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Abstract. The operation of marine vessels, especially large-tonnage ones, is accompanied by the occurrence of serious
damage to hull structures within bow in stormy conditions. A new mechanism to explain the catastrophic destruction
of the side grillages of large-tonnage ships in the area of the bow is proposed. Simulation of the process of flow
around the fore end when it is digged in a wave using SPH technology showed that when the flow speeds around the
fore end occur when the vessel moves in developed waves, there is a sharp drop in pressure in certain areas of the bow
end. This circumstance can lead to the occurrence of cavitation that is confirmed by modeling the process of flow
around the fore end using ANSYS FLUENT software. During stall cavitation, a cavitation cavern of considerable size
may arise, the collapse of which is accompanied by the occurrence of hydrodynamic loads that can destroy hull struc-
tures. A calculation method is proposed that allows one to estimate the magnitude of hydrodynamic loads acting on
the ship’s hull during the collapse of a cavitation cavern. To prevent damage to the bow in storm conditions, a number
of constructive measures have been proposed. One of the options for solving the problem is to install a deck fairing in
the bow that eliminates the negative influence of structural cavitators in the traditional design when the bow is digged
in the wave. It is also possible to install a compressed air supply system to those areas of the bow where vacuum oc-
curs when a liquid flows around when digged in a wave.
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AHHOTanMs. DKCIUTyaTaIus MOPCKHUX CY/OB, OCOOEHHO KPYIMTHOTOHHAXHBIX, COIPOBOXKIAETCSI BOSHUKHOBEHHEM Ce-
PBE3HBIX OBPEXKAEHUM KOPIIYCHBIX KOHCTPYKLUI B HOCOBOM OKOHEUHOCTH B IITOPMOBBIX YCioBuUsAX. [Ipennoxen Ho-
BbIii MEXaHHU3M, MO3BOJIAIOIIMI O0BSICHUTH KaTacTpOo(hUUYECKUe pa3pyLIeHus: GOPTOBBIX MEPEKPBITHII KPYITHOTOHHAXK-
HBIX CyJIOB B paliOHEe HOCOBOHM OKOHe4HOCTH. MoJenupoBaHue mpouecca 00TeKaHUs HOCOBOW OKOHEYHOCTH IIPU ee
3apbIBaHUU B BOJHY C UCIOJIb30BaHUEeM TexHonoruu SPH onpenenuno, 4To npu BO3ZHUKAOMIMX NIPH JBIKECHUU CYAHA
Ha Pa3BUTOM BOJIHEHHH CKOPOCTSIX OOTEKaHHs HOCOBOH OKOHEYHOCTH MMEET MECTO pe3Koe IafeHHe JaBICHHS B OT-
JeTbHBIX pailoHaX HOCOBOH OKOHEYHOCTH. JIaHHOE 0OCTOSTENBCTBO MOKET IMPUBECTH K BOZHHKHOBEHHIO KaBUTALUH,
YTO MOATBEPXKAACTCS MOJIEIUPOBAHUEM Ipoliecca 00TEKaHUsI HOCOBOH OKOHEYHOCTH C HCIIOIBb30BAHHEM MPOTPaMM-
Horo obecnieuernss ANSYS FLUENT. IIpu cpbIBHOHM KaBUTaLMM BO3MOYKHO BOSHMKHOBEHHME KaBHTAL[IOHHOH I0JIO-
CTH 3HAUUTENBHBIX Pa3MEpPOB, 3aXJIONbIBAHME KOTOPOH COMPOBOKAAETCS BO3HHMKHOBEHHEM T'MIPOIMHAMHYECKUX
Harpy3oK, CIOCOOHBIX pa3spyIINTh KOPIIyCHbIe KOHCTPYKIMHU. [Ipenoxkena pacueTHas METOIHKA, TO3BOJISIONIAs BbI-
MONHSTH OIEHKY BEJMYMH I'MIPOAVHAMUYECKUX HATrPy30K, JEHCTBYIOIINX HA KOPITYC CyHA IIPH 3aXJIONBIBAHUY KaBH-
TallMOHHOM KaBepHbl. [l NpeAoTBPALLEHHS OBPEXKIEHU HOCOBOM OKOHEYHOCTH B IITOPMOBBIX YCIOBUAX IPELIO-
JKEH PsAJ] KOHCTPYKTHBHBIX Mepompustuil. OXHIM U3 BapHaHTOB pEUIeHHs NPOOIEMEI SIBIIETCS yCTaHOBKA O0TeKaTe-
711 TaTyOBbl B HOCOBOM OKOHEYHOCTH, YTO ITO3BOJISIET HCKIIOUUTH HETATHBHOE BIIMSIHIE KOHCTPYKTUBHBIX KABUTATOPOB
B TPaJULIMOHHON KOHCTPYKIIMU IIPU 3apbIBAHUN HOCOBOM OKOHEUHOCTH B BOJIHY. Tak:ke BO3MOXKHA YCTAHOBKA CUCTE-
MBI TT0JIaYH C)KATOTO BO3JyXa K TeM palloHaM HOCOBOH OKOHEYHOCTH, I'JIe BO3HUKAET pa3pspKEHUE IIPU 0OTEKaHUH I10-
TOKOM >KHJIKOCTH TIPH 3apBIBAHUU B BOJIHY.

