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CHAPTER 1: Introduction 
 

Section 1: Introduction 

Section 2: Fluid sloshing phenomena 

Section 3: Definitions 

 

Section 1: Introduction 
 

1.1 General 
 

1.1.1 The objective of this procedure is to describe the assessment of boundary structures of partially filled 
tanks and liquid carrying holds, and to enable the determination of lifetime maximum design sloshing pressures 
for anticipated filling levels, tank position within the ship and ship’s loading conditions. 
 

1.1.2 Any scantlings derived as a result of this procedure are to be regarded as additional to the Rule 
requirements for full tanks and liquid carrying holds. 
 

1.1.3 Where partial filling of tanks and liquid carrying holds is required, the likelihood of sloshing from the ship 
both rolling and pitching is to be investigated. Sloshing is defined as a dynamic magnification of internal 
pressures acting on the boundaries of the tank to a level greater than obtained from static considerations alone. 
 

1.1.4 For any tank design, dimensions, internal stiffening and filling level, a resonant period (or frequency) of 
the fluid exists, which, if excited by ship motions, can result in very high pressure magnifications. 
 

1.1.5 This procedure applies to tanks and liquid carrying holds of arbitrary shape filled with liquids, including 
spherical or cylindrical tanks. In addition, some tanks, by virtue of their shape, size or degree of internal stiffening, 
will not be subjected to sloshing loads. If any such tank is likely to be partially filled, the reasons for exclusion 
from the investigation should be stated and agreed by Lloyd’s Register (hereafter commonly referred to as LR). In 
general, sloshing calculations need not be performed for peak tanks or bunkers. 
 

1.1.6 The estimated sloshing pressures may be used to determine the scantlings necessary to prevent 
structural collapse using an appropriate structural collapse theory, in association with defined criteria. 
 

1.1.7 The strength assessment is based on safety against collapse. The calculations may be carried out using 
LR’s ultimate strength software, which is included in LR’s CFD software Aquarius. 
 

1.1.8 Examples of sloshing assessment calculations are shown in Ch 8 Analysis Example. 
 

1.2 Applicability 
 

1.2.1 The following plans and information are required to perform a sloshing and scantling investigations: 
 

• General arrangement; 
• Midship section drawing; 
• Longitudinal bulkhead drawing; 
• Transverse bulkhead drawing;
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• Trim and stability and loading manuals; 
• Material properties. 

 

Section 2: Fluid sloshing phenomena 
 

2.1 Sloshing waves 
 

2.1.1 As the tank oscillates, different sloshing waves will be created, depending on the filling level and 
frequency of oscillations. An infinite number of different modes of liquid motion may occur, depending on the 
conditions of excitation and filling level. However, it is possible to divide the sloshing phenomena into the 
following four categories to describe the observed modes shown in Figure 1.2.1 Typical sloshing waves. 
 

2.1.2 Standing wave: The movements of the liquid particles on the surface are essentially vertical, the surface 
having one or more locations where practically no vertical surface displacement takes place. Standing waves 
generally occur when F/Ls is greater than or equal to 0,2 and can impart high impact pressures to the tank top. 
 

Where 

F = fill height, in metres 

Ls = effective horizontal free surface length in the direction of angular motion, in metres 

 

2.1.3 Travelling wave: A wave crest travels back and forth between vertical tank boundaries. Travelling waves 
generally occur when F/Ls is less than 0,2 and impart high impact pressures to both the side walls and the tank 
top. 
 

2.1.4 Hydraulic jump: This phenomenon, which might be considered as a special case of a travelling wave, is 
characterised by a discontinuity (jump) in the surface, forming a vertical front which travels periodically back and 
forth in the tank. Like the travelling waves they generally occur when F/Ls is less than 0,2 and impart very high 
pressures on the lower side walls of the tank.  
 
2.1.5 Combination wave: A combination of standing waves and travelling waves. 
 
2.1.6 For low filling, a standing wave is formed when the tank is oscillating at a frequency far below the fluid 
natural frequency. As the excitation frequency increases, this transforms into a train of progressive waves having 
a very short wavelength. A hydraulic jump is formed due to a small disturbance at a range of frequencies around 
the fluid resonance frequency. With a further increase in frequency beyond resonance, the hydraulic jump 
transforms into a travelling wave. In general, hydraulic jumps are formed only when the filling level is around 20 
per cent of the horizontal free surface length of the tank or less. 
 
2.1.7 For high filling levels, the sloshing phenomenon near resonance is characterised by the formation of 
standing waves of large amplitudes. These waves are non-symmetric and may be combined with travelling 
waves at large amplitude of excitation. 
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Figure 1.2.1 Typical sloshing waves 

 

2.2 Sloshing induced loads 
 
2.2.1 Liquid sloshing involves different types of hydrodynamic loads acting upon the tank boundary and its 
internal structure. There are two types of dynamic pressure which can arise from liquid sloshing, namely non-
impulsive pressure and impulsive pressure. Typical time histories for the following sloshing induced loads are 
shown in Figure 1.2.2 Typical sloshing loads. 
 
2.2.2 Non-impulsive dynamic pressure: These are slowly varying loads, pulsating with a period of the order of 
the sloshing wave period, i.e. a period of the order of the fluid natural period and/or excitation period. 
 
2.2.3 Impulsive dynamic pressure type I: These are due to a rapid but continuous build-up of liquid and liquid 
pressure on the surface of a member which is gradually being immersed. The impulse duration is typically in the 
order of 1/10 of the sloshing wave period. 
 
2.2.4 Impulsive dynamic pressure type II: These are due to localised impact pressure arising from the collision 
between the fluid and the solid surface. Such pressures can be extremely high and of extremely short rise time 
duration in the range 1/100 to 1/1000 of the sloshing wave period. 
 
2.2.5 Total dynamic forces and moments: These loads arise from the slowly varying non-impulsive 
hydrodynamic pressure distribution on the tank boundaries with a period of the order of the sloshing wave period. 
 
2.2.6 Drag and inertial forces: These non-impulsive forces act on submerged members with time fluctuations 
related to the sloshing wave period. 
 
2.2.7 Vortex induced pressure field: These pressure fields develop around slender members located in the 
field of oscillating liquid. Interaction between the generated pressure fluctuations and natural modes of structural 
vibrations in the member may become critical. 
 

 

 
            Standing wave           Travelling wave        Hydraulic pump    Combination wave 
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Local pressure 

 
 

Total dynamic forces and moments 

  

(a) Typical time traces of non-impulsive loads due to harmonic excitation 

Continuous pressure build-up 

 
 

Solid/fluid impact 

  

(b) Typical time traces of impulsive loads due to harmonic excitation 

Drag on internal member 

 
 

Pressure fluctuations 

  

(c) Time traces of vortex induced loads due to harmonic excitation 

Figure 1.2.2 Typical sloshing loads 
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Section 3: Definitions 
 

3.1 Units 
 

3.1.1 The units used throughout are consistent with the SI standard where the basic quantities are the metre, 
the kilogram and the second (MKS system), except for angular measurement which is in degrees. 
 

3.2 Overview of symbols and definitions 
 

3.2.1 The following definitions should be used to determine the ship response motions. These expressions 
correspond to ship motions with a probability of occurrence of once in a ship design life of 20 years for head 
seas. As it is unlikely that the vessel will experience a 20 year wave height at beam seas it is considered 
sufficient to use the 1 year wave height for beam seas for ships of normal proportions. 
 

b = height of internal primary bottom members, in metres 
n = the number of internal primary bottom members 
F = fill height, in metres 
F r = effective filling ratio 
  = 𝜋𝜋 �𝐹𝐹 − 𝑏𝑏�𝑛𝑛 (𝑛𝑛 + 1)⁄ � 𝐿𝐿𝑠𝑠�  
Ls  = effective horizontal free surface length, in metres, in the direction of angular motion (i.e. tank 

breadth for roll, tank length for pitch) 
Tnp  = tank fluid natural period in pitch, in seconds 
 = �4𝜋𝜋𝐿𝐿𝑠𝑠 (𝑔𝑔 𝑡𝑡𝑡𝑡𝑛𝑛ℎ(𝐹𝐹𝑟𝑟))⁄   
Tnr  = tank fluid natural period in roll, in seconds 

   = �4π𝐿𝐿s (𝑔𝑔 tanh(𝐹𝐹r))⁄  
GM = the metacentric height, in metres, for the considered loading condition without free surface 

correction. The design GM value shall be chosen from the maxima of those GM in the loading 
conditions with similar draught from the loading manual, but shall not be less than 0,05B. In case 
GM has not been calculated, the following values may be adopted: 

 
 GM  = 0,10B for loaded condition in general 
 GM  = 0,25B for ballast condition in general 
 GM  ≥ 0,05B for container ships in loaded condition with B ≤ 32,2 m 
 GM  ≥ 0,10B for container ships in loaded condition with B ≥ 40 m 
 Linear interpolation is to be used for container ships with 32,2 < B < 40 m 
 

k r  = the roll radius of gyration, in metres, for the considered loading condition. Where k r has not 
been calculated, the following values can be used: 

 k r = 0,39B in general 
 k r  = 0,35B for liquefied gas tankers with a centreline bulkhead in loaded conditions 

k r  = 0,25B for liquefied gas tankers without a centreline bulkhead in loaded conditions 
 

H  = tank depth, in metres, measured from the bottom of the tank to the underside of the deck at the 
side. In the case of holds, the depth is measured from the inner bottom to the underside of the 
deck at hatch side, except in double skin ships with hatch coaming in line with the inner skin, in 
which case the depth is measured to the top of the hatch coaming. 

 
g  = gravity constant  

= 9,81 m/s2 
TLC  = ship draught for the loading condition under consideration, in metres 
TSC  = ship scantling draught, in metres 
 
Cb, Lpp and B are given in LR’s Ship Rules Pt 3, Ch 1, 6.1 Principal particulars. 
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3.2.2 The vertical centre of rotation is to be taken at the VCG for the loading condition under consideration. 
 
3.2.3 The longitudinal centre of rotation is to be taken at the LCG for the loading condition under 
consideration. When this is unavailable, the longitudinal centre of rotation may be taken at midship. 
 
3.3 Unrestricted ship motions 
 
3.3.1 The following definitions are applicable, except where otherwise stated: 
 

Snr  = ship’s response roll period, in seconds 

  = 𝑓𝑓r1

𝑘𝑘r
𝑓𝑓r2

𝐺𝐺𝐺𝐺𝑓𝑓r3
 

 
where 
 
f r1  = 2,1 for liquefied gas tankers 

= 1,1 for container ships 
= 16,2 for ore carriers 

f r2  = 0,86 for liquefied gas tankers 
= 0,95 for container ships 
= −0,4 for ore carriers 

f r3  = 0,35 for liquefied gas tankers 
= 0,25 for container ships 
= −0,3 for ore carriers 

 

For ships for which either k r or GM varies significantly between loading conditions, Snr should be 
evaluated for each representative loading condition considered. 

 
Snp  = ship’s response pitch period, in seconds 

= 𝑓𝑓p1��𝑓𝑓p2 + 𝑓𝑓p3𝐿𝐿pp𝐶𝐶b�
𝑇𝑇LC
𝑇𝑇SC

 � 

 
where 
 
fp1 = 0,62 for liquefied gas tankers 

= 0,547 for container ships 
= 0,38 for ore carriers 

fp2  = 230 for liquefied gas tankers 
= 1,0 for container ships 
= 800 for ore carriers 

fp3 = 0,7 for liquefied gas tankers 
= 1,2 for container ships 
= 1,0 for ore carriers 

 
For ships for which TLC varies significantly between loading conditions, Snp should be evaluated for each 
representative loading condition considered. 
 
Φmax  = maximum roll response angle, in degrees 

= 174

𝑇𝑇LCe
18
𝐵𝐵

 , for liquefied gas tankers 

= 24

𝑇𝑇LCe
−45
𝐵𝐵

, for container ships 

= (16,2 + 0,3 𝐿𝐿PP 𝐵𝐵⁄ )e−0,0015𝐿𝐿PP  , for ore carriers 
θmax  = maximum pitch response angle, in degrees 

= (22,9 + 5,7𝐶𝐶b)e−0,001𝐿𝐿PP�4,9 + 𝐶𝐶b 2� �, for liquefied gas tankers and container ships 

= 581�1 + � 0,82
�𝐿𝐿PP

�
1,2
� 𝐿𝐿PP

−0,94, for ore carriers 

Zmax  = maximum heave response amplitude, in metres 
= 𝑓𝑓z1e𝑓𝑓z2𝐿𝐿PP  
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The heave factors fz1 and fz2 can be found in Table 1.3.1 Heave amplitude factors, but need not to be 
taken as greater than 5 metres for head seas or 6,5 metres for beam seas. 
 

 

Table 1.3.1 Heave amplitude factors 

   Head seas Beam seas 
 fz1 fz2 fz1 fz2 

Liquefied gas tanker 9,2 −0,0029 6,5 −0,0005 

Container ship 11 −0,0033 6,5 −0,00025 

Ore carrier 11 −0,004 6,6 −0,0002 

 
 
Ymax = maximum sway response amplitude, in metres 
 = 𝑓𝑓y1e𝑓𝑓y2𝐿𝐿PP 

 
The sway factors fy1 and fy2 can be found in Table 1.3.2 Sway amplitude factors, but need not to be taken as 
greater than 4,7 metres. 
 

 

Table 1.3.2 Sway amplitude factors 

   fy1 fy2 
Liquefied gas tanker 5,5 −0,0011 

Container ship 5,5 −0,0011 

Ore carrier 4,7 −0,0005 

 
Xmax  = maximum surge response amplitude, in metres 
 = 𝑓𝑓x1e𝑓𝑓x2𝐿𝐿PP 

 

The surge factors fx1 and fx2 can be found in Table 1.3.3 Surge amplitude factors, but need not to be taken as 
greater than 4,5 metres. 

