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ABSTRACT

The design of a propulsion system for each ship must take into consideration a large
number of factors. Some important factors that will lead to an efficient propulsion system
are: the selection of suitable components (main engine, transmission, propulsion device)
and their integration in a limited but functional space, to achieve maximum propulsion ef-
ficiency, to meeting the criteria of safe operation and comfort conditions on board. Con-
sidering the factors listed above, the paper presents a study regarding the propulsive per-
formances and propulsion system design for a chemical tanker. To choose the optimal
components, the analysis has been performed for 4 different combinations: engine- pro-
peller. The operation of the propeller behind the ship induces unsteady forces which can
initiate vibrations of the ship’s hull. Therefore, in the last part of the paper, the effect of
the operation of the propeller designed for the chemical tank has been analysed. In this
sense, the surface forces induced by the propeller that appear in the stern vault are also a
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centre of interest in this work.
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1. INTRODUCTION

A chemical tank is a high-capacity ship
whose propulsive performance is a main fea-
ture; therefore, the design of an efficient pro-
pulsion system is a point of interest. The pre-
sent study related to propulsive performances
[7], has been performed for a chemical tank
(Figure 1) with an overall length of 101.49
meters and 16.6 meters breadth, the main
characteristics of which are presented in
Table 1.

First, starting from the shapes and the
geometrical characteristics of the hull, the
ship resistance has been theoretically com-
puted and for tanker’s propulsion, the power
requirements has been established using an
in-house code developed by the first author.
Two diesel engines were chosen, and two

© Galati University Press, 2021

propellers were redesigned for each prime
mover, resulting in four study cases. The ship
propulsive performances have been analysed
and the case that offers the optimal combina-
tion engine power, propeller’s efficiency and
shipowner desired speed has been selected.
The effect of designed propeller operation
behind the chemical tank hull and the surface
forces induced by it on stern vault have been
a centre of interest in the last part of the pre-
sent work.

Fig.1 Chemical tank hull
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Table 1. Ship main characteristics

Name UM Walue

Length overall | Lowt[m]= | 101.49
Length watatlims L wim] = 074
Brezdth E[m]= 16.6
Draught T[m]= 1.00
Depth H[m]= 040
Volume V[m] = 8616
Displacement Aftl= 3840
Block coefficient Ce= 0.76

Velocity v [Kn]= 14

For ship resistance calculation, the theo-
retical method developed by Holtrop-
Mennen has been used [1]. Based on this
method, the total ship resistance may be
computed by summing the following compo-
nents: frictional resistance (based on ITTC-
1957 formula) Rr multiplied with the form
factor (1+k;), appendages resistance Rypp,
wave resistance Ry, resistance due to bulb
Rp, additional resistance of immersed tran-
som Rrz and the model-ship correlation re-
sistance Ry:

Rr = Re(L4+ Ky ) + Rapp + Ry + B + Hrg + Ba(1)

Using this theoretical method, the com-
putation has been performed for a range of
speed between 12-16 knots, and a value of
250 kN has been obtained for the total ship
resistance at 14 knots speed.

2. PRELIMINARY PROPELLER
CHARACTERISTICS AND
NECESSARY PROPULSIVE
POWER CALCULATION

Due to lower acquisition costs and oper-
ating performance, the naval propeller pro-
pulsion system is most common in chemical
tankers. In a preliminary phase, it is neces-
sary to estimate the propulsive power taking
into account the ship resistance previously
determined. Thus, the first stage consists in
calculation of the engine brake power based
on preliminary propeller efficiency. For this
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reason, in the initial design stage, for propul-
sive performance investigations, the B Wa-
geningen series propellers diagrams are used
and the torque and thrust coefficients K7, Ko
are computed for different values of the ad-
vance ratio J, using polynomial formulas:

Kr= Z Apr @) (P/DY*(Ae/A)*  (2)

46
Ko = Z Aq () T () (P/D)k(Ae/A)**  (3)
K=0

In the above formulas, in addition to the
regression coefficients Axr, Axp and the cal-
culation exponents Ok, Xk, Vi zr , geometrical
parameters of the propeller such as: blade
area ratio Ae/Ay , pitch ratio P/D and number
of blades z are found.

