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Advancements in the Analysis of Stepped Planing Hulls

Evan J. Lee

(ABSTRACT)

The straight line calm water performance of stepped planing hulls has been studied exper-
imentally, by prediction method, and numerically. A model test was conducted to provide
a systematic understanding of the effects that displacement and step location have on the
performance of a stepped planing hull. Ten different step configurations were tested at three
different displacements and over a range of four different speeds in calm water. Seven of these
configurations were tested at two different Longitudinal Center of Gravity (LCG) locations.
Of all the configurations tested, the stepped hull configurations showed reduced resistance
compared to the unstepped hull. The configurations with the largest step height aft showed
the least amount of resistance over the speed range tested. Increasing displacement and
shifting LCG had similar effects on craft performance for both stepped and unstepped hulls.
The current stepped hull prediction method was expanded to include a three dimension wave
profile and the ability for the stagnation line to cross the step. Using previous model test
data and existing two dimension wave profile equations, a single equation was developed to
predict the three dimension wave profile aft of a step. Formulations were added to Savit-
sky’s planing prediction method to include very high speed craft and chines dry conditions.
Lastly, two simulations were performed using two computational fluid dynamics numerical
tools, OpenFOAM, and NFA. The results of these simulations were compared to the exper-
imental test results to assess each code’s relative strengths and weaknesses for use in detail
design of stepped planing craft.

This work received support from Naval Surface Warfare Center Carderock Division IAR and
Section 219 Programs
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Variables

α=Volume Fraction
B=Beam
β=Deadrise angle, degrees
βi=Deadrise angle of ith step
Cv = V√

gB
=Speed coefficient

CL,s=Lift coefficient based on bottom area
d=Draft at transom
Df i=Friction resistance force on the ith planing surface
∆=Hull displacement
ε=Propulsion force angle
h=Height of Step
L=Lift
Lc=Wetted chine length
Lk=Wetted keel length
λ=Mean wetted length to beam ratio
lp=Center of pressure
LSi

=Horizontal length from transom to ith planing surface
Ni=Normal force on the ith planing surface
n=Number of planing surfaces
ρ=Density
T=Propulsion force
τ=Trim angle, degrees
θi=Difference in angle between planing surface ith planing surface and horizontal, degrees
Us=Tangential velocity at transom
u=x-component of flow velocity due to velocity potential component Arn cosnθ
V=Hull Velocity
w=z-component of flow velocity due to velocity potential component Arn cosnθ
X=Distance aft of transom, Beams
Y=Distance off centerline, Beams
Z=Height of wave profile above keel, Beams
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Chapter 1

Introduction

Stepped planing hulls are a type of planing hull form where there are transverse discontinu-
ities, also known as steps, in the planing surface. Figure 1.1 shows an example of a stepped
planing hull with two steps. At high speeds, the flow separates off of the step and allows
for a stepped hull to have less resistance than an unstepped hull. Steps can be applied to
both planing monohulls and planing catamarans. This thesis will focus on the application
of steps on planing monohulls.

Figure 1.1: Example of a Stepped Planing Hull

It is commonly thought that stepped planing hulls do not perform well at off design condi-
tions. The idea is that a stepped planing hull is designed so that it performs optimally at a
specific speed, displacement, and LCG location. When the stepped hull is not operating at
its design condition, the performance is thought to be very poor.

Industry is currently using stepped planing hulls in many high speed applications, such as
offshore racing boats and sport fishing boats. Industry has developed the stepped planing
hull through the process of trial and error. The cost to modify the hull is small compared
to the cost to perform trade studies. Companies are not willing to publish what information
that they have learned so that they can protect their competitive advantage.

2
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A brief history of the research that is available on stepped planing hulls are presented in
the following sections. Most of the early research of steps were conducted for seaplanes. A
number of different researchers have conducted model tests of stepped planing hulls in recent
years. Researchers have also expanded Savitsky’s planing prediction method to include the
ability to predict stepped planing hulls.

1.1 Early History of Stepped Hulls

The first stepped hull was proposed by Reverend C.M. Ramus in 1872. This hull was in-
tended to be used for a 2,500 ton, 370 ft long, ship rather than a smaller planing craft [1]. The
hull did not have any deadrise and the keel had an angle of 8 ◦ to the baseline [1]. William
Froude tested a model of this hull form at the Torquay Towing Tank [1]. The stepped hull
model was compared against two other models, a traditional hull shape of the time with the
same dimensions as the stepped hull and a model of the HMS Greyhound which has been
tested extensively at the time [1]. Up to 50 knots full scale speed, the stepped hull had
more resistance than the other two hull forms [1]. Froude noted that at the highest speed, a
dynamic instability occurred where, in calm water, the hull would either ride solely on the
aft planing surface or on both planing surfaces. [1]

Further research on the hydrodynamics of stepped planing hulls started with seaplane re-
search performed by the National Advisory Committee for Aeronautics [2] [3] . Stepped
planing hulls were used as floats and integrated into the plane as flying boats. Table 1.1
shows a summary of the difference between typical seaplanes and stepped planing hulls.
There are many differences between the stepped planing hull and seaplanes. First, stepped
planing hulls use much smaller step height than the float or the flying boat. Secondly, the
afterbody angle is much higher on a float or a flying boat compared to a stepped planing
hull. For the flying boat, this was important because the afterbody was the aft part of the
plane and aerodynamic considerations also needed to be taken into account. Lastly, the
length to beam ratio of a stepped hull is smaller than for a float or a flying boat. Another
consideration is that the seaplanes were designed for take off speeds that are higher than the
speeds that most planing hulls operate.

Table 1.1: Seaplane vs. Stepped Planing Hull Comparison
Stepped Planing Hull Float [3] Flying Boat [2]

Step Height (% of Beam) 1-2 7 16
Afterbody Angle ( ◦) ±2 7 7

Length to Beam Ratio 4-5 7 15
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Eugene Clement [4] started researching a stepped planing hull design in the 1960s at Naval
Surface Warfare Center Carderock Division (NSWCCD) called the Dynaplane. The Dyna-
plane is different from modern stepped planing hulls in a few respects. First, the Dynaplane
was designed so that the afterbody is completely out of the water and additional lift is gen-
erated at the transom with a hydrofoil. The hull has keel camber near the step to generate
additional lift. NSWCCD has tested this model at the David Taylor Model Basin. This form
of the stepped planing hull has not been utilized by industry.

1.2 History of Stepped Planing Hull Model Testing

R. Rodstrom, Hans Edstrand, and H. Bratt in 1953 [5] was one of the first to conduct model
tests on a stepped planing hull. They conducted a systematic series of experiments on a
single step planing hull. They investigated the effect of beam on resistance and transverse
stability. The model with the lowest deadrise angle showed the least amount of resistance of
all the models tested [5]. The results show that resistance decreased with increased beam,
but the model with the greatest beam showed porpoising above a speed coefficient of 3.54 [5].
Increasing the afterbody angle eliminated this porpoising but increased the resistance. In
that configuration, the afterbody has a higher initial trim angle than the forebody. Decreas-
ing the afterbody length increased the resistance. The large step height variations showed
small variations resistance. The 0 ◦ afterbody angle shows the least resistance up until por-
poising [5].

Over the years, a number of stepped planing hull tests have been conducted at Webb In-
stitute. The first stepped planing hull model test was performed by James Filling in 1993
[6]. His hull model test consisted of three phases. The first phase was the test of a stepped
planing hull model that was free to trim and heave. The second phase was a fixed trim
and heave test to determine the lift and moment of each planing surface. The forebody
and afterbody were mounted separately on the carriage, and the forces were measured on
each planing surface [6]. The presence of the forebody increased the lift on the afterbody
[6]. Phase three was a model test similar to phase one, but the afterbody was angled in
relation to the forebody. The change in angle did not have an appreciable impact on the
static trim, but had an effect on the running trim. William Gassman and Scott Kartinen
continued Fillings work in 1994 [7]. They used his existing model and tested more vari-
ables. They concluded that the 50% step location and the furthest aft LCG location had
the least resistance [7]. Testing of LCG locations further aft are needed because the furthest
aft location that they tested exhibited the least resistance and the optimum LCG for the
step configuration is unknown. Therefore, one cannot decisively conclude that they found
the optimal LCG location for their step configuration. Chris Becker, Anthony Loreto, and
Justin Shell revisited stepped planing model testing in 2008 [8]. These tests focused on the
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pre-planing regime. The deep vee monohull had lower resistance than the stepped hull at the
speeds tested. They concluded that the stepped hull was not beneficial until higher speeds.
They found that the step type did not have a large effect on the speed at which separation
occurs.

The United States Naval Academy (USNA) has performed two different stepped planing hull
tests. The first was performed by William Garland as a senior project [9]. It was found that
when the step height was 3.67% of the beam, the stepped hull had the lowest resistance [9].
Holes were drilled behind the step to ensure that the step was always ventilated. Runs were
repeated with the holes plugged and the results showed that there was no difference between
the holes plugged or open. The step was always properly ventilated. At high speeds, the
flow no longer separated from the forebody at the chine and started separating at the step.
Greg White at the USNA performed a series of model tests of a stepped hull in a single
and double step configuration [10]. This test focused on a single design speed and trim.
The results from this test show that the stepped planing hull had lower resistance than a
traditional hull at the design condition [10].

D.J. Taunton, D.A. Hudson, and R.A. Shenoi performed a systematic model test of plan-
ing hulls in calm water [11]. As part of the series, two stepped hull models were tested.
Model C was a deep vee monohull and the two stepped hull (Model C1 and Model C2) were
derived from this parent hull. The resistance for both stepped models were less than the
parent Model C [11]. C1 at a speed coefficient of 4.7 was the only condition to show signs
of porpoising [11]. They concluded that the steps did not have any effect on dynamic heave
or dynamic trim.

Table 1.2 is a summary of previous stepped planing hull model tests.
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1.3 Prediction Methods

1.3.1 Savitsky’s Planing Prediction Method

Daniel Savitsky in 1964 published a paper that outlined an empirical method to predict
the trim and resistance of an unstepped planing hull [12]. Before his work leading up to
the paper, a number of different researchers studied prismatic planing hulls to describe the
hydrodynamic characteristics at fixed trim, mean wetted length, and speed [12]. His goal
was to develop empirical equations that would relate the different physical characteristics of
a planing hull to the hydrodynamic lift, drag, pitch moment and wetted surface area of the
hull [12]. To add to the data missing from previous research, a series of model tank tests
conducted at Davidson Laboratories where prismatic planing hulls were tested in a fixed
trim and heave condition. The lift, resistance, trim moment, and mean wetted length to
beam ratio was measured. All of the collected data was analyzed and empirical relationships
between the different hydrodynamic characteristics were found to develop Savitsky’s planing
prediction method. This method has been useful to the naval architect for years because
it is a quick method to estimate straight line performance of an unstepped planing hull in
calm water. Savitsky’s method is an iterative procedure which one iterates upon trim angle
to balance trim moment. The process for solving the Savitsky planing prediction method
starts with selecting an initial value for the trim angle. Once the initial value of the trim
angle is selected, the flat plate lift coefficient is iterated or found from the design graphs
provided by Savitsky [12]. Using the flat plate lift coefficient, the mean wetted length to
beam ratio is iterated or found from the design charts. With the mean wetted length to
beam ratio, the center of pressure for the lift is calculated from an empirically based equa-
tion. The center of pressure is the point where the lift force acts on the planing surface. The
friction resistance is calculated by using the wetted surface area and the Schoenherr friction
coefficient. The Schoenherr friction coefficient is iterated or found from design graphs. Using
the weight of the craft, the planing lift, the propulsive thrust, and the friction resistance,
the moment about the LCG is calculated. The trim angle is iterated until the moment is zero.

1.3.2 Stepped Planing Hull Prediction Method

Previous work has been done to extend Savitsky’s planing prediction method to stepped
planing hulls. Morabito presented a method for predicting performance of stepped plan-
ing hulls [13]. His work focused on developing a way to predict the three dimension wave
profile. His method requires a number of equations to calculate the wave profile. Svahn
presented a more detailed method for predicting the performance of stepped planing hulls
[14]. Svahn’s method predicts the performance of a single step planing hull [14]. Svahn
assumes a percentage of the total lift is generated on the forward planing surface and the
rest of the lift is generated on the aft planing surface. His method only uses the wave profile
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to calculate the parameters for calculating the friction resistance. The lift on the aft planing
surface is assumed to be the lift that is not supported by the forward planing surface. He
also assumes that the flow aft of the step is two dimensional and is linear in the transverse
direction. Therefore, the flow will reattach the aft planing surface in a similar manner as
the flow attaches the forward planing surface. As a result, the aft planing surface will have a
straight stagnation line from keel to chine. Danielsson and Stromquist developed a method
for predicting performance of stepped planing hulls as part of conceptual design for a yacht
tender[15]. Their method was extended to a double step planing hull. For their work, they
simplified the flow aft of the step and assumed that it is horizontal.

1.4 Numerical Methods

For unstepped hulls, numerical tools have been introduced to supplement model tests. There
are many factors to consider in the simulation of planing hulls. First, the domain needs to be
large to capture the far field wave profile. The form resistance of a hull as it moves through
the water is manifested by the waves that it generates. Therefore, the far field wave profile
needs to be accurately simulated to determine the correct form resistance. For planing hulls,
the friction resistance is a large contributor to the overall resistance, so the cells near the hull
need to be small to capture the boundary layer and friction resistance. Lastly, when using
simulation to predict the performance of planing craft, the running trim angle and draft are
not known. So an initial trim angle and draft must be given and the simulation then must
solve for the running trim angle and draft. Therefore the numerical tool must have some
implementation for a moving mesh.

1.5 Objectives

To test the current thought that stepped planing hulls do not perform well at off design
conditions, the effect of Displacement and LCG on stepped hull performance is needed to be
determined. Based on the previous model tests, displacement has not been systematically
varied and only one other model test has systematically varied LCG. Chapter 2 furthers the
existing stepped planing hull model test data and provides a detailed look into the influence
of displacement and LCG on stepped hull performance. Observations from the model test
revealed areas of improvements for stepped planing hull predictions to increase its accuracy
and applicability. First, the stagnation line crossed the step. It is thought to be ideal to
design the step so that at the design condition, the stagnation line crosses the chines of
the forward planing surface. At off design conditions, this may not happen and the stag-
nation line might cross the step. Second, it was always thought that the reattachment line
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aft of the step was always straight, but underwater photographs show it was curved rather
than straight. These are two areas that are not implemented in current prediction methods.
Chapter 3 extends the current prediction method to include a three dimension wave profile
and the ability for the stagnation line to cross the step. Numerical methods have been used
to simulate unstepped hulls. The added feature of the step increases the complexity of the
already difficult simulation by adding a tiny flow feature that has a large influence of the
simulation results. Chapter 4 assess modeling gaps and computational constraints in current
state of the art numerical simulation tools when analyzing stepped planing hulls.



Chapter 2

Model Test

2.1 Model Test Introduction

As discussed in the introductory chapter section 1.2, advances in stepped planing hull model
testing have focused on the step height, step location, and step type. However, one variable
that has not been systematically varied is displacement. Because many applications require
robust performance across loading conditions, it is critical to broaden the understanding of
how displacement and LCG location can influence stepped planing hull performance. This
chapter describes model tests at the USNA using the Naval Surface Warfare Center 15 ◦

Extended (NSWC15E) hull. The model was tested with 10 different step configurations; one
unstepped and nine stepped. Each configuration was tested at three displacements and two
LCG locations.

