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ABSTRACT 
 
This paper was discussed the current possibility technology can 
be used to design a high performance steam propulsion system for 
an LNG carrier. The propose system was designed based on the 
available technology for marine industry. The technical 
performance analysis was carried out to evaluate the 
improvement of the system. Economic performance for this 
system was also discussed in paper. The sensitivity analysis used 
for the economic performance analysis was made by varying the 
relative system initial cost and fuel price to cover several possible 
economic conditions to operate LNG Carrier. 
 
KEY WORDS:Steam turbine, propulsion system, LNG 
Carrier. 
 
 
NOMENCLATURE 
LNG Liquefied Natural Gas 

 Boiled Off Gas 
 Maximum continuous rating 

 
 
1.0 INTRODUCTION 
 
Previously, the steam propulsion system is the main power plant 
used for LNG carrier. This is because of the flexibility of the 
steam plant in fuel selection which brings advantage to the 

shipping company to utilize the boiled gas from the cargo tank. 
However, the steam propulsion plant is currently facing 
competition with new technologies such as dual-fuel diesel 
engine, boiled-off gas reliquefied system and diesel electric 
system. 

The disadvantages of conventional steam propulsion system for 
LNG vessel are lower efficiency, high fuel consumption and long 
startup time if compared to other types of propulsion systems. As 
a result, the weaknesses of steam propulsion system for LNG 
carriers need to be improved for survival in the market. The 
reason to improve the plant is the ability of the steam plant to 
burn both heavy fuel and boiled off gas together during operating 
with high system reliability [1]. 
 
 
2.0 ULTRA STEAM TURBINE PLANT CONCEPT 
The Ultra Steam Turbine Plant is the type of reheat plant with the 
working pressure above the critical pressure.  The plant is 
developed by Mitsubishi Heavy Industries, MHI to recover the 
market share and exploits the new markets.  Previously, the 
marine steam plants are operated at the steam condition at turbine 
inlet around 60 bars and 5100C.  However, the steam power plants 
for land application are able to operate with supercritical pressure 
and the steam temperature with 6000C [2].  The maturity of the 
land steam plant is motivating the company to develop the new 
higher efficiency steam plant for marine application. 

The Ultra Steam turbine plant which is developed currently 
have the steam condition with the pressure 100 bar and 560 0C. 
The new steam plant is a reheat-regenerative cycle.  The Ultra 
Steam Turbine Plant is equipped with reheat boiler and one 
intermediate pressure turbine for the regenerative cycle to 
improve the efficiency.  As investigated by MHI, the new Ultra 
Steam turbine plant is able to achieve the 12% plant efficiency 
improvement compared to previous conventional steam plant [1].  

In conventional marine steam plants, the steam flow is flowing 
from the boiler to the high pressure turbine, and then passes to the 
low pressure turbine.  However, for the new Ultra Steam Turbine 
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v. The emergency power rating must follow the requirement 
of ship classification society, normally 10% of total 
auxiliary power. 

vi. The system working condition must achieve critical 
temperature and critical pressure condition to enable the 
system to work at higher efficiency. 

vii. The endurance of the ship must be the same as the basis 
ship. 

viii. The new system should be installable into the engine room 
of basis ship.  

The system must able to work in the tropical weather 
environment and operate efficiently under the predetermined seas 
water temperatures. 
 
3.3. Design of Main Propulsion System and Auxiliary System 
The main propulsion system should be able to generate the 26 800 
kW as stated in design requirement. In this steam plant propulsion 
system, the working steam enter the steam turbine inlet at a 
pressure of 9.8 MPa and temperature of 555 0C. Two regenerative 
cycles extract the steam at steam pressure of 2 MPa and 0.4887 
MPa. The one stage reheat cycle resuperheating the steam at 
steam pressure 2 MPa.   

Besides, the auxiliary steam drive generator system must be 
able to generate the maximum power as much as 2900 kW. The 
operating pressure range of the system is from 18.7 kPa to 9.8 
MPa. The auxiliary steam turbine is driven by the steam generate 
from main boiler. 

The specification of the high performance steam plant for main 
propulsion system and auxiliary system are shown as Table 1. 
 
