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OzZET

Bu calismada; bir balik¢i gemisinin bas tarafinda yer alan donebilir iticinin, gemi manevra
performansina etkileri hesaplamali olarak incelenmistir. Tek saftli, pervaneli ve dimenli geminin ilk
tasariminin, 40 ton yikli durumda ve 3 knot ilerleme hizi ile orta gevre kosullarinda manevra
performansi yetersiz bulunmustur. Modifiye edilmis tasarim, geminin bas tarafinda yer alan ve ilave
itme kuvveti Uretmek i¢in 360 derece donebilen bir azimut pervanesi ile donatilmistir. Geminin
manevra performansini degerlendirmek icin 3 serbestlik dereceli nonlineer gemi hareket denklemleri
zaman dizleminde ¢oOzilmustlr. Kullanilan matematiksel modelin manevra katsayilari iki farkh
yaklasimla tahmin edilmektedir; birincisi yari ampirik yontemlere, digeri ise hesaplamali akiskanlar
dinamigine (HAD) dayanmaktadir. Riizgar, akim ve dalga gibi dis bozucular, yari ampirik yontemlerle
matematiksel olarak temsil edilmistir. Kapsamli bir hesaplamali test matrisi olusturulmus ve bir balikgi
teknesinin bas tarafina yerlestirilmis yeterli itme gliciine sahip bir azimut pervanesinin olumsuz
cevresel kosullara ragmen geminin manevra performansini 6nemli O6lclde iyilestirebilecegi
similasyonlarla gosterilmistir.
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ABSTRACT

The results of computational analyses on the manoeuvring performance of a stern trawler with an
azimuth thruster located in the forward part of the vessel are presented. The initial design of the vessel
with a single shaft, propeller and rudder is considered to have insufficient manoeuvring performance
with a trawl pull load of 40 tons in moderate environmental conditions with a forward speed of 3 knots.
The modified design is equipped with an azimuth thruster located in the forward part of the vessel
that can rotate 360 degrees to produce additional thrust. In order to assess and simulate the
manoeuvring performance of the vessel, the surge, sway and yaw equations are set and solved in the
time domain. The hydrodynamic forces due to surge and sway motions and the yaw moment are
represented by a nonlinear modular mathematical model. The manoeuvring coefficients of the
mathematical model employed are estimated by two distinct approaches; the first one is based on
semi-empirical methods and the other is based on computational fluid dynamics (CFD). The external
forces due to wind, current and waves are mathematically represented by proven semi-empirical
methods based on the results of scaled model tests and full-scale measurements. A comprehensive
computational test matrix is established and extensive computational analyses and manoeuvring
simulations were carried out to indicate that an azimuth thruster with sufficient thrust located in the
forward part of a stern trawler could significantly improve the manoeuvring performance of the vessel
despite adverse environmental conditions.
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1. Introduction

Modern stern trawlers are designed for hauling very heavy catches up the stern onto the working deck
of the vessel under adverse environmental conditions. Although it is asserted in some studies, such as
Yoshimura and Ma (2003), that fishing vessels generally have good performances in manoeuvrability
because of large rudders and powerful propeller assists, under particular operational and
environmental conditions manoeuvrability may turn out to be a problem. Thus, the present study
attempted to take severe environmental conditions into account as well as slow speed in the trawling
mode of the vessel’s operation. The weight of huge nets not only require powerful engines but also
additional manoeuvring devices — such as azimuth thrusters — which may be needed to provide
sufficient manoeuvring performance in higher sea states. Another difficulty is due to the slow forward
speed to be maintained while pulling the net which reduces the efficiency of the rudder.

In this paper the influence of an azimuth thruster on the manoeuvring performance of astern trawler
is investigated. The stern trawler under investigation is designed by Skipsteknisk. The initial design,
Base Case (0), is fitted with a single shaft/propeller and a rudder. The modified design, Base Case (1),
is additionally equipped with an azimuth thruster located in the forward part of the vessel that can
rotate 360 degrees to produce additional thrust. The manoeuvring performance of these
configurations with a trawl pull load of 40 metric tons is assessed and simulated in calm water and
moderate to extreme environmental conditions. For each configuration the following conditions are

considered:

° Forward speed of 3 knots,

° Trawl pull load of 40 metric tons,

° Wave, wind and a 3 knot current acting on the vessel in beam direction.

In order to assess and simulate the manoeuvring performance of the vessel, surge, sway and yaw
equations are set and solved in the time domain. The hydrodynamic forces due to surge and sway
motions and the yaw moment are represented by a set of linear and nonlinear coefficients called the
manoeuvring derivatives. These coefficients may be estimated by empirical methods, CFD
(Computational Fluid Dynamics) based computational procedures or PMM (Planar Motion Mechanism)
model tests. It is a known fact that most of the empirical formulas have been derived from the model
tests of merchant ships and from the analytical studies of some particular geometrical shapes. In order
to have a good correlation between hull form parameters — employed in the empirical formulas —and
the manoeuvring derivatives, Kim et al. (2021) recently introduced modified empirical formulas
developed for fishing vessels of which hull form characteristics are different from those of merchant
ships. In the present study, we prefer to go through the CFD analyses in calculating manoeuvring
derivatives, as well, to validate the results of empirical formulas.

