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Hydroelasticity of non-beamlike ships in waves

By A.J. Kgang!, P. TEMAREL?, X10NG-J1AN WUu?* AND YONGsHU WU?
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L Shanghai Jiao-Tong University, Shanghai, People’s Republic of China
> China Ship Scientific Research Centre, Wuxt, People’s Republic of China

[Plate 1]

The theoretical background of hydroelasticity has been discussed in many places; an
extensive summary with bibliography was given by Bishop et al. Rather than
dwelling on the details of theory, this paper presents a practical application of
hydroelasticity to non-beamlike ships, namely small waterplane area twin-hulled
(swaTH) ships. Three swaTH ships or models are involved in this study and they
illustrate the strategy of using hydroelasticity as a unified design aid during different
stages of design. This includes a case in which detailed structural drawings and mass
estimates of the ship were available. As such, this work represents the latest attempt
by the authors to understand the difficulties of applying hydroelasticity in assessing
the adequacy of designs, particularly those where the latter stages of design have
been reached. It is hoped that the material presented will help further establish
hydroelasticity as a technique of importance in the study of sea-going vessels.

1. Introduction

The dynamic response behaviour of small waterplane area twin-hull (swATH) vessels
in waves are examined in this paper using a linear, general hydroelasticity theory
(Bishop et al. 1986), or its modified version (Price & Wu 1989) where fluid viscous
damping effects are allowed for in the mathematical model of the theory based on a
Morison-type approximation for viscous drag forces. Rather than rehearsing the
theory for non-beamlike ships, the purpose of the investigation carried out here is to
show the flexibility of applying hydroelasticity as a unified research tool and design
aid at different design stages. Three swATHs are examined with mathematical models
of varying degrees of complexity in accordance with design requirements,
representing typical applications of the theory at the conceptual, preliminary and
detailed design stages respectively.

Unlike hydrodynamic approaches (Lee 1976; Lee & Curphey 1977; McCreight &
Stahl 1983; McCreight 1987; Reilly et al. 1988), the unified hydroelasticity theory
can be used to predict seakeeping performance as well as structural responses of
flexible swATH vessels in waves, without introducing some of the approximations
involved in traditional approaches. The assumptions remaining in the hydroelasticity
theory include those inherent in the classical potential flow theory and the Morison-
type approximation for viscous drag forces. In the results predicted by the
hydroelasticity theory the dynamic nature of structural responses of the ship to wave
loadings is more thoroughly accounted for.
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340 A. J. Keane and others

2. The use of hydroelasticity during the concept design stage

It is important in swaTH design that seakeeping considerations be included at a
very early stage without involving structural details and from the viewpoint of
hydroelasticity theory, a rigid body model can be adopted at this early stage to
estimate approximately the bodily motion responses of the vessel.

In the theory, the generalized equations of motion of a flexible ship in waves take
the form

(a+A)pt)+(b+B)p(t)+ (c+ C)p(t) = Eele'+ Z(p, ¢, ...), (1)

where a, b and c¢ represent, respectively, the (nxn) generalized mass, generalized
structural damping and generalized stiffness matrices of the structure, 4, B and C
represent, respectively, the (nxn) generalized added mass, generalized hydro-
dynamic damping and generalized restoring force coefficient matrices of the ship,
p(t) denotes the (n x 1) principal coordinate column matrix, Z(¢) denotes the (nx 1)
generalized wave excitation column matrix, Z,(p, ¢, ...), being generally a nonlinear
function of p, is the (n x 1) generalized viscous drag force column matrix, { is the
wave elevation and n is the number of response modes involved in the analysis, the
first six modes of which are bodily motion responses.

When a rigid body model is adopted, the principal coordinate vector p(t) in
equation (1) is reduced to the (6 x 1) column matrix

p(t) = {py(1), po(t), ... ps(O}" (2)

Here the indices 1, 2,..., 6 denote surge, sway, heave, roll, pitch and yaw modes
respectively. Accordingly, equation (1) is reduced to the traditional equations of
motion of hydrodynamics

(@a+A)p(t)+Bp(t)+ Cp(l) = Et)+ Z,(p. &, .. ). (3)

The information required for the assessment of seaworthiness of the ship includes the
global mass properties and a detailed below-water surface geometry description of
the ship. A parametric study may be carried out for optimizing the geometrical hull
form for a prescribed mission. The coupling effects of distortion modes on bodily
motion responses can be assessed at the next design stage when global structural
stiffness properties of the ship are specified and wave-induced loads can, thus, be
properly estimated.
2.1. swAaTH-A

SWATH-A is a scaled model ship (scale factor of 1/20.55). The lower hulls are mainly
elliptical in section, with some circular sections towards the aft end. Two pairs of
fixed stabilizing fins are fitted. The main particulars of SWATH-A are given in table 1.

