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Abstract

The tow out of a concrete gravity structure (CGS) through shal-
low water is assisted by employing an air-cushion for draft re-
duction purposes. This requires an understanding of the effect
of the air-cushion on the stability and dynamics of the CGS. In
this present work, experiments were performed on 1:100 scale
models of typical concrete gravity substructure configurations
at the University of Western Australia. Three models of dimen-
sions 0.5m length x 0.5m width x 0.1m draft were considered.
The experimental campaign focused on determining the effect
of the air-cushion on the metacentric height and, coupled with
the water depth, on the added mass and natural frequency in
heave and pitch of each model. The experimental results il-
lustrate that the air cushion reduces the stability of the vessel
and influences both the natural frequency and added mass in
heave and pitch. Compartmentalising the air-cushion and vary-
ing the water depth affects the hydrodynamic characteristics of
the floating structure.

Introduction

The use of air-cushions to support floating bodies is well known.
These bodies range from high speed surface effect ships to
very large floating structures such as the mobile offshore base
(MOB) used in military logistic applications. A floating body,
supported by an air-cushion, comprises rigid - or flexible for
surface effect ships - vertical side walls that penetrate below the
main structure and exterior free-surface thus trapping a column
of air. These vertical side walls must penetrate the free-surface
to a sufficient depth to maintain an excess air pressure in the
interior chamber. For surface effect ships, the air cushion typi-
cally supports 80% of the structures weight with the remainder
supported by buoyancy. This weight balance is described by

M = ρ
(

V0 +
p0

ρg
Ai

)

, (1)

whereM is the structure mass,ρ is the density of water,V0 is the
displaced volume,Ai is the air-cushion surface area, andp0 is
the excess air pressure contained within the cushion. The excess
pressure contained within the air-cushion determines the static
water plug heighthw - measured from the keel to the interior
free-surface - through the hydrostatic relationp0 = ρg(T −hw)
whereT is the draft (see Figure 1).

The tow out of a concrete gravity structure (CGS) through shal-
low water is another application of an air-cushion support. In
this context, the primary use of the air-cushion is to elevate
the structure to avoid seabed contact during tow out operations.
However, a consequence of this approach is a reduced hydrody-
namic stability due to a destabilising moment produced by the
depressed interior free-surface. Moreover, the reduced stiffness
in angular motions can shift the natural frequency into the fre-
quency space of significant wave energy. This is particularly
important when the CGS is towed through shallow channels
open to long period swells.

Early work on the use of air-cushion support for floating struc-
tures predominately concentrates on surface effect ships with
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Figure 1: Schematic of an air-cushion supported floating body.

and without forward speed (see Kaplan et al. [3], and for a
good literature review, Graham and Sullivan [1]). An examina-
tion of the added mass of a surface effect ship was considered by
Kim and Tsakonas [4] where the authors describe the entrained
air as a pulsating pressure distribution on the free-surface. In
2-dimensions, this approach was considered by Malenica and
Zalar [6] to study the heave added mass and radiation damp-
ing of an air-cushion supported floating body with rigid side
walls. Using a boundary integral equation method Guret and
Hermans [2] extended the work of Malenica and Zalar to inves-
tigate transfer functions for the heave and the interior vertical
free-surface displacement of an air-cushion supported body in
regular waves. A 3-dimensional approach is given by Lee and
Newman [5] and Pinkster [7] using the boundary integral equa-
tion method. The work of Pinkster [7] is particularly notable
as the author considered an air-cushion structure with various
compartment configurations. It is thought that compartmental-
ising the air-cushion reduces its effect on the hydrodynamic sta-
bility of the body. An air-cushion supported floating body has
been studied experimentally in regular waves by both Thiagara-
jan et al. [11], and Pinkster and associates [8, 9]. The studies
performed by [10] demonstrate that an air-cushion supported
box exhibits a higher pitch response when compared to a closed
bottom box model of similar geometry.