Section 2 presents the equations of motion and describes the modular mathematical manoeuvring
model including the external forces due to the propeller, thruster, rudder and environmental
disturbances such as wind, current and waves to be separately estimated and included in the equations
of the motion. The propeller forces are estimated by considering the experimental open water
efficiency and the thrust deduction data provided by the designer of the vessel. Thrust reduction due
to currents, thruster-hull interaction and ventilation effects are taken into consideration by using
suitable empirical methods. The forces and moment due to the rudder are estimated by a well proven
empirical method which takes into account the effects of propeller flow on the rudder and the effective
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rudder angle in a turn. Methods and procedures used to estimate propeller and thruster forces and
forces and moment due to the rudder are also presented.

The empirical methods employed and the CFD based computations performed to estimate the
manoeuvring derivatives are explained in Section 3.

Turning performance of the Stern Trawler in calm water conditions is presented in Section 4. In Base
Case (0) configuration, only the propeller and rudder are taken into consideration and the effect of a
trawl pull load of 40 metric tons on turning performance of the vessel is illustrated. In Base Case (1)
configuration, the effect of an azimuth thruster on turning performance in calm water is investigated.

Section 5 presents the methods used to estimate the external forces due to wind, current and waves.
As shown in this section several alternative empirical methods are available to estimate the
environmental forces. It is shown that the forces and moment predicted by these methods are,
generally, in agreement and result in similar manoeuvring behaviour.

Manoeuvring performance of the stern trawler in a range of environmental conditions in Base Case (0)
and Base Case (1) configurations are presented and compared in Section 6. Based on these analyses,
maximum environmental conditions in which the vessel could maintain the track are estimated in
Section 7. The paper ends with a summary of the results and the concluding remarks.

2. The Mathematical Model

The mathematical model to simulate the motions of the ship is the modular MMG mathematical ship
manoeuvring model (Yasukawa and Yoshimura, 2015). This model considers the ship hull and its
appendages separately and the interaction between them is handled by various parameters. In this
section, we first present the ship manoeuvring equations used in this study and then briefly present
the models used for the ship hull and its appendages (the propeller, the azimuth thruster and the
rudder).

2.1. Equations of motion

Assuming that the effect of roll on the manoeuvring motion is small, only surge, sway and yaw motions
are considered in the equations of motion which can be expressed as follows with respect to a ship
fixed reference frame at amidships:

X =m(1 — vr — xgr?)
Y = m(V + ur + xgr) (1)

N = [, + mxg(V + ru)

m : ship’s mass

I, : mass moment of inertia of the ship about the vertical axis
X : total force in the x direction

Y : total force in the y direction

N : turning moment around the vertical axis

u : velocity component in the x direction
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\% : velocity component in the y direction
r :yaw rate
Xg : the distance between the midships and the centre of gravity.

The main components of the external forces are:

° Hydrodynamic forces due to the surrounding fluid (X, Yg, Ng),

° Control surface forces due to control surfaces like rudder and fins(Xg, Ygr, Ngr),
° Propulsion forces due to the propellers and thrusters(Xr, Y1, Nt),

° Environmental disturbances such as wind, current and waves(Xg, Yg, Ng),

o External forces due to trawl pull loads (Xp, Yp, Np).

Then the equations of motion can be written as follows;
m(ﬁ—vr—xcrz) =XF+XR+XT+XE +Xp
m(\'/+ur+x(;1") :YF+YR+YT+YE +Yp

sz‘+mXG(V+FU)=NF+NR+NT+NE+NP

Xk, Yg, N : Hydrodynamic forces due to the surrounding fluid,
Xgr, Yr, Ng : Control surface forces due to the rudder and fins,

X1, Y1, N : Propulsion forces due to the propeller and thrusters,
Xg, Yg, Ng : Environmental loads due to wind, current and waves,
Xp, Yp, Np : External forces due to pull loads such as trawl nets,

2.2. Forces and moment acting on the ship hull

The hydrodynamic forces and moments can be considered as sums of various components with
different static and dynamic origins, as follows:

e Added mass and moment components due to the motion in an ideal fluid with no circulation,
e Lift force and moment components due to the motion in an ideal fluid with circulation,
e Viscous force and moment components due to the motion in a viscous fluid.

The hydrodynamic forces due to surge and sway motions and the yaw moment are represented by a
set of linear and nonlinear hydrodynamic coefficients. These coefficients may be estimated by
empirical methods, CFD based computational procedures or PMM model tests. For the manoeuvring
simulations presented in this report, the cubic model for equations of motion is adopted and the
manoeuvring derivatives obtained by CFD computations are used with the exception of inertia
coefficients. Hydrodynamic forces due to the surrounding fluid are expressed as follows:

Methods and procedures used to estimate the forces due to the propeller and thrusters, rudder and
environmental disturbances such as wind, current and waves are explained in the following
subsections.
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Xp = SI3(KG0) + Z12 (Xiyv?) + 5 1 (Korve) + 5 L4 (Kr?)

Y = gﬁ (Y}9) + gL‘* (Vi) + gLZ (Yiuv) + gﬁ (Your) + gLZ (Yipyv?)

p , , p ,
+ > L3 (Yoyrvvr + Yopvrr) + 5 LAY/ r?) (2)

Np = gu* (N}¥) + gLS (NF) + %L3 (Njuv) + gL" (Nur) + gﬁ (Nyyv?)