2.2 Hull Form

The hullform used for this model test, NSWC15E, is derived from the Naval Surface War-
fare Center 15 ◦ deadrise hull form (NSWC15) developed at Naval Surface Warfare Center,
Detachment Norfolk (NSWCCD DN) [9]. The NSWC15 was selected because of its parallel
sections aft which allow for a constant deadrise planing surface. The parallel sections aft
reduce difficulty in hydrodynamic analysis and simplified the step design and construction.
There are no strakes or chine flats to reduce potential variables in the model test that would
need to be captured in further assessment of simulation. The NSWC15 has a length of 60
inches and a beam of 18 inches. Because the length to beam ratio of 3.33 does not reflect
the current length to beam ratio of stepped planing hulls, an additional 20 inches of paral-
lel midbody was added to the length of the NSWC15 to create the NSWC15E. The added

10
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length increases the length to beam ratio to 4.44. The new hull has parallel midbody from
Station 4 to the transom. There are two steps located on the hull; one at midships (40 inches
forward of the transom) and one 25% of the length overall forward of the transom (20 inches
forward of the transom). Each of these steps are transverse from chine to chine. Table 2.1.
is a table of the principal characteristics and Figure 2.1 shows the body plan of the hull.

Table 2.1: Principal Characteristics
Length Overall 80 inches
Beam Overall 18 inches

Maximum Chine Beam 17.5 inches
Design Displacement 85 lbf

Deadrise Angle 15 ◦

Figure 2.1: Body Plan of NSWC15E

2.3 Model

For stepped planing hull models, a method to systematically vary the steps is needed. To
increase the flexibility in selecting the step height of the model, a method was developed to
allow for the step to be adjusted over a range of heights at each of the step locations. The
model is built in three parts and the parts are connected together by through bolts at the
bulkheads. Each bulkhead has three bolts; one near the keel and one on either side near the



Evan J. Lee Chapter 2. Model Test 12

shear line. This arrangement ensured a tight fit between each of the parts and did not allow
for the parts to rotate while adjusting the step height. In the midbody, 1 inch long slots
were drilled to allow the step height to be adjusted. Holes were drilled on the afterbody and
the forebody and threaded plates were epoxied to the back to provide threads for the bolts.
Each of the bulkheads were cut flat to the same height. An angle aluminum extrusion was
epoxied onto the bulkhead of the midbody and forebody so that the angle aluminum extru-
sion is flush with the top of the bulkhead. This arrangement allows for the step heights to
be changed while the model is still mounted to the carriage. To change the step height, each
of the bolts are loosened and the step is raised. A piece of flat aluminum bar corresponding
to the desired step height is inserted between the angle aluminum extrusion and the top of
the bulkhead. The step is lowered until the angle aluminum extrusion is flush with the flat
aluminum bar.

2.3.1 Model Construction

The NSWC15E model was built at NSWCCD Combatant Craft Division by Steve Brandis
and the author. The model was built in three parts from the NSWC15 mold provided by
USNA. The forebody consisted of the forward 40 inches of the craft. The midbody was the
20 inches between the steps and the afterbody was the last 20 inches of the model. The
mold is a fiberglass mold that is open on the top and at the transom. A Lexan plate was
used to enclose the transom area. To construct the model, a temporary dam was first built
from the few inches of the model near the transom (Figure 2.2).
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Figure 2.2: Temporary Dam Completed in Mold

This temporary dam was then moved 20 inches forward and secured in place to provide the
forward bulkhead of the afterbody (Figure 2.3).
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Figure 2.3: Temporary Dam Moved Forward 20 inches

The afterbody was then built, secured in place and the temporary dam removed (Figure
2.4).



Evan J. Lee Chapter 2. Model Test 15

Figure 2.4: Afterbody Built in Mold

The forebody was then built using the afterbody to provide the aft bulkhead of the forebody
(Figure 2.5).
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Figure 2.5: Forebody Construction: Installation of the Stiffeners

Once the forebody was built, the afterbody was removed and the forebody was used to create
the forward bulkhead of the midbody (Figure 2.6).
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Figure 2.6: Midbody Construction: Before layup of Stiffeners

The model is a composite model using carbon fiber, fiberglass, and epoxy. A gel coat was
first sprayed into the mold. Once the gel coat dried, ProSet 175/275 [16] was used to fill in
the corners to keep the keel and chines sharp as well as protect them from damage. Next
a layer of OCV M723A [17] 0.75 oz chop fiberglass was used to provide a foundation for
the following directional layers. The rest of the laminate is as follows; two layers of 94101
[18] 0/90 deg 6 oz carbon fiber, one layer of E-BXM 1708 [19] ±45deg 26 oz fiberglass, and
another two layers of 94101 0/90 deg 6 oz carbon fiber. The bulkhead of each section were
stiffened with a 1/8 inch balsa core and another layer of 0/90 deg 6 oz carbon fiber. To
stiffen the top of the model, A500 [20] foam ring stiffeners were mounted 3/4 inch from the
shear line. The stiffeners were covered by C-BX 0300 [21] 3oz ±45deg carbon fiber.

It should be noted that the original paint scheme for the model was a black and white
checkerboard pattern similar to the pattern used at NSWCCD David Taylor Model Basin.
The contrast of the black and white made it difficult to discern the areas where the water
was aerated or attached. The USNA retested the model with the paint scheme that they use
for most of their tests. The photographs from the second set of tests provided marginally
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better results for the wetted surface area. There was still some difficulty in determining the
wetted surface area when the area after the step was highly aerated with large bubbles.

2.4 Configurations

Ten different step configurations were tested (Table 2.2). The step heights at each of the
steps were 0.125, 0.25, and 0.375 inch corresponding to 0.7%, 1.4%, and 2.1% of the beam.
These values cover the range of step heights of current pleasure craft designs [8]. Configura-
tion 1 had no steps thus serving as the unstepped hull for baseline comparison.

Table 2.2: Step Configurations

Configuration Forward Step Height (% of Beam)
Aft Step Height from Forward

Step (% of Beam)
1 0 0
2 0.7 0.7
3 0.7 1.4
4 0.7 2.1
5 1.4 0.7
6 1.4 1.4
7 2.1 0.7
8 1.4 2.1
9 2.1 1.4
10 2.1 2.1

2.5 Variables

The displacement, LCG, speed, and step configuration are the independent variables that
are being tested. A model scale full load displacement of 85 lbf was selected to match the
full scale displacement of a typical military craft as described in White and Beaver [10]. Two
overload displacements (95 lbf and 105 lbf) were selected to determine the effect of future
weight growth on craft performance. Two LCG locations (40% and 35% of the LOA forward
of the transom) were selected to determine how shifts in weight effect craft performance.
The first seven configurations were tested at both the forward and aft LCG locations. The
last three configurations were only tested at the aft LCG location.Four speeds were selected
that were in the planing regime; 25, 27, 29, and 31 ft/s corresponding to 41.9, 45.2, 48.6,
and 52 knots full scale (speed coefficients of 3.6, 3.88, 4.17, and 4.46). The speed coefficient
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is a non-dimensional value similar to the Froude number and defined as Cv = V√
gB

. Since
the wetted length of a planing hull varies, the characteristic length used is the hull beam
rather than the hull length as would be typical for Froude number. The dependent variables
are resistance, heave, pitch and wetted surface area. The resistance, heave, and pitch were
measured directly while the wetted surface area was measured after the test using underwater
photos.

2.6 Test Setup

The model test was conducted in the 380 ft Towing Tank at the USNA Hydromechanical
Lab (USNA HL). The data was collected during two different model tests. In the first model
test, the first seven step configurations were tested at the forward LCG location. During the
second model test, all ten step configurations were tested at the aft LCG location. The tank
is 26 ft wide and has a depth of 16 ft. The high speed carriage was used for the experiments
allowing a maximum velocity of 31 ft/s. The model was attached to the carriage with a
pivoting single post heave staff allowing the model to be free in pitch and heave. The pivot,
located at the LCG and 5.25 inches above the baseline, contained a pitch potentiometer to
measure the trim of the model. The heave was measured by a pair of linear potentiometers
on the tow post. The resistance was measured using a variable reluctance displacement
transducer force block. The static heave and trim was measured for each condition while
the hull was at rest. The trim reported is the absolute trim, the angle between the baseline
and the horizontal. The heave reported is the distance the boat moved vertically from the
static position. Based on previous experiments, no methods were used to supplement the
step ventilation. The step ventilated at all the conditions tested. To change displacement,
additional weights were added to the model at posts located 20 inches forward and aft of
the LCG to maintain a constant LCG location. The radius of gyration changed slightly, but
since the tests were for only calm water, this change in radius of gyration was deemed to have
a minimal influence on test results; 12.35 inches for 85 lbf displacement and 14.14 inches for
105 lbf displacement. The wetted surface area was calculated from underwater photos of the
planing surface. The underwater photography system at the USNA HL consists of a digital
SLR housed in a water proof case and two strobe lights. The camera was triggered via a
trip mounted on the side of the tank.

2.7 Test Method

The resistance, trim, and heave for a run was recorded by taking the average of the data
when the carriage was running at constant velocity. To calculate the wetted surface area, the
underwater photos were first corrected for lens distortion (fish eye effect). The lens distortion
was corrected using a toolbox developed by Jean-Yves Bouget for MATLAB [22]. For this
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method, a series of grided calibration photos are needed. A grid in MATLAB is overlaid
onto the calibration photos. The overlaid grid is adjusted until it matches the grid of the
calibration photo. The correction factors are then calculated from the overlaid grids. Lastly,
the correction factors are applied to the underwater photos. The view was then transformed
from a perspective view to an orthogonal view using the perspective tool in GIMP [23], an
open source photo editing tool. Once the photos were corrected, Solidworks [24], a 3D CAD
program, was used to calculate the wetted surface area.

2.8 Error Analysis

The possible sources of error lie within the data acquisition equipment for the velocity, resis-
tance, trim, and heave along with post-processing, human-introduced errors, in estimating
wetted surface areas. To assess the experimental error acquired in data collection, configu-
ration 1 was run twice for each of the 4 velocities tested for the 85 and 95 lbf displacements.
The standard deviation of the difference between runs was calculated for each of the runs
and presented in Table 2.3. The standard deviation is the variation from the mean value
for each individual run. The first two columns are the displacements and the target speed
tested while the last four columns are the standard deviation for the velocity as well as the
resistnace, trim and heave.

Table 2.3: Repeat Test Standard Deviation
Displacement Speed Velocity Resistance Trim Heave

lbf ft/s ft/s lbf ◦ in
85 25 0.0047 0.0272 0.0184 0.0050
85 27 0.0049 0.0530 0.0197 0.0180
85 29 0.0055 0.0476 0.0208 0.0182
85 31 0.0030 0.1753 0.0412 0.0281
95 25 0.0051 0.0195 0.0043 0.0220
95 27 0.0056 0.2377 0.0202 0.0080
95 29 0.0059 0.1772 0.0425 0.0307
95 31 0.0051 0.1450 0.0448 0.0264

The 27 ft/s run at the 95 lbf displacement shows the most error with the resistance. As
a result, this condition was run an additional 10 times during the first test period and an
additional 8 times during the second test period. Including a re-run during the initial set of
tests, this run was repeated 22 times. The standard deviation of the difference between the
runs is shown in Table 2.4. In this table only the standard deviations are shown.
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Table 2.4: Standard Deviation Speed=29 ft/s Displacement=95 lbf
Velocity (ft/s) Resistance (lbf) Trim (deg) Heave (in)

0.0028 0.2625 0.107 0.0313

For each of the variables, a χ-squared test was performed in MATLAB to test if the data
is normally distributed [25]. All of the data passed the test, but the sample size is small.
Therefore, it was cautiously assumed that the error is normally distributed. The standard
deviation for the specific variable was then multiplied by 2 to get a 95% confidence interval
with two standard deviations on each side of the mean. For the trim, the error in measuring
the static trim was added to the error in the dynamic trim to determine the overall confidence
interval. For the wetted surface area, the difference between the wetted chine lengths of the
port and starboard side was used to determine the error in length for the wetted surface area
calculations. This value was multiplied by the wetted beam to determine the total error in
the wetted surface area. This confidence interval based on configuration 1 at 27 ft/s and 95
lbf displacement was then applied to all the configurations, speeds and displacements and
the confidence interval can be seen as error bars in the data analysis plots (Table 2.5). For
some plots where the horizontal errors are small, the horizontal bars are eliminated for clarity.

Table 2.5: Confidence Interval
Velocity

(ft/s)
Resistance

(lbf)
Trim (deg) Heave (in)

Wetted Surface
Area (in2)

Displacement
(lbf)

0.0056 0.525 0.214 0.063 33.3 0.5

2.9 Results

2.9.1 Resistance

The plots for the 85 lbf displacement are presented here (Figures 2.7-2.9) while the plots
for the other displacements can be found in Appendix B. The results from all ten step
configurations are divided into three plots for clarity. The configuration 1, unstepped hull,
results were repeated on each plot for reference. The filled symbols were the results from the
forward LCG location and the unfilled symbols were from the aft LCG location. Configura-
tions 1-7, which were tested at both LCG locations have the same shape for the data points
for easier comparison. Figure 2.7 shows configurations 4, 8 and 10, which all have the large
step height aft. Figure 2.8 shows configurations 3, 6 and 9, which all have the medium step
height aft. Figure 2.9 shows configurations 2, 5 and 7, which all have the small step height
aft. When comparing Figures 2.7-2.9, Figure 2.7 shows that the large step height aft had
lowest resistance of all the step configurations tested. As the aft step height decreases from
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large to small, from configuration 10 to configuration 4, the reduction in resistance when
compared to the unstepped hull decreases. Figure 2.7 shows that with the large aft step
height, the forward step height had little effect on the resistance. On the other hand, Figure
2.9 shows that with the small aft step height, the forward step height had a large effect on
the resistance. As the forward step height increases, from configuration 2 to configuration
7, the resistance decreases. This shows that large aft step heights contributes significantly
to the overall reduction in resistance. As the aft step height got smaller, the forward step
height had more of an effect on the reduction in resistance. For all the configurations tested,
the hull had more resistance at the forward LCG location than the aft LCG location. As
the aft step increased, the difference in resistance between the forward LCG location and
the aft LCG location decreased. All the step configurations show a greater reduction in
resistance/weight as the speed coefficient increases. This shows that stepped planing hulls
perform better than unstepped hulls as speed increases. Similar trends were seen at the two
other displacements.
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2.9.2 Wetted Surface Area

The plots for the 85 lbf displacement are presented here (Figures 2.10-2.12) while the plots
for the other displacements can be found in Appendix B. The plots are grouped similarly
to the plots for resistance for clarity. Configuration 10 with the large step height aft and
forward as well as configuration 8 with the large step height aft and medium step height
forward had the least wetted surface area of all the configurations. Having the largest step
height for both the forward and aft steps, it would make sense that Configuration 10 would
have the least wetted surface area because the large step heights would create large sepa-
rated zones. These two configurations also had the least resistance of all the configurations
tested. The aft step height had a stronger effect on the wetted surface area than the forward
step height. When comparing the wetted surface area results to the resistance results, there
is a strong correlation between the reduction in wetted surface area and the reduction in
resistance. The friction resistance is a large component of the overall resistance of planing
hulls at high speeds. Theory states that the friction resistance is proportional to the wetted
surface area. Therefore, the reduction in wetted surface area would cause a reduction in
resistance. For all the step configurations, the aft LCG location had lower wetted surface
area than the forward LCG location. For the aft LCG location, the forward step height had
less influence on the wetted surface area than the forward LCG location. Similar trends were
seen at the two other displacements.
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2.9.3 Trim

