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EXECUTIVE SUMMARY 

A lengthening of a specialized reefer ship has been investigated in order to determine if it is economically 

viable or not. The ship type considered is the Crown class specialized reefer ships, where the Crown 

Topaz and the Crown Ruby are used as reference ships for this study. In order to determine whether a 

lengthening is economically viable or not, a conceptual design of the lengthened ship has been done. 

Costs related to the conversion and income due to the increased cargo capacity are calculated and 

compared in order to determine when the investment for the conversion reaches break-even.  

The ship is lengthened by an open-top section of 28 m, a lengthening from 152 m to 180 m. This results 

in an increased displacement of the ship which results in a greater cargo capacity. The extension allows for 

108 extra FEU high cube refrigerated containers with a gross weight of 30 tonnes. The open-top section 

and necessary reinforcements are dimensioned according to the requirements of the Classification Society 

NKK in order to calculate the added weight and costs for the conversion. The result shows an increase in 

resistance of about 15% for a cruising speed of 19 knots and loaded to 80% of DWT, which is the most 

common load case for the reference ship. The fuel consumption thereby increases by 15% for a cruising 

speed of 19 knots. 

The extra cargo capacity of 108 containers corresponds to an increase in container capacity of 154% and 

about 31% of the total paying cargo capacity, while the increase in fuel consumption for the main 

machinery is about 15% for a cruising speed of 19 knots and the extra auxiliary engine contributes to an 

increase of 40 % in fuel consumption for the auxiliary engines. 

Costs for the conversion and loss due to off-hire time are summarized to 5.025 M. USD. The extra 

income for the containers is calculated to 7715 USD per day with a freight rate of 2500 USD per 

container. With the fuel oil price of today of 595 USD/tonne and the increased port tariffs due to the 

conversion, the investment will reach break-even in 4 years. Even if the fuel oil price increases about 8.7% 

to 647 USD/tonne the investment will reach break-even after 4½ years in operation. If the ships operates 

within a trade similar to the Coman-trade and with an income of 3000 USD per container the investment 

will reach break-even after about 2½ years with a fuel oil price of 595 USD/tonne and 3 years with a fuel 

oil price of 647 USD/tonne. 

Since the Crown class fleet has an average age of 16 years today, the conversion has to be implemented 

early to make the investment profitable before the ships are ready to be scrapped.  
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NOMENCLATURE 

 

aV
  Vertical acceleration 

B  Beam 
Cb  Block-coefficient, describes the shape of the hull 
Cbft  Cubic feet 
D  Draught 
DWT  Deadweight 
E  Young’s modulus for steel of 2.06·1011Pa 
FS  Still water shear force 
FW  Wave water shear force 
FEU  Forty-foot equivalent unit  
GA  General Arrangement 
GT  Gross Tonnage 
H  Height of the ship 
IMO  International Maritime Organization 
K  A coefficient that corresponds to the kind of steel, for high tensile steel K = 0,78 
KG  Distance from keel to centre of gravity 
LOA  Length overall 
Lpp  Length between perpendiculars 
LWL  Waterline length 
LW  Lightweight 
MS  Still water bending moment 
MW  Wave water bending moment 
S  Wetted surface area (m2) 
SA  Structural Arrangement 
TEU  Twenty-foot equivalent unit 
V  Design speed (knots) 
Z  Bending strength 
Δ  Weight displacement (tonnes) 

∇  Volume displacement (m3) 

ρ  Density of sea water of 1.025 tonne/m3 

Y  Yield stress 

Y  Shear stress 

  Kinetic viscosity of 0.3 
L  Denotes bars with angle/L profile 
-  Denotes flat bars 
T  Denotes bars with T profile 
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1. INTRODUCTION 
Around 90 percent of the world’s transportations are made by the merchant fleet (IMO, 2012) with cargo 

packed on pallets, in containers or bulk etcetera. Perishable food such as fresh fruit and meat has to be 

transported chilled or frozen and is known as refrigerated cargo. Refrigerated cargo can be transported 

either as palletized cargo in refrigerated cargo holds under deck and on deck of specialized reefer ships or 

in refrigerated containers on container ships.  

The Company NYKCool operates several specialized reefer ships within their fleet, both with palletized 

cargo under deck as well as refrigerated containers on deck. The world’s specialized reefer ships have 

contributed to the extent of today’s fruit market, which had not been possible without the companies 

operating the specialized reefer ships (360Q, 2014). However, during the last decades, the development of 

the container liners have grown remarkably, where container ships are built with capacities as much as 

18000TEU. This have resulted in lowered freight rates due to economy of scale, where the costs per 

transported unit is much lower on a large container ship if comparing with the same costs for a specialized 

reefer ship. The lower cost per transported unit and the containerized infrastructure have also contributed 

to an increased demand of container ships. Therefore, during the last decade, ship yards have frequently 

received inquiries about building of container ships. Meanwhile, the average age for the specialized reefer 

ship fleet is about 24 years (Drewry Shipping Consultants Limited, 2014) for ships with capacities above 

100,000 cbft. However, due to uncertainties in the future reefer market, there are no newbuildings of 

specialized reefer ships considered these days, and there are difficulties to find investors who are willing to 

take the risk of such investment (Mohlin, pers. comm., 2014). If comparing with container ships, more man 

hours are needed when building specialized reefer ships due to the complexity. This results in much higher 

building costs for a specialized reefer ship if comparing with a container ship of the same size, and 

therefore no company has taken the initiative to rejuvenate their fleet.  

Owing to the fact that it is costly to build new specialized reefer ships and also due to high oil prices, one 

solution to make the market more profitable could be to increase the cargo capacity and the cargo 

flexibility for already existing specialized reefer ships. This could be done by lengthening already existing 

ships. Star Reefers and SeaTrade, two companies that operates specialized reefer ships, have already 

lengthened ships within their fleets. This study is therefore done in order to investigate if a lengthening of 

the specialized reefer ship Crown Topaz is economically viable or not for the company NYKCool. This 

study includes a conceptual design of the lengthened Crown Topaz, with a preliminary structural 

arrangement that reaches the requirements of classification society NKK. The new lightweight together 

with the increased cargo capacity will result in changes in the fuel consumptions. All costs that are derived 

from the modification together with changes in fuel costs and port tariffs will be compared with the 

income from the increased cargo capacity.  

Finally, in order to analyze whether a lengthening of the Crown Topaz is economically viable or not, the 

main aim is to determine after how many years the investments of the lengthening will reach breakeven. 
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2. Aims and objectives 
The aim for this master thesis is to study whether a lengthening of the reefer vessel Crown Topaz with one 

cargo hold (equivalent to two FEU container bays) is economically viable or not for NYKCool. The 

added section should be able to transport refrigerated cargo, either palletized under deck cargo or in 

refrigerated 40 ft. high cube containers. An economically viable lengthening of the Crown Topaz implies 

that the income from the extra cargo storage will cover the expenses from the conversion; the steel, the 

time the reefer is off-hire, the added port time due to the extra cargo and increased fuel oil consumption 

etcetera. Due to request from NYKCool, the lengthened Crown Topaz should be able to be propelled by 

the existing machinery after the conversion. Although, the cruising speed could be changed (if necessary) 

as well as an auxiliary machinery could be installed if extra power is needed for the cooling of the added 

cargo. 

However, not all aspects will be taken into account such as manoeuvrability and the behaviour of the ship 

in waves. The aim for this study is to investigate if a conversion is viable or not. 

In order to concretize the aim of this study, objectives have been developed: 

- Cargo changes 

o What type of cargo should be transported in the extra space (under deck palletized cargo, 

container hold with hatches or container hold without hatches)? 

o How much will the extra cargo produce as income for the company? 

- Technical consequences for the lengthening conversion 

o What new loads does the lengthened Crown Topaz need to carry? 

o Are the stability requirements for the lengthened ship fulfilled? 

o What are the changes in weight and resistance? 

o Is the existing machinery able to propel the lengthened Crown Topaz at a reasonable speed 

(18-20knots)?  

- Economy 

o How much will the rebuilding cost? 

o How long time will the ship be off-hire and how much will NYKCool lose in income for 

the cargo due to this period? 

o What is the change in port time due to the extra cargo and what will this cost? 

 

2.1. Methodology 
There are several methods that need to be implemented for completing this master thesis. The technical 

areas of the study are based on different calculation models and materials that have been used within the 

courses Marine dynamics (SD2703), Hull structural design (SD2708) and Initial ship design (SD2710) at the Royal 

Institute of Technology in Stockholm. Rules and guidance made by the Japanese classification society 

ClassNK (Nippon Kaiji Kyokai) is followed when determining the scantling requirements of the new 

section (due to global and local strength requirements) and literature made by DNV (Det Norske Veritas) 

have been used as a compliment to ClassNK. During this study MATLAB (R2013a) will be used as a 

calculation tool and the Holtrop and Mennen method is implemented when determining the resistance of 

the lengthened Crown Topaz. When it comes to questions about cargo type and section type there is a 

matter of searching for relevant and up-to-date literature about the subject as well as investigating the best 

alternative for NYKCool. To be able to answer the main question - whether a lengthening of Crown 

Topaz and other Crown ships is economically viable or not – all expenses and incomes should be 

estimated, which will be done by using conventional guidelines. 
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Except literature study and calculation tools, frequent contact with supervisors are held as well as meetings 

with people associated with the certain areas of the study are arranged in order to reach the main aim with 

the study. 
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3. INVESTIGATION 
Rough estimations of the resistance and the stability for three load scenarios (0%, 80% and 100% of 

DWT) have been calculated in a pilot study, see APPENDIX 3 – Pilot study, in order to estimate a possible 

outcome of a lengthening of the Crown Topaz. The pilot study was proven successful, where a lengthened 

Crown Topaz satisfies the demand from the company of using existing machinery. The changes in 

resistance were also reasonable as well as the general initial stability criteria made by IMO was fulfilled. In 

this and the following chapter a more thorough study is compiled in order to determine if a lengthening of 

the Crown Topaz is economically viable or not for NYKCool.  

In this chapter, a short background of the existing Crown Topaz, the lengthening procedure and potential 

section types are presented. However, first of all, the concept of a lengthened Crown Topaz should be 

proven in order to see if the lengthening is possible when it comes to power capacity and stability of the 

ship. 

3.1. Crown Topaz 
The NYKCool Crown type ships consist of seven similar refrigerated cargo ships. In this study the M/S 

Crown Topaz is used as reference ship. The main dimensions are presented in Table 1 below 

accompanied by a GA (General Arrangement) of the ship (see Figure 1).  

Figure 1. GA of Crown Topaz. 

Table 1. Ship data. 

Main parameters  

LOA 152 m 
Lpp 139.4 m 
Beam 23 m 
Draught 8.66 m 
Displacement 16 522 m3 

Dwt 10 318 t 
Cb 0.58 
Service speed 21 knots 
Installed Power 12 080 kW/16200hp 

 

The aim of a reefer ship is to transport chilled or frozen cargo below deck. However, during the last 

decades it has become more and more common to increase the cargo capacity of reefer ships, by carrying 

containers on deck. The containers on deck do not only increase the cargo capacity but also increases the 

flexibility for the company when choosing what type of cargo to ship.  

As seen in the GA in Figure 1, M/S Crown Topaz has four cargo holds below deck with a total cargo 

volume of 15 509 m3 (547 693 cbft) and she also has a capacity for about 70 loaded 40 ft. refrigerated 

containers on deck. The containers can transport both chilled and frozen cargo but also dry cargo such as 
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soda, beer and sometimes even cars as return cargo. This combination of under deck cargo and containers 

on weather deck is common and can be seen by Seatrade and Star Reefers, two operators within the same 

business as NYKCool.  

Each of the four cargo holds of Crown Topaz are divided in four decks where the refrigeration system is 

divided to keep the same temperature on decks A and B and a different temperature for decks C and D, 

except for hold one where decks B and C have the same system and A and D have their own systems, see 

Figure 1. The temperature in the cargo holds can be controlled between -30C to +15C. Some of the 

Crown ships have Controlled Atmosphere (CA), meaning that the oxygen and CO2 levels are controlled, 

in order to stop the ripening process of the fruits. To be able to load and discharge in all ports the ship is 

equipped with four cranes, two 35 ton cranes and two 8 ton cranes. The 35 ton cranes can handle both 

containers and pallets while the 8 ton cranes only handles pallets. The main cargo for these ships is 

perishable fruit like bananas, pineapples, apples and citrus as well as frozen commodities. The M/S Crown 

Topaz was delivered 1999 and built in Japan. The ship is classed by the Japanese classification society 

ClassNK (Nippon Kaiji Kyokai).  

3.1.1. The Coman trade 

Four out of the seven Crown class ships are involved in a specific 35 days trade, which is called the Coman 

trade. It is this specific trade that will be focused within this report. The ships sail about 10500 nautical 

miles on a round voyage with a cruising speed of about 18.5-19 knots. Within the Coman trade there is a 

margin of 48 hours, i.e. there is room for delays. For some distances, the speed may increase to 20 knots; 

however, speeds above 20 knots are very rare during this specific trade.  

The harbours that are included in the Coman trade can be seen in Figure 2.  

 

Figure 2. Ports that are included in the 35 days Coman trade and where the loading and discharging of cargo takes place. 

Different types of cargo are loaded in different harbours. In Turbo, bananas are loaded and it is done on 

the roads from barges. In Moin, under deck cargo, consisting of bananas and pineapples, and containers 

are loaded. Currently a new container terminal is planned for Moin, which should be ready in 2017. In 

Manzanillo under deck cargo are loaded. From Manzanillo, the ship crosses the North Atlantic Ocean and 

arrives in Portsmouth. In Portsmouth, containers and under deck cargo are partly discharged and 

Portsmouth 
(UK) 

Discharge  
and load Antwerpen 

(Belgium) 

Discharge 
and load 

Radicatel 
(France) 

Load 

Philipsburg 
(Saint 

Martin) 

Discharge Pointe-à-
pitre 

(Guadelope) 

Discharge 

Turbo 
(Colombia) 

Load 

Moin  
(Costa Rica) 

Discharge 
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Manzanillo 
(Dominican 
Republic) 

Load 
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containers for return cargo are loaded. Dry cargo in form of sodas, beer and sometimes cars are loaded in 

Portsmouth. From Portsmouth the ship sails to Antwerp where all under deck cargo and containers are 

unloaded. Containers are loaded as well as the bunkering of fuel and the taking of provisions is done here. 

