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Introduction

When designing a modern cargo ship, a propul-
sion system with single or double screw pro-
peller is usually preferred. This is mainly due
to practical reasons as it is not efficient to use
several small combustion engines. However,
with electrical propulsion comes new possibili-
ties of using configurations of small engines in
strategical locations.

It is anticipated that applying distributed elec-
trical propulsion (DEP) to conventional ships
can increase the propulsive efficiency. This is
mainly due to two reasons:

e The total propeller disk area can be in-
creased

e Each propeller can be optimised for oper-
ation in a specific part of the wake

In the below figure is illustrated how the ideal
efficiency of the DEP configurations in this
work depends on the total propeller disk area.

Ideal efficiency versus total propeller disk area
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Obijective and scope

The main objective of this work was to investi-
gate the use of DEP with sufficient accuracy to
conclude if it can be beneficial for conventional
cargo ships.

A 14000 TEU container ship with a single screw
propeller was used as test vessel. Various con-
figurations of DEP were analysed using lifting
line theory to determine the thrust and torque
of each propeller. Emphasis was placed on pro-
gramming a lifting line code in MatLab that
could estimate propeller performance with suf-
ficient accuracy. In such a code, the propeller
geometry is required as input. An optimisation
algorithm was used to find the optimal geome-
try of each propeller in the configurations.

An open source program called Xfoil was used
to calculate the lift coefficient due to camber
and minimum pressure coefficient of each pro-
peller blade section. These procedures were im-
plemented into the code work in MatLab.

The limitations of the analysis are as follows

e The blade section geometry of the Wa-
geningen B-screw series was used

Lifting line (LL) theory

The propeller blades were discretised into 30
foil sections and analysed for five angular po-
sitions using LL theory. This was determined
based on a convergence test. The induced ve-
locities were calculated for each blade section
by solving the following equation numerically.
The integration was conducted in the radial di-
rection of the blades, from hub, 7, to tip.
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This led to an iterative procedure as the radial
circulation distribution, I'(r), and induced hy-
drodynamic angle of attack, 3;, were unknown.
The induction factors, 14 and I, were calcu-
lated according to [1].

When the circulation and induced velocities
were determined, the thrust and torque from
each blade section were calculated as follows

dT = pI'(2wrn — Ur)dr — dDsin((;)
dQ = pI'(Va + Un)dr - r — dDcos(B;) - r

Where the advance velocity, V4, was deter-
mined based on nominal wake fractions. dD
represents the frictional drag force, while the
induced drag is included in the above equa-
tions for dT and dQ.

Thrust and torque from each propeller were
found as the sum over dT and dQ, respec-
tively, and average of the angular positions.
The propulsive efficiency was then calculated
as

T Vg
(1 —t¢
-t

Where t is the thrust deduction fraction.
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Results and conclusion
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Optimisation

An interior-point algorithm, implemented in
the function "fmincon" in MatLab, was used to
find the optimal propeller geometry.

The objective was to minimise the effect de-
livered to the propellers, P, without cavitation
and with the propellers providing the required
thrust, 7T’..,, to maintain operational speed.

The RPM was optimised for each propeller,
while all propellers had the same blade area re-
lationship in each configuration. The pitch was
adjusted for each propeller by iteration such
that the effective angle of attack was sufficiently
small to prevent cavitation.
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A quadratic penalty method was used to force
the total thrust to be within 3% of 7..,. This can
be seen in the last term of the objective function.

Validation

Prior to inclusion of wake, the LL code was val-
idated against the open water diagrams given
in [2]. One of the diagrams is shown below. LL
results are subscripted v.

Open water diagram AE/A0=0.55, Z=4, P/D=1.2
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Below is plotted the propulsive efficiency of con- From potential theory it was expected that a con-
figurations with one to nine propellers in one figuration of five propellers would be most ef-
row. Based on validation of the LL code, only ficient. The influence of nominal wake are an-

four bladed propellers were analysed.

Efficiency plot for four bladed propellers
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ticipated to be the reason why the seven pro-
pellers shown below are most efficient. Nev-
ertheless, based on this work it is concluded
that the propulsive efficiency can be significantly
increased by the application of DEP. However,
more extensive analysis are recommended and
practical challenges remains to be investigated.

e Interaction effects between the propellers
were not accounted for

Resulting disk area and efficiencies for the configurations analyzed
row /col 1/1 | 1/2 1/3 1/4 1/5 1/6 1/7 1/8 1/9
Ap.tot|m?] | 624 | 1247 | 187.1 | 2494 | 311.8 | 2904 | 247.8 | 216.2 | 191.7
np[—] 0.78 | 0.81 0.78 0.84 0.83 0.87 0.89 0.84 0.87

e Skew and rake were not included
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