 

Table 1.3.3 Surge amplitude factors 

 fx1 fx2 
Liquefied gas tanker 6,2 −0,0022 

Container ship 9 −0.0033 

Ore carrier 12 −0,005 

 

3.4 Site specific ship motions 
 

3.4.1 When using site specific ship motions, direct calculation procedures capable of taking into account the 
ship’s actual form and weight distribution should be performed in order to determine the ship motions. Such 
methods will involve the derivation of the response to regular waves using 3D panel method calculations and the 
derivation of the short-term response to irregular waves using the concept of sea spectrum. 
 
3.4.2 The environmental data, in the form of a wave scatter diagram or metocean data, should be investigated 
for the site location and be of sufficient duration to make sure all sea states are included. 
 
3.4.3 The relative wave heading distribution needs to be representative for the situation under investigation. 
This could be either based on a fixed absolute heading (e.g. jetty) or obtained using a heading analysis (e.g. 
weathervaning). 
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3.4.4 The short-term motion analysis is to be based on the significant amplitudes using the design life 
envelope curve of the wave scatter diagram. 
 

3.4.5 The resulting motions for the three degrees of freedom per cross-section can be assessed per wave 
period and the default SDA motions can be modified to match the motion amplitudes and phases obtained from 
the direct calculations as accurately as possible. 
 
3.4.6 It might be required to check relative wave headings away from pure head/beam seas. 
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CHAPTER 2: Summary of the Procedure 
 

Section 1: Introduction 

Section 2: Assessment levels 

 

Section 1: Introduction 
 

1.1 General overview 
 

1.1.1 This Chapter describes the two levels of sloshing assessment in more detail. Level 1 is the sloshing 
screening stage, which checks for all filling levels of interest if significant fluid motions in the tank are likely. If 
likely, a Level 2 CFD sloshing assessment will be required for those filling levels using LR’s CFD software 
Aquarius, or an equivalent alternative. The purpose of the CFD sloshing assessment is to determine the sloshing 
pressures on tank boundaries and internal structural elements, and to check the ultimate strength of plates and 
stiffeners. The process is illustrated in Figure 2.1.1 Sloshing investigation flow chart. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1.1 Sloshing investigation flow chart 
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1.1.2 Significant dynamic magnification is considered unlikely for the following cases: 
 

• For internally stiffened tanks with two or more deck girders (rolling)/transverses (pitching) where 
the girder/transverse location is less than or equal to 25 per cent of the tank breadth/length from 
the deck/tank corner, and/or the girder/transverse height is less than 10 per cent of the tank 
depth with filling levels greater than the tank depth minus height of deck girders/transverses;  

• For filling levels lower than the height of any bottom girders;  
• For filling levels in excess of 97 per cent of the tank height for smooth tanks; or 
• For filling levels less than 10 per cent of the tank height for smooth tanks. 

 
 

 

Section 2: Assessment levels 
 

2.1 Level 1: Sloshing screening stage 
 
2.1.1 Based on LR’s experience and numerical studies of a number of cases, it is considered that significant 
magnification of the fluid motions can occur if the following conditions are found: 

• The natural rolling period of the fluid and the ship response rolling period are within 5 seconds of 
each other; 

• The natural pitching period of the fluid is greater than a value of 3 seconds below the ship 
response pitching period. 

 
2.1.2 This level of assessment is sufficient where the ship’s response rolling period differs from the fluid’s 
natural period for transverse oscillatory flow by more than 5 seconds, and where the ship’s response pitching 
period exceeds the fluid’s natural period for longitudinal oscillatory flow by more than 3 seconds. 
 
2.2 Level 2: CFD sloshing assessment 
 
2.2.1 Where the sloshing resonance screening indicates that significant fluid motions are likely, a sloshing 
pressure determination assessment is required using CFD software, such as the LR CFD-based software 
Aquarius, for the critical filling levels. 
 
2.2.2 Aquarius incorporates a GUI for setting up the tank shape, plate strakes and stiffener distribution along 
the tank boundaries. 
 
2.2.3 The structural capability of the tank boundaries to withstand the dynamic sloshing pressures is to be 
determined using LR’s ultimate strength software, which is part of Aquarius. This software considers the lateral 
pressure on a stiffened panel comprising a single stiffener and attached plating. 
 
2.2.4 The ultimate strength of the plating is calculated on the basis of a defined allowable permanent set, 
taking into account the membrane stress induced in the panel as it deforms. For the stiffeners, a classical plastic 
collapse method is used, taking into consideration both shear and bending strains. Allowance is made for the 
small proportion of the pressure load transmitted directly from the plating to the supporting primary structure. 
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CHAPTER 3: Loading Conditions for Sloshing Analysis 
 

Section 1: General considerations 

Section 2: Loading condition selection 

 

Section 1: General considerations 
 

1.1 General overview 
 

1.1.1 Where partial fillings are contemplated in all tanks of a ship, the following tanks are to be considered in 
the analysis together with associated sea conditions given in Table 3.1.1 Associated sea conditions. 
 
1.1.2 The response periods of the ship for a given motion type should be determined for the service loading 
conditions agreed between the builder and the society. When a ship is to be approved for arbitrary tank filling, all 
approved safe loading conditions should be investigated, and the estimation of significant dynamic pressure 
magnification considered according to the guidelines provided in Ch 2 Summary of the Procedure. 
 
Table 3.1.1 Associated sea conditions 

 Sea condition 

 Tank  Head seas  Beam seas 

 Foremost tank   

 Aftermost tank   

 Tanks closest to amidship   

 Largest tank   
 

 

Section 2: Loading condition selection 
 

2.1 General 
 

2.1.1 The following loading conditions are provided as a guideline to the most critical conditions: 
• Heavy ballast condition; 
• Normal ballast condition; 
• All tanks partially filled. 

 
2.1.2 Experience indicates that the shorter the ship response period, the greater the impact pressure. This 
would therefore suggest that the loading conditions with the shortest ship response period should be considered 
as production cases during the selection of critical loading conditions. 
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2.2 Requirements 
 
2.2.1 Liquefied gas tankers using unrestricted filling levels – unspecified seagoing loading condition: 
 
When a ship is to be approved for this condition, many arbitrary ship loading conditions are possible. In order to 
cover the complete range of loading conditions, the fully loaded and ballast conditions are to be considered. These 
two conditions give an upper and lower limit for the possible range of ship response periods.  
 
2.2.2 Liquefied gas tankers using restricted filling levels – unspecified seagoing loading condition: 
 
When a ship is to be approved for this condition, many arbitrary ship loading conditions are possible within the 
restrictions imposed. In order to cover the complete range of loading conditions, the fully loaded and ballast 
conditions are to be considered. These two conditions give an upper and lower limit for the possible range of ship 
response periods. It is recognised that there might be ship response period bands which will not be applicable as 
a result of the limitations of the filling levels. However, it is recommended to apply the procedures outlined in this 
Section. 
 
2.2.3 Liquefied gas tankers using unrestricted filling levels – specified seagoing loading condition: 
 
When a ship is to be approved for this condition, each specified loading condition is to be examined for the complete 
fill range to determine the critical sloshing fill range for each tank in both roll and pitch motion modes. 
 
2.2.4 Liquefied gas tankers using restricted filling levels – specified seagoing loading condition: 
 

When a ship is to be approved for this condition, each specified loading condition is to be examined for the restricted 
fill range to determine the critical sloshing fill range for each tank in both roll and pitch motion modes. 
 
2.2.5 Ore carriers using LNG as a fuel: 
 
For ore carriers, many arbitrary ship loading conditions are possible. In order to cover the complete range of loading 
conditions, the fully loaded and ballast conditions are to be considered. These two conditions give an upper and 
lower limit for the possible range of ship response periods. 
 
2.2.6 Container ships using LNG as a fuel: 
 
For container ships, many arbitrary ship loading conditions are possible. In order to cover the complete range of 
loading conditions, the seagoing loading condition with the highest GM and seagoing loading condition with the 
lowest GM are to be considered. These two conditions give an upper and lower limit for the possible range of ship 
response periods. 
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CHAPTER 4: Level 1: Sloshing Screening Stage 
 

Section 1: Introduction 

Section 2: Level 1 approach 

 

Section 1: Introduction 
 

1.1 General 
 

1.1.1 Where a sloshing screening stage is sufficient in accordance with Ch 2, 2.1 Level 1: Sloshing screening 
stage, the following points need to be observed: 

• For oil carrying cargo tanks, with dimensions not departing from standard practice, sloshing 
pressures on tank boundaries should be determined according to Common Structural Rules for 
Bulk Carriers and Oil Tankers; 

• For LNG/LPG ships, sloshing pressures on tank boundaries should be determined according to 
LR’s Rules and Regulations for the Construction and Classification of Ships for the Carriage of 
Liquefied Gases in Bulk; 

• Otherwise, an equivalent static head is to be obtained by assuming the tank to be rolled or pitched 
to the lifetime angles,  

•  
ϑ = φmax or ϑ = θmax respectively, as defined in Ch 1, 3.3 Unrestricted ship motions, and the equivalent 
pressure is given by: 

 
 𝑃𝑃 = 11,75(ℎ + (𝐿𝐿s 2⁄ ) tanϑ) kN m2⁄  
 
Where 
 
h = the static head in upright position, in metres 
 
It is not considered necessary to take translational motions into account. 

 

Section 2: Level 1 approach 
 

2.1 Critical fill range 
 

2.1.1 For sloshing in the roll motion mode shown in Figure 4.2.1 Level 1 diagram for roll motion, the critical fill 
range extends from F1 to F4, which corresponds to the period range (Snr_Ballast – 5) to (Snr_Loaded + 5). All filling 
levels between F1 and F4 are to be investigated in the CFD sloshing assessment as described in Ch 5 Level 2: 
CFD Sloshing Assessment. 
 
• For filling levels between F1 and F2, Snr_Ballast is to be used; 
• For filling levels between F2 and F3, Snr_Ballast is to be used; 
• For filling levels between F3 and F4, Snr_Loaded is to be used. 
 
2.1.2 Similarly, for sloshing in the pitch motion mode shown in Figure 4.2.2 Level 1 diagram for pitch motion, 
the critical fill range extends from F1 to F4 (F4 = 0,1 per cent of maximum filling level), which corresponds to the 
period range (Snp_Ballast – 3) to infinity. All filling levels between F1 and F4 are to be investigated in the CFD 
sloshing assessment as described in Ch 5 Level 2: CFD Sloshing Assessment. 
 
• For filling levels between F1 and F2, Snp_Ballast is to be used; 
• For filling levels between F2 and F3, Snp_Ballast is to be used; 
• For filling levels between F3 and F4, Snp_Loaded is to be used. 
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2.1.3 The critical fill range to be investigated using the CFD sloshing assessment may also be determined by 
using the following formula: 
 

 𝐹𝐹crit = 100
𝐻𝐻
�𝐿𝐿s
2π

ln �1+η
1−η

� + 𝑏𝑏� 𝑛𝑛
𝑛𝑛+1

� (%) 

 
where 
 
ln  = natural logarithm to base e 
H, b, n, g, Ls = see Ch 1, 3.2 Overview of symbols and definitions 
η  = 4π𝐿𝐿s (𝑆𝑆nr − 5)2𝑔𝑔⁄  for filling level at Snr − 5 seconds to upper bound roll critical filling 
level, or 

= 4π𝐿𝐿s (𝑆𝑆nr + 5)2𝑔𝑔⁄  for filling level at Snr + 5 seconds to lower bound roll critical filling 
level, or 
= 4π𝐿𝐿s �𝑆𝑆np − 3�2𝑔𝑔⁄  for filling level at Snp − 3 seconds to upper bound pitch critical filling 

level 
If η ≥ 1, Fcrit is the maximum/minimum value of the upper/lower filling level bound (100 per cent / 0 per 
cent) 
If Fcrit ≥ 100, then Fcrit = 100 per cent. 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.1 Level 1 diagram for roll motion 

 

Fluid Natural Period (Tnp) 
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Figure 4.2.2 Level 1 diagram for pitch motion 

 

Fluid Natural Period (Tnr) 
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CHAPTER 5: Level 2: CFD Sloshing Assessment 
 

Section 1: Introduction 

Section 2: Tank modelling 

 

Section 1: Introduction 
 

1.1 General 
 

1.1.1 Where a CFD sloshing assessment is required in accordance with Ch 4, 2.1 Critical fill range, sloshing 
pressures are to be obtained using a volume of fluid or other approved numerical solution similar to the one 
implemented in the Aquarius software. Alternatively, agreed model experiments would be accepted as a means 
of obtaining the maximum design pressures. 
 
1.1.2 The excitation is to cover conditions that would produce a maximum design pressure envelope on the 
tank boundaries, taking into account the significant combinations of ship motion amplitudes and periods, and 
liquid natural periods which could occur simultaneously in the ship’s lifetime. 
 
1.2 Aquarius software 
 
1.2.1 Basic operation instructions for the Aquarius software can be found in the software user manual [1].  
 
1.2.2 Aquarius uses the three-dimensional CFD solver OpenFOAM but, in order to optimise the calculations, 
the assessment is limited to a two-dimensional cross-section in the longitudinal and transverse directions. The 
motions are based on semi-regular motions with a period sweep across the critical periods. 
 
1.2.3 A model of the transverse and longitudinal sections of the most exposed cargo tank is to be prepared 
using Aquarius or an alternative acceptable software solution. 
 

Section 2: Tank modelling 
 

2.1 Mesh spacing 
 

2.1.1 Aquarius will automatically divide the tank into a number of blocking zones depending on the tank type 
selected. These blocking zones will be individually meshed, but cells from one zone will be aligned with cells from 
another zone to maintain cell continuity. Figure 5.2.1 Blocking zones and mesh alignment illustrates an example 
of blocking zone numbering and mesh continuity between the blocking zones. 
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Figure 5.2.1 Blocking zones and mesh alignment 

 

2.1.2 The Aquarius OpenFOAM solver is configured to use a dynamic time step which is dependent on the 
fluid velocity and mesh size. High velocities in the ullage gas (the gas in the tank is modelled as a fluid with low 
density and viscosity) passing through a small mesh cell will significantly reduce the simulation time step and 
thus increase the computational time required. The gas velocity at the top of the tank often dominates the time 
step requirement. The computational time can be reduced by increasing the blocking zone width of the chamfers 
(see Figure 5.2.2 Chamfer blocking zone increased), as this will increase the mesh cell size. It should be noted 
that the internal tank structure, excluding stiffeners, can only be modelled in zones comprising rectangular mesh 
cells. 
 

