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Abstract

In IACS UR | “Polar Class Requirements”, which tesn introduced in the Rules of all
Classification Societies patrticipating in IACS, thas no special consideration for the
icebreaking in shallow waters where grounding anitie can occur.

Areas where we can have this problem are riverth@rCaspian Sea, where the mean
depth is about 5 meters. The Caspian Sea is arriaheia oil andin recent years several
Offshore Service Vessels have been built for operan this area, under the supervision
of Bureau Veritas.

In this paper we investigate the influence of siwalivaters on the bottom scantlings of
icebreaking ships. While these ships are perfornwefpreaking operations in shallow

waters, which are defined as less than 2 meteitsclesgance, we can have grounding on
pieces of ice which are trapped below the ship. Duthis, additional forces are applied

to the bottom structure from the ice trapped below.

During normal icebreaking (not aggressive operatws can assume that the angle of the
longitudinal inclination of the ship is not greatban 5 degrees. Taking into account the
kinetic energy of the ship at the vertical direntidue to grounding on the ice and

applying energy and force balance on this directisa can come to a formula which

gives us the force applied to the bottom. In thergy and force balance we take into
consideration the variations of the kinetic andaiyic energy of the ship, the work of

buoyancy and the work due to vertical ice crushivg.can come to the same formula by
applying Lagrange formulation on the vertical moesnof the ship.

The above formula has been introduced in BureaitageRules and can be used for the
bottom scantlings calculations of ships performuoepreaking in shallow waters.
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1. Introduction
In recent years, at least 7 offshore service vedseluse in the Caspian Sea have been
built under the supervision of Bureau Veritas. Thaspian Sea is an area rich in
hydrocarbons representing reserves estimated &% 8fSworld oil reserves and 5% of
world gas reserves. One example is the Kashagl@ahdiperated by Total. Bureau Veritas
is also involved in the certification of fixed platms and drilling platform projects in the
Caspian Sea. Exploration and production in thia are steadily increasing, especially in
the north of the Sea. Figure 1 shows a map of th&pi@n Sea with the main areas of
hydrocarbon fields.
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Figure 1. Hydrocarbons in the Caspian Figure 2. Vessel operating in the
Sea Caspian Sea

The main features of the Caspian Sea are as fo[lbjws

* Average depth: 5.0 m

» Swell: 3.0 m (5% probability)

* Salinity: 10 %o

* Air temperature: -30°C/-10°C

» Seawater temperature: 0 °C /0.5 °C
* Typical wind speed: 12 knots

* Strong wind speed > 30 knots

» Annual Ice thickness <1.0 m

The Caspian Sea is characterized by its shallowhdepich causes an increased risk of
ice pressure on the ship's bottom.

In this paper, we will initially examine the inflnee of the shallow water on the ice loads
applied on the bottom of a ship while performinghireaking operation, before seeing
how to change the Bureau Veritas Rules formula®roter to calculate the bottom
scantlings in this case. We will explain the changede in the Rules for Bureau Veritas
for classification of ice reinforced ships to mdée fact that regulations for ice
strengthening do not take into account the speciatiitions in areas with shallow water
like the Caspian Sea.
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2. Ship types

Figure 2 shows one of the vessels operating iniricthe Caspian Sea. This type of
vessels, specially designed for use in the Caspean have the following features:

* Independent operations throughout the year iNibiehern Caspian
* Icebreaking capability: 0.6 m

* Length: 66.0 m

* Width: 16.4 m

* Depth: 4.4 m

e Draft: 25-3.0m

» Engine: 3 azimuth thrusters

* Total power 4.8 MW

It is interesting to note the low draft of thesessels. Ships of this type are in service in
the Caspian Sea for 4 to 5 years to the satisfactitheir operators.

3. Rules “Polar Class”

In 2007, IACS has published the UR (Unified Requieats) 11, 12 and 13 [2] defining
Polar Classes of ice reinforced ships. These remgnts have been taken by Bureau
Veritas and introduced in a regulatory note, the5RR [3] published in 2007.
The ice classes are 7 and range from PC7 (lowasstrfnual ice) to PC1 (highest, for
multi-year ice)

Table 1 provides an overall view of the Polar Géasproviding for each one the ice type
suitable for operation. In the Caspian Sea, Polasses PC6 or PC7, are largely
sufficient.

