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ABSTRACT

The work described in this paper is a part of an extensive research
programme which aims at the development of high quality after-
bodies for large inland cargo motor ships in pusher trains. The
pushing operation in shallow water causes high load conditions and
necessitates a twin-screw propulsion system. Previous
investigations yielded a novel stern type with excellent performance
characteristics. The present study applies to further developments
of this stern type by optimising details of the propulsion system. In
this context, the lateral distance of the propellers as well as their
sense of rotation are altered and the effect on the available thrust
power to push barges are examined. The investigation is based on
tow-rope pull tests with self-propelled divided models and a hereon
adapted evaluation method. This procedure allows to explain the
advances obtained with the investigated variants by partial effects
as, for example, improved propulsion characteristics.

Keywords: Inland cargo ship, Tunnel stern, Twin-screw ship,
Lateral distance of propellers, Sense of propeller
rotation

efficiency of the motor ships in pusher
trains strongly depends on the stern shape.
Two high quality after-bodies with different

INTRODUCTION
he improvement and the further

development of large motor ships for a
service in pushed barge trains on inland
waterways aim at increasing the effective
thrust power or minimising the driving
power demand, respectively. Especially the
design of the after-body, including the
propulsion device, offers a potential for
optimisation. Due to the high load in the
pushing operation the motor ship generally
requires a twin-screw system. The propellers
are symmetrically arranged below the tunnel
of the after-body. The tunnelled
construction of the stern allows to realise
propeller diameters larger than the

minimum draught [1].
Former research work [2, 3] has been
conducted on different stern shapes of after-

bodies for future large inland cargo motor
ships. It could be demonstrated that the
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stern types of inland motor ships already in
service as well as a new developed
conception of the 80s were investigated in
model tests with identical middle- and fore-
body. In order to assure unequivocal results,
the tests covered a large set of parameters
with draughts t = 1.7 to 3.5 m and five
water depths in the range of h = 3.0 to 15.8
m. The novel stern type revealed its clear
superiority  especially at typical service
speeds. The after-body with this stern shape
allows to increase the ship’s thrust
performance by more than 20% compared to
the other two after-bodies.

During the above mentioned steps of
development the new stern shape was
always applied with an inward sense of
rotation and a constant lateral distance of
the propellers. It is established that the

A293



KAMAR

direction of rotation may strongly influence
the driving power demand [4]. Therefore, the
present work focuses on the effects on the
ship’s performance when changing the
sense of rotation and the lateral distance of
the propellers. The investigations are based
on the results of tow-rope pull tests with
self-propelled divided models which have
been carried out by the Duisburg Towing
Tank and Research Institute for Shallow
Water Hydrodynamics (Versuchsanstalt fiir
Binnenschiffbau Duisburg, VBD) [2, 5].
Draughts and water depths of the above
mentioned parameter range have been
selected with ratios between H/t= 1.43 to
3.0 in order to keep the experimental efforts
within bounds. The present work comprises
the first complete analysis of the
experimental results.

INVESTIGATED MOTOR SHIP AND
VARIATIONS

The considered after-body is designed for
large inland motor ships with a length of
105 m and a breadth of 11.4 m. The ship
shall operate as a pushing unit in trains
with up to three barges. The length of the
tunnelled after-body which comprises the
propulsion system is twice, the length of the
fore-body approximately 1.5 times the ship’s
breadth. Both lengths are measured by
reference to the transition to the parallel
middle-body. The variations considered in
the frame of this work concern exclusively
the lateral distance of the propellers, in
effect 52% and 36% of the ship’s breadth,
and their sense of rotation, inward and
outward. The propellers themselves and the

rudder device are not modified. Table 1

indicates the various parameter
combinations as well as the water depths
and draughts.

Figure 1 shows the body-plans of the
after-body for both propeller arrangements
and illustrates, that the alteration of the
lateral distance does not change the shape
character of the stern. This stern type is
named Gondola-stern. It was designed in
analogy to arecently developed stern shape
for relatively shallow-draft full-form seagoing
vessels [6]. The hull form beneath the

tunnel roof may be divided in outer side-
parts and the Gondola-shaped -central
middle-part. The side-parts are
characterised by gradually rising buttock-
lines and more or less horizontal sections
with angled transitions to the Gondola-part.
This Gondola-part resembles a strongly
thickened keel fin. It reveals steep sections
and slender water lines. The inflow of water
to the propeller disks arrives mainly from
the sides and from below. As pointed out in
References 6, this stern type entails a
favourable wake distribution.