The plots for the 85 lbf displacement are presented here (Figures 2.13-2.15) while the plots
for the other displacements can be found in Appendix B. The plots are grouped similarly
to the plots for resistance for clarity. The aft LCG location decreased more rapidly with
increasing speed than the forward LCG location. The aft LCG location had about the same
or higher trim at the low speed and had less or about the same trim than the forward LCG
location at the higher speeds. Configurations 4, 8 and 10, with the largest step height aft,
had the largest trim angles of the configurations tested. The medium and small aft step
height configurations had trim angles similar to the unstepped hull. Theory states that the
form resistance for unstepped hulls is proportional to the tangent of the trim angle. Assum-
ing that this theory is the same for stepped planing hulls, the similar trim angles between the
medium and small aft step height configurations and the unstepped hull would show that the
form resistance between these configurations are similar. Referring to Figures 2.10-2.12, the
wetted surface area of the stepped configurations are significantly less than the unstepped
hull and as a result, the friction resistance of the stepped configurations are less than the
unstepped hull. Therefore, the results show that the primary cause for stepped configura-
tions to have less resistance than the unstepped hull is the reduction in wetted surface area
and friction resistance. Similar trends were seen at the two other displacements.
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2.9.4 Heave

The plots for the 85 lbf displacement are presented here (Figures 2.16-2.18) while the plots
for the other displacements can be found in Appendix B. The plots are grouped similarly
to the plots for resistance for clarity. The heave presented here is the change in the vertical
position of the center of gravity between the static and running condition. For all the step
configurations, the aft LCG location had higher heave from the static condition than the
forward LCG location. The difference in the heave between the stepped and unstepped hull
was insignificant. The higher heave, and lower trim angles show that the hull was riding
flatter and higher out of the water at the aft LCG location. This in turn correlates to the
reduction in wetted surface area and resistance that was seen in the experiment. Similar
trends were seen at the two other displacements.
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2.9.5 Effect of Displacement

One of the main focuses of this research is to determine the effects of changes in displacement
on the calm water performance of a stepped planing hull. The plots for the resistance/weight
vs. displacement at Cv=4.46 are presented here (Figures 2.19-2.21) while the plots for the
other speeds and other parameters can be found in Appendix B. The plots are grouped
similarly to the plots for resistance for clarity. Whereas in the previous plots, the focus was
the comparison between the unstepped hull and the stepped hull, the main focus of these
sets of plots is the slope of the data. Some naval architects think that the stepped planing
hull is designed for a specific design condition and when the stepped planing hull becomes
heavier, the performance is poor. Configuration 1, the unstepped hull, shows a decrease in
the resistance/weight as the displacement increases. All the step configurations show this
decrease as well. The slope of this decrease is similar between the stepped hull and unstepped
hull. This shows that changes in displacement effect the performance of a stepped hull the
same as an unstepped hull. The result is contrary to the current understanding of many
naval architects. The speeds tested were all in the planing regime and at all displacements
the step was always ventilated. Increasing the displacement did not increase the bottom
loading enough to eliminate the separated flow at the step. Similar trends were seen at the
other speeds and for the other parameters.
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2.9.6 Effect of LCG

Another of the main focuses of this research is to determine the effects of changes in LCG
on the calm water performance of a stepped planing hull. Some naval architects think that
the stepped planing hull is designed for a specific design condition and when the stepped
planing hull has a shift in LCG, the performance is poor. The plots of the resistance/weight
vs the LCG for the first seven step configurations at a displacement of 85 lbf are presented
here (Figures 2.22-2.25) while the plots for the other displacements and other parameters
can be found in Appendix B. The resistance for the unstepped planing hull, which is at
the top with the highest resistance, decreases as the LCG moves further aft. All the step
configurations except configuration 4 and 7 follow this trend. For configuration 4, with the
large step height aft and the small step height forward, these changes are small and fall
within the experimental error. Configuration 7, with the large step height forward and the
small step height aft, shows a trend that is opposite of the unstepped hull. The forward
LCG location had larger resistance than the forward LCG location. This change in effect of
LCG on resistance may be due to the large step height since configurations 4 and 7 were the
only two configurations tested at both LCG locations with a large step height.
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Figure 2.26 is a plot of the trim angle vs. the LCG for the first seven step configurations
at a displacement of 85 lbf and CV =4.46. The data is presented in the same fashion as for
the resistance/weight. For the unstepped configuration and all of the stepped configura-
tions, the trim angle decreased as the LCG moved further aft. This opposite of theory and
trends of other ustepped hulls, such as Series 62. All of the sensors were reaclibrated and
check to ensure that this change in trim angle was not caused by experimental error. The
Test personnel at the USNA noted that the NSWC15, parent hull to the NSWC15E, had a
dynamic trim instability where it was stable in either a bow up or a bow down condition.
The hull could be in a bow up condition and if a downward force was applied on the bow, it
would transition to the bow down condition. Underwater photography showed that in the
forward LCG position, the bow section was clearly in the water. In the aft LCG position,
the bow was further out of the water. The NSWC15E only extended the prismatic section
of the NSWC15, so the bow on the NSWC15E was very bluff and is not typical of a modern
stepped planing hull. The NSWC15 was selected as a parent model for its prismatic sections
assuming that the bow would be out of the water, but at the trim angles and LCG locations
tested, the bow did have an influence on the results.
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2.10 Discussion

All of the step configurations tested had less resistance than the unstepped hull. Since all of
the step configurations showed lower resistance than the unstepped hull, the results of the
model tests supports the conclusion that the stepped planing hull can reduce the resistance
for a boat even if operated in a somewhat sub-optimal configuration. The results show that
the stepped hull configurations had less wetted surface area than the unstepped hull. The
reduction of the wetted surface area corresponds to a reduction in the friction resistance and
thus the overall drag for the boat.

The stepped planing hull configurations tested have higher static trim angles than the un-
stepped hull, but the model test shows that they may have lower running trim angles than
the unstepped hull. All of the stepped hull configurations have higher static trim angles
compared to the unstepped hull because of the volume that is being removed by the steps in
the stern area. On the other hand, the running trim angles for the step configurations were
not necessarily higher than the unstepped hull like the static trim angle. Configurations
4, 8, and 10, with the large aft step height, had the highest running trim angles. Eugene
Clement has predicted an optimum trim angle that causes the planing surface to have the
least amount of resistance for a given deadrise angle and planing surface aspect ratio [26].
The optimum trim angle minimizes the two major components of planing craft resistance;
friction and form. Friction resistance increases at lower trim angles due to the increased wet-
ted surface area needed to support the hull. For a given displacement, the form resistance
increases because the pressure force normal to the planing surface has a larger rearward
component as the trim angle increases. As a general assumption the optimum trim angle is
about 4 ◦ [26]. For all the conditions tested, the unstepped hull was running at below the
optimum trim angle. Therefore the higher trim angles of the step configurations with the
large step height aft have a more optimum trim angle.

Configurations 4, 8, and 10, with the large aft step height, exhibited the least amount of
resistance for the configurations tested. Referring back to Figures 2.7-2.9, configurations 4,
8, and 10, with the large aft step height, had the least amount of wetted surface area of all
of the configurations. Figure 3.1. shows an underwater photograph of the planing surface
for configuration 4 at a displacement of 85 lbf and a speed coefficient of 4.46. As seen in the
photograph, the bubbles behind the aft step shows that configuration 4, with the large step
aft, has most of the aft planing surface out of the water. The middle planing surface also
benefited from the small step height at the forward step further reducing wetted surface area.
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Figure 2.27: Underwater Photograph showing stagnation line for Configuration 4 Displace-
ment=85 lbf Cv=4.46

Figures 2.13-2.15. show that the configurations with the large aft step height had a higher
trim angle than all of the other configurations. It is hypothesized that the configurations
with a large aft step height runs at a higher trim angle because the aft planing surface is out
of the water and the hull can be effectively modeled as a shorter planing surface. Instead
of a planing surface that is 80 inches long, it is functioning as though it is 60 inches long.
The LCG relative to the planing surface has changed as well. Instead of an LCG 40% of
the original length overall (32 inches) from the transom, the LCG is now 20% of the shorter
length overall (12 inches) from the transom. Thus the configurations with the large aft step
heights are running at a higher, more optimum, trim angle as predicted by Clement [26].

At the high speeds where the stepped planing hulls have less resistance than the unstepped
hull, friction resistance is a large portion of the overall resistance. Therefore it has been
shown that the reduction of wetted surface area is the main cause of the reduction in resis-
tance in stepped planing hulls. Configuration 2, with the small step height both forward and
aft has about the same trim angle as the unstepped hull so the form resistance for both step
configurations are about the same. Even the small step heights created some separation and
reduced the wetted surface area, reducing the friction resistance and the overall resistance.

The stepped hull was not significantly more or less sensitive to increased displacement or
LCG. The results show that there is no significant difference in the sensitivity to displace-
ment or LCG between a stepped hull and an unstepped hull. Therefore there are stepped
hull configurations that can support changes in displacements in the same way as unstepped
monohulls.

There was still a reduction in resistance of the stepped hull when the stagnation line crossed
the step. As seen previously in Figure 3.1, the stagnation line from the forward planing sur-
face crosses the step instead of the chine. Therefore, the forward planing surface is operating
in a chines dry regime. The midbody now has the stagnation line crossing the chine. As a
result, the first part of the middle planing surface is chines dry. This is also the region of
separated flow aft of the step. It would be assumed that there is increased resistance because
of the flow, but the increased resistance is not great enough so that the stepped planing hull
has more resistance than the unstepped hull. The figure also shows that the flow reattaches
near the chine closer to the step near the chine than in the middle of planing surface. This
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can be seen on the aft planing surface near the chine. This would seem counter intuitive, but
this reattachment may be caused by the spray generated from the stagnation line separating
at the middle planing surface. With stepped planing hulls that have their step far forward,
it can be assumed that the stagnation line will cross the step. These model tests have shown
that the stagnation crossing has no significant detrimental effects to the performance of
the stepped planing hull in calm water. For this planing condition, the fundamental physics
is more complex as there is a stagnation line and flow separation occurring next to each other.

2.10.1 LCG

When changing the LCG location from the forward to aft position, it is generally expected
that the trim angle should increase. At the high speeds, as seen in Figure 2.26, the trim
angle was lower at the aft LCG location and higher at the forward LCG location. A predic-
tion was made of the NSWC15E using Savitsky’s planing prediction method and the model
test results were compared to a similar Series 62 model. In both cases, it was predicted for
the trim angle to be higher at the aft LCG location than the forward LCG location. The
configuration 4 tests from the first year were re-run in year two and the results were within
experimental error. The resistance, pitch and heave sensors are bench calibrated before be-
ing installed on the carriage and to determine if there was an error in the measurements,
the calibrations were verified while the model was connected to the carriage as if ready for a
run. The weight of the model was also verified on the carriage. The static measurements for
trim and heave were verified again. Since the experimental setup has been verified, the cause
for the NSWC15E not to follow theory is most likely due to hull form and hydrodynamics.
Test personnel noted that the NSWC15 had a dynamic trim instability where it was stable
in either a bow up or a bow down condition. The hull could be in a bow up condition and
if a downward force was applied on the bow, it would transition to the bow down condition.
Based on the underwater photography, in the forward LCG position, the bow section was
clearly in the water. In the aft LCG position, the bow was further out of the water. Since
the NSWC15 had a bluff bow and the NSWC15E only extended the prismatic section, the
bow on the NSWC15E was very bluff and is not typical of a modern stepped planing hull.
The NSWC15 was selected as a parent model for its prismatic sections assuming that the
bow would be out of the water, but at the trim angles and LCG locations tested, the bow
did have an influence on the results.

2.11 Recommendations for Future Work

Based on the model test, the following is a list recommendations for future work that will
further improve the understanding of stepped planing hulls. 1. Use the NSWC15E and
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conduct the same model test as the aft LCG location at an even further aft LCG location
(30% of the LOA forward of the transom). This will give a better understanding of the effect
of LCG on stepped planing hull performance.
2. Restrain the model in both trim and heave so that some fixed cases can be run for
numerical validation as it is easier to simulate fixed cases than free cases because mesh
motion is not needed.
3. Build a prismatic bow section for the NSWC15E model to determine if the bow section
is causing the model test results to differ from theory.



Chapter 3

Prediction Method

3.1 Background

Two observations can be drawn from the model tests in Chapter 2. These observations have
not been implemented in stepped planing hull prediction methods. Figure 3.1 is an under-
water photograph from the model tests discussed in Chapter 2 of configuration 4 at 85 lbf
displacement showing the wetted surface area of the hull.

Figure 3.1: Underwater Photograph showing separated flow for Configuration 4 Displace-
ment=85 lbf Cv=4.46

In the figure, the two vertically marked lines are the steps. The dark portion of the hull show
areas where the flow is fully attached. Aft of the aft step, the distorted area shows a large
area of separated flow. The separated zone aft of the forward step shows the first observation.
The reattachment of the flow aft of the forward step shows a smooth, but nonlinear curve in
the transverse direction. If the flow was linear in the transverse direction, the reattachment
of the flow would look like a triangle pointing forward much like the stagnation line of the
hull intersecting the calm water. This shows that a three dimension wave profile instead
of a two dimension wave profile is needed to improve the stepped planing hull prediction
method. Morabito [13] has presented a method using multiple equations for calculating the
three dimension wave profile.

53
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This figure also shows the second obervation, that the stagnation line crosses the step. Cur-
rent methods are designed to predict the performance of a stepped hull when the stagnation
line crosses the chines similar to Savitsky’s planing prediction method with unstepped hulls.
Further research can increase the capability of the Savitsky’s planing prediction method.
Savitsky’s planing prediction method assumes that the chines are always wet; meaning that
the stagnation line always crosses the chine. At very high speeds, the stagnation line would
cross the transom of an unstepped planing hull and the stagnation line would cross the step
on a stepped planing hull at any speed. Savitsky’s planing prediction method can predict a
non-physical negative wetted chine lengths when the stagnation line is actually crossing the
transom. The prediction method is only valid up to a speed coefficient of 13 [12]. There are
some extreme cases, such as offshore racing boats when an unstepped hull can have a speed
coefficient greater than 13.

In addition to the two observations mentioned above, the lift equation that Savitsky devel-
oped for his planing prediction method and used in previous stepped planing hull prediction
methods is limited to a speed coefficient of 13. For stepped planing hulls, the speed coeffi-
cient can also be very high when the wetted beam on the aft planing surfaces is small. The
also may be stepped planing hulls that would exceed the speed coefficient limit.

This current thesis updates current stepped planing hull prediction methods to develop a
more accurate prediction tool. First, a new lift equation for speed coefficients greater than
13 will be implemented. Second, a new physics based method for determining the three
dimension wave profile aft of the step using a single equation will be developed. Lastly, a
method for allowing the stagnation line to cross the step will be used.

3.1.1 Lift

The first area for updating Savitsky’s planing prediction method are the lift equations. These
updates are applicable to both the stepped and unstepped hull.

High Speed Lift

Savitsky has developed a lift equation for most planing speeds in which the stagnation line
crosses the chine in a straight line. The Shuford-Brown lift equation can be used if the speed
coefficient is greater than 13 as an alternative to Savitsky’s lift equation at high speeds,
Equation (3.1) [27].
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CL = CL,L + CL,X + CL,S

CL,L =
0.5π sin τ cos2 τ

1 + 1
λ

CL,X =
4

3
λ sin2 τ cos3 τ cos β

CL,S = τ0.0109
λ2

Cv
2

CL,L = Linear Term Determined from Lifting-Line Theory [27]

CL,L = Crossflow Term

CL,S = Hydrodstatic Lift

(3.1)

The Shuford-Brown lift equation can be used for a speed coefficient up to 44, which covers
the speed of any currently available stepped planing hull [27]. The center of pressure is
calculated using the same method as used by Savitsky in the Savitsky planing prediction
method [12]

Chines Dry Lift

To account for when the hull is chines dry, a formulation to calculate the chines dry lift is
needed. Daniel Savitsky’s formulation based on Milwitzky’s test data was used for the chines
dry lift coefficient, Equation (3.2)[28].