+ g L*(NLy vvr + N pvrr) + gLS (NJprr3)

2.3. Forces generated by the propeller

The manoeuvring model adopted in this study considers the propeller to generate only a force in the
surge direction. Lateral forces or moments are ignored. In this case, the propeller net thrust force may
be represented by

Xp = (1 = )pngDgKr(Jp) (3)

where tis the thrust deduction fraction, np the propeller rotational rate and Dp the propeller diameter.
The thrust coefficient K+(Jp) can be estimated by using the open water test measurements of the
propeller as a function of the advance number Jp, which is expressed as:

up  u(l—wp)

(4)

o= npDp Bl npDp

where u is the axial ship velocity and wp is the Taylor wake fraction of the propeller behind the ship
hull. In order to estimate the thrust coefficient K+ (Jp) for a given advance number, Jp, the open-water
test data of the propeller is utilized. The open water characteristics of the propeller are represented
by a third-order polynomial. The speed of the vessel is limited to 3 knots while pulling the trawl net.
At these low speeds, the wave-making resistance can be ignored and the total resistance may be
assumed to be due to the viscous component only:

1
Rr =Ry = EpSuZ[(1 + k)Cp + ACE] (5)

Frictional resistance coefficient Cg is estimated by using the ITTC 1957 formula. At the self-propulsion
condition the thrust is equal to the sum of the total resistance and the trawl pull, i.e., Xp = Xg + Fp.
The trawl pull load Fp is 40 metric tons.

2.4. Forces and moment generated by the rudder

The components of the hydrodynamic forces acting on the rudder are essentially of the same category
as for a ship hull, with an additional complication that the rudder forces are significantly dependent
on the velocity of the propeller slip-stream. The true hydrodynamic description of rudder performance
and its forces should be based on effective velocity over the rudder, (accounting for the race effect of
the propeller), and the effective angle of attack on the rudder. The forces and moment generated by
the rudder are (Inoue et al., 1981);
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XR = —FNSin8
Yg = —(1 + ay)Fycosd (6)
Nr = —(1 + ay)xgFyncosb

where ay is the ratio of additional lateral force, xg and zg are the x and z-coordinates of the centre of
lateral force, & is the rudder angle and Fy is the rudder normal force. The ay coefficient can be
estimated as a function of the block coefficient as follows, IMCA M140 (2000);

ay = 0.62(Cg — 0.6) + 0.227 (7)

The normal force on the rudder can be approximated as

_p 613X

= 244 8
N 2)\+2.25ARVRsmaR (8)

where Ay is the rudder area and A is the effective aspect ratio. The effective rudder inflow speed can
be expressed in the form

Vg = V(1 — wg)y/ 1+ K,g(s)

V =+ u? + v?

(9)

where u and v are the components of ship speed in x and y directions, respectively, K, = 1.065 for
the port rudder and K, = 0.935 for the starboard rudder. The term K, g(s) represents the effect of
the propeller slip-stream on Vy, and

g(s) = k(2 — (2 —1)s]s/(1 — s)?
s=1—-u(l—wp)/nP
n = Dp/Hg
k= 0.6(1—wp)/(1—wg)

(10)

where u is the longitudinal component of ship speed, Dp is the propeller diameter, P is the propeller
pitch, Hy is the rudder height, n is the propeller revolution and, wp and wp are the effective propeller
and rudder wake fractions, respectively. The estimation of the effective rudder wake fraction is made
assuming that wy in the manoeuvring motion could be computed by

WR Wp

— = —— = exp(K, B3 11
g = woo = exP(KiB) (11)

where K; = —4.0 and the geometrical inflow angle at the propeller position is defined as follows:
Bp = B — xpr’ (12)

The effective rudder wake fraction wgq of full-scale ships may be obtained from the results of the
model experiments in the same manner as for the effective propeller wake fraction wpq in the area of
the ship propulsion, namely making use of the technique to estimate the full-scale value from the
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model experimental results with the concept of the wake ratio. Taking the flow-rectifying effect into
considerations, the effective rudder angle, ag can be expressed in the form,

ag =8+ 80 — YBr

li ! ! (13)
Br = B — Zxgr
The flow rectifying effect due the ship’s hull and the propeller can be expressed as,
y = CpCs
(14)

Cp = 1//1+0.6n(2 — 1.45)s/(1 — s5)?

The ship flow-rectification coefficient Cpis given in the following form:
Cs = K3Pgr for Br < Cs0/K3

Cs = Cso for Br > Cs0/K3

with K3 = 0.45 and CSO = 0.5.

2.5. External disturbances — Wind loads

The wind force calculations are based on a steady state one-minute mean wind velocity measured at
an elevation of 10 meters above the water surface. For wind velocities at different elevation,
adjustments to the equivalent 10-meter velocity are necessary and can be made with the following
formula; IMCA M140 (2000) and OCIMF 94 (1994);

1/7

e

where V,, is the 10-meter wind velocity (m/s), v,, is the wind velocity at elevation h (m/s) and h is the
elevation above water surface (m). Since the wind speed is subjected to gusts, the one-minute mean
value is converted to the hourly mean value by multiplying by 1.15 (IMCA M140, 2000). The wind forces
and moment can be estimated by using the following standard formulations, IMCA M140 (2000);

p
FWX = ?a V\%VrAT CWX (aWr)

p
l::Wy = ?a V\%VrAL CWy (aWr) (16)

_ Pa

Nuy = —
W™

V\%VrAL LgpCwn (otwyr)

Viwr is the instantaneous wind velocity including the ship's speed over the ground with the following
longitudinal and transverse components:

Viwx = Vi cosay —u

wa = VW Sin(XW -V
Vivr = ’V\%VX + V\%Vy
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Then, the relative wind direction, i.e. the angle between the speed through the water and the ships
heading can be expressed as follows:

awr = arctan (Vyyy/Vivx) — U (18)

where | is the heading of the vessel. The coefficients Cyy, Cywy and Cwy, are calculated using IMCA
M140 (2000).