2.2. Hydrodynamic analysis and seakeeping performance of SWATH-A

The hydrodynamic mesh of swarn-a adopted in this study is shown in figure 1 and
consists of 356-panel elements in a total distributed over the wetted surface of the
ship. Using this mesh and a linear, three-dimensional hydroelasticity theory, the
interaction between the rigid hull swaTH-A and the surrounding fluid is analysed and
the potential flow based generalized hydrodynamic coefficients are derived. The
software adopted for the ship-fluid interaction analysis is based on the source
distribution method, using the zero-speed Green function together with a forward
speed correction (Inglis & Price 1980).

Phil. Trans. R. Soc. Lond. A (1991) [ 154 |
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Hydroelasticity of non-beamlike ships in waves 341

Figure 1. Hydrodynamic mesh of swatH-a (all lengths in metres).

Table 1. Main particulars of SWATH-4, SWATH-B and SWATH-C

item SWATH-A SWATH-B SWATH-C
lower hull length, L/m 3.0049 73.2 70.87
strut length at pwr, LBP/m 2.4554 52.13 57.91
spacing between lower hulls, S/m 0.8939 22.75 21.64
single strut beam on pDWL/m 0.1187 2.19 2.74
draught at midship/m 0.3236 8.04 7.54
displacement, V/m? 0.2495 2730.0 3364.0

To predict the seakeeping performance of SWATH-A in waves, viscous drag force
effects are included as described by equation (3). The numerical approaches adopted
to solve the nonlinear, coupled equations of motion involve Padé approximants in
the time domain and a linearization method in the frequency domain (Price & Wu
1989). To estimate the relative motion responses of SWATH-A in regular waves, a
particular point at the bow of the model was chosen with the following coordinates
in an equilibrium frame system: x = 1.1926 m, ¥y = 0.0 m, z = 0.1436 m. Here the
origin of the frame is located at the mean free water surface with the z-axis being
vertically upward through the gravity centre of the ship and the Oxzy-plane being
coincident with the calm water surface.

Figure 2a, b shows the predicted results for non-dimensional, relative bow motion
amplitudes of swaTH-A in regular head waves. Based on Froude number scaling,
Fn = 0.293, is equivalent to forward speed of 15 knots for the full-scale vessel. In the
calculation a constant ratio of wave height over wavelength of & was assumed. In
these figures the experimental data are denoted by full triangles while the theoretical
predictions are denoted by solid lines. As can be seen from this figure a fair
correlation is found, on the whole, between the theoretical predictions and model test
results except for the case with higher forward speed. Discrepancies may be
attributed to the simplification of constant values for C; and the exclusion of
contributions of fins and the lower body to the overall damping due to lift forces.
These effects can be included in the mathematical model of the theory without any
difficulty by adopting the semi-empirical and experimental results used by McCreight
& Stahl (1983).

It must be noted that although the overall structural configuration of a sSWATH is
non-beamlike, the below-water part of the ship hull is slender, suggesting that fluid

Phil. Trans. R. Soc. Lond. A (1991) [ 155 I
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Figure 2. Relative bow motion amplitudes of swaTH-A in regular head waves.
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Figure 3. Comparisons between predictions and experimental data for the seakeeping performance
of SWATH-A in regular waves. Fn = 0. o, Model; ——, 20; ———, 30; ------- , time ; ——, lin. (a) Head
waves, (b) stern waves, (¢) and (d) beam waves.

actions on the lower hulls of the ship might be evaluated approximately on a two-
dimensional basis. To confirm this, a two-dimensional hydrodynamic approach (Wu
& Price 1987, 1989; Wu 1987) was adopted to predict the seakeeping performance of

Phil. Trans. R. Soc. Lond. A (1991) [ 156 ]
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Hydroelasticity of non-beamlike ships in waves 343

SWATH-A in waves. In this two-dimensional hydrodynamic analysis, a mixed source
and dipole distribution method (Wu 1986) is used to obtain wave potential solutions.
The forward speed correction is based on the method of Salvesen et al. (1970).
Following the procedure used by McCreight (1987) viscous drag effects are also
accounted for in the two-dimensional analysis. The results are shown in figure 3a—d
together with the corresponding solutions given by the three-dimensional approach
in both the frequency domain and the time domain, and the relevant experimental
data of the model tests. In the calculation, a constant wave height of 60 mm was
assumed for regular beam waves and a constant ratio of wave height over wavelength
of & was assumed for regular head and stern waves. These reflect the conditions
adopted in the model tests. The corresponding linear, three-dimensional solutions, in
which viscous drag force effects are excluded in the analysis, are also given in figure
3 for reference. As can be seen the predictions of the two- and the three-dimensional
theories are in good agreement with the experimental data.

