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a b s t r a c t

The course-keeping stability of a high speed planing boat should be considered at the design stage for its
safe operations. The shape of waterjet intake plane is one of important design parameters of a waterjet
propelled planing boat. That has significant influences on the stern flow patterns and pressure distri-
butions. In this study, the effects of the waterjet intake shapes of planing boats on the course-keeping
stabilities are investigated. Two kinds of designed planing boats have the same dimensions, but there
are differences in waterjet intake plane shapes. Captive and free-running model tests, Computational
Fluid Dynamics (CFD) analyses are carried out in order to estimate their hydrodynamic performances
including course-keeping stabilities. The results show that the flat and wide waterjet intake plane of the
initially designed boat makes the course-keeping stability worse. The waterjet intake shape is re-
designed to improve the course-keeping stability. The improved performances are confirmed by free-
running model tests and full-scale trials.
© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Waterjet propulsion systems are often used for high speed
planing boat due to superior efficiencies at high speeds. When the
inboard waterjet systems are installed on the boat, waterjet
impeller, duct and intake dimensions should be carefully designed
for good hydrodynamic performance of the boat. A flat waterjet
intake plane located at the bottom stern may provide smooth
inflow into the waterjet duct. The shape of waterjet intake plane
can have significant influences stern pressure fields and hydrody-
namic performance of the planing boat.

For the safe operation of a planing boat in the high speed region,
dynamic stability as well as powering or seakeeping performance
should be considered at its early design stage. The International
Towing Tank Conference (1999) classified the dynamic stability of
high-speed vessels into the transverse stability, longitudinal
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stability, and course-keeping stability. Even though a boat is suffi-
ciently stable at zero speed, it may lose longitudinal or transverse
stability at high speeds owing to dynamic attitude change. The
course-keeping stability concerns sudden increase of unexpected
yaw motion, commonly caused by the large roll motion.

The course-keeping stability of high-speed vessels has been
researched. Baba et al. (1982) studied roll-induced course in-
stabilities of high speed vessels. Sway-roll-yaw coupled simulations
were conducted by mathematical models, whose hydrodynamic
coefficients were obtained by captive model tests. It was found that
the metacentric height of high speed vessels had significant effects
on the course stability, and that could be improved further by using
spray strips. Types of instabilities of high speed vessels were
categorized by Cohen and Blount (1986). Codega and Lewis (1987)
studied instability phenomenon of a planing boat by full-scale ex-
periments including bottom pressure measurements. Blount and
Codega (1992) suggested model tests for the prediction of the dy-
namic stability of a planing boat, such as trim-speed test, dynamic
inclining test. Lewandowski (1997) proposed linearized sway-roll-
yaw coupled equations and empirical formulas of linear hydrody-
namic coefficients. Dynamic stabilities of planing crafts were
analyzed. Transverse stability losses of planing crafts were
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simulated by Katayama et al. (2006). The instabilities can occur due
to change in running attitudes, and they are also related to the
directional stability loss. Yasukawa et al. (2006) studied the
maneuverability and course-keeping stability of a planing boat
depending on skeg geometry. Kim et al. (2011) examined the dy-
namic stability of a high speed vessel depending on its running
speeds. Park et al. (2011) investigated the effects of stern append-
ages on running attitudes and course-keeping stability of a planing
boat. Kim (2012) experimentally studied the effects of running at-
titudes of a planing boat on course-keeping stability. Model tests
were performed with variations of trim tab and skeg dimensions.
Recently Park et al. (2017a) showed that the waterjet intake shape
affects the hydrodynamic performance of a planing boat by
Computational Fluid Dynamics analyses. Resistances, trim angles
and sinkages were significantly varied with the waterjet intake
shapes. Park et al. (2017b) studied the effects of the waterjet intake
shapes on the resistance performance, running attitudes, and
sectional forces of three kinds of planing boats.