Table 1: Main propulsion system and auxiliary system 
specification 

 
System  Main Propulsion Auxiliary 
Power Rating, kW 26 800 (MCR) 

24 120 (Normal) 
2 900 

Heat Input, kJ/kg 2992.74 3262.12 
Work Output, kJ/kg 1135.71 1149.75 
Thermal efficiency, % 37.95 35.25 
Specific Steam 
Consumption (kg/kW.h) 

3.17 3.13 

Steam Flow Rate (kg/s) 24.31 (MCR) 
21.45 (Normal) 

2.52 

 
3.4. System Fuel Consumption analysis 
The fuel consumption is depending on the power consumption of 
the ship and the boiler efficiency. From the manufacture 
document, it's shown that the boiler efficiency is 88.5% based on 
the higher heating value of the fuel. The fuel consumption was 
estimated for MCR condition and normal condition in this project. 
In both of the working condition, fuel consumption at 100% 
heavy fuel oil consumption and combination of boiled off gas and 
fuel gas was calculated as shown in Table 3. 

The amount boiled off gas evaporated from the cargo tank is 
directly depending to cargo tank size, tank-filling ration, boil off 
rate and density of the liquidity natural gas [5]. The formula used 
to calculate the boiled off gas was provided by Oscar and Abel at 
the paper title “Izar BOG Reliquefaction systems for Marine 
Application” is shown as below: 

 

(1) 
 

Table 2: Technical specification for selected LNG Carrier 
 

Criteria Data 
Cargo Volume 137585 m3 
Tank-filling ratio 98.5% 
Boil off rate 0.15% 
Estimate LNG density (Assume pure 
methane) 

425 kg/m3 

HHV for BOG (kcal/kg) 13270 
BOG rate (kg/hr) 3599.78 
Energy supply by BOG (kJ/s) 55518.29 

 
The specific fuel consumption was evaluated in both the MCR 

condition and normal working condition. The fuel consumption 
calculated from previous part is used to evaluate the fuel 
consumption performance here. The specific fuel consumption 
can be calculated based on following formula. 
 

              2  

 
Below is the specific fuel consumption at ship working 

conditions: 
 
Table 3: Specific fuel consumption at MCR and normal operating 
condition 
 

Condition 
MCR Normal 

100% 
fuel oil 

BOG+fu
el oil 

100% 
fuel oil 

BOG+f
uel oil 

Power Generated 
(kW) 29700 27020 

Energy Supply (kW) 90864.32 82646.97 
Fuel consumption 

(Tonnes/hour) 7.605 2.96 6.92 2.27 

Specific fuel 
consumption 

(g/kW.h) 
256 100 256 84 

 
The specific fuel consumption at 100% fuel oil burning is same 

for both MCR condition and normal condition because the losses 
in both situations are assumed to be equal in the project.  
However, at (BOG + fuel oil) burning condition, the specific fuel 
consumption for normal operating condition is lower because the 
power demand at this condition is lower. As a result, the extra 
fuel required to supply to achieve demand is lesser compared to 
MCR condition. In general, the system fuel consumption can be 
improved since the specific fuel condition in any condition is 
lower than previous conventional steam plant. 
 
3.5.Overall System Efficiency 
The overall system efficiency can be calculated by comparing the 
total power generated by system to total energy supplied to the 
system. Both the main propulsion system and auxiliary system is 
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taken in to consideration in the calculation of overall system 
efficiency. This is because both the systems share same boiler to 
obtain energy to work.   

Since the system losses at normal working condition and MCR 
condition are assumed to be same, the overall system efficiency at 
both the conditions should be the same. In this analysis, the 
overall system efficiency was calculated based on normal 
working condition as follows. The energy supply at normal 
working condition is as calculated at section 4.5.3. The required 
energy supply is 82714.60 kW. Also, the power that can be 
produced by main system and auxiliary system is 24120 kW and 
2900 kW accordingly. 
 

,

100         3  

 

,
24120 2900

82646.97 
100 

 
                                           32.70% 
 
3.6.Improvement on System Technical Performance 
From the technical analysis, the performance of the high 
performance steam plant has improved compared to the 
conventional steam plants.  The overall efficiency of the proposed 
main propulsion plant is 33% and 31% for the auxiliary system.  
At this efficiency, the overall fuel consumption of the designed 
system is 6.92 Tonnes/hour compared to 7.86 Tonnes/hour for the 
conventional steam plants.   
 