2.6. External disturbances — Current loads

The current forces and moment can be estimated by using the following standard formulations:

p

FICX = EvgrBTCCX(O(C)
Y
Fey = EvgrLBPTCCy(aC) (19)
p
NC = EvgrL%PTCCn (Olc)

Here; Ccx, Ccy, and Cgy stand for current coefficients. These coefficients for given current directions
can be obtained by model tests or CFD analysis. Alternatively, particularly for early design studies,
several empirical methods based on the analysis of model test data are available. For example, Remery
and Van Oortmerssen (1973) presented an empirical method to predict current forces on tanker
shaped hulls based on several model tests. The longitudinal current force is assumed to be due to the
frictional resistance and hence could be estimated by the flat plate resistance in accordance with the
ITTC formulation. The transverse current force and current yaw moment coefficients were assumed
independent of the Reynolds number and expanded in fifth order Fourier series as a function of relative
current direction. The average values of the Fourier coefficients were provided. Details of the
parameters in this equation and the in-depth methodology can be found in IMCA M140 (2000).

2.7. External disturbances — Wave drift loads

The wave forces acting on the vessel can be classified into two distinct types as the harmonic first order
wave forces and the second order mean wave drift forces. Because of the high frequency and the large
magnitude of the first order wave forces the thrusters are not capable to counteract these forces.
Therefore, only the second order mean wave drift forces need to be considered. The total wave drift
force for a given wave direction can be determined from the following equation, API RP 2SK (2005):

2cos?(ayy)
1 + cos? (o)

2sin? (ayy)

1 + sin? (o) (20)

Fwor(awr) = FWDy(go) [ + Fwpx(0) [

where ayy, stands for relative wave angle, Fypx(0) and Fypy (90) stand for wave drift forces in surge
and sway, respectively. The wave drift forces and moment are estimated by using the empirical relation
given by DNVGL-ST-0111 (2018).
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3. Maneuvering Derivatives of the Vessel and Details of CFD implementation

Basic geometric and hydrostatic properties of the vessel are provided by SKIPSTEKNISK. The vessel has
single shaft, propeller and rudder. General particulars of the vessel are presented in Table 1 and her
profile view in Figure 1.

Table 1: General particulars of the vessel

Length over all Loa 87.53m
Length between perpendiculars Lgp 78.60 m
Beam B 18.00 m
Draught (midship) T 6.40 m
Draught (AP) Ty 6.65m
Draught (FP) Tr 6.15m
Displacement A 6500t
Block coefficient Cg 0.738
Wetted surface area S 2110 m?
Projection area of rudder Agr 16 m?
Bilge keel surface area Agk 42 m?
Form factor k 0.41
Frontal wind area Awr 375 m?
Transverse wind area Awr 1160.7 m?
No of propeller blades Z 4
Propeller diameter D 45m
Propeller pitch ratio at 0.7R P/D 1.2
Expanded blade area ratio Ag/A, 0.611

The hydrodynamic coefficients of the trawler are obtained by conducting PMM tests via a RANSE-
based CFD on the one hand and by means of empirical formulas on the other.

WIND AREA: 1160.7 m2
COG: X=41.2m, Z=13.94m

Thrust vector is free to be
applied in the most favourable direction

Figure 1. Profile of the stern trawler and the arrangement of the azimuth thruster

3.1. Numerical implementation

A three-dimensional, incompressible and viscous Reynolds-Averaged Navier-Stokes Equations (RANSE)
based computational fluid dynamics (CFD) approach is implemented for captive motion tests of the
trawler. The flow is turbulent due to high Reynolds number. Realizable k-epsilon is selected as the
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turbulence model. Due to low ship speed, a double-body flow model is utilized. Only the underwater
hull form is considered while the free water surface boundary condition is selected as “symmetry”.
This is to ensure calm water condition during tests (due to low ship speed); therefore, wave resistance
is neglected.

Figure 2. Different views of the grid used in numerical simulations

The underwater form of the trawler is enclosed in a rectangular box. The boundary conditions applied
to the six surfaces of this box are explained below:

- The inlet upstream of the trawler: Velocity inlet.

- The outlet downstream of the trawler: Pressure outlet.

- Two side walls (one at the left, the other at the right of the trawler): Velocity inlet.
- The bottom wall: Velocity inlet.

- The top wall: Symmetry (to ensure double-body flow model).

The tests are conducted at 3knots ship speed at full-scale, corresponding to 0.2817m/s for the 1/30
model scale ship. The ship is stationary while a flow velocity of -0.2817m/s is sent from the velocity
inlet towards the ship.

