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a b s t r a c t

In this study, the effects of hydrodynamic interceptors on a high-speed vessel were investigated to
identify the operating principle based on experiments. Model tests were performed using a high-speed
towing carriage. The resistance, trim and rise of Center of Gravity (CG) of the high-speed vessel were
measured for various ship speeds and interceptor heights. As the interceptor height increased, the trim
and rise of CG were reduced. In order to quantitatively analyze these phenomena, the pressure at the
stern bottom was measured using tactile sensors. The reliability of the measured results from the tactile
sensors was verified through repeat tests. The pressure on the stern bottom increased in proportion to
the interceptor height, as the interceptor partially blocked the flow there. Then, the trim was reduced.
However, as the ship speed increases, the pressure at the location close to the interceptor decreases
when the interceptor height is small, leading to increased trim. Therefore, the interceptor height for
running attitude control should be carefully determined considering multiple factors in the operating
condition of the high-speed planing hull.
© 2020 Production and hosting by Elsevier B.V. on behalf of Society of Naval Architects of Korea. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

High-speed planing hull forms are designed to be capable of
operating at high speeds, as most of the hull weight is supported by
the hydrodynamic lift force acting on the hull bottom (Kim et al.,
2013). At high speeds, the hull weight is balanced with buoyancy
as well as hydrodynamic lift. As the model speed increases, the
hydrodynamic force is changed, which causes the change in sinkage
and trim. The trim variation could result in unstable rolling motion
induced by pitchingmotion (Ikeda and Katayama, 2000). Therefore,
it is essential to control the trim for the safe operation of a high-
speed planing vessel.

Typical stern appendages include trim tabs and interceptors.
Trim tabs are the most well-known trim control device and applied
to high-speed vessels for many years. Cusanelli and Karafiath
(1997) showed that the trim tab reduced the resistance and po-
wer requirement by about 10% in calm water. Ghadimi et al. (2014)
studied effects of a trim tab in different operating conditions. It was

effective to use the trim tab with short span length, resulting in a
lower trim angle. In addition, the optimized deflection angles were
determined for two different planing vessels. Consequently, in the
case of the planing vessel with a larger value of LCG/B, where LCG is
the length of the center of gravity and B is the beam, the effects of
an optimized deflection angle were greater.

Interceptors have been successfully applied to control the atti-
tude by generating hydrodynamic lift, such as aircraft wings, mis-
siles and boats, because the effects of the interceptor height can be
clearly distinguished, unlike trim tabs (Shtessel et al., 2009;
Evdokimenkov et al., 2018). An interceptor is a thin plate that is
installed normal to the stern of a high-speed vessel. It increases the
pressure at the stern bottom by blocking the flows past the hull and
reduces the trim angle by generating the negative (i.e., bow down)
moment. Tsai and Hwang (2004) identified the effect of trim con-
trollers such as interceptors, stern flaps and integrated interceptors
on resistance reduction for a high-speed planing vessels. They
showed that the integrated interceptors and stern flaps were
effective in reducing trim and resistance and the maximum resis-
tance reductionwas found at the Froude number range between 2.0
and 2.5. Day and Cooper (2011) showed that the interceptors were
highly effective in decreasing the trim and resistance of a yacht and
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De Luca and Pensa (2012) proved the interceptor generated the
high lift and reduced trim angle experimentally.

Recently, studies on the optimal shape of interceptors and their
installation locations have been conducted. Mansoori and
Fernandes (2016) studied the shape and position of interceptors
for optimal trim control. The interceptor height was 60% of the
boundary layer thickness and the interceptor widthwas to be based
on the interceptor height. Avci and Barlas (2019) investigated the
efficiency of interceptors with respect to model speed and installed
locations of interceptors. Total drag reductions were found to be 6%
compared to those of a bare hull with ship speeds around Froude
number between 0.85 and 1.0. Brizzolara and Villa (2009) con-
ducted Computational Fluid Dynamics (CFD) simulations for the
attitude control of a high-speed vessel in various operating condi-
tions by combining the trim control appendages such as flaps and
trim tabs. It was demonstrated that flaps were more efficient at
small angles of deflection. For higher angles of deflection, in-
terceptors weremore efficient. De Luca and Pensa (2017) conducted
model tests for new systematic series of planing hull models to
improve the resistance performance. The model test results for
dynamic trim, resistance data, wetted surface area and waterline
length were presented for validation of numerical simulations.

As described above, many studies were conducted to control the
running attitude of a high-speed vessel by using interceptors. The
effectiveness of interceptors was mainly identified by the mea-
surement of trim and sinkage. Especially, a high-speed vessel
changed its running attitude by a significant change of pressure on
the hull bottom, which has a great influence on the hydrodynamic
performance. Therefore, it is necessary to understand the behavior
of the bottom pressure for hydrodynamic performance and running
attitude of a high-speed planing vessel.

