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ABSTRACT 

The manoeuvring characteristics of the ships represent a complex phenomenon, which in-
cludes their capacity for both maintaining a steady course and turning ability. There are 
no simple methods for evaluating a ship's performance in these aspects. Furthermore, the 
flow patterns connected to these phenomena are complex and frequently coupled with other 
factors. The purpose of this study is to evaluate the course keeping and turning performance 
for a 37000 tdw chemical tanker. Course-keeping is evaluated based on stability criteria, 
while empirical relations and numerical simulations using hydrodynamic derivatives from 
both empirical and computational fluid dynamics (CFD) methods are employed to analyse 
the turning circle and then compared with data from actual sea trials. 
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1. Introduction 

  In the field of ship hydrodynamics, pre-
dicting a ship's  manoeuvrability has been a 
constant challenge. Traditionally, forecasting 
a ship's manoeuvrability heavily relied on em-
pirical methods or physical model tests be-
cause analytical methods were lacking. 
 The advent of high-speed computers has 
revolutionized the way we approach the pre-
diction of complex systems and phenomena. 
This new approach involves determining a 
system's behaviour through numerical inte-
gration of equations of motion. In the ship-
building industry, time-domain simulation has 
become a widely adopted method, particularly 
for predicting ship movements, evaluating 
their performance in different sea conditions, 
and assessing their  manoeuvring capabilities. 
These simulations rely on hydrodynamic 

derivatives, derived from computational fluid 
dynamics (CFD) or data obtained from model 
tests conducted in towing tanks and manoeu-
vrability tanks. 

 The main goal of this research is to ex-
amine the course-keeping and turning capabil-
ities of a 37000 tdw chemical tanker. The as-
sessment of course-keeping relies on stability 
criteria, while an analysis of the turning circle 
is conducted using Lyster and Knights [1] re-
lations, alongside numerical simulations that 
use hydrodynamic derivatives obtained from 
both empirical and computational fluid dy-
namics (CFD) methods. The results of these 
analyses are then compared with the data ob-
tained from the real sea trials. 

2.  Ship description 

 The study was conducted on a 37000 tdw 
chemical tanker, which was one of a series of 
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21 ships built by Constanta Shipyard in Ro-
mania. Chemical tankers are specialized ves-
sels designed for the safe transport of danger-
ous goods such as petroleum or chemical 
products. 
 In Table 1 are presented the main char-
acteristics of the ship. 

 
Table 1 Main characteristics of the ship 

LPP [m] 172 
LWL [m] 175 
B [m] 32.2 
D [m] 16.5 
T [m]  10.5 
Deadweight (t) 37000 
∇ ሺm3ሻ 46318.5 
v ሾKnሿ 15 
CB 0.78 
Rudder type Horn 
Rudder profile 
type 

NACA0019 

HR (m) 8.6 
AR (m2) 34.52 

 

Figure 1 Chemical tanker

3. Mathematical model 

3.1 Coordinate systems 

 The coordinate systems used in ship ma-
noeuvrability are shown in Figure 2: the earth-
fixed coordinate system O0 x0y0z0 and the 
body-fixed coordinate system O xyz, which 
moves together with the ship. The heading an-
gle ψ is defined as the angle between the di-
rection of the x0 axis and the x axis and drift 
angle β is defined as the angle between x axis 

and U. In the earth-fixed coordinate system, 
the ship's centre of gravity is designated as the 
ship's position x0G and y0G, and the heading an-
gle ψ signifies the ship's orientation. The rud-
der angle 𝛿 is considered positive when it ro-
tates to the starboard side, u and v represents 
velocity components in the x and y directions, 
while r is the yaw rate. The ship's speed 𝑈 ൌ
√𝑢ଶ ൅ 𝑣ଶ. 

 
Figure 2 Coordinate systems 

 

3.2 Equations of motion 

 A simplified form of equations of motion 
in horizontal plane is used [2]. 