Next port is Radicatel in France, where the ship sails up the river to reach the port. In Radicatel the ship is 

loading dry cargo. The last two stops in the trade are Philipsburg and Pointe-à-Pitre where the dry cargo is 

unloaded. I.e. this trade is going on for 35 days, and when reaching Pointe-à-Pitre the ship continues to 

Turbo with the same procedure. 

It is necessary to study port restrictions for each harbour, in order to see if an extension of the ship could 

cause problem from a loading/discharging point of view. In Table 2 the port restriction for each visited 

harbour in the Coman trade are presented. As mentioned, when the ship arrives to Turbo, the loading is 

done on the roads from barges and therefore there are no restrictions that will affect an approximately 

30m lengthening of Crown Topaz. In Moin there is a long quay, with room for three reefer ships of 150 

meters each. However, it is possible for two longer ships to moor if negotiating with the port (Mohlin, pers. 

comm., 2014). In Manzanillo there is no length restriction that concerns the Crown class ships. However, 

the draught on each side of the quay differs and after the lengthening of the Crown Topaz, it may be 

needed to load on the other side of the quay. In Portsmouth there are two quays for cargo ships. 

Currently, the Crown ships discharge and load at the shorter quay, but as for Moin the agreement could be 

renegotiated. For the four last stops in the Coman trade (Antwerp, Radicatel, Pointe-à-Pitre and 

Philipsburg) there are no length or draught restrictions that concerns the Crown class ships or a 

lengthened Crown ships. 

Table 2. Port restrictions. When the –) is shown, the restrictions does not concern the Crown ships. 

Port Length (LOA) Draught 

Turbo - 15 m  
Moin - 9 m 
Manzanillo 226 m 10.5 m 
Portsmouth 190/2851 m 9.5 m  
Antwerp - 14.5m  
Radicatel 410 m 9.8 m 
Pointe-à-Pitre 590 m 12 m  
Philipsburg 540 m 10.5 m 

 

3.1.1.1. ECA-zones 
When ships are trading in the Coman trade they enters the European ECA-zone, see Figure 3. The ECA 

zones demands a limited emission of sulphur. Therefore, when ships enter the ECA-zones the fuel should 

be switched from heavy fuel oil to low sulphur fuel oil and to gasoil when moored in Portsmouth, 

Antwerp and Radicatel. However, in January 2015 all ships that enter the European ECA-zone should run 

on gasoil.   

                                                      
1 In Portsmouth the Crown ships berth at Flathouse Quay, which have a max length of 190 meters. There is another 
quay, Albert Johnson Quay that allow for ship with a length of 285 meters.  
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The Crown ships in the Coman Trade consume a total of 864 tonnes fuel oil for a round voyage. 11% of 

the total consumption is burned within the ECA-zone, where only low sulphur fuel oil and gasoil are 

allowed (Sjöstrand, pers. comm., 2014).   

3.1.2. Cargo 
The refrigerated cargo shipped by Crown Topaz is stored on pallets. There are several types of pallets and 

the Crown class ships in the Coman trade uses the ocean pallets (Mohlin, pers. comm., 2014). The 

dimensions of the ocean pallet are: 1000x1200x120mm. An ocean pallet fits six cartons for each layer (for 

banana cartons) and the maximum amount  of cartons is dependent on height restrictions. In Crown 

Topaz, the cargo holds has a height of 2.2m and allows for eight cartons on stack (banana cartons). This 

means that in the cargo hold, each pallet stores 48 cartons. However, if stowing the pallets in a refrigerated 

40 ft. high cube container, one extra layer could be stacked due to the increased height, which contribute 

to a total amount of 54 banana cartons on each pallet. Yet, there are not only height restriction from cargo 

holds and containers that prevent the height of the stack, it is also possible to damage the fruit if stacking 

to high.  

As mentioned, the pallets can either be stowed under deck, in one of the refrigerated cargo holds, or in 

refrigerated containers. Pallets stowed under deck are beneficial when it comes to the quality of the cargo 

since it is easier to control the cargo due to cooling and ventilation in the holds if comparing to the 

refrigerated containers. However, containers are efficient when it comes to discharge/loading and also 

since the inland infrastructure is becoming very containerized. But there are locations with road 

restrictions where fully loaded containers are not allowed to be transported. In such cases the cargo can be 

transported on pallets to the port and then loaded in containers or trucks. 

3.1.3. Cargo handling 

There are a few ways of loading and discharging the cargo to and from the reefer ship. It can either be 

loaded by using side loaders, cranes on deck or cranes in port. Thereafter the palletized under deck cargo 

is distributed by using fork lifts or pallet jacks. As seen in the GA for Crown Topaz (see Figure 1), there 

are four cranes on the deck that can load/discharge the under deck cargo as well as the containers on deck 

when the port lacks cranes.  

Figure 3. Existing ECA zones and possible future once (American nautical services, 2014). 
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Side loaders are beneficial for under deck cargo since it takes the shortest distance from the quay to the 

cargo holds (TTS group ASA, 2014). If ports within the predestined route are prone to have tropical 

climate, it is beneficial to load the cargo into the side of the ship to avoid as much rain as possible and 

exposure to sun, so the cargo is not damaged. 

However, even though side loaders are beneficial in many ways they also take up much cargo space from 

each cargo hold since they are placed in the side of the ship. If the ship uses a side loader it is also 

restricted to moor on that side of the ship. Side loaders can be used if loading palletized under deck cargo 

and if loading containers, cranes are used.  

There are different cranes with different lifting capacities depending on the demands. Currently (reds. 

2014), the standard crane for specialized reefer ships has an operational lifting capacity of 35 - 40 tonnes 

(Mohlin, pers. comm., 2014). A standard crane is sufficient enough for handling both 40 ft. refrigerated high 

cube containers and 20 ft. refrigerated containers. The 40 ft. high cube container is normally used in the 

Coman Trade. 

3.2. Lengthening a ship 
The practical procedures when lengthening a ship are quite straight forward. The ship is docked at a 

shipyard and then split amidships. When the ship is split, the sections are parted and a new, pre-made, 

midship section is inserted. When the midship section is at the right position, the aft and the fore part of 

the ship is welded together with the new midship section. However, reinforcements aft and forward of the 

new midship section are necessary in order to avoid fractures. When splitting the ship there are electrical 

cables, bunker and fuel tanks and piping for ballast brine and bunker that have to be considered.  

Theoretically lengthening of a ship is always seen as a conversion when it comes to strength of the ship, 

since it alters one of the main dimensions (DNV, 2013a). The strength refers to the ability for the ship 

structure to withstand acting loads. When determining the scantlings in the new section it should be done 

as for a new building, i.e. it should comply with the rules based on the new length. In order to determine if 

the lengthened ship comply with the rules the cross section should be checked due to: 

- Longitudinal strength 

- Local strength (local buckling, shear and torsion) 

- Global torsion 

Except for checking the longitudinal and local strength for the new midship section, it may also be 

essential to reinforce the sections fore and aft of the midship section in order to satisfy the new 

requirements. Additionally, it is also important to check the slamming pressure (the pressure that emerges 

when the ship hits the waves) since the slamming pressure increases almost linearly with the length of the 

ship. However, the slamming pressure is beyond the scope of this project and should be checked in 

further investigations.  

The rules that are associated with a lengthening conversion will be brought up in the following chapters. 

3.2.1. Longitudinal strength 

The longitudinal strength for a ship is estimated based on still water bending moment (MS) and wave 

bending moment (MW) acting on the ship by idealizing the ship as a beam. The bending moments are 

directly dependent on the length of the ship and when lengthening the ship the bending moments will 

increase as well. For the still water and wave water bending moments, there are two conditions that a ship 

encounters; sagging- and hogging conditions, see Figure 4 below. 
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Figure 4. Sagging and hogging in still water (Global Security, 2014) 

For sagging condition the buoyancy is bigger in the fore and the aft of the ship. This results in a 

compression on deck and a tension at the bottom of the ship. For hogging condition the buoyancy is 

largest amidships, which results in a tension on deck and a compression in the bottom. The ship is also 

exposed to shear forces, still water shear forces (FS) and wave water shear forces (FW), which acts 

vertically on the hull. 

After determining new bending moments and shear forces for the lengthened Crown Topaz the 

lengthened ship are evaluated due to longitudinal strength. This is done by determining minimum 

scantling requirements of the cross section based on the loads acting on the ship. The minimum scantling 

requirements of the section will result in an actual bending strength (Z) of the lengthened ship, which 

should comply with the bending strength requirement (Zreq) due to the bending moments acting on the 

ship.  

3.2.2. Local strength 

When the section complies with the requirements of the longitudinal strength, the local strength for each 

structural member are checked due to local loads. The local strength includes local bending and local 

buckling of beams and plates. Girders, longitudinals and stringers are idealized as beams with fixed edges 

(Figure 5) and plates between two stiffeners and solid floors are simplified as a regular plate with fixed 

edges under uniform pressure (Figure 6) (Bernoulli-Euler beam theory respectively plate theory) (Bai Y., 

2003).  

 Figure 5. Girders, longitudinals and stringers idealized as a 
beam with fixed edges. 
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For structural members such as the girders, the shear force should be considered, due to the height of the 

girder.  

3.2.3. Global torsion 

The global torsion is normally not a requirement to check when lengthening a ship and is depending on 

what type of section the new midship-section is.  For instance, if the new section is hatch less the decrease 

in torsional stiffness for the new section is significant. The reason to the significant decrease in stiffness 

relates to the lack of strength deck area when minimizing the weather deck. ClassNK (chapter 32.2.2, NKK, 

2013) states that for a ship where the hatchway (amidships) exceeds 70% of the breadth, the global torsion 

should be examined.   

3.2.4. Reinforcements of the existing structure 

It is not viable, from a finance perspective, to reinforce all structural members, from aft peak to fore peak, 

in the ship to the same thickness as the new section. However, it is important to maintain the continuity 

of the structural members in order to achieve a homogeneous structure throughout the ship. Therefore, 

the structural members should be thicker in the extended mid-ship section and then continuously decrease 

to the same thickness as for the rest of the ship. In order to reduce the longitudinal stresses on the hull 

girder (the cross-section idealized as an I-beam), one possible solution is to fit doubler plates or straps to 

the structural members in the sections fore and aft of the new section. The extension of the reinforcement 

is dependent on the new bending moments. Hence, the bending strength (Z) of the sections fore and aft 

of the new section should also comply with the required bending strength (Zreq) given by the new bending 

moments. In order to avoid fractures close to the joint, it is important that the bending strength of the 

existing structure does not differ considerably with the bending strength of the new section. 

3.3. Type of section 
The design of the new section depends on how the cargo is transported in the new section. The 

alternatives considered are: Type A, palletized cargo under deck and containers on deck (the same principle 

as the ship has today), Type B, containers under deck and containers on deck and Type C, an open-top 

container hold. The three types are more thoroughly explained below. 

3.3.1. Type A 
The type A configuration (Figure 7) will increase the capacity for both palletized cargo and containers. 

The structural arrangement will be the same as for the already existing cargo holds with four chilled decks 

and containers on weather deck. From a structural point of view type A is the simplest configuration to 

use when lengthening the ship due to the same structural arrangement as the rest of the ship, which 

maintains the structural continuity in the ship. 

Figure 6. The plating is idealized as a plate with fixed 
edges. 
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3.3.2. Type B 
The type B configuration (Figure 8) is a conventional container carrier section with containers under deck 

as well as on the weather deck. This configuration only allows for an increased container capacity and the 

structural arrangement will differ from the rest of the ship. The discontinuity of the structure will lead to a 

heavier bottom and deck structure for this section to compensate for the loss of decks, in order to 

maintain the longitudinal strength of the ship. The containers on deck are secured by twist locks and 

lashing bars.  

Figure 7. Type A - a conventional section for specialized reefer ships. 

Figure 8. Type B - a container section. 
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3.3.3. Type C 

The type C configuration (Figure 9) is an open-top container carrier section. Open top means that the 

cargo hold is designed without hatches and weather deck. As for type B this will also only increase the 

container capacity. In an open-top section the containers are stacked in cell guides that reach from the 

tank top to the top of the container stack. Therefore, when using cell guides there is no need of lashing 

the containers when securing them on deck. The simplified securing of the containers and the lack of 

hatches results in faster port handling times. The disadvantages with type C are that the lack of hatches 

and weather deck will lead to a more complex and heavier bottom and side structure to transfer the loads 

and maintain the longitudinal strength of the ship. The lack of hatches also causes higher demands of bilge 

pump capacity and also higher freeboard than for a conventional section with hatches. The gross tonnage 

will also be higher for the type C section, since the stack height is considered as the height of the cargo 

hold instead of the height of the weather deck as for conventional sections (Swerke, A., 2014).  

 

3.4. Estimation of costs and income 
In order to estimate the costs for this procedure the costs are divided in fixed costs for equipment and the 

conversion. Loss of income due to the off hire time are considered as variable costs. To estimate the 

income due to the lengthening, the change in fuel consumption and increased cargo capacity is taken into 

account. Standard values for steel and labour are used. Costs for necessary equipment are gathered and 

similar conversions have been studied to estimate time for the rebuilding, in order to determine the loss of 

income when the ship is off-hire. The results are presented in chapter 4.4. Costs and income.  

Figure 9. Type C - an open-top section without hatches. 
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4. RESULTS OF THE DESIGN FOR THE EXTENDED SHIP 
Within this chapter the results of the extended ship are presented. Scantlings of the new section and the 

reinforcement that satisfies ClassNK’s regulations are determined in order to achieve the new lightweight 

of the ship. As mentioned in chapter 3.2 - Lengthening a ship, when the conversion of the ship involves a 

lengthening, the cross section should mainly be checked for: 

- Longitudinal strength (Compare the new section modulus to the required section modulus) 

- Local strength (Thickness requirements, shear strength and buckling strength) 

When the scantlings and reinforcement are determined the lightweight of the ship is updated. The 

deadweight is then calculated which results in an updated displacement of the ship. The new displacement 

for the lengthened ship influences in changes in the resistance and initial stability. 

4.1.  Extension of the Ship 
It is decided that the new midship section will be an open-top section with 40 ft. high cube containers, 

since the open-top section best complies with the company need of increasing the container capacity. As 

mentioned earlier, the handling of containers when loading/discharging in port is more efficient than 

loading/discharging pallets. The increased number of containers will also contribute to an increased 

flexibility for NYKCool when choosing what type cargo to transport.  