In this present work we experimentally study the effect of water
plug height and compartmentalisation of an air-cushion on the
metacentric height, heave and pitch natural frequency and added
mass of an air-cushion supported box model. Moreover, we also
consider the influence of water depth on the heave and pitch
natural frequency added mass values.

Experimental Campaign

Experiments were conducted in a circular tank of height 1m and
diameter 1.65m. During testing, the models were positioned in
the centre of the tank using a rigidly mounted linear voltage dis-
placement transducer (LVDT). Three models were used in the
experimental campaign: a simple closed bottom box configu-
ration with no air-cushion; a one compartment air-cushion sup-
ported open bottom box model (see Figure 2, denoted 1-C); and
a nine compartment air-cushion supported open bottom model
(see Figure 3, denoted 9-C). For each model, the water plane
area measured 0.5m× 0.5m and the draft was held constant at
10cm. For the two air-cushion supported structures, the height
of the air-cushion was varied such that the water plug height
consisted of the following valueshw=3cm, 4cm, 5cm and 6cm.
These heights were controlled by adjusting valves located on



Figure 2: The one compartment air-cushion box model, 1-C.

Figure 3: The nine compartment air-cushion box model, 9-C.

the deck of the cushion models (see Figures 2 and 3). More-
over, through these valves, the pressure inside the air-cushion
was monitored using pressure transducers. The main particu-
lars of each model, including the vertical centre of gravityzG
relative to the quiescent free-surface position and the pitch ra-
dius of gyrationr22, are given in Table 1.

The metacentric height, denotedGM, of each model and water
plug configuration was determined using a standard inclining
experiment whereby a known ballast mass was displaced along
the model’s centreline. The inclination was recorded using a tilt
sensor and the metacentric height determined by the following
relation:

GM = md/ tanϑ, (2)

wherem is a known mass,d is the known mass displacement
from its initial position andϑ is the inclination induced by the
mass displacement. The maximum induced inclination for all
tests wasϑ = ±5-degrees.

The natural frequency of each model in heave and pitch was de-
termined by free oscillation experiment. Whereby, in the mode
of interest, the model was given a small initial displacement
or rotation and allowed to return to its initial position. Initial
displacements of 2.5cm and 5-degrees were used in heave and
pitch respectively. Vertical displacements were recorded by an
LVDT and pitch rotations by a tilt sensor. The displacement
time traces were digitised at 30Hz and logged by a personal
computer for data analysis. In addition to the natural frequen-
cies in heave and pitch, the added mass and damping of each
model at the natural frequency was determined. Only the added
mass values are presented here. The water plug height was var-
ied to investigate its influence on the added mass and natural
frequency of the 1-C and 9-C models. It was found that the
recorded air pressure (cf. Table 1) inside the chamber follows
(1) to within 5% error.

The natural frequencies in heave and pitch are given by the fol-
lowing expressions:

ω0,3 =

√

k33

M +µ33
, ω0,5 =

√

MgGM

Mr2
22+µ55

, (3)

wherek33 denotes the the heave restoring stiffness andµ33 and
µ55 are the added mass values in heave and pitch respectively.
The heave restoring stiffness includes both hydrostatic and
acoustic - arising from the compressibility of the air-cushion
- contributions. The stiffness of each model in heave was
experimentally determined and found to bek33 = 2.43kN/m,
2.18kN/m and 3.07kN/m for the closed bottom box, 1-C and 9-
C models respectively. The closed bottom box stiffness is very
close to the theoretical value ofρgA0 = 2.45kN/m. The natural
frequency added mass values were determined from (3).

Result and Discussion

The experimental results are now discussed with particular re-
gard to: the influence of the water plug height and air-cushion
compartmentalisation on the metacentric height; and the influ-
ence of the water plug height, air-cushion compartmentalisa-
tion and water depth on the natural frequency of oscillation and
added mass in heave and pitch. The water plug height and water
depth are normalised by the draftT. To incorporate the effect
of the air-cushion (1), the added mass values are normalised
according toµ∗33 = µ33/M andµ∗55 = µ55/Mr2

22 for heave and
pitch respectively.