Table 4: The comparison between the specific fuel consumption 
and specific lubricating oil consumption 
 

Propulsion System Specific Fuel 
Consumption 

(g/kWh) 

Specific Lub.oil 
Consumption 

(g/kWh) 
Conventional steam 
plant 

290 0 

High performance 
steam plant 

256 0 

Dual fuel diesel 
electric 

190 0.8 

Gas Turbine 207 0 
(Source for all specific lubricating oil consumptions and specific 
fuel consumption for duel fuel diesel engine and gas turbine: 
Attachment for diploma thesis “Techno-economic Evaluation of 
Various Energy Systems for LNG Carriers”, 2006[6]) 
 

From the comparison in Figure 4, the improvement was 
achieved for high performance steam plants; however, the 
performance of this designed system is still lower than dual fuel 
diesel engines and gas turbines.  This is because the specific fuel 
consumption of the proposed system is estimated 25% higher 
than dual fuel diesel electric systems.  Further improvement is 
required to increase the competitiveness of the steam propulsion 
plants. 
 
 

4.0 ECONOMIC PERFORMANCE ANALYSIS 
The cost involved in the LNG Carrier can be separated into two 
main types which are building costs and operating costs. For 
building cost, it is involved material, fabrication, design and other 
charge. From the study, the building cost occupies about 2/3 of 
the life cycle costs and operating costs occupies another 1/3 of 
life cycle costs [7].  

The operating cost which is estimated around 1/3 to life cycle 
cost. It consist the component of ship owner’s cost, sailing costs 
and cargo costs. In ship owner’s costs, it involves the costs for 
personnel, stores, maintenance and repair, insurance and 
overheads. The percentage of the ship owner’s cost to the overall 
operating cost is around 43%. Besides that, the largest part of the 
operating cost is sailing costs, the sailing costs involved fuel and 
lubricating oil cost also port cost. If the ship is required to pass 
through a canal, the canal cost is considered as a component of 
sailing cost. From the previous record, it is estimated that the 
sailing cost is 46% of the total operating costs. The remaining 
11% of the overall operating cost is cargo costs. The cargo costs 
are mainly composed of commissioning costs and stevedoring 
costs. The cargo costs are assumed will not affected by routing 
either.   

From a review of a journal paper entitled “Some Economical 
Aspects of the Routing of Ships”, it was found that the percentage 
of each operating cost component by relative to overall operating 
costs can be shown in the Figure 2. 
 

 
Figure 2: The component of operating cost and its component 
percentage[8] 
 

The economic analysis and the sensitivity analysis are 
performed based on the assumptions below: 

i. The charter rate is constant in this analysis. 
ii. The cargo owner is chartering the LNG Carrier by voyage 

charter. 
iii. The initial cost for high performance steam propulsion 

system is relative to the initial cost for conventional steam 
propulsion system. 

iv. The initial cost of the ship other than the propulsion system 
and its propulsion supportive system is same for both 
proposed system and conventional steam propulsion 
system. 

v. Maintenance cost is assumed in percentage relative to the 
LNG Carrier initial cost and the number of services 
required yearly for both LNG Carriers is constant for its life 
span. 

22%
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vi. The total operating cost of high performance steam 
propulsion LNG Carrier and conventional steam propulsion 
LNG Carrier is the summation of fuel cost, repair 
maintenance cost and other operating cost. 

vii. The operating cost other than maintenance cost and fuel 
cost is assumed same for both the conventional steam 
propulsion system and high performance steam propulsion 
system. 

viii. The operating cost other than maintenance cost and fuel 
cost is assumed 50% of total operating cost for conventional 
steam plant. 

ix. The fuel cost for both the conventional steam propulsion 
LNG Carrier and high performance steam propulsion LNG 
Carrier is relative to its fuel consumption rate and the fuel 
price. 

x. The salvage value for both LNG Carrier can be calculated 
based on the depreciation rate. 

xi. Ownership of the LNG Carriers is assumed to be of a 
Malaysian Company and the depreciation rate in Malaysia 
is selected. 

xii. The service route of the LNG Carrier is same for its life 
span. 

xiii. The cargo capacities of the LNG Carriers are same for both 
the propulsion systems. 

The purpose of sensitivity analysis which been carried out in 
this project is to analyze the change of system economic 
performance when the economic condition is changed.  A few 
variables of sensitivity analyses were selected in this project to 
compare both conventional steam propulsion system and new 
high performance Steam Propulsion system.  Initial cost is altered 
to measure the change of initial cost to system economic 
performance. The economic performance was estimated for the 
conventional steam propulsion LNG Carrier by referring to the 
publish journal paper. The economic performance for the 
conventional steam propulsion LNG Carrier is shown as follows. 
 
