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Fig. 10 Photograph of model during LAHPMM tests in shallow water

creased to approximately equal the ahead power. This has the
potential benefit of increasing astern thrust and, therefore, re-
ducing stopping time. The impact of increased astern power on
the propulsion machinery was not studied in any detail. The size
of the turbine would have to be increased and additional boiler
capacity would be required. Based on these considerations it was
estimated that the capital cost would be increased to 1.07 and the
RFR to 1.03 relative to the 100 000-ton displacement baseline
ship. The technical implications of increased astern power are
discussed in reference [6].

Maneuvering propulsion devices. A wide range of maneu-
vering propulsion devices have been proposed and installed on
ships. The two types considered in this study were the conven-
tional tunnel thruster, which is widely used, and the active
rudder.

The active rudder consists of a submerged electric motor
mounted on the ruddér and driving a small propeller in a Kort
nozzle. This concept is well known but not widely used. The ad-
vantage of maneuvering propulsion devices is that their effec-
tiveness does not depend directly on the direction and speed of
the main propeller rotation. It is true, however, that their effec-
tiveness does depend on forward speed with effectiveness de-
creasing with increasing speed. It was estimated that a tunnel
thruster system installed on the baseline ship would increase the
capital cost 1.004 and the RFR 1.0017 relative to the baseline
ship. The costs for an active rudder were assumed to be sim-
ilar.

High-lift rudders. Control over the heading of a vessel can
be improved by increasing the forces and moments generated by
the rudder. This results in the consideration of various types of
high-lift rudders. The concepts considered in this study included
flapped rudders using both mechanical flaps and jet flaps and
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Fig. 11 Photographs of twin-screw model stern configuration

a rotating cylinder at the leading edge of the rudder. The rotat-
ing-cvlinder concept, which was extensively studied in England,
allows the flow over the rudder to remain attached at very high
angles of attack so that large forces are developed. A disadvantage
of high-lift rudders is that they depend on flow over the rudder
and thus their effectiveness is reduced when flow velocities are
small (that is, when the propeller is stopped or going astern). For
the purposes of this study it was assumed that all of the high-lift
rudder concepts would involve about the same amount of com-
plexity and cost. The estimated capital cost ratio was 1.003 and
the RFR ratio 1.0013 relative to the baseline ship.

Thrust vectoring devices. Thrust vectoring devices are in-
tended to control the heading of a vessel by directing the pro-
pulsion thrust. The concepts considered included a steerable Kort
nozzle and the so-called kitchen rudder. The steerable Kort
nozzle is a cross between a high-lift rudder and a thrust vectoring
device. It is effective when the propeller is rotating ahead or as-
tern and retains limited effectiveness when the propeller is
stopped. The steerable Kort nozzle has the further advantage
that the propulsive efficiency is slightly improved. Based on the
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PROFILE VIEW
Fig. 12 Photographs of HSMB Model 7905-1 fitted with steering Kort nozzle

model tests, this improvement in propulsive efficiency reduces
the average required power (full load and ballast) about 2.4
percent. Figure 12 shows the conversion of the single-screw model
to the steering Kort nozzle configuration.

The kitchen rudder is an unusual device in that it is a cross
between a steerable nozzle and a bucket-type thrust reverser. The
modes of operation are shown in Fig. 13 along with photos of the
model. In concept, the propeller rotates ahead at all times and
zero or reverse thrust is obtained by closing the rudder. Since the
rudder can be rotated, control of heading can be maintained in-
dependent of net thrust or its direction. The major disadvantage
of this concept s the unknown structural problems associated
with an installation of a size suitable for the baseline vessel. The
model tests showed an average 1.6 percent savings in power.

In order to further understand the performance of the thrust
vectoring device concepts it is useful to compare the basic control
forces generated. Figures 14-16 present the yawing moment, N,
generated by the baseline rudder, the steering Kort nozzle and
kitchen rudder as a function of rudder angle for three operational
conditions. Figure 14 is for normal ahead operation. The baseline
rudder is most effective at small angles because of its larger area.
Due to its large angle at stall, the steering Kort nozzle can gen-
erate about 10 percent greater turning moments at maximum
rudder angle. Figure 15 applies to the condition of low ship speed
and high propeller rpm such as exist during an accelerating or
kick turn. Both of the thrust vectoring devices are significantly
more effective than the baseline rudder. Figure 16 applies to the
condition of ahead ship speed and high astern rpm'’s or, for the
kitchen rudder, a closed condition and ahead rpm’s. The con-
ventional rudder generates almost no control force. Both of the
thrust vectoring devices are effective with the kitchen rudder
giving about twice the moment of the steering Kort nozzle.