 

 

 

 

 

 

 

 

 

 

Figure 5.2.2 Chamfer blocking zone increased 

 

2.1.3 The mesh spacing is automatically calculated to have approximately 100 cells across the width/length of 
the tank for most tank shapes. This mesh density is sufficient for conventional tank shapes. If the tank has 
unconventional dimensions, it might be required to change the mesh size. Also, if the fluid in the tank is split into 
different zones due to the modelled internal structures, such as large stringers, baffles, cross ties or swash 
bulkheads (see Figure 5.2.3 Minimum free surface examples), it might be required to reduce the mesh size to 
maintain computational accuracy. 
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Figure 5.2.3 Minimum free surface examples 

 

 

2.2 Internal tank structures 
 

2.2.1 Many tanks have internal structures. The main effect of such structures is to slow down the fluid 
motions, but sometimes its effects are more important and less obvious. 
 
2.2.2 Conceptually, the effect of this form of construction is to prevent the passage of fluid through an 
imaginary line drawn in the fluid, imparting zero fluid velocity across this line. The modelling of internal structures 
is based on blocking mesh cell edges. Vertical and horizontal baffles can be modelled using the baffle or cross-tie 
options in Aquarius. Further information on how to model internal tank structures can be found in the Aquarius 
software user manual [1]. 
 

2.3 Stiffeners 
 

2.3.1 Stiffeners defined in Aquarius do not affect fluid behaviour in the tank. The Aquarius stiffener definition 
calculates the average pressure along the stiffener spacing for out-of-plane stiffeners and the average pressure 
along the frame spacing for in-plane stiffeners as indicated in Figure 5.2.4 In-plane and out-of-plane definitions, 
in-plane being the two-dimensional cross-section plane investigated. 
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Figure 5.2.4 In-plane and out-of-plane definitions 

 

2.4 Properties of the fluid and gas 
 

2.4.1 The properties of the fluid and the amount of fluid in the tank affect the pressure loads obtained from 
sloshing. The initial static filling level and physical properties of the idealised fluid used in the calculations are 
specified in the analysis tab sheet in Aquarius. 
 
2.4.2 The filling level is specified as a percentage of the maximum depth of the tank, H, as defined in Ch 1, 
3.2 Overview of symbols and definitions 3.2.1, or in metres from the bottom of the tank. 
 
2.4.3 The physical properties of the fluid are specified using density and kinematic viscosity. A number of 
default fluids are available in the drop-down menu in Aquarius, but these should only be used as an estimate of 
the fluid properties. If fluid properties are specified for the sloshing assessment, these should be used instead. It 
is possible to modify or add default fluids by editing the fluids.xml file in the Aquarius installation directory. 
 
2.4.4 The physical properties of the gas are specified using density and kinematic viscosity. A number of 
default gases are available in the drop-down menu in Aquarius. If gas properties are specified for the sloshing 
assessment, these should be used instead. It is possible to modify or add default gases by editing the gases.xml 
file in the Aquarius installation directory. 
 

2.5 Fill range investigation 
 

2.5.1 The filling levels investigated are to be taken in 10 per cent increments from the bottom of the tank. Only 
filling levels indicated by the Level 1 assessment to have a likelihood of experiencing sloshing resonance are to 
be included in the sloshing assessment. Filling levels at 5 per cent below and 5 per cent above the filling level at 
which the highest fluid pressures are recorded should also be investigated. 
 
2.5.2 If a tank is to be approved for particular filling levels, these filling levels together with filling levels 5 per 
cent above and 5 per cent below the particular filling levels are to be investigated. 
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2.5.3 Where horizontal internal structure members are present, filling levels coinciding with the location of the 
horizontal girder and within a range of 5 per cent above and 5 per cent below the horizontal girder should be 
investigated. 
 

2.6 Ullage pressure 
 

2.6.1 A constant pressure may be added to each mesh cell pressure to reflect an ullage overpressure such as 
in pressurised tanks. 
 

Section 3: Ship motions 
 

3.1 Introduction 
 

3.1.1 The ship motion equations used for the CFD analysis are sinusoidal equations of the form,  
 
 𝐴𝐴(𝑡𝑡) = 𝐴𝐴0sin �2π

𝑇𝑇
𝑡𝑡 + ε� 

 
where 
 
𝐴𝐴0 = motion amplitude (translational or rotational) associated with motion period T, see Ch 5, 3.2 

Motion amplitude definition, in metres 
T = motion period, in seconds 
ε = phase angle, in degrees 

 
3.1.2 The ship motions are semi-regular motions with a slowly decreasing motion period T, see Figure 5.3.1 
Time trace example, and an amplitude associated with motion period T as described in Ch 5, 3.2 Motion 
amplitude definition. 
 

 

Figure 5.3.1 Time trace example 

3.2 Motion amplitude definition 
 

3.2.1 The motions to be considered for the sea conditions given in Table 3.1.1 Associated sea conditions are 
as follows and are to be used with the critical loading conditions: 
 

• Head seas: heave, surge and pitch;  
• Beam seas: heave, sway and roll. 
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3.2.2 The investigation of sloshing in head seas requires that both the aftermost tank and the foremost tank 
be examined if horizontal internal structures are present, as well as the tank closest to amidship. 
 
3.2.3 The default tank motions shall be used unless modified motions are agreed by LR.  
 
3.2.4 The rotational component amplitude form is based on the following equation: 
 
 𝐴𝐴0 = 𝐴𝐴maxe−(𝑇𝑇p−𝑇𝑇n)2/2𝑄𝑄 but not less than specified Amin, in degrees 
 

where 
 
Amax = specified design amplitudes (Φmax or θmax) according to Ch 1, 3.3 Unrestricted ship motions, in 

degrees 
𝑇𝑇n = ship natural period (𝑇𝑇np or 𝑇𝑇nr) according to Ch 1, 3.2 Overview of symbols and definitions, in 

seconds 
𝑇𝑇p = current period, in seconds 
Q = decay constant which is specified in Table 5.3.1 Motion decay factors 

 
The minimum amplitude should be taken as follows: 
 
 Amin = 6° for roll periods > Tn 
   = 0° for roll periods < Tn 
   = 3° for pitch periods > Tn 
   = 0° for pitch periods < Tn 

 
The initial phase angle ε for the rotational component = 0.0°. 
 

Table 5.3.1 Motion decay factors 

Ship Type Roll Pitch 

Liquefied gas tanker  3,5 e�32 𝐵𝐵� �  11,5 

Container ship  2,2 e�40 𝐵𝐵� �  5,0 e�25 𝐵𝐵� � 

Ore carrier  7,0  7,3 
 

3.2.5 The translational motion components heave, surge and sway use a combination of fixed amplitudes and 
linear amplitude reductions as indicated in Figure 5.3.2 Amplitude reduction for translational motions. The 
following definitions apply: 
 

• Maximum amplitudes are specified in Ch 1, 3.3 Unrestricted ship motions, in metres; 
• Start and end periods for the motion reductions can be found in Table 5.3.2 Start and end periods 

for motion reduction, in seconds; 
• Minimum motion amplitude, Amin = 0,1Amax, in metres; 
• Initial phase angle ε for heave = 90°; 
• Initial phase angle ε for surge and sway = 180°. 
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Figure 5.3.2 Amplitude reduction for translational motions 

 

Table 5.3.2 Start and end periods for motion reduction 

 Transverse tank Longitudinal tank 

Liquefied gas tanker Heave, in 
seconds Sway, in seconds Heave, in seconds Surge, in seconds 

Start period 9,8 10,5  10,0 + 𝐿𝐿PP
90�  10,0 + 𝐿𝐿PP

90�  

End period 5,0 5,0  5,1 + 𝐿𝐿PP
175�  4,1 + 𝐿𝐿PP

80�  

Container ship     

Start period 9,8 10,5 14,0 13,5 

End period 5,0 5,0 6,7 4,0 + 3,5𝐿𝐿PP
300�  

Ore carrier     

Start period 10,3 6,0 + 5,0𝐿𝐿PP
300�  12,5 12,5 

End period 5,5 5,5 7,4 8,2 

 

3.3 Motion period definition 
 

3.3.1 The default motion bandwidth covers the periods between 6,5 seconds (Tend) and 14,5 seconds (Tstart). 
 
3.3.2 For statistical convergence it is important to have a similar number of oscillations for all simulations. As 
a consequence, a simulation using a longer motion period at the start will require a longer simulation duration. 
This is controlled in Aquarius using the reference time step which affects how quickly the excitation motion period 
changes during the simulation using: 
 
 𝑇𝑇r =  (𝑇𝑇start + 3)

75�  
 

where 
 
Tstart = motion period at the start of the simulation, in seconds 
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3.3.3 CFD calculations require a slow initiation of the liquid motion in the tank at the beginning of the 
simulation, to avoid unrealistic fluid behaviour caused by excessive motion accelerations. This is controlled in 
Aquarius using a motion ramp-up function using the following settings: 
 

• Number of wave periods = 2; 
• Ramp function type = cosine; 
• The ramp-up will start 1 s after starting the simulation. This is to allow the fluid to settle before 

starting the motion excitations. 
 
3.3.4 The total time used for the simulation is calculated as follows: 
 
 T total = (2Tstart) + 1 + (Tr (Tstart – Tend)1000) 
 

where 
 
Tend  = motion period at the end of the simulation, in seconds 
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CHAPTER 6: Post Processing of CFD Data 
 

Section 1: Sloshing simulation Quality Assurance procedure 

Section 2: Dynamic and static pressure 

Section 3: Loads applied to stiffeners 

Section 4: Loads applied to internal structural members 

Section 5: Effect of wash bulkhead on sloshing pressures 

Section 6: Pressure in tapered tanks 

 

Section 1: Sloshing simulation Quality Assurance procedure 
 

1.1 General 
 

1.1.1 It should be borne in mind that the solution to the sloshing phenomenon is obtained using a complex 
mathematical formulation of the fluid flow solved in an iterative method, and that the tank geometry, intervals and 
fluid are modelled as cells of finite size over which the velocities and pressures are evaluated. As a 
consequence, it is possible that certain tank geometries and internal structural arrangements and/or sloshing 
parameters outside the extensive range covered during the testing and validation of this procedure may present 
some irregularities in terms of fluid flow motion, velocity or boundary pressure. 
 
1.1.2 For these reasons, which are solely due to the combination of modelling assumptions and the type of 
numerical solution, the following guidelines have been developed in order to assist users of Aquarius to detect 
inconsistencies. 
 
1.2 Minimum Quality Assurance post processing requirements 
 
1.2.1 The following list represents the minimum level of post processing for Quality Assurance of the 
simulation. It is recommended to adhere to these guidelines in order to detect any inconsistencies or unexpected 
behaviour which may occur during the simulation as a result of wrong input data or limitations due to assumptions 
or numerical instabilities. The following items are to be examined: 
 

(a) Angular, horizontal and vertical amplitude motion time traces and motion graphs: The excitation spectrum 
(motion graph) should be examined to confirm that the applied amplitudes and periods are in accordance 
with the intended values specified in the procedures manual. 

 
(b) Pressure time histories at cells exhibiting high pressure values: Cells exhibiting high pressures both on 

the tank top and on the vertical boundaries should be examined. Pressure types can be identified by 
zooming in on the pressure pulses in the time history. 

 
(c) Location of maximum pressure in time history: Should the pressure time history indicate that the maximum 

pressure occurs close to the start or the end of the simulation, it will be required to re-run the simulation 
with a modified motion band to move the period when the recorded maximum pressure occurs closer to 
the middle of the simulation band. This is to ensure that the simulation has recorded the maximum 
pressure in the simulation. 

 



SDA Sloshing Loads and Scantling Assessment – July 2022 
 
Chapter 6 – Section 2 

25  Lloyd’s Register 
 

 

Section 2: Dynamic and static pressures 
 

2.1 General  
 
2.1.1 The pressures determined by Aquarius are dynamic in nature, although there will also be a static 
component for pressurised tanks. As the assessment of the response of the structure is based on a static 
analysis, it is required, in certain cases, to convert the dynamic pressures to equivalent static pressures. This 
conversion to static loading is necessary when the load time history is such that the impact period is close to the 
natural period of the loaded structural component. 
 
2.1.2 The equivalent static pressures can be up to 1,5 times the magnitude of the dynamic pressure. Figure 
6.2.1 Dynamic load factor for triangular pulse load illustrates the dynamic load factor dependence on the natural 
frequency of the structural component subjected to dynamic loading of triangular shape and duration t1. 
 

 

Figure 6.2.1 Dynamic load factor for triangular pulse load 

 
 
2.2 Guidelines 
 
2.2.1 The following guidelines are provided to determine if the conversion of dynamic pressure to static 
pressure is required: 
 

(d) If the factor of safety given by the plastic collapse analysis (LR’s ultimate strength software) is superior or 
equal to 1,5 no pressure transformation is required. 

 
(e) If the impact pressure pulse is approximated to a triangular pressure pulse of duration t1 as shown in 

Figure 6.2.1 Dynamic load factor for triangular pulse load, the impact pressure can be considered to be 
quasi-static if t1/T > 2, where T is the natural period of the structural component. In general, this case 
applies for conventional structures subjected to sloshing pressures. 

 
(f) If none of the conditions above are satisfied, conversion of dynamic pressure to static pressure may be 

required. 
 
 
2.3 Conversion of dynamic pressure to equivalent static pressure 
 
2.3.1 The response of structures to dynamic loads can be quite complicated. It must be borne in mind that 
coupling between structural components can and does occur in complex structures. For these cases, the analyst 
must decide whether the various components of the tank wall can be analysed individually or if a multi-degree-of-
freedom system should be used. 
 