Table 5: Cost and revenue for conventional steam propulsion 
LNG Carrier 
 
Criteria Amount (USD) 
Total Initial Cost 170,300,000* 
Propulsion and Auxiliary system Cost 32,500,000* 
Operating Cost: 
                          Fuel Cost 
                          Annual Maintenance Cost 
                          Other Operating Cost  

 
33,147,840 
8,515,000 

41,662,840 
Salvage (10% Depreciation Rate for 20 
years) 

20,704,504 

Annual Revenue 98,436,108 
(Source: *Conference of Sigtto Panel Meeting at year 2003[9]) 
 

The Interest Rate of Return method is selected to compare the 
systems. Two factors for high performance steam propulsion 
LNG Carrier economic performance were varied for sensitivity 
analysis. The factors are system relative initial cost and fuel price. 
The relative initial cost for propulsion and auxiliary system is 
varying from 80% to 160% to the propulsion and auxiliary system 
for conventional steam propulsion LNG Carrier. For the fuel 
price, it is varying from 230 USD/Tonnes to 800 USD/Tonnes. 
The sensitivity analysis result assess by interest rate of return 

methods is shown as follow. 

 
Figure 3: Comparison between Interest Rate of Return for 
conventional plant and high performance plant in relative initial 
cost 
 

The purpose of internal rate of return is to analyze the return 
rate of the system in its whole life spend. From the analysis, the 
internal rate of return for both the conventional steam plant and 
high performance steam plant can be seriously affected by the 
fuel price. Analysis found that the increase of fuel price can cause 
a significant decrease in the rate of return. The effect of change in 
fuel price is larger for the LNG Carrier which is equipped with 
conventional steam plant compared to the high performance 
steam plant.  

The conventional steam plant LNG Carrier will result in the 
same rate of return with a high performance steam plant with 
relative initial cost 120% if the fuel price is lower than 330 
USD/Tonnes.  If the fuel price exceeds 330 USD/Tonnes, the 
high performance steam plant with the initial cost 120% and 
lower has higher rate of return compared to conventional steam 
plant LNG Carrier.  

When the fuel price more than 430 USD/Tonnes, the high 
performance steam plant with relative initial cost 140% to 
conventional steam plants can result in a better rate of return 
compared to the conventional steam plant LNG Carrier. The same 
situation apply to the high performance steam plant with the 
relative initial cost 160% to the conventional steam plant when 
the fuel prices higher than 530 USD/Tonnes.  

The conventional steam plant LNG Carrier which has high fuel 
consumption rate is not suitable to work in the high fuel price 
condition. The increase of fuel price can cause the operating cost 
for conventional steam plant to increase more compare to 
proposed system. Therefore, the proposed system with lower fuel 
consumption rate can perform better in high fuel price condition. 
This advantage can reduce the effect of the increasing in initial 
cost to the system.  

At the current situation, the fuel price is fluctuating within the 
range from 330 USD/Tonnesto 500 USD/Tonnes(From 2008 to 
2012) and it may increase to a higher range in future. This 
situation will provide an opportunity for the high performance 
steam plant to dominate the LNG Carrier market, replacing the 
conventional steam plant LNG Carrier if the manufacturer is able 
to maintain the initial cost of high performance steam plant within 
140% compared to conventional steam plant. Therefore, the 
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propulsion system is able to provide a better return rate to the ship 
owner because the initial cost of the system caused a larger effect 
to the life cycle cost. As a result, the cheaper conventional steam 
propulsion LNG Carrier can perform better. In the current 
situation, the fuel price is fluctuating at higher range which is 
around 400 USD/Tonnes to 700 USD/Tonnes. The operating cost 
gives a larger effect to the life cycle cost in this situation. 
Therefore, the high performance steam propulsion LNG Carrier 
can make better return rates to ship owner. 

With the current fuel price, the high performance steam 
propulsion LNG Carrier is able to provide better economic 
performance, even though the initial cost for the proposed system 
is 160% higher than conventional steam plants.  Therefore, the 
high performance steam propulsion system is the better choice for 
shipping companies. 
 
 
6.0 CONCLUSION 
 
The analysis was carried out to compare the performance between 
both systems. From the technical performance analysis, the high 
performance steam propulsion LNG Carrier is able to work with 
higher efficiency and lower fuel consumption. The specific fuel 
consumption of the proposed system is 34 g/kW.h lesser 
compared to conventional steam propulsion systems.  