CL = π(
π

2β
− 1)2sin3τ(1− tanτ

2tanβ
)

(3.2)

Once the lift coefficient is calculated, the lift can be found, Equation (3.3) [28].
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Lift =
1

2
CLρV

2L2
k

(3.3)

The reduced beam can be found by using Equation (3.4) and setting Lc to zero and solving
for the beam, Equation (3.5) [12].

Lk − Lc =
B

π

tan β

tan τ
(3.4)

B = Lkπ
tan τ

tan β

(3.5)

The mean wetted length to beam ratio is given by Equation (3.6).

λ =
Lk + Lc

2B
(3.6)

With the wetted chine length equaling zero, Equation (3.6) becomes (3.7). Using the wetted
keel length and the reduced beam, the mean wetted length to beam ratio can be calculated.

λ =
Lk
2B

(3.7)

For the chines dry condition, the center of pressure is assumed to be 0.4 times the wetted
keel length.

3.1.2 Wave Profiles

Model Test Background

Korvin-Kroukovsky et al. published the first papers with wave profile measurements for
planing surfaces [29] [30] [31]. Finger probes were used to measure the wave heights at vari-
ous locations. The deadrise angle, trim angle, loading coefficient, and speed were varied over
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the ranges summarized in Table 3.1.

Table 3.1: Wave Profile Range of Applicability
Korvin-Kroukovsky et al. Savitsky and Morabito

Transverse
Measurement

Locations (Beams)
Keel, 0.2, 0.4 Keel, 0.25

Longitudinal
Measurement

Locations (Beams)
0-6 in 1 Beam Intervals 0-3 in 0.33 Beam Intervals

Deadrise Angle
(degrees)

10, 20, 30 10, 20, 30

Trim Angle (degrees) 4, 8, 12 2, 3, 4, 5
Loading Coefficient Various 0.4, 0.6, 0.8
Speed Coefficient Various 4, 6, 8

Experimental Error
(Beams)

0.01 0.03

The Korvin-Kroukovsky data focused on sea plane applications so the range of trim angles
tested are higher than the typical planing hull range of 3 ◦-5 ◦ and the wave profile does not
have great fidelity in the longitudinal direction near the transom. From the test data, an
equation to predict the wave profile at the keel was developed. Morabito expanded on this
test data by developing equations for the wave profile at 0.4 beams from the keel and the
wave crest [13]. Faltinsen derived an analytical form of the wave profile at the keel and
using the previous test data presents a simpler form of the wave profile for the keel [32].
Savitsky and Morabito conducted new wave profile tests in 2009 focusing on the application
of stepped planing hulls [28]. The range of the variables tested are presented in Table 3.1.
The trim angles tested was more suitable for planing hulls and the wave profile had more
fidelity in the longitudinal direction near the transom. The drawback with the Savitsky and
Morabito set of data is that the wave profile was only measured in two transverse locations
and the three dimensional wave profile is unknown.

Cavity Pressure Assumption

To date, no known experiments have been conducted to measure the shape of the separated
flow aft of a step. If one assumes that the air pressure in the cavity is atmospheric, then
models for the wave profile aft of an unstepped planing hull can be used to model the sep-
arated flow aft of a step. Garland has shown in his model test that the assumption that
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the air pressure in the cavity is atmospheric is valid [9]. To test this assumption, holes were
drilled behind the step to ensure that the step was always ventilated. Three sets of runs were
conducted to determine the effect the holes had on the craft performance. The three test
conditions were; before the holes were installed, the holes were plugged, and the holes were
open. The ventilation length, the resistance, and the trim angle were all in agreement within
experimental error when the ventilation holes were open, plugged, and not used. Therefore,
the step was always ventilated and no holes are needed to assist in ventilation.

Faltinsen’s Analytical Method

Faltinsen derived an analytical solution to determine the form of the wave profile equation
[32]. The derivation is shown from Equation (3.8) to Equation (3.13). For the solution near
the separation point, the flow is assumed to be two-dimensional in the vertical plane (Figure
3.2) [32]. The body boundary condition is that there is no flow through the body boundary
and the dynamic free surface boundary condition is that the pressure is atmospheric on the
free surface.

Figure 3.2: Local Coordinate System at the Step

Using polar coordinates and assuming that r is small, the velocity potential is Equation (3.8)
[32].
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Φ = UsX + Arn cosnθ

(3.8)

Bernoulli’s equation with the velocity potential then becomes Equation (3.9) [32].

ρ

2
((Us + u)2 + w2)− ρg(d− Z) =

ρ

2
U

(3.9)

The second order term of Equation (3.9) on θ = π or z = 0 becomes ρUsu = 0 and on z = 0
u can be written as Equation (3.10) [32].

u =
∂

∂r
Arn cosnθ (3.10)

To satisfy Equation (3.9), cosnπ = 0. The smallest value for n must be chosen since r is
assumed to be small. n = 1

2
is not possible since the velocity will be infinite at r = 0.

Therefore, n = 3
2

is chosen and w becomes Equation (3.11) at z = 0 [32].

w =
1

r
Ar3/2

d

dθ
cos

3

2
θ =

3

2
Ar

3
2 (3.11)

The free surface can be approximated by the streamline at the free surface. Thus the free
surface slope ( dz

dx
) is approximately Equation (3.12) [32].

dz

dx
=

w

Us
(3.12)

Substituting w and solving the equation gives the wave profile height in the form of Equation
(3.13) [32].
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z =
A

Us
x

3
2

A = Unknown Constant

(3.13)

When non-dimensionalizing z and x by the Beam (B), Equation (3.13) becomes Equation
(3.14).

ZB =
A

Us
(XB)

3
2

Z = z/B

x = x/B

(3.14)

Simplifying Equation (3.14) to Equation (3.15)

Z =
A
Us√
B

(X)
3
2

(3.15)

Realizing that Us√
B

is similar to the speed coefficient, Equation (3.15) is multiplied by the

gravitational constant to form (3.16).

Z =
A

Us
√
g√

gB

(X)
3
2

g = gravitational constant

(3.16)
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The gravitational constant can be absorbed into the unknown constant A to form Equation
(3.17).

Z =
A

Cv
X

3
2

(3.17)

2D Wave Profile

The Savitsky and Morabito wave profile equation takes the form of Equation (3.18) [28].

H = 0.17(C + 0.03Lkτ
1.5) sin

π

Cv
(
X

3
)
3
2

H = Height of Wave Profile Above Keel, Beams

At the keel, for β = 10 ◦: C = 1.5

At the keel, for β = 20 ◦and β = 30 ◦: C = 2.0

At the
1

4
Beam : C = 0.75

(3.18)

C is a coefficient that varies based on transverse transom location and deadrise angle. The
equation assumes that the origin is at the keel and transom intersection and the x axis ex-
tends aft parallel with the keel.

Morabito and Savitsky’s wave profile equation has a form that is similar to the analytical
form presented in Equation (3.17). Assuming that at small angles, the sine of an angle can
be approximated as the angle, Equation (3.18) can take a form similar to the analytical form
of Equation (3.17) resulting in Equation (3.19)).

H = 0.17(C + 0.03Lkτ
3
2 )
π

Cv
(
X

3
)
3
2 (3.19)
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Further combining the constant coefficients results in equation (3.20).

H = 0.103(C + 0.03Lkτ
3
2 )

1

Cv
X

3
2 (3.20)

In Savitsky and Morabito’s wave profile equation, at the keel, C = 1.5 when β = 10 ◦ and
C = 2.0 when β = 20 ◦ and 30 ◦ [28]. At the quarter Beam, C = 0.75 for all deadrise angles.

3D Wave Profile Equation

Based on the change in the factor C between the keel and the quarter beam in Savitsky and
Morabito’s [28] wave profile, the idea for a three dimension wave profile equation varying the
constant C in the transverse direction was developed. For the three dimension wave profile
equation, a new form of C as a function of the transverse location was assumed (Equation
(3.21)). A number of different equations were tested to determine the best fit. Two power

equations, y2 and y
3
2 and an exponential equation ey were tried. The y

3
2 equation was se-

lected based on the Faltinsen derivation for the longitudinal wave profile [32]. The quadratic
equation gave the best fit to the experimental data of the equations tested.

C = C1(
y

B
)2 + C2(

y

B
) + C3 (3.21)

The new form of Equation (3.19) becomes Equation (3.22)

0.103(C1(
y

B
)2 + C2(

y

B
) + C3 + 0.03Lkτ

3
2 )

1

Cv
(
x

B
)
3
2 (3.22)

To determine the unknown coefficients C1,C2, and C3, Equation (3.22) was compared to
Korvin-Kroukovsky’s wave profile data [29] [30] [31] and the coefficients were found that
minimized the error between the equation and the data. The wave profile heights were pre-
sented in figure, not numerical values in the papers. To obtain the numerical values, the
figures from Korvin-Kroukovsky’s papers were imported into Solidworks [24] and the faired
wave profile was measured. The data for all of the τ = 4◦ runs was measured from the
transom to 3 beams aft of the transom in 1

3
beam increments. A total of seventeen runs were

used with deadrise angles of 10◦, 20◦, 30◦ at various speeds and displacements. The Savitsky
and Morabito wave profile equation was applicable over a range of trim angles from 3◦ to
5◦. Since the Savitsky and Morabito wave profile was the basis for the three dimension wave
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profile, Equation (3.22) was compared to the Korvin-Kroukovsky data at τ = 4◦.

The figures from the Korvin-Kroukovsky papers presented the data with the origin at the
calm water line. The hull trimmed and sunk to the running conditions such that the keel
at the step is below the origin. Equation (3.22) references the origin at the intersection of
the keel and the step. Therefore, equation (3.22) had to be rotated and shifted to account
for the coordinate system of the Korvin-Kroukovsky wave profile data. For the wave profiles
that were not located transversely at the keel, an additional shift is needed to account for
the height of the hull at the transverse location. Equation (3.23) is the modified version of
Equation (3.22) that was used to compare the wave profile equation to the test data.

H = 0.103(C1(
y

B
)2 + C2(

y

B
) + C3 + 0.03Lkτ

3
2 )

1

Cv
(
x

B
)
3
2 − Lk

B
sin τ +

y

B
tan β (3.23)

The error was calculated as in Equation (3.24).

Error = |zestimated − zmeasured| (3.24)

The solver add-in feature in Excel [33] was used to determine the coefficients C1, C2, and C3

in Equation (3.21) by minimizing the error as in Equation (3.24). The coefficients were also
calculated with limitations such as forcing the equation to match Savitsky and Morabito’s
coefficients at the keel and quarter beam. It was found that letting all three coefficients be
independent minimized the error with the experimental data. With the coefficients, Equa-
tion (3.22) is (3.25).

H = 0.103(4.14(
y

B
)2 − 3.59(

y

B
) + 1.33 + 0.03Lkτ

3
2 )

1

Cv
(
x

B
)
3
2 (3.25)

3.1.3 Process

Savitsky’s method is an iterative procedure which one iterates upon trim angle to balance
trim moment. The stepped hull planing prediction method requires a second iterative un-
known variable. The wetted keel length is also iterated to balance the vertical forces. There-
fore, there are two dependent (vertical force and moment) and two independent variables
(trim angle and wetted keel length on the forward planing surface) solved for in this method.
The result of interest, resistance, is a third dependent variable that comes out of the method.
Figure 3.3 is a flow chart of the stepped hull planing prediction method. The procedure starts
on the upper left and ends on the upper right.
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The method starts by assuming a trim angle. Once a trim angle is assumed, a wetted keel
length on the forward planing surface is assumed. All the other methods for predicting the
performance of the stepped planing hull(Morabito [28], Danielsson [15], and Svahn [14]) as-
sumes a lift generated by the forward planing surface instead of a wetted keel length on the
forward planing surface. The upper limit of lift generated by the forward planing surface is
limited by the length of the wetted keel length of the forward planing surface. The wetted
keel length cannot be longer than the length of the forward planing surface. In reality, since
the bow section is not prismatic, but highly shaped, this limit may be less. If a lift is as-
sumed on the forward planing surface, the wetted length required to generate the assumed
lift could be longer than the length of the forward planing surface. This method assumes
that the stagnation line crosses the forward planing surface, so the wetted keel length is
limited to the length of the forward planing surface. Once these two variables are selected
the calculation begins on the forward planing surface.

Forward Planing Surface

First, the hull is divided into a number of longitudinal sections creating a transverse grid. At
each of these grid points, the longitudinal position of the stagnation line is calculated in two
different reference frames, longitudinal position from the transom (LStag) and longitudinal
position from the step (LLStag

). Both LStag and LLStag
are matrices where the columns are

the transverse position and the rows are the planing surfaces. When the stagnation line
is on a planing surface, the longitudinal position is stored in the row corresponding to the
planing surface the stagnation line is on. If the stagnation line crosses the step, the new
reduced beam is calculated and stored as the local beam. Figure 3.4 shows the stagnation
line crossing the step. The black lines represent the two steps. The blue line represents the
stagnation line on the forward planing surface. The green line represents the stagnation line
on the middle planing surface.
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The lift and center of pressure is calculated based on the conditions of the forward planing
surface. If the chines are dry, Milwitzky’s chines dry lift equation is used. For the chines
wet condition, if the speed coefficient is above 13, the Shuford-Brown lift equation is used
Otherwise, the Savitsky lift equation is used. The friction resistance on the forward planing
surface is found using the wetted surface area of the forward planing surface and the ITTC
’57 friction line.

Aft planing surfaces

Utilizing the trim angle, the wetted keel length, beam, and the deadrise angle of the planing
surface forward of the step, the longitudinal distance of the reattachment line from the step
at each transverse location (x) is calculated from the three dimension wave profile equation.
The three dimension wave profile, Equation (3.22), is set so that the height, z, on the left
hand side is equal to the height of the planing surface aft of the step. Equations (3.26) to
(3.28) show the three components that contribute to the height of the planing surface aft of
the step. Equation (3.26) is the height of the step.

z =
h

B
(3.26)

Equation (3.27) is the height due to difference in angle between the planing surface forward
and aft of step.

z =
x

B
tan θi+1

(3.27)

Equation (3.28) is the height due to difference in deadrise angle between the planing surface
forward and aft of step.

z =
y

B
(tan βi+1 − tan βi)

(3.28)
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The combined equation is shown in Equation (3.29).

0.103(C1(
y

B
)2 + C2(

y

B
) + C3 + 0.03Lkτ

3
2 )

1

Cv
(
x

B
)
3
2 =

h

B
+
x

B
tan θi+1 +

y

B
(tan βi+1 − tan βi)

(3.29)

The longitudinal position from the reattachment point to the aft end of the planing surface
is calculated and stored in a new matrix (LLWake

). This position is also transferred to the
transom reference frame (LWake). If the longitudinal distance of the reattachment point is
longer than the planing surface then the longitudinal distance from the reattachment point
to the aft end of the next planing surface is calculated and stored in matrices (LExtra) and
(LLExtra

). The wetted length at each transverse location is found by calculating the minimum
longitudinal position of the stagnation line, the reattachment point from the separated flow
off the step, and the reattachment point from the separated flow off any step forward of the
step of interest. The mean wetted length to beam ratio is calculated by taking the average
of the wetted lengths. If the flow crosses the end of the planing surface, the new local beam
is calculated as well.

