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ABSTRACT

A suspension boat concept was developed and patented by Grenestedt [1.1] to reduce high
vertical accelerations which plague small boats operating at high speed. The suspension
boat under consideration consists of a center hull and four sponsons connected to
suspension links, springs and shock absorbers. The suspension links will be heavily loaded
during operation of the boat. A two-seat manned suspension boat is presently being built
and the purpose of this thesis was to analyze suspension components for this boat.

First, a stainless-steel bung used for attaching suspension components to the center hull
was analyzed, and modified to increase strength and reduce mass. Stress analyses were
performed under different loading conditions. Different wall thicknesses and fillet radii
were studied. A good configuration was developed and manufactured.

Second, two suspension links connecting a front sponson to the center hull were analyzed.
Initially contact mechanics were used in finite element analyses of the links, but this was
not very successful. Various simplifications were then made in order to be able to analyze
the links using linear analysis. The results are believed to be of sufficient accuracy for

design of the hardware for the boat.



Introduction

Finite Element Method Introduction

Modern technological advances give engineers great challenge on increasing complex
projects. To get a better understanding, analysts need mathematical models to simulate
behavior of complex system. Engineering sciences are utilized to describe the behavior of
physical systems in the form of partial differential equations. The finite element method
(FEM) is a numerical approach by which partial differential equations can be solved
approximately. From an engineering standpoint, FEM is a method for solving engineering
problems by computer simulation.

The finite element method consists of using a simple approximation of unknown variables
to transform partial differential equations into algebraic equations. It draws on the
following three disciplines:

I.  Engineering sciences to describe physical laws (partial differential equations);

Il. Numerical methods for the elaboration and solution of algebraic equations;

I1l. Computing tools to carry out the necessary calculations efficiently using a computer.
Nowadays, the finite element method has become one of the most frequently used methods
in simulation and computation. This method could solve a large number of problems in
practice, including many steady and transient problems in linear and nonlinear regions for

one-, two- and three-dimensional domains.



Suspension Boat Introduction

Small boats operating at high speeds often suffer from very high vertical accelerations.
This acceleration will impose large loads on the boats as well as on the occupants. A boat
concept with suspension was developed to reduce vertical accelerations [1.1, 1.2]. It
consists of a center hull that is generally not in contact with the water and one or more
sponsons connected to suspension links, springs and shock absorbers. Fig.1 shows an
example of a small-scale suspension boat [1.2]. In Fig.1, there is a main hull and four

suspended sponsons.

Fig.1 Example of Suspension Boat



Numerical simulations were performed by Grenestedt [1.1], and the results indicate that
the analyzed suspension boat could operate at 60 knots in sea state three without seeing
vertical accelerations above 1.5G. The same boat but with rigidly mounted running

surfaces would see an order of magnitude higher vertical accelerations.

Fig.2 Sketch of suspension boat presently being built (suspension components are

hidden)



Design and Analysis of Bungs for Attaching Suspension to Hull
SolidWorks is a solid modeling CAD and CAE software. It also provides simulation
package to optimize and validate a design effectively. SolidWorks simulation uses the
displacement formulation of the finite element method to calculate displacements, strains,
and stresses under internal and external loads. For displacement formulation, node
displacements are the only unknown. Solution of the equilibrium equations leads to node
displacement, which are used to calculated element stress.

A stainless-steel bung was designed and tested in SolidWorks. This bung will be used to
attach suspension components to the center hull. In the present design, there are eighteen
such bungs on the boat. The bung will be welded to the end of stainless steel tubes which
make up supports to which suspension arms and shock absorbers will be attached. As
Figure 3 shows, this bung will be installed on the center hull at different locations (some
of the bung are not displayed). Due to layout of the suspension components and the center
hull, tubes will be welded to the bung at different angles. The angle between bungs and
tubes a varies between 15° and 45° at different locations of the boat. A number of
numerical analyses were performed for bungs with tubes connected at different angles. In
particular, « in Fig.5 was varied between 15° and 45°. The initial design of the bung is
shown in Fig.4. The bung consists of three portions: vertical wall (cylindrical outside and
conical inside), flange and fillet. The inner diameter of the vertical wall increase from the

bottom to the top.