In addition, economic performance has been carried out in this 
project.  Compared to conventional steam plants, high 
performance steam plant is more economical to work in the 
current economic condition.  The higher fuel price caused the 
operating cost of LNG Carrier to increase.  The designed system 
which is able to operate with lower fuel consumption increased 
the economic performance for the steam propulsion system.  
Therefore, the proposed system is more competitive compared to 
the previous systems. 
 
 
7.0 FUTURE WORK AND RECOMMENDATION 
 
Further studies of the high performance steam plant are required 
to improve the system design approach and the accuracy of the 
system analysis.  Below are the suggestions for future research. 

i. Increase the system working temperature and pressure to a 
higher level if suitable materials are available. 

ii. Detailed evaluation of the safety and reliability of the new 
system compared to the previous systems. 

iii. Study the system in detail by selecting a suitable piping 
grade and control system. 

iv. Research for the possibilities for the system to run with 
cheaper fuel such as solid fuel like coal. 

v. Obtain the actual construction and operating cost from the 
ship owner to increase the accuracy of economic 
performance analysis. 
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ABSTRACT 
 
In offshore operation, Crude oil is transported by means of 
pipeline system from oil well to platform at High Pressure and 
High Temperature. The pipeline will experience expansion and 
multi stresses due to internal pressure and operating temperature 
that the material properties of pipe tend to deformation which 
affect to the durability of pipeline. This phenomenon should be 
considered in the design process of pipeline and to estimate the 
expansion is under limit of pipeline strength otherwise the 
pipeline will be failure cause of catastrophic. 
 
KEY WORDS: Pipeline Expansion; High Pressure; High 
Temperature; Axial Force. 
 
 
NOMENCLATURE 
API American Petroleum Institute 
Δ  Temperature Difference in and out 

 Thermal Expansion 
 Anchor Length 

Δ  Expansion 
 Pressure Force 
 Friction Force 
 Design Compressive Strain 

 Critical Strain 
 

1.0 INTRODUCTION 
 
Increasing of pipeline trend to deep water will compel operating 
condition at high pressure and temperature. in this circumstances, 
the pipeline construction challenges will move into strain base 
design using the lateral buckling design approach. Strain-based 
design allows the pipelines expand laterally at designated location 
to relieve thermal expansion rather than being restrained. the 
lateral buckling design requires the correct initiation method to 
provide low critical buckling forces at the designated location. 
The main issues of offshore pipeline operations are expansion 
induce movement due to internal pressure and high temperature. 
The operation of High Pressure High Temperature (HPHT) 
pipelines are susceptible to move such as lateral buckling and 
axial creeping. There is some interaction in the movement of 
pipelines between pipe and seabed soil or other connection that is 
always to be a problem in the design pipeline moreover the 
complexities of pipeline interaction to the extreme seabed 
condition. Understanding and solving, the pipeline embedment to 
estimate the reliable pipe soil interaction on the HPHT pipeline is 
to be crucial aspect in the implementation of the pipeline design 
in deep water. 
 
 
2.0 MECHANICAL PROPERTIES OF PIPE 
 
The grade designation comes from API Spec 5L specification for 
pipeline. Stronger grades have designation X followed by the 
specified minimum yield strength of the pipe steel.  Table 2.1 
shows the SMYS (Specific Minimum Yield Strength) and SMTS 
(Specific Minimum Tensile Strength) of pipeline based on the 
material grade.  
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Table.1 SMYS and SMTS 

API Grade SMYS SMTS 
MPa MPa 

X42 289 413 
X46 317 434 
X52 358 455 
X56 386 489
X60 413 517 
X65 448 530 
X70 482 565 
X80 551 620 

 
 
2.1 Strain by DNV Regulation 
 

  ,                                                          (1) 
 
where,  

 = design compressive strain 
,                                                 

                                                                                                 
0.78 0.01 . 1 5.75 .   . . .           (2) 

  = minimum internal pressure 
= external pressure, .                                                         (3) 

                                                                           
α = R  .

R
                                                                               (4) 

                                                                                      
R  .