KuroueBbie cjioBa: HOCOBas OKOHEUHOCTh CyJHA, pa3pylleHHe KOPIyCHBIX KOHCTPYKLMH CyAHA, THAPOAMHAMHYE-
CKas Harpyska, KOHCTPYKTHBHBIH KaBUTaTOp, KaBUTAI[MOHHAs KaBEPHA, 3aXJIONbIBAaHME KAaBEPHBI, KyMYJSITUBHAs

CTpyst
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Introduction

The experience of ship operation, especially large-
capacity ones, indicates that their fore end of the hull
structures was seriously damaged [1]. The research [2]
presents numerous cases of bulk carriers loss as a re-
sult of damage to the fore end. Thus, in August 1991,
during a storm in the Indian Ocean, the Greek bulk
carrier Melete (length — 228 m) with a cargo of iron
ore sank down. A message was received from the ves-
sel that it was heading to repair a crack in the part
of the cargo hold 1 [2]. As the investigation showed, the
damage could not have been inflicted during loading at
the port. It is noted that the ship encountered difficult
weather conditions to the south of Madagascar [3].

The ore carrier California Maru (length — 218 m)
was wrecked in a storm off the coast of Japan on Feb-
ruary 9, 1970. A message was transmitted from the
vessel about the water intake through a sudden hole in
the fore end. For 21 hours the crew had been fighting
against the water flow but the vessel sank down [4].

Peculiarities of the damage to the fore ends
of large-capacity vessels in stormy conditions

In 1991, the oil ore carrier Atlas Pride (length —
326 m, width — 52 m) suffered serious damage in
adverse weather conditions in the region of South
Africa [5] (Fig. 1).
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Fig. 1. Damaged bow end of the oil ore carrier Atlas Pride [5]: a — front view; b — side view

Also, as a result of being caught in a storm and ex-
posed to waves, the Energy Endurance tanker received
holes in the fore end [6] (Fig. 2).

Large volumes of destruction of the side and bot-
tom shell plating were observed on the bulk carrier

Marcona Trader that ran into gale March 1981, 300
miles to the west of the Midway Islands in the Pacific
Ocean [7, 8] while transporting cargo from San Fran-
cisco to Japan (Fig. 3).

b

Fig. 2. Damaged bow of the Energy Endurance tanker [6]: a — front view; b — side view

As a result of the impact of waves, a hole measur-
ing 2.4 x 8.5 m was formed in the fore end of the hull
of the bulk carrier Marcona Trader.

In the same area of the Pacific Ocean, August 8,
1980, the bulk carrier Chi Star [9] received similar
damage in storm conditions, in the fore end of which
a serious hole was discovered (Fig. 4). At the time, the
ship was to the north of Midway Islands en route from
Los Angeles, California, to Sakai, Japan, with a cargo
of coal. It is noted that the root cause of such damage is
unknown and is unlikely to ever be established [9].

Traditionally, the damage to the fore ends presented
above is explained by wave impacts; some sources note
that such damage can be caused by exposure to anoma-
lous waves (rogue waves) [10]. According to estimates

obtained in recent years, when such waves hit, the pres-
sure on the ship’s hull can reach 980 kPa [10] that is
about 100 tons per 1 square meter. Therefore, it seems
interesting to assess how often such situations can occur
that requires assessing the probability of ships encoun-
tering anomalous waves (rogue waves). A similar as-
sessment was carried out by the authors in [11, 12],
while within the framework of the developed mathemat-
ical models, anomalies form Poisson field and their pa-
rameters (velocity, half-width, lifetime) are random
variables. If these random variables are independent, the
danger function of a ship encountering an anomaly over
some time 7 is determined by the expression

D(T) = 2ITMM,M,, (1)
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where My — is the mathematical expectation of the
anomaly lifetime, s; M, — mathematical expectation
of the anomaly speed, m/s; M, — mathematical expec-
tation of the half-width of the anomaly, m; 7 — time

period during which the probability of a ship meeting
an anomalous wave is estimated, s; / — the intensity
density of the Poisson flow of anomalies, s '-m .