Polar Class | Ice Description (based on WMO Sea Ice Nomenclature)
PC1 Year-round operation in all Polar waters
PC2 Year-round operation in moderate multi-year ice conditions

Year-round operation in second-year ice which may include multi-
year ice inclusions

Year-round operation in thick first-year ice which may include old
ice inclusions

Year-round operation in medium first-year ice which may include
old ice inclusions

PC3

PC4

PC5

Summerfautumn operation in medium first-year ice which may v Y
PCe include old ice inclusions gmundmg i
PCT Summerfautumn operation in thin first-year ice which may include
old ice inclusions
Table 1. Definition of ice Classes Figure 3. Grounding on trap e

4. Definition of the problem

The problem we are going to deal with in this pajeithe operation of ships in areas,
where due to shallow water, broken pieces of icelma trapped below the ship during
the ice breaking operation as we can see in Figuie this case we have grounding of
the ship on the trapped, below the bottom, pieceefThe ship during the ice breaking
operation may:
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1) Slip/climb on the trapped below the ship ice.
In this case the ship will equilibrate on the iabpve its floating position, where
part or all of its kinetic energy will be transfoeoh to potential energy and
crushing energy of the ice. The work of buoyancy &lao to be considered.

2) Fall on the trapped below the ship ice, as it bsdhlk ice by climbing on it.
The ice trapped below the ship can has any geopwtpfaced in any position or angle.

In this paper we are going to examine case (lhdéncase when the ship breaks the ice a
big part of its kinetic energy is used for the liceaking operation.

The kinetic energy of the ship available for bregkthe ice below the bottom will be:

Eun :%- M -V,? whereVy is the vertical component of ship’s spaép.

For Vship we use the ramming speed according to [3] withtaking into account any
speed reduction due to the ice breaking. We alsonas that there is no reduction in the
velocity of the ship due to friction on the ice.

The vertical velocity of the ship ¥, =V, -sin(p), wherep is the angle of the

longitudinal inclination of the ship due to the gnaing (See Figure 4). Ifp” is the
transverse inclination of the bottom. (See Figuyéhen the velocity normal to ship’s

bottom will be:V', =V, -sin(p)- cogdp)-cody)

We assume that the ship as it sails hits the i@@smooth way. So angletakes values
up to 16. Also we assume that the transverse inclinationthef bottomg’ (deadrise
angle) is small¢’ < 10°) and the ship does not roll. So we can assumettiaghip will
perform a vertical movement having no trim as we see in Figure 6. (i.e. it will move
vertical to the level of the sea) with speég=\V,,;. -sin(p).

We do not take into account the consequences ofafiagion of the ship. (e.g. kinetic

energy due to rotatiof = % | -0?)

¢
/

/
= w/y7

Figure 4. Longitudinal inclination due to Figure 5. Bottom Transverse inclination
grounding
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Figure 6. Vertical movement of the ship withoutddndinal inclination (trim)
5. Definition of shallow water
We adopt the following definition of shallow wates given in [6].
Quote
For all ships operating frequently in shallow watée bottom area should be the entire
flat of bottom all fore and aft. Operating frequigntould be defined as “Navigating in
and out of rivers and in shallow waters servicescheduled voyages”. Shallow water

could be defined as less than 2 meters keel clearan

Unqguote
6. Buoyancy calculation

We consider a cube floating on the water as pasrEi@.

A 4

Figure 7. Cube floating on water

T = Draft, L = Length, B = Breadth,F = normal force, x = vertical movement
p = Density of the liquid, Cw,_= Waterline coefficient at draft

We consider that the cube moves vertically forsaagice X). (x is positive upwards) The
force of buoyancyRB) and its work V) for a cube with dimensionis, B, D, draft T,
which is moving vertically in a liquid with densigyfor a distancex), are calculated as
follows:
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Buoyancy (B)
FB(0)=B;, FB(X)=B

B X
dFB=-p-L-B-dx= deB:—jp-L-B-dx: B=p-L-B-(T-x (1)
B, 0

Work of Buoyancy (WY

We (0)=0, W (X)=Wks
dWB:B_g_d(X/Z)jJ‘dWB:J‘p.L.B.g.(T_x).d(X/Z)zé-p.L.B.g.x.(T—gj ()

For a ship we have to use the prismatic coefficiggtof the volume submerged or
immersed. But since this is very difficult to cdlte and as we assume that we will have
normal ship operation, which means only small \temes of draft due to ice grounding,
we can instead use the waterline coefficiépt

So we have from Eq.2:

Where: k=C,,-p-L-B-g

7. lce crushing force

We also assume that there is only crushing faitdirde ice. Then the fordg, acting on
the ship in relation with the ice and ship’s bottgagometry (see Figure 8) is given in [4]

by the formulae below:

4
“.'