Table 1 Parameter set
Water | Draught | Propellers’ Lateral Sense of rotation
depth Distance[% of ship’s
[m] (m] breadth] (-]
3.5 1.7 52/ 36 inward
7.5 2.5 52 / 36 inward
5.0 3.5 52/ 36 inward
3.0 2.5 52/ 36 outward
3.5 2.0 52 in-/ outward
5.0 2.5 52 in-/ outward
5.0 3.5 52 in-/ outward

TOW-ROPE PULL TESTS WITH DIVIDED
MODELS AND EVALUATION METHOD
An alteration of the propellers’ lateral
distance or of their sense of rotation does
not only influence the flow around the after-
body and the flow conditions at the
propellers. It also affects the flow around the
remaining ship’s body and its flow
resistance. When considering the after-body
being a propulsive unit, the effects due to a
modification of the propulsion device are
reflected in changed propulsion
characteristics and simultaneously in a
changed thrust demand of the forward
loaded part, the fore- and the middle-body.
In addition, the available thrust power of the
motor ship in pusher trains may be changed
as well. In order to take these effects into
account during the evaluation of the
variants, tow-rope pull tests with self-
propelled divided models scaled 1:16 have

been performed by the VBD.
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Figure 1 Body-plan of the investigated after-body

It is evident that the models were divided
between the propulsive and the loaded part.
The joint was equipped with a dynamometer
in order to measure the force acting from the
after-body on the remaining forward part of
the vessel, the so-called effective thrust. The
thrust demand of barges was simulated by
tow-rope pulls acting externally on the
loaded part. For each test series the tow-
rope pull Fp, the effective thrust Fp* and the
shaft power Pp are available for different
speeds. The effective thrust demand of the
loaded part follows from the difference

Fp* Fbp.

The comparison of results from two test
series with the stern shapes 1 and 2 at
identical speed and identical shaft power
allows to define the evaluation system below
[3, 5]. The overall rating corresponds to the
ratio of the tow-rope pulls Q:

E, *
Q=%"= Q-Q (1)
P2
which represents a rating value for the
forces available for pushing additional
barges. Equation 1 contains as partial rating
factors the ratio of the effective thrusts or of
the effective thrust efficiencies, respectively,
Q*:
. FI:I m
) =i (2)
Fo, 7,

and the ratio of the tow-rope pull rates Qr:

Qe At (3)

Q* may be considered as rating value for the
propulsion qualities and Qr as rating value
for the impact of the stern shapes. An
additional rating factor may be introduced
which presents the ratio of the effective
thrust demands of the loaded part:

(F;_FP)I
(F}: —Fp)z

In order to assure a correct relation of
the partial effects in Equation 1 even in the
particular case of an identical effective
thrust demand, Equation 3 is transformed
into:

Q _'Q “Q.\"(l“fpz) (5)
f Q* ? f '

Supposing an identical effective thrust
demand Qn = 1 the so-called neutral tow-
rope pull ratio can be deduced from
Equation 5:

Q' +f,, -1
I 6
Qﬂ\ Q i f " ( )

Thereby, the overall rating Q can be
expressed by modified partial rating factors:

* Qf
Q=Q-Qy-
N Qu
All three rating factors, the overall rating Q,
the relative influence of the propulsion
quality Q*Qm and the relative influence of
the stern shape Qr/Qm indicate advantages

(4)

N

(7)
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for stern shape 1 by values >1 and
advantages for stern shape 2 by values <1.
Within the framework of the evaluation, all
rating factors are calculated for the four
shaft power levels PD = 1000, 1500, 2000
and 2500 kW. These levels cover the driving
power demand for a pushing operation with
up to three barges.

ANALYSIS OF RESULTS

In a first step, the diminution of the
propellers’ lateral distance from 52% of the
ship’s breadth (variant 1) to 36% (variant 2)
will be considered. Figure 2 shows the
rating factors of Equation 7 as function of
speed for inward rotating propellers at a
ratio water depth to draught of h/T 7.5
m/2.5 m. In the lower speed level, there are
only slight differences. However, at speeds V
< 6 km/h variant 1 reveals more and more
advantages, (Figure 2-a). Especially at lower
power levels, the available tow-rope pulls
are significantly higher at the large lateral
distance of the propellers. Taking the partial
rating factors into account, one can clearly
see that this result is mainly due to a higher
propulsion quality, (Figure 2-b). This effect
even predominates the favourable stern
shape effect of the variant 2 in case of high
shaft powers and speeds in the range of V >
12 km/h, compare Figure 2-c, where the
small lateral distance causes a greater tow-
rope pull rate or a smaller effective thrust
demand for the identical load part,
respectively.