Many researchers have tried to measure the pressure distribu-
tion at the stern bottom. Grigoropoulos and Damala (2001)
measured the pressure on the bottom of a planing vessel with
double chine using pitot-tubes and membrane-type pressure sen-
sors. Theymeasured pressure at nine positions and the reliability of
the measurement method was verified through repeat tests. Garme
et al. (2010) and Santoro et al. (2014) carried out pressure mea-
surement tests using electronic pressure sensors in calmwater and
waves, respectively. The measurement results of the hull bottom
pressure showed intense pressure fluctuation around the stagna-
tion line and instantaneous maximum pressure due to ship motion
in waves. Maki (2006) measured the bottom pressure of a military
vessel using sensors of a flexible plastic tube type to determine how
a stern flap reduced pressure resistance.

As mentioned above, differential pressure gauges and electronic
pressure sensors were mainly used for measuring the bottom
pressure of a high-speed vessel. However, these methods required
drilling holes on the hull surface to measure the bottom pressure.
Due to the damping in the pressure tube and the response delay,
there is a limitation in measuring the unexpected pressure change
with high accuracy. In addition, they required the installation of
large-scale complex equipment and high cost measuring system.

A simple system for pressure measurement was desired since
the planing hull was manufactured in small size for model tests at
high speeds. It is important to precisely estimate the running atti-
tude of a high-speed vessel by accurately measuring the hull bot-
tom pressure. For these reasons, tactile sensors were adopted in

this study. They are contact sensors that could be attached directly
to the hull surface to measure the pressure. This study aimed at an
understanding of the operating principle of hydrodynamic in-
terceptors for a high-speed vessel and measuring the pressure on
the bottom surface of the hull using tactile sensors.

In the following section of experiments, there are detailed de-
scriptions of test model, facility, pressure measurement system and
test conditions. The test results are then presented and discussed.
Finally, conclusions are presented.

2. Experiments

2.1. Test model

For towing tank tests, a model ship of high-speed planing vessel
was made with a scale ratio of 1/15.46. Table 1 and Fig. 1 provide
principal particulars and body plan of the test model, respectively.

2.2. Test facility

Model tests were conducted using a high-speed towing carriage
in Seoul National University towing tank. The size of the towing
tank was 110 m (length) x 8 m (width) x 3.5 m (depth). The
maximum towing speed was 10 m/s and the carriage was sup-
ported by wheels on rails and towed by a wire connected to a servo
motor. Fig. 2 shows the view of the carriage and the detailed
configuration is available in Kim et al. (2013).

Fig. 3 presents a schematic diagram of the towing system. It was
installed on the high-speed towing carriage and allowed test model
motions with two degrees of freedom, in pitch and heave. The
specific design and mechanisms of the gimbal were explained in
detail by Kim (2012). The gimbal was designed to transmit the
external towing force from the towing carriage to the test model in
the longitudinal direction of the hull, regardless of the running
trim. The pivot of the gimbal was located at the intersection of the
thrust axis and the vertical CG of the model ship. The counter
weight was installed at the top so that the weight of the load cell
and the pitch measurement was not affected in the displacement of
the model.

The heave and pitch motions of the high-speed vessel were
measured by two potentiometers. A load cell with full-bridge strain
gauges was used to measure the resistance force of the model. The
maximum measurable force in the longitudinal direction was
200 N. The resistance and the pitch and heave motions were

Table 1
Principal particulars of the test model.

Unit Full scale Model scale

Length overall (LOA) m 26.40 1.73
Breadth m 5.20 0.34
Depth m 2.40 0.16
Draft m 0.87 0.06
LCG from A.P. m 10.21 0.67
Deadrise angle at stern degree 12.00
Scale ratio e 15.30
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measured using a data acquisition system (MX840A, Hottinger
Baldwin Messetechnik GmbH, Darmstadt, Germany) with a sam-
pling frequency of 100 Hz.

2.3. Pressure measurement system

The high speed planing hull model was designed and manu-
factured in small size for model tests at high speeds. Thus, simple
systems for pressure measurement were required. In this study,
Singletact’s contact sensors, CS8-1N, were adopted to measure the
bottom pressure of the high speed planing hull, as shown in Fig. 4.
The circular area was the pressure measuring part and the right
hand side circuit was designed for input and output of the
measured data. The diameter of the measuring part was 8 mm and
the thickness was 0.35mm. It couldmeasure the force acting on the
entire measuring area.