As stated above previous researches, course-keeping stability
should be carefully estimated on the design of high speed planing
boats through numerical or experimental approaches. The presents
study concerns design of a high-speed planing vessel with waterjet
propulsion, to improve the course-keeping stability. As a comple-
mentary research, captive and free-running model tests, CFD ana-
lyses, and full-scale trials were conducted. Two planing boats hulls
with waterjet intake plane geometry variation were design and
tested. One showed lesser course-keeping stability, thus the reason
was investigated by captive model tests and CFD analyses. Free-
running model tests and full-scale trial was performed to confirm
the course-keeping stability.

Two kinds of planing boats have the same dimensions except
the waterjet intake shapes. During the free-running model tests,
one planing boat loses course-keeping stabilities at high speeds.
Based on captive model tests and CFD analyses, waterjet intake
plane shape is modified on the design of the other planing boat so
that the boat has better course-keeping stability. The improved
performances are confirmed by free-running model tests and full-
Table 1
Principal dimensions of Hull C.

Dimension Full

Length overall, LOA [m] 8
Length of waterline, LWL [m] 7
Breadth [m] 2
Draft [m] 0
Displacement [kg] 3
Longitudinal center of gravity from AP [m] 2
Deadrise angle [�] transom

midship
Waterjet intake plane area/

(LWL*Breadth) [%]
C1
C2

Fig. 1. Side views of C1
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scale trials.

2. Outline of the study

The principal dimensions of the planing hull (hereafter, Hull C)
are summarized in Table 1. Full-scale boat length overall is 8 m, and
its maximum speed is 45 knots. The deadrise angle varies from 16�

at the stern to 24� at the mid-ship. Side and bottom views of two
kinds of candidate hulls are shown in Fig. 1 and Fig. 2. Hull C1 and
C2 have the same hull form, except the waterjet intake shape. The
height of waterjet impeller axis of C1 is the same as the draft at zero
speed. On the other hand, C2 is designed so that its waterjet
impeller axis is lower than the draft. Thewaterjet intake plane of C2
is smaller than that of C1.

Fig. 3 shows the flow chart for the present study. During 1/2.35
scaled free-running tests at high speeds, C1 lost course-keeping
stability. Thus, C2 was designed for better course-keeping stabil-
ity. The course-keeping stabilities of C1 and C2 were estimated
through model tests and CFD analyses. Running attitudes during
straight-course runs were investigated as well. The course-keeping
stability was assessed in terms of levers of sway force and yaw
moment. The levers of sway damping forces (lv’) were obtained by
oblique towing tests and CFD analyses. In addition, CFD analysis on
pure yaw tests were performed to acquire the levers of yaw (lr’).
Free-running tests were performed to confirm course-keeping
stability in waves. Finally, a full-scale boat of C2 with an
improved waterjet intake plane was constructed, and its improved
performances were confirmed by full-scale trials.

3. Experimental and numerical approaches

3.1. Experimental studies

3.1.1. 1/2.35 scaled free-running model tests of C1 in calm water
The 1/2.35-scaled model of C1 was constructed, and free-

running model tests were performed in a lake. The diameter of
the waterjet impeller was 115 mm. A remote-controlled 35 HP
-scale Model (1/2.35) Model (1/6.5)

.000 3.404 1.231

.539 3.208 1.160

.300 0.979 0.354

.445 0.189 0.068
000 231.8 10.924
.647 1.126 0.407

16
24

13.40
5.15

and C2 hull forms.



Fig. 2. Bottom views of C1 and C2 hull forms.

Fig. 3. Flow chart of hull designs and performance analyses.
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engine was installed. The maximum speed of the model boat was
12 m/s, which corresponded to full-scale speed of 36 knots. Fig. 4
and Fig. 5 show the free-running model boat and its free-running
model test in a lake, respectively. Further details of the tests are
introduced by Kim et al. (2015).
3.1.2. 1/6.5 scaled captive model tests of C1 and C2
The 1/6.5-scaled bare hull models of C1 and C2 were con-

