
RESEARCH ARTICLE

Ships Bottom Cavities as Shock Absorbers in Waves

Eduard Amromin1

Received: 20 August 2017 /Accepted: 5 October 2017 /Published online: 19 June 2018
# Harbin Engineering University and Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Bottom ventilated cavitation is the successfully proven ship drag reduction technology, but the impact of sea waves on ships with
bottom cavities is the substantial concern for a broad technology implementation. The influence of waves on vertical force
experienced by such ships is analyzed in this paper using a perturbation technique. The unperturbed cavity shape at given Froude
number and cavity length was found from a nonlinear steady ideal fluid problem. The ship response to an impact of a wave of the
given length and amplitude is considered as the one-frequency perturbation. This perturbation was found by combined consid-
eration of compressible flow in the cavity and incompressible flow in the surrounding water. Computational examples relate to an
earlier tested model with the bottom cavity restricted by skegs. The vertical forces on the model with bottom cavities and in
cavitation-free conditions were compared in head and following seas. It was found that within the major part of the consider range
of wavelengths the cavity acts as a shock absorber significantly reducing the vertical force pulsation and ship acceleration in
waves.
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1 Introduction

Bottom partial ventilated cavitation as a successful ship drag
reduction technology has been proven by model tests of
Butuzov (1966), Sverchkov (2005), Foeth (2008),
Allenstorm and Leer-Andersen (2010), Amromin et al.
(2011), Elbing et al. (2013), Zverkovski et al. (2014),
Gorbachev et al. (2015), and Matveev et al. (2015) and full-
scale experiments of Basin et al. (1969) and Butusov et al.
(1990). One may also find the reviews of the technology suc-
cesses by Sverchkov (2010), Gorbachev and Amromin
(2012), and Amromin and Gorbachev (2015).

Nevertheless, the sea wave impact on the pitch and
drag of such ships is the substantial concern for the
broad technology implementation. So, this study is
aimed on an analysis of the cavity effect on vertical
force applied to a ship in waves.

2 Numerical Method for Determination
of Force Pulsations

Some experimental evidences of the favorable influence of
bottom cavities on the wave impact on ships were already
obtained. These evidences are shown in Fig. 1 plotted with
data from Amromin et al. (2011) and Fig. 2 copied from
Amromin and Gorbachev (2015), but no theoretical/
numerical study of the mentioned cavity influence is known
and comprehension and extrapolation of the results of model
tests remains complex yet. The analysis of ventilated
hydrofoils in gust flows by Kopriva et al. (2008) could not
be extrapolated for ship bottoms.

As proven by Choi and Chahine (2010), oscillations of
ventilated cavities under wave can be satisfactory predicted
using ideal fluid theory. Here, the velocity potential is the sum

Φ x; z; tð Þ ¼ Φ0 x; zð Þ þ Φ* x; z; tð Þ þ ϕ SC; h; tð Þ. Here Φ0 de-
scribes the flow around the ship buttock with a steady cavity
with the time-average surface SC determined by solving non-
linear problems on cavitation at moderate Froude numbers
Fr ¼ V=

ffiffiffiffiffiffi

gL
p

, where L is the ship length, g is gravity accel-
eration, and V is the ship speed; Φ* describes unsteady pertur-
bations around the buttock due to the inflow pulsation, but it
neglects by oscillation h of the cavity thicknessH; ϕ describes
velocity perturbations caused by this oscillation.. The flow
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sketch is shown in Fig. 3. Free-surface conditions are consid-
ered at z = 0 and as a result, sinks are distributed at z > 0 sym-
metrically to the sources distributed along the submerged but-
tock with the cavity. The dependency of pitch angle on Fr is
taken from tests of Amromin et al. (2011) for the model shown
in Fig. 4, whereas cavitation number σ = 2(P∞ − Pc)/(ρwV

2) for
a bottom cavity of the fixed length LC will be found during
solution of the steady problem. Here, Pc is air pressure in the
cavity, the inflow pressure is P∞.

The model 5694 length L = 4.55 m and its width B = 1.1 m.
The towing tank experiments with this model have been car-
ried out in the linear tow tank of David Taylor Model Basin.
The tank dimensions are 575 m × 15.5 m × 6.7 m. The towing
speed can be stabilized there with the dispersion of 0.005 m/s.
The model was towed free to heave and trim under the car-
riage. The air supply pipe connecting a fan to the forward part
of the niche is seen in Fig. 4. The towing tests of the model
with air cavity in waves have been carried out at T = L/20.

The numerical technique employed for determination ofΦ0

and unperturbed (steady) cavity shape was described by
Amromin (2007, 2012). This iterative technique is based on
quasi-linearization of the pressure constancy condition on the
cavity surface with the subsequent iterative correction of the
surface shape via solving quasi-linearized singular integral
equations. For the selected cavity length and Fr, the value of
σ will be found from the solution.