Fig.3 Sketch of where bungs will be used to install suspension components to the center hull. One of

the bungs is circled.

4350

120

@115

Fig.4 Initial design of the bung; all dimensions in [mm]



The bungs are connected to the hull by bolts. A simplified model used to analyze the bung
is shown in Fig.5. It consists of the stainless-steel bung, a 7075 Aluminum base plate
(10mm thick and 300mm diameter) which was simply supported along its edges (roughly
representing the center hull), and a short piece of stainless steel tubing (300mm long,
63.5mm outer diameter and 1.65mm wall thickness) which was connected to the bung and
loaded in tension at its free end. There were eight holes on the base plate and on the flange
of the bung representing bolt holes as shown in Fig.6. A simplified approach to model the
bolted connection was used: the lower edge of the holes in the bung were connected to the
upper edge of the holes in the base plate. The two connected edges are shown in Fig.7.
Different models with angles of @ from 15° to 45° were analyzed. The material of the
bung and the tubing is A316L stainless steel, mechanical properties of which are listed in

Table 1.

Fig.5 Diagram of a and assembly for simulation



L

Fig.6 Holes on base plate (left) and on flange of the bung (right)

Fig.7 Boundary conditions to connect the bung and the base plate



Table-1 Properties of A316L stainless steel

Property Density Yield Ultimate Elongation | Modulus of
Strength Strength at Break Elasticity
Value | 8000kg/m?3 290MPa 560MPa 50% 193GPa

The goal of the analyses and modifications of the design was to find a lightweight design
with sufficient strength. Low mass is desired to reduce loads, improve handling, increase
speed, reduce fuel consumptions, etc. The von Mises stresses inside the vertical wall were
analyzed first because suspension components will be welded to the vertical wall of this
bung. The stress distribution of the fillet portion was analyzed later.

Finite element models were made for @ of 15°, 20°, 25° 30°, 35° 40° and 45° A
105N load was applied to the far-end surface of the attached tube as shown in Fig.8. This
load was considerably higher than it is believed to occur during normal operation. However,
in extreme cases, such load may be approached. The design does not need to consider
fatigue at this high load level. Rather, local plastic yielding would be acceptable if loads at
this lever were ever encountered. Purely linear elastic analyses were therefore performed,
disregarding the fact that the material would yield at 290 MPa and considerably higher

stresses were obtained in fairly small regions.



Fig.8 Boundary condition and load for analysis

Maximum stress inside vertical wall corresponding to different a is listed in Table 2.
These maximum stresses showed up at the place like red portion inside the vertical wall as
Fig.9 shows.

The highest von Mises stresses are found inside the vertical wall for &« = 15° and 45°

as shown in Fig.9 and Fig.10.

Table-2 Max stress and corresponding «

al°] 15 20 25 30 35 40 45

Max Stress[MPa] | 493.2 477.3 471.1 453.5 417.1 399 370.1

10




‘o Mises (N/m 2)
56008008
5135e+008
4670e+008

_ 420464008
_ 2739¢+008
32748 +008
2.809e+008
2344e+008
1.678e+008
14138+008

9.481e+007

4.8298+007

176724006

Fig.9 Von Mises stresses for & = 15°

vari Mises N/ 2)
Si6H0e+008
5135e+008
46702+008
_ 4.204¢+008
- 373%+008
327424008
26092+008
224484008
1.878e+008
1413e+008
9,481e+007
4,829e+007