structed for towing tests. Straight and oblique towing tests were
performed in a towing tank at Seoul National University. The length
and breadth of the tank were 110 m and 8 m, respectively. Figs. 6
and 7 show the straight and oblique towing test, respectively. De-
tails of straight towing tests are introduced by Kim et al. (2016,
2017). Straight towing test speed condition corresponds to 5 to 45
587
knots in the full-scale, with the intervals of 5 knots. Heave and pitch
of the model ship were set free to measure the running attitudes
such as sinkage and trim angle. The speeds of oblique towing tests
ranged from 10 to 30 knots. The models were fully captive as the
dynamic attitude of the model in the straight towing tests, and
sway forces and yaw moments on the horizontal plane were
measured.
3.1.3. 1/6.5 scaled free-running model tests of C1 and C2 in waves
1/6.5-scaled free-running models of C1 and C2 were prepared

for the free-running tests in waves. The tests were carried out in
QinetiQ ocean basin (Hampshire,UK). The length and breadth of the
basin were 121 m and 61 m, respectively. Self-propulsion and
steering systems, motion measurement devices, onboard PCs, and



Fig. 4. 1/2.35 free-running model of C1.

Fig. 5. Outdoor free-running model test in calm water.
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batteries were installed on the model. The positions of the model
were measured by a Qualysis system. Because the course-keeping
stability of C1 was extremely poor in the free-running tests in the
calmwater, C1 wasmodified to have a pair of fixed fins on the stern.
Fig. 8 shows the stern of hull C1 and C2. Lateral area of each fin is
0.98 percent of lateral projected area of the hull under the free
surface at zero speed. More details are introduced in the research
Fig. 6. Straight tow
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by Kim et al. (2015). ‘FinM’ in the research is adopted on the present
C1 model. Fig. 9 shows an example of free-running model test in
waves.

3.1.4. Full-scale trials of C2
A full-scale hull of C2 was built for sea trials. A single waterjet

and a 440 HP engine were equipped on the boat. The impeller
diameter was 310 mm.

The details of the full-scale boat and its sea trials are also
described in the research by Kim and Kim (2017). Figs. 10 and 11
show the full-scale boat of C2 and, the snapshot of the full-scale
trial.

3.2. CFD analysis

Virtual straight-course, oblique towing and turning tests were
performed using a CFD code, SNUFOAM. SNUFOAM is based on
OpenFOAM, an open source CFD toolkit, SNUFOAM is specialized
for analysis of planing boat cases with six degree of freedom mo-
tions using grid transformation. The volume of fluid method was
adopted to treat the free surface. ‘Dynamic compression method’
was developed and applied to minimize the spread of solutions
which may cause non-physical phenomena. Both upwind and
downwind differencing schemes were simultaneously used. The
ing model test.



Fig. 7. Oblique towing model test.

Fig. 8. 1/6.5 free-running model sterns of C1 (left) and C2 (right).

Fig. 9. Indoor free-running model test in waves.
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detailed method is also described in the research by Lee and Rhee
(2012, 2013).

3.2.1. Straight towing conditions
As shown in Fig. 12 and Park et al. (2019)'s previous research,

structured half-body grids were generated using a symmetry plane.
589
The number of cells was approximately 1.3 million, and a dense grid
was generated near the free-surface and hull. The grids were
created by using GRIDGEN 15.8 (Pointwise, Fort Worth, Texas).

The Dirichlet boundary conditions were applied on inflow ve-
locity and hydrostatic pressure. The Neumann boundary conditions
were applied on outlet velocity, volume flow rate, and hydrostatic



Fig. 10. Full-scale boat of C2.

Fig. 11. Full-scale trial.
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pressure. The first-order Euler implicit, second-order upwind, and
second-order central difference schemes were used as the time-
stepping, convection, and diffusion methods, respectively. The
turbulence model used was realizable k-epsilon model, which
Fig. 12. Grid generation for CFD analys

590
provides good performance for strong adverse pressure gradients
and separation. The velocityepressure coupling scheme was pres-
sure implicit with splitting of operators. The calculation domain
was �1.0 L < x < 2.0 L, 0 < y < 1.5 L, and �2.0 L < z < 1.0 L, where L
is with straight towing conditions.



