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ABSTRACT: :Cylindrical tank-type ¢ is designed for cruise passenger ships trying to adopt hull space and meet the requirements of
propulsion. Tank must be a double wall with the vacuum space in between, which is also fulfilled with the perlite as insulation. The main
input for the design was a tank capacity of 430 m®, vapor pressure, and available space inside of hull structure. The holding period of the
boil-off gas is limited to 21 days of ship voyage. Trying to satisfy the volume capacity of the inner tank different dished end of tank was
observed. The inner tank is divided into segments for the calculation of hydrodynamic pressure. According to classification rules, dnv and igc
rules tank thickness, supports, stiffening and vacuum rings are determined to satisfy bending and buckling requirements. Some of the
requirements were according to british standards for validation of the results. The material that is used for calculation is stainless steel 304 I.
The main goal of this paper is to provide the optimal design of the Ing tank type ¢ considering the mass of the whole Ing tank, with
attendance to reduce the steel mass of the structure by optimizing shell thicknesses and the number of vacuum rings. After analytical
calculations are made finite element analysis is used for verification of the given results. According to the given results space for
improvements of tank-type ¢ was observed.
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1. Introduction standards David Nah has made comparison between Design of
According to IMO reguia’[ionS, []_] low emissions Ships should Unfired pressure vessel EN 13445 with ASME VIII and British

be operated in the next years. Low carbon emission is mandatory to ~ Standard PDS500[15]. _ _

satisfy all regulations, which benefits global climate change. Regarding all Codes the entire methodology of design tank

Critical role to relevant environmental benefits is associated with ~ type C can be segmented into three stages: heat transfer analysis,

Liquified Natural Gas [2]. The demand to produce cruise ships is  Structural analysis, and fatigue analysis [16].

still increasing. Regarding to LNG newbuilds for 2021. and 2024. At this paper calculations are made according to DNV-GL
according to DNV- rules the largest percentage refers to Cruise  ules following PD5500 rules. All calculations are done regarding
ships [3]. DNV strength analysis [17] comparing with the DNVGL-RU-SHIP-

The aim of this paper is to analyze storage tank type C which ~ Part 5 Chapter 7 Liquified gas tankers [18] which provides much
holds Liquefied Natural Gas that is used for dual fuel vessels, ~ more information. DNVGL-RU-SHIP-Part4 Chapter 7 Pressure
Natural gas is a cleaner burning fuel which can reduce sulfur oxide ~ €quipment [19] is used to validate most of the formulas and results
(SO2) emissions by 90% to 95% and carbon dioxide (CO2 )  from DNV strength analysis. DNVGL-RU-SHIP-Part5 Chapter 5
emissions by 20% to 25% [4]. Not only that LNG satisfy the Liquified gas carriers [20] are I_|ke DNV st_rength analysis, but it is
demand for clean fuel it is also suitable for limited space which is ~ used for comparison. Material properties are selected from

an advantage for cruise ships. For the same voyage period amount ~ DNVGL-RU-SHIP-Part2 Chapter 2 Metallic materials [21].
of space will be much higher for the battery system than for tank PD5500 British Standard is used to calculated construction details

type C. for the cylinder's mid-span and in the saddle's plane, which results
Dual fuel Ships have voyage limitations for LNG which is are validated with Finite Element Method FEM direct calculation

called Boil off gas. BOG is a state of LNG evaporation during a  considering primary and secondary stresses. _
small heat increase which should not be reached in this study for 21 The goal of this paper is to provide basic structure designed
days. To eliminate the LNG evaporation state, proper thermal ~ Procedure according to different DNV-GL chapters. Distinction
insulations are used, vacuum and perlite. Perlite insulation has  Detween primary and secondary stresses applied to model and
much lower heat flux than vacuum insulation, therefore it has ~ comparison of analytical calculated stresses by PD5500 and
Significant roie in the heat transferee [5] The gas Suppiy system obtained stresses for exact pOint at the FEM model. Given results
provides the engines with the required quantity of regasified LNG will show analytical accuracy or robustness which may be sufficient
and with a pressure inlet from 5-9 bar which is suitable for Otto for the first part of calculations and for further optimization process
cycle engines [6]. FEM direct calculat_ions will _provide area for simplification or
into integral, membrane, semi-membrane, and independent types.
Independent tanks, which are subcategorized into A, B, and C 2. Methods
categories, are not part of the ship’s hull and are self-supporting. A Cylindrical tank type C consists of an inner tank with or
common feature of types A and B is that the design vapor pressure without a stiffener ring, an outer shell with vacuum rings, support
must be less than 0.7 bar and for tank type C are much higher. between the inner and outer surface, and saddle support for an outer
Generally, Type C tanks are used as the fuel tank in LNG-fueled shell. Between inner and outer shell is perlite and vacuum. Main
ships since they can withstand BOG [8]. IMO tank type C, as a input was vapor pressure and volume constrain relating to the tank.
pressure vessel, meets the pressure vessel criteria by having a After generating the geometry and obtaining inner and outer
design vapor pressure not less than the Maximum allowable relief thickness, stiffener, and vacuum rings according to the DNV rules
valve setting (MARVS) where maximum allowable working and British standard PD500 was used for critical stresses at the tank.
pressure (MAWP) is set to 90% of MARVS [7]. This stresses at the specific point indicate which analytical
Most of the scientific paper refers to utilization of the boil- off calculations are similar to the same stress point in FEM model and
gas, sloshing and thermal analysis. For example: regasification which analytical calculations have large deviations from the FEM
under different filling ratio in type C [9], development of dynamic analysis. Understanding of primary and secondary maximum
model to investigate the thermodynamic behaviors of the allowable stresses as limitations leads to iteration process of
pressurized LNG fuel tanks [10] and under sloshing excitation [11]. thickness. Summary of the design concept is shown at Fig.1
Design procedure of structural integrity of tank type C is done
according to other pressure vessel standards or codes such as ASME
Boiler and Pressure Vessel (BPV) Code [12], [13]. If the Ship
entered the US coast Tank design requirements should meet the US
Coast Guard requirements [14]. Regarding to the European
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Fig. 1 Summary of the design concept