2.3.2 If each component of the tank structure is to be analysed individually, it is usually conservative to 
assume rigid support for each element (neglecting flexibility in the supporting structure) and that the sloshing 
forces are transferred undistorted from one member to the next. Often, the response is attenuated by coupling, 
but it can be increased as well. 
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2.3.3 The conversion of the dynamic pressure to a static pressure for assessment of the ultimate strength of 
the structure is based on the following points: 
 

• Solution for plastic behaviour can be based on a dynamic load factor (DLF) which is a function 
of the load time history and the natural period of the structure. 

• The dynamic load factor when multiplied by the peak pressure gives an equivalent static pressure 
to be used for design purposes. 

• For plastic behaviour of structures which are subjected to loads of long duration relative to the 
structure fundamental period, the equivalent static pressure gives good estimates of maximum 
shear reactions in the structures. 

 
 
2.4 Response calculation 
 
2.4.1 The design pressure to be used for the assessment of the structural capability is given as follows: 
 
 Pstatic = Pdynamic DLF 
 
2.4.2 For pressurised tanks the overpressure should be removed from the dynamic pressure component 
Pdynamic and added to Pstatic as a separate component as follows: 
  
 Pstatic = Poverpressure + (Pdynamic DLF) 
 
 
2.5 Pressure conversion procedure 
 
2.5.1 Generally, the worst-case sloshing load for a structural component is one which has the following 
properties: 
 

• Highest pressure; 
• Shortest rise time. 

 
2.5.2 To establish whether a dynamic load factor should be used for a given structural component, the 
following procedure may be used: 
 

(a) Calculate collapse strength of all structural components according to the guidelines provided in 
Ch 7 Strength Assessment. 

(b) Compute the sloshing pressure for all stiffeners using Aquarius. 
(c) Apply a factor of 1,5 to the sloshing pressure values for the structural components which satisfy 

the conditions in Ch 6, 2.2 Guidelines 2.2.1 (this is equivalent to applying the maximum possible 
dynamic load factor). 

(d) Identify the areas which require further investigation (i.e. 1,5 times the sloshing pressure is 
greater than the collapse strength, in association with the utilisation factors given in Ch 7, 3.1 
Utilisation factors). 

(e) Examine the sloshing pressure time history and identify critical impacts according to the 
guidelines provided above. 

(f) Use the table or figure in Ch 6, 2.9 Dynamic load factor charts for triangular pulse load to convert 
the dynamic sloshing pressure into equivalent static sloshing pressure where required. 

(g) Verify that the equivalent static sloshing pressure is less than the collapse pressure of the 
structural components with the associated utilisation factors (Ch 7, 3.1 Utilisation factors). 

 
2.6 Natural frequency of plate 
 

2.6.1 The natural frequency of an isotopic charged plate in air (fair) is given by the following expression: 

𝑓𝑓air = 5,5375 𝑡𝑡
𝑎𝑎𝑎𝑎
��𝑎𝑎

𝑎𝑎
�
2

+ �𝑎𝑎
𝑎𝑎
�
2

+ 0,6045 , in hertz 
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where 
 
a = panel length, in metres 
b = panel breadth, in metres 
t = panel thickness, in metres 

 
2.6.2 fair may be rewritten as follows: 
 
 𝑓𝑓air = 𝐾𝐾𝑡𝑡

𝑎𝑎𝑎𝑎
 

 
where 
 

 𝐾𝐾 = 5,5375��𝑎𝑎
𝑎𝑎
�
2

+ �𝑎𝑎
𝑎𝑎
�
2

+ 0,6045 
 
2.6.3 For a selection of plate panel aspect ratio a/b, the coefficient K is given in Table 6.2.1 K coefficient and 
illustrated in Figure 6.2.2 Natural frequency of a clamped plate in air. 
 
 

Table 6.2.1 K coefficient 

𝒃𝒃
𝒂𝒂

 1,00 1,25 1,50 2,00 3,00 4,00 5,00 6,00 7,00 8,00 

K 8,937 9,278 10,058 12,201 17,260 22,607 28,042 33,516 39,009 44,514 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2.2 Natural frequency of a clamped plate in air 

 

2.7 Natural frequency of plate stiffener 
 
2.7.1 The natural frequency of a plate stiffener in air is given by: 
 

  𝑓𝑓air = 𝐾𝐾i
20π𝐿𝐿2 �

𝐸𝐸𝐸𝐸

𝑚𝑚�1 + π2𝐸𝐸𝐸𝐸
104𝐿𝐿2𝐺𝐺𝐺𝐺

�
 , in hertz 
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where 
 
E = modulus of elasticity, in N/mm2 
I = inertia of stiffener, in cm4 
G  = shear modulus of elasticity, in N/mm2 
A = shear area of stiffener, in cm2 
L  = beam length, in metres 
m  = mass per unit length of the stiffener and associated plating, in kg/m 
K i   = constant, where i refers to the mode of vibration as given in Table 6.2.2 First mode of vibration 

constant Ki 
 
 

Table 6.2.2 First mode of vibration constant K i 

End condition Mode 
1 2 3 4 5 

Simply supported 9,92 - - - - 
Fixed ends 22,40 61,70 121,0 200,0 299,0 
Simple and fixed 15,4 - - - - 

 
 

2.8 Effect of submergence 
 
2.8.1 To obtain the frequency fwater of a plate with one side exposed to air and the other side exposed to a 
liquid, the frequency calculated in air, fair, may be modified by the following formula: 
 

 𝑓𝑓water = 𝑓𝑓air�
𝐾𝐾p

𝐾𝐾p+
ρl
ρp

 

 
where 
 
ρ l  = density of the liquid, in kg/m3 
ρp = density of the plate, in kg/m3 

Kp =   π𝑡𝑡
𝑎𝑎𝑎𝑎
� 𝑎𝑎2

106
+ 𝑡𝑡2 

 
 where a, b and t are defined in Ch 6, 2.6 Natural frequency of plate 2.6.1. 
 
2.9 Dynamic load factor charts for triangular pulse load 
 
2.9.1 For a triangular pulse load as shown in Figure 6.2.3 Triangular pulse load, the maximum DLF is the 
value to be used for conversion of dynamic pressure to static pressure. DLFmax is given in Figure 6.2.4 Triangular 
pulse load DLFmax versus t1/T and Table 6.2.3 Triangular pulse load DLFmax versus t1/T, where T is the natural 
period of the structural component. Linear interpolation may be performed to obtain DLF values for intermediate 
t1/T values. 
 

 

 

 

 

 

 

Figure 6.2.3 Triangular pulse load
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Figure 6.2.4 Triangular pulse load DLFmax versus t1/T 

 

Table 6.2.3 Triangular pulse load DLFmax versus t1/T 

t1/T DLFmax t1/T DLFmax t1/T DLFmax t1/T DLFmax t1/T DLFmax t1/T DLFmax 
0,000 0,000 1,000 1,508 2,000 1,000 3,000 1,158 4,000 1,000 5,000 1,092 
0,100 0,312 1,100 1,481 2,100 0,960 3,100 1,168 4,100 0,978 5,100 1,083 
0,200 0,608 1,200 1,441 2,200 0,953 3,200 1,167 4,200 0,976 5,200 1,069 
0,300 0,875 1,300 1,397 2,300 0,980 3,300 1,155 4,300 0,989 5,300 1,050 
0,400 1,098 1,400 1,342 2,400 1,016 3,400 1,132 4,400 1,007 5,400 1,056 
0,500 1,273 1,500 1,282 2,500 1,055 3,500 1,103 4,500 1,029 5,500 1,058 
0,600 1,391 1,600 1,228 2,600 1,089 3,600 1,084 4,600 1,050 5,600 1,054 
0,700 1,465 1,700 1,165 2,700 1,115 3,700 1,070 4,700 1,069 5,700 1,045 
0,800 1,501 1,800 1,104 2,800 1,126 3,800 1,060 4,800 1,083 5,800 1,032 
0,900 1,514 1,900 1,052 2,900 1,135 3,900 1,025 4,900 1,091 5,900 1,017 

 

 

Section 3: Loads applied to stiffeners 
 

3.1 General  
 
3.1.1 For a vertically stiffened bulkhead, subdivided by horizontal girders or stringers, the applied pressure 
should be an average of that over a height of: 
 

• For the panel, not greater than three times the panel breadth; 
• For the stiffener, the effective length. 

 
3.1.2 For fluid sloshing onto the stiffened side of the plating, the following factors may be applied to the 
sloshing pressures: 
 

• Peffective = 0,90Pcomputed  for the panel;  
• Peffective = 0,70Pcomputed  for the stiffener. 

 
These reduction factors are automatically applied in Aquarius from version 2022 onwards. 
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3.1.3 When the girder is subjected to specified lateral pressure to the unstiffened and stiffened surfaces, the 
applied lateral pressure is the maximum pressure differential applied to each side of the plate at a discrete time 
instant and the applied sloshing pressure is to be taken as the average of the cell pressure values over the span 
of the girder. 
 

Section 4: Loads applied to internal structural members 
 

4.1 General 
 

4.1.1 When internal structural members represented by baffles, web frames or swash bulkheads are present, 
the sloshing pressure applied to the internal member is the maximum differential pressure at discrete time 
instants over the simulation period. The differential pressure can be measured by applying probes to cells on 
both sides of the structural member and is calculated as the difference between the pressures acting at discrete 
time instants at opposite cells about the axis of the structural element. 
 
4.1.2 For some types of analysis, it may be required to obtain the forces acting on the structure. This is 
particularly important for independent cargo tanks for which the forces on the tank supports may be found. 
 
4.1.3 The forces and moments are found by integrating the pressure on all cell boundary edges using probes 
or stiffeners. For stringers and baffles this is explained in Ch 6, 4.2 Loads on stringers and baffles. The centre of 
integration for moment calculation may be different from the centre of rotation for angular motions, and may be 
used, for instance, to find the shear force and tripping moment on selected internal structures. 
 
 
4.2 Loads on stringers and baffles 
 
4.2.1 Internal stiffeners modelled in Aquarius are not physically modelled as they are often much smaller than 
the mesh size, which would result in excessive fluid damping. Instead, the pressure over the stiffener span is 
used to calculate the loads acting on the stiffener. Large internal structure, such as stringers and baffles, will 
affect the fluid behaviour and should be modelled inside the tank. Internal structure can be modelled using the 
baffle or cross-tie options in Aquarius. If it is required to calculate the loads acting on the stringer or baffle, these 
can be obtained by placing probes around the internal structure as illustrated in Figure 6.4.1 Probe placement for 
pressure integration. The internal structure is shown in red and the probes (in blue) are placed around the 
internal structure to record the pressure. This way it is possible to obtain the pressure distribution for every time 
step acting on the internal structure. 
 

 

 

 

 

 

 

 

 

Figure 6.4.1 Probe placement for pressure integration 

4.2.2 When the CFD simulation has finished, it is possible to download the probe data from the Aquarius job 
on the server. The pressure might require converting to the correct units; if the probe data is obtained from the 
OpenFOAM ‘P’ file, the units are N/m2. The pressure per cell length is the difference between the Pu and the Pl 
pressure, with a positive pressure acting downwards in the case illustrated in Figure 6.4.2 Overview of pressure 
mesh cell locations. 
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Figure 6.4.2 Overview of pressure mesh cell locations 

 
4.2.3 The pressures can be converted into a point force by multiplying with the mesh size. This will produce a 
point force per mesh cell width acting at the centre of the cell, as illustrated in Figure 6.4.3 Forces acting on a 
stringer or baffle. 
 

 
Figure 6.4.3 Forces acting on a stringer or baffle 

 

4.2.4 The moment around a particular point can be obtained by multiplying the point forces with the distance 
from the centre of integration (e.g. connection point). The total moment is obtained by summating all moments 
per time step. This will produce a single time trace representing the total moment around the centre of integration 
due to the fluid loads acting on the internal structural component. 
 

 

Section 5: Effect of wash bulkhead on sloshing pressures 
 

5.1 General 
 

5.1.1 Wash bulkheads which represent more than 85 per cent of the tank cross-sectional area are taken as 
being effective as sloshing barriers which limit the free surface length. For the sloshing screening stage, the 
reduced free surface length is to be used to check for potential fluid resonance. 
 
5.1.2 For the CFD sloshing assessment, the wash bulkhead should be included in the tank model. It might be 
required to modify the start period and/or period band in Aquarius, as it is likely that the fluid resonance period 
will be reduced. 
 
5.1.3 In the case where frames or transverse members are installed instead of a wash bulkhead, these should 
be included in the tank model for the CFD sloshing assessment. 
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Section 6: Pressure in tapered tanks 
 

6.1 General 
 

6.1.1 Where tanks are tapered in plan view, such as foremost or aftermost tanks, limited model experiments 
indicate that during pitching the dynamic pressure on the bulkhead at the narrow end can be magnified when 
compared with a tank of uniform section. LR’s CFD software based on two-dimensional cross-sections cannot 
take this aspect into account. The pressure at the narrow end of the tank can be expressed in terms of the 
pressure obtained for a tank of uniform breadth by using the following expression: 
 
 𝑃𝑃tapered = 𝐾𝐾t𝑃𝑃maxbreadth  
 

where 
 
K t  = 0,8e0,2235𝐴𝐴𝐴𝐴𝑎𝑎, see Figure 6.6.1 Sloshing induced loads and typical time trace and Table 6.6.1 

Tapered tank coefficient, Kt 
ARb = the ratio of the maximum breath to the tapered breadth 

 
 

Figure 6.6.1 Sloshing induced loads and typical time trace 

 

Table 6.6.1 Tapered tank coefficient, Kt 

ARb 1,000 1,100 1,200 1,300 1,400 1,500 1,600 1,700 1,800 1,900 

K t 1,000 1,023 1,046 1,070 1,094 1,119 1,144 1,170 1,196 1,223 

ARb 2,000 2,100 2,200 2,300 2,400 2,500 2,600 2,700 2,800 2,900 

K t 1,251 1,279 1,308 1,338 1,368 1,399 1,430 1,463 1,496 1,530 
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CHAPTER 7: Strength Assessment 
 

Section 1: Pressure and stresses 

Section 2: Collapse analysis procedures for stiffened panels 

Section 3: Minimum utilisation factors 

Section 4: Structural analysis of web frames and girders 

Section 5: Corrugated bulkheads 

Section 6: Type C tanks 

 

Section 1: Pressure and stresses 
 

1.1 Introduction 
 

1.1.1 The sloshing pressure obtained by Aquarius is important not only for its value but also as ’pressure 
multiplied by area’; that is, even high pressures cause no damage to the structural member and hence pose no 
problem in terms of structural strength as long as the area acted upon is very small. The panel area surrounded 
by stiffeners is usually taken as being the smallest unit area. The pressure associated with stiffeners in Aquarius 
is based on the average pressure as explained in Ch 5, 2.3 Stiffeners 2.3.1. 
 