The NI USB-6210 and LabVIEW programs of National Instrument
were used to record voltage signals from the tactile sensors. Ten
sensors used in the experiment were calibrated by placing the
weight on the sensing part and linear responses to the weight were
observed.

2.4. Test conditions

Speed conditions were determined in the speed range where
characteristics of the planing hull could be shown. Savitsky (1992)

Fig. 1. Geometry of the test model.

Fig. 2. High speed towing carriage.

Fig. 3. Schematic diagram of the towing mechanisms.

Fig. 4. Tactile sensor.

Table 2
Speed conditions.

Unit 1 2 3

Speed m/s 5.43 6.34 7.24
FnB e 3.0 3.5 4.0
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defined that a vessel is planing when the length Froude number
ðFnLÞ was greater than 1.2 ðFnB >2:54Þ. The Froude number was
defined as FnB ¼ V=

ffiffiffiffiffiffi
gB

p
, with V being model ship speed and B is a

breadth of model ship. The detailed experimental conditions are
shown in Table 2.

An interceptor is a plate with a constant angle at the stern and
controls the running attitude of high-speed vessels by increasing
the pressure in a way that changes the direction of flow. On the
other hand, an interceptor is a vertically attached plate at the stern,
which controls the running attitude by increasing the pressure in
front of the interceptor in a way that blocks the flows at the stern
bottom. Fig. 5 shows the distribution of pressure acting on the hull
bottom due to the trim control appendages.

The interceptor height was determined based on the results of
Molini and Brizzolara (2005). The efficiency of interceptors was
reduced as the boundary layer thickness increased when the
interceptor height was constant. The interceptor height should be
determined by considering the boundary layer thickness. The

boundary layer momentum thickness was estimated as follows
using the 1/7 power law

Fig. 5. Schematic pressure distribution of trim tab (left) and interceptor (right).

Table 3
Interceptor height conditions.

Unit 1 2 3

Momentum thickness ratio % 0 50 100
Height of interceptor mm 0 1.0 2.0

Fig. 6. Interceptor installation.

Fig. 7. Rise of CG of model ship.
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q¼0:036xRex�1=5 (1)

where Rex is the local Reynolds number and defined as follows:

Rex ¼Ux
n

(2)

The characteristic length x is the wetted keel length to observe
the flow characteristics along the bottom surface of the high-speed
vessel. Table 3 shows the interceptor heights used in the model
tests. The interceptors were installed to the model ship as shown in
Fig. 6.

3. Results and discussion

3.1. Measurements of resistance and running attitude

The resistance, trim and rise of CG of the high-speed planing
hull at various interceptor heights are shown in Figs. 7e9,
respectively.

In each figure, the lateral axis shows the breadth-based Froude
number and the vertical axis represents the non-dimensional
measurement values. The resistance and rise of CG were normal-
ized by weight and an initial draft of the hull, respectively. The rise
of CG and trim decreased as the interceptor height increased, as
shown in Figs. 7 and 8. The reduction of trim angle and rise of CG
increased the wetted surface area, leading to increased resistance,
as shown in Fig. 9. Interceptors reduced the trim and rise of CG as
they blocked the flow around the stern, due to the increased
pressure on the bottom surface of the vessel. In other words,
moment in the bow-down direction was generated. Table 4 shows
the rate of change in resistance and running attitude in comparison
to the values of a case without interceptors with respect to the
Froude numbers and interceptor heights. As the ship speed
increased, the rise of CG, resistance and trim increased when the

Fig. 8. Trim of model ship.

Fig. 9. Resistance of model ship.

Table 4
Difference of resistance and running attitude.

Unit FnB ¼ 3:0 FnB ¼ 3:5 FnB ¼ 4:0

Interceptor 1 mm Interceptor 2 mm Interceptor 1 mm Interceptor 2 mm Interceptor 1 mm Interceptor 2 mm

Resistance difference % 12.67 20.94 9.26 22.94 10.23 26.90
Trim difference % �21.03 �31.72 �20.81 �31.88 �16.84 �33.68
Rise of CG difference % �0.56 �18.88 �2.94 �21.07 �5.36 �22.76

Table 5
Systematic error components.

FnB ¼ 3:0 FnB ¼ 3:5 FnB ¼ 4:0

vCp
vp
dp

0.0027 0.0015 0.0015

vCp
vr

dr

3.3094E-07 1.0169E-07 1.5474E-07

vCp
vU
dU

1.1736E-04 4.6969E-05 1.8065E-04

Table 6
Random error at. FnB ¼ 3:0

#1 #2 #3 #4 #5

0.0012 0.0009 0.0008 0.0006 0.0020
#6 #7 #8 #9 #10
0.0009 0.0011 0.0005 0.0012 0.0010
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interceptor height was 1 mm. On the other hand, if the interceptor
height was 2 mm, the trim angle was reduced for FnB over 3.5.