The other ratios water depth to draught
reveal in quality a similar speed-depending
behaviour of the rating factors, also for
outward rotating propellers. The final
evaluation and selection of the propellers’
lateral distance is performed on the basis of
rating factors in the range of service speeds
of pushed barge trains. The reference are

empirical values of the VBD, (see Table 2)

which are based on the values indicated in
References 7.

Q h/T=75m/25m
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Figure 2 Comparison of large/small lateral distance,

inward rotating propellers
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le 2 Tvyical service speeds

[Water | Draught | Service speeds [kiti/h]
|depth | [m] for shaft powers:
| [m
1 fm] 1000 | 1500 2000 | 2500 kW
1 kW kW KW
3.5 1.7 12.3 1 13.0 13.7 114.3
3.5 2.0 11.6 112.3 13.0 { 13.6
15.0 2.5 13.3 | 14.0 14.7 [ 15.5
B7.5 2.5 14.0 | 14.8 15.7 116.5

5.0 3.5 11.0 [ 11.6 12.3 ! 13.0

In Figure 3, the rating factors for the
comparison  of large and small lateral
distances of the propellers at the service
speeds are given as function of the shaft
power for all investigated cases. For all
parameters, variant 1 with large lateral
~ distance reveals better  propulsion
- characteristics, (see Figure 3-b). The flow
- conditions at the two screws are obviously
more suitable than in case of & small lateral
distance where the flow may be affected by
interactions. Though, for a large lateral
distance, the influence of the stern shape is
disadvantageous, (see Figure 3-c). Except
the lowest power level, there are always
slight advantages for variant2 with the
smaller lateral distance, especially in case of
the greatest draught of 3.5 ma or of the
smallest ratio of under keel clearance to
water depth (h-T)/h, respectively. The latter
one dominates the overall rating at this
draught, (see Figure 3-a) and the small
lateral distance enables therefore higher
tow-rope pulls in the power range Pp > 1,000
kW. However, for the other draughts the
large  lateral distance is preferable.
Especially at the smallest draught of 1.7 m,
the tow-rope pulls are significantly higher by
7% to 15% than the results obtained with
variant 2. Furthermore, Figure 3-a clearly
shows -that the formation of average values
of the. rating factors over all parametersh
and T leads to a positive evaluation of
variant 1 for all power levels. Therefore, the

variant with the large lateral distance seems
to be the more optimal soluticn and will be
further investigated concerning  the
propellers’ sense of rotation.
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Figure 3 Comparison of large/small lateral distance
at service speeds, inward rotating propellers
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Figure 4 exemplary shows the rating
factors versus the speed for the comparison
of outward rotating propellers, variant 1,
with inward rotating ones, variant 2, at the
ratio h/T = 3.5 m/2m. In the whole
parameter range, the inward sense of
rotation is favourable compared to the
outward one, (see Figure 4-a).

The partial rating factors elucidate that
this effect is due to the better propulsion
characteristics, same as in case of the
comparison of the propellers’ lateral

distances. At high speeds V> 12 km/h, the

good propulsion quality is supported by an
advantageous stern shape effect, (Figure 4-
).

Figure5 presents the overall rating
factors at service speeds. Figure 5-a
indicates, that the positive characteristics in
case of inward rotating propellers decrease
with increasing draught. However, variant 2
keeps its advantages at all investigated
parameters. The tow-rope pulls are higher
by up to 9% compared to those measured
with variant 1. Figures 5-b and 5-c show,
that this result is always due to the better
propulsion characteristics. Also for a
draught of 3.5 m, the latter ones play the
decisive role although in this case the stern
shape effect is especially detrimental,
compare Figure 5-c.