Approximately 500k grid elements were used to represent the fluid domain. The cell base size is set to
0.01m. Minimum cell size can get as low as 25% of the base size where refinements are required to
solve for high adverse pressure gradients. The maximum cell size is 1600% of the base size and used in
inlet, outlet, and side wall surfaces, corresponding to 0.16m. Different views of the grid system
implemented in the fluid domain are given in Figure 2. Prism layer thickness is calculated using
turbulent boundary layer thickness formula given by
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§ ~ 037 (21)

ReO.Z

where § denotes the boundary layer thickness, L is the ship length and Re is the Reynolds number
(Schlichting, 1979). The boundary layer thickness is found to be § = 0.0106m. It is represented by 3
prism layers only, due to low ship speed. Wall y+ are considered during the selection of the number of
prism layers. Wall y+ and the turbulence viscosity ratio contours are given in Figure 3.

Wall Y+
Y X 0.00000 60000 12.000 18.000 24.000 30.000

Turbulent Viscosity Ratio
0.00000 100.00 200.00 300.00 400.00 500.00

Figure 3. Wall y+ distribution along the ship (top). The turbulence viscosity ratio at the stern region
(bottom)

The steady solver is used for static tests (static drift) while the transient solver is selected for dynamic
tests (pure yaw, yaw and drift). The time step size is taken as At = 0.02s in dynamic tests. Maximum
inner iterations are set to 5.

3.2. Validation of the numerical approach

Numerical simulations are validated by the frictional resistance coefficient obtained by CFD and
comparing it with the ITTC-1957 frictional correlation line formula:

0.075
Crirre = (logRe——Z)Z (22)
where Re denotes the Reynolds number. Results are validated for a full-scale velocity of Us = 3knots.
The corresponding model velocity at 1/30 model scale is Uy, = 0.2817m/s Considering that the model
ship has a length of L = 2.6232m, the Reynolds number in this case is Re = 830,000. Then, the
frictional resistance coefficient becomes Cg ;rr¢ = 4.88 - 1073. CFD simulations are conducted for a
full-scale ship velocity range of 1knot < Us < 8knots. Results are given in Table 2.

The difference between the two results, around the given operation speed of 3 knots, is only 0.6%,
which is considered to be negligible.
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Table 2. Comparison of frictional resistance coefficients obtained by CFD and ITTC-1957 formula

Ug Ug Uy Re Cr Rp R Cr Difference
(ITTC) | (ITTC) | (CFD) (CFD)

knots m/s m/s — — N N - %
1 0.5144 | 0.0939 |2.77E+05|6.33E-03 | 0.0671 0.0646 |6.10E-03 3.7
2 1.0288 | 0.1878 |5.53E+05|5.35E-03 | 0.2269 | 0.2328 | 5.49E-03 2.6
3 1.5432 | 0.2817 |8.30E+05|4.88E-03 | 0.4657 | 0.4683 |4.91E-03 0.6
4 2.0576 0.3757 |1.11E+06 | 4.59E-03 | 0.7775 0.7721 | 4.55E-03 0.7
5 2.5720 | 0.4696 |1.38E+06|4.37E-03 | 1.1587 1.1399 |4.30E-03 1.6
6 3.0864 | 0.5635 |1.66E+06 |4.21E-03 | 1.6065 1.5705 |4.12E-03 2.2
7 3.6008 | 0.6574 |1.94E+06 | 4.08E-03 | 2.1188 2.0588 |3.97E-03 2.8
8 4.1152 0.7513 |2.21E+06 | 3.97E-03 | 2.6940 2.5903 |3.82E-03 3.8

3.3. Numerical PMM test results

Numerical simulations of static drift tests have been conducted for six casesinarangeof 0 < f < 15°.
Full-scale ship velocity is Us = 3knots, corresponding to a model ship velocity of Uy, = 0.2817m/s
(using Froude similarity). Non-dimensional lateral ship velocity can be calculated by v' = —sinf.
Numerical results are presented in digital form and graphed in Figure 4.

Pure yaw tests have been conducted for eight cases in a range of 0.05 < r' < 0.4. Non-dimensional

. L . . -
yaw rate denoted by ' is calculated by r’' = % Numerical results are given in Figure 5.

Yaw and drift tests have been conducted for four different yaw rates consisting of ' = 0.1, r’' = 0.2,
r' = 0.3, and r’' = 0.4. Each one of these cases were simulated for five drift angles in a range of 0 <
[ < 15° (similar to the static drift tests). With the additional case of f = 0 available from pure yaw
tests, a total of 24 numerical simulations were available for this test. Numerical results are given in
Figure 6.

4. Turning Performance in Calm Water

In this section turning performance of the Stern Trawler with a trawl pull load of 40 metric tons in calm
water conditions is presented. The forward speed of the vessel is 3 knots with a propeller rotation rate
of 88 rpm and the maximum rudder angle is 35 degrees.

4.1. Turning circle test without the azimuth thruster
For the base configuration, only the propeller and rudder are taken into consideration. Figure 7
presents the port and starboard turning manoeuvre simulations with

- atrawl pull load of 40 metric tons

- at 3 knots forward speed

- with propeller rotation rate of 88 rpm and
- arudder angle of 35 degrees.

The total simulation time is 600 seconds with a time step of 15 seconds.
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version (right below)
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4.2. Turning performance with an azimuth thruster

For this configuration, a 1200 kW azimuth thruster located in the forebody is taken into consideration
besides the propeller and the rudder. In order to illustrate the effect of the azimuth thruster on the
turning performance, two different thrust levels (50 kN and 100 kN) are considered.