2.1 Inner tank

The inner tank consists of two parts, cylindrical and dished
end, which can be spherical, elliptical or torispherical. The filing
limit of the inner tank according to the IGF code is 83% of the total
capacity, and the rest of the space is left as storage for LNG
evaporation. The inner tank is designed to withstand bending
stresses occurring under internal pressure, the weight of liquid, the
mass of the tank, and added equipment. Internal pressure is defined
as:

Peg= Dot Pgdmart Pp  [MPa]

where p, represents vapor pressure, Pggmgzxz IS maximum
gravitational and dynamic pressure and ,, is vacuum pressure.

Vapor pressure is given as an input value, vacuum is taken as
absolute value for the purpose of calculation and maximum
gravitational and dynamics pressure is defined by:

a &F .Z:,:E o
L02-10%

(Poe) e =

[MPa]

where @z stand for dimensionless accelerations, Zz 5 is liquid
heights, gz is specific density and . £ refers to angle in longitudinal
and transvers directions.

Different heights of liquid value are calculated for y-z (3) and
x-z (4) tank plane for different angle @ and § at the point of the
tank segments, which are determined by the maximum width of the
plate.

Zgg=Y¥SiMgg+EZc05, 5+ R
Zag =XSMyg+EZc05, g+ R

where Z stands for heights of liquid, X, y, z are coordinates of the
specific point at the tank segment in 2D plane, and R is radius of the
torispherical part of the tank for longitudinal plane and for transfer
plane R is radius of the cylinder.

To calculate the component of dynamic pressure inside of
LNG tank acceleration ellipsoid is used, see Figure 2. The
longitudinal and transverse planes of the ellipsoid include ship
acceleration components a,, y, @; duo to ship motions which

include geometrical characteristics of the ship. Components of static

()

@

©)
4)
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weight are included in a,, @y accelerations while a,
does not include the component due to the static ~ weight. The
intersection of a straight line and ellipsoid gives Equation (5) and
6). For x-z longitudinal plane

-2kl + ;4 R e t-d0k (e + e R (B-a®

)

Ko m = —
Lz e +kah)

E=tgim/2 —F), [ =1
(6)

where acceleration components a,, and a; are given in the IGC
Rules [22], which correspond to the probability of exceedance of
10-8 in the North Atlantic, and & is equal to the angle that a straight
line of liquid is closing with @, direction in x-z plane (6) where
straight line is written as:

Dyp=kx+l

U]

Dimensionless accelerations @z can be calculated from
Pythagoras theorem for the absolute value of =z, and x5 for
different angle. The same methodology is applied for a transverse
plane of acceleration ellipsoid for different angles of @ shown in
Figure 2.

i C.G. of Tank

Amidships

resulting acceleration (static and dynamic)
in arbitrary directions’

= longitudinal component of acceleration
= transverse component of acceleration

= vertical component of acceleration

Fig. 2 Acceleration ellipsoid

At 0.05L from FP

After determination of internal liquid pressure Fgg

for each segment of the tank thickness, inner shell is calculated by
given Equation from (8) to (10).

PA,

cylindrical thickness: t; = m+ c (8)

spherical thickness: t; = ﬁ +c 9)

torspherical thickness: t; = ﬁ:’n +c (10)
LU E

Where g, is design equivalent stress given in MPa, e is joint
efficiency factor, taken as 1.0 for independent tank type, c is
corrosion thickness which is equal to 0.0 generally for inside tanks,
Rc is inner radius for cylinder given in mm, Rs is inner radius for
sphere given in mm, D is outer diameter given in mm and K, factor
which considers the stress at the conjunction, and p is the pressure

for inner tank and in case of outer tank p is equal to B.4 given in
N/mm?.
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Design equivalent stress f is determined as a lower ratio of
these two values: R,,,/4 and R../E, where R is yield stress and
R, tensile strenght. Whereas for austenitic stainless-steel A= 3,5
and B= 1,5 according to IGC code. Austenitic stainless steel doesn’t
lose mechanical properties at -196 °C.

Cylindrical part of inner shell occurs the membrane stresses
which are equivalent to primary &, Von Mises general membrane
stress shown Equation (11):

O = (11)

, and for =, primary local membrane discontinuities this
equation is relevant:

o, = 15f
(12)

Acceptance criteria for global stresses in the cylindrical shell
according to DNV Strength analysis for circumferential or hoop
stresses and longitudinal stress is given by Equations (13) to (14):

circumferential stress: @ = 1.5f
(13)
longitudinal stress:  @; = 0.8 R4
(14)

Primary membrane stresses at the mid-span according to
PD5500 given as f;, and f; are involving the longitudinal stresses:

Bl My
fi= Tzt mret (15)
—Pwl | M,
f 2t owrlt (16)
f3
7
£
4
7
Horn of
saddle
fa
f8 Where
r and t are geometrical characteristic of the cylinder, Mz is

longitudinal bending moment at the mid-span of cylinder and
P L5 pressure in the centerline of the tank.
Fig. 3 Longitudinal and circumferential stresses at the point

2.2 Dished end

Dished end could be spherical, elliptical or torispherical.
Torispherical dished end provides 4,7% higher volume than
spherical dished end for the same length and diameter [23].
Equations that are used to calculate thickness of torispherical dished
end are shown in chapter 2.1 with Equation numbers (9) and (10)
which are represented by thickness t;, and ts. Thickness t,
represents the spherical part with crown radius, and the torus part is
represented by 5, where the shape factor K is defined by iteration
of the thickness using the graph from Pt.4. Ch.5, and by comparison
with DNV strength analysis and PD5500.