1.7672+006

Fig.10 Von Mises stresses for a = 45°

From Table 2 and Fig.9, Fig.10, we can conclude that maximum von Mises stress inside

the vertical wall decrease with angle « increasing. When a = 45°, the area of highest
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stresses 1s quite small. Since the load is applied in 45° direction, the lateral component
of applied load decrease to minimum value comparing to smaller @ conditions, for
applied load remained 100,000N. Hence the vertical wall would be acted upon by
stretching along vertical direction mostly and bending along horizontal direction minorly
comparing to smaller a conditions. And this leads to decrease of stress concentration area.
Considering mass of the bung, the wall thickness of vertical wall for large a could be
reduced within allowable stress limit. The wall thickness for initial design was 3 mm at
the top and 5 mm at the bottom. Take a = 35° for example, the max von Mises stress
was 417.1MPa inside the vertical wall. To achieve a lighter part, a thinner wall thickness
should be considered for load conditions with large a such as a wall thickness to 3 mm
at the top and 4 mm at the bottom. Comparison of von Mises stresses between two
models with these different wall thickness is given in Fig.11 and Fig.12. For the latter
case, the maximum von Mises stress was 515.5MPa, which may be acceptable. A third

analysis was performed with the thickness 3 mm at the top and 4.5 mm at the bottom.
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von Mises(N/m#2)
560064008
51354008

46704008

_ 4.2046+008
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32744008
2.8092+008
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Fig.11 Von Mises stresses for wall thickness 3-5mm

von Mises (N/m#2)
560064005

513524008
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Fig.12 Von Mises stresses for wall thickness 3-4mm
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Fig.13 Von Mises stresses for Wall Thickness 3-4.5mm

Fig.13 shows Von Mises stress distribution of simulation with wall thickness 3 mm at the
top and 4.5 mm at the bottom. Maximum stress drops to 464.9MPa. This wall thickness
is acceptable for this angle a = 35°. Meanwhile, the mass of the bung decreased 8%
with this wall thickness condition (3 and 4.5 mm versus 3 and 5 mm), dropping from
1193g to 1098g.

Next, the effect of different radius of the fillet was studied. The initial fillet radius was
24mm. Stresses on the fillet portion for & = 15° and a = 45° are shown in Fig.14 and
Fig.15. When «a is large, max stresses were found on the flange opposite to the side
below the tube, and for a small @ max stresses were founded on both sides of the flange.
For a = 15°, various fillet radii (20mm, 16mm) were analyzed and results were
compared to initial radius result as shown in Fig.16 and Fig.17. As fillet radius decreases,

a larger portion of the fillet was under high stress.
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o Mises (Nm» 2)
SE008+008
5135e+008
467024008
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Fig.14 Stresses on the fillet for & = 15° (fillet radius 24mm)

J lsesc[-me 42)

‘5.6008+008
51354008
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2.8098+008
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Fig.15 Stresses on the fillet for a = 45° (fillet radius 24mm)

15



wvan Misss (N/m A2y
5600e+008
51358+008
- 4670 +008
- 420464008
3.7396+008
327464008
_ 2808 +008
232442+008

1.8786+008

141324008
948184007
48290+ 007

1.767e+006

Fig.16 Stresses on the fillet for & = 15° (fillet radius 20mm)
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Fig.17 Streses on the fillet for a = 15° (fillet radius 16mm)
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It is found that the bigger fillet radius leads to lower maximum stress on the fillet.
However, the mass of the bung was barely affected by fillet radius. Hence the fillet radius
was chosen as 24mm.

Finally, two designs for different situations were determined. For @ ranging from 15°

to 35°, initial design parameters are acceptable, for « larger than 35°, wall thickness of
vertical tube 3 mm at the top and 4.5 mm at the bottom is used. In summary, wall
thickness of vertical tube 3mm at the top and 4.5mm at the bottom is acceptable for all «
cases. Hence this wall thickness was selected to unify design of the bung, which will
improve manufacturing efficiency at the same time.

All the bungs have been manufactured as shown in Fig.18.

Fig.18 Manufactured bung

17



Analyses of the Front Suspension Links

Fig.19 shows two suspension links for the left front sponsons. They are shown installed
on the center hull in Fig.3. There is an upper arm and a lower arm. Each arm contains
nine tubes and four joints. Several auxiliary parts like pins and bearings are used to

connect the upper and lower arms.

Fig.19 Two suspension arms for the left front sponson (top left: front view; top right: left view;

bottom: rear view)

18



Simulation of the suspension is crucial since failure of suspension components could lead
to major damage of the boat and the occupants. The finite element analysis of this assembly
is more complex than that of the bung in the previous section because contact is involved
in the analysis. Contact problems are highly nonlinear and require more computations than
a linear elastic analysis. To gain some confidence in the simulations, some simple
geometries were first analyzed.