1.1.2 Structural members must be strong enough to withstand these effective loads. The plastic collapse load 
is used in many instances to indicate the strength, commonly of both panel and stiffener, taking into account their 
collapse mechanism. For example, the strength of the panel fastened in way of primary and secondary members 
is obtained by calculating the load required to form a roof-shaped hinge. As for the primary members, it is 
necessary to also pay attention to the buckling of the panel which is part of the girders. 
 
1.1.3 An allowance should be made for global bending stresses which might occur as a lifetime value and be 
added to the sloshing load component. 
 

 

Section 2: Collapse analysis procedures for stiffened panels 
 

2.1 Description 
 

2.1.1 The LR ultimate strength software, which is integrated into Aquarius, requires the following information 
for the evaluation: 
 

• Bulkhead type; 
• Direction of stiffening; 
• Material properties; 
• Applied pressure envelope; 
• Thickness of plate panels; 
• Spacing, spans and scantlings of stiffeners. 

 

2.1.2 The program considers a single stiffener and a breadth of panel between that and the next stiffener, or a 
corner of a tank. The panel length is taken as the distance between frames, see Figure 7.2.1 Panel geometry. 
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2.1.3 Stiffeners with the following cross-sections may be examined: angle, bulb plate, flat bar or T cross-
section, see Figure 7.2.2 Stiffener sections and dimensions. 
 
2.1.4 Stiffeners are continuous and effectively supported at every floor, or girder. 
 
2.1.5 Where brackets are used to reduce the effective length of the stiffener, it is assumed that these are 
arranged symmetrically either side of the primary member web, and adequately stiffened. 
 
2.1.6 The plate thickness used in the calculation is to be Rule thickness. When a plate panel consists of two 
or more strakes, then the plate thickness is to be taken as follows: 
 
 𝑡𝑡 =  �0,75𝑡𝑡12 +  0,25𝑡𝑡22 
 

where 
 
t1  = the thickness of the major area of the panel, greater than 2/3 of the panel breadth 
t2  = the thickness of the minor area 

 
2.1.7 Different yield stresses may be specified for the plating and the stiffener. These are to be taken as the 
minimum specified yield stress or 0,5 per cent proof stress. For normal and higher tensile steel or aluminium, 
Poisson’s ratio is to be taken as 0,3. The modulus of elasticity is to be taken as 20,6 × 104 N/mm2 for normal and 
higher tensile steel and 6,89 × 104 N/mm2 for aluminium. For cargoes carried at cryogenic or elevated 
temperatures, the minimum material properties at the corresponding operating temperatures of the structure are 
to be taken. 
 
2.1.8 The panel is allowed an initial shape imperfection and a permanent set. These are the maximum 
deviations of the panel from a plane surface for the undeformed panel, prior to the application of the forces, and 
the deformed panel, respectively. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2.1 Panel geometry 
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Figure 7.2.2 Stiffener sections and dimensions 

 

2.2 Assumptions and limitations 
 

2.2.1 The initial shape imperfection and the allowable permanent set are determined by the program from the 
specified stiffener spacing. The initial shape imperfection and the permanent set are measured positive towards 
the stiffener and negative away from the stiffener. Default values of panel characteristics are shown as follows: 
 
2.2.2 Initial panel imperfection = 𝑠𝑠/�120�𝑘𝑘p� 
 

where 
 
 𝑘𝑘p = �245 σop� � 
σop is the uniaxial yield stress of plate material. 

 
2.2.3 The panel permanent set is: 
 

• s/400 for longitudinal bulkhead 
• s/300 for transverse bulkhead 

 

2.2.4 The panel membrane stiffness factor is: 
 

• 10 for longitudinal bulkhead, longitudinal stiffening 
• 4 for longitudinal bulkhead, transverse stiffening 
• 8 for transverse bulkhead, transverse stiffening 
• 4 for transverse bulkhead, vertical stiffening 

 
2.2.5 Corrosion margins are incorporated in the utilisation factors given in Ch 7, 3.1 Utilisation factors. 
 
2.2.6 Corrugated bulkheads should be assessed using the approach described in Ch 7, 5 Corrugated 
bulkheads. 
 
2.2.7 Type C pressurised tanks should be assessed using the approach described in Ch 7, 6 Type C tanks. 
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2.3 Applied stresses 
 

2.3.1 The panel is also subjected to the following applied in-plane stresses: a stress acting in the direction of 
the stiffener span (axial stress), a stress acting in the direction perpendicular to the stiffener span (transverse 
stress), and a shear stress, see Figure 7.2.1 Panel geometry. The applied in-plane stresses, with the exception of 
those given in Ch 7, 2.3 Applied Stresses 2.3.2, are determined by the program from the panel location and 
bulkhead orientation. The stresses are input relative to the stiffener direction, and therefore depend on whether 
the plating is longitudinally or transversely stiffened. 
 
2.3.2 The applied in-plane stresses which, if applicable, are to be input by the user are: 
 

• Axial stress for sloshing loads on a transversally stiffened transverse bulkhead or on a 
longitudinally stiffened longitudinal bulkhead. 

• Transverse stress for sloshing loads on a vertically stiffened transverse bulkhead or on a 
vertically stiffened longitudinal bulkhead. 

• Shear stress for sloshing loads on a longitudinal bulkhead. 
 
2.3.3 It should be noted that consideration should be given to the torsional/lateral bending strength of internal 
stiffeners. 
 
2.4 Hull longitudinal stresses for longitudinal bulkheads 
 
2.4.1 Longitudinal still water (sw) and wave (w) direct stresses of magnitude (σsw + 0,25σw) combined with 
shear stresses (τsw + 0,25τw) appropriate to the position of each panel being considered should be applied. For 
transversely stiffened bulkheads, tensile longitudinal stresses need not be considered. 
 

 

Section 3: Minimum utilisation factors 
 

3.1 Utilisation factors 
 

3.1.1 Utilisation factors are to be less than the values given below and in the relevant ship procedural 
document. 
 
3.1.2 Longitudinal bulkhead 
 

• maximum allowable pressure on panel  0,91 
• maximum allowable pressure on stiffener  0,67 
• maximum allowable pressure range on stiffener 0,67 

 
3.1.3 Transverse bulkhead 
 

• maximum allowable pressure on panel   0,77 
• maximum allowable pressure on stiffener   0,67 
• maximum allowable pressure range on stiffener 0,91 

 
3.1.4 Deck 
 

• maximum allowable pressure on panel  1,00 
• maximum allowable pressure on stiffener  1,00 
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Section 4: Structural analysis of web frames and girders 
 

4.1 Introduction 
 

4.1.1 Horizontal/vertical web frames and girders are in some cases subjected to high impact pressures. The 
behaviour of these structural elements under lateral pressure loading differs from that of the tank boundaries 
since they have a relatively greater deflection in the direction perpendicular to the plane of the structural element 
due to the free edge at the face plate. The effect of the free edge is to change the load distribution on the flat bar 
stiffener and tripping brackets, so that maximum bending moments and shear forces will be concentrated at the 
fixed end where they are connected to the primary members. In addition, submerged web frames and girders are 
subjected to continuous pulsating loads as a result of the fluid oscillatory motion. This phenomenon may lead to 
fatigue damage of the web frame or girder elements, particularly the tripping brackets, stiffeners and bracket 
toes. 
 
4.1.2 Examination of damage records indicates that, to date, no damage to web frames or girders attributed to 
sloshing loads has been recorded. The following web frame and girder structural analysis procedure is therefore 
given as a guide to be used when it is considered necessary to verify the strength of web frames and girders. If 
the application of this procedure indicates that significant reinforcements are required, the requirements should 
be specially considered by taking into account service experience of a similar structure on a tank of similar size 
on board a similar ship operating under similar partial filling conditions. 
 
 
4.2 Finite Element Analysis 
 
4.2.1 To assess the strength of the web frame or girder, a Finite Element (FE) model of the web frame or 
girder is to be performed. The web frame or girder should be idealised using plate and beam elements as shown 
in Figure 7.4.1 Typical girder FE idealisation. The boundary conditions to be applied to the model are shown in 
Table 7.4.1 Boundary conditions. The modelling is to be performed according to the guidelines in DCPD Ch 3 
Plane Frame [2]. 
 
4.2.2 The level of strength of the stiffeners and tripping brackets is to be checked using both elastic and 
plastic analysis. The level of strength of the plating stiffeners is also to be examined. The strength of the plating is 
to be checked both on an elastic basis by using the results from the FE model and on a plastic basis by using the 
axial loads determined from the FE model to perform the plastic collapse strength assessment outlined in Ch 7, 2 
Collapse analysis procedures for stiffened panels. 
 
 

Table 7.4.1 Boundary conditions 

Structures Types of 
constraints Position Constraints 

Intersection of horizontal girder and 
longitudinal plating Boundary All grid points 1, 2, 3, 4, 5, 6 

Intersection of horizontal girder 
plating and transverse plating Boundary All grid points 1, 2, 3 

Intersection of tripping 
brackets/face flat stiffeners and 
transverse plating 

Boundary All grid points 1, 2, 3, 4, 5, 6 
Imposed moment from frame analysis 
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4.3 Analytical structural analysis 
 

4.3.1 The plating capability is to be assessed using LR’s ultimate strength software in association with the 
utilisation factors defined in Ch 7, 3.1 Utilisation factors. However, since this software is not applicable to a 
cantilever stiffener, an alternative procedure equivalent to this software has been formulated to assess the 
structural capability of stiffeners and tripping brackets under sloshing loads. The procedure is based on the 
estimation of the plastic collapse pressure for the girder stiffeners and tripping brackets. This procedure is 
illustrated in Figure 7.4.3 Plastic collapse for the girder stiffeners and tripping brackets and is to be applied in 
association with a utilisation factor of 0,5. 
 
4.3.2 Applied loads 
 

• For bulkhead stringers, the application of the sloshing loads on the bulkhead provides a bending 
moment at the connection of the bulkhead stringers. The moment is to be determined using either 
the simple model shown in Figure 7.4.2 Typical frame to determine applied moment or an 
equivalent procedure. 

 
4.3.3 Hull longitudinal stresses 
 

• For girders in the longitudinal direction, such as deck girders, longitudinal still water (sw) and 
wave (w) direct stresses of magnitude (σsw + 0,25σw) combined with shear stresses (τsw + 
0,25τw) appropriate to the position of each panel being considered should be applied. 

• For girders in the transverse direction, such as bulkhead stringers, tensile longitudinal stresses 
need not be considered. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4.1 Typical girder FE idealisation
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Figure 7.4.2 Typical frame to determine applied moment 

Moment 
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Figure 7.4.3 Plastic collapse for the girder stiffeners and tripping brackets
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Section 5: Corrugated bulkheads 
 

5.1 Introduction 
 

5.1.1 The ultimate strength assessment software used in Aquarius is only suitable for plate stiffener 
combinations. For corrugated bulkheads, the strength assessment to assess the suitability of corrugated 
bulkhead designs is based on the pressure envelope curve over the height of the bulkhead from the CFD 
software Aquarius in combination with the Common Structural Rules for Bulk Carriers and Oil Tankers. 
 
 
5.2 Pressure calculations 
 
5.2.1 The corrugated bulkhead should be modelled in Aquarius by placing a stiffener at every 1 m interval. 
The properties of the stiffener are not important, as only the calculated pressure at the stiffener location is used 
for further processing. 
 
5.2.2 All allowed filling levels should be investigated in increments of 10 per cent using the standard SDA 
motions. The filling levels 5 per cent above and below the critical filling level should also be investigated. This is 
required to make sure that the maximum impact pressure has been captured by the CFD calculation.  
 
5.2.3 The ultimate strength calculations in Aquarius produce the maximum design pressure peaks for all 
stiffeners modelled. These results can be exported to a CSV file and used to calculate the pressure envelope 
curve. 
 
5.2.4 The pressure envelope curve can be obtained by calculating the maximum pressure per height using 
the results from all filling levels and loading conditions investigated, as illustrated in Figure 7.5.1 Pressure 
envelope curve example. 
 

 

Figure 7.5.1 Pressure envelope curve example 
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5.3 Required corrugation plate thickness 
 

5.3.1 The net thickness of plating, t, in mm, is to be calculated in accordance with Pt 1, Ch 10, Section 4, 
2.1.1 Net Thickness of the Common Structural Rules for Bulk Carriers and Oil Tankers. The pressure Pslh is to be 
replaced by the pressures from the pressure envelope curve. 
 

 

Section 6: Type C tanks 
 

6.1 Assessment methodology 
 

6.1.1 Type C tanks can be modelled in Aquarius using a ‘Type 5’ tank shape. Dished ends are modelled as an 
ellipsoid or hemispherical shape defined by a horizontal and vertical radius, see Figure 7.6.1 Type C dished end 
shape. This shape is also suitable for torispherical dish ends. 
 

 

 

 

 

 

 

 

 

 

 

Figure 7.6.1 Type C dished end shape 

 

6.1.2 The pressure acting on the dished ends can be obtained by using stiffeners along the length of the 
dished ends. Only the calculated maximum pressure value from the ultimate strength calculations is used, as the 
capacity is not valid in this case. In general, it is sufficient to model a stiffener every 1 m. 
 