Svahn suggests using the slope of the wave profile as it reattaches to the step as the local
trim angle for calculating the friction resistance as well calculating the forces and moments
[14]. While the direction of the flow at the free surface is the slope of the wave profile as
it reattaches the step, it must be noted that as the hull moves through the water, the flow
encountering the hull aft of the step is seen by the hull at the overall trim angle. Therefore
the local trim angle used for this method is the overall trim angle.

The local deadrise angle is no longer the deadrise angle of the hull with respect to the flat
calm water, but is now the deadrise angle of the hull with respect to the 3D wave profile.
Therefore the local deadrise angle is the difference between the deadrise angle of the hull
and the angle of the transverse wave profile at the reattachment point for each transverse
location. The angle of the transverse wave profile at the reattachment point can be found
by taking the arctangent of the slope of the wave profile at the reattachment point. To
determine the slope of the wave profile at the reattachment point, the derivative of Equation
(3.29) is taken with respect to y and the result is shown in Equation (3.30)
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dF

dy
= 0.103B(2C1

y

B2
+
C2

B
)

1

Cv
(
x

B
)
3
2 − 1

B
(tan βi+1 − tan βi)

(3.30)

Taking the arctangent of Equation (3.30) and subtracting it from the deadrise angle and the
local deadrise angle is given in Equation (3.31)

βLi = βi − arctan(0.103B(2C1
y

B2
+
C2

B
)

1

Cv
(
x

B
)
3
2 − 1

B
(tan βi+1 − tan βi))

(3.31)

The average deadrise angle is found by averaging the deadrise angle at each transverse po-
sition.

The lift, center of pressure, and the friction resistance is found on the planing surface in
a similar manner to how they are found on the forward planing surface. This process is
repeated for each planing surface aft of the forward planing surface.

3.1.4 Equilibrium Equations

With the lift, center of pressure, and the friction resistance known for each planing surface,
the vertical forces are calculated. The forces in the vertical direction are the hull displace-
ment, the vertical components of the lift forces on each planing surface, and the vertical
component of the friction resistance, Equation (3.32).

n∑
i=1

Ni cos(τi + θi)−
n∑
i=1

Df i sin(τi + θi)−∆ = 0

Ni =
Lifti

cos(τi + θi)

(3.32)
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For a given trim angle, recognizing the sum of vertical forces must be zero, the wetted keel
length on the forward planing surface is iterated until a solution is found. The trim moment
is then calculated.

The trim moment can be measured in reference to the center of gravity as following Sav-
itsky’s method [12]. The a coefficient is the Vertical Center of Gravity (VCG) minus the
step heights of the steps forward of the ith planing surface minus the height of the quarter
beam. The c coefficient is the LCG minus the distance from the transom to the step aft of
the ith planing surface minus the center of pressure on the ith planing surface. The sum of
the moments is the sum of the normal force on each planing surface multiplied by the lever
arm c and the friction drag on each planing surface multiplied by the lever arm a.

ai = V CG−
i∑

j=1

(hj)−
BLi

4
tanβ

ci = LCG− LSi−1
− Cpi

n∑
i=1

(Ni cos(θi)ci) +
n∑
i=1

(Df iai) = 0

n = Total number of steps

(3.33)

For the stepped planing hull to be in equilibrium, trim moment must be in in equilibrium.
Therefore, the trim angle is iterated until the trim moment equals zero.

A constrained optimization routine was required to determine the forward planing surface
wetted keel length and trim angle that would make the vertical forces and trim moment in
equilibrium. The constraints of the routine had to be individually tailored for each specific
run configuration studied.

The forces in the horizontal direction are the horizontal components of the lift forces on each
planing surface and the horizontal component of the friction resistance. The sum of these
forces is the total drag (resistance) on the stepped hull, Equation (3.34).
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D =
n∑
i=1

Ni sin(τi + θi) +
n∑
i=1

Df i cos(τi + θi)

(3.34)

Grid Convergence

The number of grid points in the transverse direction that define the stagnation line and
the reattachment lines was varied to determine the effects of grid spacing on the results.
Figure 3.5 shows the average percent error in resistance/weight as the number of grid points
increases. The figure shows that the resistance/weight converges as the number of points in
the transverse direction increases. Figure 3.6 shows the average percent error in trim angle
as the number of grid points increases. The figure shows that the trim angle converges as
the number of points in the transverse direction increases.
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Two hundred grid points were selected as the number of grid points for further analysis since
both the resistance/weight and the trim angle has converged. Four hundred grid points was
not selected due to the increase in computational time compared to two hundred points and
the difference in values are small.

Tolerance Analysis

The tolerance used to to determine if the sum of the vertical forces and sum of the moments
were in equilibrium was varied to determine the effects the tolerance value on the results.
The tolerance value was the same for both the vertical force and the moment. The tolerance
ranged from a value of 5 to 0.001. The plots show the tolerance values on a logarithmic base
10 scale. Figure 3.7 shows the average percent error in resistance/weight as the tolerance
value increases. The figure shows that the resistance/weight converges as the tolerance value
decreases. Figure 3.8 shows the average percent error in trim angle as the tolerance value
increases. The figure shows that the trim angle converges as the tolerance value decreases.
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A tolerance value of 0.001 was selected for further analysis because there was no significant
increase in speed in reducing the tolerance value among the converged tolerance values.

3.2 Results

3.2.1 Overview

Table 3.2 shows the average percent error for the resistance/weight and the trim angle for
Savitsky’s planing prediction method to predict configuration 1, the unstepped hull.

Table 3.2: Savitsky Unstepped Hull

Run
Average Percent Error in

Resistance/Weight
Average Percent Error in

Trim Angle
configuration 1 LCG=35%
LOA forward of Transom

12.63% 9.09%

All unstepped hull runs 12.45% 7.29%

Table 3.3 shows the average percent error for the resistance/weight and the trim angle for
the various planing prediction methods to predict stepped hull.

Table 3.3: Stepped Hull

Method Runs
Average Percent Error
in Resistance/Weight

Average Percent Error
in Trim Angle

Savitsky
Configuration 2

LCG=35%
7.65% 11.52%

Savitsky All stepped hull runs 3.96% 8.73%

2D
Configuration 2

LCG=35%
8.60% 5.77%

2D All stepped hull runs 12.63% 18.67%

3D
Configuration 2

LCG=35%
10.18% 2.13%

3D All stepped hull runs 14.44% 15.43%

Modified 3D
Configuration 2

LCG=35%
4.14% 1.61%

Modified 3D All stepped hull runs 3.60% 6.96%
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3.2.2 Savistky

Unstepped Hull

The resistance and trim angle results of configuration 1, the unstepped hull, was compared
to the Savitsky’s planing prediction method. The measured data is presented with the ex-
perimental error bars calculated from the model test. For the LCG=35% condition, the
resistance was under predicted and the trim angle was over predicted, Figures 3.9 and 3.10).
Savitsky’s planing prediction method under predicts the resistance more at higher speeds
than at lower speeds. Savitsky’s planing prediction method over predicts the trim angle more
at lower speeds than at higher speeds. The form drag is proportional to the tangent of the
trim angle, therefore the over prediction of the trim angle would lead to an over prediction
of the form resistance. Since the resistance is under predicted and the form resistance is over
predicted, one can surmise that the friction drag is under predicted.
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For configuration 1 at LCG=35%, the average error in the resistance/weight was 12.63% and
the error in the trim angle was 9.09%. For all 24 conditions of configuration 1, the average
error in the resistance/weight was 12.45% and the error in the trim angle was 7.29%.

Stepped Hull

Configuration 2 at LCG 35% was compared to the Savitsky’s planing prediction method
unstepped prediction, Figures 3.11 and 3.12. The data is presented in a similar fashion to
configuration 1. Configuration 2 was selected for analysis because it has the small (0.125in,
0.007 Beam) step height for the forward and aft step. The wave profile would have the most
impact on the reattachment length for the small step height. Similar to configuration 1, the
predicted resistance was under predicted and the predicted trim angle was over predicted
for step configuration 2. Savitsky’s Prediction Method under predicts the resistance more
at higher speeds than at lower speeds. Savitsky’s planing prediction method over predicts
the trim angle more at lower speeds than at higher speeds. If one assumes that the like
an unstepped hull, the form resistance is proportional to the tangent of the trim angle, the
over prediction of the trim angle would lead to an over prediction of the form resistance.
For an unstepped hull, Savitsky assumes the form resistance to be DForm = ∆tan(τ). In
other words, the higher the trim angle, the more of the hull that has to be pushed through
the water and higher form resistance. Since the resistance is under predicted and the form
resistance is over predicted, one can surmise, similar to configuration 1, that the friction
drag is under predicted. Since the results of the Savitsky’s planing prediction method does
not account for steps and are the same for configuration 2 and configuration 1, the reduced
resistance of configuration 2 causes the Savitsky Prediction Method to more accurately pre-
dict the resistance of configuration 2.
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For configuration 2 at LCG=35%, the average error in the resistance/weight was 7.65% and
the error in the trim angle was 11.52%. For all 180 conditions of the stepped hull tested in
the model test, the average error in the resistance/weight was 3.96% and the error in the
trim angle was 8.73%.

3.2.3 2D Wave Profile

Configuration 2 at LCG 35% was compared to the stepped hull planing prediction method
using the two dimension wave profile, Figures 3.13 and 3.14. The data is presented in a
similar fashion to configuration 1. For configuration 2, the resistance was slightly under
predicted and the predicted trim angle was predicted within experimental error for step
configuration 2. The resistance was under predicted slightly more at high speeds. The form
resistance is proportional to the tangent of the trim angle, therefore the good prediction of
the trim angle would lead to a good prediction of the form resistance. Since the resistance is
slightly under predicted and the form resistance is predicted well, one can surmise that the
friction drag is slightly under predicted.
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For configuration 2 at LCG=35%, the average error in the resistance/weight was 8.60% and
the error in the trim angle was 5.77%. The two dimension wave profile was more accurate
in predicting the trim angle for configuration 2 than Savitsky’s planing prediction method.
The two dimension wave profile was slightly less accurate than Savitsky’s planing prediction
method in predicting the resistance. For all 180 conditions of the stepped hull tested in the
model test, the average error in the resistance/weight was 12.63% and the error in the trim
angle was 18.67%. The two dimension wave profile was about as accurate in predicting the
resistance of the stepped hulls than Savitsky’s planing prediction method for the unstepped
hull.

Figure 3.15 shows the predicted wetted surface using the two dimension wave profile. The
black lines represent the two steps. The blue line represents the stagnation line on the for-
ward planing surface. The green line represents the reattachment line on the middle planing
surface. The red line represents the reattachment line on the aft planing surface. The areas
aft of the blue, green and red lines would be the portions of the hull that are wetted. Figure
3.1 shows a curved reattachment line on the middle planing surface in the model test. Figure
3.15 does not show this curved reattachment line because the two dimension wave profile is
assumed to be linear in the transverse direction.
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3.2.4 3D Wave Profile

Configuration 2 at LCG 35% was compared to the stepped hull planing prediction method
using the three dimension wave profile, Figures 3.16 and 3.17. The data is presented in a
similar fashion to configuration 1. For configuration 2, the resistance was under predicted
and the trim angle was predicted within experimental error. The resistance was more under
predicted at high speeds. The form resistance is proportional to the tangent of the trim
angle, therefore the good prediction of the trim angle would lead to a good prediction of the
form resistance. Since the resistance is slightly under predicted and the form resistance is
predicted well, like the two dimension wave profile, one can surmise that the friction drag is
slightly under predicted.
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For configuration 2 at LCG=35%, the average error in the resistance/weight was 10.18%
and the error in the trim angle was 2.13%. The three dimension wave profile predicted the
resistance and the trim angle better than Savitsky’s planing prediction method for the un-
stepped hull. The three dimension wave profile predicted the trim angle better than the two
dimension wave profile, but the three dimension wave profile was less accurate than the two
dimension wave profile in predicting the resistance. For all 180 conditions of the stepped
hull tested in the model test, the average error in the resistance/weight was 14.44% and the
error in the trim angle was 15.43%. The three dimension wave profile was less accurate than
the two dimension wave profile in predicting the resistance, but more accurate than the two
dimension wave profile in predicting the trim angle.

Figure 3.18 shows the predicted wetted surface using the two dimension wave profile. The
black lines represent the two steps. The blue line represents the stagnation line on the for-
ward planing surface. The green line represents the reattachment line on the middle planing
surface. The red line represents the reattachment line on the aft planing surface. The areas
aft of the blue, green and red lines would be the portions of the hull that are wetted. The
curved reattachment line on the middle planing surface is similar the the curved reattach-
ment line seen in Figure 3.1.
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3.2.5 Parameter Sensitivity Study for 3D Wave Profile

When comparing Figure 3.18 to Figure 3.1 the predicted separated region for the middle
step was much longer than seen in the model test. To reduce the separated region, the
three dimension wave profile would have to be steeper. To understand the sensitivity of the
stepped hull planing prediction method to the three dimension wave profile, the coefficients
of the three dimension wave profile equation was multiplied by a coefficient factor ranging
from 1.25-2.5 making the three dimension wave profile steeper. Values less than one were
not selected because it would make the three dimension wave profile shallower.

The Korvin-Kroukovsky test data had an experimental error of 0.01 Beams [13]. Figure 3.19
shows the wave profile using the original three dimension equation at the quarter beam for
the forward step of configuration 2. The hull is at the 35% LCG location, 85 lbf displace-
ment and traveling at a speed coefficient of 4.46. The dashed lines show the upper and lower
bound of the experimental error. The black line represents the small step height (0.125in,
0.007 Beams). The green line shows the wave profile with a coefficient factor of 1.5 and the
red line shows the wave profile with a coefficient factor of 2.5.
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Increasing the coefficient factor increases the wave profile height and reduces the reattach-
ment length. Over the area of interest, the wave profiles with the coefficient factors fall
within the experimental error. Figure 3.20 also shows the difficulty in measuring such small
differences in the height of the wave profile.

Figure 3.21 shows the average percent error in resistance/weight for all 180 runs vs. the co-
efficient factor. As the coefficient factor increases, the error in resistance/weight reduces in a
cubic fashion. Coefficient factors greater than about 2.25 have less error in resistance/weight
than Savitsky’s planing prediction method.
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Figure 3.22 shows the average percent error in trim for all 180 runs vs. the coefficient factor.
As the coefficient factor increases, the error in trim angle reduces rapidly and asymptotes
to about 7% error. Coefficient factors greater than about 1.5 have less error in trim than
Savitsky’s planing prediction method.
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The stepped hull planing prediction method using a coefficient factor of 2.5 is shown here
for configuration 2 at LCG 35%, Figures 3.23 and 3.24. For configuration 2, the resistance
was predicted within experimental error for most displacements and the trim angle was pre-
dicted within experimental error for all displacements. The form resistance is proportional
to the tangent of the trim angle, therefore the good prediction of the trim angle would lead
to a good prediction of the form resistance. Since the resistance and the form resistance is
predicted well, one can surmise that the friction drag is also predicted well.
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For configuration 2 at LCG=35%, the average error in the resistance/weight was 4.14% and
the error in the trim angle was 1.61%. The modified three dimension wave profile predicted
the resistance and trim angle better than all the other prediction methods. For all 180 condi-
tions of the stepped hull tested in the model test, the average error in the resistance/weight
was 3.60% and the error in the trim angle was 6.96%. The modified 3D wave profile was
more accurate than Savitsky’s planing prediction method for predicting the resistance and
trim angle.