3.2. Test uncertainty

The measurement system’s test uncertainty was estimated
following the American Society of Mechanical Engineers (ASME)
procedure (Benedict, 1985). The total uncertainties with 95% con-
fidence level of the trim angle, rise of CG, and resistance were
detailed in the experimental study by Seo et al. (2016). A total
uncertainty in measurement was the combination of systematic
and random errors. The systematic error consists of errors of
pressure gauge, density and towing speeds. Errors of the pressure
gauge and density were obtained from a performance chart of the
pressure gauge and data provided by the International Towing Tank
Conference (ITTC), respectively. Moreover, an error of the towing
speeds was acquired by repeatedly measuring the towing speed.
Each component of the systematic error is summarized in Table 5.

Repeated tests were conducted ten times for each case to obtain
the random error. The pressure was measured at FnB ¼ 3:0 using
ten sensors. The random error for each sensor is shown in Table 6.
From the systematic and random errors, it is obvious that the un-
certainty was dominated by the systematic error.

.

3.3. Pressure measurement

Fig. 10 shows the locations of pressure sensors that were
determined to identify the effects of the interceptor height.
Numbering system for sensor locations were large near the ship
side chain and transom.

The measured pressure values were presented by the nondi-
mensional pressure coefficient, Cp ¼ p=ð0:5 � r � U2Þ, normalized
with towing speed ðUÞ and water density ðrÞ. The pressure sensors
were initialized to the atmospheric pressure. If the dynamic pres-
sure was lower than the atmospheric pressure, it was displayed as a
negative value. Fig. 11 shows the pressure on the bottom surface of
the vessel with respect to the interceptor height and ship speed.

The lateral axis shows the sensor identification number defined
in Fig. 10 and the vertical axis represents the nondimensional
pressure. In Savitsky and Gore (1980) and Smiley (1951), the high
pressure on the hull bottom occurs at the point where the bottom
of the bowmeets the free surface and the pressurewas recovered at
the atmospheric pressure as the flow progresses to the stern.
However, in the study, it was confirmed that themeasured pressure
at the stern bottom was lower than the hydrostatic pressure and
the pressure near the chine approached to the atmospheric pres-
sure. This is because the pressure near the free surface becomes
lower than the atmospheric pressure as the flow separation occurs

behind the stern transom, which was identified inMaki (2006). The
interceptor height of 2 mm produced the larger pressure at high
speeds, comparing to the results from the interceptor height of
1 mm. In addition, the maximum stern bottom pressure was rep-
resented at FnB ¼ 4:0. In the case of the high-speed planing hull
with interceptors, the stern pressure increased as the interceptor
height and the ship speed increased. It could be predicted that the
higher interceptor height, the flow was blocked more at the stern
bottom. The pressuremagnitude at the quarter breadth of the high-
speed planing hull was larger than that near the ship side chine. It
was identified the pressure greatly affected the running attitude
control.

4. Summary and conclusions

In this study, the effects of the interceptors on a high-speed
vessel were investigated based on experiments to identify the
operating principle. Model tests were conducted at three Froude
number conditions (3.0, 3.5 and 4.0) with different interceptor
heights (1 and 2 mm). The resistance, trim and rise of CG of the
high-speed vessel were measured. As the interceptor height
increased, the trim and the rise of CG were reduced. In order to
quantitatively investigate the influence of the interceptor height,
tactile sensors were adopted and the pressure at the stern bottom
was measured. The measured pressure at the stern bottom was
lower than the hydrostatic pressure and the pressure near the chine
approached to the atmospheric pressure. This is because the
pressure near the free surface becomes lower than the atmospheric
pressure as the flow separation occurs behind the stern transom.
Uncertainty analysis was performed and the test uncertainty of
measurement systems was assessed. The system error was domi-
nant. The measured stern pressure with interceptors increased, as
compared to those without interceptors. As the interceptor height
increased, the bottom pressure increased, leading to a reduction of
the rise of CG and trim. This is because the increased pressure at the
stern bottom generated additional moment to change the running
attitude. The height of the interceptors was more critical at high
speeds. Therefore, it is important to determine the appropriate
interceptor height in controlling the running attitude of the high-
speed planing hull under various operating conditions. Effects of
interceptor heights quantitatively were measured by using the
tactile sensors and uncertainty was provided to ensure reliability in
pressure measurement.
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Fig. 10. Pressure sensor numbering (left) and installation of pressure sensors (right).
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