6.1.3 For the tank design it is important that all internal structures affecting the fluid dynamics, such as 
support stiffeners and wash bulkheads, are modelled. A wash bulkhead can be modelled in a two-dimensional 
tank by using the same cross-sectional blockage percentage as the actual wash bulkhead. It is also important to 
represent the cross-sectional variation as closely as possible in case this is not constant along the height of the 
wash bulkhead. An example of a Type C tank in Aquarius including internal structures and stiffeners added to the 
dished ends can be found in Figure 7.6.2 Type C tank including internal structure. 
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Figure 7.6.2 Type C tank including internal structure 

 

6.1.4 If the dished end is made up of plate sections of varying thickness, the maximum pressure per plate 
section from the ultimate strength calculations should be used. For example, in Figure 7.6.3 Stiffeners attached to 
plate section the plate section in red has three stiffeners attached. The maximum pressure obtained from the 
ultimate strength calculations for any of the stiffeners should be used for the whole plate section. This pressure 
should not exceed the design pressure for the plate section investigated. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.6.3 Stiffeners attached to plate section 
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CHAPTER 8: Analysis Example 
 

Section 1: Sloshing resonance screening 

Section 2: Sloshing pressure determination 

 

Section 1: Sloshing resonance screening 
 

1.1 General 
 

1.1.1 The purpose of this example is to perform a sloshing resonance screening in order to determine whether 
a sloshing pressure determination is required. The example is based on an LNG Carrier for approval of fill heights 
below 10%H and above 70%H. 
 
1.1.2 General particulars for the LNG Carrier are shown in Table 8.1.1 Ship data. 
 
Table 8.1.1 Ship data 

Length Lpp (m) 277 

Breadth moulded (m) 44 

Depth moulded (m) 26,5 
Scantling draught (m) 12 

GM (m) 4,70 
Cb 0,8282 

 
 
1.1.3 For this example, only the transverse roll cases have been investigated. The tank dimensions can be 
found in Table 8.1.2 Tank dimensions. 
 
Table 8.1.2 Tank dimensions 

Tank breadth (m) 41 

Tank height (m) 30 

Lower chamfer height (m) 9,0 

Upper chamfer height (m) 3,5 
 
 
1.1.4 For the sloshing resonance screening, the two loading conditions with the most extreme ship roll period 
will be used to check what fill heights (if any) will require further investigation using the sloshing pressure 
determination. The parameters affecting the ship roll period and the resulting ship roll period for the two loading 
conditions can be found in Table 8.1.3 Loading conditions. 
 

Table 8.1.3 Loading conditions 

 Ballast Loaded 
Radius of gyration (m) 21 16 

Transverse metacentric height (m) 10 4,5 

Ship natural roll period (s) 15,6 17,7 
 
1.1.5 The fluid natural period is dependent on the tank effective width (LS), which in this case will only be 
affected by the tank chamfers. The overview of the tank effective width and the fluid natural period (Tnr) can be 
found in Table 8.1.4 Fluid natural periods. 
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Table 8.1.4 Fluid natural periods 

Fill height 
(% of tank height) 

Tank effective width, Ls 

(m) 
Fluid natural period, Tnr 
(s) 

95 26 5,8 
90 29 6,1 

85 32 6,4 

80 35 6,8 

75 38 7,1 

70 41 7,5 

65 41 7,6 

60 41 7,7 

55 41 7,9 

50 41 8,0 

45 41 8,2 

40 41 8,5 

35 41 8,9 

30 41 9,4 

25 41 10,1 

20 41 11,1 

15 41 12,6 

10 40 14,9 

5 37 19,3 
 

1.1.6 In order to determine what fill heights require further investigation, the band indicating 5 seconds below 
the ballast natural roll period and the band indicating 5 seconds above the loaded natural roll period are 
included in Figure 8.1.1 Tank resonance screening results. 
 

Figure 8.1.1 Tank resonance screening results 
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1.1.7 This LNG Carrier fails the resonance screening requirements for fill heights of 20 per cent or less of the 
tank height, as indicated in red. These fill heights require further investigation, as there is a likelihood of sloshing 
resonance. As this example investigates an LNG Carrier with an approved fill height of less than 10 per cent of 
the tank height, it is not required to investigate the 15%H or 20%H fill heights. As 5%H is unlikely to generate 
high impact pressures due to the lack of fluid mass in the tank, it is sufficient to limit the pressure determination 
investigation to a fill height of 10 per cent of the height of the tank. 
 
 

Section 2: Sloshing pressure determination 
 

2.1 Model setup 
 

2.1.1 A sloshing pressure determination is performed for the LNG Carrier described in Ch 8, 1 Sloshing 
resonance screening. Only the 10%H fill height case is used, as described in Ch 8, 1.1 General 1.1.7. 
 
2.1.2 The first step is to enter the main ship particulars and loading condition information in Aquarius, see 
Figure 8.2.1 Ship and loading condition information. 
 

Figure 8.2.1 Ship and loading condition information 

 

2.1.3 For the transverse roll assessment, the motions will be the same for all tanks, so, unless the tank shape, 
scantlings or transverse tank positions are different, it does not matter which tank is used. For the longitudinal 
pitch case every tank will experience different motions, so a different simulation will always be required. For this 
example only the transverse roll case is assessed. 
 
2.1.4 The LNG membrane tank main dimensions are shown in the Table 8.1.2 Tank dimensions. 
 
2.1.5 The LNG membrane tank shape in Aquarius is a transverse Type 4, of which the cross-section is 
displayed in Figure 8.2.2 Aquarius tank shape. 
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Figure 8.2.2 Aquarius tank shape 

 

2.1.6 The tank location within the ship model is shown in Table 8.2.1 Tank position. 
 
 
Table 8.2.1 Tank position 

Tank centre from midship (m) 45 

Tank centre from centreline (m) 0 

Height of inner bottom (m) 3 
 
 
2.1.7 In this example the investigation is limited to the 10%H fill height and only stiffeners in the bottom area 
of the tank are modelled. The plate thickness and stiffener details can be found in Table 8.2.2 Stiffener and plate 
details. The plate and stiffener material is mild steel, the default panel properties are used and the frame spacing 
is 3400 mm. All additional panel stresses due to global loads acting on the ship structure are set to 0 N/mm2 for 
this example. 
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Table 8.2.2 Stiffener and plate details 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.8 The motions used are the default SDA motions. Detailed motion parameters can be found in Figure 
8.2.3 Aquarius advanced motion details and the motion time traces are displayed in Figure 8.2.4 Roll motion time 
trace, Figure 8.2.5 Heave motion time trace and Figure 8.2.6 Sway motion time trace. 
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Figure 8.2.3 Aquarius advanced motion details 

 

 

 

Figure 8.2.4 Roll motion time trace 
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Figure 8.2.5 Heave motion time trace 

 

 

Figure 8.2.6 Sway motion time trace 

 

2.1.9 The tank fill height is set at 10%H and the tank fluid used is LNG, with LNG vapour as the gas. The 
internal tank overpressure is set to 0 kN/m2.  
 
2.1.10 The mesh for a Type 4 tank shape can be improved by increasing the block modifier value. This value 
will increase the tank side blocking areas so the cells at the top and bottom of the tank will not become extremely 
small. Small mesh cells will increase the computational time required for the simulation, as they will require a very 
small calculation time step. For this tank, the block modifier was set at 22 (Design tab sheet – General – 
Advanced button in ‘Mesh Cell Size’). Further information can be found in the Aquarius user manual [1]. The final 
tank mesh including the plate strakes and stiffeners is displayed in Figure 8.2.7 Tank mesh and stiffeners. 
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Figure 8.2.7 Tank mesh and stiffeners 

 

2.1.11 After running the CFD simulation the stiffener data has to be downloaded from the server before the 
ultimate strength calculations can be carried out, as this software is part of the Aquarius software on the local 
computer. The results from the ultimate strength calculations can be found in Table 8.2.3 Ultimate strength 
results. 
 
 
Table 8.2.3 Ultimate strength results 

 
 
2.1.12 The default dynamic amplification factor (DAF) used in Aquarius is 1,0, as can be seen in Table 8.2.3 
Ultimate strength results. It is possible to change this value in the Aquarius preferences. Calculating the correct 
DAF for every stiffener is a time-consuming job. By applying the maximum dynamic amplification factor (DAF = 
1,514) for all panels/stiffeners it is possible to check if any structures fail, and the correct DAF will only have to be 
calculated for the failed structures. The DAF can be incorporated either by multiplying the maximum pressure 
with the DAF or by dividing the panel/stiffener capacity by the DAF.  
 

2.1.13 The panel and stiffener utilisation factors calculated by Aquarius will have to satisfy the maximum 
allowable utilisation for the bulkhead considered. In this case (longitudinal bulkhead), the maximum utilisation 
factor is 0,91 for the panel and 0,67 for the stiffener. 
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2.1.14 Table 8.2.4 Utilisation factors lists the final utilisation factors for the structure used in the example tank 
for a fill height of 10%H. All panels and stiffeners in this example satisfy the SDA sloshing loads and scantling 
assessment requirements. 
 
 
Table 8.2.4 Utilisation factors 
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	CHAPTER 1: Introduction
	Section 1: Introduction
	1.1 General
	1.1.1 The objective of this procedure is to describe the assessment of boundary structures of partially filled tanks and liquid carrying holds, and to enable the determination of lifetime maximum design sloshing pressures for anticipated filling level...
	1.1.2 Any scantlings derived as a result of this procedure are to be regarded as additional to the Rule requirements for full tanks and liquid carrying holds.
	1.1.3 Where partial filling of tanks and liquid carrying holds is required, the likelihood of sloshing from the ship both rolling and pitching is to be investigated. Sloshing is defined as a dynamic magnification of internal pressures acting on the bo...
	1.1.4 For any tank design, dimensions, internal stiffening and filling level, a resonant period (or frequency) of the fluid exists, which, if excited by ship motions, can result in very high pressure magnifications.
	1.1.5 This procedure applies to tanks and liquid carrying holds of arbitrary shape filled with liquids, including spherical or cylindrical tanks. In addition, some tanks, by virtue of their shape, size or degree of internal stiffening, will not be sub...
	1.1.6 The estimated sloshing pressures may be used to determine the scantlings necessary to prevent structural collapse using an appropriate structural collapse theory, in association with defined criteria.
	1.1.7 The strength assessment is based on safety against collapse. The calculations may be carried out using LR’s ultimate strength software, which is included in LR’s CFD software Aquarius.
	1.1.8 Examples of sloshing assessment calculations are shown in Ch 8 Analysis Example.

	1.2 Applicability
	1.2.1 The following plans and information are required to perform a sloshing and scantling investigations:


	Section 2: Fluid sloshing phenomena
	2.1 Sloshing waves
	2.1.1 As the tank oscillates, different sloshing waves will be created, depending on the filling level and frequency of oscillations. An infinite number of different modes of liquid motion may occur, depending on the conditions of excitation and filli...
	2.1.2 Standing wave: The movements of the liquid particles on the surface are essentially vertical, the surface having one or more locations where practically no vertical surface displacement takes place. Standing waves generally occur when F/Ls is gr...
	2.1.3 Travelling wave: A wave crest travels back and forth between vertical tank boundaries. Travelling waves generally occur when F/Ls is less than 0,2 and impart high impact pressures to both the side walls and the tank top.
	2.1.4 Hydraulic jump: This phenomenon, which might be considered as a special case of a travelling wave, is characterised by a discontinuity (jump) in the surface, forming a vertical front which travels periodically back and forth in the tank. Like th...
	2.1.5 Combination wave: A combination of standing waves and travelling waves.
	2.1.6 For low filling, a standing wave is formed when the tank is oscillating at a frequency far below the fluid natural frequency. As the excitation frequency increases, this transforms into a train of progressive waves having a very short wavelength...
	2.1.7 For high filling levels, the sloshing phenomenon near resonance is characterised by the formation of standing waves of large amplitudes. These waves are non-symmetric and may be combined with travelling waves at large amplitude of excitation.

	2.2 Sloshing induced loads
	2.2.1 Liquid sloshing involves different types of hydrodynamic loads acting upon the tank boundary and its internal structure. There are two types of dynamic pressure which can arise from liquid sloshing, namely non-impulsive pressure and impulsive pr...
	2.2.2 Non-impulsive dynamic pressure: These are slowly varying loads, pulsating with a period of the order of the sloshing wave period, i.e. a period of the order of the fluid natural period and/or excitation period.
	2.2.3 Impulsive dynamic pressure type I: These are due to a rapid but continuous build-up of liquid and liquid pressure on the surface of a member which is gradually being immersed. The impulse duration is typically in the order of 1/10 of the sloshin...
	2.2.4 Impulsive dynamic pressure type II: These are due to localised impact pressure arising from the collision between the fluid and the solid surface. Such pressures can be extremely high and of extremely short rise time duration in the range 1/100 ...
	2.2.5 Total dynamic forces and moments: These loads arise from the slowly varying non-impulsive hydrodynamic pressure distribution on the tank boundaries with a period of the order of the sloshing wave period.
	2.2.6 Drag and inertial forces: These non-impulsive forces act on submerged members with time fluctuations related to the sloshing wave period.
	2.2.7 Vortex induced pressure field: These pressure fields develop around slender members located in the field of oscillating liquid. Interaction between the generated pressure fluctuations and natural modes of structural vibrations in the member may ...


	Section 3: Definitions
	3.1 Units
	3.1.1 The units used throughout are consistent with the SI standard where the basic quantities are the metre, the kilogram and the second (MKS system), except for angular measurement which is in degrees.

	3.2 Overview of symbols and definitions
	3.2.1 The following definitions should be used to determine the ship response motions. These expressions correspond to ship motions with a probability of occurrence of once in a ship design life of 20 years for head seas. As it is unlikely that the ve...
	3.2.2 The vertical centre of rotation is to be taken at the VCG for the loading condition under consideration.
	3.2.3 The longitudinal centre of rotation is to be taken at the LCG for the loading condition under consideration. When this is unavailable, the longitudinal centre of rotation may be taken at midship.