Using these polynomial equations, the
open water hydrodynamic characteristics of
the B Wageningen screw series can be com-
puted for a given propeller and usually they
are plotted as KT (J) and Kq (J) curves.

For the chemical tanker studied in the
present work, the input data used for neces-
sary propulsive power calculation are pre-
sented in Table 2.

Table 2. Input data

Number of blades of propeller, z 4

Propeller dismeter, D [m]
Propeller blade zrea ratio, Ae’AD 033

Thrustforee, T [KIN] 324 89
Velocity, v [En] 14
Wake coefficient, w 033
Thrustdeduction fraction, t 02
Water density, p [tm?] 1.025

In the first step of the used method, the
thrust coefficients Kr have been computed
and plotted on the same diagram, for differ-
ent values of the pitch ratio (P/D = 0.6; 0.8;
1; 1.2) and for a range of the advance ratio
between 0 and 1 (Figure 2) [7] .

On the same diagram, the ship curve has
been plotted: the non-dimensional thrust co-
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efficient as required by the ship’s resistance:
Kr,snip= const x J? (Figure 2).

——Kt1 for
P/D=0.6
—— Kt for
P/D=0.8
Kt1 for
P/D=1

Kt

Fig. 2 Propeller thrust curves intersecting
with ship curve

To achieve the thrust balance (ship
speed versus shaft revolution) the intersec-
tion points between ship curve (Ktsnp=ct-J?)
and propeller thrust coefficient curves Kr(J)
are found [2], finally resulting the optimal
advance coefficient corresponding to the
maximum propeller efficiency (Figure 3).

The calculation is an iterative one and
the final results will be the optimal values for
propeller efficiency in free water (Figure 3),
optimal propeller pitch (Figure 4), the revo-
lution rate and the delivered power. Using
the delivered power value and taking into
account the power losses and design margin,
the brake power may be computed in order to
select the main engine.

——P/D optim

0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75

Fig. 4 Optimal pitch ratio versus advance
coefficient

For the present study, the results related
to the necessary propulsive powers are given
in Table. 3.

Table 3. Results related propulsive power

calculation
Deliversd power Pd [EW] 233875
Effective power Pe [EW)] 198044
Thmstpowsr PT [KW] 1515.62
Hull efficiency 1 1.19
Propeller efficiency nb 0.60
Eelative rotative efficiency 0.99
Shaft efficiency Neas 0.97
Beduction pear officiency fgear 1
Design margin Md 0.1
Seamaroin Mz 0.135
Necessary brake power Pb [KW] 362251
Mecessary brake power Ph [hp] 4857.79

0.61

0.6
0.59

T T T 1
0.4 0.45 0.5 0.5! 0.6 0.65 0.7 0.75

Fig. 3 Propeller efficiency versus advance
coefficient
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Based on the presented theoretical
method, the first author has developed during
master degree studies at the Naval Architec-
ture Faculty [7] a JAWA software for neces-
sary propulsive power calculation. Such a
program allows the elimination of errors that
may occur from an inaccurate reading of
diagrams and the results are as close as pos-
sible to physical reality and they can be ob-
tained in a short time. The program input
interface and output data are presented in
Figure 5.
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& PROPELLER-POWER DELIVERED. - o b4
File Inputdata | Analysis Results Help

)
General o L

Number of bi

zi g Velocty, v 1 xn]
8lade area rato, Ae/A0: (0.5 Water densiy, pi |1.025 [t/ m~3]

Propeller dameter, D: (4.9 {m]  Thrustfracton, t:0.23

Propeller thrust, T [324 (00 Wake fracton, w 0.3

o B YT st (0.1

05 - 2 sep (02

4% PROPELLER-POWER DELIVERED

File Input data Anal_g_,vsis Results Ha_\q_

Textresuls pagram Intersection Diagram

INPUT DATA:

Number of blades, z: 4

Blade area ratio, Ae/RO : 0,55
Propeller thrust, T : 324 [kN]
14 [Xn)

1.025 t/m*3]
Thrust fraction, t : 0.23

Wake fraction, W : 0.33

Velocity, v i
Water density, p :

hdvance ratio interval, J : 0-1.1 step 0.1
Pitch rario interval, B/D : 0.6-1.2 step 0.2
OUTPUT DATA:

J intersection values : 0.423 0.523 0.613 0.€95

Optimal value for J : 0.54%

Optimal value for n0 : 0.525

Optimal value for B/D i 0.856

Propeller revolution : 107.586 [rpm)

kg : 0.028

Pd : 2805.676 [kW]

TERMS USED:

= Advanced coefficent
no = Propeller efficency in free water
P/D = Pitch ratio
kq =
pd =

Torque coefficient

Fig. 5 Input software interface and output data

3. DIFFERENT TYPES OF
MOTORIZATION STUDY

For the tanker propulsive performances
investigation, four motorisation cases have
been analysed. The ship’s propulsion system
design is usually an iterative process and
after the necessary power calculation and
main engine selection from catalogue, the
optimal propeller geometry and its perfor-
mances have to be recalculated.

Considering this, one Wartsilla engine
with power of 4350 kW and one MAN en-
gine, with a power of 3840 kW, were chosen.
For each engine two propeller have been
redesigned at two different design points (for
a power using coefficient cu=0.75 including
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Sea Margin SM=15, Engine Margin
EM=10% and cu=0.85 including only Sea
Margin SM=15%).

Once the engine has been chosen, the
optimal propeller diameter has been comput-
ed by finding the optimal combination of
power, revolution rate, advance ratio to en-
sure maximum efficiency. The intersection
points between non-dimensional torque coef-
ficient as delivered by the shaft (Kq=const x
J®) and propeller torque coefficient curves
Ko(J) are found, finally resulting the advance
coefficient corresponding to the maximum
efficiency and optimal propeller diameter
(Figures 6,7).

0,2

— ka1 for P/D=0.6
0,18 ——XKal for P/D=0:8
016 Ka1for P/D=1
Kat for P/D-1.2
014 aj for P/
—ka2
012
c
g o1
0,08
0,06
0,04
0,02
0
o 02 04 06 08 1 12

Fig.6 Propeller thrust curves intersect-
ing with ship curve

o /l\
0,65
0,6 i \
0,55 74 } \.
0,5
0,45
0,4 T T L T T T 1
0,4 0,42 0,44 0,46 0,48 0,5 0,52 0,54 0,56

Fig. 7 Propeller efficiency versus ad-
vance coefficient

The propeller has been designed for
each motorisation case and the ship-engine-
propeller performances have been computed
and analysed. During the calculations, the
interdependence between the characteristics
of the propulsion machine and the perfor-
mances of the propeller can be observed.
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Table 4. Ship/propeller characteristics

Case 1

Engine 1 WARTSILA RT-flex35
Brake Horsepower [kW] 4350
Revolution rate [rpm] 167
Number of cylinders 5
Sea margin SM [%] 15
Engine margin EM [%] 10

Propeller
Diameter [m] 3.95
Number of blades z 4
Pitch ratio P/D 0.79
Ship

Speed [knots] | 14.4

Table S. Ship/propeller characteristics

Case 2
Engine 1 WARTSILA RT-flex35
Brake Horsepower [kW] 4350
Revolution rate [rpm] 167
Number of cylinders 5
Sea margin SM [%] 15
Engine margin EM [%] 0
Propeller
Diameter [m] 3.96
Number of blades z 4
Pitch ratio P/D 0.79
Ship
Speed [knots] | 14.81

Table 6. Ship/propeller characteristics

Case 3

Engine 2 MAN B&W S30ME-B9.5
Brake Horsepower [kW] 3840
Revolution rate [rpm] 195
Number of cylinders 6
Sea margin SM [%] 15
Engine margin EM [%] 10