Dished ends contain membrane and bending stresses. As
primary bending stresses 1,5 f excludes discontinuities, and
secondary stresses which occur at structural discontinuities caused
by mechanical load, are applied for the knuckle area of the dished
end with expression 3 f.
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2.3 Stiffening ring

Stiffening rings at the place of support prevent longitudinal
bending of the upper part of the cylinder. Horizontal tanks
supported by saddles should be supported by two or more saddles
supports according to DNV Pt.5Ch.7. For the calculation of the
stiffening rings aligned with the center of the saddle support, the
classification rule PD5500 is used, which is referred to by the DNV
strength analysis.

According to PD5500 stiffener ring can be placed in the center
of the saddle support or two stiffener rings can be placed for each
side of the center line of saddle. As the bending is the state of stress,
the main criteria how to dimension stiffener rings are limitless
longitudinal and circumferential stress which appears in the four
main point of the cylindrical shell and stiffener ring placed in the
plane of saddle support shown by Fig. 3. At the Fig.3 f,, f3
represents longitudinal stresses at the cylindrical shell, f5 represents
circumferential stresses at the horn of the saddle, and fg
circumferential stresses at stiffener ring in the plane of saddle. The
given values of allowed stresses for each stress point is shown by
Equations from (17) to (20). f;, and f, are representing the
longitudinal stresses, with limitation according to of design stress f.
The numerical values of circumferential stresses f7, f8 should not
exceed 1.25 f according to PD5500.

s 17)

(18)

(19)

f _ By
T 3 RemerSer
f _ B M,

47 3t 7 EeemerDer
fo= o P .
E— F; o
fo= Lo s rer R o,

2 " (20)
Where £,.C¢are coefficient that could be -1 or +1; K;.K; are
coefficient depending on the ark of the saddle; I.a. c,d are
geometrical characteristic of cross section of stiffener ring, ¥y is
reaction force in one saddle support and X, iz longitudinal bending
moment at the place of the saddle support.

According to DNV strength analysis primary local and bending
stresses are defined with Equation (21):

o, +0 = 1.5f
1)
which is considered for the area of stiffener ring. Purpose of
stiffener ring is to reduce stresses in the upper part of the cylinder
above the saddle support.

2.4 Outer shell

Outer shell must resist bucking deformation which is a state of
instability occurring in outer shell structure caused by difference of
outside external pressure and inside the vacuum. The ratio, between
designed external pressure p.4 and external critical pressure g,
corresponding to elastic instability must be greater than 4,
representing a safety factor for cylindrical shell:

(20)

Designed external pressure:
F,s=PF +P, +P; + P, (21)

where P, is vacuum relief valve, P pressure relief valve, B is
pressure for a tank on exposed decks and £, is pressure compressive
due to weight.
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External critical pressure:

IDE 5 I0E
i wIF D 2(1-poizon
(m —1:1[1.+|_:_—b|]

Ini-1—poizon (E“]!

e )

B =

[1",:—1+

(22)
where E is modulus of elasticity at room temperature in N/mm?, L is
effective length between stiffeners in mm, n is integral number of
waves for elastic instability and Z is given as:

b.5mD

L

z

The same equations (8) to (10) which are used for thickness of
inside shell are used to determine the thickness of outside shell with
only one thickness for cylindrical part because there are no tank
segments because there is no influence of hydrodynamic pressure.

According to DNV structural global analysis acceptance
criteria for a cylindrical shell for longitudinal stress compression
should not achieve below buckling criteria:

.20 (£ /R
L+ D02
RaE

where g is longitudinal stress compression.

Acceptance criteria for buckling strength assessment are given
for membrane vyield stress with Equations (24) and (25) for
cylindrical part:

(25)

z =

ort,
p

Pi. = 20 (24)

(25)

Where =g is equal to yield stress and Py is external pressure
corresponding to the membrane yield of the material.

According to DNV strength assessment dished end buckling
capacity is given with Equation (26) and for membrane yield check
Equation (27) is used.

P = 24E(Z)

S

(26)

Gl

Bo= 20

A

@7)

Where t5 is equal to torispherical part of dished end and R is
equal to the outside crown radius of sphere.

2.5 Vacuum rings

Vacuum rings can be outside and inside of tank shell.
If the space between inner and outer shell is small position of the
vacuum ring must be considered regarding to position of the pipes.
Minimum moment of inertia is defined:

1= LIBD P L p B
L 10E

where Ds is diameter of the neutral axis of the stiffeners.

If the vacuum rings are inside of shell, neutral ax will be closer
to the centerline of tank thus the moment od inertia will be lower.
Effective length between stiffeners is determined in previous
chapter as a part of Z coefficient which is determined by critical
pressure.

