov et al. and Clarke et al. These semi-empirical correlations are based
on using a correction factor of deep to shallow water coefficients. The correlation developed
by Clarke is valid for 1.25 < h/T < ∞. It is noticed from table 4 that Clarke’s correlations
yield inaccurate results for h/T = 1.2. Ankudinov’s relations are adapted for smaller under
keel clearance values 1.085 < h/T < 5 and a block coefficient smaller than 0.85. Although the
simulated ship has a slightly bigger block coefficient, Ankudinov’s correlation gives a fairly good
approximation of the derivatives.

Table 4: Comparison of some hydrodynamic coefficients in shallow water
Clarke et al.[18] Ankudinov et al.[20] Numerical simulations

h/T
Coefficients 1.2 2 1.2 2 1.2 2
Xrr −0.1747 −0.0591 −0.1699 −0.0516

Xvr 0.0038 0.0151 0.0016 0.0087

Xvv −0.1950 −0.0748 −0.1688 −0.1094

Yv̇ −0.8499 −0.1972 −0.5079 −0.1561 −0.4806 −0.1679

Yṙ −3.1197 −0.9587 −3.5771 −1.1008

Nv̇ −0.4326 −0.1329 0.0185 0.0052

Nṙ −1.4487 −0.4338 −1.1521 −0.3897 −1.3755 −0.4935

Yv −1.2644 −0.2506 −0.5556 −0.1582 −1.2316 −0.2865

Yr 0.1864 0.0432 0.0790 0.0303 0.0737 0.0462

Nv −0.7240 −0.1679 −0.5961 −0.1537 −0.4117 −0.1690

Nr −0.0875 −0.0233 −0.0547 −0.0191 −0.0810 −0.0221

Nvrr 0.1826 0.0618 0.1827 0.0608

Yvrr −0.6323 −0.1801 −0.6327 −0.1801

7 CONCLUSIONS

Using RANS and URANS models, a series of numerical simulations were carried out in
this study to identify the hydrodynamic derivatives of a 135 m inland containership for three
values of depth to draft ratio. The latter were compared to values of the derivatives obtained
semi-empirical correlations. It has been observed that most of the semi-empirical formulas are
defined for a certain range of h/T ratios. This study shows that some correlations yield a good
estimation of certain coefficients and some don’t.

• In deep water, the correlation developed by Norrbin fits best Yv (with YvNum/YvNorrbin =
1.2)and Nr (with NrNum/NrNorrbin = 1.12) Whereas the correlation by Inoue is best suited
for the estimation of Yr (with YrNum/YrInoue = 0.87). Jones’s semi-empirical relation also
shows acceptable results for Nr estimation(with NrNum/NrJones = 1.05).

• The earlier correlations showed a great inaccuracy in the estimation of Nv coefficient.
The biggest discrepancy is observed when comparing numerical results with Jones’s cor-
relation (Nvnum/NvJones = 2.7) and the smallest when comparing with Inoue correlation
(Nvnum/NvInoue = 2.19).
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Since the semi-empirical correlations allow only to identify first and second order derivatives,
No correlations could be found in the littrature for third order derivatives (Yvvv, Nvvv, Yrrr and
Nrrr).

In shallow water, the approximation of hydrodynamic derivatives using deep water coefficients
and (h/T ) − 1 is recommanded for the development of empirical expressions to the remaining
hydrodynamic coefficients.

The CFD approach adopted in this article, has proven its reliability and can be used for
further work. The next step would be to use the developed mathematical model to simulate
standard tests.
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