Fig. 14. Boundary condition for CFD analysis with turning conditions.
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denotes the boat length. Translation and rotation of inner zones
should be implemented to obtain heave and pitch motions. The
cyclicAMI boundary condition and grid deformation method were
used to calculate heave and pitch motions.

3.2.2. Oblique towing conditions
The drift angles on calculations are up to 1.5�, they are very

small. So sinkages and trims on oblique towing calculations are
fixed so that they are identical to those in straight-course towing
model tests. The second-order CrankeNicolson, second-order up-
wind, and second-order central difference schemes were used as
the time-stepping, convection, and diffusion methods, respectively.
k-omega shear stress transport (SST) model was used as the tur-
bulence model, which provides good performance for the condi-
tions of sensitive free streams, such as oblique towing conditions.
The Dirichlet boundary conditions were applied for inflow velocity
and outflow pressure. The Neumann boundary conditions were
applied for inflow pressure, outflow velocity and volume flow rate.
Fig. 13 shows the grids used in the virtual oblique towing tests. The
grid was created by snappyHexMesh, which is the auto-grid-
generation utility of OpenFOAM. The number of cells was approx-
imately 1.0 million. The calculation domain was �3.5 L < x < 12 L,
-3 L < y < 3 L, and -4 L < z < 2 L.

3.2.3. Turning conditions
The Moving Reference Frame (MRF) method was applied to

perform the turning calculations. The MRF method consists of the
governing equations of relative velocities, based on a rotating co-
ordinate system. The Coriolis forces and centrifugal force terms
were added to the momentum conservation equations. The rect-
angular domain used in turning calculations are shown in Fig. 14.
The Dirichlet boundary condition was applied to the turning
velocities.

4. Free-running model test of C1 in calm water

Free-running model tests of the 1/2.35 scaled C1 model were
performed in a lake to investigate course-keeping stability in calm
water. The course-keeping stabilities of the boat were confirmed at
the model speeds corresponded to the full-scale speeds of 20 and
35 knots.

Figs. 15 and 16 show the time series of the yaw angles, yaw rates,
and nozzle angles during straight-course runs with autopilot con-
trols. All physical quantities are represented as full-scale values to
be compared with the full-scale trial results directly. As shown in
Fig. 15, the model boat has good course-keeping stability at 20
Fig. 13. Grid generation for CFD analys
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knots.
Fig. 16 shows that the model boat rapidly turns at 44e45 s

before the speed reaches 35 knots, with rapid decrease of the
advance speed. At high speeds the bow is above the free surface due
to running trims, the stern and waterjet intake take large portion of
wetted hull surface. Fig. 17 shows the snapshots at the end of 35
knots run. Large flat-shaped intake plane of C1 may cause poor
course-keeping stability.

5. Resistance performance depending on waterjet intake
shapes

5.1. Straight towing tests of 1/6.5 scaled bare hull models

Straight towing tests were performed for the 1/6.5 scaled bare
hull models of C1 and C2. Fig. 18 describes resistance, trim angle,
sinkage of C1 and C2 models with towing speed variation. The re-
sistances of C1 and C2 are close to each other, while the trim angle
of C1 is lower than that of C2 by approximately 1� at all speeds. The
sinkage of C1 is lower than that of C2. Generally, a large trim angle
improves the course-keeping stability because the center of pres-
suremoves to the stern. As the trim angle of C2 is larger than that of
C1, the course-keeping stability of C2 is expected to be better than
that of C1.

5.2. Bottom pressure distributions obtained by CFD analysis

CFD calculations for 1/6.5 scaled bare hull models of C1 and C2
were carried out under the same conditions as model tests. Fig. 19
shows the pressure distributions depending on waterjet intake
shapes. The bottom pressure significantly changes around the
waterjet intake plane. C1 has a flat and wide waterjet intake plane.
is with oblique towing conditions.



Fig. 15. Course-keeping test of 1/2.35 scaled C1 model at 20 knots.