𝑋 ൅ 𝑋ோௗ ൌ 𝑚𝑢ሶ   
𝑌 ൅ 𝑌ோௗ ൌ 𝑚ሺ𝑣ሶ ൅ 𝑢𝑟 ൅ 𝑥ீ𝑟ሻ (1) 

𝑁 ൅ 𝑁ோௗ ൌ 𝐼௭௭𝑟ሶ ൅ 𝑚𝑥ீሺ𝑣ሶ ൅ 𝑟𝑢ሻ  
where X, Y, and N are the total forces and mo-
ments experienced by the ship and XRd, YRd 
and NRd are the corresponding rudder forces 
and moments. Utilizing the Taylor series ex-
pansion to derive hydrodynamic derivatives, 
the total external forces and moments can be 
calculated. In the context of a linear hydrody-
namic model, the ship's equations of motion 
can be expressed in the following form which 
can be solved numerically:  

𝑋௨∆𝑢 ൅ 𝑋௨ሶ 𝑢ሶ ൌ 𝑚𝑢ሶ   
𝑌௩𝑣 ൅ 𝑌௥𝑟 ൅ 𝑌௩ሶ 𝑣ሶ ൅ 𝑌௥ሶ 𝑟ሶ ൅  𝑌ఋ𝛿 ൌ

𝑚ሺ𝑣ሶ ൅ 𝑢𝑟 ൅ 𝑥ீ𝑟ሶሻ  
ሺ2ሻ 

𝑁௩𝑣 ൅ 𝑁௥𝑟 ൅ 𝑁௩ሶ 𝑣ሶ ൅ 𝑁௥ሶ 𝑟ሶ ൅  𝑁ఋ𝛿 ൌ
𝐼௭௭𝑟ሶ ൅ 𝑚𝑥ீሺ𝑣ሶ ൅ 𝑟𝑢ሻ  
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 Hydrodynamic derivatives correspond to 
the gradients of the force or moment curve 
versus the components of velocity or acceler-
ation at origin. 
 Examining a ship's course-keeping sta-
bility can be carried out by assessing the sta-
bility solutions provided by the system of lin-
ear equations of motion. When external per-
turbations are not taken into account, this 
analysis leads to the establishment of the sta-
bility criterion [3]: 

𝐶 ൌ 𝑌𝑣ᇱ൫ே௥ᇲି௠ᇲೣಸᇲ൯ ൅
𝑁𝑣ᇱ൫௠ᇲି௒௥ᇲ൯ ൐ 0  

(3) 

3.3 Hydrodynamic derivatives 

 The nondimensional values of the hydro-
dynamic derivatives can be estimated using 
empirical formulas proposed by Clarke et al 
[4]. Also the rudder derivatives can be esti-
mated using the following relations [3]: 

𝑌ఋ
ᇱ ൌ 3

𝐴ோ

𝐿ଶ  (4) 

𝑁ఋ
ᇱ ൌ െ0.5𝑌ఋ

ᇱ (5) 
  In Table 2 are presented hydrodynamic 
derivatives used in the simulations. An ap-
proximate relation for Xu̇ derivative may be 
used [3].  

𝑋𝑢ሶ ᇱ ൎ െ0.05𝑚ᇱ (6) 
where m’ is the dimensionless mass of the 
ship. 

Table 2 Hull hydrodynamic derivatives 

 Value x 10-5 
Clarke et al CFD

Yv' -2213.09 -1281.67 

Yv̇' -1368.5 - 

Yr' 385.134 433.397 

Yṙ' -104.3 - 

Nv' -728.347 -710.908 

Nv̇' -867 - 

Nr' -301.472 -268.740 

Nṙ' -716 - 
 
 In table 3 are presented the rudder deriv-
atives: 

Table 3 Rudder derivatives 
Value x 10-5 

Yδ' 338.151 
Nδ' -169.077 

4 Results and discussion 

The ship’s dynamic stability criterion calcu-
lated based on relation (3) with empirically 
and numerically estimated derivatives which 
is negative in both and, therefore, the vessel is 
unstable from the course keeping point of 
view. The values of stability criterion C are 
presented in Table 4. 

 
Table 4 Stability criterion C values 

 
Value x 10-5 

Clarke et al CFD 
C -2.63 -5.46 

 
 Turning circle simulations was con-
ducted for a 37000 tdw chemical tanker. The 
simulations involved using empirical esti-
mated derivatives and CFD obtained linear 
static hydrodynamic derivatives. Addition-
ally, turning circle characteristics were ob-
tained using Lyster and Knights [1] statistical 
formulas. The obtained results were then com-
pared with data from the actual sea trials. Ac-
cording to ITTC, sea states of 3 or less and a 
true wind speed below Beaufort 6 (20 Kn) are 
the desired conditions for the sea trials. The 
conditions for the sea trials are presented in 
Table 5. 