In order for the new section to fit two 40 ft. container bays, additional bulkheads, bilge pumps and 

ventilation equipment it is determined that the new section is 28m long. The new section will increase the 

cargo capacity by 108 40 ft. high cube containers, (two bays, eight tiers and seven high). Each container 

needs an average electrical power of 7 kW (Reefer Cargo Care, 2011) to run the cooling system. The ballast 

and fuel tanks in the existing part of the ship could be extended, if needed, into the bottom structure. 

However, the piping from the existing section should be extended into the new section, either in the 

bottom structure (for ballast and fuel pipes) or in the side structure (for the brine for distribution of 

refrigeration).  

4.1.1. General Arrangement 

The main parameters that have been changed after the lengthening of Crown Topaz with 28 meters are 

presented in Table 3 and a general arrangement of the lengthened Crown Topaz is shown in Figure 10 and 

Figure 11. 

 

Figure 10. General Arrangement of the lengthened Crown Topaz. 



14 
 

 

Figure 11. The lengthened Crown Topaz seen from above. 

 

Table 3. Simplified GA for the lengthened Crown Topaz when 100% loaded. 

 Existing ship Lengthened ship 

LOA 151.99 m 179.99 m 
LWL 142.62 m 170.62 m 
Lpp 139.4 m 167.4 m 
T 8.66 m 8.66 m 
H 13 m 13 m 
B 23 m 23 m 
CB 0.58 - 0.64 - 

∇ 16119 m3 21339 m3 

 

As seen in Figure 10 and Figure 11, the Crown Topaz is split between cargo hold 2 and 3. Since the hull is 

boxed shaped at this position, this is considered as the most advantageous location for splitting the ship. 

However, the hull is also box shaped between cargo hold 3 and 4, but this position is rejected since the 

splitting then would be between two refrigeration systems, which would result in more man-hours.   

The crane related to hold 3 with a lifting capacity of 8 tonnes is substituted with a crane with a lifting 

capacity of 40 tonnes to be able to operate the containers in the new open-top section as well as the 

pallets in cargo hold 3. The cranes have a high centre of gravity, which will affect the stability of the ship. 

Therefore, instead of adding one extra 40 tonne crane, the 8 tonne crane related to cargo hold 3 is 

substituted by the new 40 tonne crane.  

4.1.2. Visibility 

The lengthened Crown Topaz is also checked due to the Panama-visibility requirements (see Figure 12) 

(Canal de Panamá, 2011): 

- For a loaded vessel the view of the water surface from the bridge shall not be less than one ship 

length (LOA) forward of the bow 

- For a vessel in ballast condition, the view of the water surface from the bridge shall not be less 

than one and a half ship length (LOA) forward of the bow 
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The visibility for the Crown ships for fully loaded and in ballast condition fulfils the Panama Visibility 

requirements if the front FEU container on weather deck is moved. Without the front FEU container the 

visibility is: 

- 0.7 of LOA forward of the bow (when loaded) 

- 1.1 of LOA forward of the bow (ballast condition) 

4.1.3. Structural arrangement 

In this chapter, the structural arrangement is presented in Figure 13, which is implemented in the 

following chapters when determining the scantlings of each structural member. A comparison between 

the new and old midship section is presented in APPENDIX 2 – Structural Arrangement. 

 

Figure 13. SA of the new midship section. 

The structural arrangement of the midship section is set in order to keep the structural arrangement from 

the rest of the ship as continuous as possible. The purpose of this is to maintain the longitudinal strength 

of the ship and to avoid stress concentrations to prevent fractures between the new- and the old sections. 

Figure 12. The view from the bridge. 
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Except for creating a hull structure with the needed strength to resist the loads, it is also important to 

design a structure with members that are able to transport and distribute loads throughout the rest of the 

hull. The weather deck and the intersection between the existing and new sections are main areas that 

need to be supported by brackets or straps. The straps/brackets transports the loads from the new 

bulkhead/weather deck into the old section, see Figure 14 below. 

Figure 14. The new cargo hold seen from the side. The red circles on the left side indicate hot spots (stress concentrations), i.e. 

where there is a need of brackets/straps. The right side shows how this is implemented. 

However, since the new section is an open-top section, it is impossible to obtain the full continuity of the 

decks, APPENDIX 2 – Structural Arrangement for a comparison between the old and the new midship 

section. According to ClassNK (NKK, 2013) the side structure of the new container section has to be of 

double side structure, which differs from the rest of the ship. To maintain the longitudinal continuity of 

the decks as much as possible the side stringers in the double side structure is set to the same height as for 

the decks. There is also a large coaming to stiffen the structure due to the lack of weather deck and to 

carry the loads from the weather deck. The step between the bottom and the side structure is 

implemented, following the ClassNK (NKK, 2013) criterion that a container section should be built with a 

bilge hopper side or a step side, see Figure 13. The step side was considered as the best solution in order 

to use the full width for the container stacks.  Due to the step, the first tier will only be six containers 

wide, which results in the total of 108 FEU high cube containers.  

4.1.4. Loads 

The loads that act on the ship are hydrostatic and hydrodynamic pressures as well as pressure from the 

cargo. In this chapter the sea pressure, the still water- and wave bending moments as well as shear forces 

are determined. 

When lengthening Crown Topaz, the loads will change due to the change in LOA which consequently 

alters other main dimensions for Crown Topaz, such as depth and carrying capacity (DNV, 2013a). The 

Crown Topaz is classified with the Japanese classification society ClassNK. The rules governed by 

ClassNK are followed when calculating the loads for the lengthened ship (Rules for the survey and construction 

of steel ship, NKK, 2013). The loads calculated in the following chapters are used in order to determine the 
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scantlings of the structural members, both due to local strength requirements as well as longitudinal 

strength and buckling.  

4.1.4.1. Sea pressure 

The sea pressure remains steady when lengthening the ship since the depth is not changed. In Figure 15 

the sea pressure for the lengthened ship is seen. 

 

 

 

From Figure 15 it can be seen that the largest sea pressure emerges close to the bottom of the ship, where: 

                      (1) 

Except for the external sea pressure that acts on the shell plating (from waves and hydrostatic pressure), 

an internal cargo pressure acts on the inner plating. The static cargo pressure is given by: 

            
   

 
             (2) 

where M corresponds to the stack weight of 210 tonnes, seven 30 tonnes FEU high cube containers. A is 

the bottom area of the container.  

However, in order to achieve the resulting distributed cargo loads due to heave and pitch motion, the 

vertical acceleration, aV, is calculated according to the equation below. 

   
      

√   
         ⁄     (3)2 

In the equation, m corresponds to a coefficient equal to 1 in the middle of the ship, V is the design speed 

of the Crown Topaz, i.e. 19 knots according to APPENDIX 1 – General Arrangement, and LWL is the length 

                                                      
2  Part 20.4.3 (5) in ClassNK (Part C, 2013) 

Figure 15. The total sea pressure distribution below the summer load line. The maximum sea pressure occurs at the bottom side 
where it reaches 129.7kPa. 
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of the ship according to APPENDIX 1 – General Arrangement. The total distributed cargo load due to the 

vertical acceleration according to ClassNK is calculated below.  

                   (    )             (4) 

4.1.4.2. Still water - and wave bending moments 

When the sea pressure and cargo pressure are known, the changes between bending moments for the 

existing Crown Topaz and the lengthened Crown Topaz should be determined (see Figure 16). This is 

done in order to determine if or how far the old structure satisfies the new requirement of the longitudinal 

bending strength as well as for the stress evaluation for the structural members in Chapter 4.1.6 – 

Evaluation of the strength.  

 

Figure 16. The figure expresses how the bending moments changes when lengthening Crown Topaz by 28 meters. The dotted 
lines represents the bending moments before the lengthening and the solid lines represents the bending moments after the 

lengthening. 

In Figure 16 it is seen that the bending moment due to hogging increases from             to  

             amidships, i.e. x = 0.5LWL. This is an increase of about 60% due to a lengthening of 
18%, (28 m). From Figure 16 it is also seen that the old structure needs to be reinforced from 0.1LWL to 
0.9LWL in order to comply with the new bending strength requirements.   
 

4.1.4.3. Shear forces 
In Figure 17 the changes in shear forces can be seen, which is needed when investigating how the 

structural members respond when disposed to shear buckling stresses.  
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Figure 17. The figure expresses how the shear forces change when lengthening Crown Topaz by 28 meters. 

The shear force is taken from hogging conditions amidships (the solid blue line in Figure 17) and is 

                    .   

4.1.5. Scantlings 

The Crown Topaz is classed by the classification society ClassNK and their rules (NKK, 2013) are 

followed when determining the scantlings for the bottom-, side- and bulkhead structure. Hence, when 

referring to a specific chapter in the following sections (and in APPENDIX 4 – Determining the scantlings) it 

is the chapter found in ClassNK (NKK, 2013) that implies. In Table 4, the main parameters (according to 

ClassNK acronyms) are presented. 

Table 4. General parameters that are used for the following chapters. 

ClassNK parameter Value Explanation 

L’ 179.99 m Length of ship (LOA) 
d 8.66 m Depth (T) 
H 13 m Height from keel to weather deck 
B 23 m Breadth 
K 0.78 Coefficient corresponding to HV-32 steel 
d0 1.3 m Height of double bottom 

4.1.5.1. Bottom structure 

The bottom structure in the new section has the same structural arrangement as for the rest of the ship 

(see APPENDIX 2 – Structural Arrangement). As seen in the structural arrangement of the old structure, the 

Crown Topaz is stiffened longitudinally and therefore the new section remains longitudinally stiffened. 

Currently, the Crown Topaz has a double bottom structure, which contains ballast and fuel tanks. The 

ballast tanks are used if the stability has to be increased when not enough cargo is transported. Likewise, 

the new section will be a double bottom structure which allows space for additional ballast and fuel tanks 

if needed.  
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When dimensioning the double bottom structure in the new section, chapters 6 and 32 ClassNK (NKK, 

2013) have been used. The main principle is to calculate the minimum thickness or minimum section 

modulus for each element in order to determine the new scantlings (see Table 6, Table 7 and Table 8). 

The bottom structure aims to be continuous through the ship and the same elements/same amount of 

each element is implemented in the new structure. 

The updated dimensions, due to local and global strength, for each member in the double bottom 

structure are presented in Table 5. 

 

Table 5. Old and updated dimensions of the members in the bottom structure. 

Type of element 
Scantlings (Present) 

[mm] 
Scantlings (Lengthened) 

[mm] 

Centre girder 1300x15 1300x15.5 
Side girder 1300x15 1300x15.5 
Bottom longitudinals 200x90x8/14 L 240x110x8/14 L 

Inner bottom longitudinals 200x90x8/14 L 240x110x8/14 L 
Bottom shell plating 15.5 16 
Inner bottom plating 12.5 15 
Keel plating 17.5 17.5 
Solid floor3 1300x(10.5-16) 1300x(15-18.5) 
Stiffeners 1300x(125x12) -  1300x(125x17.5) - 
Struts 1300x(150x90x12) L 1300x(175x90x12) L 

 

In Table 6, Table 7 and Table 8, minimum strength requirements for the members in the bottom structure 

are presented. 

 

Table 6. Section modulus requirements of the bottom- and inner bottom longitudinals. 

Type of element Required section modulus [cm3] Determined section modulus [cm3] 

Bottom longitudinals 279.7 502 

Inner bottom longitudinals 345.6 503 
 

 

Table 7. Area requirements of the vertical struts. 

Type of element Required area [cm2] Determined area [cm2] 

Struts 9.1 27.4 
 

 

 

 

                                                      
3 The thickness of the solid floor varies from 10.5 mm close to the centre girder to 16 mm closer to the side 
structure for the old structure and from 15 to 18.5 mm in the new structure.  
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Table 8. Minimum requirements in thickness due to local strength. 

Type of element 
Required thickness 

[mm] 
Determined thickness 

[mm] 

Centre girder 11.9 15.5 
Side girder 10.1 15.5 
Bottom shell plating 13.6 16 
Inner bottom plating 12.4 15 
Keel plating - 17.5 

Solid floor4 15-18.2 15-18.5 

Stiffeners 15-18.2 15-18.5 

 

Assumptions made when designing the new double bottom structure members are explained thoroughly 

in APPENDIX 4 – Determining the scantlings. 

4.1.5.2. Side structure 

The scantlings of the side structure are determined according to Chapter 32 in ClassNK rules (NKK, 2013) 

for container carriers. As mentioned earlier, the section is designed to be an open-top section for 

containers. According to the ClassNK (NKK, 2013), the side structure in the new midship section should 

be of a double side design, stiffened by side transverse girders and side stringers. The dimensions of the 

structural members in the side structure are determined by stipulating the structural arrangement, seen in 

Figure 13 of the new midship section. The scantlings of the elements are presented in Table 9. The 

calculated requirements are presented in Table 10. 

 

Table 9. Old and updated scantlings of the side structure 

Type of element 
Scantlings (Present) 

[mm] 
Scantlings (Lengthened) 

[mm] 

Side shell plating 14 16.5 
Shear strake - 18 
Inner side plating - 12.5 
Side stringers - 12.5 
Side transverse girders 284x10+100x16 13 
Frames 284x10+100x16 12.5 
Longitudinals - - 

Coaming 900x9 2800x150x85/60L 

 

Table 10. Required scantlings and actual scantlings 

Type of element 
Required thickness 

[mm] 
Determined thickness 

[mm] 

Side shell plating 12.7 16.5 
Shear strake 16.5 18 
Inner side plating 11.1 12.5 
Side stringers 12.1 12.5 
Side transverse girders 12.1 13 
Frames 284x10+100x16 12.5 
Longitudinals - - 

Coaming - 2800x150x85/60L 

 

                                                      
4 When determining the mass of the solid floors and the stiffeners a mean value of 17mm has been used. 
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4.1.5.3. Coaming 

To obtain a sufficient longitudinal strength, as well as to strengthen the upper part of the double side 

structure, a coaming with an L-profile is designed to resist buckling stresses (checked in 4.1.6.3 - Buckling 

strength). The coaming also transfer loads from the deck longitudinals and deck plating. In order to reduce 

the stresses and transfer loads between the coaming and the rest of the structure, the brackets on the 

coaming are placed on the same positions as the deck longitudinals, see Figure 18. The height of the 

coaming is chosen in order to prevent water from the weather deck to flood the open hold but also to 

protect the loaded containers. The main scantlings for the coaming are seen in Table 9.  