Fig. 16. Course-keeping test of 1/2.35 scaled C1 model at 35 knots.
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It shows high pressure distributions that is highlighted by rectan-
gular dotted line in Fig.19. This results in relatively large bow-down
moments. So the trim angle of C1 is smaller than that of C2. As
discussed in the previous chapter, C2 may have better course-
keeping stability due to larger running trims.
592
6. Straight-line stability indices

Lewis (1989) gives the discriminant for the straight-line stability
of a ship as shown in Eq. (1).

l0d ¼ l0r � l0v ¼ Nr
0

ðY 0
r �m0Þ �

Nv
0

Yv0
(1)



Fig. 17. Snapshots of rapid turn of 1/2.35 scaled C1 model at 35 knots.

Fig. 18. Straight towing test results depending on waterjet intake shape.
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This derived for the linear sway and yaw equations. Nv
0 and Yv0

are the linear derivatives related to the sway velocity v. Similarly, Y 0
r

and Nr
0 are the linear derivatives related to the yaw rate r. Herem is

the mass of the ship and the superscript 0 means non-
dimensionalized values. Using these derivatives, the straight line
stability index 0d is obtained and when 0d > 0, the sip has straight-
line stability.

In order to obtain the lever l0v, oblique towing tests of 1/6.5
593
scaled bare hull models of C1 and C2 were performed with small
drift angles, 0� and 1.5�. The towing speeds correspond to 10, 20
and 30 knots in full-scale. Sinkages and trims of models were fixed
as the same values obtained in straight towing tests. The sway force
and yawmoment weremeasured. Lever l0v was obtained by dividing
the non-dimensional yaw moment by the non-dimensional sway
force. So l0v is the center of pressure from the center of gravity, it is
an important parameter for determining straight-line stability.
Fig. 20 shows the lever l0v at each speed. A positive value of l0v implies
that the center of pressure is located in front of the center of gravity.
For C2, the center of pressure is located behind the center of gravity



Fig. 19. Pressure coefficient at 15 knots depending on waterjet intake plane shapes.

Fig. 21. Comparison of l0v by EFD (model tests) and CFD.

Fig. 20. Oblique towing tests of 1/6.5 scaled C1 (dotted lines) and C2 (solid lines).
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at 30 knots. This implies that the hydrodynamic forces related to
sway velocities makes the hull stay on its straight course.

Fig. 21 shows a comparison of the values of l0v obtained bymodel
tests and CFD analysis at each speed. The results of the model tests
and CFD analysis show similar tendencies with waterjet intake
shapes and speeds.

Turning calculations were carried out in order to obtain lever l0r.
And straight-line stability discriminant l0d were calculated by using
l0v and l0r from CFD results. Fig. 22 shows l0v, l0r , and l0d of C1 and C2. C2
has the positive value of l0d at 30 knots, it is estimated that C2 has
the straight-line stability at high speeds. The large positive l0v means
the center of lateral pressure moves toward the bow.
7. Course-keeping stability in waves

7.1. Generation of sea state 4 irregular waves

Free-running model tests were performed for 1/6.5-scaled
models of C1 and C2. Model tests results at sea state 4 with the
advance speed above 25 knots in the full scale were analyzed to



Fig. 22. Comparison of l0r (top), l0v (middle), and l0d(bottom) of C1 and C2 by CFD

Table 2
Irregular wave conditions for sea state 4.

Hull Parameter Value (full-scale)

C1 Significant wave height [m] 1.88
Modal period [sec] 8.8

C2 Significant wave height [m] 1.88
Modal period [sec] 8.0

Fig. 23. Wave profiles of sea state 4 for free-running model tests of C1 (top) and C2
(bottom).
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compare their course-keeping stabilities in waves depending on
waterjet intake plane. The tests were performed in Ocean basin of
QinetiQ, UK.

Irregular waves for the sea state 4 were generated using JONS-
WAP spectrum. The irregular wave conditions for sea state 4 are
listed in Table 2. Based on the significant wave height and model
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period, wave energy spectrums and time-series of wave fluctuation
were generated as shown in Figs. 23 and 24. Note that wave height
and frequency in Figs. 23 and 24 are in the full scale.