(28)
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2.6 Saddle support

Saddle supports are part of the outer shell. Between inner and
outer shell supports resistant to vacuum are placed in a plane of the
tank saddle supports. One of the supports placed between tanks
need to be fix in axal direction and another support is allowed to
have axial displacement. Outer saddle supports which are welded
for outer shell have one saddle support welded for the ship frame
and other support is fixed with bolts for a ship structure.

According to DNV global design stress analysis shear stress in
the cylindrical shell at the support should be by Equation (29)

_ Fay
T= D'B_ﬂ

(29)

Considering primary local membrane and bending stress 1,5f is
applied.

3. Case Study
3.1 Ship and tank parameters

Ship main particulars for dual fuel engine cruise ship are given
in Table 1. and center of gravity of the tank is given from the
shipyard shown in Table 2. Maintaining values from given Tables 1.
and 2. dimensionless acceleration components do to ship motions
can be calculated according to IGC Rules and obtained results are
given in Table 3.

Table 1: Ship main particulars

Parameter Value
length on summer water line Ly, , m 256,4
breadth B, m 335
block coefficient Cg 0,6753
service speed V, kn 17
Table 2: Center of gravity of the tank do to ship

Parameter Value

distance from amidship to the center of gravity of

the tank; X, m 17,355
distance from the centerline to the center of gravity of
the tank; y, m 45
distance from the ship’s actual waterline to the center of
gravity of the tank;

zZ,m 1,9

Table 3: Dimensionless acceleration components do to ship motions

Parameter Value

longitudinal acceleration, a, 0,1161 g
transverse acceleration, a, 0,4204 ¢
vertical acceleration, a, 0,3845 g

Two tank type C are used as a storage tank of LNG for the dual
engine cruise ship. The tank must be designed for the same volume
capacity of 430 m? in available hull space. Main constraints due to
geometry of the tank design are volume capacity of the tank,
available hull section length 21600 mm, height 8700 mm, width
8700 mm, and 21 days of holding period without achieving BOG
inside of tank. To achieve 21-day requirement insulation thickness
is calculated to be 300 mm.

Constraints according to cryogenic conditions are satisfied by
austenitic stainless steel. 304L is chosen for inside and outside shell
where tensile strength Rm is 440 MPa, and yield stress is 180 MPa
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by DNVGL-RU-SHIP-Pt2Ch2 [21]. Calculated design stress from
mechanical properties is equivalent to membrane stress.

One component of inside tank design pressure determination is
vapor pressure Po which is set equal to maximum allowable relief
valve setting.

Working conditions of tank are limited to 90% of the value of
the given vapor pressure which means that the maximum allowable
working pressure of tank will be set to 8,1 bar. Tank properties are
given in Table 4.

Table 4: Tank properties

Parameter Value
Maximum allowable relief valve setting

(MARVS), barg 9.0
Vacuum pressure for calculation, bar 1

Insulation thickness, mm 300
Nominal LNG temperature, °C -163
Tank material 304L
Tensile strength Rm, N/mm? 440
Yield strength R0, N/mm? 180
Design stress f, N/mm? 120
Modulus of elasticity at room

temperature, N/mm? 200000
Steel density, kg/m® 7900

3.2 Results for inner tank
According to hull limited space dimensions of a tank are
defined in Table 5.

Table 5: Inner tank dimensions

Parameter Value
cylinder Inside Outside
length, mm 16500 17500
diameter, mm 5900 6500
dished end

crown radius, mm 5900 6500
knuckle radius, mm 0,15D 0,15D

The cylindrical part of the inner shell is divided into 14
segments, and dished end to torispherical end and spherical dished
end, where spherical and torispherical are divided into two more
segments.

Dimensionless acceleration given from acceleration ellipsoid
are calculated for beta angle 0 to 30 degrees. In the longitudinal
plane, dimensionless acceleration can be calculated from 0 to 7
degrees, and for the transverse plane from 0 to 24 degrees. The
product of the dimensionless acceleration of a specific angle beta
and specific liquid height gives the hydrodynamic pressure for each
segment of the tank. The highest pressure occurs in the longitudinal
section of the tank due to the largest liquid highest thus for final
pressure is taken as hydrodynamic pressure for longitudinal
segments of the tank. Because of the tank symmetry calculation has
been carried out only for half of the tank.

Tank segments and determination of liquid height for one of
the segments is shown in Fig. 4. For each segments liquefied
heights was calculated referring to the lowest point of the segment.

The same results for hydrodynamic pressure are obtained for
symmetrical half of the tank thus the thicknesses are calculated only
for one half of the tank. Obtained tank thicknesses for inner tank are
shown in Fig. 5. where the cylindrical thickness is calculated from
25,9 mm to 26,4 mm, for torispherical part from 35,2 mm to 35,9
mm, and for spherical part from 25,8 mm to 26,3 mm.
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Fig. 4 Segments of cylinder and dished end with liquid height
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Fig. 5 Thicknesses for inner tank segments

3.3 Inner tank — thickness optimization, analytical
and FEM results at the mid-span, at the saddle plane

and primary and secondary stresses

Inner tank model consists of the cylindrical segment and a
dished end. To be on the safety side of direct FEM calculation the
lower thickness obtained from analytical results are applied for
whole cylindrical inner tank, which is 25 mm for the cylinder, 36
mm for the torus segment of dished end, and 25 mm for the
spherical segment of dished end. Plate elements are used for
modeling, gravity load and liquid weight are included in FEM
calculation. Mesh size of elements are 2t, two times thickness.