3.3 Discussion

3.3.1 Savitsky

The Savitsky planing prediction method predicted the results for the stepped hull better than
the unstepped hull. The Savitsky planing prediction method consistently under predicted
the resistance for the 24 conditions of the unstepped hull. For the 12 runs at the LCG=35%
condition, the trim was over predicted and for the 12 runs at the LCG=40% condition, the
trim was over predicted.

3.3.2 3D Wave Profile

A single simple closed form physics based empirical equation has been developed to predict
the three dimension wave profile aft of a transom or step. The equation has been developed
so that the empirical coefficients can be recalculated when new and more accurate test data
becomes available. The current equation captures the curvature of the reattachment point
seen in the underwater photography from the model test as seen in Figure 3.18. The sen-
sitivity analysis of the coefficients show that a small change in the coefficients can have a
large effect on the predicted results. The three dimension wave profile led to a more accu-
rate prediction of the trim angle than the two dimension wave profile. The modified three
dimension wave profile showed improvements in the prediction of both the resistance and the
trim angle. Figure 3.18 also shows that the predicted reattachment line is further aft than
as seen in the experiments. The current coefficients predict the performance of the stepped
hull reasonably well, but further research is needed to develop a better three dimension wave
profile.



Evan J. Lee Chapter 3. Prediction Method 105

3.3.3 Prediction Method

A number of new features have been added to the existing stepped planing hull prediction
methods. First, it utilizes a 3D wave profile for determining the reattachment of the flow aft
of each step. Second, this method accounts for the stagnation line crossing the step, thus
improving the applicability of this method. This method allows for the stagnation line to
cross all of the steps and the transom. Third, this method can be used for an infinite num-
ber of steps. Lastly, this method calculates the lift on all the planing surfaces. In previous
methods, the lift generated on the planing surface aft of the step was assumed to be the lift
that was not being supported by the forward planing surface.

3.3.4 Usage

The stepped planing hull prediction method takes about 1-2 minutes to calculate the pre-
diction for one condition. Since there are fewer calculations, Savitsky’s planing prediction
method is even faster. Savitsky’s planing prediction method can be used for initial prelimi-
nary design work. The stepped planing hull prediction method can then be used for further
preliminary studies. The stepped planing hull prediction method is another tool for the
Naval Architect to predict the performance of stepped planing hulls.

3.4 Recommendations for Future Work

Advancements in sensor technologies has allowed for a number of different methods to more
accurately measure the 3D wave profile aft of the step. A new series of tests based on stepped
planing hull conditions utilizing the new technologies will provide a better model of he 3D
wave profile to use in the stepped planing hull prediction method.

A test understanding the interactions between multiple planing surfaces should be conducted.
Instead of having one complete model with multiple steps attached to a single heave post,
a test should be conducted with each planing surface attached to its own heave post. This
would allow for each of the planing surfaces to be fixed in heave and trim and the lift, re-
sistance and moment on each of the planing surfaces can be measured independently. The
model can be run at a number of step configurations, drafts, trim angles and speed. If
possible, the pressure distribution on each planing surface can be found and this will help
better understand the lift on the aft planing surfaces. This test would also allow for the ex-
amination of the assumption that the pressure in the separated zone is indeed atmospheric.
It will also show how the turbulent and sometimes bubbly flow can effect the lift on the aft
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planing surfaces.



Chapter 4

Numerical Methods

4.1 Introduction

The addition of a step increases the complexity of the simulation of a planing hull. Both the
model test and the prediction methods show that the separated flow at the step has a large
influence on the overall performance of a stepped planing hull.

Using numerical tools for engineering and design is much different than for research applica-
tions. There is a limited amount of time and resources available for numerical simulation in
engineering and design. In pure research, one my be able use a large cluster with thousands
of cores and run the simulation for a number of weeks. In design, the user may only have
access to a few processors due to cost constraints and a week to complete a simulation due
to time constraints. While some engineering firms have in-house Computational Fluid Dy-
namics (CFD) experts, there are other small craft firms that do not have this capability. For
these smaller firms, the user of numerical tools for engineering and design may be an engineer
who is not a CFD expert. Therefore the meshing, setup and execution of the numerical tool
needs to be intuitive so that someone not using the tool all the time can effectively use the
tool without having to relearn the the tool every time.

The current research compares two different numerical tools; Numerical Flow Analysis (NFA)
and OpenFOAM (Open source Field Operation And Manipulation) for the engineering and
detailed hull form design of stepped planing hulls. The comparison assess the modeling gaps
and computational constraints in current state of the art numerical simulation tools when
analyzing stepped planing hulls. One specific area of interest is each tool’s ability to accu-
rately capture the separated flow off of the step.

107
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Configuration 4, with the small step forward and the large step aft, from the model test,
discussed in Chapter 2, was selected as the step configuration to be used in the numerical
comparison. It was selected because it had the lowest resistance of the conditions tested at
the forward LCG location and it was tested at both LCG locations. The small step height
forward is a good geometric feature to determine each tool’s ability to handle very small
features. Multiple test conditions of configuration 4 in the free to pitch and heave condition
are tested to determine the resistance and the trim angle of the hull.

The simulations were run with the model free to pitch and heave. The motion of a planing
hull from rest to its running condition is highly dynamic. The hull will rise out of the water
as the hull is support by hydrodynamic lift and the trim angle will increase during hump
speeds and decrease again at planing speeds. Most displacement hulls usually can be run
in fixed pitch and heave conditions because the change in the pitch and heave from rest to
the running condition is minimal. In the design process, the numerical simulation would
often be conducted either before model tests or at different conditions than the model test.
Therefore, the running trim angle and draft of the hull is not usually known to run fixed
heave and trim simulations.

4.2 Volume of Fluid Method

The volume of fluid (VOF) method is one of two popular methods for describing the free
surface to simulate boats and ships within an Eularian grid based representation of the
domain[34]. The other method is called the level set method (LSM). Both NFA and Open-
FOAM use the VOF method for interface capturing. The VOF method defines a function
α, whose value is one at any cell occupied by the fluid; in the case of boats, water [34].
A cell whose value of α is zero would mean that it contains no water and in the case for
boats, contains only air. The cells which have a value of α between zero and one contains
a mixture of air and water. The air and water interface, free surface for the case of boats,
is often defined as an interpolated surface of α = 0.5, but can be defined as any fraction
between zero and one. The material properties in a cell is defined by averaging the values of
the two phases, water and air by the volume fraction α. Equation (4.1) shows how density
is calculated in the VOF method. There are also different schemes that work with the VOF
advection equations to sharpen the air and water interface, which in the case for boats is
the free surface.

ρ = αwaterρwater + (1− αwater)ρair (4.1)
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4.3 NFA

4.3.1 Theory

NFA, developed by LEIDOS; formerly SAIC, is a code that was designed as a numerical
code to easily model free surface flows. Whereas other numerical tools can solve a wide
range of fluids problems, NFA focuses primarily on free surface flows. NFA uses a Large
Eddy Simulation (LES) based Cartesian-grid formulation with immersed-boundary (IBM)
and VOF methods. A no-slip boundary condition is imposed on the hull, sides and inlet
[35]. There is no sub grid turbulence model within the LES simulation [35]. The friction
force on the hull is not directly calculated but calculated separately using the wetted surface
area determined by the simulation, the overall length of the hull, and the ITTC ’57 flat plate
approximation. An open boundary condition that is similar to the one specified by Orlanski
[36] allows the waves within the domain to pass through the boundary without distortion
and reflecting the wave back into the domain. This allows for much shorter domain lengths
and reduced computation times. With other numerical tools, the domain has to be long
enough so that the waves have dissipated and returned to the calm water level within the
domain. To ensure stability, the density as a function of the volume fraction is smoothed
by a three-point stencil applied along each axis [37]. Table 4.1 shows the numerical schemes
used by NFA.

Table 4.1: NFA Numerical Schemes
Scheme Type

Momentum Equation QUICK
Time Integration Second-Order Runge-Kutta
Volume of Fluid PLIC

4.3.2 Case Setup

In preparation for meshing, a number of steps need to be completed before the hull can be
read into NFA. The hull was exported from Solidworks [24] as an Initial Graphics Exchange
Specification (IGES) file which allows for the hull to be imported into other Computer Aided
Design (CAD) and Meshing tools. The hull was imported into Rhinoceros 3D (Rhino) [38] to
develop the hull surface grid. The hull surface was discretized into 15,000 triangular panels.
The panelized hull surface was then exported in the Polygon File Format (PLY) to be used
by NFA.

NFA uses an in-house developed Matlab Graphical User Interface (GUI) to facilitate the case
setup. The GUI is used to generate the text file that contains all of the inputs for a NFA
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simulation. This file is also editable using a standard text editor instead of the GUI. Figure
4.1 shows the main screen that allows for the user to edit a variety of basic parameters.
First, the overall number of cells within the domain are determined as seen in the upper
right corner of Figure 4.1. The overall number of cells is defined by the number of processors
and the number of cells per processor in each direction. The overall number of cells is de-
termined in a number of steps. First, the number of processors in each direction is defined.
Second, the number of cells per processors is definied. This process is repeated for the x,
y, and z directions. The total number of cells is the product of the number of processors
and the number of cells per processors to determine the number of cells in each direction.
The three directions are multiplied together to get the total number of cells. The number of
time steps and the time step size are defined. The GUI gives the user a suggested time step
size based on the requirement that the Courant number be less than 0.5. The hull velocity
and hull length overall are also defined as dimensional parameters. In the output tab, the
parameters for saving the simulation and outputting data are set. A suggested interval for
outputting data is given so that the data can be made into a video. The grid tab allows
the user to define the grid. The distribution of cells is controlled by elliptic equations. The
user designates zones of constant grid density in each direction and gives a weighting factor
to determine the grid density in that zone. Between the zones, the cells are stretched to
match the size of the cells in the two adjacent zones. The user can designate any number of
these zones as long as it does not violate the elliptic equations. The cells are automatically
cut to fit around the hull. The aspect ratio and percent stretching can be reported. The
developer stresses the importance of the aspect ratio of the cells being one near the hull to
achieve the best results. In the motions tab, the mass, center of gravity, and moment of
inertia is defined. NFA also allows for an initial hull offset or velocity. The flow velocity and
direction are defined in the current tab. The flow tab allows for the definition of the free
surface and the boundary conditions. Linear or pressure forcing waves can be added using
the waves tab. The frequency of numerical smoothing is entered in the smoothing tab as the
simulation time between each application of the smoothing function. The suggested time
interval is 0.1 units of non-dimensional time.
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Figure 4.1: NFA GUI: Simple user interface built from Matlab
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4.3.3 Mesh

The domain is 3.5 boat lengths long with one boat lengths upstream of the hull and 1.5 boat
lengths downstream of the hull. The domain is two boat lengths wide and two boat lengths
tall.

Figures 4.2 to 4.4 shows the 134 million cell mesh. Figure 4.2 shows the mesh at the
centerline. Figure. 4.3 shows the mesh at the centerline with the number of cells shown cut
in one-fifth for so that the hull can be seen within the mesh. Figure 4.4 shows the mesh at
the small forward step.
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4.3.4 Grid Convergence

The simulation was run with three different grid sizes from about 16 million cells to about
134 million cells. Figure 4.5 shows the resistance as the number cells increases. Figure 4.6
shows the trim angle as the number of cells increases. The grid size was changed by changing
the number of cells in each direction. The medium, 57 million cell mesh, is 1.5 times the
number of cells in each direction than the small, 16 million cell mesh. The large, 134 million
cell mesh, is 2 times the number of cells in each direction than the small, 16 million cell mesh.
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Both the resistance and the trim angle did not converge over the grids tested. The lack
of convergence calls into question the validity of the results obtained on these grids. The
134 million cell grid was selected for further simulations becuase it was the largest grid that
could be simulated within the computational constraints.

4.3.5 Simulation Scalability

The scalability of NFA has been previously tested on the United States High Performance
Computing Center. The number of iterations per hour scales with a scaling coefficient of
0.87 to number of processors [39]. As a result, there is nearly a direct trade off between
the number of processors and simulation time. Therefore for a given number of cells in a
simulation with a constant number of core hours for computation, a larger number of pro-
cessors can be used with fewer cells per processor to run the simulation quickly or fewer
processors can be used to run the simulation for a longer period of time. When using NFA
for simulations, there is a balance between simulation speed and processor availability. One
is more likely to get a simulation run sooner in a queue with a fewer number of processors,
but it would take longer for the simulation to complete.

4.3.6 Simulation Speed

The NFA simulations in this study were run for about 7 seconds of run time at a total of
about 25000 core hours on the U.S. Army Engineer Research and Development Center Cray
XE6 cluster Garnet [40]. The simulations were either run at 1024 cores for 24 hours or 512
cores for 48 hours depending on processor availability. Based on availability, three or four
cases were able to be run simultaneously. The grid size selected provided quick simulation
turn around times and allowed for multiple runs to simulated at the same time despite not
converging. Therefore, the grid size selected is representative of a grid that would be used
for planing hull design.

4.4 OpenFOAM

4.4.1 Theory

OpenFOAM was first developed by Weller et al. in 1998 [41]. The objective of OpenFOAM
is to use the tools in the C++ programming language and develop a C++ class library
where mathematical and physical models are implemented as high-level mathematical equa-
tions [42]. OpenFOAM also utilizes object-oriented programming to allow users to easily
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write new solvers within the existing framework. InterDyMFoam, one of the built in solvers,
was used for the simulations. InterFoam is OpenFOAM’s incompressible two phase solver
using VOF method for interface capturing. InterDyMFoam is the dynamic mesh motion
version of interFoam. The Reynold’s Averaged Navier-Stokes (RANS) solver with the k-ω
turbulence model was used for the simulation. The weight of the hull, the center of gravity,
and the mass moment of inertia are defined and the motion of hull is solved. OpenFOAM
uses multi-dimensional limiter for explicit solutions (MULES) to guarantee the boundedness
of the volume fraction[42]. Since MULES is an explicit formulation, the time step is limited
due to the Courant number limit [42].

In OpenFOAM 2.3, there are a number of improvements that enhances OpenFOAM’s ability
to simulate a stepped planning hull. First, a semi-implicit version of MULES was created
by applying the MULES limiter to an explicit field rather than the whole domain [42]. The
new version of MULES still guarantees boundedness at large Courant numbers [42]. Next,
a new solver was developed for rigid body motion that uses a spherical linear interpolation
method (Slerp) which enforces smoothness and a cosine profile distance function to maintain
the shape of the cells close to the moving surface [42]. The old motion solvers used an elliptic
equation that had a tendency to shear the cells [42]. As part of this mesh motion, a new
boundary condition was added to calculate rigid body motion. Unlike previous versions, the
motion can be constrained in any of the six degrees of freedom. Mesh morphing was chosen
over moving reference frame to better capture the free surface. When using moving reference
frame, as the whole domain rotates, the incoming free surface is still horizontal and now the
domain is not and the free surface is crossing cells at a non-orthongal angle which causes
diffusivity of the free surface. Wth the mesh morphing, the cells far from the hull are still
orthogonal to the free-surface and only a few number of cells are distorted closer to the hull
when it is moving. This ensures a more well defined free surface.

Table 4.2 shows the numerical schemes used for the simulation [43].
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Table 4.2: OpenFOAM Numerical Schemes
Scheme Type

∂
∂t

Schemes Euler
5 Schemes Gauss Linear

(5 ∗ (ρUU)) Schemes Gauss linearUpwind
(5 ∗ (Uα)) Schemes Gauss vanLeer

(5 ∗ (Urbα1)) Schemes Gauss linear
(5 ∗ (Uk)) Schemes Gauss linearUpwind
(5 ∗ (Uω)) Schemes Gauss linearUpwind

(5 ∗ ((µEff ∗ dev(T (5U))))) Schemes Gauss linear
5 ∗ (ν5U) Schemes Gauss Linear corrected

Interpolation Schemes Linear
snGradSchemes corrected

fluxRequired no

4.4.2 Meshing Tools

Three different meshing tools were examined to generate meshes in OpenFOAM; Pointwise,
Boxer, and snappyHexMesh.