7.2. Maximum achieved straight running speeds

The free-running model tests of C1 were carried out with
various wave directions. The revolution rates of the water-jet
impeller were fixed as the constant value which corresponds to
the full-scale boat speed of 25 knots in calm water. The tests were
repeated 10 times for a test condition. The spin-out phenomenon
occurred five times, when the bow of the hull was submerged
under free-surfaces in rough waves. Even though fixed fins were
attached on the stern bottom, C1 did not have course-keeping
stability. Fig. 25 shows snapshots of the spin-out phenomenon of
C1 in sea state 4 head waves at around 25 knots. The time interval
was 0.4 s in model scale, which was corresponded to 1.0 s in full
scale.

The free-running tests of C2 were carried out at the same con-
dition of C1. C2 had sufficient course-keeping stability with no stern
appendages. Additional tests with higher speeds were carried out,
C2 kept its straight courses in head and beamwaves up to 35 knots.

8. Full-scale trials of C2

Full-scale trials of C2 were carried out at the advance speeds of
30 knots and 40 knots. Figs. 26 and 27 show time histories of
speeds, yaw angles and rates, nozzle angles during straight course
runs at 30 and 40 knots, respectively. Comparing to 1/2.35 scaled
free-running tests of C1, C2 shows good course-keeping stability at
the speeds higher than 30 knots. Fig. 28 shows the running atti-
tudes of C2 at 30 knots and 40 knots in full-scale sea trials.

9. Conclusions

In this study, course-keeping stabilities of water-jet propelled



Fig. 24. Wave spectrums of sea state 4 for free-running model tests of C1 (left) and C2 (right).

Fig. 25. ‘Spin-out’ phenomenon of 1/6.5 scaled C1 in sea state 4 head waves, 25 knots.

Fig. 26. Full-scale trials of C2 at 30 knots.
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planing boats depending on water-jet intake shapes were investi-
gated through model and full-scale experiments and model scale
CFD analysis. Initial design lost its course-keeping stability at high
speeds during free-running model tests. The hull form was modi-
fied to improve its course-keeping stability, improved stabilities
were confirmed by full-scale trials.

Hull C1 showed the spin-out phenomenon at speeds above 30
knots and lost its course-keeping stability on 1/2.35 scaled free-
596
running model tests. It was analyzed that flat and wide water-jet
intake shape caused poor course-keeping stability at high speeds.
Hull C2 was designed so that the area of water-jet intake plane was
reduced.



Fig. 27. Full-scale trials of C2 at 40 knots.

Fig. 28. Running attitudes of C2 at 30 knots (top) and 40 knots (bottom).
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The effect of intake modification on the resistances and running
attitude of C1 and C2 are investigated by captive model tests and
CFD calculations. Hull bottom pressure distributions of C1 and C2
were investigated by CFD calculations. The higher pressure at
intake plane near the transom causes larger bow-down moments,
so C1 has smaller trim angles than C2. C2 with large trim angles has
better course-keeping stability than C1.

Straight-line stability indices lever of sway force and yaw
moment was obtained through oblique towing tests and CFD cal-
culations. The center of pressure related to sway velocities of C2
was closer to the stern than that of C1. Straight-line stability
discriminant ld’ was estimated by using lv’ and lr’ from CFD cal-
culations, C2 has positive values of ld’ at all speeds. Thus, it was
estimated that the course-keeping stability of C2 was better than
that of C1.

By free-running model tests the course-keeping stabilities of C1
and C2 were compared in sea state 4 irregular waves at the speeds
above 25 knots. Even though C1 has a pair of fixed fins at the stern
bottom, the model spined-out when the bow was submerged into
the free-surfaces in rough head waves. C2 has course-keeping
stabilities up to 35 knots without stern appendages.

It is also confirmed by the sea trial in the full-scale. The course-
keeping stability of C2was good up to 40 knots. The course-keeping
stability of the boat are improved when the boat has small waterjet
intake plane and large running trim angles.
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