Analytical results according to PD5500 are represented with
fi, f2, f3, f4, 7 and f8 where f1 and f2 are results referring to
longitudinal stresses at the mid-span of the cylinder and f3 and f4
referred to longitudinal results at the upper and lower point at
saddle plane, and f7 and f8 referred to circumferential stresses,
where f7 is stress at the horn of saddle and f8 at the stiffener ring.

Calculated stresses according to PD5500 are compared with
the results at the same point at the FEM model. Obtained stress
results are shown in Table 6. for the stresses at the mid-span of the
cylinder with the results according to PD5500.

Table 6: Analytical and fem results for inner tank at mid-span

stresses MPa fl f2 ; DNV
PD5500 57 63
FEM (Von Misses) 102 107 120
FEM (longitudinal) 52 53 /
FEM (hoop,top) 118 124 180
FEM (hoop,hot) 121 117 180
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According to DNV strength calculation, design equivalent
stress f is equal to Von Misses stresses which are 120 MPa, and
circumferential stresses are 1,5 f = 180 MPa, also longitudinal
stresses are allowable to reach 0,8Reh = 144 MPa. All membrane
stresses which are obtained at mid-span of an inner cylinder at the
point f1 and f2 are acceptable, which means that the cylindrical part
will not reach the yield point of the material. It is visible that the
analytically obtained longitdinall streses are the same as given FEM
results. Two times higher circumferential stresses above
longitudinal are expected. Process of thickness iterations to satisfy
the max. allowable stress provides single thickness for the whole
cylindrical part of 25,5 mm. This iteration process of thickness
reduces the mass of the tank and ultimately simplified the ordering
of construction materials.

Analytical and FEM results for cylinder at the saddle plane are
represented in Table 7. Coefficients £,, Cs, K7, Ky are determined by
arc of the saddle and position of the stiffener ring according to
PD5500. All obtained results for 3, f4, f7, f8 referred to the arc of
the saddle at 120 degrees and stiffener ring in the plane of the
saddle. Results are given for the half of the tank where the saddle is
not fixed in the axial direction. Results obtained for the cylinder
without a stiffener ring at the saddle plane are given in Table 8.

Table 7: Analytical and fem results at inner cylinder in the saddle plane
and at stiffener ring

stresses MPa f3 f4 7 f8
PD5500 65 62 -83 101
FEM (Von Misses,top) 59 95 72

FEM (Von Misses,bot) 123 176 92

FEM (longitudinal,top) -34 -108 / /
FEM (longitudinal,bot) 141 201 / /
FEM (hoop,top) / / 81 /
FEM (hoop,bot) / / 96 /
FEM (beem stress) / / / 64

Cylindrical part obtains membrane stresses which can be
longitudinal and circumferential. Considering primary local
membrane discontinuities where 1,5f is allowed, which is 180 MPa,
it is acceptable to have differences in top and bottom longitudinal
stresses at the upper point f3 and f4 at the plane of the saddle
support. Differences in the top and bottom stresses refer to the fact
that bending stresses have occurred, which is also accepted while
the primary bending stress are limed to 180 MPa. The result for
PD5500 is valid only for longitudinal stress f3,  f4 but the area
with the stiffener ring is obtaining longitudinal and bending
stresses, therefore the stresses obtained by FEM are much higher
regarding to analytical results. Longitudinal stresses f3 at the top of
the cylinder in the plane of the saddle without stiffener ring
provides results that are closer to obtained analytical stress
according to PD5500. Membrane circumferential stress or hoop
stresses f7 at the point of the horn of the saddle with the stiffener
ring gives a similar value to analytical calculations.

Table 8: Analytical and fem results at inner cylinder in the saddle plane
without stiffener ring

stresses MPa f3 f4 7
PD5500 65 62 -83
FEM (Von Misses,top) 105 119 108
FEM (Von Misses,bot) 101 176 104
FEM (longitudinal,top) 57 -134 /
FEM (longitudinal,bot) 56 201 /
FEM (hoop,top) / / 124
FEM (hoop,hot) / / 120

Without a stiffener ring, it is visible from table 8. that Von
Mises top and bottom are the same for the upper part of the
cylinder, the same is valid for the longitudinal top and bottom
stresses. At point f4, longitudinal stresses for the lower part of the
vessel at the place of support reach a smaller value, but the bottom

Von Mises is higher comparing to the stresses when the stiffener
ring is used. Referring to circumferential stresses at point f7 it is
visible that the stiffener ring reduces stresses at the point of the
saddle horn.

While the Table 6. Table 7. and Table 8. represents comparison

between analytical and direct calculations for specific point at the
cylinder, Fig. 5, Fig.6, Fig.7, Fig.8, Fig.9 and Fig.10 shows stresses
obtained only by FEM calculations. Obtained stress in all figures
shows stress distribution in the x-z plane for upper half of the tank
and for lower half of the tank.
All figures from Fig.5 to Fig. 10 have on the x-axis element
positions in FEM which depends on geometry, and on the y-
direction assigned stress for a certain element position. Elements
includes spherical, torspherical and cylindrical part of the geometry.
Cylinder part is in the range of 1330 mm to 8500 mm, the area
between 3000 mm and 4000 mm represents constraints regarding to
saddle supports, and from 4000 mm to 0 element position is area of
small cylindrical and toprsphericla dished end at the x-axis of the
graph. Tis figures provides us understanding of primary and
secondary stress and where is the stress limits. Since the stresses are
shown for the plane it is possible to read FEM results relating to
positions f1, f2,f3,f4. Top and bottom stress are extracted for
longitudinal and circumferential stress on each Fig. When top and
bottom stress are overlapping it is the area of membrane stress,
referring to the cylindrical part where max. allowable stress are
defined up to 120MPa. When the top and bottom stress lines started
to divergence it is the because the bending stress started to occur.
Combined analytical bending and local membrane stress are
allowed up to 180MPa which refers to the area around saddle or
stiffener rings. Combined local, membrane and bending stress are
considred primary stress.