Fig. 3. Repair of damage to the fore end of the hull of the bulk carrier Marcona Trader [7]
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Fig. 4. Damage to the fore end of the bulk carrier Chi Star [9]

The probability of encountering an anomalous
wave according to [11, 12] can be found using the de-
pendence

P(T) =1 —exp[-D(T)].

Due to the insufficient volume of statistical materi-
al on the characteristics of anomalous waves, when
assessing the probability, the anomaly parameters var-

10

ied in the range of their actual values. The data on record-
ing anomalous waves from space presented in [10, 13]
make it possible to estimate the product of the intensi-
ty density of the anomaly flux included in (1) and the
mathematical expectation of their lifetime in the value
I -My=59 - 10> m™. The assessment shows that the
probability of a ship encountering an anomalous wave
can be very high [11, 12] and ranges from 0.01
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to 0.05 with an operating life of 20 years and from
5-10"t0 2.5 - 10~ within one year.

The mechanism of interaction of the fore end
of the vessel with the external environment in the
event of damage

The cause of the damage, according to the authors,
is hydrodynamic phenomena that occur when the fore
end digs in a wave and subsequent flow around the
hull structures as the fore end comes out of the water

a

as a result of the ship's pitching. In this case, at high
flow rates around hull structures and the presence
of structural cavitators, the pressure in the fore rake
drops sharply and cavitation cavities are formed that
when slammed onto the hull, create extremely high
pressure on the side structures at the fore end of ves-
sels that leads to the destruction of the latter (Fig. 5).
When implementing this mechanism, the load acts
symmetrically on both sides that corresponds to the
nature of the damage received by the vessels.

cavern

Fig. 5. Scheme of the formation of a cavitation when flowing around the fore end of a ship:

a — side view of the ship’

Let's consider this phenomenon in more detail. For
cavitation to occur, it is necessary that the fore end
of the vessel has to be digged in the wave and the edge
of the deck (or bulwark) act as a structural cavitator. In
this case, the relative velocity of the water flow when
flowing around the fore end of the vessel in conditions
of its being digged in a wave can be determined from
the analysis of pitching of the vessel in conditions
of the bow being digged using the calculation method-
ology presented in [14].

The assessment shows that with a wavelength
A =150 m and a slope of 1/20 at the fore end, the speed
value v = 9.6 m/s is achieved, and with A = 300 m and
a slope of 1/10 — v = 27 m/s. These are the relative
velocities of the fore end, but with poorly streamlined

a

s hull; b — cross section

bodies that are the fore ends when flowing around in
the direction from the deck to the bottom, the deck
contour (4-4,) will be a structural cavitator where the
speed of fluid movement will be significantly higher
than the estimate given above. In the future, when
conducting research, we will limit ourselves to the
speed range from v =5 m/s to v =30 m/s.

To estimate the degree of pressure drop, a compu-
tational experiment was carried out using the
DualSPHysics program that implements the SPH
method [15-17]. In this case, the fore end of the ship's
hull was placed in a fluid flow, the speed of which
varied. The pressure was determined at a number
of points located in the stem part. The installation dia-
gram for the fore end model is shown in Fig. 6, a.

p=pln
1.0 e
. /

\ Y
{6 /
0.4 //
0.2 \ P

N~

9
0.5 0 0.5 1 1.5  z-=z/H

b

Fig. 6. Modeling the process of fluid flow around the fore end of the ship’s hull:
a — model installation diagram; » — change in pressure when a liquid flow flows around the bow end of the vessel
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The simulation results are shown in Fig. 6, a that
shows the change in pressure p = p /p, along the

height of the stem. The z coordinate is measured from
the main plane of the ship in the direction of the deck,
i.e. z =z/H =1 corresponds to the deck of a ship. As

can be seen from the figure, when a fluid flows around
the fore end of a ship’s hull and when it is digged in
a wave, zones with a sharp drop in pressure may appear.
The figure was constructed for a flow speed of 1.5 m/s,
which corresponds to a speed of 15 m/s for nature.