Indeed, various methods can be used to solve the corre-
sponding ideal fluid problem. However, for a selected cavity

length, there is an interval of Froude number without solution,
as predicted by Butuzov (1966) and illustrated by Amromin
and Gorbachev (2015) in their Fig. 4.11, and there is the in-
terval of Frwithout stable cavity in experiments, as illustrated
by Fig. 4.12 of the same review.

As seen in Fig. 4, the bottom cavity is restricted by skegs
(keels) and the flow in its vicinity is very close to a 2D flow.
So, 2D problem is analyzed here.

Two ideal fluid flows are considered jointly. The flowwith-
in the cavity is compressible and the average density of the
cavity content ρ(x) experiences oscillation ρ̂ x; tð Þ. The water
flow out the cavity is incompressible. The water inflow at the
buttock points is caused by the ship motion with the constant
speed and propagation of a linear surface wave of the given A
and λ. One-frequency waves are considered. Thus, all

Fig. 2 Bottom cavity effect on vertical acceleration of a planing craft in
waves of λ ≈ L; Fr▽ is displacement-based Froude number

Fig. 3 Sketch of flow around a buttock

(a) Bottom of model 5694 adjusted for ventilated cavities

(b) Cross-sections x=const

(c) Buttock with the computed cavity contour at measured

value of pitch

Fig. 4 View of the bottom of model 5694 adjusted for ventilated cavities
(a), its cross sections x = const (b), and its buttock with the computed
cavity contour at measured value of pitch (c)

Fig. 1 Effect of bottom cavity on drag of a ship model in waves
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perturbations are proportional to eiωt and following equations
describe time-independent perturbation magnitudes only. The
velocities associated with Φ∗ and ϕ are assumed to be much
smaller than the ship speed and the ratio A/λ of the incoming
wave amplitude to wavelength is also small. For perturbations

of inflow velocity AV
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2πλ=L
p

� �

= λFrð Þ << 1, quasi-

linearization of equations is acceptable.
Response of the contour shown in Fig. 3 on the wave im-

pact is similar to the foil response in gust flows. Therefore, it
can be described by Birnbaum (1924) equation regularized by
Amromin (2017) using an inversion of Cauchy integral (de-
scribed by Zabreyko et al. (1975)). The employed inversion
corresponds to the vortex intensity γ unlimited at the point F1

(please return to Fig. 3; the segment F1F2 is the interval of
vortex distribution). Thus,

γ þ iωΨ xð Þ
π

∫
L

0
∫
L

0

γeiω ξ−τð Þ

π
∫
∞

ω τ−ξð Þ
eiχdχ
χ

dτ

" #

dξ
Ψ ξð Þ

¼ −B
Ψ xð Þ
π

∫
L

0
ek Zþiξð Þ dξ

Ψ ξð Þ ð1Þ

Here Ψ xð Þ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L=x−1
p

, k = 2л/λ, Z(ξ) is the contour
coordinate, B~λ is a constant. Pressure on Sc is constant
and quasi-linearized pressure constancy condition can be
written as

∫
s

X 0

∫
X 0

X 2 qdξ
s−ξ

" #

dsþ U
iω

∫
X 0

X 2 qds
s*−s

¼ −2π
Uγ
iω

þ 2h
iωFr2

þ ∫
s

X 0

γds
� �

ð2Þ

Here X0 and X2 are the abscissas of the cavity edges.
On the other hand, h and ρ̂ are linked by the acoustical

equation (the combination of mass and momentum conserva-
tion laws for the cavity, derived with exclusion of the velocity,
like in Blake (1986)).

ω2 ρ̂̂þ c2

1−ρ=ρwð Þ
∂2 ρ̂̂
∂x2

¼ ω2 ρh
H

ð3Þ

Here, c is mixture sound speed (defined by Kieffer (1977),
ρw is the water density. The velocity dh/dt coincides with the
water velocity component normal to SC and therefore

q
2
¼ ∂Uh

∂x
−iω

ρ̂̂H
ρw

þ ρh
ρw

� �

ð4Þ

So, there are four equations for four unknown supposedly
small complex variables h, q, ρ̂, and γ. There are also bound-
ary conditions dh=dxþ iωHρ̂= Uρwð Þ ¼ 0 at x = X2 and h=
dh/dx = 0 at x=X0.

3 Numerical Results and Discussion

The presented computational results relate to A/λ = 0.03. Such
ratio is very usual for the waves in seas. The considered wave-
length range does not include waves much larger than L be-
cause, as noted by Amromin (2015), ventilated cavities would
be broken apart by such waves, no drag reduction could take
place then and bottom cavities should not be maintained in
such conditions.