Fig.6, Fig.7, Fig.8, and Fig 9. represents circumferential and
longitudinal stress for lower and upper half of the tank where it is
visible that circumferential stresses are two times higher than
longitudinal stresses. Fig.10 and Fig 11. represents VonMises
stresses for the lower and upper half of the tank with and without
stiffener ring.

The dished end is considered as secondary stress including
discontinuities which allows us to have stress up to 360 MPa.

It is wisible from the figures that primary and secondary
streses satisfy.

circumferential & longitudinal stresses for upper half of the tank
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Fig. 6 circumferential and longitudinal stress for the upper half of the tank,
with stiffener ring
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circumferential & longitudinal stresses for lower half of the tank
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circumferential & longitudinal stresses for lower half of the tank
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Fig. 7 Circumferential and longitudinal stress for the lower half of the tank,
for x-axis, is sliding, with stiffener ring

Fig. 9 Circumferential and longitudinal stress for the upper half of the tank,
for x-axis, is sliding without stiffener

circumferential & longitudinal stresses for upper half of the tank

300

250

200

150

1004

50

Stress (MPa)

-50 |

-100

-150

-200

-250

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

element position (mm)
—&— Top X Normal Stress at upper half of the tank
—®— Bot X Normal Stress at upper half of the tank

—a— TopY Normal Stress at upper half of the tank
—&— BotY Normal Stress at the upper half of the tank

Fig. 8 Circumferential and longitudinal stress for the upper half of the tank,
for x-axis is sliding without stiffener
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Von Mises stress at lower and upper half of the tank
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Fig. 10 Von Mises stresses at the lower and upper half of the tank with
stiffener ring
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Von Mises stress at lower and upper half of the tank
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Fig. 11 Von Mises stresses at the lower and upper half of the tank without a
stiffener ring

Figure 12. and Figure 13. represents circumferential streses for
x-y plane with and without stiffener ring.

It is visible much clearer from Figure 12, and Figure 13, that
circumferential stresses are reduced when stiffener ring is used
from 190 MPa to 104 MPa pointing to the the highest stresses at
the whole circle, not at one point.
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Fig. 12 Bottom y-nominal stress for cylinder in the plane of the saddle with
stiffener ring
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Fig. 13 Bottom Y-Nominal Stress For Cylinder In The Plane Of The Saddle
Without Stiffener Ring
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3.4 Inner tank- three Durolight supports between

inner and outer shell

Between inner and outer shell there is perlite and a vacuum
space. Durolight has very good behavior inn vacuum. Three
durolight box are fixed for one side of the shell at the place of
sliding support and at the place of fix support it is fixed for inner
and outer shell. In the contact between inner cylindrical tank and
durolight boxes, double plate should be paced calculated according
to the rules. Fig.14, Fig.15, Fig.16 and Fig.17 represents segments
of the inner tank with and without ring in the plane of the saddle
support, with double plate, given loads and constraints for fixed and
sliding supports.

Results for longitudinal and circumferential stresses in the
plane of the saddle are obtained for available axial direction, and all
other 5 degrees of freedom are fixed. To compare analytical and
FEM results for shear stress the larger value of shear is achieved
when all six degrees of freedom are achieved. Limitations for shear
stress according to DNV stress analysis are given in chapter 2.5.
Saddle support and its value is 83,14 MPa.

The cylindrical shell has a double plate with the same
thickness as the cylinder shell and the same element is used for that
area times double because the cylinder is 25 mm, and the double
plate is also 25 mm. The double plate is fixed at three main supports
to evaluate shear stress when the axial direction is allowable and
when not, referring to sliding and a fixed support. Shear stresses are
compared with stiffener rings and without.

Figure 14. and Figure 15. are representing max shear stresses
for when an axial direction is allowable and the other 5 digress of
freedom are fixed with and without a stiffener ring. Figures 16. and
17. representing max. shear stresses when the saddle is fixed, all 6
degrees of freedom are unable. It is visible that the stiffener ring
reduces stresses shear stresses near the saddle by 42% when sliding
support is used and 23 % when fixed support is used.

Although the shear stresses are reduced in the plane of the
saddle with a stiffener ring, the value of 90 MPa shear stress when
the support is fixed it is above the limit of 83,41 MPa according to
DNV for global stresses at cylinder for shear stress at support. Shear
stresses are acceptable for sliding support but not for fixed support.
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Fig. 14 Plate Bottom Maxshear Stress In The Area Of The Double Plate With
Stiffener Ring At The Sliding Support
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Fig. 15 Plate bottom Maxshear stress in the area of the double plate without
stiffener ring at the sliding support
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Fig. 16 Plate bottom MaxShear stress in the area of the double plate W|th0ut
stiffener ring at the fixed support
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Fig. 17 Plate bottom MaxShear Stress in the area of the double plate without
stiffener ring at the fixed support

This saddle support area is considered to have a primary local
membrane and bending stress which is allowed to reach equivalent
von mises stress of 1.5f which is 180 MPa. Table 9. represents
circumferential and Von Mises stress where is visible that the DNV
criterion of 1,5f is reached, therefore three supports do not satisfy,
and therefore the number of supports should be increased.