In the case under consideration, the cavitation
number % can be determined from the expression:

®= (p_pmr )/%pvzs

where p is the external pressure at a depth correspond-
ing to the position of a given point of the bow extremi-
ty, Pa; py. — pressure of saturated water vapor at a giv-
en temperature, Pa; p — density of water, kg/m’; v — the
resulting flow velocity around the bow under condi-
tions of its being digged in a wave in a developed
oncoming wave, m/s.

An analysis of the experimental results shows that
at the above velocity values, the cavitation number
turns out to be significantly less than unity that indi-
cates the possibility of cavitation developing in condi-

tions of flow around the fore end of a vessel when it is
digged in a wave.

In this case, the process of the formation of large
cavities will look like this. The presence of a structural
cavitator (4-4;) in the area of the bulwark (or shear-
streck in the same area) creates conditions for the oc-
currence of stall cavitation directly on the structural
cavitator. These individual cavities are blown down by
a fluid flow (as the fore end of the hull moves upward)
into a low-pressure area, where they accumulate, turn-
ing into a large cavity, the dimensions of which can
reach several meters.

To study this phenomenon, the process of for-
mation of the cavity was simulated when a fluid flows
around the fore end using ANSYS FLUENT software.
Fig. 7 shows the distribution of the vapor fraction
when the fluid flows around the fore end. It can be
seen that in the area of the structural cavitator there are
areas almost completely occupied by steam (red color),
further towards the bottom there are areas in which the
steam content is about 50%. Moreover, in real condi-
tions, the nature of the flow of liquid around the fore
end will be more complex that is due to the nature
of the movement of particles in the wave, the dynam-
ics of the fore end and its transition through the inter-
face between two media (water and air).
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Fig. 7. Distribution of water vapor around the fore end during the formation of a cavitation cavern

It should be noted that cavitation caverns of stall
cavitation have a wide variety of shapes — they can be
round, parabolic, etc. In this case, caverns of any shape
are cavities, the limiting surface of which on the side
of the water mass is concave inward [18], forming in

12

the liquid recesses of various shapes, including recess-
es that correspond in shape to the cumulative one.
It has been noted that in a cavitation cavern in its cor-
responding sections, similar to a cumulative excava-
tion, the formation of high-speed liquid jets is possible
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according to the laws of cumulation [18].

Since some parts of the surfaces of cavitation cav-
erns are similar to the indicated recesses, the data pre-
sented in [18] confirm the possibility of the formation
of cumulative jets in cavitation caverns and, thus,
make it possible to explain their destructive effect
from the point of view of the laws of cumulation [18].
In the same work, the final velocity of the cumulative
jet was determined to be 120 m/s. It is noted that dur-
ing stall cavitation, the cavity diameter decreases only
by 2-3 times. With the cumulative formation of jets,
the indicated degree of cavity contraction is sufficient
to cause destruction [18].

Fig. 2 shows damage to the fore end of the Energy
Endurance vessel. It can be seen that the shape of the
damage is close to the shape of a circle that clearly
indicates destruction caused by a cumulative jet. Fig. 1
and Fig. 3 shows damage to the bow ends of the ves-
sels Atlas Pride and Marcona Trader that have an
elongated shape in the form of a rectangle with dimen-
sions of 2.4 x 8.5 m indicating that several cumulative
jets were simultaneously exposed, which is unlikely,
or cavities collapse occurred without the formation
of cumulative jets. The mechanism of cavity collapse
without the formation of a cumulative jet is considered,
for example, in [19]. It should be noted that the magni-
tude of the load when the cavitation cavity collapses
without the formation of a cumulative jet is also high
and can lead to the destruction of ship side structures.

Estimation of the magnitude of hydrodynamic
loads during the collapse of a cavitation cavity

To estimate the magnitude of the hydrodynamic
pressure acting on the hull structures at the moment
of collapse of the cavitation cavern, we consider the
dynamics of a certain mass of liquid m per unit area
of the hull structure S. To estimate the value of m as
a first approximation, we can use the approach out-
lined in [20] in relation to the assessment impact force
of the breaking wave. In this case, the mass of liquid m
interacting with the ship's hull on area S can be esti-
mated as the added mass per unit area of the structure.
In this case, to determine the added masses in a first
approximation, you can use, for example, the method
of A. Z. Salkaev [21].