A sample assembly was built in SolidWorks and finite element analyzed. Fig.20 shows the

simulation result.

Vo Mses (2
A6T4e4008
428524008

L 38954008
. 2S05es0DE

- 31T6er008

Fig.20 Sample result of SolidWorks

This structure has a symmetry plane, and the boundary conditions and load were applied
symmetrically to this plane. Hence, the stress analysis result should be symmetric.

However, asymmetry of stress distribution shows up near the contact area as shown in

19



Fig.21 shows. There are only three types of contact property available in SolidWorks
simulation package: non-penetrable, attached and allow-penetrable. Other advanced
contact properties could not be modified by user.

Based on this simple calculation, it was concluded that accuracy of the contact algorithm
in the SolidWorks simulation package is not acceptable for the present suspension

analysis. A more sophisticated FEA (finite element analysis) software is required.

Fig.21 Asymmetry of stress distribution

Abaqus is a powerful FEA package of Dassault Systémes. It integrates pre-processing,
processing and post-processing functions. Abaqus/CAE and Abaqus/Standard were chosen
to be used for the present analyses. Abaqus/CAE is a software suite used for both the
modeling, analysis of mechanical components and assemblies (pre-processing) and
visualization of finite element analysis result. Abaqus/Standard is a general-purpose finite-

element analyzer that employs implicit integration.
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Contact Mechanics Introduction

In general, contact occurs when bodies touch each other at least at one point in space. 3D
objects may have contact with each on shared point(s), line(s) and/or surface(s). Contact
mechanics, developed based on the continuum mechanics and mechanics of materials, is a
theory to describe pressure and adhesion (normal) and friction (tangential) stresses that
arise during shared point/line/surface contact between deformable bodies.

Depending on the geometry and material properties of each deformable body, contact can
be high non-linear. Computational modeling of contact is a very challenging topic, and
much research work is still being performed in this field. Proper modeling of contact

problems requires significant knowledge and experience from the modeler.

Contact in Abaqus and Sample for Contact

In Abaqus/Standard, contact is defined by:

I.  General Contact: with a single interaction definition, contact is enforced over many or
all regions of a model

[l.  Contact Pairs: only contact between two surfaces can be described

These are schematically depicted in Fig.22. Each approach in the modeling of contact has

its own advantages and limitations. General contact is a more versatile method to deal with

contact since contact between disconnected regions of the bodies can be described with a

single interaction. Contact pair requires more precise definition of contacting surfaces and

has many restrictions on the types of surfaces involved.

21



P
Contact pairs: rGenerai contact:

Many pairings Model all interactions
for assemblies L between free surfaces

A #

Fig.22 Contact definition in Abaqus

Besides contact type definition, contact problem in Abaqus requires:

I. definition of bodies that may potentially be in contact.

Il. definition of surfaces that interact during contact.

I11. definition of the properties of surfaces in contact with each other.

IV. additional contact properties including mechanical properties, thermal properties,

etc.

V. an algorithm to control contact interaction during the simulation.
The surface definition is critical for contact problem. A slave surface and a master surface
must be defined in each contact pair, or they would be assigned automatically in general
contact. Major difference between master surface and slave surface is that master surface
is considered “harder” than slave surface in the program. Abaqus allows nodes on master
surface to penetrate slave surface if necessary. On the contrary, nodes on slave surface
never penetrate master surface. At the same time, slave surface should be more finely

meshed to prevent penetrating master surface from happening.

22



As for algorithm to control contact interaction, default algorithm for normal behavior is
“hard contact”. In “hard contact” there is no force between bodies until they touch, and
when they touch the force can rise very sharply. This behavior can easily lead to divergence
in numerical simulations. Convergence can be improved using an approximate contact
behavior in which contact forces build up more slowly as two bodies approach each other.
Abaqus provides several algorithms to approximate real contact normal behavior:

exponential, linear, tabular and scale factor.