- - ‘

Contact area

Side view Top view

gkre 8. Ship / Ice geometry

Fn(g): PO' kal+ex' §2+26X ka_ tan@/ /2)

~ cog(p)-sin(s') ex=-01 “)
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8. Mathematical formulation (energy equilibrium)

7 7
A S

SHIP

Figure 9. Ship equilibration on the ice

In the case of ship grounding on the ice, we carsas position of zero potential energy
the position of equilibrium of the ship on the wabefore the grounding. As the ship hits
the ice with the bottom, it will move vertically f@ distancex and it will crush at the
same time ice of thicknegs(See Figure 9)

The kinetic energy which corresponds to the vdrtamanponentVy of the horizontal
ship’s speedvship, is transformed to potential energy (vertical muoeat of the shipx)
and crushing energy (ice crushing degthat the final equilibrium position. Since the
ship does not return to its initial floating positi where it was before the grounding, the
work of buoyancy should also be considered, asudkd in 86. As the buoyancy helps
the vertical movement of the ship the work of buayashould be added to the kinetic
energy. The crushing energy is calculated by imtizgy the normal forc&,, as given in
Eq. 4, over the penetration depth (

Po = Ice pressure (Mpa)

¢ = normal ice penetration (m)
Fn=normal ice force (MN)
g=9.81 (m/s&)

p = density of the sea water (ktri)m
M = mass of the ship (ktn)

V, =V, -sin(p) (vertical component of ship’s speed in m/sec)

The angleyp is defined in 84
The Vship Will be the ramming speed according to [3].

1 2 ¢ @) o 4/2.8
Exineric = E M-V, Eporenmia =M - 9- X, Ecrush = .[0 F.(¢)-dd =R -ka 2_8

So we can write:

EKINETIC +WBUOYANCY: EPOTENTIAL+ ECRUSHING:> EKINETIC = EPOTENTIAL_WBUOYANCY+ ECRUSHING:>
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28
%"V"Vv2='V"g'x‘%'k'x'(T—§j+Po-ka“g'gz—g 5)

At the equilibrium position the crushing force elyuaith the loss of buoyancy. So we
have:

4) k09 ~18
Fn(X)=PO‘kaO-gfl-B:CW‘p'L'B'X'g:>x: Po-ka™ -¢ :>X=a~§’l'8 (6)
Po-ka®®
wherea =

So from Eq. 5, 6 we have:

l.k.a2.§3-6+p .kaO-Q.QV_ZBJr(M -g—l-k-Tj-a-gw—l-M N2 =0 (7)
4 ° 28 2 2 v

9. Mathematical formulation (Langragian equation)
We can also use the Lagrangian equation in orderoiel the vertical movement of the

. . L 1 , . . 1
ship. The vertical kinetic ener%y M V> is transformed in vertical movemegt- M - X

and crushing energ%- M-£2.

For every system the Lagrangian equation gives:

L:EKlN—EPOT:L:%-M-Vf—M g-X=> L:%-M-X2+%-M-§2—M-g-x (8)

Also the work of buoyancyMs works always againstVeight. The crushing energy
EcrusningS the energy given by our system. So we can write:

L:%'M ')'(2"'%.“/| 'é;z_M 9 X+Ws — Ecryshing =

28
L:E-M .)'(2+1.|\/| L2 -M -g-X+1-k-X-(T—Zj—F})-kao'g-g— (9)
2 2 2 2 28

The integral(x) of the Langragian must be minimized. (Principldeafst action)

t 28
|(x)=jF-|v| R L2 -M -g~x+1-k-T-x—1~k-x2—Po-ka°'9~§—]dt (10)
' 2 2 2 4 238
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[(X) is minimum when Euler equation is satisfied:

L A% 5 @) aa 9L _o (1

ox dtox oc dtos
This system of differential equations describestiowement of the ship.

So we have from Eq. 11 far= x:

2
%_ia_lj:o:”\ﬂ.g.x—l-k-T-x+1-k-x2:M (13)
ox  dt ox 2 4 2
From Eq.12 we have for=¢

ka.c28 M -V2
A da o Rea®g? MW

-=U=
oc dtoc 2.8 2

The vertical kinetic energy of the ship will be teem of the kinetic energy which is
transformed to vertical movement and the kinetiergmy which is transformed to
crushing energy. So from Eq. 13, 14 we can write.