Table 9: Analytical and fem results at the inner cylinder in the saddle plane
for sliding support

stresses MPa with ring without ring

DNV, shear 83 83

DNV, g; + o 180 180
FEM (MaxShear,bot) 63 105
FEM (hoop,bot) 101 165 270
FEM (Von Mises,bot) 189 248

Table 10: Analytical and fem results at the inner cylinder in the saddle
plane for fixed support

stresses MPa with ring without ring

DNV, shear 83 83

DNV, o, + oy 180 180
FEM (MaxShear,bot) 90 118
FEM (hoop,bot) 101 180 227
FEM (Von Mises,bot) 245 268

3.5 Outer shell — thickness optimization and analytical

and FEM results

The main issue to calculate inner tank thickness was defining
MAWP. For the outer shell, there was no problem defining MAWP
because it defines as 90% of the vapor pressure value, which is
given by the producer, but for the inner shell, the problem in
definition occurred. Designed external pressure is determined by
four pressures, where one of the pressures refers to PRV (pressure
relief valve). Pressure relief valve B, is taken as O when the tank is
putted in open space, and F; is equal to PRV for closed space when
tank is placed inside of the hull. PRV must not be higher than the
vapour pressure, which means that it can be equal to the vapour
pressure (MARVS) in the design of the tank when the one relief
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valve is used. According to DNVGL-RU-SHIP-Pt5Ch7 [18] when

two or more pressure relief valves are fitted one pressure relief
valve is sat to 50% of total relieving capacity and the other is 5%
above MARVS. Table 5. represents obtained values according to
DNV rulesPt5Ch7 [18].

Table 11: Designed external pressure components

Parameter Value, bar

B 0,25

50%#F, 4,5

5%kF; 9,45

F 0

£y 0,05

Therefore, depending on the number of pressure relief valves
there is a big difference to get designed external pressure and
ultimately a big difference in the thickness of the wall itself
represented in table 12.

Table 12: Thickness of outer shell for two PRV

PRV 5%MARVS 50%MARVS
E_g, bar 9,75 4,8

cylinder part, t1, mm 26,51 13,03
spherical part, t2, mm 26,46 13,01
torispherical part, t3, mm 34,51 17,08

DNV strength analysis mentioned that the point of the relief
valve has normally been used in the range of about 4 bars. Usually,
for such a tank two relief valves are used and regarding those
further calculations are maintained with external design pressure
equal to 4,8 bar.

Thicknesses in table 12. are calculated using the thickness
equations for inner shell. If this thickness is applied to calculate
external pressure corresponding to a membrane yield £ for
cylindrical part and dished end for yield stress 180MPa and given
values of £, divided with safety factor 3 given values should be
equal or higher than Ped, external design pressure. This iteration
process gives values for t; = 26,21 mm for cylindrical shell and, ¢4
= 36 mm for torspherical part of dished end with external buckling
critical pressure for dished end F.=14,4 bar.

To calculate external bucking critical pressure for cylindrical
part number of waves n should be iterated until the smallest but
acceptable bucking critical pressure F. is reached, where the ratio
E./P.; must be equal or larger than 4, for cylindrical part.

Critical bucking pressure for cylindrical part is obtained
P.=19,36 bar for n=11 which is visible in Figure 18.
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Fig. 18 Buckling pressure for cylindrical part
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Effective length between stiffeners for Figure 19. is 2200 mm.
The length of the cylinder part of outer shell is 14219 mm, and the
number of vacuum rings is 6,5. To have 7 vacuum rings the length
between stiffeners is reduced to 2000 mm but the number of waves
remains the same n= 11, and critical bucking pressure is on safety
side with B.= 21,87 bar.

Vacuum rings are placed from the inner side of the outer shell
because moment of inertia is highly reduced because of diameter of
the neutral axis of the stiffeners is smaller when it is from the inner
side.
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Fig. 19 Longitudinal stresses for cylindrical outer shell

Longitudinal stress (compression) for cylindrical shell should
not reach 60 MPa according to the DNV strength calculation rules.

Figure 20. shows satisfaction of primary and secondary
stresses.

Von Mises stress at lower and upper half of the tank
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Fig. 20 Von mises stresses for outer shell- left half of the outer shell

4. Conclusion

Analytical calculations according to DNV-GL standards and
analytical calculations for specific points regarding to British
standard PD 5500 combined with FEM stress calculations provide
next insight for

Inner shell:

e  obtained results for analytical longitudinal stresses
at the mid- span of the cylinder are close to stress
obtained in FEM calculations.

e analytical obtained smallest value was used for inner
tank thickness which satisfied primary and
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secondary stress and leads to one thickness
dimension of inner tank and reduces higher
thicknesses and larger number of segments

e  reducing the thicknesses of the inner layer results in
a reduction in the time required to calculate the
hydrodynamic pressure, facilitates the procedure of
ordering the material, and ultimately reduces the
mass of the material.

e inner cylinder thickness reduced to 25 mm

e  circumferential analytical stress f7 at the horn of the
saddle provides accurate results compering to FEM
analysis with or without stiffener.

e longitudinal analytical stress f4 and 3 in the plane
of the saddle are very different from FEM
analytical stress analysis

Outer shell:

e iteration proses has been made to satisfied the
pressure criteria which result in negligible thickness
iteration

e analytical

Number of supports between two shells need to be increase
referring to primary and secondary stress.
Several issues are appearing in this paper:

e  The terminology from different DNV-GL Rules is
not always unambiguous. It is problem to
distinguish when primary and secondary stress is
applied, on which segments of the tank, therefore it
is not easy to the validate results obtained from
Rules to direct FEM calculation.

e Inside of the Rules is not briefly explained the
situation with the double shell, and which are the
critical area to consider between inner and outer
shell.