 

 

Figure 18. The forces that are distributed from the coaming of the open-top section to the deck longitudinals in the old section. 

4.1.5.4. Bulkhead structure 

As mentioned in Extension of the Ship, the ship will be split between cargo hold 2 and 3. Crown Topaz has, 

according to the GA, APPENDIX 1 – General Arrangement, six bulkheads. When splitting the ship, it is 

done aft of the bulkhead that divides cargo hold 2 from cargo hold 3 (see Figure 19). On the forward part 

of the bulkhead, cooling equipment for cargo hold 2 is installed and therefore the splitting is chosen to be 

aft of the bulkhead.  
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Figure 19. Upper deck of Crown Topaz where the dashed line indicates where the ship will be split, i.e. just aft of the adjacent 
watertight bulkhead. 

 

For the new section, there will be two new bulkheads, one watertight and one structural, and the existing 

bulkhead is reinforced. The main difference between the watertight- and the supporting bulkhead is that 

the watertight bulkhead has plating to avoid water ingress between the cargo holds. Otherwise, all three 

bulkheads provide stiffness to the structure.  

According to ClassNK (NKK, 2013) there is a need of nine watertight bulkheads but the new design only 

have room for seven watertight and one structural bulkhead. However, ClassNK states that the number of 

watertight bulkheads could be decreased if not applicable, but only by special approval by the class society. 

The amount of bulkheads is kept to seven watertight bulkheads and one structural bulkhead but the 

strength and the stability should be further investigated for the lengthened Crown Topaz. However, this is 

beyond the scope of this study. 

In Table 11 the dimensions of each of the structural members in the bulkhead are presented for the 

watertight bulkhead. 

Table 11. Dimensions of the structural members in the new watertight bulkheads. 

Type of element 
Scantlings (present) 

[mm] 
Scantlings (lengthened) 

[mm] 

Bulkhead plating  7.5 – 12 12 
Lower bulkhead plating5 11.5 -12.5 13 
Limber plating 13.5 15 
Girders 230x10 + 125x206 

200x90x8/147 
350x13 
350x278 

Stiffeners9 230x10 + 125x2010 , 200x90x8/1411 240x8 
Stringers -  450x12.5 + 150x20 

 

                                                      
5 The lower plating thickness should extend from the bottom plating to 1.91m above the bottom plating. 
6 Below strength deck, stiffeners with T-profile 
7 Above strength deck, stiffeners with L-profile 
8 The web of the girders should have a minimum thickness of 27mm from the bottom plating to 2.2m above the 
bottom plating. 
9 The bulkheads in the old structure have no division between girders and stiffeners, only stiffeners with a spacing of 
0.825m, like the spacing of the bottom longitudinals. 
10 Below strength deck, stiffeners with T-profile 
11 Above strength deck, stiffeners with L-profile 
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The bending strength and 2nd moment of inertia requirements for the new watertight bulkhead can be 

seen in Table 12. 

Table 12. Bending strength and section modulus requirement of the girders. 

Type of 
element 

Required section 
modulus [cm3] 

Actual section 
modulus [cm3] 

Required 2nd moment 
of inertia [cm4] 

Actual 2nd moment 
of inertia [cm4] 

Girder 10669 26542 4610 4645 
 

The dimensions of the structural members in the reinforced watertight bulkhead are increased to the same 

dimensions as for the new bulkhead, see Table 11. When determining the dimensions of the structural 

bulkhead, the proper method to use is direct calculations. However, since this is beyond the scope of this 

project the dimensions are estimated according to the scantlings of the new watertight bulkhead but 

without the bulkhead, lower bulkhead and limber plating. 

The width of the supporting bulkhead is set to 2 meters in order to install an air duct system between the 

two container bays with a diameter of 1 meter. Except the air duct system, the supporting bulkhead will 

act as a platform when servicing the containers. Each of the new bulkheads will also be fitted with cell 

guides in order to ease the loading of the containers as well as securing the containers when loaded. The 

cell guides, extends from the tank top to the stack height of the containers, i.e. two container heights 

above the weather deck.  

4.1.6. Evaluation of scantlings 

To evaluate how the structural members respond to the acting loads, the critical shear stresses, the critical 

buckling stresses as well as the minimum bending strength need to be compared to the actual shear 

stresses, buckling stresses and bending strength of the hull. For this evaluation chapter 15.2 (NKK, 2013) 

has been implemented. 

4.1.6.1. Longitudinal strength 

To check if the extended ship manages the longitudinal strength, a minimum bending strength 

requirement is achieved according to: 

         |     |                 (5) 

Where MS is still water bending moment and MW is wave water bending moment, both in hogging 

condition, achieved in chapter 4.1.4.2. When the required bending strength due to bending moments is 

known, the actual bending strength is calculated according to: 

     
       

|    |
    (6) 

Where the 2nd moment of inertia corresponds to the transversal sections 2nd moment of inertia idealized as 

an I-beam, see Figure 20, and zmax is the greatest distance from the centroid. 
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In order to manage the global longitudinal strength: 

              (7) 

Before calculating the global 2nd moment of inertia, the position of the centroid needs to be determined 

according to: 

          
∑         

    
         (8) 

Where index i corresponds to each structural member; i.e. the area and local position of centroid for each 

structural member is summed up and then divided by the total area. When the global position of the 

centroid is determined, the global 2nd moment of inertia is determined according to: 

         ∫     ∑   (              )
        

 
  (9) 

Equation (9) is used in equation (10) where it is divided by the greatest distance from the centroid, 

resulting in an actual bending stress of: 

     
       

|    |
                 (10) 

As seen, the requirement in equation (5) is fulfilled for the new midship section. 

4.1.6.2. Torsion 

Since the new section is an open-top section with a hatchway that is 70% of the breadth of the ship (the 

hatchway amidships is 21 meters wide according to the structural arrangement in Figure 13), the global 

torsion should be checked for the lengthened ship. However, in order to check the global torsion 

properly, the ship should be modelled by using FEM software and further analysed. This is considered as 

beyond of the scope of this study, and the following calculations are simplified to estimate the global 

torsion. 

The global torsion of the lengthened Crown Topaz has been roughly estimated (Huss, 1999) and the 

torsional stress requirement given by ClassNK (C32.2.2, NKK, 2013) is: 

            
    

     
            (11) 

Figure 20. The midship-section idealized as an I-beam. 
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According to equation (11), the allowed torsion stress in the open-top section should not exceed 224 MPa. 

In this simplification of the global torsion, the open-top section is checked due to the requirement in 

equation (11) and the other sections are assumed to be of one magnitude stiffer compared to the open-top 

section (Hallström, 2014). With the assumption that the rest of the ship is much stiffer if compared to the 

open-top section, the open-top section is idealized as a U-beam, see Figure 21, with fixed edges. 

Figure 21. The midship section idealized as a U-beam, parameters are described in Appendix 5. 

Since the open-top section is prevented warping at x0 (the aft part of the new section) and xLh (the fore 

end of the new section), the boundary conditions are:  (   )   ,    (   )    and 

   (    )    , i.e. the angle of twist ()at x0 is equal to 0 such as the curvature at x0 and xLh.  

The external torque (MX) is achieved by estimating the still water – and wave torsional moments according 

to DNV (DNV, 2013b) and are presented in Figure 22 below (calculations for the still water – and wave 

torsional moments are found in APPENDIX 5 – Torsional calculations). 

Figure 22. Torsional moments along the length of the ship. 
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In order to simplify the torsional calculations, the external torque is assumed to be constant for the  

open-top section. Hence, from Figure 22 the external torque is achieved from the maximum of the 

torsional moments: 

      (                   )            (12) 

The differential equation that should be solved is: 

             ( )             (13) 

When assuming that the external torque is constant, the homogenous solution to the differential equation 

(tors.14, Huss, 1999) is: 

                  (   )         (  )   (14) 

The coefficients C1 to C4 of the homogenous differential equation (13) are presented in APPENDIX 5 – 

Torsional calculations, together with the parameters (k, IW and wn) that are used in equations (13), (14), (15), 

(16). Equation (13) is solved by using the three boundary conditions as well as: 

            ( )    (15) 

Where MW is the warping moment, IW is the sectorial moment of inertia of the U-beam and E is the 

young’s modulus for steel of 2.06·1011Pa. When the warping moment is received by solving the 

coefficients C1 to C4 in the homogenous solution (equation (14)), the level of stress (X) is found by: 

   
    (  )   

  
                (16) 

In equation (16) wn is the normalized sectorial coordinate for each position (1)-(5) of the idealized U-beam 

seen in Figure 21 and the maximum stress appears at position (1) and (5) when             . 

The level of stress (X), that is returned in equation (16), of 79 MPa is compared to the allowable torsional 

stress of torsion_a=224MPa, equation (11), which proves that the open-top section satisfies the requirement 

since X<torsion_a with a sufficient safety margin about 2.5.  

4.1.6.3. Buckling strength 

When analysing the buckling strength, each longitudinal structural member should be analysed due to local 

buckling. Chapter 15.4 (NKK, 2013) is followed. The yield stress of the steel (H-32) used in the ship is: 

              (17) 

For each longitudinal (in the bottom and the side structure) structural member a working stress is 

determined according to: 

     
     

       
      (    )⁄    (18) 

Where y is the vertical distance from the location of the member to the neutral axis (ycgglobal) and the 

bending moments are achieved in Figure 16, and Iglobal from equation (9).  

The actual stress, for each member, that is returned in equation (18) is then compared to the critical 

buckling stress C. If the actual stress is lower than the critical buckling stress, the structural member 

fulfils the criteria. The critical buckling stress is based on the elastic buckling stress for each structural 
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member (E). To achieve C, one of two statements, (equation (19) or (20)) should be followed given by 

chapter 15.4.512 (NKK, 2013): 

                   
  

 
    (19) 

     (  
  

   
)               

  

 
   (20) 

In order to determine E for each member, chapter 15.4.3 (NKK, 2013) is followed for elastic buckling 

stresses of plates, and chapter 15.4.4 is followed for elastic buckling stresses of longitudinals. The stresses 

can be seen in Table 13 for the bottom structure and in Table 14 for the side structure.  

Table 13. Buckling stresses of each longitudinal member in the bottom structure in MPa. 

Type of 
element 

Critical 

buckling (C) 

Elastic 

buckling (E) 

Torsional buckling 

(T) 

Actual buckling 

(A) 
C > A  

Centre girder 111.3 111.3 - 106  
Side girder 111.3 111.3 - 106  
Bottom 
longitudinals 

119.6 119.6 1157 118  

Inner bottom 
longitudinals 

122.4 122.4 1246 94  

Bottom shell 
plating 

113.7 113.7 - 108  

Inner bottom 
plating 

102.7 102.7 - 85  

Keel plating 246.3 361.2 - 85  
 

 

Table 14. Buckling stresses of each longitudinal member in the side structure in MPa. 

Type of element 
Critical 

buckling (C) 

Elastic 

buckling (E) 

Torsional 

buckling (T) 

Actual 

buckling (A) 
C > A  

Shell plating 81.8 81.8 - 75.2  
Shear strake 128.2 128.2 - 124.3  
Inner plating 81.8 81.8 - 75.2  
Inner shear strake 128.2 128.2 - 124.3  
Side stringers 315 3·108 - 124.3  
Step plating 123.8 123.8 - 28.7  
Coaming 312.5 1014 3.8·106 180  
 

According to Table 13 and Table 14 above, it is seen that all members are dimensioned in order to 

withstand local buckling stresses.  

4.1.6.4. Shear strength 

The plating of the bottom structure as well as the stringers and plating in the side structure are also 

exposed to shear buckling stresses. The yield shear stress is: 

   
  

√ 
            (21) 

                                                      
12 Paragraph (1)  
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The actual shear buckling stress is, according to ClassNK (NKK, 2013)13: 

     
   

          
         ⁄    (22) 

Where m refers to the moment of area of the transverse section, F is the shear force acting on the midship 

section achieved in Chapter - Shear forces, Iglobal is specified in equation (9), and ti is the thickness of the 

structural member (found in Table 5 and Table 9). 

In order to examine whether or not these members satisfy the critical shear buckling stress (C), chapter 

15.4.3 (2) and 15.4.5 (2) (NKK, 2013) are followed. To achieve C, one of two statements14, equation (23) 

or (24) should be followed: 

                   
  

 
    (23) 

     (  
  

   
)               

  

 
   (24) 

The elastic shear buckling stress (E) in Table 15 is determined according to chapter 15.4.3 (2) (NKK, 

2013). 

Table 15. Shear buckling stresses for the plating in bottom structure and side structure in MPa. 

Type of element 
Critical shear 

buckling (C) 

Elastic shear 

buckling (E) 

Actual shear 

buckling (A) 
C > A 

Shell plating 181.4 18897 99  
Inner plating 181.4 17952 105  
Keel plating 181.2 12735 90  
Shear strake 181.5 22456 57  

Side shell plating 181.5 20585 102  
Inner side shell plating 181.3 16218 130  

Step plating 181.3 13638 76  
 

In Table 15 it is seen that all plating in the bottom and side structure withstands the shear buckling 

stresses.   

4.1.7. Reinforcement of the old structure 
To strengthen the old structure, in order to fulfill the criteria for longitudinal strength after the 

conversion, doubler plates and straps are used. The doubler plates are welded on the top of the deck 

plating and on the upper top of the side plating. Similarly the straps are welded on top of the deck plating. 

To maintain the ability to carry the longitudinal loads, the structure also has to be reinforced to transfer 

the longitudinal loads. Brackets and bars are used at critical positions (see red circles in Figure 14) such as 

in both ends of the new section, intersections between decks and bulkheads etcetera.  When determining 

the scantlings of the strengthening members, the case study of MSC Carla, (Ship Structure Committee, 2014) 

and DNV classification note NO.8 conversion of ships, (DNV, 2013a) are used, since ClassNK does not 

mention requirements for reinforcement members. According to the case study, (Ship Structure Committee, 

2014),  Lloyd’s register limits the doubler material to 2 times the existing plate and ABS limits the doubler 

material to 1.25 of the existing plate, but may allow 1.5 for special cases. In the case study of MSC Carla, 

1.25 is recommended from both classification societies as a result from experience where fatigue cracks 

have been detected in joints for higher ratios. Lloyds also limits the width-to-thickness ratio of the doubler 

                                                      
13 Chapter 15.4.2 (2-2) 
14 Chapter 15.4.5 (2) (NK) 
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straps to 15. DNV only considers minimum thicknesses of doubler plates and straps. From DNV15 

(DNV, 2013a) the minimum requirements for doubler plates on deck is t=6.5 mm or the thickness of the 

existing plate, whichever is less, and the requirement for sides and bottom is t=10 mm or the thickness of 

the existing plate, whichever is less. Since there is no significant increase of the sea pressure due to the 

lengthening as stated in chapter Sea pressure, there is no need to check plating and frames according to DNV 

(DNV, 2013a). 