Fig. 5 Lift pulsation magnitudes at Fr = 0.61 (curve F-Cav relates to
following seas and H-Cav to head seas with cavity; F-no cav and H-no
cav – w/o cavity)

Fig. 6 Lift pulsation magnitudes at Fr = 0.53 (stile of lines is the same as
in Fig. 5)

Fig. 7 Lift pulsation magnitudes at Fr = 0.45 (stile of lines is the same as
in Fig. 5)
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The contour under consideration is the buttock of the mod-
el tested by Amromin et al. (2011) and shown in Fig. 4. For
0.45 ≤ Fr ≤ 0.63, cavitation number varies from − 0.3 to − 0.1.
So, the air pressure in the bottom cavity is higher than the
inflow pressure.

Let us recall that this study is aimed only on variations of
the vertical force due to the hull interaction with incoming
waves. The forces themselves may be found using more com-
plex numerical methods (like employed byGaro et al. (2012)).

There are no experimental data on the air concentra-
tion within the bottom cavity of the tested model 5694.
Therefore, for the main computations illustrated by
Figs. 5, 6, 7, and 8, it was arbitrary assumed that the cavity
volume includes 99% of air and 1% of water. These figures
provide comparison of the pulsation magnitude of lift coeffi-
cient |CL| (vertical force pulsation normalized by ρwV

2L/2) for
the contours with bottom cavities and for cavitation-free con-
tours (with the solid contour corresponding to Sc). These com-
parisons are presented for three values of Fr.

The obtained results allow for certain conclusions on the
cavity influence on the interaction of the hull with incoming
waves. The ratios of forces presented in Fig. 8 are similar to
the ratio of accelerations plotted in Fig. 2. For λ ≈ L, these
ratios in head seas are close, though the data of Fig. 2 was
measured for a planning boat running at higher Fr (its bottom
is shown in by Sverchkov (2010) in his Fig. 1). Also, the
smaller ratio of |CL| of the hull with cavity to |CL| of
cavitation-free hull in head seas at Fr = 0.53 is correlated with
the smaller impact of waves on the drag of the model with
cavity at that Fr illustrated by Fig. 1.

Though the bottom cavities act as the shock absorbers
for the major part of the consider range of wavelength,
there are also its unfavorable parts. These parts are more
significant in following seas. A qualitative explanation of
this unfavorable phenomenon may be provided with the
use of some simple scheme (like in Fig. 10.3 of
Compendium (2015), f. e.). An incoming wave amplifies
or reduces pressure along the bottom depending on the
wave phase. The ventilated cavity keeps the constant pres-
sure over the significant part of the bottom regardless to
the wave phase. For some wavelength, ventilation may
not allow for the above-mentioned reduction of pressure
and this leads to an increase of vertical loads.

On the other hand, the employed assumption on the con-
stant air concentration along the cavity is not entirely accurate,
though just behind a cavitator, it is filed by about a pure gas (as
shown by Wu and Chahine (2007)). Indeed, there are water
inclusions in ventilated cavities even in specially designed
niches. As shown in Fig. 9 with a photo from experiments
of Arndt et al. (2009), the cavity in the niche is not entirely
transparent. So, some inclusions exist even in experiments
without waves in inflow. These inclusion fraction increases
to the cavity tail.

A comparative computation shows the effect of inclusions
(with gradual twofold decrease of the air concentration to the
tail) on the lift magnitude. As seen in Fig. 10, there is a small
effect on magnitude itself, but its peak was switched to the
significantly smaller wavelength. Possibly, this concentration
could be controlled.

Fig. 8 Ratios of lift magnitudes with bottom cavities and w/o them; 0.53F
means the dependency for Fr = 0.53 in following sea, etc., LC = X2–X0

Fig. 9 A snapshot of a cavity in
the bottom niche

Fig. 10 Effect of air distribution in the cavity on |CL|; solid - uniform
distribution, dashed – to distribution decreasing at the cavity tail
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4 Conclusions

The provided numerical analysis shows that for Fr ≥ 0.45
within the major part of the consider range of the normalized
wavelength λ/L (comparable with the ship length) the cavity
acts as a shock absorber significantly mitigating the force
pulsation and ship acceleration in waves. This reduction takes
place in both head seas and following seas. The analysis re-
sults are in a correlation with the known experimental data.

Nevertheless, the cavity may also amplify pulsations (es-
pecially, in following seas). The interval of unfavorable λ/L
ratios depends onFr (the ship speed). The actual limits of such
intervals also depend on distribution of the air concentration
along the bottom cavity.
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