3. The use of hydroelasticity at the preliminary design stage

At the preliminary stage of a swATH design the structural adequacy of the ship is
assessed on a global basis. In other words, the main concern of the designers at this
stage lies in the estimation of wave-induced primary loads which the main
framework of the vessel must withstand.

From a hydroelastic point of view, wave-induced loads in a flexible ship are
composed of contributions from individual distortion modes regardless of differences
in form and type of ship. Primary wave loads result from global deformation of the
ship structure. To determine wave-induced global loads in a flexible swata ship,
therefore, only a simplified structural model which is constructed on a global, rather
than a detailed, equivalence basis is required.

In predicting wave-induced primary loads in a flexible swaTH ship, the seakeeping
performance of the vessel is reassessed. In the calculations, the influences of the
structural flexibility on bodily motion responses of the vessel are taken into account.
The predicted primary wave loads and their distributions throughout the structure
provide the important background information for structural design considerations
at the detailed design stage.

3.1. SWATH-B

SWATH-B is a postulated model proposed originally by Bishop et al. (1986). In
establishing this model, the published data on swaTH-6A by NSRDC (Lee 1976; Lee
& Curphey 1977) were adopted as the basis. The distributions of the global structural
stiffness and mass throughout the ship were estimated by rule of thumb. This
situation is similar to that occurring at the beginning of the preliminary stage of a
swATH design when structural details of the vessel have not been finalized but the
main framework of the structure has been specified. The main particulars of
SWATH-B are given in table 1.

3.2. ‘Dry’ analysis of SWATH-B

Figure 4a illustrates the simplified finite-element idealization adopted for the
‘dry’ or in vacuo analysis of swATH-B. Quadrilateral facet shell elements which have
global in-plane and bending stiffness are used to discretize the box-like cross
structure and the struts, while the lower hulls of the vessel are discretized by beam

Phil. Trans. R. Soc. Lond. A (1991) )
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Figure 4. (@) The adopted finite-element model and (b) the principal mode shapes of the first four
distortion modes of swaTH-B in wvacuo. (a) (i) Eight-noded thick facet shell element; (ii)
quadrilateral facet shell element; (iii) eight-noded facet shell element; (iv) beam element with
offset. (b) (i) Mode 7 (A-S), w, = 9.52 rad s7!; (ii) mode 9 (S), w, = 12.28 rad s™*; (iii) mode 8 (8S),
wg = 9.67 rad s7'; (iv) mode 10 (A-S), w,, = 16.72 rad s™*.

Table 2. Dynamic characteristics of SWATH-B

(S, symmetric; AS, antisymmetric.)

generalized
natural struc.
modal frequency, generalized  generalized damping, resonance
index, mode W, mass, a,, stiffness, ¢,, b,, _frequency
7 shape rad s™! kgm?*x10° kgm?s?x10” kgm?s*x10° rad st
7 AS 9.52 8.63 7.83 0.85 7.82
8 S 9.67 8.31 7.77 0.87 5.06
9 S 12.28 3.17 4.79 0.43 6.72
10 AS 16.72 1.90 5.30 0.37 10.76
11 S 19.64 0.92 3.56 0.23 11.45
12 AS 19.75 4.58 17.87 1.21 14.73
13 AS 21.45 1.57 7.23 0.47 16.47
14 S 35.26 2.01 25.00 1.13 20.10
15 AS 36.06 2.25 29.24 11.62 21.81
16 S 58.37 2.68 9.13 0.59 48.75

elements with offset, which have axial, torsional and bending stiffness. This
simplified, but globally equivalent, finite-element model of SWATH-B consists of 32
beam elements, 42 thin quadrilateral facet shell elements for the two struts and 12
thick quadrilateral facet shell elements for the cross structure. In total, there are 86
elements, 163 nodes and approximately 750 degrees of freedom.

The ‘dry’ analysis of swaTH-B was performed using PAFEC. The first four distortion
modes derived from the undamped free vibration analysis of SWATH-B are shown in
figure 4b. These distortion modes divide themselves into two distinet groups, i.e.
modes r = 8, 9 are symmetric with respect to the vertical centreline-plane, and modes
r =T, 10 are antisymmetric. As can be seen from figure 4b none of these modes can
be regarded as a local distortion mode. The modal characteristics of the first ten
distortion modes of SWATH-B are given in table 2 including the assumed generalized
structural damping coefficients.