R
 = 0.93 

 
 
3.0 PRINCIPLE THEORY 
3.1 Axial Force 
a) Pressure Force Expansion 

 1                                                               (5) 

b) Friction Force 

                                                                               (6) 

 
3.2 Exponential Temperature End Expansion Theory 
a) Thermal Expansion Force 

Δ                                                                     (7) 

Δ  Δ exp  

Combine equation, thermal expansion force become: 

 Δ exp                                                        (8) 

b) Anchor length (long pipe) 

 1   Δ exp                   (9) 

c) Anchor length (short pipe) 

Δ exp Δ exp

/ 2                                                                        (10) 

d) Expansion 

∆     Δ  1 exp           (11) 

 
3.3 Linear Temperature End Expansion Theory 

a) Thermal Expansion Force (F T1): 

Δ EASαM                                                 (12) 

b) Anchor length (long pipe) 

                                                      (13) 

c) Anchor length (short pipe) 

2                                                     (14) 

d) End expansion 

Δ Δ
2

      

                                                                                                   (15) 

3.4 Uniform Temperature End Expansion Theory 
a) Thermal expansion force      

Δ                                                                            (16) 

b) Anchor length (long pipe) 

                                                       (17) 

 c) Anchor length (short pipe) 

                                                                                      (18) 

d) End Expansion 

Δ  Δ                                           (19) 

 
3.5 Design Burst Pressure 

 . . .  
 0.80  
 0.90  
= internal pressure burst design factor, 0.90 for pipeline and 

0.75 for riser 
= weld joint factor 
= Temperature, derating factor, 1.0 for temperature less than 

121 0C. 
=Specified Minimum Burst Pressure  
=Pipeline Design pressure 
= Hydrostatic test pressure 

0.90  

where, D = outside diameter note the formula for the burst 
pressure are for /   15 
Substituting the pressure test: 
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0.80 0.80 0.90
                                                                              (20) 

 
3.6 Allowable Pressure 
Allowable external pressure of subsea pipeline: 
 

⁄                                                             (21) 
 
where,  = modulus elasticity,  = thickness, = outside 
diameter, = poisson’s ration 
 

If the allowable external pressure is smaller than the design 
external pressure, either the pipe thickness is increased or 
stiffening rings are applied to increase the allowable pressure. 
When the un-stiffened pipe segment is short, the buckling may 
occur with two or more lobes depending on the diameter, 
thickness, and length. 
The allowable compressive stress: 
 

. ⁄                                                          (22) 
 
R= outside radius 
 

3.7 Hoop Stress 
 .                               (23) 

 
.   Derating value due to Temperature 

 
  usage factor     

√ . . .
 

 
 material strength factor 
 material resistance factor 
 safety class factor 

 incidental to design pressure ratio 
 

 

4.0 SIMULATION AND DISCUSSION 
4.1 Operating Data 

Table.2 Pipe Data 

PIPE DATA 
Outside Diameter (mm) 762  
Corrosion Coating Thickness (mm) 5  
Concrete Coating Thickness (mm) 40  
Pipe Density kg/m ) 7850  
Corrosion Coating Density kg/m ) 1280 
Concrete Coating Density kg/m ) 3040 
Young modulus  2.07x10^11 
Thermal Coefficient 1.17x10^-5 
Poisson Ratio 0.3 
Overall pipeline length (m) 27.00  

 
 

Table.3 Environment Condition 

 
Table.4 Operating Condition 

Operating Condition 

Internal Pressure 9.38 MPa 

Outlet Temperature 270C 

Inlet Temperature 550C 

 

Table.5 End Expansion 

Pipeline Case 

End Expansion 
Programming 

Results 

End Expansion 
site results 

Inlet 
(m) 

Outlet 
(m) 

Inlet 
(m) 

Outlet 
(m) 

Exponential 
temperature-long pipe 2.2781 0.4801 2.2781 0.4802 

Exponential 
temperature-short pipe 0.1403 0.0465 0.1403 0.0465 

Linear temperature-long 
pipe 0.4126 0.0558 0.4126 0.0558 

Linear temperature-
short pipe 0.6014 0.1324 0.6015 0.1324 

Uniform temperature-
long pipe 0.1859 0.1859 0.1860 0.1860 

Uniform temperature-
short pipe 0.8144 0.8144 0.8145 0.8145 

 
Comparison between simulation results and company data 

shows that the small different value about 0.02 % from actual 
value. The different come from round off decimal number to 
nearest value. Figure.1 shows the inlet region has greater 
expansion compare to outlet region. This program identifies the 
limit of pipeline pressure and strain design complies with the 
DNV regulation. Strain design should be lower than rule strain. In 
the design of pipeline, strain will not be the concern problem to 
comply with DNV regulation but it can effect to fixed riser 
fatigue. Stress and strain Criteria tested by this programming in 
line with DNV regulation in which no specific formula for 
calculation of end expansion. The length of pipeline expansions 
can be determined to consider the mode of buckling but the 
magnitude of displacement will be estimated based on the value 
of pipeline end expansion.  