Pointwise

Pointwise [44] is a detailed commercial meshing tool that generates both structured hexa-
hedral and unstructured tetrahedral meshes with good user control. The tool is a hybrid of
user input building the mesh and automatic meshing. The mesh is built from the hull out
to the boundaries. First, the hull is imported as an IGES file. The edges of the hulls are
converted to connectors. The number of cells on each connector (edge) are defined by the
user. The distribution of the cells are controlled by an elliptic equation and are defined by
the cell size on the ends of the connectors. The face meshes in Pointwise are called domains.
To create hexahedral face meshes, the domains can consist of more than four connectors,
but there must be the same number of cells on opposite edges of the quadrilateral domain.
The face mesh is automatically generated by Pointwise and the face mesh might not always
be as square as expected. To fix the face mesh, the automatic grid solver can be used to
realign the points within the face mesh to generate a more uniform hexahedral mesh. The
grid solver has difficulty in solving the grid when the size of the grid is extremely small. If
the face mesh is not what is expected and the grid solver does not rectify the problem, there
is no further solutions to fix the mesh. Once the face mesh is completed, the face meshes
can be extruded to create the volume meshes. A connector is generated in the direction that
the face mesh is to be extruded. The cells on the connector are used to define the height of
the cells. The face meshes are extruded automatically to create the volume mesh. Since the
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extrusion of some of the face meshes does not terminate at a plane, the volume mesh may
be stretched by projecting the face mesh to a plane. The generation of the volume mesh
is continued until the domain is created. The boundary conditions are set by selecting the
outer faces of the domain and assigning the proper boundary condition.

The edge meshing tools allows Pointwise to minimize cell count by accurately growing the
cells as defined by the user. The errors in the automatic meshing is problematic and in-
creases meshing time as alternative meshing methods are sought. The overall time required
to generate these meshes when compared to Boxer and snappyHexMesh does not promote its
use for generating meshes for design iterations. Since each mesh is built from the hull out-
ward to the entire domain, a complete new mesh has to be built for each new hull to be tested.

Boxer

Boxer[45] is a commercial, interactive, and automatic meshing tool that develops hexagonal
meshes [45]. Boxer allows for cell refinement and prism layers. To generate the mesh, the
hull is imported as an IGES file. The extent of the domain is defined and the initial grid
size is set. Regions with finer grids also can be defined. A prism layer on the hull can be
defined to capture the boundary layer. Once all the parameters are defined, the mesh is then
automatically built. The only drawback of this meshing tool is that the domain grid is made
of cubes. There is no allowance for stretching of the cells in the far field. This increases the
number of cells used in the domain as extra cells are used in the far field where there is no
significant flow physics occuring.

snappyHexMesh

SnappyHexMesh [42] is the free advanced automatic meshing tool that is built into Open-
FOAM. A triangular surface mesh is first generated on the hull by a third party meshing
tool. The surface mesh was generated by Rhino3D and exported as a Standard Tessella-
tion Language (STL) file to be used by snappyHexMesh. To generate the mesh, three sets
of utilities within OpenFOAM are used; blockMesh, topoSet and refineMesh, and snap-
pyHexMesh. The background grid is generated in the basic OpenFOAM meshing utility,
blockMesh. BlockMesh generates hexagonal cells and the cells can be stretched in any di-
rection. Using the topoSet and refineMesh tools, certain regions of the mesh can be refined.
The user specifies the region that is to be defined and the topoSet tool selects the cells within
that region to be refined. The refineMesh tool splits the cells selected for refinement. For the
grid used in this simulation, the mesh was refined 6 times. SnappyHexMesh is used for the
cutting the hull into the domain and adding prism layers near the hull. SnappyHexMesh uses
the cell splitting method of grid refinement. The user can define the number times that the
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cells are split, cell refinement level, at certain distances from the hull to improve the mesh
near the hull. The minimum and maximum cell refinement level on the hull is also defined.
SnappyHexMesh refines the grid and uses the STL file to cut the hull into the existing mesh.
A boundary prism layer on the hull can be added after the hull is cut into the mesh. The
prism layer cells are defined by the number of layers and the expansion ratio. Unlike other
meshing tools, these utilities are not interactive, the parameters for the mesh are defined in
a file and the utilities are then run and the mesh is generated.

Comparison

Each of the meshing tools were compared based on quality of mesh, meshing time, ease of
use, and compatibility with OpenFOAM. Pointwise gives ultimate control over the mesh,
so that the user can generate almost any mesh needed for simulation. SnappyHexMesh has
both cell stretching and cell splitting for controlling cell size, so the user has good control
over the grid. SnappyHexMesh in OpenFOAM 2.3 also has good prism layer control so that
the boundary layer can be accurately modeled. Boxer is very similar to snappyHexMesh
without the ability to do cell stretching. As a result, there are a large number of small cells
far from the hull. Pointwise is time consuming to generate each new mesh because each
hull is built from the ground up. With Boxer and snappyHexMesh, the background grid
and the hull are separate entities and the hull is cut into the grid. As a result, the same
background grid can be used for different hulls reducing overall meshing time. Boxer and
snappyHexMesh both are automatic gridding tools. First the user sets up the parameters
from the mesh and then the computer calculates the mesh. The meshing time is less as the
user does not have to interact with the mesh while it is actually being created.

SnappyHexMesh was selected to generate the mesh for the OpenFOAM simulations. First,
it is the only free meshing tool tested. Secondly, it is seemless for using in OpenFOAM. Both
Pointwise and Boxer required the mesh to be exported as a FLUENT mesh and converted
into an OpenFOAM mesh.

4.4.3 Mesh

The domain is symmetrical about the centerline to reduce cell count since pitch and heave are
the only motions of interest. The domain is seven boat lengths long with two boat lengths
upstream of the hull and four boat lengths downstream of the hull. To ensure that the
bottom would not interfere with the flow, a depth of sixteen boat lengths would be needed.
This would require a large number of cells, so the depth was reduced to 2.5 boat lengths,
which is the depth of the USNA towing tank where the model was tested. The domain is
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two boat lengths wide.

Figure 4.7 shows the mesh at the centerline after it has reached equilibrium. The red
represents the water phase and the blue represents the air phase. Figure 4.8 shows the
mesh near the hull with the prism layer near the hull to capture the boundary layer flow.
Figure 4.9 shows the mesh at the small forward step. With such few cells near the step, the
separation of the flow off of the small step is not well defined.
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Table 4.3 shows the boundary conditions for the simulation.

Table 4.3: Boundary Conditions
Boundary Conditions

Patch Velocity Pressure Turbulence
Inlet

Inflow Velocity Fixed Flux Pressure Fixed ValueSides
Bottom
Outlet Outlet Phase Mean Velocity Zero Gradient Inlet Outlet

Atmosphere Pressure Inlet Outlet Velocity Total Pressure Inlet Outlet
Centerline Symmetry Plane

4.4.4 Case Setup

The information needed to run a simulation in OpenFOAM is distributed over a number of
different files broken down into three main folders in the file structure. The first type of files
are the values of different variable at each time step. The“0” folder contains the definitions
of these variables at the initial conditions. When a time step is saved, the values at that
time step are stored in a new folder with the time step as the name. The second type are
variables that do not change with time. These files are located in the “constant” folder.
Files that fall under this type are the mesh, the dynamic mesh motion dictionary, gravity,
the fluid properties, and the turbulence model properties. The final type is the system files
that are contained in the“ system” folder. The dictionary files for all the utilities used in
OpenFOAM is stored here as well. The control dictionary controls the actual running of
the simulation. It determines the start and end times as well as the time step. It also tells
OpenFOAM how often to save data and how to output the data. The fvSchemes file contains
all the schemes that are used for solving the equations in OpenFOAM. The fvSolution file
contains all the solver information for each of the variables. Figure 4.10 is an example of the
file for the velocity at the time step 0, the initial conditions.
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Figure 4.10: Example of OpenFOAM file for velocity at the initial conditions
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4.4.5 Grid Convergence

The simulation was run with four different grid sizes from about 1.95 million cells to about
8.75 million cells. Figure 4.11 shows the resistance/weight as the number cells increases.
Figure 4.12 shows trim angle as the number of cells increases. Both the resistance and the
trim angle did not show convergence.
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Even with the lack of convergence, the mesh with about 4.8 million cells were used for the
rest of the simulations based on computational time. The lack of convergence calls into
question the validity of the results obtained on these grids.

4.4.6 Simulation Scalability

For OpenFOAM, the user can control the number of cells per processor. It has been recom-
mended that for free surface flows, each processor has about 100,000 cells per processor [42].
Therefore, the number of cells drives the number of processors needed for a simulation and
is a large contributor to the overall computation time.

4.4.7 Simulation Speed

The OpenFOAM simulations were run for about 30 seconds of simulated flow time on 48
cores for a total of 6912 core hours on the Virginia Tech Advanced Research Computing Cray
CS-300 cluster, Blueridge [46]. Figure 4.13 shows the convergence of resistance/weight over
time. Based on availability, four or five cases were able to be run simultaneously. The grid
size selected provided quick simulation turn around times and allowed for multiple runs to
be simulated at the same time despite lack of convergence. Therefore, the grid size selected
is representative of a grid that would be used for design iterations.
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4.5 Results

4.5.1 NFA

Tables 4.4 to 4.7 shows the error in resistance/weight and trim angle for the different con-
ditions simulated. The error in resistance/weight is also broken down into the form and
friction components. The friction drag from the model test was calculated by using the
wetted keel length on each planing surface to determine the Reynold’s number and the fric-
tion coefficient. The wetted surface area on each planing surface was used to calculate the
friction resistance on each planing surface. The total friction resistance was the sum of the
friction resistance on each of the planing surfaces. The form resistance is assumed to be
the difference between the overall resistance and the friction resistance. A positive percent
error shows that the simulation over predicted the result and a negative percent error shows
that the simulation under predicted the result. ∆=85 lbf at CV =4.46 was tested at both
LCG locations to determine the simulation’s ability to handle the change in LCG location.
The simulation over predicted the resistance/weight due to the large over prediction in the
friction resistance. The simulation under predicted the trim angle. Even though the trim
angle was under predicted, the form resistance was over predicted. This is contrary to theory,
which states that the form resistance is proportional to the tangent of the trim angle. So as
the trim angle is higher, the form resistance should be higher.
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Figure 4.14 on the top half shows an underwater photograph of configuration 4 at ∆=85 lbf,
Cv = 4.46 and LCG=40% forward of the transom. The bottom half shows the simulation of
the same condition. The pressure distribution is also plotted on the hull of the simulation.
The simulation captures the overall wave profile shape. It does capture the fine spray sheet
as seen in the model test and the stagnation line crossing the step. The simulation does
not capture the separated flow on the middle planing surface. The separated flow on the aft
planing surface in the simulation looks similar to the model test.
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Resistance

Figure 4.15 is a comparison of the resistance/weight vs. speed coefficient at LCG=40% for-
ward of the transom for the simulation and the model test. The filled symbols show the data
measured from the model test with experimental error bars. The unfilled symbols show the
corresponding prediction from simulation. The same run conditions for the measured data
and the simulation are represented by the same symbol. The plot shows that the simula-
tions over predicted the resistance/weight. The slope of the simulated data for the 95 lbf
displacement shows a similar trend to the measured data. On the other hand the slope of
the simulated data for the 105 lbf displacement is much steeper than the measured data.
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Trim

Figure 4.16 is comparison of the trim angle vs. speed coefficient at LCG=40% forward of the
transom for the simulation and the model test. The data is presented in a similar manner
to the resistance plots. The plot shows that the simulations under predicted the trim angle.
Contrary to the resistance, the simulated data at 105 lbf shows a similar trend to the mea-
sured data while the simulated data for the 95 lbf displacement shows a flatter slope. Theory
would state that the under prediction of the trim angle would lead to an under prediction of
the form resistance. Contrary to what theory states, the form resistance was over predicted,
Table 4.6. With the resistance being over predicted, one would assume that the friction drag
is also over predicted.
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Change in LCG

Figure 4.17 is a comparison of the resistance/weight vs. LCG at CV =4.46 for the simulation
and the model test. The measured data is the filled symbols and the simulated data is the
unfilled symbols. The plot shows that the simulations over predicted the resistance/weight.
The effect of a LCG shift on resistance/weight from the simulation was opposite of the
model test. Figure 4.18 is a comparison of the trim angle vs.LCG at CV =4.46 for the sim-
ulation and the model test. The plot shows that the simulations under predicted the trim
angle. The effect of a LCG on trim angle from the simulation was opposite of the model test.
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4.5.2 OpenFOAM

Tables 4.8 to 4.11 shows the error in resistance/weight and trim angle for the different condi-
tions simulated. Three different speeds (CV =3.88,4.17,4.46) were simulated at ∆=85 lbf to
determine the simulation’s ability to handle variations in speed. Two speeds (CV =3.88,4.46)
were simulated at all three displacements to determine the simulation’s ability to handle the
change in displacement. CV =3.88 was simulated at all three displacements and both LCG
locations to determine the simulation’s ability to handle the change in LCG location. The
simulation was better at predicting the resistance/weight at the lower speeds and the aft
LCG location. The simulation was better at predicting the trim angle at the higher speeds
and forward LCG location. The large over prediction of the form resistance follows theory
as the trim angle is also over predicted. The friction resistance is under predicted and there-
fore the overall resistance is better predicted than the two main components of the resistance.
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Figure 4.19 on the top half shows an underwater photograph of configuration 4 at ∆=85 lbf,
Cv = 4.46 and LCG=40% forward of the transom. The bottom half shows the simulation of
the same condition. The pressure distribution is also plotted on the hull of the simulation.
The simulation captures the overall wave profile shape. It does not capture the fine spray
sheet as seen in the model test. The simulation did not capture the stagnation line crossing
the step. The simulation does not capture the separated flow on the middle planing surface.
The separated flow on the aft planing surface in the simulation looks similar to the model test.



Evan J. Lee Chapter 4. Numerical Methods 151

F
ig

u
re

4.
19

:
C

om
p
ar

is
on

of
U

n
d
er

w
at

er
P

h
ot

og
ra

p
h

to
S
im

u
la

ti
on

:
C

on
fi
gu

ra
ti

on
4,

∆
=

85
lb

f,
C
v

=
4.

46
an

d
L

C
G

=
40

%
F

or
w

ar
d

of
th

e
T

ra
n
so

m
.

S
im

u
la

ti
on

ca
p
tu

re
s

ov
er

al
l

w
av

e
p
ro

fi
le

.
S
im

u
la

ti
on

d
o
es

n
ot

ca
p
tu

re
fi
n
e

sp
ra

y
sh

ee
t.

S
im

u
la

ti
on

d
id

n
ot

p
re

d
ic

t
st

ag
n
at

io
n

li
n
e

cr
os

si
n
g

st
ep

.
S
ep

ar
at

io
n

n
ot

p
re

d
ic

te
d

fo
r

fo
rw

ar
d

st
ep

an
d

th
e

se
p
ar

at
ed

fl
ow

on
th

e
af

t
p
la

n
in

g
su

rf
ac

e
lo

ok
s

si
m

il
ar

.