Phil. Trans. R. Soc. Lond. A (1991) [ 158 1
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Figure 5. Hydrodynamic mesh of swatu-8 (all lengths in metres).
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Figure 6. Principal coordinate amplitudes (a) |p,| and (b) |py| of SWATH-B in regular beam waves
of unit amplitude. , Vis. included ; ————, vis. excluded.

3.3. ‘Wet’ analysis of SWATH-B

Figure 5 shows the hydrodynamic mesh adopted in the ‘wet’ analysis of swaTH-
B. The mean wetted surface of the ship is discretized by 432 panel elements, 28 of
which are used for the two pairs of the stabilizing fins (not shown in the figure). In
the study, the swaTH is assumed to travel in waves at 11.6 knots (Fn = 0.223). The
‘wet’ analysis was performed using the linear hydroelasticity theory. It produces
corresponding generalized hydrodynamic coefficients and the generalized wave
excitation. Combining the results from the ‘dry’ analysis and the ‘wet’ analysis and
including the nonlinear viscous drag force effects allow the corresponding principal
coordinates to be determined. In the calculations a linearization method in the
frequency domain was used. These results are not illustrated here as they can be
found elsewhere (Bishop et al. 1986; Price et al. 1987 a, b).

The ‘wet’ resonance frequencies for the first ten distortion modes are also given in
table 2 showing the overall hydrodynamic effects on the dynamic characteristics of
SWATH-B in waves. Different values for the ratio of ‘wet’ resonance frequency over
‘dry’ natural frequency can be seen, e.g. 0.82 for mode » = 7, 0.52 for mode r = 8,
etc. The amplitudes of principal coordinates corresponding to modes r =7 and 8
are shown in figure 6 for swaTH-B travelling at 11.6 knots in regular beam waves of
unit amplitude (¢ = 1 m).

Phil. Trans. R. Soc. Lond. A (1991)
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position 1

Figure 7. Schematic representation of primary wave-induced loads and positions of interest on
SwATH-B. M, Transverse bending moment; 7', torsion moment; ¥, in-plane force; V, shearing force.
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Figure 8. The non-dimensional (a) transverse bending and (b) torsional moment amplitudes at
different positions of SWATH-B in regular beam waves of unit amplitude. ——, Position 1; ————— X
position 2; —-——, position 3.

3.4. Primary wave loads at different locations of sSwWATH-B

Transverse strength is of particular importance in structural design of swATHs.
Within the ship structure three longitudinal sections are of special interest to
designers at this stage. These are the middle section of the cross structure, which is
equivalent to the amidship section of a conventional monohull ship, and the two
junction sections between the three structural components, namely, the submerged
lower hulls, the water surface piercing struts and the above-water cross structure,
where the structural configuration of the ship has a substantial change. These three
typical locations are designated as position 1, position 2 and position 3 respectively
and are shown in figure 7 together with the primary wave loads concerned.

A selection of the derived primary wave loads of swaTH-B travelling at 11.6 knots
in regular beam waves is shown in figure 8a,b. These wave loads are non-
dimensionalized as stated in table 3. Figure 8a shows the predicted non-dimensional
transverse bending moment responses at different locations in SwATH-B. The results
clearly suggest that the peak bending moment at position 1 is the greatest and is
approximately double of the peak value at position 3. The roll resonance occurring
at A/B, = 17.5 has no effect on the bending moment responses at position 1 and very
small effect at positions 2 and 3. Figure 8b shows the predicted non-dimensional
torsional moment response amplitudes at different locations of swaTH-B. It is clearly
seen from the figure that the greatest peak value occurs at position 3 in this wave
heading. At long wavelengths (A/B, = 5.0) there is almost no torsional moment
acting at position 1 of the ship. Table 3 summarizes the critical primary wave loads
at the three positions of swaTH-B deduced from the investigation (Price et al. 1987b).

Phil. Trans. R. Soc. Lond. A (1991)
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towards the right-hand end of the curves.

Table 3. Critical non-dimensional wave loads at critical positions of SWATH-B travelling at 11.6
knots in regular seaways of unit wave amplitude

(The forces and moments are non-dimensionalized by (pVa/L) and (pVa), respectively, where
p = density of water, @ = wave amplitude and B, is the maximum beam of the vessel.)

wave load heading position A/B, response
transverse bending moment beam waves 1 and 2 3.3 34
beam waves 3 3.3 1.8
torsional moment beam waves 3 3.3 0.23
bow waves 1 2.5 0.21
beam waves 2 3.3 0.12
in-plane force beam waves 1 and 2 3.3 20.0
vertical shear force beam waves 2 3.3 10.0

Experimental data available for various swaTa models (see, for example, Lee &
Curphey 1977; Sikora 1988; Reilly et al. 1988) confirm the predictions given in
table 3.
3.5. SWATH-B in irregular seas: application to design

The predicted statistical properties of the primary wave loads on SWATH-B in
irregular seas can be combined with appropriate wave data to produce important
information for design consideration (Price et al. 1987 a, b).