The parameter of pipeline design will be set in this 
programming such as stress, strain and pressure to remind the 
designer that the conditions are either under limit or exceed the 
limit of pipeline strength. 

Comparing empirical formula and DNV regulation in this 
programming showed that empirical formula only used the 

Environment Condition 

Sea Water Density 1025  kg/m3 

Friction Factor 0.4 

Seabed Temperature 210C 
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ABSTRACT 
 
This study aims to investigate performance of current rescue 
facilities and position based on statistic data of sea accident 
between 2010 and 2011 in Kepulauan Riau. Current rescue 
facilities are located at the latitude 0.93105 and longitude 104.4. 
Using the statistic data, an optimal recue location and facilities in 
Kepulauan Riau are determine based on International Maritime 
Organization (IMO) standard. International Maritime 
Organization requirement, an emergency, passengers should be 
able to leave the ship with time 60 minutes. The optimal position 
and rescue facilities are determined using Great Circle Distance-
Spherical Trigonometry and Statistical of Standard Error 
methods. In this study, simulation code is developed using visual 
basic 2010 language. Results of simulation show current rescue 
facility requires a lot of time to reach the accident location which 
is up to 12.5 hours. In order to meet IMO requirement, this study 
proposes wing in ground for rescue operation. Using current 
rescue location, wing in ground also does not meet the IMO 
standard which is up to 3.04 hours. Additional, this study divides 
the Kepulauan Riau into two regions of rescue operation. The 
optimal for rescue facilities of region 1, at the latitude 0.74568 
and longitude 104.36256, and based on the distribution of the 

accidents in Kepulauan Riau 2010-2011, current rescue facility 
required up to 5.6 hours to reach the accident area, while the wing 
in ground facilities required up to 1.3 hours. The optimal for 
rescue facilities of region 2, at the latitude 3.00338 and longitude 
107.79373, current rescue facility required up to 5 hours to reach 
the accident area, while the wing in ground facilities required 
shorter time that is up to 1.2 hour. 
 
KEY WORDS: Kepulauan Riau, accident at sea, rescue 
operation, initial position, optimal position, great circle distance, 
standard error, latitude, longitude, wing in ground. 
 
 
NOMENCLATURE 

WIG Wing-In-Ground ��� International Maritime Organization ��� Direct Operating Cost ��� Rescue Coordinate Centre ��� Search and rescue Mission Coordinator �	 Time annual utilization 
 
 
1.0 INTRODUCTION 
 
Kepulauan Riau is a province one of the nation of Indonesia. 
Total area of Kepulauan Riau Province is 253,420 km2 consist of 
242,825 km2 (96%) by sea, and the land area is 10,595.41 km2 
(4%). Marine transportation plays a very important to support the 
smooth flow of people, goods, and services. 

Currently, search and rescue facilities in Kepulauan Riau 
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Province there are only in Bintan. They have 1 unit rescue boat 
measuring 28.5 meters and has 10 units rubber boat.In the last 
two years (2010-2011) occurred 53 ship accidents in Kepulauan 
Riau province, with the number of victim 444 people, 381 people 
is survived, 37 people is died and 26 people is lost. Many people 
are dead and missing, caused due to lack facilities of rescue 
operations, the length of the evacuation process is done, and 
addition to the location of current rescue facilities were less 
strategic, considering the Riau archipelago 96% is the sea. 

Therefore, it is necessary alternative equipment for rescue 
operations, to complement the limitations of the existing 
facilities. This paper propose wing in ground for alternative 
equipment in rescue operation. In addition, the position the 
central office of search and rescue is also a consideration. The 
position of the rescue facilities should have been more strategic to 
reach all areas of Kepulauan Riau Provinces with a faster time. So 
that, in case of any accident, the rescue transports can reach the 
target point and moves more flexibly to minimize casualties. 