Metacentric Height

For each model configuration, the inclining experiment results
are provided in Table 1 for theGM and hydrostatic resorting co-
efficientMgGM. It is immediately evident that the addition of a
single compartment air-cushion reduces theGM and thus desta-
bilises the model. Compartmentalising the cushion, as in the
9-C model, reduces the destabilising effect of the air-cushion.
However, we note that we cannot directly compare theGM val-
ues of the two cushion models and the box model due to the
large difference in their body masses. This was unavoidable
since we required the under water geometry of the models to be
similar for added mass and natural frequency comparisons. To
circumvent this, the hydrostatic restoring coefficientsMgGM
provides insight. Subsequently, we notice thatMgGM is of the
same order of magnitude for both the box and 9-C models. Fur-
thermore, in general the restoring moment is larger for the 9-C
model than that of the box. This could be caused by each in-
dividual compartment behaving as it it were in heave when the
structure is tilted, thus providing an additional restoring mo-
ment. However, it is thought that if one were to construct a nine
compartment and box model of equal mass, then one would ex-
pect theGM of the box model to be a little larger than the nine
compartment model. In contrast, the similar masses of the sin-
gle and nine compartment cushion models allows direct com-
parison of theGM values.

The water plug height demonstrates a positive effect on the
metacentric height of the cushion models. For instance,
increasinghw by a factor of 2 approximately doubles theGM
of the cushion models. This is physically caused by a reduced
destabilising couple acting on the side walls for increasinghw
due to the reduced air pressure inside the air-cushion. It should
be pointed out that the standard free-surface correction formula
for internal fluid tanks (see Pinskter and Meevers Scholte
[9] for instance) for theGM does not take such effects into
account and cannot be used for air-cushion supported structures.



Table 1: The characteristic of each model and water plug configuration.

Model hw (cm) Mass (kg) r22 V0 (m3) zG p0 (kPa) GM (m) MgGM (Nm)

Box - 24.25 0.152 0.0250 -0.010 0 0.172 40.8
1-C 3 16.38 0.142 0.0062 0.014 0.526 0.013 2.06

4 14.48 0.152 0.0062 0.011 0.456 0.036 5.10
5 13.78 0.150 0.0062 0.007 0.342 0.045 6.06
6 11.98 0.160 0.0062 0.011 0.251 0.063 7.42

9-C 3 16.94 0.144 0.0066 0.006 0.477 0.241 40.0
4 14.99 0.152 0.0066 0.002 0.446 0.305 44.9
5 13.29 0.157 0.0066 -0.005 0.354 0.373 48.6
6 11.44 0.170 0.0066 -0.009 0.264 0.466 52.3
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Figure 4: The natural frequencyω0 of
the closed bottom box model in heave
(a) and pitch (b) versus the normalised
water depthh/T.
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Figure 5: The natural frequency in heave and pitch of the 1-C and 9-C models
versus the normalised water plug heighthw/T: (a), 1-C heave; (b), 1-C pitch;
(c), 9-C heave; (d), 9-C pitch. Three water depth conditions are considered:
h/T = 1.5, (−·−×−·−); h/T = 2.1, (· · · ◦ · · · ); and deep water, (—∗—).

Free Oscillation

Measured results, from the free oscillation experiments, of the
heave and pitch natural frequencies are illustrated in Figure 4
for the closed bottom box model and Figure 5 for the two air-
cushion models. Three normalised water depths are considered
wherebyh/T = 1.5, 2.1 and 9. Forh/T > 9, we assume that the
seabed does not affect the surrounding fluid pressures induced
by the free oscillation of the body. Consequently,h/T = 9 is
considered a deep water condition.