The extreme value of wave loads derived from the combination of the predictions
of loads with wave statistics may be visualized as shown in figure 9, for the significant
transverse bending moment at position 1 of the ship. In these calculations, the two-

Phil. Trans. R. Soc. Lond. A (1991)
[ 161 ]


http://rsta.royalsocietypublishing.org/

/\
/ \\
e\
L A

A

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

A\
a\

y 9

a

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org
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parameter ISSC wave spectrum was used. In this figure, the contour map of the
significant bending moment is superimposed with wave data recorded in the northern
North Sea (Fortnum 1978) during the winters between the years 1969 and 1976. The
plain numbers in the figure indicate per thousand exceedances while the underlined
numbers indicate the number of occurrences for the whole of the duration of the
measurements. The extreme value of the significant transverse bending moment at
position 1 of the ship under such sea conditions is about 170 MN m.

4. The use of hydroelasticity at the final design stage

At the final stage of a swaTH design the structural adequacy of the ship is assessed
on a detailed basis. In other words, the main concern of designers at this stage lies
in the prediction of stress responses in the ship for given loading conditions. This
necessitates the use of a detailed structural model.

Traditionally, a static or quasi-static analytical method is used to calculate
dynamic stress responses of a swATH in waves. This involves determination of
hydrodynamic pressure distributions along the hulls from a seakeeping theory and,
consequently, the introduction of simplified force boundary conditions. A typical
example of applying this traditional approach to a case study on the swatua T-AGOS
19 design was given by Reilly et al. (1988). In assessing the structural adequacy of
the swaTH, structural analyses of the ship were performed as many times as required
by the prescribed wave loading conditions.

From a hydroelastic point of view, stress responses in a flexible SwaTH structure
are composed of contributions from global and local distortion modes. Primary stress
responses result from global deformation of the structure. If only predictions of
primary stress responses in the ship are of interest, it follows that local distortion
modes need not be included in the mathematical model. Using a hydroelastic
approach, a ‘dry’ analysis of the detailed model is performed only once to determine
the modal characteristics of the structure ¢n vacuo so that the whole structure—fluid
system can be transformed into a new one described in a modal space with a reduced
number of degrees of freedom. The subsequent calculation involves the determination
of generalized hydrodynamic coefficients, wave excitations and viscous drag forces of
the swaTh for a given sea condition. These combined with the generalized structural
properties of the ship allow the principal coordinates to be determined as for
equation (1). Stress responses in the swaATH are obtained by modal summations
involving the modal stress fields and the corresponding principal coordinates.
Meanwhile, the seaworthiness of the SWATH is once again reassessed.

4.1. SWATH-C

SWATH-C is based on the T-AGOS 19 swatH (see Reilly et al. 1988). The main
particulars of the vessel are given in table 1.

4.2. ‘Dry’ analysis of sSWATH-C

The finite-element model adopted in this study takes account of the entire vessel
by modelling all the principal steel-work and stiffeners using plate, shell and beam
elements with remaining items, including those not contributing to the structure,
represented by beams or point and distributed masses. Since stresses in the swaTH
due to local distortion modes are not considered here and no particular areas within
the structure are of special interest, some simplifications were introduced in

Phal. Trans. R. Soc. Lond. A (1991) .
[ 162 ]


http://rsta.royalsocietypublishing.org/

THE ROYAL
SOCIETY 4

PHILOSOPHICAL
TRANSACTIONS
OF

. \

A \

/an \

A
y 9

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

Hydroelasticity of non-beamlike ships in waves 349

Figure 10.

modelling local structural details, such as accounting for small openings in transverse
bulkheads by systematic reduction in the thickness of the plate elements modelling
the bulkheads, use of equivalent thickness for stiffened plating, ete.

A mixture of semi-loof curved plate elements, flat shell elements and simple beam
elements were used to discretize the swaTH-c structure. For simplicity the structure
(but not the masses used to model equipments and so on) were taken to be exactly
symmetric about the vertical centreline plane. Triangular elements have only been
adopted where rapid changes of structural shape make the use of quadrilateral
elements impossible or in transition areas where the mesh density changes. In all, the
detailed finite-element model adopted consists of approximately 4700 elements with
34000 degrees of freedom, of which 343 elements are discrete masses and 393 beams.
Figure 10 shows various views of the finite-element idealization of swaTH-c adopted
in this study.