Propeller
Diameter [m] 3.49
Number of blades z 4
Pitch ratio P/D 0.79
Ship

Speed [knots] | 13.72
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Table 7. Ship/propeller characteristics
Case 4

Engine2 MAN B&W S30ME-B9.5
Brake Horsepower [kW] 3840
Revolution rate [rpm] 195
Number of cylinders 6
Sea margin SM [%] 15
Engine margin EM [%] 0

Propeller
Diameter [m] 3.51
Number of blades z 4
Pitch ratio P/D 0.79
Ship

Speed [knots] | 14.03

The results obtained for each motoriza-
tion case are presented in the Tables 4-7. It
can be observed that even if the same engine
is used, by choosing different propeller de-
sign point, the propeller characteristics and
ship speed performances will be modified.

After applying the method in all four
cases, it is found that the optimal propulsion
system will be obtained in case 4, by using
the Man engine, at a power utilization coeffi-
cient of 0.85. In this case, a propeller will be
obtained with 3.51 m diameter, resulting a
ship speed of 14.03 Knots, the closest value
to the shipownwer desired speed.

4. SURFACE FORCES (PRESSURE
PULSSES) CALCULATION

The analysis of the complex system:
ship hull, prime mover and propulsion device
play an important role in the design of a new
ship. The location of the propeller behind the
ship hull involves the propeller’s working in
a non-uniform fluid field, which leads to the
appearance of unsteady hydrodynamic forces
induced by the propeller and transmitted to
the ship hull via the shaft line (bearing forc-
es) and through the water (surface/pressure
forces) (Figure 8). Possible errors made in
the design of the propulsion system may
have consequences on both the propeller and
the hull.
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Fig. 8 Forces resulted from propeller opera-
tion in unsteady flow

The analysis of the vibrations induced
by the propeller operating in non-uniform
flow behind ship involves two problems:

- firstly, a hydrodynamic problem represent-
ed by the assessment of the propeller un-
steady hydrodynamic forces which may con-
stitute excitations for the ship hull;

- secondly, a structural analysis problem, to
analyse the dynamics response of the struc-
ture (shaft line, ship hull structure).

In this chapter, the first stage was ap-
proached, following the calculation of the
surface forces. The surface forces are defined
as unsteady forces induced by the propeller
acting in non-uniform flow behind the ship
and transmitted to the ship hull through sea-
water in form of pressure pulses. They result
by summing the pressure fluctuation on the
ship aft extremity surface and their amplitude
is determined on the one hand by the propel-
ler operating condition (propeller blade shape
and loading, presence of cavitation) and on
the other hand by the geometric configura-
tion of the propeller location behind the ship
[5].

The DNV [6] method was used to de-
termine the surface forces. It is a theoretical
method that has as input data characteristics
of ship hull and the geometry of the propeller
(Table 8). The method was applied for 3
points located on 3 different sections of the
stern of the ship: one located exactly in the
plane of the propeller, the second one ar-
ranged at 3 m from the axis, and the last one
at a distance equal to 1.5 times the diameter
of the propeller [7] (Figures 9,10,11,12). The
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results related to the force per unit in the ana-
lysed sections are given in Tables 9-11. Ob-
serving the resulted values, it can be seen the
decrease of the force exerted on the body
with the increase of the distance from the
propeller axis. The final value for surface
forces will be of 9650 kgf.