2
1. M 'Vv2 — M VVf( + M 'VV¢

2 2 2

28
=M -g-x—l-k-T-x+1-k-x2+P0-ka°'9-;— (15)
2 4 2.8
The Eq. 15 is the same as the Eq. 5 in 88. Sowolilp the same procedure as in 88, we
can come to Eq.7 for the calculation of the iceshmgc.
10. Solving the equation of ice crushing

The roots (values aj) of the Eq.7 calculated with “Mathematica” areepvin Figure 10
in relation with the anglg’.
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Figure 10. Ice crushingversus anglg’
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We can see that we obtain the maximum valugfof g/ = 35. So fors’ = 35 we have:

koo /2) g0 w =150 (Gees7)

(cog(8)-sin(8))

For the above value &k the Eq. 7 becomes:

E-|<-a2-./;3-6+773-F> -4—2'8+(|v|-g—i-k-Tj-a.gl-S—l-M-v2=o (16)
4 ST % 28 2 2 v

where:a=—/>P0 k=C, -p-L-B-g

C, p-L-B-g

Since we are interested for normal ship operatidnich means very small values §f
we can eliminate the first two terms of Eq. 16fesy are very small (they are of order
3.6 and 2.8) compared with the third term (ordet.8). So the Eq. 6 becomes:

1
1 =M .VV2

[M,g_l.k.Tj.a.gw——-M-VVZ:O ==, 2 (17)
2 2 (CEY
Mg_EkT .a

F (£)=P,-ka"®.£#*.10°  (18) withex=-0.1 (see§7)

From Eq. 17, 18 fop’ = 35’ and angley)=5°, we take the Eq. 19 below, which gives in
kN, the force on the bottom, due to ice grounding:

A-V?

"Gt

A : Displacement in tn. Cw : Waterline coefficient at draff.
Cs : Block coefficient at draft T. V : Ship speed, in knots

With the force given in Eq. 19 we can calculate bb&tom scantlings through the IACS
URI [2] or BUREAU VERITAS Rules [3]. without usingny reduced values for the hull
area factor . We always use & = 1. The force on bottom structure due to ice
grounding can be also calculated for bigger anglésee figure 4), as long as we can stay
in line with the assumptions made in 84.

In Figures 11, 12 we can see plots of the orighepl16 and the approximation Eq. 17 for
f =35 and angley=5°
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Figure 11. Solution of Eq. 16, 17

Figure 12. Zoom of Figure 11

From Figures 11, 12 we can see that Eq. 17 is d gpproximation of Eq. 16 for small
values off (< 0.3 m).

11.Comparison between existing rules (IACS URI [2]) ad new formula

In order to investigate the influence of shallowtevaon bow scantling requirements, we
will apply this approach on a test ship (Polar €l6% with the characteristics shown in

Table 2. This ship is constructed with longitudinahstruction system. In order to check
the influence of shallow water also on the transeemonstruction system we are going to
apply the same calculation on a hypothetical trars construction system with

scantlings ¢ andl) as defined in Table 4.

Table 2. Characteristics of a test ship

D 2450 tn

s (T) 0.3 m

| (T) 1.8 m s (L): spacing of longitudinal ordinary

s (L) 0.3 m stiffeners at bottom.

| (L) 1.8 m | (L): span of longitudinal ordinary

L 63 m stiffeners at bottom.

B 16.4 m s (T): spacing of transverse ordinary
T 3.0 m stiffeners at bottom. (hypothetical)

Ve 45| knots | (T): span of transverse ordinary
C\SN"’ 0795 stiffeners at bottom. (hypothetical)

Cb 0.771

In Tables 3, 4 below we can see fpr 10°, 5°, 2° (See Figure. 4) a comparison
concerning the scantling requirementst] for stiffeners and plating between this paper
and IACS URI [2] or BUREAU VERITAS Rules [3]The coefficients we see in the
Tables 3,4 express the increase/decrease of theéS IMRI [2] bottom scantling

requirements due to the application of the shalleater requirements as these are
expressed in this paper .
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In the Tables 3 and 4 below we see the influencegrding to this paper, of shallow draft on bottplate thickness, shear area and
stiffener section modulus requirememtet) for the ship mentioned in Table 2.

POLAR Plate (mm) Shear area (cth SM (cnt)
CLASS or
ICEBREAKER | ¢ = 10 p=5 p=2 p=10C p=5 p=2 =10 p=5 p=2
PC1 1.49 1.08 0.66 0.93 0.21 0.88 0.17
PC?2 1.46 1.05 0.64 0.82 0.16 0.80 0.15
PC 3 1.43 1.02 0.62 0.75 0.11 0.74 0.11
PC4 1.36 0.96 0.58 0.58 0.04 0.57 0.04
PC5 1.45 1.03 0.62 0.75 0.10 0.74 0.10
PC6 1.41] 1.00 0.60 0.66 0.07 0.66 0.07
PC7 1.47 1.05 0.63 0.79 0.11 0.79 0.11