	3.3 Unrestricted ship motions
	3.3.1 The following definitions are applicable, except where otherwise stated:

	3.4 Site specific ship motions
	3.4.1 When using site specific ship motions, direct calculation procedures capable of taking into account the ship’s actual form and weight distribution should be performed in order to determine the ship motions. Such methods will involve the derivati...
	3.4.2 The environmental data, in the form of a wave scatter diagram or metocean data, should be investigated for the site location and be of sufficient duration to make sure all sea states are included.
	3.4.3 The relative wave heading distribution needs to be representative for the situation under investigation. This could be either based on a fixed absolute heading (e.g. jetty) or obtained using a heading analysis (e.g. weathervaning).
	3.4.4 The short-term motion analysis is to be based on the significant amplitudes using the design life envelope curve of the wave scatter diagram.
	3.4.5 The resulting motions for the three degrees of freedom per cross-section can be assessed per wave period and the default SDA motions can be modified to match the motion amplitudes and phases obtained from the direct calculations as accurately as...
	3.4.6 It might be required to check relative wave headings away from pure head/beam seas.



	CHAPTER 2: Summary of the Procedure
	Section 1: Introduction
	1.1 General overview
	1.1.1 This Chapter describes the two levels of sloshing assessment in more detail. Level 1 is the sloshing screening stage, which checks for all filling levels of interest if significant fluid motions in the tank are likely. If likely, a Level 2 CFD s...
	1.1.2 Significant dynamic magnification is considered unlikely for the following cases:


	Section 2: Assessment levels
	2.1 Level 1: Sloshing screening stage
	2.1.1 Based on LR’s experience and numerical studies of a number of cases, it is considered that significant magnification of the fluid motions can occur if the following conditions are found:
	2.1.2 This level of assessment is sufficient where the ship’s response rolling period differs from the fluid’s natural period for transverse oscillatory flow by more than 5 seconds, and where the ship’s response pitching period exceeds the fluid’s nat...

	2.2 Level 2: CFD sloshing assessment
	2.2.1 Where the sloshing resonance screening indicates that significant fluid motions are likely, a sloshing pressure determination assessment is required using CFD software, such as the LR CFD-based software Aquarius, for the critical filling levels.
	2.2.2 Aquarius incorporates a GUI for setting up the tank shape, plate strakes and stiffener distribution along the tank boundaries.
	2.2.3 The structural capability of the tank boundaries to withstand the dynamic sloshing pressures is to be determined using LR’s ultimate strength software, which is part of Aquarius. This software considers the lateral pressure on a stiffened panel ...
	2.2.4 The ultimate strength of the plating is calculated on the basis of a defined allowable permanent set, taking into account the membrane stress induced in the panel as it deforms. For the stiffeners, a classical plastic collapse method is used, ta...



	CHAPTER 3: Loading Conditions for Sloshing Analysis
	Section 1: General considerations
	1.1 General overview
	1.1.1 Where partial fillings are contemplated in all tanks of a ship, the following tanks are to be considered in the analysis together with associated sea conditions given in Table 3.1.1 Associated sea conditions.
	1.1.2 The response periods of the ship for a given motion type should be determined for the service loading conditions agreed between the builder and the society. When a ship is to be approved for arbitrary tank filling, all approved safe loading cond...


	Section 2: Loading condition selection
	2.1 General
	2.1.1 The following loading conditions are provided as a guideline to the most critical conditions:
	2.1.2 Experience indicates that the shorter the ship response period, the greater the impact pressure. This would therefore suggest that the loading conditions with the shortest ship response period should be considered as production cases during the ...

	2.2 Requirements
	2.2.1 Liquefied gas tankers using unrestricted filling levels – unspecified seagoing loading condition:
	2.2.2 Liquefied gas tankers using restricted filling levels – unspecified seagoing loading condition:
	2.2.3 Liquefied gas tankers using unrestricted filling levels – specified seagoing loading condition:
	2.2.4 Liquefied gas tankers using restricted filling levels – specified seagoing loading condition:
	2.2.5 Ore carriers using LNG as a fuel:
	2.2.6 Container ships using LNG as a fuel:



	CHAPTER 4: Level 1: Sloshing Screening Stage
	Section 1: Introduction
	1.1 General
	1.1.1 Where a sloshing screening stage is sufficient in accordance with Ch 2, 2.1 Level 1: Sloshing screening stage, the following points need to be observed:


	Section 2: Level 1 approach
	2.1 Critical fill range
	2.1.1 For sloshing in the roll motion mode shown in Figure 4.2.1 Level 1 diagram for roll motion, the critical fill range extends from F1 to F4, which corresponds to the period range (Snr_Ballast – 5) to (Snr_Loaded + 5). All filling levels between F1...
	2.1.2 Similarly, for sloshing in the pitch motion mode shown in Figure 4.2.2 Level 1 diagram for pitch motion, the critical fill range extends from F1 to F4 (F4 = 0,1 per cent of maximum filling level), which corresponds to the period range (Snp_Balla...
	2.1.3 The critical fill range to be investigated using the CFD sloshing assessment may also be determined by using the following formula:



	CHAPTER 5: Level 2: CFD Sloshing Assessment
	Section 1: Introduction
	1.1 General
	1.1.1 Where a CFD sloshing assessment is required in accordance with Ch 4, 2.1 Critical fill range, sloshing pressures are to be obtained using a volume of fluid or other approved numerical solution similar to the one implemented in the Aquarius softw...
	1.1.2 The excitation is to cover conditions that would produce a maximum design pressure envelope on the tank boundaries, taking into account the significant combinations of ship motion amplitudes and periods, and liquid natural periods which could oc...

	1.2 Aquarius software
	1.2.1 Basic operation instructions for the Aquarius software can be found in the software user manual [1].
	1.2.2 Aquarius uses the three-dimensional CFD solver OpenFOAM but, in order to optimise the calculations, the assessment is limited to a two-dimensional cross-section in the longitudinal and transverse directions. The motions are based on semi-regular...
	1.2.3 A model of the transverse and longitudinal sections of the most exposed cargo tank is to be prepared using Aquarius or an alternative acceptable software solution.


	Section 2: Tank modelling
	2.1 Mesh spacing
	2.1.1 Aquarius will automatically divide the tank into a number of blocking zones depending on the tank type selected. These blocking zones will be individually meshed, but cells from one zone will be aligned with cells from another zone to maintain c...
	2.1.2 The Aquarius OpenFOAM solver is configured to use a dynamic time step which is dependent on the fluid velocity and mesh size. High velocities in the ullage gas (the gas in the tank is modelled as a fluid with low density and viscosity) passing t...
	2.1.3 The mesh spacing is automatically calculated to have approximately 100 cells across the width/length of the tank for most tank shapes. This mesh density is sufficient for conventional tank shapes. If the tank has unconventional dimensions, it mi...

	2.2 Internal tank structures
	2.2.1 Many tanks have internal structures. The main effect of such structures is to slow down the fluid motions, but sometimes its effects are more important and less obvious.
	2.2.2 Conceptually, the effect of this form of construction is to prevent the passage of fluid through an imaginary line drawn in the fluid, imparting zero fluid velocity across this line. The modelling of internal structures is based on blocking mesh...

	2.3 Stiffeners
	2.3.1 Stiffeners defined in Aquarius do not affect fluid behaviour in the tank. The Aquarius stiffener definition calculates the average pressure along the stiffener spacing for out-of-plane stiffeners and the average pressure along the frame spacing ...

	2.4 Properties of the fluid and gas
	2.4.1 The properties of the fluid and the amount of fluid in the tank affect the pressure loads obtained from sloshing. The initial static filling level and physical properties of the idealised fluid used in the calculations are specified in the analy...
	2.4.2 The filling level is specified as a percentage of the maximum depth of the tank, H, as defined in Ch 1, 3.2 Overview of symbols and definitions 3.2.1, or in metres from the bottom of the tank.
	2.4.3 The physical properties of the fluid are specified using density and kinematic viscosity. A number of default fluids are available in the drop-down menu in Aquarius, but these should only be used as an estimate of the fluid properties. If fluid ...
	2.4.4 The physical properties of the gas are specified using density and kinematic viscosity. A number of default gases are available in the drop-down menu in Aquarius. If gas properties are specified for the sloshing assessment, these should be used ...

	2.5 Fill range investigation
	2.5.1 The filling levels investigated are to be taken in 10 per cent increments from the bottom of the tank. Only filling levels indicated by the Level 1 assessment to have a likelihood of experiencing sloshing resonance are to be included in the slos...
	2.5.2 If a tank is to be approved for particular filling levels, these filling levels together with filling levels 5 per cent above and 5 per cent below the particular filling levels are to be investigated.
	2.5.3 Where horizontal internal structure members are present, filling levels coinciding with the location of the horizontal girder and within a range of 5 per cent above and 5 per cent below the horizontal girder should be investigated.

	2.6 Ullage pressure
	2.6.1 A constant pressure may be added to each mesh cell pressure to reflect an ullage overpressure such as in pressurised tanks.


	Section 3: Ship motions
	3.1 Introduction
	3.1.1 The ship motion equations used for the CFD analysis are sinusoidal equations of the form,
	3.1.2 The ship motions are semi-regular motions with a slowly decreasing motion period T, see Figure 5.3.1 Time trace example, and an amplitude associated with motion period T as described in Ch 5, 3.2 Motion amplitude definition.

	3.2 Motion amplitude definition
	3.2.1 The motions to be considered for the sea conditions given in Table 3.1.1 Associated sea conditions are as follows and are to be used with the critical loading conditions:
	3.2.2 The investigation of sloshing in head seas requires that both the aftermost tank and the foremost tank be examined if horizontal internal structures are present, as well as the tank closest to amidship.
	3.2.3 The default tank motions shall be used unless modified motions are agreed by LR.
	3.2.4 The rotational component amplitude form is based on the following equation:
	3.2.5 The translational motion components heave, surge and sway use a combination of fixed amplitudes and linear amplitude reductions as indicated in Figure 5.3.2 Amplitude reduction for translational motions. The following definitions apply:

	3.3 Motion period definition
	3.3.1 The default motion bandwidth covers the periods between 6,5 seconds (Tend) and 14,5 seconds (Tstart).
	3.3.2 For statistical convergence it is important to have a similar number of oscillations for all simulations. As a consequence, a simulation using a longer motion period at the start will require a longer simulation duration. This is controlled in A...
	3.3.3 CFD calculations require a slow initiation of the liquid motion in the tank at the beginning of the simulation, to avoid unrealistic fluid behaviour caused by excessive motion accelerations. This is controlled in Aquarius using a motion ramp-up ...
	3.3.4 The total time used for the simulation is calculated as follows:



	CHAPTER 6: Post Processing of CFD Data
	Section 1: Sloshing simulation Quality Assurance procedure
	1.1 General
	1.1.1 It should be borne in mind that the solution to the sloshing phenomenon is obtained using a complex mathematical formulation of the fluid flow solved in an iterative method, and that the tank geometry, intervals and fluid are modelled as cells o...
	1.1.2 For these reasons, which are solely due to the combination of modelling assumptions and the type of numerical solution, the following guidelines have been developed in order to assist users of Aquarius to detect inconsistencies.

	1.2 Minimum Quality Assurance post processing requirements
	1.2.1 The following list represents the minimum level of post processing for Quality Assurance of the simulation. It is recommended to adhere to these guidelines in order to detect any inconsistencies or unexpected behaviour which may occur during the...


	Section 2: Dynamic and static pressures
	2.1 General
	2.1.1 The pressures determined by Aquarius are dynamic in nature, although there will also be a static component for pressurised tanks. As the assessment of the response of the structure is based on a static analysis, it is required, in certain cases,...
	2.1.2 The equivalent static pressures can be up to 1,5 times the magnitude of the dynamic pressure. Figure 6.2.1 Dynamic load factor for triangular pulse load illustrates the dynamic load factor dependence on the natural frequency of the structural co...

	2.2 Guidelines
	2.2.1 The following guidelines are provided to determine if the conversion of dynamic pressure to static pressure is required:

	2.3 Conversion of dynamic pressure to equivalent static pressure
	2.3.1 The response of structures to dynamic loads can be quite complicated. It must be borne in mind that coupling between structural components can and does occur in complex structures. For these cases, the analyst must decide whether the various com...
	2.3.2 If each component of the tank structure is to be analysed individually, it is usually conservative to assume rigid support for each element (neglecting flexibility in the supporting structure) and that the sloshing forces are transferred undisto...
	2.3.3 The conversion of the dynamic pressure to a static pressure for assessment of the ultimate strength of the structure is based on the following points:

	2.4 Response calculation
	2.4.1 The design pressure to be used for the assessment of the structural capability is given as follows:
	2.4.2 For pressurised tanks the overpressure should be removed from the dynamic pressure component Pdynamic and added to Pstatic as a separate component as follows:

	2.5 Pressure conversion procedure
	2.5.1 Generally, the worst-case sloshing load for a structural component is one which has the following properties:
	2.5.2 To establish whether a dynamic load factor should be used for a given structural component, the following procedure may be used:

	2.6 Natural frequency of plate
	2.6.1 The natural frequency of an isotopic charged plate in air (fair) is given by the following expression:
	2.6.2 fair may be rewritten as follows:
	2.6.3 For a selection of plate panel aspect ratio a/b, the coefficient K is given in Table 6.2.1 K coefficient and illustrated in Figure 6.2.2 Natural frequency of a clamped plate in air.

	2.7 Natural frequency of plate stiffener
	2.7.1 The natural frequency of a plate stiffener in air is given by:

	2.8 Effect of submergence
	2.8.1 To obtain the frequency fwater of a plate with one side exposed to air and the other side exposed to a liquid, the frequency calculated in air, fair, may be modified by the following formula:

	2.9 Dynamic load factor charts for triangular pulse load
	2.9.1 For a triangular pulse load as shown in Figure 6.2.3 Triangular pulse load, the maximum DLF is the value to be used for conversion of dynamic pressure to static pressure. DLFmax is given in Figure 6.2.4 Triangular pulse load DLFmax versus t1/T a...


	Section 3: Loads applied to stiffeners
	3.1 General
	3.1.1 For a vertically stiffened bulkhead, subdivided by horizontal girders or stringers, the applied pressure should be an average of that over a height of:
	3.1.2 For fluid sloshing onto the stiffened side of the plating, the following factors may be applied to the sloshing pressures:
	3.1.3 When the girder is subjected to specified lateral pressure to the unstiffened and stiffened surfaces, the applied lateral pressure is the maximum pressure differential applied to each side of the plate at a discrete time instant and the applied ...