The ‘dry’ analysis of swaTH-c was performed once again using the paFEC finite
element software. The selected number of master degrees of freedom is 200 with the
results of the first third of the calculated modes being reliable. Of the 200 calculated
modes the first 48 are rigid modes (i.e. six true rigid body modes and 42 due to
lumped masses being attached to isoparametric elements with no associated
stiffnesses to model a number of large items of equipment on the vessel).

Among the next 50 (non-rigid body) modes, 35 are identified as being localized
with only two being very clearly global (i.e. mode 51 and mode 59 in table 4). Of the
remaining thirteen, the eight with the most obvious below-water distortion are
selected for inclusion within the ‘wet’ analysis, giving ten distortion modes in total
to be used for the prediction of primary stress responses in the vessel. These ten
modes are listed in table 4.

To gain an understanding of the effect of combined primary stresses in the swaTH
structure, the von Mises stress can be calculated as an effective stress and this may
be related to the condition of yielding of the material used. The von Mises stress, o,,
is defined in terms of the direct and shear stresses by

o, =Vl(o,—0,) +(0,—0.) + (0, —0,)* 1+ 3(75, + 75, +72.)}, (4)

where, for example, o, = o, (x,y,2,1).

In fact, the von Mises stress represents, except for a constant factor, the potential
energy of distortion stored in the material under pure elastic strains (Nadai 1931).
Examples of the modal von Mises stress fields derived for modes 51 and 59 are
illustrated in figure 11a, b, plate 1. As expected these figures reveal high stresses in
the regions where localized, large-amplitude distortions occur. Examination of the
ten principal model deﬂectlons which are not illustrated here, shows that the stern
ends of the lower hulls are highly flexible, while the cross structure seems quite rigid.
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Table 4. The global distortion modes of SwaTH-C

(Numbers in brackets indicate the mode index number.)

modal natural generalized modal natural generalized
number freq. Hz mass/t number freq. Hz mass/t
51 (r=17) 0.894 722.0 85 (r = 12) 2.984 0.707
59 (r = 8) 1.799 81.5 87 (r = 13) 2.991 2.96
63 (r=29) 1.844 2.27 38 (r = 14) 2.993 1.40
78 (r = 10) 2.780 3.72 94 (r = 15) 3.099 1.83
79 (r = 11) 2.848 2.40 97 (r = 16) 2.130 0.828

4.3. ‘Wet’ analysis of swaTH-C

For convenience a one-to-one correspondence between the finite element mesh on
the wetted surface of the hull and the panel discretizations was adopted, thus
providing a hydrodynamic mesh consisting of 573 panels for the port half of the
SWATH.

In the calculation, the potential flow based, generalized hydrodynamic coefficients
and wave excitations have been evaluated for frequencies between 0.02 and 3.34 Hz,
covering the entire frequency range of the selected ten distortion modes. Effort was
concentrated in a low wave frequency range (w, < 0.5 Hz) where significant
variations of the hydrodynamic coefficients are expected and where the dominant
wave frequencies in a seaway occur.

Figure 12a, b illustrate the calculated principal coordinate amplitudes of swaTn-
¢ travelling at 3.0 knots in regular beam waves of unit amplitude for the first two
global distortion modes. By comparison with the principal coordinate amplitudes for
SWATH-B travelling at 11.6 knots in regular beam waves of unit amplitude as shown
in figure 6a, b it can be seen that these two principal coordinate amplitude curves,
namely, |p,|, |pgl, are very similar throughout the frequency range shown, strongly
suggesting that mode 51 of swaTH-c corresponds to mode 7 of swaTH-B, while mode
59 of sWATH-C corresponds to mode 8 of sSwWATH-B; in other words, mode 51 and mode
59 of sWATH-C are the two fundamental global distortion modes of the vessel, the
former being antisymmetric and the latter being symmetric. Investigation of the
remaining principal coordinates reveals that they are likely to be predominantly
local distortion modes rather than global ones.

4.4. Primary stresses of SWATH-C in irregular seas

When the seaways of interest are described by the two parameter ISSC wave
spectrum, the root mean square (r.m.s.) value of the von Mises stress responses at a
point (z,y,z) within the structure is then given by

00

[Oa(®, ¥, 2) s ms. = /(f |RA00.OI2¢€€((I)e)d(Ue>, (5)
0

where ra0, denotes the response amplitude operator of the von Mises stress at point

(x,9,2) and @ is the wave spectrum used.