Figure 8 presents the turning manoeuvre simulation with

- atrawl pull load of 40 metric tons

- at 3 knots forward speed

- with a propeller rotation rate of 88 rpm

- the rudder angle is O degrees

- the direction of the azimuth thrusters 90 degrees

Figure 6. Non-dimensional forces (X' and Y’) and moment (N') graphs in yaw and drift tests. Tabular
version (right below)

The azimuth thruster provides 50 kN and 100 kN thrust in these simulations. O degree represents the
vessel’'s heading and 90 degrees represents the thruster direction perpendicular to the vessel’s
heading. The total simulation time is 240 seconds with a time step of 10 seconds. The figure shows the
effect of the azimuth thruster on the turning performance in calm water conditions.

5. The effect of environmental loads on a ship in surge

In this section, the effect of environmental loads on the vessel’s motions are investigated. The vessel
is assumed to be subject to surge, sway forces, and yaw moment due to the wind, current and waves.
In order to keep station or maintain track, these forces and moment must be compensated by those
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generated by the propeller, rudder and the thruster. The details of the methods and procedures used
to estimate the wind, current and wave forces are presented in Section 2. The wind and wave
characteristics for Beaufort 9 (BF 9) condition are determined in accordance with the
recommendations of DNV GL ST-0111 (2018) as given in Table 3.

Figure 7. Turning manoeuvre simulation with a trawl pull load of 40 metric tons at 3 knots speed with
a rudder angle of 35 degrees to port (left) and starboard (right).

Figure 8. Turning manoeuvre simulation with trawl pull load of 40 metric tons at 3 knots with a rudder
angle of 0 degrees. The thrust of the azimuth thruster is 50 kN (left) and 100 kN (right). The direction
of the azimuth thruster is 90 degrees.

Table 3. Beaufort 9 sea condition.

Beaufort No Description Wind speed Significant wave Modal wave
[m/s] height [m] period [s]
9 Strong gale 24.4 7.4 10.5
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The effect of the environmental loads is considered in this section where the vessel is

- towing a trawl pull load of 40 metric tons

- asteady forward speed of 3 knots

- with a propeller rotational rate of 88 rpm and
- therudder angle is O degrees.

We consider the environmental loads one-by-one in this section and the results obtained for each are
presented in the sub-sections below.

5.1. Wind forces

The direction of the wind is perpendicular to the vessel’s initial heading. There are no active thrusters
other than the propeller. The effect of waves and current are not taken into consideration. Typical
examples of manoeuvring simulations based on Isherwood (1994), Blendermann (1994) and DNVGL-
ST-0111 (2018) formulations in BF 9 conditions with a wind speed of 24.4 m/s are shown in Figure 9.
The total simulation time is 180 seconds and the time interval is 10 seconds. As shown in the figures,
different formulations yield similar behaviour of the vessel.

Figure 9. The effect of wind forces (BF 9) on a ship in surge. Isherwood (1994) formulation (left),
Blendermann (1994) formulation (middle) and DNVGL-ST (2018) formulation (right).

5.2. Current forces

The direction of the current is perpendicular to the vessel’s heading. There are no active thrusters
other than the propeller. The current velocity is 3knots. The effect of wind and waves are not taken
into consideration. Typical examples of manoeuvring simulations based on Remery and Van
Oortmerssen (1973), Nienhuis (1987), APl RP 2SK (2005), IMCA M140 (2000) and DNVGL-ST-0111
(2018) formulations are shown in Figure 10. The total simulation time is 180 seconds and the time
interval is 10 seconds.

5.3. Wave drift forces
As explained in Section 2.8, only the second order mean wave drift forces need to be taken into
account. Wave drift forces are estimated by the empirical method recommended by DNVGL-ST-0111

(2018). This method considers the wave period which has strong influence on wave drift predictions.
Figure 11 illustrates the wave drift effect in BF 9 conditions with a significant wave height of 7.4 m.
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Direction of waves is perpendicular to the vessel’s heading. There are no active thrusters other than
the propeller. The effect of wind and current are not taken into consideration.

In the following sections the effect of the azimuth thruster on manoeuvring performance of the vessel
is investigated by simulating the beahaviour of the vessel under the effects of wind, waves and current.
In order to provide objective comparisons the wind, current and wave drift loads are estimated by
DNVGL-ST-0111 (2018) formulations.

3 knots

Figure 10. The effect of current forces on a ship in surge. From the left: IMCA M140 (2000), and DNVGL-
ST-0111 (2018) formulations.

Figure 11. The effect of wave drift forces with DNVGL-ST-0111 (2018) formulation

6. The Efficiency of the Azimuth Thruster in BF 9 Conditions

It is shown in Section 4 that the azimuth thruster located in the forward part of the vessel is very
effective in calm water conditions while the vessel is towing a trawl net of 40 metric tons with a steady
speed of 3 knots. In Section 5, the environmental loads due to wind, current and waves in BF9
conditions are estimated. This section presents the results of manoeuvring simulations with the
azimuth thruster under the influence of wind, current and waves in BF9 conditions. The trawler speed
is 3 knots and the propeller rotation rate is 88 rpm, unless stated otherwise.

6.1. Keeping track against wind loads

In this section, we illustrate the efficiency of the azimuth thruster in keeping track at 3 knots forward
speed with a trawl pull load of 40 metric tons against wind forces and moment in BF 9 conditions with
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a mean wind speed of 24.4 m/s. The wind direction is perpendicular to vessel’s heading. The total
simulation time is 180 seconds and the time interval is 10 seconds.