Evan J. Lee Chapter 4. Numerical Methods 152

Resistance

Figure 4.20 is a comparison of the resistance/weight vs. speed coefficient at ∆=85 lbf and
LCG=40% forward of the transom for the simulation and the model test. The filled symbol
show the measured data with experimental error bars and the unfilled symbols show the sim-
ulated data. The plot shows that the simulations under predicted the resistance/weight. The
simulations predicted the results better at the lower speeds. The resistance/weight at the
highest speed was lower than the two other speeds. This is not expected as resistance/weight
should increase with speed at a given displacement.
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Trim

Figure 4.21 is comparison of the trim angle vs. speed coefficient at ∆=85 lbf and LCG=40%
forward of the transom for the simulation and the model test. The data is shown in a sim-
ilar manner to the resistance. The plot shows that the simulations over predicted the trim
angle. The simulations predicted the results better at the higher speeds. Simulations show
similar trend in the change of trim as speed increases. Theory would state that the large
over prediction of the trim angle would lead to an over prediction of the form resistance.
The resistance was under predicted, which would lead to the assumption that the friction
resistance was under predicted. The results support this assumption.
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Change in Displacement

Figure 4.22 is a comparison of the resistance/weight vs. percent of full load displacement for
the simulation and the model test. The filled symbols are the measured data from the model
test with the experimental error bars. The unfilled symbols are the simulated data. The
plot shows that the simulations under predicted the resistance/weight. The simulations pre-
dicted the results better at the heavier displacements. The resistance/weight at the lightest
displacement is less than the middle displacement. The overall trend of the simulated data
does not match the measured data as there is a slight rise in the simulated data between the
lightest and middle displacement than a decrease in resistance/weight from the middle to
the heaviest displacement. The trend of the measured data is a constant decreasing slope.
Figure 4.23 is a comparison of the trim angle vs. percent of full load displacement for the
simulation and the model test. The data is presented in a similar manner to the resistance.
The plot shows that the simulations over predicted the trim angle. The simulations show
similar changes in the trim angle as the displacement changes. The spread of the simulated
data is much larger than the measured data.
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Change in LCG

Figure 4.24 is a comparison of the resistance/weight vs. LCG at CV =3.88 for the simulation
and the model test. The filled symbols are the measured data from the model test with
the experimental error bars. The unfilled symbols are the simulated data. The plot shows
that the simulations slightly under predicted the resistance/weight. At the 95 lbf and 105
lbf displacement, the effect of the LCG shift on resistance/weight from the simulation was
similar to the model test. For the 85 lbf displacement, the simulated trend is opposite of the
model test and the two other simulated displacements. Figure 4.25 is a comparison of the
trim angle vs.LCG at CV =3.88 for the simulation and the model test. The data is presented
in a similar manner to the resistance. The plot shows that the simulations over predicted
the trim angle. At the 85 lbf and 105 lbf displacement, the effect of the LCG on trim angle
from the simulation was opposite of the model test data. At the 95 lbf displacement, the
simulated effect of the LCG on trim angle shows the same trend as the model test with a
steeper slope. The cause for the model test not to follow theory is most likely due to hull form
and hydrodynamics. The NSWC15 had a dynamic trim instability where it was stable in
either a bow up or a bow down condition due to the influence of the bow section on the flow.
This dynamic instability and its effect on the trim angle is further discussed in Section 2.10.1.
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4.6 Discussion

Both NFA and OpenFOAM has shown that it is possible to simulate a stepped planing hull
going from an initial condition to a steady state planing condition. Both simulation tools
implemented mesh motion that allows for multiple degree of freedom motions for planing
hulls. The comparison between the separation off of the step seen in the model test and
simulation, Figures 4.19 and 4.14, show that to accurately simulate the stepped planing hull,
the separated flow off of the step needs to be accurately captured. The inaccuracy in the
modeling of the separated flow off of the step can be the cause for the lack of convergence
and the error in the results. This shows the importance of high quality meshes and its effect
on the solution of the simulation. The computational constraints placed on the simulations
requires a concentration of cells near the steps while minimizing the number of cells in the
far field to maintain a low cell count. The appropriate meshing, case setup, and application
of numerical methods requires a good amount of specialized knowledge and the accurate
simulation of a stepped planing hull is beyond the ability of a novice CFD user.

4.6.1 Grid Resolution

One factor that makes simulating a stepped planing hull difficult is the large difference in
length scales. The smallest step simulated was 0.0015 boat lengths while the wave profile aft
of the hull may be significant a number of boat lengths down stream. The simulations have
shown that a large number of cells across the step are needed to resolve the separated flow
off the step. This can be difficult to achieve within the constraints of simulation for design
applications. NFA does not have any control for prism layers near the hull, so the cell size
near the step is driven by the cell distribution. The cell distribution in NFA is controlled by
an elliptic equation and the cell stretching needs to be minimized to maintain accuracy of
the simulation. This makes the concentration of cells near the step difficult as the ability to
create small cells near the step is limited. The smallest cell in the simulation had a height of
about 0.0015 boat lengths. SnappyHexMesh, which was used to grid the OpenFOAM mesh,
has control over both cell growth and prism layers. The cell splitting in snappyHexMesh
allows for a much more rapid change in cell size because a cell split results in eight smaller
cells that have edges half the length of the original cell. This prism layers and the cell
splitting allows for a concentration of cells near the step with fewer overall number of cells.
For the current simulations, about one cell was across the small step in the simulation. The
results show that the single cell across the small step was inadequate in resolving the flow
off of that step.
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4.6.2 NFA

NFA over predicted the resistance when compared to the model test. The Reynold’s num-
ber for the calculation of the friction resistance is determined by the length overall (LOA)
for the hull. For displacement vessels where the load waterline length (LWL) is nearly the
LOA, this approximation is suitable, but for planing craft, the wetted keel length can be
very different from the LOA. For the stepped planing hull, this is even more important as
each of the planing surfaces have a wetted keel length that is much shorter than the LOA.
For the speed range covered in the model test, the coefficient of friction using the LOA of
the model and the ITTC ’57 Friction Line is about 0.0027. Using the wetted length on
each of the planing surfaces, the coefficient of friction is about 0.0037. The trim angle was
under predicted, which would cause the hull to have an increased wetted surface area and
even though the coefficient of friction is lower using the LOA, the friction resistance was
still over predicted. The form resistance was over predicted as well. With the lower trim
angle, it would be expected that the form resistance would be under predicted rather than
over predicted. Theory would state that the under prediction of the trim angle would cause
an under prediction of the form resistance. Contray to theory, NFA had over predicted the
form resistance.

There are two possible factors that caused errors in NFA’s prediction of the results. First,
Figure 4.14 shows that the flow separation off of the forward planing surface and the result-
ing attached flow on the middle planing surface was not accurately modeled by NFA. The
two cells across the small forward step of configuration 4 was not sufficient to model the
separated flow, Figure 4.9. An increased number of cells would be needed to increase the
resolution of the separation zone aft of the step. Secondly, the free slip boundary condition
and the absence of modeling the boundary layer could lead to additional error in the results.

4.6.3 OpenFOAM

OpenFOAM under predicted the resistance when compared to the model test. At the heavier
displacements the resistance was predicted with results that would probably be acceptable
for design work. The trim angle was over predicted and this would lead to the over prediction
of the form resistance. Therefore, with a large over prediction of the trim angle, OpenFOAM
also over predicted the form resistance. In correlation with the higher trim angle, the hull
should have less wetted surface area and a lower friction resistance. OpenFOAM followed
this trend and under predicted the friction resistance.

One possible factor for the error in the OpenFOAM results is shown in Figure 4.19. The flow
separation off of the forward planing surface and the resulting attached flow on the middle
planing surface was not accurately modeled by OpenFOAM. The one cell across the small
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forward step of configuration 4 was not sufficient to model the separated flow, Figure 4.9.
An increased number of cells would be needed to increase the resolution of the separation
zone aft of the step.

4.6.4 Ease of Use

NFA with its simple GUI and single simulation file is much easier to use. The only pre-
processing necessary is to develop the hull mesh for NFA. The rest of the simulation setup is
done in one location. On the other hand, OpenFOAM required multiple steps to setup the
simulation. The mesh was built separately and multiple files had to be changed to update
the simulation parameters. Many of these separate steps could be completed in a single
script and with some additional programming, a GUI for OpenFOAM could be put together
to improve its ease of use.

4.6.5 Simulation Speed

NFA has the benefit of having a processor scaling factor of nearly 1. Therefore, the number
of processors can be varied depending on the available time for simulation and available
processing power. OpenFOAM on the other hand has a recommended number of cells per
processors. Therefore, the cell size would drive the number of processors needed. Other num-
ber of cells per processors can be selected to improve speed or reduce processor count. NFA
is much more computationally intensive with about 25000 core hours to run a simulation of
7 seconds of simulated time in 48 hours on 512 processors versus about 7000 for OpenFOAM
to run a simulation of 30 seconds of simulation time in 144 hours of 48 processors.

4.7 Recommendations for Future Work

4.7.1 NFA

The simulation in NFA can be improved by advancements in the solver so that larger time
steps can be used for the simulation. NFA can also be improved with a more accurate in-
terface capturing scheme. The piecewise linear interface capturing method used by NFA
can cause diffusivity of the interface. Therefore a large number of small cells are needed to
maintain a sharp interface. High resolution capturing schemes such as the Modified High
Resolution Interface Capturing (MHRIC) scheme causes less diffusivity of the interface lead-
ing to sharper interfaces with fewer number of cells. This will lead to better definition of the
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separated flow off of the step.

4.7.2 OpenFOAM

The simulation in OpenFOAM can be improved in a number of ways. First, newer tur-
bulence models for high Reynold’s number flows could be added to improve the prediction
of the friction resistance such as the Wilcox high Reynold’s number k-ω model. Secondly,
methods to increase the time step size can be explored. The under relaxation factor can
be adjusted to increase time step size. Also, an improved mesh and mesh motion control
can ensure that the grid does not move more than one cell size at larger time step sizes.
OpenFOAM can also be improved with a more accurate interface capturing scheme. The
linear interface capturing method used by OpenFOAM can cause diffusivity of the interface.
Therefore a large number of small cells are needed to maintain a sharp interface. Capturing
schemes such as the MHRIC scheme causes less diffusivity of the interface leading to sharper
interfaces with fewer number of cells, leading to better definition of the separated flow off of
the step.

4.7.3 Computational Power

One area of future work is the increased computational capabilities available for simulation.
There are three areas to increase computational capabilities; increased availability of high
performance computing with current technology, an increase in processing power, and an
increase in data transfer between processors. This would allow for larger simulations to be
run in the time needed for detailed design. Both NFA and OpenFOAM show that the num-
ber of cells in the simulation limited the ability to accurately model the separation off of the
small step. Larger simulations will increase grid resolution in this area and increase accuracy.



Chapter 5

Conclusions

This thesis was first started to test the current thought that stepped planing hulls have poor
performance when not operating at the design condition. The existing test data did not
provide a systematic understanding of the effect of displacement on stepped planing hull
performance. As a result a model test, discussed in Chapter 2, was conducted to provide a
systematic understanding of the effects that displacement, LCG, and step height have on the
performance of a stepped planing hull. Ten different step configurations were tested at three
different displacements and over a range of four different speeds in calm water. Seven of these
configurations were tested at two difference Longitudinal Center of Gravity (LCG) locations.
All of the step configurations tested had less resistance than an unstepped hull. Changes in
LCG location and displacement showed that the stepped hull configurations tested has the
same sensitivity to changes in LCG location and displacement as an unstepped hull. There-
fore, contrary to current understanding, the results have shown that stepped hulls have the
same change in performance as unstepped hulls in off design conditions. All of the step
configurations tested had less resistance than the unstepped hull The results showed that
the primary cause of this reduction in resistance is the reduction in wetted surface area and
the reduction of friction drag.

Two observations were made based on the results of the model test. First the flow aft of a
step is highly three dimensional because the reattachment line is not straight, but curved.
Second, there may be conditions where the stagnation line crosses the step and not the
chine of the forward planing surface. The current stepped planing hull prediction methods
do not have the capability to handle these two conditions. Chapter 3 probed this further,
specifically, a single equation to predict the three dimension wave profile has been developed
to account for the three dimensionality of the wave profile and the curved reattachment
line. Comparisons with underwater photographs show that the three dimension wave profile
captures the reattachment line better than the two dimension wave profile. The method
has been expanded to account for the stagnation line crossing the step. A chines dry lift
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equation have been added to calculate the lift when the stagnation line crosses the step.
A lift equation to predict lift at high speed has been added to expand the applicability of
the method to very high speed planing craft. The method has been expanded for use with
any number of steps and the lift is calculated on all the planing surfaces thus allowing the
method to be used for a stepped planing hull with any number of steps. A sensitivity study
has been conducted by increasing the coefficients of the three dimension wave profile. This
thesis shows that the modified equation better predicted the reattachment length. Using
this modified equation, the stepped planing hull prediction method predicted more accurate
results than Savitsky’s planing prediciton method.

Simulating an unstepped hull has been difficult due to the many different flow physics that
have to be captured. The addition of a step increases the complexity of the simulation. A
series of simulations, discussed in Chapter 4, have been run in OpenFOAM and NFA to
assess the modeling gaps and computational constraints in current state of the art numerical
simulation tools when analyzing stepped planing hulls. The simulation results were com-
pared to the model test results in Chapter 2. Both NFA and OpenFOAM has shown that it
is possible to simulate a stepped planing hull going from an initial condition to a steady state
planing condition. The comparison between the separation off of the step seen in the model
test and simulation show that to accurately simulate the stepped planing hull, the separated
flow off of the step needs to be accurately captured. The inaccuracy in the modeling of the
separated flow off of the step can be cause lack of convergence and the error in the results.
This shows the importance of high quality meshes and its effect on the solution of the sim-
ulation. The computational constraints placed on the simulations requires a concentration
of cells near the steps while minimizing the number of cells in the far field to maintain a
low cell count. The appropriate meshing, case setup, and application of numerical methods
requires a good amount of specialized knowledge and the accurate simulation of a stepped
planing hull is beyond the ability of a novice CFD user.

In conclusion, this thesis has advanced the current research of stepped planing hulls in
the areas of model testing, prediction methods, and numerical methods. A systematic un-
derstanding of the effect of displacement, LCG, and step height on stepped planing hull
performance has been developed. Additions to the stepped planing hull prediction method
have been added that increases its accuracy by incorporating a three dimension wave profile
and its applicability by the ability to predict conditions when the stagnation line crosses the
step. Numerical methods have shown the importance of capturing the simulated flow off the
step to the results.
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Figure A.1: Model Test Data-LCG=40% of LOA forward of the Transom
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Figure A.2: Model Test Data-LCG=35% of LOA forward of the Transom: Configurations
1-7
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Figure A.3: Model Test Data-LCG=35% of LOA forward of the Transom: Configurations
8-10
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D.1 Stepped Main
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Figure D.1: Stepped Main Page 1
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Figure D.2: Stepped Main Page 2
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Figure D.3: Stepped Main Page 3
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Figure D.4: Stepped Main Page 4
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Figure D.5: Stepped Main Page 5
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D.2 Stepped
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Figure D.6: Stepped Page 1



Evan J. Lee Appendix D.Files for Reproduction of Prediction Method 306

Figure D.7: Stepped Page 2



Evan J. Lee Appendix D.Files for Reproduction of Prediction Method 307

D.3 Stepped Vertical
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Figure D.8: Stepped Vertical Page 1
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Figure D.9: Stepped Vertical Page 2



Evan J. Lee Appendix D.Files for Reproduction of Prediction Method 310

Figure D.10: Stepped Vertical Page 3
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D.4 Wake
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Figure D.11: Wake Page 1
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Figure D.12: Wake Page 2
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D.5 Lift and Drag
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Figure D.13: Lift and Drag