To allow a simple numerical comparison between the results of the predicted
primary stress response in the swaru structure under different wave loading
conditions, an average process over the estimated von Mises stresses at all points of the
structure was taken to produce a single value for each condition. The derived results
can best be interpreted in the form of a polar plot indicating how heading angle,
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Figure 11. Three-dimensional contour pictures of the finite-element model showing the von
Mises stress fields on swWATH-C for (a) mode 51 (r = 7) and (b) mode 59 (r = 8). Stress levels in
megapascals.
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Figure 12. Principal coordinate amplitudes (a) |p,| and (b) |pg| of SWATH-C in regular beam
waves of unit amplitude. (a) Mode 51; (b) mode 59.

40 80
stress MPa

300

Figure 13. Variation of the spatial mean r.m.s. von Mises stress with speed, heading and sea state
(180° corresponds to hard seas). ——, 0 knots, S/S 6; —— ——, 3 knots, S/S 6; —— ——, 8 knots,
S/86; —- —-—, 0 knots, S/S7;———— ———— 3 knots, S/S7; ,0knots, S/S9; ,3
knots, S/S 9.

speed and sea-state affect the stress response levels of the structure as shown in figure
13. As can be seen from this figure the higher sea states tend to increase the stress
response levels for a given direction and speed, with beam seas giving the most
extreme case.

If one examines the spatial distributions of the r.m.s. von Mises stress, the
following comments on stress levels can be made.

L. The lower hulls at the strut aft ends are highly stressed. This is presumably due
to the rather narrow transverse bulkheads in this region that must support the
considerable overhang of the lower hulls with heavy propellers attached at their
extreme ends.

2. The lower hulls at the strut forward ends are significantly stressed, again
presumably due to the combination of overhang and narrow transverse bulkheads.
These stresses are not so severe as those at the aft ends of the lower hulls.

3. The cross structure outboard of the longitudinal bulkheads are lightly stressed
even in the most extreme load case.

4. The main deck between the two longitudinal bulkheads is stressed more highly
than the surrounding structure, particular at the aft end.
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5. The superstructure cannot be regarded as structurally ineffective. Stress levels
in the superstructure particularly near the forward outer edges are of the same order
as large areas of the struts and the main deck.

5. Conclusions

The main conclusions from this investigation are summarized below.

1. The significant advantage of the hydroelastic approach over the traditional
hydrodynamic methods in describing the overall dynamics of a non-beamlike flexible
structure, such as a swaTH, is that dynamic structural responses (i.e. distortions,
bending moments, torsional moments, stresses, etc.) of the flexible ship in waves are
estimated by the theory directly from first principles without invoking previous
experience or additional assumptions. This is particularly impertant to designers
when the structure under consideration is completely or partly new and no database
of successful designs of any kind can be relied on.

2. The mathematical model adopted in a hydroelastic analysis of a ship can be
constructed with varying degrees of complexity in line with the requirements at
different design stages. That is, regardless of differences in form and type of ships, a
rigid body mathematical model can be adopted at the concept design stage to
estimate approximately the seakeeping performance of the vessel ; a simplified finite-
element model can be used at the preliminary design stage to predict the primary
wave loads exerted on the main framework of the structure and to re-check the
seaworthiness of the vessel when the influence of structural flexibility on bodily
motion responses are included; a detailed finite-element model can be used at the
final design stage to assess the structural adequacy of the design according to the
predicted dynamic stress levels within the structure and once again to re-check the
seaworthiness of the vessel.

3. Apart from the potential flow based fluid forces, if required, other sources of
dynamic fluid actions on structures can be readily included in the three-dimensional
hydroelasticity theory without modifying the general approach.

4. Non-beamlike ships are characterized by three-dimensional form of the
structure and therefore the simple beam theory of structural dynamics is no longer
adequate to describe the overall dynamics of the ships. In some cases, fluid actions
on non-beamlike ships (like a SWATH) may be approximately described on a two-
dimensional basis (Lee 1976; Lee & Curphey 1977), while in other cases, fluid actions
on non-beamlike ships are featured by three-dimensional effects (Lundgren et al.
1989). A hybrid, three-dimensional structure and two-dimensional fluid analysis may
be thought of more practical use in design process in particular for swaTH vessels. In
all cases, the general three-dimensional hydroelasticity theory can be applied to
predict wave-induced motions, global loads and especially dynamic stresses on any
vessels in a seaway.

5. Resonance behaviour of vessels in waves can be clearly predicted by
hydroelasticity theory as demonstrated in this study. In general, exclusion of
structural flexibility effects would result in an overestimation of wave-induced loads
in the vessel in the low wave frequency region and would lead to an underestimation
of the statistical structural responses of the vessel in realistic seaways, in which the
random nature of the sea environment and resonance effects have to be taken into
account.
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Drscussion
D. W. CaaLmers (HMS Saker, BFPO 2, U.K.). Dr Smith (this symposium) shows
that linear strip theory significantly overestimates structural responses compared
with measurements from sea. Is there any evidence that SWATH responses are
similarly overestimated or are the numerical predictions better ? It appears that they
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could be so as the structure is more nearly wall-sided and symmetrical about the still
waterline than a conventional monohull vessel.