By combining these regulations, the scantlings for the reinforcement members can be determined. In 

order to estimate a total weight of the reinforcement the most conservative regulations are used. If the 

Crown Topaz should be extended, the whole structure has to be analyzed by FEM to determine the actual 

stress levels in the members to gain sufficient scantlings. The requirements and scantlings are presented in 

Table 16 and Figure 23 presents a conceptual design of the reinforcement. 

Table 16. Requirements and scantlings of reinforcement members 

Type of element Requirement [mm] Scantlings [mm] 

Strap 16.25x243  16x240  
Doubler plates, Weather deck 10 16x5302 
Doubler plates, B deck 10 13.5x950 
 6.5 8x2400 
 6.5 8x2250 
 10 16x1490 
Doubler plates, Side 10 10x2800 

 

                                                      
15 Section 2.10 

Figure 23. A conceptual design (of scale) of the reinforcement, seen from above. The dotted line represents the 
location of the joint. 
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The scantlings are determined in order to satisfy the increased criteria for longitudinal strength as 

mentioned. As seen in Figure 16 the still water- and wave bending moments have an increase of almost 

60% due to the lengthening. This affects the length of the reinforcement into the old structure. According 

to Figure 16 the reinforcements have to overlap from 0.1LWL to 0.9LWL, i.e. 80% of the old hull has to 

be reinforced. This corresponds to 54 meters into the hull on each side of the new section. The bending 

strength of the old structure needs to comply with the bending strength requirement given in equation (5) 

of            . With the scantlings of the reinforcement members determined above, the bending 

strength in the old structure is:  

     
       

|    |
                 (25) 

The scantlings of the reinforcement members result in a total weight of 363 tons excluding welds when 

using high-strength steel with a density of ρsteel = 7.8tons/m3. 

4.1.8. Result of the new lightweight 

Due to the local- and global strengths, scantlings of each member in the new open-top section have been 

determined, as well as scantlings for the additional reinforcement members in the old structure. The 

scantlings are used in order to determine the new lightweight of the ship according to equation (26), where 

the weights are presented in Table 17. 

                                                         (26) 

Table 17. Weight estimation for the lengthened ship. 

Abbreviation Structure Weight [tons] 

LWold Weight of old lightweight structure 6204 
mb Weight of bottom structure 219 
ms Weight of side structure 391 
mbh Weight of bulkhead structure 132 
mr Weight of reinforcement 363 
mvent Weight of air duct system 4 
mpump Weight of pumping system 5 
mcrane Weight of crane + foundation 60 
mguides Weight of cell guide structure 10 
mpipes Weight of piping and tanks 20 
maux Weight of added auxiliary engine 12.5 

 

When determining the weight seen in Table 17, a density for the steel used for the structural members in 

the bottom-, side-, bulkhead- and reinforcement structure is set to ρsteel = 7.8tons/m3. Steel is also used 

for the cell guides. The large pipe of the air duct system is made of steel while the smaller pipes from the 

air duct system are made by galvanized steel (Mohlin, pers. comm., 2014) with a density of ρg_steel= 

7.85tons/m3.  

The weight of the bilge pumps, cell guides, pipes in the bottom and deck crane are approximated due to 

size, material or needed capacity. An auxiliary engine of type 6DE-18 from Daihatsu diesel (Daihatsu diesel, 

2014) is chosen due to the needed power of 756kW for the 108 extra containers á 7kW/container. 

The new lightweight of the lengthened Crown Topaz is achieved by combining equation (26) and Table 

17: 

                   (27) 
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If comparing with the estimated lightweight from the pilot study in APPENDIX 3 – Pilot study of 7445 

tonnes, it is seen that the updated lightweight seen in equation (27) is very close to the estimated 

lightweight. The new lightweight will be used in order to determine the resistance, which will result in the 

new fuel consumption for the Crown Topaz. 

4.2. Resistance 
After the lengthening of the Crown Topaz, the resistance will change and affect both top speed and 

cruising speed. The main parameters (length, block coefficient and wetted surface area) are changed due to 

the lengthening. The method used for the calculations of the resistance of the lengthened ship is the same 

method as for the pilot study, seen in APPENDIX 3 – Pilot study in order to compare the results.  

Since the midship section is designed for 108 FEU high cube refrigerated containers of 30 tonnes, the 

maximum added weight by the cargo is 3240 tonnes. This results in an added displacement of 4454 

tonnes. Due to the restricted maximum cargo weight there is room for ballast tanks and bunker tanks if 

needed since the calculated added maximum displacement is 5466 tonnes. The resistance is calculated for 

the fully loaded ship i.e. 100% of the DWT and loaded to 80% of DWT by implementing the Holtrop and 

Mennen method. When evaluating the resistance before and after the lengthening, the load case of 80% of 

DWT is presented since this load case is the most common for the reefer ships in the NYKCool fleet. 

The results are presented in Table 18 and Table 19 below. 

The input parameters for the fully loaded ship after the lengthening are: 

Lpp 167.4 m 
T 8.66 m 

∇ 21339 m3 

S 5126 m2 

η 0.63 

 

Where the efficiency, η, is based on similar studies of the Crown Class ships (Reinius, 2014). 

Table 18. Resistance for the load case 100% of DWT. 

Speed 
[knots] 

Total Resistance, 
Rt [kN] 

 

Wave making 
resistance, Rw [kN] 

Frictional 
resistance, Rf [kN] 

Needed power 
[hp] 

 

17 497 61 351 9253 
18 576 90 391 11355 
19 664 126 433 13817 
20 766 173 477 16778 

 

 

The input parameters for the load condition 80% of the DWT after the lengthening are: 

Lpp 167.4 m 
T 7.76 m 

∇ 18519 m3 

S 4778 m2 

η 0.63 
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Table 19. Resistance for the load case 80% of DWT. 

Speed 
[knots] 

Total Resistance, 
Rt [kN] 

Wave making resistance, 
Rw [kN] 

Frictional 
resistance, Rf [kN] 

Needed power 
[hp] 

 

17 458 48 330 8527 
18 528 70 367 10409 
19 605 98 406 12589 
20 695 136 448 15223 

 

4.2.1. Evaluation of resistance 

The changes in fuel consumption are directly related to the changes in resistance. As seen in Table 18 and 

Table 19 it is possible to sail at 19 knots both for the fully loaded condition and when loaded to 80% of 

the DWT with normal output from the main engine of 13770 hp as specified in the GA, see APPENDIX 

1 – General Arrangement. Compared to the existing Crown Topaz, a lengthening of 28m, will increase the 

resistance of about 15% when loaded to 80% of DWT at a speed of 19 knots, see Table 20. 

Table 20. Change in resistance for the load case 80% of DWT when lengthening the ship. 

Speed 
[knots] 

Resistance [kN] 
(Existing Ship)  

Resistance [kN] 
(Lengthened Ship)  

Difference [ %] 

17 382 458 19.9 
18 447 528 18.1 
19 526 605 15 
20 617 695 12.6 

4.3. Stability 
The initial stability has been checked for the lengthened Crown Topaz and is presented in Figure 24 

below. 

 

Figure 24. GZ-curve for the lengthened Crown Topaz for three load scenarios (solid line shows 100% of DWT, the bigger dashed 
line shows the 80% of DWT and the smaller dashed line shows 0% of DWT). 
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As seen, the stability has been checked for three load scenarios; 100% of DWT, 80% of DWT and 0% of 

DWT. Main parameters that have been used is presented in Table 21: 

Table 21. Main parameters that have been used during the stability calculations. 

 0% of DWT 80% of DWT 100% of DWT 

∇ 7240 m3 18519.4 m3 21339 m3 

KG 4.31 m 7.2 m 7.45 m 
 

The KG values in Table 21 are approximated values depending on steel structure in the old and the new 

section, but also the cargo in the holds, the 70 containers on top of the cargo holds and the 108 containers 

in the open top section. For 0% of DWT only the steel structure will contribute to the height of KG, for 

100% of DWT the ship is fully loaded and the steel structure together with 100% cargo contributes to the 

height of KG and for 80% of DWT (banana condition), the steel structure together with 80% of the cargo 

contributes to the height of KG.   

The initial stability is checked due to the general IMO requirements as well as to the weather requirements 

(Huss, 2007). Those are presented in Table 22 and Table 23. 

Table 22. The general initial stability requirement due to IMO for the three load scenarios. P/F denotes pass or fail where a 
checkmark is denoted when a criteria is fulfilled.  

 IMO criteria 
0% of 
DWT 

P/F 80% of DWT P/F 
100% of 
DWT 

P/F 

i) e(Φ)30 > 0.055mrad 0.94 mrad ✔ 0.47 mrad ✔ 0.39 mrad ✔ 
ii) e(Φ)40 > 0.090mrad 1.53 mrad ✔ 0.64mrad ✔ 0.45mrad  ✔ 
iii) e(Φ)40 - e(Φ)30 > 0.030mrad 0.58 mrad ✔ 0.17mrad ✔ 0.06mrad ✔ 
iv) GZ30 > 0.20m 3.6 m ✔ 1.8 m ✔ 1.48 m ✔ 
v) GZmax > 25 60 ✔ 40 ✔ 35 ✔ 

vi) GM0 > 0.15m 8 m ✔ 3.19 m ✔ 3.05 m ✔ 
 

As seen in Table 22, the lengthened Crown Topaz meets IMO’s initial stability requirements for all three 

load scenarios. Where the angle (Φ)40 represent an angle of 40◦ or the flow angle if lower. The flow angle 

for the load case 0% of DWT is 49 , 37.5 for 80% of DWT and 34 for 100% of DWT. 

The weather criteria are analysed in order to determine the ability to resist joined influences of wind from 

the side and rolling for the Crown Topaz. The wind is assumed to have a constant pressure of 504 N/m2 

(pW), which is equal to a wind speed of 28m/s (Huss, 2007). The weather criteria can be studied in Table 

23 and the values for Φf, Φ0, B and A are calculated by using TSFS:2006:1 (Huss, 2007. Appendix 4 – Initial 

stability) where Φf corresponds to the flow angle, i.e. the minimum heeling angle when water is able to 

flow into the hull, Φ0 is the heeling angle during constant wind, (b) is the dynamic stability on the leeward 

side and (a) is the dynamic stability on the windward side. The ship is exposed to a constant wind (pW), 

which heels the ship to an equilibrium Φ0. Due to wave impact the ship starts to roll from its equilibrium 

towards the leeward side. The ship is again exposed to a wind that is 50% larger than (pW), which again 

heels the ship. At this moment, the ships righting lever arm should be larger than the heeling lever arm. 

The dynamic stability of the righting lever arm (b) should be more than the dynamic stability of the 

heeling lever arm (a) (see iii) in Table 23) and the heeling angle (Φ0) ( see ii) in Table 23)  should be less 

than 16, in order to reach the weather criteria. 
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Table 23. Weather criteria - open top section. P/F denotes pass or fail where a checkmark is denoted when a criteria is fulfilled. 

IMO criteria 0% of DWT P/F 80% of DWT P/F 100% of DWT P/F 

 Φf>30 49  ✔ 37.5 ✔ 34 ✔ 

ii) Φ0<16 0.76 ✔ 1.03 ✔ 0.87 ✔ 

iii) b>a 2.13mrad>0.16mrad ✔ 0.64mrad>0.14mrad ✔ 0.45mrad>0.15mrad ✔ 
 

It is seen that the lengthened Crown Topaz reaches both the initial stability criteria as well as the weather 

criteria stated by IMO for the three load conditions 0% - , 80% and 100% of DWT.   

4.4. Costs and income 
The aim of this study is to analyse if a lengthening of the Crown Topaz is economically viable or not. In 

order to reach the aim, the costs in terms of fixed and variable costs are evaluated towards the increased 

income from the 108 extra containers. All costs (fixed and variable costs) that relates to a lengthening of 

the Crown Topaz are presented in Table 24, Table 25, Table 26 and Table 27 below. The variable costs 

such as port fees and fuel costs (Table 26 and Table 27) are presented as daily costs (i.e. per 24hours) and 

the same applies for the income from the increased container capacity (Table 28). From the daily costs 

and income the daily profit is achieved. The fixed costs are then divided with the daily profit in order to 

estimate when a lengthening of the Crown Topaz will reach break-even, i.e. when the fixed costs and 

losses due to the conversion have been repaid and NYKCool gains extra profit for the lengthened ship. 

The costs that directly depend on the rebuilding of the Crown Topaz, in terms of material, labour and 

equipment is presented in Table 24. The equipment costs are estimated and based on product catalogues 

(Fläktwoods, 2014) as well as similar equipment for other ships in the NYKCool fleet (Mohlin, pers. comm., 

2014). The steel and shipyard costs are combined and calculated in USD per tonne steel. The costs for 

rebuilding the ship in Turkey, where a shipyard frequently used to dock Crown ships is located, is based 

on costs from 2006 (Mohlin, pers. comm., 2014). For the auxiliary engine a standard value of 260 USD/kW 

from 1999 has been used (Mohlin, pers. comm., 2014). The standard values for steel and auxiliary engine have 

been adjusted with an inflation of 3% per year (Inflation calculator, 2008-2012) from the reference year until 

today. The adjusted costs are seen in Table 24. 

Table 24. Fixed costs owing to the rebuilding of the Crown Topaz. 