. Rules don’t say clearly when Dimensionless
accelerations are not mandatory for calculations
which will save a lot of time. A basic understanding
of design of LNG tank type C is given in this paper
with the possibilities for a future extension on other
details.

ACKNOWLEDGEMENTS

The project is supported by European Regional Development
Fund, project IRl 5 (Research, Development, and Innovation)-
Center of competence for advanced mobility DIV, Zagreb.

REFERENCES

[1] IMO International Code of Safety for Ship Using Gases or
Other Low-flashpoint Fuels (IGF Code), (2015)

[2] Tommaso lannaccone, Gabriele Landucci, Alessandro
Tugnoli, Ernesto Salzano, Valerio Cozzani, Sustainability of cruise
ship fuel systems: Comparison among LNG and diesel
technologies, (2020)

[3] Ole.Vidar.Nilsen, LNG regulatory update, DNV-GL, (2018)

[4] American Bureau of Shipping, Strength Assessment of

Independent Type C Tanks, (2022)

[5] Heewoo Park, Jinseong Park, Jong-Rae Cho, Evaluation of
Insulation Performance and Structural Integrity of an IMO Type C
LNG Storage Tank
https://doi.org/10.14775/ksmpe.2021.20.07.001

[6] Banaszkiewicz T, Chorowski M, Gizicki W, Jedrusyna A,
Kielar J, Malecha Z, Piotrowska A, Polinski J, Rogala Z,
Sierpowski K, et al. (2020). Liquefied natural gas in mobile
applications—opportunities and challenges. Energies. 13(21):1-35.
https://doi.org/10.3390/en13215673

[7] IMO International code for the construction and equipment
of ships carrying liquefied gases in bulk (IGC Code). London,
(2016)

YEAR XVII, ISSUE 7, P.P. 244-254 (2023)


https://doi.org/10.14775/ksmpe.2021.20.07.001
https://doi.org/10.3390/en13215673

INTERNATIONAL SCIENTIFIC JOURNAL "MACHINES. TECHNOLOGIES. MATERIALS"

WEB ISSN 1314-507X; PRINT ISSN 1313-0226

[8] J Harperscheidt, Bunkering, infrastructure, storage, and
processing of LNG - Ship & Offshore, (2011)

[9] Yan Lin, Chao Ye, Yan-yun Yu, Shi-wei Bi, n Approach to
Estimating the Boil-Off Rate of LNG in Type C Independent Tank
for Floating Storage and Regasification Unit under Different Filling
Ratio, (2018)
https://doi.org/10.1016/j.applthermaleng.2018.02.066

[10] Cheng Wang, Yonglin Ju, Yunzhun Fu, Dynamic modeling
and analysis of LNG fuel tank pressurization under marine
conditions, (2021)
https://doi.org/10.1016/j.energy.2021.121029

[11] Sixian Wu, Yonglin Ju, Numerical study of the boil-off gas
(BOG) generation characteristics in a type C independent liquefied
natural gas (LNG) tank under sloshing excitation, (2021)

[12] Bo Wang, Yung-Sup Shin, Eric Norris, strength
assessment of type ‘C’ LNG fuel tanks, (2015)

[13] Bo Wang, Xiaozhi Wang, Yung-Sup Shin, structural
integrity assessment of independent type ‘C’ LNG carriers, (2014)

[14] Ivo Senjanovi¢, Vedran Slapnicar, Zoran Mravak, Smiljko
Rudan & Ana Maria Ljustina, structure design of cargo tanks in
liquefied gas carriers

[15] David Nash, Differences Between EN 13445 and Other
International Standards, (2008)
https://doi.org/10.1115/P\VP2003-1794

[16] Young-IL Park, Jin-Seong Cho and Jeong-Hwan Kim,
Structural Integrity Assessment of Independent Type-C Cylindrical
Tanks Using Finite Element Analysis: Comparative Study Using
Stainless Steel and Aluminum Alloy, (2021)
https://doi.org/10.1016/j.energy.2021.120001

[17] DNV No .31.13 Strength analysis of independent type C
tanks, 2016

[18] DNVGL-RU-SHIP-Part5 Chapter7 Liquified gas tankers,
2017

[19] DNVGL-RU-SHIP-Part4 Chapter7 Pressure equipment,
(2017)

[20] DNVGL-RU-SHIP-Part5 Chapter5 Liquified gas

[21] DNVGL-RU-SHIP-Part2 Chapter2 Metallic materials,
(2017)

[22] IMO. International code for the construction and
equipment of ships carrying liquefied gases in bulk (IGC Code).
London,2016

[23] John Kokarakis, Standards and Guidelines for Natural Gas
Fuelled Ship Projects, 2015

254

YEAR XVII, ISSUE 7, P.P. 244-254 (2023)


https://doi.org/10.1016/j.applthermaleng.2018.02.066
https://doi.org/10.1016/j.energy.2021.121029
https://doi.org/10.1115/PVP2003-1794
https://doi.org/10.1016/j.energy.2021.120001