5.27,

Fig. 9 Sections studied

Table 8. Input data

MMain data

Propeller diameter, D [m] 351
Fevolution rate [rpm] 195.00

Ship velocity, v [En] 14.03

Thrust force T [tf] 3311

Elade area ratio, Ae/AD Q.55

Elades number, z 4.00

Shaft immersion, ha, [m] 474

Ship draught, Ta [m] 7.00

Wake/clearance 940

Effective wake, we 0.33

Propeller geometry data

cl.8 095

ch.9 0.76

cl.95 0.40

(fel.8) o.M

{£c0.95) o.M

(BD0.2) 0.79

(D093 9.79

(tDO.T) 0.33

© Galati University Press, 2021
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Fig. 10 Section 1
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Fig. 11 Section 2

P9

P8

P7

Fig. 12 Section 3

Table 9. Section 1 — obtained results

) Po Pc
Point number dR [kefm2] | [kefm2]
1 0.73 2388 47481

2 1.850 018 173.57

3 3.119 184 104.63

’ Pz Pc2
Point number dR [kefm2] | [kefmZ]
1 0.73 | 467.61 317.49

2 1839 | 174.37 117.40

3 3119 104.44 6208

Force per unit length i section

[kzfm] 2128.88
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Table 10. Section 2 — obtained results

. Po Pc
Pomt number dR [kefm2] | [kefm]
4 1.725 1142 18017
3 2033 6.00 160.33
] 379 1.06 86.11
. Pz Pc2
Pomt number dR [kefm2] | [kefm]
4 1.725 187.33 126 4%
5 2033 159 82 107 36
6 379 8509 37.58
Force per unit length m section
[kgim] 1389.97
Table 11. Section 3 — obtained results
. Po Pc
Pomtnumber | 4R [kefm?] | [kefm2]
7 3.112 85.88 104 86
g 3371 018 06.81
] 4.697 184 60 49
) Pz Pc2
Pomtnumber | 4R (kefm2] | Deefm]
7 3.112 104 .69 7012
3 33N 0664 6473
0 4.697 6043 4647
Fotrce per unit length i section
[koim] 238.96

The total value for the surface forces
must be considered as input data in the struc-
tural analysis for the dynamics response of
the ship hull's structure as a result of the pro-
peller operation in non-uniform flow.

5. CONCLUDING REMARKS

The present study was focused on the
propulsive performance investigation and on
the design of an optimal and efficient propul-
sion system for a high-capacity chemical
tank. In this sense, within this work, a pre-
liminary propeller was initially designed to
determine the necessary power. During mas-
ter degree studies at the Naval Architecture
Faculty, the first author has developed a
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JAWA software for necessary propulsive
power calculation.

For the design of the optimal propulsion
system, four motorisation cases have been
analysed. The propeller has been designed
for each case and the ship-engine-propeller
performances have been computed and ana-
lysed. By comparing the results, the interde-
pendence between the characteristics of the
propulsion machine, the performances of the
propeller and ship speed have been analysed.

In the second part of the study, the sur-
face forces acting on the hull, as a result of
the functioning of the propeller behind the
ship have been determined. The value ob-
tained is an entry date for the structural anal-
ysis, to determine dynamics response of the
hull’s structure as result of the propeller op-
eration in non-uniform flow behind the ship.

Acknowledgements

The present research has been performed
in the frame of the Naval Architecture

78

Research Centre from the Naval Architecture
Faculty of Galati.

REFERENCES

[1]. Holtrop, J., Mennen, G., G., J., “4n Ap-
proximate power prediction method’’ Int
Shipbuilder Prog 1982; 29: 166-170.

[2]. Stapersma, D., “Interaction between pro-
pulsor and engine”, 34" WEGEMT School

[3]. Erik van Wijngaarden., “The propeller as
a source of noise and vibration”, 34"
WEGEMT School

[4]. Jan Babics ,“Wartisila - Encyclopedia of
ship technology”, 2014.

[5]. Ceanga, V., Mocanu, C., I., Teodorescu,
C., “Ship Propulsion Dynamyc”, Didactic
and pedagogical Publishing House, 2003

[6]. Det Norske Veritas, , “Prevention of harm-
ful vibrations on ships”, 1980.

[7]. Chicarosa, M.,R., “Propulsive Performanc-
es Investigation and Design of Propulsion
System for a Chemical Tank”, Master De-
gree Thesis Faculty of Naval Architecture,
Galati, 2001

Paper received on November 15", 2021

© Galati University Press, 2021