 
Table 5 Sea trials conditions 

Wind [°B]  2-3 
Sea state [°D]  1-2 
Water temperature [°C]  6 
Stream flow (N-S) 1.5 
Depth [m] 69 
Shaft power [kW] 8667 
Draft [m] 10.5 
Speed [m/s] 7.96 

  
 A set of two simulations were performed. 
In the first simulation, derivatives used were 
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all determined by empirical formulas [4] and 
in second simulation the velocity dependent 
derivatives were replaced with velocity deriv-
atives obtained with CFD techniques. 
 In Table 6 are presented the coefficients 
for dimensionless values of mass, centre of 
gravity and yaw moment of inertia used in 
simulations. Values for m’, xG’ and Izz’ were 
determined with equations (7), (8) and (9) 
while the value of yaw moment of inertia Izz 
is calculated with equation (10). 
  

𝑚ᇱ ൌ
𝑚

0.5𝜌𝐿௉௉
ଶ (7) 

𝑥ீ
ᇱ ൌ

𝑥ீ

𝐿௉௉
 (8) 

𝐼𝑧𝑧ᇱ ൌ
𝐼𝑧𝑧

0.5𝜌𝐿௉௉
ହ (9) 

𝐼𝑧𝑧 ൌ 𝐾௭௭
ଶ𝑚 (10) 

where KZZ is the yaw radius of turning circle 
and can be approximated as 0.25𝐿௉௉ [5]. 

 
Table 6 Coefficients used in simulations 

 Value x 10-5

m' 1722.24 
xG' 1149.14 
Izz' 103.981 

  
 According to ABS (American Bureau of 
Shipping), all the manoeuvres, except stop-
ping, are to be executed on both port and star-
board and averaged values are to be used for 
rated and non-rated criteria. A comparison of 
turning circle trajectories is shown in Figure 
3. Numerical simulations don't consider the 
direction of rotation of the propeller and the 
environmental conditions, so that the ship's 
trajectory is symmetrical on both sides.  
 An error comparison between the sea tri-
als and simulations results is presented in Ta-
ble 8. The CFD obtained derivatives give the 
best results with the minimum error of 4% at 
the transfer value and maximum error of -10% 
at the advance value. Tactical diameter gives 
a 7% error and steady turning diameter gives 
a 9% error. At the opposite pole are the results 

obtained with the help of hydrodynamic de-
rivatives empirically determined with a mini-
mum error of 13% at the transfer value and 
maximum error of 93% at the steady turning 
diameter value. Advance gives a -26% error 
and tactical diameter gives a 30% error. Lys-
ter and Knights relations have a good approx-
imation of turning circle characteristics with a 
minimum error of just 2% at transfer value 
and a maximum error of 26% at steady turning 
diameter value. Advance gives an error of -9% 
and tactical diameter gives an error of 13%. It 
can be observed that advance value is under-
estimated in all determinations and the rest of 
values are overestimated. 

 
Figure 3 Comparison of turning circle  

trajectory
 

Table 7 Turning circle characteristics 

 
Sea 

trials 
CFD 

Clarke 
et al 

Lyster 
and 

Knights 
AD/L 3.42 3.08 2.54 3.12 
TR/L 1.68 1.75 1.90 1.72 
TD/L 3.19 3.42 4.16 3.6 

STD/L 2.31 2.52 4.47 2.92 
 

Table 8 Error comparison 

 
Error [%] 

CFD 
Clarke 
et al 

Lyster and 
Knights 

AD/L -10 -26 -9 

TR/L 4 13 2 



The Annals of “Dunarea de Jos” University of Galati                                                                 Fascicle XI 

© Galati University Press, 2023 9 

TD/L 7 30 13 

STD/L 9 93 26 
 To have a better view of the results, in 
Figure 4 can be observed a comparative dia-
gram of turning circle characteristics. 
 

Figure 4 Comparative diagram of turning 
circle characteristics 

 

5 Concluding remarks 

 Course-keeping and turning circle results 
refer to a 37000 tdw chemical tanker. Course-
keeping has been determined based on stabil-
ity criterion C. In both cases results that ship 
is unstable on route. 
 Turning circle analysis based on Lyster 
and Knights formulas and numerical simula-
tions that use hydrodynamic derivatives ob-
tained from both empirical and computational 
fluid dynamics (CFD) methods. The results 
have been compared with the actual sea trials 
data, obtained from turning circle manoeuvre. 
The results show good agreement between 
simulation with CFD obtained derivatives and 
sea trials data. All characteristics meet the 
IMO criteria of manoeuvrability. 
 Although the mathematical model se-
lected uses only linear hydrodynamic deriva-
tives, it has provided satisfactory results. Even 
so, it is necessary to determine and implement 
nonlinear hydrodynamic derivatives in the 
mathematical model in order to benefit from a 
high degree of confidence.  
 Future research will focus on estimating 
nonlinear hydrodynamic derivatives that are 

needed to solve the nonlinear mathematical 
model. 
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