 Amount Cost Total 

Steel and shipyard cost 1217 tonnes 1940 USD/tonne 2.36 M.USD 

Air duct system16 1 50,000 USD 50,000 USD 

Bilge pumps 3 91,700 USD/pump 275,000 USD 

Auxilary engine 1 á 850 kW 370 USD/kW 315,000 USD 

Crane 1 1 000 000 USD 1 M.USD 

Total fixed costs:   4 M.USD 
 

Except for the fixed costs due to material, labour and equipment, the duration when rebuilding the Crown 

Topaz (when the ship is off-hire), will contribute to loss of income for NYKCool. The duration when the 

ship is off-hire is approximated to 90 days, based on similar conversion made by Seatrade. The income for 

the Crown Topaz during the Coman trade varies over the year, however not as much as for the other 

ships in the NYKCool fleet that sails the seasonal trades. It is important to choose the season when the 

                                                      
16 The cost is given in SEK/m pipe, where 1USD equals 6.56SEK (SVD, 2014-05-12) 
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ship is off-hire wisely, either due to changes in incomes (when the freight rates of the cargo are low) or 

due to schedule (if the ship is needed a specific time). Between August and November there is an excess 

of ships that can cover for the ships in the Coman Trade and a lengthening are preferably done during this 

period. The total loss that occurs during the period when Crown Topaz is off-hire are presented in Table 

25 below and derives from 2013’s pallet revenue for the Crown ships in the Coman Trade. 

Table 25. Loss due to off-hire of the Crown Topaz for a 3 month period. The net income is based on the income for the ships in 
the Coman trade from august-october. 

 Duration Period Net income  Total 

Off-hire  
(cargo hold and containers) 

90 days August, September, 
October 

11,690 USD/day 1.052 M.USD 

Total loss:    1.052 M.USD 

 

Except fixed costs due to the rebuilding, the lengthening of Crown Topaz also affects the variable costs of 

the ship (see Table 26 and Table 27) in terms of fuel consumption and port fees. In chapter 4.2 it is seen 

that after the lengthening of the Crown Topaz, the resistance increases with 15% at a speed of 19 knots. 

The fuel consumption is directly related to the resistance and likewise it will increase with 15%. The 

change in fuel consumption is presented in Table 26 below. From Table 19 it is seen that the engine needs 

to produce 9386kW in order to sail at a speed of 19 knots, which is an increase of 15% in resistance as 

well as fuel consumption. The Crown Topaz consumes 1.5 tonne fuel per hour in the Coman Trade at a 

speed of 19 knots and even keel (Reinius, 2014). The increased resistance results in an increase of about 0.2 

tonnes fuel per hour. Currently, the cost for heavy marine fuel oil is 595USD/tonne (Mohlin, pers. comm., 

2014).  

The 108 FEU high cube refrigerated containers have a power consumption about 7kW per container at a 

temperature of 13C. The auxiliary engine is estimated to consume 167g fuel per kWh (Mitsubishi Heavy 

Industries, 2001). The extra fuel that is needed to power the 108 containers represents 18144kWh per day. 

This results in a daily increase of fuel of about 3 tonnes when the open-top section is fully loaded. Most 

part of the containers are transported from Moin to Antwerp, which is a voyage of 15 days. The extra fuel 

oil consumption per day for a whole voyage is approximated to 1.3 tonnes per day.   

Table 26. Change in fuel consumption per 24 hours for the Crown Topaz. 

 New value Comment Total change 

Extra fuel costs  
(main machinery) 

5.4 tonnes/day at 
595USD/tonne 

15% increase at 19 knots 3213 USD/day 

Extra fuel costs 
(auxiliary machinery) 

1.3 tonnes/day at 
595USD/tonne 

15 days use in one round 
voyage 

774 USD/day 

Total fuel cost per day:    3987 USD/day 
 

Due to the increased gross tonnage of 34%, from 10527 GT (see APPENDIX 1 – General Arrangement) to 

14109 GT, the port costs will change. The changed costs related to the ports are presented in Table 27 

below. The tariffs for the port of Antwerp are based on tariffs for Port of Antwerp (Port of Antwerp, 2011 

and De Vlaamse loodsgeldarieven, 2011). 
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Table 27. Costs due to increased gross tonnage of 34% to 14109 GT. 

 Port Changed costs Comment Total 

Pilotage Antwerp 525 USD 16% 525 USD 
Tonnage dues17 Antwerp 0.37 USD/GT 34% á 3582 GT 1325 USD 
Berthing dues Antwerp 0.22 USD/ton 108 FEU á 30ton 713 USD 
Port fee Radicatel Free - - 
Port fee Portsmouth No changes - - 
Port fee Phillipsburg 1000 USD - 1000 USD 
Port fee Pointe-á-pitre 1000 USD - 1000 USD 
Port fee Turbo 1000 USD - 1000 USD 
Port fee Moin 1000 USD - 1000 USD 
Port fee Manzanillo 1000 USD - 1000 USD 

Total costs per route:    7563 USD 
Total daily cost:    216 USD/day 

 

As seen in Table 27, the port costs of Antwerp correspond to the main changes due to increased gross 

tonnage. In Portsmouth there will be no changes and presently there are no fees for berthing in Radicatel. 

For the five other ports (Phillipsburg - Pointe-á-Pitre – Turbo – Moin - Manzanillo) the change in port fee 

is assumed to 1000 USD (Sjöstrand, pers. comm., 2014).  

Table 28. Profits due to increased container cargo capacity of 108 FEU high cube reefer containers for one voyage route in the 
Coman trade.  

 Duration Cargo/trade Standard value Total 

Added container capacity 1 voyage 108 containers 2500 USD/container 270,000 USD 

Total daily income:    7715 USD/day 
 

The variable costs are evaluated against the daily income from the extra containers in order to assess the 

daily profit for the company (see Table 29). The daily profit that is seen in Table 29 refers to a ship that 

sails with 19 knots constantly for 24 hours each day, all year around.  

Table 29. Costs and income are evaluated in order to determine the profit per day. 

 Comment Amount 

Container income 2500 USD/container 7715 USD/day 

   

Fuel costs 6.7 tonnes/day at 595 USD/tonne 3987 USD/day 

Port costs Coman trade 216 USD/day 

Total daily income:  3512 USD/day 

 

The total income per day of 3512 USD is used in order to evaluate when the investment reaches break-

even. The costs seen in Table 24 and Table 25 are summarized and divided with the extra income per day, 

see: 

           
                 

       
                      (29) 

                                                      
17 Port of Antwerp presents the tariffs in euro. The conversion rate (2014-05-12) is 1Euro equals 1.37USD. 
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According to equation (29) NYKCool’s investment should reach break-even after approximately 4 years, 

i.e. after 4 years the company will start to earn profit for each voyage. The distribution of the costs and 

losses due to the lengthening of Crown Topaz is presented in a pie chart in Figure 25 below. 

Figure 25. Distribution of costs when break-even is reached after approximately 4 years. 

It is seen that the increased fuel costs stands for approximately half of the total costs. The increased port 

costs stands for 3% and the rest relates to the conversion of the ship.  

4.4.1. Sensitivity analysis 

The fuel costs and the increased cargo income have also been analysed for changes in fuel price due to 

inflation. This analysis can be seen in 4.4.1.1. Changes in fuel costs. The costs and income have also been 

studied specifically for the Coman Trade. As mentioned, the total profit per day that is presented in Table 

29 refers to a ship that sails with 19 knots constantly for 24 hours each day, all year around. Therefore the 

fuel costs have been adapted for the Coman Trade, which is presented in 4.4.1.2. Cost and income analysis for 

the Coman Trade. 

4.4.1.1. Changes in fuel costs 

Due to inflation and supply and demand factors the fuel costs may change over the years. Currently, the 

fuel price is 595USD/tonne (Mohlin, pers. comm., 2014) and if using a cumulative rate of inflation about 

8.7% (Inflation Calculator, 2008-2014) for four years ahead, the fuel price is 647USD/tonne. The change 

due to inflation is presented in Table 30. 

Table 30. The total costs and income per 24 hours due to an increased fuel price (2014-2018). 

 Comment Amount 

Container income  2500USD/container 7715 USD/day 
   
Fuel costs  6.7 tonnes/day at 647 USD/tonne 4335 USD/day 
Port costs  Coman trade 216 USD/day 

Total daily income:  3164 USD/day 
 

          
                 

       
             (30) 

Off-hire: 9%

Fuel: 52%

Port: 3%

Steel and shipyard: 21%

 Equipment:15%

Distribution of costs when reaching break-even after 4 years
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As seen in Table 30 and in equation (30) NYKCool will reach break-even after almost four and a half 

years if the fuel price increases from 595USD to 647USD per tonne fuel.   

4.4.1.2. Cost and income analysis for the Coman Trade 

In order to adapt the cost and income analysis for the Coman Trade, the bunker consumption is 

determined for one round voyage of 35 days. The Crown Ruby consumes approximately 751.1 tonnes of 

fuel oil for one voyage in the Coman Trade. However, Crown Ruby does not sail for 35 days at a time; the 

total sailing time is 583hours. The average speed is 17.8 knots and according to Table 39 in Resistance, the 

resistance for 18 knots increases with 18.1%. In equation (31) the increased fuel consumption for the 

lengthened ship is presented.  

                                                                   (31) 

Accordingly, the extra fuel consumption is about 3.88 tonnes per day for the main machinery. The extra 

fuel consumption due to the auxiliary engine is still approximated to 1.3 tonnes per day. The total income 

per 24 hours with a fuel price of 595USD/tonne, specifically for the Coman Trade, is presented in Table 

31. However, when the ships approach Europe they enter the European ECA-zone as mentioned in the 

chapter The Coman trade. The ECA-zone requires the use of gasoil instead of heavy fuel oil to limit the 

emissions of sulphur. The gasoil cost about 300 USD per tonne more than the heavy fuel oil (Sjöstrand, 

pers. comm., 2014). Data archived from the Crown Topaz shows that about 11% of the consumed fuel oil is 

within the ECA-zone. Accordingly an ECA-addition for the extra fuel cost is added in Table 31. 

 

Table 31. The total costs and income per 24 hours specifically for the Coman Trade. 

 Comment Amount 

Container income  2500USD/container 7715 USD/day 
   
Fuel costs  5.18 tonnes/day at 595 USD/tonne  2361 USD/day 
ECA-addition 0.57 tonne/day at 300 USD/tonne  171 USD/day 
Port costs  Coman trade 216 USD/day 

Total daily income:  4967 USD/day 
 

          
                 

       
             (32) 

The total income per 24 hours specifically for the Coman Trade is also analysed due to an increased fuel 

price of 647USD/tonne, which is presented in Table 32. 

Table 32. The total costs and income per 24 hours specifically for the Coman Trade. 

 Comment Amount 

Container income  2500USD/container 7715 USD/day 
   
Fuel costs  5.18 tonnes/day at 647USD/tonne 3351USD/day 
ECA-addition 0.57 tonne/day at 300 USD/tonne  171 USD/day 
Port costs  Coman trade 216 USD/day 

Total daily income:  3978 USD/day 
 

          
                 

       
             (33) 
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According to Table 31 and Table 32 as well as equation (32) and equation (33), the Crown ships in the 

Coman Trade should reach break-even after 3 to 3½ years.  

4.4.1.3. Increased cargo income 

Depending on season and type of trade there are possibilities that each container have an income of 

3000USD instead of 2500USD. For 108 extra FEU high cube containers this is an income of 

9257USD/day for ships in the Coman Trade. The time for NYKCool to reach break-even is presented in 

Table 33. 

Table 33. The costs and income when the container income increases from 2500USD/container to 3000USD/container. 

 Extra fuel 
per day 

Total cost  
per day 

Total income  
per day 

Profit  
per day 

Time to reach 
break-even 

      

Fuel cost 
595USD/tonne  
Port cost 
216USD/day 

5.18 tonnes 
 

346918 USD/day 9257 USD/day 5788 USD/day 2.4 years 
 

6.7 tonnes 
 

3987 USD/day 9257 USD/day 5270 USD/day 2.6 years 

Fuel cost 
647USD/tonne 
Port cost 
216USD/day 

5.18 tonnes  373818 USD/day 9257 USD/day 5519 USD/day 2.5 years 

6.7 tonnes 4551 USD/day 9257 USD/day 4706 USD/day 2.9 years 

 

4.4.1.4. Conclusion of the sensitivity analysis 

Depending on fuel price and the income of the containers, the time to reach break-even differs between 

2½ years (for a fuel price about 595USD/tonne, container income of 3000USD/container and adapted 

for a ship within the Coman Trade) and 4½years (for a fuel price about 647USD/tonne, container income 

of 2500USD/container and for a ship running 19 knots 24 hours a day all year around). 

  

                                                      
18 Including the ECA-addition of 171 USD/day 
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5. DISCUSSION 
The lengthening of the Crown Topaz by 28 meters with an open-top section gives an increased container 

capacity of 108 FEU high cube containers. The resistance will increase by about 15% at a speed of 19 

knots. The fuel consumption is directly related to the resistance, which also increases by 15 % when 

sailing at 19 knots. The fixed costs from the rebuilding and off-hire of the ship and the variable costs from 

the increased fuel consumption and changes in port tariffs are balanced against the increased income of 

the 108 extra containers. It is seen that break-even of costs against income is reached after approximately 

3½ years. However, this is highly dependent on the world economy. If the fuel and steel prices changes 

drastically, it may take even longer time to reach break-even. If the cumulative inflation rate is 8.7% 

(estimated inflation between 2014 and 2018) it could take 4½years to reach break-even. Conversely, it is 

possible that the time to reach break-even is even less if the conversion takes less time than estimated 

etcetera. Still it is seen that the cost and income analysis is sensitive and needs to be thoroughly estimated 

when and if it is decided to lengthen the ships.  

When estimating the resistance it is seen that the changes in resistance between the existing Crown Topaz 

and the lengthened Crown Topaz differs for the different speeds. The higher speed the less percentage 

increase in the resistance, yet there is demand to use the same machinery. The machinery has a power of 

16200hp, which restricts the speed from 21.5 to 20.5 knots for the lengthened Crown Topaz. When sailing 

at 20 knots the change in resistance is 12.6%. On the contrary, the change in resistance at 17knots is 

almost 20%. The reason to this is when the speed is lower the friction resistance is dominant, while for 

higher speeds the wave making resistance is dominant. When studying one voyage in the Coman trade 

made by Crown Ruby, it is seen that the average speed is about 17.8 knots within the range of 12 – 21 

knots. Consequently the speed of the ship matters and it is important to plan the schedule in order to 

optimize the fuel consumption. 