The several times mentioned stern shape
effect rated by Qf/Qm is mainly
characterised by the ratio of tow-rope pull
rates. This ratio implicitly contains a
changing of the effective thrust demands for
the always constant loaded part. To
emphasise the order of magnitude, Figure 6
shows the ratios Qn of the effective thrust
demand according to Equation 4 at service
speeds for all considered comparisons. The
differences of the effective thrust demand
which are exclusively caused by an
alteration of the propulsion system, are
unexpectedly high.
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Figure 4 Comparison of outward/inward rotating

propellers, large lateral distance
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Figure 5§ Comparison of outward/inward rotating

propellers, large lateral rotating propellers
at service specds,

For shaft powers above approximately
1,200 kW the large lateral distance of the

propellers causes an increase of the effective
thrust demand by up to 15% compared to
the small one, (see Figure 6-a). In case of
the lowest investigated power level the
differences are less important and depend
on the rotation sense. Figure 6-b shows the
results of the comparisons of outward with
inward rotating propellers at large lateral
distance. Obviously, at the lowest shaft
power the outward sense of rotation
decreases the effective thrust demand by up
of 10%. With increasing power the
conditions further improve at a draught of

3.5m. Thereby, the effective thrust demand

of the loaded part is smaller by even up to
19% compared to the case of inward rotating
propellers. On the contrary, at draughts of

2m and 2.5 m, inward rotating propellers

give rise to a smaller effective thrust demand
which is lower by up to 13% compared to
the one of the referential variant. In the
overall rating of the variants, the stern
shape effect is decisive only in case of the
comparison of the lateral distances at a

draught of 3.5 m, (compare Figure 3-a).In

all other cases the propulsion quality
predominates. Summing up it can be stated,
that alarge lateral distance of the propellers
and an inward sense of rotation is
recommended for the investigated after-body

type.
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Figure 6 Ratio of the effective thrust demands at service speeds

CONCLUSIONS AND PROSPECTS

The present investigation deals with a
further optimisation of a recently developed
new stern shape for large twin-screw inland
motor cargo ships operating in pushed barge
trains. The alteration of the propellers’
lateral distance and of their sense of rotation
aims at determining the most efficient
variant. The investigations are based on tow-
rope pull tests with self-propelled divided
models. In the context of the results’
analysis an overall rating is defined. The
latter is based on the comparison of the tow-
rope pulls which simulate the forces
available for pushing the barges. The
model’s division between the after-body and
the remaining part of the ship, e.g. the fore-
and middle-body, allows to measure the
forces exerted by the after-body and acting
at the interface. In addition to the overall
rating, this test method allows to evaluate
the influences of the  propulsion
characteristics and of the stern shape of the
after-body. '

The alteration of the propellers’lateral
distance for the herein investigated after-
body type proved that the large lateral
distance is more efficient than the smaller

one at draughts in the range of 1.7 m to 2.5
m and over the power range for a pushing
operation with up to three barges, 1,000 kW
to 2,500 kW. These results are clearly due to
the superior propulsion characteristics. In
case of the greatest draught of 3.5 m, this
result is only valid at the lowest power.
When increasing the power level, this after-
body causes a comparatively high effective
thrust demand for the loaded forward part of
the ship. Consequently, the thrust power
available for pushing barges is smaller
compared to the use of variant with a small
lateral distance. However, the large lateral
distance offers on an average a thrust
performance which is higher by 4.5%
without influence of the propellers’ sense of
rotation. In case of this after-body, the
alteration of the propellers’ sense of rotation
shows advantages for the inward sense of
rotation over all parameters. This effectis
due to better propulsion characteristics, too.
On an average, the improvement of the
thrust power is 4.6% compared to the
outward rotating variant. Consequently, the
after-body type with a large lateral distance
of the propellers and an inward sense of
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rotation is rated to present the more optimal
solution. ‘

However, the design of the tunnel region
offers further potential of optimisation.
Therefore, the herein preferred after-body
shape with a large lateral distance of the
propellers may be optimised further on. This
will be investigated in another study in
which especially the effects of an alteration
of the degree of fullness and of the tunnel’s
length before the propeller plane will be
investigated.

NOMENCLATURE
fr tow-rope pull rate:  fp = Fp / Fp*
Fp tow-rope pull
Fp* effective thrust of the ship’s after
-body
h water depth
Pp shaft power
Q tow-rope pull ratio

C)* ratio of effective thrusts and of
effective thrust efficiencies

Qr ratio of tow-rope pull rates

Qm neutral tow-rope pull ratio

Qn ratio of effective thrust demands

T draught

A% speed
n* effective thrust efficiency:
n* = Fp*V/ Pp
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