Table 3. Increase/decrease of IACS URI [2] bott@anding requirements, due to application of thallsiv water requirements for
all Polar classes. (Longitudinal system)

POLAR Plate (mm) Shear area (cth SM (cnt)

CLASS or

ICEBREAKER | ¢ = 10 p=5 p=2 p=10C p=5 p=2 =10 p=5 p=2
PC1 1.09 0.72 0.38 0.65 0.28 0.09 0.76 0.33 0.11
PC 2 1.06 0.70 0.36 0.66 0.28 0.09 0.77 0.34 0.11
PC 3 1.04 0.68 0.35 0.65 0.28 0.09 0.76 0.33 0.11
PC4 0.98 0.63 0.31 0.58 0.25 0.08 0.68 0.30 0.10
PC5 1.07 0.70 0.35 0.73 0.31 0.10 0.84 0.37 0.12
PC6 1.03 0.67 0.34 0.67 0.29 0.09 0.77 0.34 0.11
PC7 1.10 0.72 0.36 0.80 0.34 0.11 0.90 0.40 0.13

Table 4. Increase/decrease of IACS URI [2] bottoanding requirements, due to application of thallskv water requirements for
all Polar Classes. (Hypothetical transverse system)
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12.Longitudinal strength

In the case where we will have grounding on the tbe ice loads need only to be
combined with still water loads. We can give thdofwing formulae for the global
Bending Moment and Shear force due to groundingcer(at the middle of the\, of
the ship):

I:n'l‘\NL _ I:n

I\/IICEGROUDII\G = 4 QICEGROUDII\G - 2

Lw.= Length of waterline F, = Vertical grounding force

As we can see in Table 5 below, the above calauiaif longitudinal strength in the case
of grounding and for angle < 5° give us very small values for shear force Q and
Bending Moment M compared with the maximum valw®h from IACS URI [2] in the
case of ramming. In Table 5 we can see the vatwes$ 2°, 5° and 10

p=2 p=5 p=10 RULES (max)
Q (MN) 0.003 0.018 0.070 8.29
M (MNm) 0.089 0.556 2.207 59.92

Table 5.
13.Conclusion

In this investigation we have checked the influentdce grounding, due to shallow
water, on bottom construction of Polar Class ships Icebreakers.

We have modeled the vertical movement of the shijit alimbs on the ice below the
ship, assuming that this happens due to a verticalponent of the ship’s horizontal
velocity. This vertical componeny is created due to the longitudinal inclinationtloé
ship as it climbs on the ice and is connected @ w#locity of the ship/ship, with the
formula iy =Vship Sin(p) whereg is the angle of the longitudinal inclination oktkhip as

it hits the ice. Since we are modeling normal openain ice, angley will be small. We
have use® = 5° in our calculations. This angle can be greateorier to modelize more
aggressive operation in ice, as long as we canistiye with the assumptions we made
in 84.

Also we have to mention that we use for ship’s dpbée ramming speed from BUREAU
VERITAS Rules. [3] We have also to mention thatidgiramming as the ship brakes the
ice, pieces of ice go below the bottom of the sfdpe Figure 3) and we have the
grounding on the ice. At that moment ship’s speéddbe lower than the ramming speed
used in our calculations since part of the kinetiergy of the ship has been spent for ice
breaking. Also no reduction of ship’s speed dugitbion with the ice is considered.

We have considered that the contact point withidbas in line with the centre of gravity
of the ship which is the case that gives us thetroosservative results. In general this
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will not be the case and we will have a transversingitudinal inclination of the ship,
which will result to smaller bottom loading.

With the value of the force applied to the bottooedo ice grounding as calculated in
this paper we can calculate the bottom scantlingsugh the IACS URI [2] or BUREAU
VERITAS Rules [3] using hull area factorcC= 1.

The method described in this paper can be applisea areas where the keel clearance is
less than 2 meters, which can be the case for dspi@n Sea.

14.References

1. Bureau Veritas — “Ice Reinforcement Selection ifféent World Navigation Areas”
(NI 543) — 2013

2. IACS — Requirements UR 11, 12, 13 concerning POLBRASS — 2007

3. Bureau Veritas — “Rules for the classification @IFAR CLASS and ICEBREAKER
ships” (NR 527) — 2007

4. Claude Daley
IACS Background Notes to Design Ice Loads — 2000

5. N. Popov, O.V. Faddeyev, D. Ye. Kheysin, A. A. Yale®
STRENGTH OF SHIPS SAILING ON THE ICE

6. James Bond
IACS “Background Notes to Hull Area Definition, Exits and Factors” — 2000

7. Ice Engineering Ice engineering — Department of WrhS Army Corps of engineers
— 2006