From the study it is seen that a lengthening of the Crown Topaz will increase the efficiency of scale for 

the Crown Topaz, i.e. the needed power per tonne cargo decreases from 0.5kW to 0.39kW per tonne 

cargo at a speed of 19 knots. However, even though the transport efficiency increases, the port times may 

increase due to the added 108 FEU containers. The port time should be more investigated when coming 

to loading/discharging of the containers. In the bigger ports there should not be a problem, but for the 

smaller ports where the Crown Topaz relies on the ship cranes, the loading/discharging should be further 

analysed. 

The conceptual lengthened Crown Topaz or the other Crown class ships should be modelled in 3D and 

analysed due to longitudinal strength and torsional strength. The ship has been dimensioned based on the 

rules of ClassNK and there are possibilities that the structure is over dimensioned, both due to scantlings 

and the width of the reinforcement. The rules and guidance made by Classification Societies can be 

conservative, and due to type and aim of the ship, special consideration may be considered. However in 

this study, the scantlings are determined in order to receive a realistic weight of the section and then to 

determine the new lightweight of the ship. Before the actual conversion of the Crown Topaz the design 

should be iterated once more with direct calculations. Connections between decks and bulkheads and 

other connecting members should be thoroughly analysed and where large stress concentrations appears, 

brackets need to be fitted. Further, the ship should be analysed for slamming and manoeuvrability. 

The study shows that a lengthening of the Crown Topaz will be economically viable, but the extent 

depends on several factors. Key questions that should be answered before deciding to lengthen the ship 

are: 

- When and where will the lengthening take place? 

- What is the estimated life-time of the ship? 
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- Is it possible to find cargo for the extra 108 FEU containers? 

The time to reach break-even is between 2½-4½ years and therefore the modification of the Crown 

Topaz should be done as soon as possible in order to increase years with profit before the scrapping of 

the ship. Thereby the ship’s life-time is important in order to evaluate whether the investments in 

comparison to the profit is worthy or not. The location of the ship yard is also of importance due to great 

discrepancies in costs. If choosing a ship yard that is located far from ship’s position will result in higher 

off-hire losses compared to a ship yard that is located closer to the ship. 

Within this study the ship is loaded to 80% of DWT and the added 108 FEU high cube containers are 

filled with cargo. Therefore, if there are difficulties in founding enough cargo for the all the containers, the 

profit will be less. 

5.1. Conclusion 
The extra cargo capacity of 108 containers corresponds to an increase in container capacity of 154%, 

which equals to about 31% of the total paying cargo capacity. Meanwhile the increase in fuel consumption 

for the main machinery is about 15% for a cruising speed of 19 knots and the extra auxiliary engine 

contributes to an increase of 40 % in fuel consumption for the auxiliary engines. This results in a break-

even time of 2½ to 4½ years depending on the market. 
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6. FURTHER INVESTIGATIONS 
There are several factors that need to be further investigated before an eventual lengthening of the Crown 

class ships can be implemented. The technical aspects that should be studied more thoroughly are: 

- Slamming 

- Manoeuvrability 

- Global torsion 

- Longitudinal strength 

There could also be of interest for the company to investigate if a newbuilding would be more efficient, 

with optimized main parameters. The new ship could be designed with an increased efficiency on scale, 

yet with a main focus on the palletized cargo under deck, in order to meet the customer needs.   
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APPENDIX 1 – General Arrangement 
 

General arrangement of the existing Crown Topaz 

 

 

Table 34. Data for the existing Crown Topaz. 

Main parameters 

LOA 151.99 m 
LWL 142.62 m 
LPP 139.40 m 
B 23 m 
T 8.66 m 
CB 0.58 - 
DWT 10318 tonnes 
LW 6204 tonnes 
Δ 16522 tonnes 
Gross tonnage 10527 GT 
Main engine 12080 kW/16200 hp 

Design speed 
21 knt (80% of DWT and  
15% sea margin) w. 13770 hp 

 

 

  

Figure 26. General Arrangement of the existing Crown Topaz. 
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General arrangement of the lengthened Crown Topaz 

 

 

Table 35. Data of the lengthened Crown Topaz. 

Main parameters 

LOA 179.99 m 
LWL 170.62 m 
LPP 167.40 m  
B 23 m 
T 8.66 m 
CB 0.64 - 
DWT 14452 tonnes 
LW 7421 tonnes 
Δ 21873 tonnes 
GT 14109 GT 
Main engine 12080 kW/16200 hp 
Design speed 19 knt (80% of DWT and  

15% sea margin) w. 12589 hp 
 

The block coefficient in Table 35 is determined according to: 

   
             

                   

       
            

where the block coefficient for the new midship section, CB_section is assumed to be 0.95. 

  

Figure 27. General Arrangement of the lengthened Crown Topaz. 
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APPENDIX 2 – Structural Arrangement 

 

Structural arrangement of the actual structure 
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Structural arrangement of the midship-section after the lengthening 
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APPENDIX 3 – Pilot study 
In order to prove the new concept, i.e. that a lengthening of Crown Topaz is possible when it comes to 

power capacity and stability of the ship, rough estimations of the resistance and the stability for three load 

conditions (100% of DWT, 80% of DWT and 0% of DWT) have been studied (seen in Table 36). The 

resistance of the three load conditions are calculated before and after the lengthening of the Crown 

Topaz. A comparable hull of the Crown Topaz hull is created in Hullbender19 where the main parameters 

(see APPENDIX 1 – General Arrangement) for the existing Crown Topaz are used. The comparable hull are 

then lengthened by 30m in order to achieve main parameters such as block coefficient and displacement.  

When lengthening the ship by 30 m, from 139.4 m (Lpp) to 169.4 m, the increase in length is about 20%. 

The new displacement (∇) for the lengthened ship is assumed to be 20% more than the displacements for 

the existing ship.  

Equation (3.1) to (3.3) shows how the displacement is calculated for 1) the existing Crown Topaz and 2) 

the lengthened Crown Topaz. The sea water density (ρ) is 1025kg/m3 and the lightweight and deadweight 

for the existing Crown Topaz are achieved from the APPENDIX 1 – General Arrangement  

1) 100% loaded: 

                    (3.1) 

                   (3.2) 

                       ∇ 
 

 
           (3.3) 

2) 100% loaded: 

                                (3.1*) 

                              (3.2*) 

                         ∇ 
 

 
            (3.3*) 

Table 36. Change of parameters due to the three loading conditions as well as the conversion of Crown Topaz. For clarification 
of each designation, see Nomenclature. 

 Load condition   Lpp B H T CB CP 

1 

100% Dwt          139.4 m 23 m 13 m 8.668 m 0.58 0.61 

80%   Dwt                7.8 m 0.564 0.588 

0 %    Dwt               3.94 m 0.479 0.50 

2 

100% Dwt             169.4 m 23 m 13 m 8.69 m 0.57 0.595 

80%   Dwt                7.91 m 0.549 0.572 

0 %    Dwt                4.18 m 0.446 0.465 

         

  

                                                      
19 Program that simulates the hull geometry. 
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Resistance 

The main cargo that is shipped by crown topaz is perishable fruit, such as bananas, citrus etcetera. When 

the ship is fully loaded with fruits it only represents a load case of 80% of DWT. The Crown Topaz rarely 

goes fully or empty loaded and therefore the resistance will only be calculated when loading 80% of DWT, 

so called banana condition. The resistance are calculated according to the Holtrop and Mennen-method 

(1982). From the total resistance the power is calculated according to: 

        
    

    
 [W]   (3.4) 

Where RT is the total resistance and V is the speed in knots. The total efficiency of the power train (η) 

results in a needed power according to: 

   
 

 
 [W]    (3.5) 

Since the engine capacity is in horse power (hp) the needed power is converted according to: 

   
  

     
 [hp]   (3.6) 

Equations (3.4)-(3.6) are used when calculating the needed power for different speeds in Table 37 and 

Table 38. Where Fn represents froudes number, RT is the total resistance of the ship, RW is the wave 

making resistance, RF is the frictional resistance and PH is the needed horsepower. 

Following parameters are used for Crown Topaz before the conversion: 

Lpp 139.4 m 
T 7.8 m 

∇ 14106 m3 

S 3748.2 m2 

η 0.63 
 

Where S is the wetted surface of the hull and can be calculated according to the equation: 

            (          )   (3.7) 

 

Table 37. Resistance of existing Crown Topaz (Banana condition, 80% of DWT). 

Speed (knots) Fn Rt (kN) RW RF PH (hp) 

17 0.24 381 52 264 7196 

18 0.25 447 80 294 8939 

19 0.26 526 119 325 11103 

20 0.28 617 168 357 13709 

21 0.29 709 217 392 16541 

22 0.31 801 263 428 19578 
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For the lengthened Crown Topaz after the following parameters are used: 

Lpp 169.4 m 
T 7.91 m 

∇ 16927 m3 

S 4527 m2 

η 0.63 

 

 

Table 38. Resistance of converted Crown Topaz (Banana condition, 80% of DWT). 

Speed (knots) Fn Rt (kN) RW (kN) RF (kN) PH (hp) 

17 0.21 404 32 301 7630 

18 0.23 462 47 335 9239 

19 0.24 528 69 371 11145 

20 0.25 604 97 408 13408 

21 0.27 689 132 447 16075 

22 0.28 776 168 488 18967 

23 0.29 865 204 531 22180 

 

Changes in power when lengthening the ship 

In Table 39 below, the changes in total resistance, wave resistance and friction can be studied due to the 

speed before and after the conversion. 

Table 39. Percentage increase in power when lengthening the ship with 30 m. 

Speed (knots) Total wave resistance % Total friction % Total resistance % 

17 -38.5 + 14 + 6.3 

18 -41.2  + 13.9 + 3.3 

19 -42 + 14.1 + 0.4 

20 -43.3 + 14.3 -2.1 

21 -39.2 +14 -2.8 

22 -36.1 + 14 -3.1 

23 -34.8 + 14.2 -3.8 
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Conclusion resistance  

In the GA of Crown Topaz (APPENDIX 1 – General Arrangement) it is seen that the engine has a capacity 

of 16200 hp. If a conversion should be possible without replacing existing machinery, the lengthened ship 

is restricted with a speed of 21 knots. Currently, the cruising speed is about 19.5 knots, which is not 

affected by the restriction. According to Table 39 it is also seen that the total changes in resistance 

decreases when higher speed. 
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Stability 

There are several factors that should be taken into account when estimating the stability of a ship. For 

instance feature of the ship and the cargo are two key factors, together with the specific route and 

prevailing weather conditions (Huss, 2007) when studying the ships stability. However, in this early stage, 

when estimating the stability for a lengthened Crown Topaz, IMO:s general initial stability criteria are 

implemented for the three load conditions (0%, 80% and 100% of DWT). 

Fully loaded, 100% of DWT 

In Figure 28 below, the GZ-curve (righting lever arm when heeling a ship) can be studied before and after 

the conversion. As seen the difference between the curves are very small and therefore the initial stability 

before and after the lengthening is assumed similar. 

 

Figure 28. The GZ-curve when 100% of DWT for Crown Topaz and the lengthened Crown Topaz. 

 Old New 

KG 5.68 m 5.685 m 
LCG 64.62 m 77.3 m 
LCB 64.62 m 78.6 m 
KB 4.97 m 4.99 m 
GM0t 5.03 m 5.03 m 

 

IMO:s initial stability requirements are fulfilled according to: 

i) e(Φ)30 > 0.055mrad 0.654 mrad ✔ 
ii) e(Φ)40 > 0.090mrad 0.975 mrad ✔ 
iii) e(Φ)40 - e(Φ)30 > 0.030mrad 0.321 mrad ✔ 
iv) GZ30 > 0.20m 2.498 m ✔ 
v) GZmax > 25 45 ✔ 

vi) GM0 > 0.15m 5.03 m ✔ 
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Banana condition, loaded 80% of DWT 

In Figure 29 below the GZ-curve (righting lever arm when heeling a ship) can be studied before and after 

the lengthening. As seen the difference between the curves are very small and therefore the initial stability 

is assumed similar.  

 

 

 

Figure 29. The GZ-curve when 80% of DWT for Crown Topaz and the lengthened Crown Topaz. 

 Old New 

KG 5.57 m 5.57 m 
LCG 65.2 m  78 m 
LCB 65.2 m 78 m 
KB 4.50 m 4.53 m 
GM0t 4.97 m 4.98 m 

 

IMO:s initial stability requirements are fulfilled according to: 

i) e(Φ)30 > 0.055mrad 0.705 mrad ✔ 
ii) e(Φ)40 > 0.090mrad 1.089 mrad ✔ 
iii) e(Φ)40 - e(Φ)30 > 0.030mrad 0.384 mrad ✔ 
iv) GZ30 > 0.20m 2.693 m ✔ 
v) GZmax > 25 50 ✔ 

vi) GM0 > 0.15m 4.975 m ✔ 
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Lightweight condition, 0% of DWT 

In Figure 30 below the GZ-curve (righting lever arm when heeling a ship) can be studied before and after 

the lengthening. As seen the difference between the curves are very small and therefore the initial stability 

is assumed similar. However, it can be seen that the trim increases when 0% of DWT is loaded.  

 

 

 

Figure 30. The GZ-curve when 100% of DWT for Crown Topaz and the lengthened Crown Topaz. 

 Old New 

KG 4.3 m 4.33 m 
LCG 68.45 m 82.0 m 
LCB 68.45 m 82.0 m 
KB 2.36 m 2.35 m 
GM0t 7.17 m 7.16 m 

 

IMO:s initial stability requirements are fulfilled according to: 

i) e(Φ)30 > 0.055mrad 0.892 mrad ✔ 
ii) e(Φ)40 > 0.090mrad 1.498 mrad ✔ 
iii) e(Φ)40 - e(Φ)30 > 0.030mrad 0.606 mrad ✔ 
iv) GZ30 > 0.20m 3.407 m ✔ 
v) GZmax > 25 60 ✔ 

vi) GM0 > 0.15m 7.165 m ✔ 
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Conclusion of stability 

The stability calculations above indicate that a lengthening of Crown Topaz is possible due to IMO:S 

general initial stability criteria’s. However, these initial stability criteria’s are minimum requirements and 

depending on what type of ship, additional criteria’s may need to be checked.   

Conclusion of pilot study 

From the pilot study it is seen that a lengthening of Crown Topaz is possible when it comes to needed 

power from the machinery, satisfying results of the changes in resistance and succeeding of IMO:s general 

initial stability criteria. 
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APPENDIX 4 – Determining the scantlings 
The assumptions made when determining the scantlings in the new midship section are more explained in 

this Appendix. In order to determine the scantlings, minimum requirements are obtained from ClassNK. 