T WIND VELOCITY : 24.4 m/s

Rudder = 0 deg, Thruster =0 kN, Propeller = 88 rpm Rudder = 35 deg, Thruster = 0 kN, Propeller = 100 rpm

Figure 12. The effect of the propeller and the rudder in BF9 conditions using DNVGL-ST-0111 (2018)
formulation. The speed increases with increasing propeller rotation rate.

Figure 12 shows a comparison of the behaviour of the vessel in BF 9 conditions at neutral rudder angle
(left) and with a rudder angle of 35 degrees (right). Current and wave effects are ignored and the wind
forces are estimated by DNVGL-ST-0111 (2018) formulation. As shown in the figure, the propeller rate
of rotation (88 rpm) and the forward speed of 3 knots are too low for the rudder to be effective. When
the propeller rate of rotation is increased to 100 rpm the rudder becomes effective on controlling the
vessels’s heading against the wind. However, due to the increase in the propeller rate of rotation,
forward speed of the vessel increases to 6 knots. Figure 13 shows the effect of azimuth thruster on
keeping track against the wind. The thrust is increased up to 130 kN with constant thruster angle of 90
degrees (perpendicular to vessel heading).

The azimuth thruster needs a thrust more than 100 kN to counteract the environmental loads on the
ship, as Figure 13 shows.

The results indicate that in order to maintain track against wind loads in mean BF 9 conditions, at least
120-150 kN thrust is required for this ship. The effectiveness of the rudder at 3 knots forward velocity
is negligible. The propeller rate of rotation needs to be increased for the rudder to be effective,
resulting in an increase in the forward velocity.

6.2. Keeping track against current loads

In this section, the efficiency of the azimuth thruster in keeping track

- with a trawl pull load of 40 metric tons
- at 3 knots forward speed and
- apropeller rotation rate of 88rpm

against current forces with a mean current velocity of 3 knots is illustrated. The current direction is
perpendicular to vessel’s heading.
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Rudder = 0deg, Thruster = 50kN

Rudder = 0 deg, Thruster = 100 kN Rudder = 0 deg, Thruster = 130 kN

Figure 13. The effect of the azimuth thruster in BF 9 conditions using DNVGL-ST-0111 (2018)

Figure 14 shows a comparison of the behaviour of the vessel in uniform current with a mean velocity
of 3 knots with neutral rudder angle (left) and with a rudder angle of 35 degrees (right). The azimuth
thruster produces zero net force in these simulations. Wind and wave effects are ignored and the
current forces and moment are estimated by DNVGL-ST-0111 (2018) formulation. As shown in the
figure, the propeller rotataion rate at 88 rpm and the forward ship speed at 3 knots are too low for the
rudder to be effective. When the propeller rotation rate is increased to 100 rpm, the rudder becomes
effective on controlling the vessels’s heading against the current. However, due to the increase in the
propeller rate of rotation, forward speed of the vessel increases to 6 knots.

Figure 15 shows the effect of the azimuth thruster on keeping track against the current. The thrust is
increased from 50 kN to 100 kN at a constant thruster angle of 90 degrees (perpendicular to vessel
heading). The present computations also showed that the response of the ship is much better when
the azimuth thruster and the rudder work together (despite a decrease in the thruster angle).

These results indicate that in order to maintain track against current loads due to a 3 knots uniform
current, at least 100-120 kN thrust is required. The effectiveness of the rudder at 3 knots forward
velocity is negligible and for the rudder to be effective the propeller rate of rotation needs to be
increased resulting in an increase in the forward velocity.

6.3. Keeping track against wave drift loads

The efficiency of the azimuth thruster in keeping track against wave drift loads is presented in this
section. The ship is moving forward

-128 -



Gemi ve Deniz Teknolojisi Dergisi
Sayi: 221, Haziran 2022 //‘
ISSN: 1300-1973, e-ISSN: 2651-530X, Dergi ana sayfasi: http://www.gmoshipmar.org/ // /

Arastirma Makalesi

- with a trawl pull load of 40 metric tons
- at 3 knots forward speed and
- apropeller rotation rate of 88rpm

against wave drift forces and moment in mean BF 9 conditions with a significant wave height of 7.4
m. The wave direction is perpendicular to vessel’s heading. Wind and current effects are ignored and
the wave drift forces and moment are estimated by DNVGL-ST-0111 (2018) formulation. The total
simulation time is 180 seconds and the time interval is 10 seconds. Results with and without the
azimuth thruster are given in Figure 16.

Rudder = 0 deg, Thruster =0 kN, Propeller = 88 rpm Rudder = 35 deg, Thruster = 0 kN, Propeller = 100 rpm

Figure 14. The response of the ship to current loads without the azimuth thruster using DNVGL-ST-
0111 (2018) formulation

Rudder = 0 deg, Thruster =0 kN Rudder = 0 deg, Thruster = 100 kN, Thruster angle = 90 deg

Figure 15. The response of the ship to current loads with the azimuth thruster using DNVGL-ST-0111
(2018) formulation.