The net thrust available to stop the vessel is also of significance.
The model tests show that at an n of —3 (say 3 knots ahead speed
and full astern rpm) the steering Kort nozzle generates almost
30 percent more stopping force then the conventional arrange-
ment. The closed kitchen rudder at n of —3 generates about 50
percent more stopping force than the conventional arrangement.
This is most significant since with the kitchen rudder the full
ahead power is available because the direction of propeller
rotation is not changed. A ship equipped with a kitchen rudder
will have greatly improved stopping performance.
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STERN VIEW

Estimates were made of the effects of the thrust vectoring
concepts on capital cost and RFR of the baseline vessel. The re-
sults were:

Kitchen Rudder Steerable Kort Nozzle
Capital cost ratio 1.008 1.004
RFR ratio 0.996 0.993

Maneuvering performance with concepts for
improved controllability

Evaluation maneuvers. In order to illustrate the effectiveness
of various concepts for improved controllability, it is useful to
define maneuvers which demonstrate performance and which
are related to the types of controllability identified from the ca-
sualty analysis. On this basis, a number of controllability evalu-
ation maneuvers were defined; see Table 5. The relationship
beween these controllability evaluation maneuvers and the types
of controllability identified in the CRG casualty analysis is de-
fined by the matrix presented in Table 6.

Maneuvering performance. As indicated in previous sec-
tions, the effect of each of the concepts for improved controlla-
bility on maneuvering performance was quantified by simulation
studies. A series of controllability evaluation maneuvers was

. defined, as listed in Table 5, and the baseline ship equipped with

each concept was rur in these maneuvers. All maneuvers were
based on shallow water with a depth-to-draft ratio of 1.2. The
resulting trajectories are presented in Figs. 17 through 23. There
is one figure for each maneuver and the results for all concepts
of interest are presented. The performance of the baseline ship
is presented for reference in each figure. The results of the steady
turning maneuvers are presented in Fig. 17. The rotating cylinder
rudder has the best performance followed by the steerable Kort
nozzle, kitchen rudder, and jet flap rudders. The ability of the
twin-screw configuration to maneuver with only one rudder and
propeller operational is also illustrated. Figure 18 presents the
results of the accelerating turns. Again, the rotating cylinder
rudder, steerable Kort nozzle, and kitchen rudder have the best
performance. The use of a bow thruster significantly reduces the
headreach during the portion of the turn when speed is low. It
has much less effect on the tactical diameter. The results of the
coasting turning maneuver are presented in Figure 19. Relative
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Photographs of Mode! 7905-1 fitted with kitchen rudder

Fig. 13  Kitchen rudder arrangement

to other turning maneuvers, performance is greatly reduced.
Figure 20 presents the results of the stopping turning maneuvers
for an approach speed of 8 knuts. In general, the thrust vector-
concepts, that is, the steerable Kort nozzle and the kitchen rud-
der, have the best performance. The results of the normal 20-20
zigzag maneuvers are presented in Fig. 21. Figure 22 presents the
results of the coasting zigzag maneuvers.

Figure 23 presents the results of the stopping maneuvers. The
results for stopping maneuvers from speeds of 8 and 4 knots are
shown. The kitchen rudder significantly reduces the headreach
during a stop.

Evaluation of concepts

At this time it is not possible to make a definitive prediction
of the effect of an improvement in ship controllability on the CRG
casualty rate. It is useful, however, to make some first-order es-
timates which can give some feel for which concepts for improved
controllability are most likely to be cost effective.

Based on the information presented in the first section of this
paper, it was shown that an average U.S.-flag tanker could be
expected to be involved in about three CRG casualties in a 20-
vear life in which improved controllability might be helpful.
Table 2 shows that the average total cost of these casualties will
be about $0.6 million, neglecting inflation and not discounting
to present worth. This does not include the costs associated with
the major catastrophies, which for the time period covered oc-
curred once in each 50 incidents. Assuming an average of three
CRG casualties in a 20-year life, the costs of these major ca-
tastrophies add an additional average total cost of about $3.5
million for the baseline 84 000-dwt ship (that is, 3 X Y5, X value
of ship). This gives an average total cost of about $4.1 million for
a ship lifetime for CRG casualties in which improved controlla-
bility might be helpful. This is about 6 percent of the initial cost
of the ship and about 1 percent of the total life-cycle costs.

Thus, based on a rather narrow benefit/cost ratio concept,
improvements in controllability that increase ship cost 6 percent
or life-cycle costs 1 percent are not justified, but improvements
that increase ship cost 1 or 2 percent and life-cycle costs % or
Y10 of a percent may be justified. Using these groundrules, the
concepts considered in this study could be evaluated as fol-
lows:
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Schematic flow ano operating diagrams for a kitchen rudder

Positive benefit/cost ratio:
Thrust vectoring devices including steering Kort nozzles
and kitchen rudder.

« High-lift rudders.

Once developed, the thrust vectoring devices will have ac-
ceptable initial costs and will reduce life-cycle costs due to their
favorable effects on propulsion performance. They will also have
the greatest effect on the CRG casualty rate because of significant
improvements provided in low-speed control, control while
slowing down and, for the kitchen rudder, reduction in stopping
distance. High-lift rudders have very small impact on initial and
life-cycle costs. They will have a much smaller effect on the CRG
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