Contact
pressure

[ |

A essure ible when in contact
| ny pr: possi
Y
No pressure when no contact
- S
Clearance

Fig.23 Hard contact Pressure-Clearance relationship

For the suspension assembly presently under investigation, the exponential method was
used. Exponential relationship among pressure and clearance is shown in Fig.24.
Selecting the pressure p° and the clearance c properly is crucial for a good
approximation of real contact behavior. Meanwhile, divergence maybe be prevented

because there is a buffer area to let contact stiffness gradually change.
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Contact
pressure

p /Exponemiaj pressure-clearance relationship

I — o=
C Clearance

Fig.24 Exponential Pressure-Clearance relationship

However, exponential method will cause some penetration, and analysis step would
become unstable if penetration error is too large. To get optimum value for p® and c

see above, a sample assembly was first studied. Finite element analyses were performed
on the sample assembly shown in Fig.25, using different p® and c. Excepting for some
fillets, bearings and pin used in this assembly are identical to those used in the suspension
assembly. Besides, contact clearance of this sample is the same as the suspension

assembly. Once a set of parameters was determined, they could be directly applied to the

suspension assembly.
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Fig.25 Contact parameter sample

During analysis process, several sets of parameters were used. They are listed in Table 3.
Comparing stress analysis result with analysis result using “hard contact” yields the
optimized exponential calibrating parameters. Approximation may be closer to real
contact status if the parameter p° is larger and parameter c is smaller, but convergence
will be more difficult. Hence, these sets of calibrating parameters were selected. Fig.26-

28 show selected simulation results.

Table-3 Calibrating parameters p° and c in the exponential relation

Pressure(p®)[MPa] 300 400 500 600 700 800

Clearance(c)[mm] 0.11 0.09 0.07 0.05 0.03 0.01

25




S, Mises

(Avg: 75%)
+2.228e+01
+2.043e+01
+1.857e+01
+1.672e+01
+1.486e+01
+1.300e+01
+1.115e+01
+9.293e+00
+7.437e+00
+5.581e+00
+3.725e+00
+1.870e+00
+1.377e-02

Max: +2.22Be+01
Elem: test Part2.14
Node: 1

Min: +1.377e-02
Elem: pin 1.12226
Node: 31505

DS 25252225 adh AbadUis/standaid s 141 Tide Anr 11 12124008 S T-04:00 2017

Fig.26 Stress analysis for hard contact

S, Mises

(Avg: 75%)
+3.260e+02
+2.989e+02
+2.717e+02
+2.446e+02
+2.174e+02
+1.903e+02
+1.631e+02
+1.360e+02
+1.089%e+02
+8.172e+01
+5.458e+01
+2.743e+01

+2.897e-01

Max: +3.260e+02
Elem: IGUS T500 Bearing 1_1.5321
Node: 322

Min: +2.897e-01
Elem: test Partl.142
Nede: 2275

ODE; 338333.00b  AbaqusfStandard 6441 The Apr 11 20:22058 @VYT- 0400 2017

Fig.27 Stress analysis (pressure 300MPa, clearance 0.11mm)
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S, Mises

(Avg: 75%)
+1.440e+02
+1.320e+02
+1.200e+02
+1.080e+02
+9.598e+01
+8.398e+01
+7.199e+01
+6.000e+01
+4.800e+01
+3.601e+01
+2.402e+01

+1.202e+01
+2.923e-02

Max: +1.440e+02
Elem: pin 1.12208
Node: 31491
Min: +2.923e-02
Elem: IGUS T500 Bearing 1_1.2076
Node: 9761

Fig.28 Stress analysis (pressure 800MPa, clearance 0.01mm)

Fig.26 gives that max stress (circled portion) on joint is about 22MPa for “hard contact”.
From Fig.27 and Fig.28, max stress at corresponding location on joint is 137MPa and
30MPa for different calibration parameters. Same tendency happens for max stress at pin.
Considering exponential Pressure-Clearance relationship as Fig.24, it is clear that
exponential approximation would be closer to real contact situation with larger p° and
smaller c. In conclusion, the calibrating parameters: pressure p® 800MPa and clearance
¢ 0.0lmm were more accurate approximation parameters and they were selected for

subsequent simulations.