The experimental results in heave demonstrate thatω0,3 is sus-
ceptible to the water depth parameterh/T and reasonably insen-
sitive to the water plug height parameterhw/T (cf. Figures 5a
and 5c). For instance, in deep water both the 1-C and 9-C cush-
ion models exhibit a heave natural frequency ofω0,3 ≈ 6.3rad/s
across the range ofhw/T values examined. Furthermore, the
fact thatω0,3 is similar for both the 1-C and 9-C models sug-
gests that compartmentalisation has little influence onω0,3. The
experimental values ofω0,3 versush/T demonstrates thatω0,3
is remarkably similar for each model regardless of air-cushion
configuration.

For the 1-C model in pitch, whilst the water depth does not
appear to significantly influenceω0,5, hw/T appears to be a
far more important parameter. For instance, Figure 5b shows
that ω0,5 linearly increases by approximately 2rad/s between
hw/T =0.3 and 0.6. Presumably, this is caused by an increased
GM for increasinghw/T (cf. Table 1). In contrast, the 9-C

model behaves in a similar fashion to the heave results whereby
ω0,5 is relatively insensitive tohw/T. This suggests that com-
partmentalising the air-cushion reduces the effect ofhw onω0,5.
Moreover, compartmentalising the air-cushion almost trebles
the magnitude ofω0,5 for smallhw/T. This significant change
in ω0,5 would undoubtedly be an important air-cushion design
consideration.

Measured results of the natural frequency added mass in heave
and pitch for each model configuration are illustrated in Fig-
ures 6 and 7. Apart fromµ∗55 for the 1-C model, the measured
results indicate that bothµ∗33 andµ∗55 consistently increases as
h/T decreases. This is due to an increased surrounding fluid
pressure when the model oscillates in the vicinity of the seabed
- this is generally true regardless of body geometry (see Yeung
[12]). For the 1-C model, it is interesting to note thatµ∗55 ex-
hibits very small and slightly negativeµ∗55 for small hw/T (cf.
Figure 7b). Furthermore, the measured results suggest that the
natural frequency pitch added mass, for the 1-C model, is rela-
tively insensitive to water depth. At present, this result cannot
be explained and is under continued investigation.

The experimental results show that the water plug height ex-
hibits a significant influence on both the heave and pitch added
mass. For the nine-compartment model in particular,µ∗55 in-
creases from 2.6 athw/T = 0.3 up to 3.7 athw/T = 0.6 for
h/T = 1.5 (see Figure 7d). Furthermore, compartmentalising
the air-cushion significantly increases the magnitude ofµ∗55 (cf.
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Figure 6: The normalised added mass of
the closed bottom box model versus the
normalised water depthh/T: (a), heave
µ∗33; and (b), pitchµ∗55
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Figure 7: The added mass in heave and pitch of the 1-C and 9-C models versus
the normalised water plug heighthw/T: (a), 1-C heave; (b), 1-C pitch; (c), 9-C
heave; (d), 9-C pitch. Three water depth conditions are considered:h/T = 1.5,
(−·−×−·−); h/T = 2.1, (· · · ◦ · · · ); and deep water, (—∗—).

Figures 7b and 7d). It is reasonable to expect that this increase
in µ∗55, through compartmentalising the air-cushion, would offer
important pitch motion reduction consequences.

Conclusions

The present work has experimentally examined the metacentric
height, natural frequencies, and added mass of a closed bottom
box model and two cushion models in heave and pitch. The two
cushion models differ by the cushion compartmentalisation into
one single compartment and one nine-compartment model. The
results demonstrate that the inclusion of an air-cushion reduces
the metacentric height. However, this can be circumvented by
compartmentalising the air-cushion. Increasing the water plug
height has a positive effect on the metacentric height. We find
that the cushion compartmentalisation is mostly important to
the pitch natural frequency and both heave and pitch added
mass values. Generally, the water plug height was found to be
an important parameter for both the heave and pitch natural
frequency added mass. However, for the natural frequency
in pitch, the water plug height seems only to influence the
1-compartment cushion model. The measured results indicate
that the water depth influences the heave natural frequency
and both heave and pitch added mass regardless of air cushion
configuration.
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