The requirements consider bending strength, minimum plate thicknesses and section modulus for the 

structural members. To determine if the scantlings fulfill the criteria´s the structure is idealized and plate 

or beam theory is used. The structural members are considered as flat plates or beams clamped in both 

edges. 

Bottom structure 

Girders 

The new section consists of four side girders and one centre girder, similar to the rest of the structure of 

Crown Topaz. To obtain the scantlings of the girders chapter 6.2.3 (1) and (2) (NKK, 2013) has been 

implemented, where minimum thickness requirements are given. Assumptions when using (1) and (2) in 

the NK rules can be seen in Table 40 below: 

Table 40. Assumptions made when using 6.2.3 (1) and (2). 

ClassNK parameter Used value Explanation 

S 0.825 m 
Distance between the centres of two adjacent spaces from 
the centre or side girder 

d0 1.3 m Height of girder 

d1 0 m Depth of the opening 

lH 13 m Length of the cargo hold 

x lH/2 Distance to the point under consideration 

C1 0.0433 Coefficient due to longitudinal framing 

S1 0.8 m Spacing of stiffeners on centre- and side girder 

C1
’ 7.19/5.88 Coefficient depending on S1 and d0 for center/side girder 

 

Longitudinals 

For the bottom longitudinals, the minimum requirement of the section modulus in Table 6 is achieved 

from chapter 32.3.2 (1) (NKK, 2013). Accordingly, the minimum requirement of the section modulus for 

the inner bottom longitudinals is achieved from chapter 32.3.2. (2). Assumptions when using equation 

32.3.2 (1) and (2) can be seen in Table 4 above and Table 41 below.  

Table 41. Assumptions made when using 32.3.2. (1) and (2). 

ClassNK parameter Used value Explanation 

fb 0.5818 
Ratio between actual section modulus of hull and actual 
section modulus of the bottom as built  

C 0.625 Since struts are provided midway between floors 

S 0.825 m Spacing of longitudinals according to GA 

l 3.2 m Spacing of solid floor according to GA 

h1 0 Since the mid-ship section is studied, i.e. X > 0.3LOA 

z 1.3 m 
Vertical distance from top of keel to the bottom of inner 
bottom plating 
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zB 6.02 m 
Vertical distance from the top of the keel to the horizontal 
neutral axis of the transverse section (YCG) 

 7.07 Coefficient depending on z and  zB as well as fb 

C1 0.0433 Coefficient depending on z and zB, not less than K/18 

C2 0.7 Rigid connection by bracket (both sides) 

h 13.49 m 
h1 (not the same as above), h2 or h3. h2 has been chosen 
since it was the greatest 

 

In order to determine if the longitudinals meets the requirement, the actual section modulus is calculated 

according to: 

     
 

     
    (4.1) 

where I is the second moment of inertia and zmax is the largest distance from the centroid. I is obtained 

from equation (9) and the profile of the longitudinal can be seen in Figure 31: 

   ∫      ∑ (        )   (4.2) 

 

 

 

 

 

 

 

Shell- and inner bottom plating 

The minimum required thickness of the bottom- and shell plating is obtained according to 32.3.5 (1), (2) 

and (3) as well as 6.5.1 (1) (NKK, 2013). Assumptions for shell plating can be seen in Table 42 and Table 

43 and in Table 44 and Table 45 for the bottom plating. 

Table 42. Assumptions made when using 32.3.5 (1), (2) and (3) for bottom shell plating. 

ClassNK parameter Used value Explanation 

S 0.825 m Spacing of longitudinal frames 

C1 1 Coefficient set to 1 since LOA < 230 m 

h1 0  Since the mid-ship section is studied, i.e. X > 0.3LOA 

C2 2.7874 Coefficient depending on fb and distance X. 
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Figure 31. The profile of the longitudinal, which 
is used when calculating the second moment of 

inertia. 
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Table 43. Assumptions made when using 6.5.1 and 16.3.2. for the bottom shell plating. 

ClassNK parameter Used value Explanation 

S 0.825 m Spacing of longitudinal frames 

C 1.0977 Coefficient, due to B/lH 

C1 1 Coefficient set to 1 since LOA < 230 m 

h1 0 Since the mid-ship section is studied, i.e. X > 0.3LOA 

C2 2.6971 Coefficient depending on fb and distance X. 

 

Table 44. Assumptions made when using 6.5.1 (1) for inner bottom plating. 

ClassNK parameter Used value Explanation 

S 0.825 m Spacing of stiffeners 

h 8.317 m Height, as specified in 32.3.4 

C 1 Coefficient, due to B/lH 

C’
 4 

Coefficient depending on span to spacing ratio. Used in 
6.5.1 

 

Table 45. Assumptions made when using 32.3.4. (2) for inner bottom plating. 

ClassNK parameter Used value Explanation 

S 0.825 m Spacing of stiffeners 

h 12.93 m Height, as specified in 32.3.2 

C 1 Longitudinal framed system 

 

Struts and stiffeners 

Vertical struts are provided in between two transversal floors and have an L-profile with the same height 

as the girders. The scantlings are achieved by calculating a minimum requirement of the area of the struts, 

which is done by following chapter 32.3.3 (NKK, 2013). Assumptions that have been done are presented 

in Table 46. 

Table 46. Assumptions made when using 32.3.3. 

ClassNK parameter Used value Explanation 

S 0.825 m Spacing of longitudinals 

b 0.8 m Width of the area supported by the struts 

ls 1.3 m Length of struts 

k 2.2976 cm Minimum radius of gyration of the strut 

C 1.4713 Coefficient depending on ls, k and K 

C2 3.4180 Coefficient depending on fb and distance X. 
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Stiffeners are fitted between each bottom- and inner bottom longitudinal close to the floors. The 

stiffeners are flat bars and the scantlings are returned by using chapter 6.2.6. (NKK, 2013) 

Solid floors 

The web frames in the side structure continues in the bottom structure as solid floors. The solid floors are 

one of few transversely framed members and do not contribute to the global longitudinal strength of the 

ship. However, transverse members like solid floors are needed in order to resist the hydrostatic loads. 

When dimensioning the solid floors a minimum thickness requirement is given by 6.3.2 (1) and (2) (NKK, 

2013). Assumptions that have been done are presented in Table 47.  

Table 47. Assumptions made when using 6.3.2 (1) and (2). 

ClassNK parameter Used value Explanation 

S 3.2 m Spacing of solid floors 

B’ 16.5 m 
Distance between the lines of toes of tank side brackets at 
the top of inner bottom plating amidships 

B’’ 16.5 m 
Distance between the lines of toes of tank side brackets at 
the position of the solid floor 

y 8.25 m 
Transverse distance from centre line to point under 
consideration 

d1 0 m Depth of the opening at the point under consideration 

C2 0.0170 Coefficient depending on B and lH and longitudinal framing 

S1 0.825 m Stiffener spacing 

C2
’ 17.62 Coefficient depending on the ratio of stiffeners(S1) to d0 
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Side structure 

Side transverse girders and side stringers 

According to 32.4.1.6 (NKK, 2013) the side transverse girders should be provided as an extension to each 

solid floor in a double bottom structure, i.e. the spacing of the side transverse girders is the same as for 

the solid floors. The thickness requirements are obtained by 32.4.2 (1) and (2) in (NKK, 2013). The 

assumptions made to determine the scantlings are presented in Table 48 and Table 49 . 

 
Table 48. Assumptions made when using 32.4.2,(1). 

ClassNK parameter Used value Explanation 

S 3.2 m Width of the area supported by the side transverse girders 

d0 1.3 m Height of girder 

d1 1 m Depth of side transverse girder 

lH 13 m Length of the cargo hold 

y 11.7 m 
Distance from the lower end of h to the location under 
consideration 

C1 0.228 Coefficient  

C2 0.086 m Coefficient 

C3 0.2 Coefficient 

k 10.2 
Coefficient depending on the ratio of the stiffener spacing 
on the web and the depth of the girder 

a 0 Coefficient depending on S1 and d0 

l0 3.11 m Height of step 

ll 2.5 Width of step 

 

Table 49. Assumptions made when using 32.4.2,(2). 

ClassNK parameter Used value Explanation 

S 2.8 m Width of the area supported by the side transverse girders 

C3 0 Coefficient 

 

Web frames 

For a container ship, the side structure is generally stiffened by side longitudinals. However, since the rest 

of the ship for the Crown Topaz is transversally- and not longitudinally stiffened, the new mid ship 

section will continue to be transversally stiffened by side transversals. To determine the scantlings of the 

side transversals the requirement for side transverse girders in 32.4.2 (NKK, 2013) are used. The spacing is 

set to 0.8 meters instead of 3.2 meters, which is the spacing between the side transverse girders. 
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Plating and step 

The minimum criterion for the inner hull plating thickness is determined from 32.4.3 (NKK, 2013), where 

the assumptions are presented in Table 50 below.  The double side in the bilge part is of stepped type as 

seen in the structural arrangement, Figure 13. According to C32.4.1 (NKK, 2013) the constants βT and βl 

are to be substituted by C32.4.1.1 in order to take the height and width of the step into consideration. The 

thickness of the side shell plating is determined from 32.4.5.1.2 (1).  The height of the step is set to the 

same height as C deck in the old ship, in order to transfer longitudinal loads from the decks in the rest of 

the structure. The width of the step is set to 2.5 meters, in order to place a container stack on top of it. 

Table 50. Assumptions made when using 32.4.3 and 32.4.5. 

ClassNK parameter Used value Explanation 

S 0.8 m Distance between the side transverse girders 

h 11.7 m Height of hold 

x 0 m Depth of the opening 

zp 13 m Length of the cargo hold 

C1 1 Coefficient due to longitudinal framing 

C2 0.8 m Spacing of stiffeners on centre- and side girder 

 

In order to determine scantlings for the watertight bulkhead (plating thickness, stiffener dimensions and 

girder dimensions), chapter 13.2.1-3 and 13.2.6 (NKK, 2013) is used. The assumptions that have been 

done are presented in Table 51, Table 52 and Table 53. 

.  

Table 51. Assumptions made when determining the plate thickness in 13.2.1 -2. 

ClassNK parameter Used value Explanation 

S 0.825 m Spacing of stiffeners 

h 13 m 
Vertical distance from the lower edge of bulkhead plate to 
the bulkhead deck 

 

 

Table 52. Assumptions made when determining the bending strength of the stiffener in 13.2.3. 

ClassNK parameter Used value Explanation 

l 2.8 m Span of stiffeners 

S 0.825 m Breadth of area supported by the stiffeners 

h 11.6 m 
Vertical distance from mid-point of l to the top of the 
bulkhead deck 

C 0.8 -  
Coefficient due to end connection type (type A – Brackets 
to longitudinal members) 
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Table 53. Assumptions made when determining the bending strength of the girders in 13.2.6. 

ClassNK parameter Used value Explanation 

S 2.475 m Breadth of the area supported by the girder 

l 11 m Span measured between the adjacent support of girder 

h 7.5 m  
Vertical distance from mid-point of l to the top of the 
bulkhead deck 

S1 0.35 m 
Spacing of web stiffeners or depth of girders, whichever is 
smaller (the depth of the girders are considered to be 
smaller) 
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APPENDIX 5 – Torsional calculations 
 

Torsional moments according to DNV 

For the still water and wave water torsional moments (                   ) that are presented in 

Torsion, Figure 22, guidelines of DNV (DNV, 2013b) have been followed. The equations that have been 

used are seen in equation (5.1)-(5.10) and parameters are presented in Table 54. 
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                    (5.2) 

     
   (   )     

    (    )
         (5.3) 

     
   (   )     

    (    )
         (5.4) 

Where MST, M1 and M2 are achieved according to: 
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Where KT1, KT2 and Cswp are achieved by the equations below: 
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Table 54. Parameters used when calculating the torsional moments according to DNV (DNV, 2013b). 

Parameter Value Explanation 

Awp 3414 m2 Water plane area 
ze 10.51 m Distance from shear centre to 0.7T 
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Actual stress for the open-top section 

In order to determine the actual stress for the open-top section, the midship-section is idealized as a U-

beam. All parameters that are seen in the equations below are presented in Table 54 and the idealized U-

beam is presented in Figure 32. 

 

 

Table 55. Parameters that have been used in the torsion calculations (Huss, 1999). 

Parameters Value [Unit] Explanation 

ts 0.0358 m Mean thickness, side 
tb 0.0356 m Mean thickness, bottom 
D -707 m5 Sectorial moment of deviation 
IY 159 m4 Idealized moment of inertia 
TP 3.46 m Centre of gravity 
SC 4.45 m Shear centre 
wn1 -98.4 m2 Normalized sectorial coordinate at point 1 
wn2 51 m2 Normalized sectorial coordinate at point 2 
wn3 0 m2 Normalized sectorial coordinate at point 3 
wn4 -wn2 m2 Normalized sectorial coordinate at point 4 
wn5 -wn1 m2 Normalized sectorial coordinate at point 5 
IW 2964.1 m6 Sectorial moment of inertia 
K 7.4·10-4 m4 The torsion factor 

 

The parameters seen in Table 55 are determined for a section that is prevented from warping (Huss, 1999). 

The section is idealized as a U-beam with fixed edges and the boundary conditions are:  (   )   , 

  (   )    and   (    )   . These boundary conditions together with equation (5.12) and (5.13) 

solve the homogenous differential equation: 

  ( )                 (   )         (  )  (5.11) 

             ( )        ( )   
  

    
 (5.12) 

Figure 32. The midship section idealized as a U-beam. 

. 
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            ( )    (5.13) 

The homogenous differential equation (4.11) is derived three times: 

  
 ( )              (   )          (  )  (5.14) 

  
  ( )     

       (   )     
      (  )  (5.15) 

  
   ( )     

       (   )     
      (  )  (5.16) 

With the boundary conditions together with equation (5.12), the constants C1-C4 are received: 
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            (5.19) 

           (5.20) 
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The warping moment MW is received by putting equation (5.15) with the expression for C3 and C4 into 

(5.13): 

         (   
       (   )     

      (  )) (5.22) 

Which results in a maximum warping moment of: 

                  (5.23) 

The maximum warping moment is put into equation (5.24), which is the level of stress for each point (1) 

to (5) seen in Figure 32 and Table 55 . In equation (5.24) the maximum stress is presented, which occurs 

at point (1) and (5). 
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