27



Analysis of two suspension links

The suspension links discussed earlier were assembled in SolidWorks then imported to
Abaqus/CAE for pre-processing. The FE mesh is shown in Fig.29. To simplify the meshing,
each arm was meshed separately and then connected using constraint equations. This is in
general not advisable, but due to greater simplicity it was presently used. Fig.30 shows a

close up of the joints.

Fig.29 Meshed model

Fig.30 Finer mesh of joints (fillets were added for later analyses)
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As mentioned, the goal at present was to analyze the two suspension arms. However, in
order to introduced the loads in a reasonable fashion two more parts were modeled: an
upper support tube which would be connected to the center hull, and a lower hinge

assembly that would be attached to a sponson; see circled part in Fig.31.

Supporting tubings

Sponson

Fig.31 Suspension link on the boat (the sponsons are just place holders and do not represent the real

ones)

In this Figure, the upper arm is connected to the center hull and the lower arm is connected
to the sponson. A spring and shock absorber will be connected between the center hull and
the sponson. The suspension links will be subjected to many different load cases when the

water acts on the sponsons. The most severe load case is believed to be horizontal
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transverse force near the transom of a sponson (vertical loads would lead to the spring and
shock absorber compressing and relieving the force). A load of 100,000N in the horizontal
direction was chosen to represent the horizontal transverse force. Four different suspension
deflections were analyzed: -100mm, Omm, 200mm and 400mm, where Omm corresponds
to the normal ride height [1.1]. Here, 400mm corresponds to a 400mm deflection upwards
of the transom of the front sponson, etc.

Boundary conditions were determined from constraints that constrain suspension link. In
the FE model of suspension links as shown in Fig.34, two boundary arms (upper boundary
arm and lower boundary arm) were added. These two boundary arms represented tubes that
connect the two suspension links to the center hull and to the sponson, and boundary
conditions were applied on them to simulate reality. For the upper boundary arm, one end
is welded to the bung installed on the center hull and the other end is constrained by two
supporting tubes as Fig.31 shows. For the lower boundary arm, under at a given sponson
deflection, movements in Y and Z directions of the inboard side are constrained by the
sponson and the shock absorber, while the outboard is free. So, the boundary conditions of
the FE model as shown in Fig.32 could be represented as:

the inboard side of upper boundary arm: U, = U, = U, = 0;

the outboard side of upper boundary arm: U, = U, = 0;

the inboard side of lower boundary arm: U, = U, = 0.
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Fig.32 Boundary conditions at upper boundary arm

Fig.33 Boundary condition and load at lower boundary arm (the yellow arrows indicate the applied

force)
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Upper Boundary Arm
Upper Arm

Lower Arm

Lower Boundarv Arm

Fig.34 Angle between upper arm and lower arm

Simulation failed due to insufficient hard drive space. There were 761,765 elements in this
model, and more than half of these element was for the tubes. To reduce the number of
elements in the model, a new FE model was made where beam elements were used rather
than 3D solid elements to model the nine tubes of each suspension arm. The simplified
model is shown in Fig.35. Boundary conditions and load were the same as in previous
analyses. The beams were coupled to the 3D ends of the tubes, such that the initially flat

cross section would remain flat and perpendicular to the beam (Fig.36).
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Fig.35 Simplified model
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Fig.36 Diagram of coupling constraint
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Since this analysis was slightly complex, many problems might happen in analysis
process. Fig.37 shows stresses obtained from a tentative finite element analysis of this
model. In this analysis, the load applied was -20,000N in X direction, which was

considerably lower than the desired load -100,000N.

S, Mises

Angle = -90.0000, (1-fraction = 0.000000, 2-fraction = -1.000000)

(Avg: 75%)
+7.601e+02
+6,967e+02
+6.334e+02
+5,700e+02
+5.067e+02
+4.434e+02
+3.800e+02
+3.167e+02
+2.534e+02
+1.900e+02
+1.267e+0