A.J. KEaNE. Experimental data for structural responses are not available to us for
either SWATH-B or SWATH-C. It is, therefore, difficult to provide Dr Chalmers with a
straightforward answer except to say it seems likely (Lundgren et al. 1989).

K. NicHoLsoN (Portsdown, U.K.). An early slide showed the relatively narrow
response peaks for all the rigid body motions compared with those for a monohull,
with the possible exception of roll. The figure suggests the possibility of using active
motion control to reduce these responses. Does Dr Keane incorporate active control,
and the associated forces on the structure, in his subsequent analysis, and if so, what
difference it made ?

A.J. Keang. Our present results do not incorporate active control although swaTHs,
in general, have active fin controllers. Our interest mainly lies in establishing the
motion characteristics of such vessels and the parameters which affect them rather
than assessing the means of enhancing these characteristics.

A. Inceoik (University of Glasgow, U.K.). Since the structural response of free-
floating twin hull structures could be sensitive to boundary conditions, mass
distribution, and hydrodynamic damping, did Dr Keane quantify the importance of
such conditions and parameters in the structural response predictions ?

When a free-floating twin-hull structure is analysed in a beam sea condition using
a quasi-static analysis technique, maximum bending moment occurs at the centre of
the deck when the wavelength is equal to twice the spacing between the hulls. When
the three-dimensional hydrodynamic loading program is used and the structure is
analysed under dynamic loading, can Dr Keane define a ratio between the
wavelength and hull spacing at which maximum bending moment at the centre of
the deck occurs ? Can he also illustrate comparisons between the structural response
predictions obtained from their dynamic analysis with those obtained from a quasi-
static analysis?

A.J. KeaNe. Variables, such as mass distribution and hydrodynamic damping,
referred to by Dr Incecik, affect the structural responses of monohulls as well as twin
hulls. They are implicit in a hydroelastic analysis, i.e. in the construction of an
appropriate structural model and also in the subsequent fluid-structure interaction
analysis. However, considering the effort involved in carrying out a complete
analysis, we have only produced results for nominal load conditions. Regarding
transverse bending moment responses at the centre of the cross deck of a SWATH in
regular beam waves, we have observed similar qualitative trends in the predictions
given by both the hydroelastic, and the quasi-static analysis methods. For example,
in our study the predicted maximum bending moment of SWATH-B occurs at a
wavelength 3.3 times the maximum overall beam of the ship as given in table 3 of
the paper, while Lee & Curphey (1977) predicted the large peak of the bending
moment occurring at wavelengths roughly three to four times the maximum overall
beam of SWATHS using a quasi-static method.

S. Hyvaripes (Wageningen, The Netherlands). In the calculation of the forced, global
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response Dr Keane has used ten vibration modes with fixed damping factors, as
shown on one of the slides. It seems that these damping factors are rather high.
Moreover, they increase gradually with the mode number, running from about 5%
to 12 % of the critical damping. This can only be structural damping, whereas in the
considered frequency range the hydrodynamic damping is practically zero. Why
should the damping take these values, especially accounting for the fact that they
were dealing with a completely new ship type for which no information at all is
available ? Already for conventional ship types the selection of damping for the lower
hull modes is rather arbitrary, only an order of magnitude can be indicated.

A. J. Keang. Professor Hylarides’s comments reveal an area where information —
experimental or otherwise —is hard to come by, namely the structural damping
levels. These, consequently, were chosen arbitrarily. Such a choice, however, will
only have a quantitative influence on the structural responses in the immediate
vicinity of the resonances.

W. BEURELMAN (Delft University of Technology, The Netherlands). I was impressed by
Dr Keane’s presentation related to the determination of the load on swaTH ships. As
I understood it, slamming pressures are not taken into account. These pressures may
be very high for these ships as reported by Mr N. Pegg at the IUTAM Conference,
especially at the forward part and at high speed in a seaway. Should these pressures
be accounted for in the future ?

A. J. KeaNE. Professor Beukelman draws our attention to the effects of slamming,
in particular the slamming induced pressures at the forward part of the bridge
structure, on the structural responses of a swarH. We are actively engaged in
providing the means for incorporating such loads into the hydroelasticity analysis.

Colour plate printed in Great Britain by George Over Limited, London and Rugby.
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