These results indicate that the ship can maintain its course in waves without the thruster but the sway
distance is considerably high. With

- anazimuth thruster providing 50 kN thrust
- atanangle of 60 degrees and
- arudder at 35 degrees,

the sway translation distance of the ship can be limited.
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T SIG WAVE HEIGHT : 7.4 m

Rudder = 0deg, Thruster =OkN Rudder = 35deg, Thruster = 50kN, Thruster angle = 60deg

Figure 16. Ship response to wave drift loads using DNVGL-ST-0111 formulation in BF 9.

7. Maximum environmental conditions for keeping track

This section presents maximum wave, wind and current conditions in which the vessel is able to keep
track with an azimuth thruster of about 175 kN effective thrust (205 kN nominal thrust) capacity.
Depending on the current velocity, four cases are considered in the following sub-sections. Wind,
current and wave drift forces are estimated by DNVGL-ST-0111 (2018) formulations. The wind and
wave characteristics for Beaufort 6-9 (BF 6-9) conditions are determined in accordance with the
recommendations of DNV GL ST-0111 (2018) as given in Table 4.

Figure 17 presents various environmental scenarios and the required thrust for the vessel to maintain
its course. The efficiency of the azimuth thruster in keeping track

- with a trawl pull load of 40 metric tons
- at 3 knots forward speed
- apropeller rotation rate of 88rpm

against wind and wave forces and moment is evaluated. In this figure, the ship cannot keep its track
when the required thruster force is above 175 kN.

Table 4. Definition of sea conditions in Beaufort scale.

o Wind speed Significant wave Modal wave
Beaufort No Description . .
[m/s] height [m] period [s]
6 Strong breeze 13.8 3.1 8.5
7 Moderate gale 17.1 4.2 9.0
8 Gale 20.7 5.7 10.0
9 Strong gale 24.4 7.4 10.5

8. Summary of Results and Conclusions

In this paper, results of computational analyses on the manoeuvring performance of astern trawler are
presented. The manoeuvring performance of the vessel is assessed and simulated for two different
configurations with a ship forward speed of 3 knots and a trawl pull load of 40 metric tons in calm
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water and Beaufort 9 environmental conditions. The first configuration considers the propeller and the
rudder only while the second configuration also takes into account an azimuth thruster installed in the
fore body.

First, the manoeuvring derivatives are computed by empirical and CFD based methods and the
manoeuvring equations of motion are set. The external forces due to the propeller, rudder and the
azimuth thruster are estimated by suitable semi-empirical methods. Several empirical methods to
estimate the environmental forces due to wind, waves and current are compared and DNVGL-ST-0111
(2018) formulation is selected as the standard method.

In Base Case (1) configuration, the vessel is fitted with an azimuth thruster in the forebody. The
nominal thrust of this thruster at full power is specified as 205 kN by the manufacturer. Because of the
thrust losses due to the thruster-hull interaction, current and ventilation effects the actual thrust is
estimated to be limited to about 175 kN.

T CURRENT VELOCITY : 0 knots 1 CURRENT VELOCITY : 1 knot
WIND VELOCITY 20.7 mis WIND VELOCITY 20.7 mis

SIG WAVE HEIGHT  :57m

SIG WAVE HEIGHT  :5.7m

Thruster = 175kN Thruster = 200 kN

T CURRENT VELOCITY : 1 knot
WIND VELOCITY 17.1 mis
SIG WAVE HEIGHT ~ :4.2m T CURRENT VELOCITY : 2 knots

WIND VELOCITY 17.1mis

SIG WAVE HEIGHT  :4.2m

Thruster = 175 kN Thruster = 175 kN

T T CURRENT VELOCITY : 3 knots
CURRENT VELOCITY : 3 knots

WIND VELOCITY 13.8mis
WIND VELOCITY 17.1 mis

SIG WAVE HEIGHT  :42m SIG WAVE HEIGHT  :3.1m

Thruster = 250 kN Thruster = 175 kN

Figure 17. Ship motion response under different environmental conditions. The rudder is at 35 degrees
and the thruster angle is 60 degrees in all simulations.

In calm water conditions at 3 knots forward speed (propeller rpm 88) with a trawl pull load of 40 metric
tons it is shown that the turning ability of the vessel with 35-degree rudder angle is satisfactory.
However, in BF 9 conditions with a mean wind speed of 24.4 m/s the rudder becomes ineffective at
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keeping track or turning the vessel. Similar effect is observed with increasing wave height and current
velocity. The rudder efficiency in rough weather conditions could be increased by increasing the
propeller rpm resulting in an increased ship forward speed. However, the focus of this study is the
manoeuvring performance at 3 knots forward speed with a trawl pull load of 40 metric tons. Hence,
the propeller rpm is assumed to be constant at 88 rpm while considering many of the cases with the
environmental loads.

In BF 9 conditions with a wind speed of 24.4 m/s (current and wave effects are ignored) it is estimated
that in order to maintain track against wind loads at least 120-150 kN thrust is required. When the
combined effects of wind and significant wave height of 7.4 m are taken into consideration, the
required minimum thrust of the azimuth thruster increases. Due to the thrust losses the actual thrust
is estimated to be limited to about 175 kN. Therefore, it is concluded that the proposed azimuth
thruster could not be able to produce sufficient thrust to keep track in BF 9 wind and wave conditions
even without current effects. Further analyses have been carried out to consider the maximum
environmental conditions in which the vessel could maintain track by using the azimuth thruster. It
was found that the ship can maintain its course at a maximum of BF 8 with the azimuth thruster when
the wind, wave and current loads are combined.
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