Considering the liquid mass m, when the cavitation
cavity collapses, it will move accelerated under the
influence of the difference between external and inter-
nal pressure. As a first approximation, the pressure
of saturated vapors in the cavitation bubble can be
neglected; in this case, the dynamics of the fluid ele-
ment will be described by the equation
PS

s

m

where « is the acceleration of the elementary volume
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of liquid, m/s*; m — mass of the elementary volume
of fluid, kg; p — external pressure in the area of the
cavitation cavern, Pa; S — area of the hull structure
element, m”.

The velocity of the elementary volume of fluid v,
at the moment of impact on the outer shell plating will
be determined, among other things, by the thickness
of the cavitation cavern /# and will be determined from

the expression
pS
v, =~2ah =,[25=h,
m

where 74 is the thickness of the cavitation cavern, m.
To estimate the impact force, you can use the law
of conservation of momentum

N 2mpSh

=T

i

2

where #; — impact time, s.

Analysis of experimental data [19] indicates that
the time of exposure to a pressure pulse is determined
by thousandths of a second.

If the fluid mass m has an initial velocity v,
expression (2) is transformed to the form

P ML, +2mpSh

t

The total value of the hydrodynamic force acting
on the structure at the moment of collapse of the cavi-
tation cavern at zero initial speed can be determined
from the expression

Fy = mypohy dQ,

ﬁj
ti Q
where Q is the area of the cavitation cavern, m’;
mg — attached mass per unit area of the structure, vary-
ing over the area of the cavitation cavity, kg/m’;
Pa — external pressure varying over the area of the cav-
itation cavern, Pa; ho — variable thickness of the cavi-
tation cavern, m.

By varying the values of 4, p and ¢, it is possible to
estimate the pressures acting on the hull when imple-
menting the proposed physical model. Some results are
presented in Fig. 8, where ¢, = 0.001 s, p = 0.1 MPa
was taken.

It can be seen that the resulting pressures are at the
level of hundreds of tons per square meter, i.e. corre-
spond to the level mentioned in [10]. As the thickness
of the cavitation cavity % increases, the level of pres-
sure on the side grillage also increases and can reach
several hundred tons per square meter. It can be stated
that the proposed physical model explains the reasons
for the occurrence of catastrophic destruction in the
fore end of ships.
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Fig. 8. Results of assessing the magnitude of the loads acting on the fore end

Recommendations for preventing damage to
ship structures at the bow end

The occurrence of the destruction described above
can be prevented by modernizing the hull structures in
the fore end in order to eliminate structural cavitators,
the effect of which is manifested when flowing around
the deck in the event of the bow end being digged in
a wave. For this purpose, the fore end can be equipped
with a deck fairing that improves the hydrodynamic
characteristics of the structure when flowing in the direc-
tion from the deck to the bottom [14]. To improve the
operational characteristics of the vessel, this fairing can
be made of separate sections with the possibility of their
movement [22] depending on sailing conditions.

In addition, it is possible to prevent the occurrence
of damage from the collapse of cavitation caverns
formed during the flow around the fore end by supply-
ing air to the place where the vacuum occurs in the area
of the fore end [23] directly into the cavity cavern.

The implementation of this approach involves the
need to equip the vessel with systems for receiving and
transporting compressed air to the appropriate areas
of the bow. In this case, the supply of compressed air
to the outer part of the outer hull should be carried out
through valves, the opening of which occurs at a given
value of the pressure drop from the outer side of the
outer shell of the ship's hull.

When a vessel is equipped with this system, in the
event that the fore end is digged in a wave and a fluid

flows around it when a zone of low pressure with giv-
en parameters occurs in a specific area of the fore end,
the valves in this area open and compressed air is sup-
plied, thereby reducing an impact when the cavitation
cavern collapses. This allows to prevent damage to
hull structures due to high-intensity hydrodynamic
loads. The effect of reducing hydrodynamic loads dur-
ing the collapse of cavitation caverns in the case of gas
supply to the cavern is noted, for example, in [24].

Conclusion

Based on the results of the study, the following
conclusions can be drawn:

1. In conditions of digging the bow into the wave
and the occurrence of cavitation, it is possible to im-
plement the concept of a plane impact of the liquid on
the structure, as a result of which the acting loads rush
to infinity.

2. The resulting pressure is a weak function of the
vertical speed of movement of the fore end of the ves-
sel (see Fig. 8).

3. Destruction of the fore ends due to cavitation
can be prevented by implementing measures related to
the elimination of structural cavitators in the fore end
and improving the conditions of flow around it when
digged in a wave, as well as through the use of a spe-
cial system that supplies air to the place where the
vacuum occurs in the area of the bow end.
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