	Section 4: Loads applied to internal structural members
	4.1 General
	4.1.1 When internal structural members represented by baffles, web frames or swash bulkheads are present, the sloshing pressure applied to the internal member is the maximum differential pressure at discrete time instants over the simulation period. T...
	4.1.2 For some types of analysis, it may be required to obtain the forces acting on the structure. This is particularly important for independent cargo tanks for which the forces on the tank supports may be found.
	4.1.3 The forces and moments are found by integrating the pressure on all cell boundary edges using probes or stiffeners. For stringers and baffles this is explained in Ch 6, 4.2 Loads on stringers and baffles. The centre of integration for moment cal...

	4.2 Loads on stringers and baffles
	4.2.1 Internal stiffeners modelled in Aquarius are not physically modelled as they are often much smaller than the mesh size, which would result in excessive fluid damping. Instead, the pressure over the stiffener span is used to calculate the loads a...
	4.2.2 When the CFD simulation has finished, it is possible to download the probe data from the Aquarius job on the server. The pressure might require converting to the correct units; if the probe data is obtained from the OpenFOAM ‘P’ file, the units ...
	4.2.3 The pressures can be converted into a point force by multiplying with the mesh size. This will produce a point force per mesh cell width acting at the centre of the cell, as illustrated in Figure 6.4.3 Forces acting on a stringer or baffle.
	4.2.4 The moment around a particular point can be obtained by multiplying the point forces with the distance from the centre of integration (e.g. connection point). The total moment is obtained by summating all moments per time step. This will produce...


	Section 5: Effect of wash bulkhead on sloshing pressures
	5.1 General
	5.1.1 Wash bulkheads which represent more than 85 per cent of the tank cross-sectional area are taken as being effective as sloshing barriers which limit the free surface length. For the sloshing screening stage, the reduced free surface length is to ...
	5.1.2 For the CFD sloshing assessment, the wash bulkhead should be included in the tank model. It might be required to modify the start period and/or period band in Aquarius, as it is likely that the fluid resonance period will be reduced.
	5.1.3 In the case where frames or transverse members are installed instead of a wash bulkhead, these should be included in the tank model for the CFD sloshing assessment.


	Section 6: Pressure in tapered tanks
	6.1 General
	6.1.1 Where tanks are tapered in plan view, such as foremost or aftermost tanks, limited model experiments indicate that during pitching the dynamic pressure on the bulkhead at the narrow end can be magnified when compared with a tank of uniform secti...



	CHAPTER 7: Strength Assessment
	Section 1: Pressure and stresses
	1.1 Introduction
	1.1.1 The sloshing pressure obtained by Aquarius is important not only for its value but also as ’pressure multiplied by area’; that is, even high pressures cause no damage to the structural member and hence pose no problem in terms of structural stre...
	1.1.2 Structural members must be strong enough to withstand these effective loads. The plastic collapse load is used in many instances to indicate the strength, commonly of both panel and stiffener, taking into account their collapse mechanism. For ex...
	1.1.3 An allowance should be made for global bending stresses which might occur as a lifetime value and be added to the sloshing load component.


	Section 2: Collapse analysis procedures for stiffened panels
	2.1 Description
	2.1.1 The LR ultimate strength software, which is integrated into Aquarius, requires the following information for the evaluation:
	2.1.2 The program considers a single stiffener and a breadth of panel between that and the next stiffener, or a corner of a tank. The panel length is taken as the distance between frames, see Figure 7.2.1 Panel geometry.
	2.1.3 Stiffeners with the following cross-sections may be examined: angle, bulb plate, flat bar or T cross-section, see Figure 7.2.2 Stiffener sections and dimensions.
	2.1.4 Stiffeners are continuous and effectively supported at every floor, or girder.
	2.1.5 Where brackets are used to reduce the effective length of the stiffener, it is assumed that these are arranged symmetrically either side of the primary member web, and adequately stiffened.
	2.1.6 The plate thickness used in the calculation is to be Rule thickness. When a plate panel consists of two or more strakes, then the plate thickness is to be taken as follows:
	2.1.7 Different yield stresses may be specified for the plating and the stiffener. These are to be taken as the minimum specified yield stress or 0,5 per cent proof stress. For normal and higher tensile steel or aluminium, Poisson’s ratio is to be tak...
	2.1.8 The panel is allowed an initial shape imperfection and a permanent set. These are the maximum deviations of the panel from a plane surface for the undeformed panel, prior to the application of the forces, and the deformed panel, respectively.

	2.2 Assumptions and limitations
	2.2.1 The initial shape imperfection and the allowable permanent set are determined by the program from the specified stiffener spacing. The initial shape imperfection and the permanent set are measured positive towards the stiffener and negative away...
	2.2.2 Initial panel imperfection = 𝑠/,120,,𝑘-p...
	2.2.3 The panel permanent set is:
	2.2.4 The panel membrane stiffness factor is:
	2.2.5 Corrosion margins are incorporated in the utilisation factors given in Ch 7, 3.1 Utilisation factors.
	2.2.6 Corrugated bulkheads should be assessed using the approach described in Ch 7, 5 Corrugated bulkheads.
	2.2.7 Type C pressurised tanks should be assessed using the approach described in Ch 7, 6 Type C tanks.

	2.3 Applied stresses
	2.3.1 The panel is also subjected to the following applied in-plane stresses: a stress acting in the direction of the stiffener span (axial stress), a stress acting in the direction perpendicular to the stiffener span (transverse stress), and a shear ...
	2.3.2 The applied in-plane stresses which, if applicable, are to be input by the user are:
	2.3.3 It should be noted that consideration should be given to the torsional/lateral bending strength of internal stiffeners.

	2.4 Hull longitudinal stresses for longitudinal bulkheads
	2.4.1 Longitudinal still water (sw) and wave (w) direct stresses of magnitude (σsw + 0,25σw) combined with shear stresses (τsw + 0,25τw) appropriate to the position of each panel being considered should be applied. For transversely stiffened bulkheads...


	Section 3: Minimum utilisation factors
	3.1 Utilisation factors
	3.1.1 Utilisation factors are to be less than the values given below and in the relevant ship procedural document.
	3.1.2 Longitudinal bulkhead
	3.1.3 Transverse bulkhead
	3.1.4 Deck


	Section 4: Structural analysis of web frames and girders
	4.1 Introduction
	4.1.1 Horizontal/vertical web frames and girders are in some cases subjected to high impact pressures. The behaviour of these structural elements under lateral pressure loading differs from that of the tank boundaries since they have a relatively grea...
	4.1.2 Examination of damage records indicates that, to date, no damage to web frames or girders attributed to sloshing loads has been recorded. The following web frame and girder structural analysis procedure is therefore given as a guide to be used w...

	4.2 Finite Element Analysis
	4.2.1 To assess the strength of the web frame or girder, a Finite Element (FE) model of the web frame or girder is to be performed. The web frame or girder should be idealised using plate and beam elements as shown in Figure 7.4.1 Typical girder FE id...
	4.2.2 The level of strength of the stiffeners and tripping brackets is to be checked using both elastic and plastic analysis. The level of strength of the plating stiffeners is also to be examined. The strength of the plating is to be checked both on ...

	4.3 Analytical structural analysis
	4.3.1 The plating capability is to be assessed using LR’s ultimate strength software in association with the utilisation factors defined in Ch 7, 3.1 Utilisation factors. However, since this software is not applicable to a cantilever stiffener, an alt...
	4.3.2 Applied loads
	4.3.3 Hull longitudinal stresses


	Section 5: Corrugated bulkheads
	5.1 Introduction
	5.1.1 The ultimate strength assessment software used in Aquarius is only suitable for plate stiffener combinations. For corrugated bulkheads, the strength assessment to assess the suitability of corrugated bulkhead designs is based on the pressure env...

	5.2 Pressure calculations
	5.2.1 The corrugated bulkhead should be modelled in Aquarius by placing a stiffener at every 1 m interval. The properties of the stiffener are not important, as only the calculated pressure at the stiffener location is used for further processing.
	5.2.2 All allowed filling levels should be investigated in increments of 10 per cent using the standard SDA motions. The filling levels 5 per cent above and below the critical filling level should also be investigated. This is required to make sure th...
	5.2.3 The ultimate strength calculations in Aquarius produce the maximum design pressure peaks for all stiffeners modelled. These results can be exported to a CSV file and used to calculate the pressure envelope curve.
	5.2.4 The pressure envelope curve can be obtained by calculating the maximum pressure per height using the results from all filling levels and loading conditions investigated, as illustrated in Figure 7.5.1 Pressure envelope curve example.

	5.3 Required corrugation plate thickness
	5.3.1 The net thickness of plating, t, in mm, is to be calculated in accordance with Pt 1, Ch 10, Section 4, 2.1.1 Net Thickness of the Common Structural Rules for Bulk Carriers and Oil Tankers. The pressure Pslh is to be replaced by the pressures fro...


	Section 6: Type C tanks
	6.1 Assessment methodology
	6.1.1 Type C tanks can be modelled in Aquarius using a ‘Type 5’ tank shape. Dished ends are modelled as an ellipsoid or hemispherical shape defined by a horizontal and vertical radius, see Figure 7.6.1 Type C dished end shape. This shape is also suita...
	6.1.2 The pressure acting on the dished ends can be obtained by using stiffeners along the length of the dished ends. Only the calculated maximum pressure value from the ultimate strength calculations is used, as the capacity is not valid in this case...
	6.1.3 For the tank design it is important that all internal structures affecting the fluid dynamics, such as support stiffeners and wash bulkheads, are modelled. A wash bulkhead can be modelled in a two-dimensional tank by using the same cross-section...
	6.1.4 If the dished end is made up of plate sections of varying thickness, the maximum pressure per plate section from the ultimate strength calculations should be used. For example, in Figure 7.6.3 Stiffeners attached to plate section the plate secti...



	CHAPTER 8: Analysis Example
	Section 1: Sloshing resonance screening
	1.1 General
	1.1.1 The purpose of this example is to perform a sloshing resonance screening in order to determine whether a sloshing pressure determination is required. The example is based on an LNG Carrier for approval of fill heights below 10%H and above 70%H.
	1.1.2 General particulars for the LNG Carrier are shown in Table 8.1.1 Ship data.
	1.1.3 For this example, only the transverse roll cases have been investigated. The tank dimensions can be found in Table 8.1.2 Tank dimensions.
	1.1.4 For the sloshing resonance screening, the two loading conditions with the most extreme ship roll period will be used to check what fill heights (if any) will require further investigation using the sloshing pressure determination. The parameters...
	1.1.5 The fluid natural period is dependent on the tank effective width (LS), which in this case will only be affected by the tank chamfers. The overview of the tank effective width and the fluid natural period (Tnr) can be found in Table 8.1.4 Fluid ...
	1.1.6 In order to determine what fill heights require further investigation, the band indicating 5 seconds below the ballast natural roll period and the band indicating 5 seconds above the loaded natural roll period are included in Figure 8.1.1 Tank r...
	1.1.7 This LNG Carrier fails the resonance screening requirements for fill heights of 20 per cent or less of the tank height, as indicated in red. These fill heights require further investigation, as there is a likelihood of sloshing resonance. As thi...


	Section 2: Sloshing pressure determination
	2.1 Model setup
	2.1.1 A sloshing pressure determination is performed for the LNG Carrier described in Ch 8, 1 Sloshing resonance screening. Only the 10%H fill height case is used, as described in Ch 8, 1.1 General 1.1.7.
	2.1.2 The first step is to enter the main ship particulars and loading condition information in Aquarius, see Figure 8.2.1 Ship and loading condition information.
	2.1.3 For the transverse roll assessment, the motions will be the same for all tanks, so, unless the tank shape, scantlings or transverse tank positions are different, it does not matter which tank is used. For the longitudinal pitch case every tank w...
	2.1.4 The LNG membrane tank main dimensions are shown in the Table 8.1.2 Tank dimensions.
	2.1.5 The LNG membrane tank shape in Aquarius is a transverse Type 4, of which the cross-section is displayed in Figure 8.2.2 Aquarius tank shape.
	2.1.6 The tank location within the ship model is shown in Table 8.2.1 Tank position.
	2.1.7 In this example the investigation is limited to the 10%H fill height and only stiffeners in the bottom area of the tank are modelled. The plate thickness and stiffener details can be found in Table 8.2.2 Stiffener and plate details. The plate an...
	2.1.8 The motions used are the default SDA motions. Detailed motion parameters can be found in Figure 8.2.3 Aquarius advanced motion details and the motion time traces are displayed in Figure 8.2.4 Roll motion time trace, Figure 8.2.5 Heave motion tim...
	2.1.9 The tank fill height is set at 10%H and the tank fluid used is LNG, with LNG vapour as the gas. The internal tank overpressure is set to 0 kN/m2.
	2.1.10 The mesh for a Type 4 tank shape can be improved by increasing the block modifier value. This value will increase the tank side blocking areas so the cells at the top and bottom of the tank will not become extremely small. Small mesh cells will...
	2.1.11 After running the CFD simulation the stiffener data has to be downloaded from the server before the ultimate strength calculations can be carried out, as this software is part of the Aquarius software on the local computer. The results from the...
	2.1.12 The default dynamic amplification factor (DAF) used in Aquarius is 1,0, as can be seen in Table 8.2.3 Ultimate strength results. It is possible to change this value in the Aquarius preferences. Calculating the correct DAF for every stiffener is...
	2.1.13 The panel and stiffener utilisation factors calculated by Aquarius will have to satisfy the maximum allowable utilisation for the bulkhead considered. In this case (longitudinal bulkhead), the maximum utilisation factor is 0,91 for the panel an...
	2.1.14 Table 8.2.4 Utilisation factors lists the final utilisation factors for the structure used in the example tank for a fill height of 10%H. All panels and stiffeners in this example satisfy the SDA sloshing loads and scantling assessment requirem...
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