The paper discusses initial and optimal location for rescue 
facilities and time for rescue operation in Kepulauan Riau based 
on International Maritime Organization requirement. International 
Maritime Organization requirement, an emergency, passengers 
should be able to leave the ship with time 60 minutes. To find an 
initial and optimal position of  rescue facilities in the Kepulauan 
Riau, researcher using the Great Circle Distance-Spherical 
Trigonometry Formula and statistical of Standard Error, in order 
that rescue facilities can be work an optimal. For calculating and 
mapping, researchers using visual basic programming, to make it 
more simple and automatic. 
 
 
2.0 LITERATURE REVIEW 
2.1. Rescue Operation 
Search and Rescue Operation is activities and efforts search, help, 
and save lives and feared lost or in danger of calamities such as 
shipping, aviation, and disaster. The term Search and Rescue has 
been used internationally, do not be surprised if it is so global that 
it becomes familiar to people anywhere in the world (Wikipedia, 
12 December 2012). 

Based on the assessment of the rescue requirements and the 
available assets identified, the Search and rescue Mission 
Coordinator (SMC) must determine the most appropriate rescue 
unit; considerations for maritime and inland waters rescue are: 
urgency of the rescue situation, Ability to provide life supporting 
assets until the rescue is completed, Time of day and its 
implications for an air rescue, Medical advice concerning rescue 
methods, Land and air assets available and their suitability for the 
task, Weather conditions, Potential risk to rescue assets, Distance 
from land and its implication for available rescue assets, Surface 
assets available and their suitability for the task at hand. 
 
2.2 Implementing the Rescue 
Task the most suitable rescue units based on the rescue 
requirements and provide such rescue units with a briefing 
including the following information as a minimum location of 
survivors, communication available en route and on scene, 
weather on scene, nature of the task, return location for survivors, 
condition of survivors (if known), specialised medical treatment 
required (if known). 

Coordinate with appropriate authorities for survivor transfer 

and any post-incident / accident requirements. Arrange logistics 
to support rescue units. The following are common support 
requirements for rescue units: equipment, communications, top-
cover aircraft, medical assistance, fuel, accommodation, food, 
consideration of relief crew. 

Consider stand-by resources, display rescue units in the Rescue 
Coordinate Centre (RCC). Display the unit information on boards 
including: call sign, type of aircraft, equipment carried on board, 
estimated time of arrival on scene. 
 
2.3 Current Rescue Operation 
In this opportunity only discussed or explained about some of the 
facilities used for the rescue operation at sea. The first airborne 
lifeboat was British, a 32-foot (10 m) reinforced wooden canoe-
shaped boat designed in 1943 by Uffa Fox to be dropped by Avro 
Lancaster heavy bombers for the rescue of aircrew downed in the 
English Channel (Strahan, 1998), Then it is followed by a lifeboat 
or rescue boat. Fast, rugged, and powerful motorised lifeboats or 
rescue boat have been used to perform sea rescues since the late 
19th century. The principles of coordinating small surface boat 
rescue efforts with direction and assistance from air units were 
developed in the 1930s by Germany, followed by other nations in 
the 1940. But, both airborne lifeboat and rescue boat has the 
disadvantage that has limited speed. So it will be required much 
time to close in location of accident. Then is helicopters have 
taken a primary role in air-sea rescue since their introduction in 
the 1940 (Evans, Clayton, 2003). Helicopters also tend to have 
limited range and endurance and cannot land at sea (Poulton, 
Thomas J. 1986). 
 
2.4. Wing In Ground 
To this day there is relatively little government funding into 
research and development of wing in ground craft. The speed 
advantage of Wing in ground craft over conventional marine 
vessels and no special landing is required as helicopter and 
airplane, may well provide the reason for considering Wing in 
ground craft for particular applications. 

There are some theories clarify about Wing In ground can be 
used for search and rescue operation. Here is some of the theory 
which stated. According to Sungbu Suh, et al (2011), Du mian-
yin and chen pei (2010),Han-Koo Jeong et.al (2010), Belavin, 
Volkov et al. and Hooker, in Kirill V. Rozhdestvensky (2006), 
Lee Qihui (2006), Graham K Taylor (2006), Quah Yong Seng, 
Jonathan (2005), Alexander Nebylov (2006), Graham Taylor 
(2003), Nikolai Kornev and Konstantin Matveev (2003), Seung-
Hyun gwag (1997), E.A.Aframeev (1998), all of the they say 
wing in ground can be used for rescue operation. 

According to Quah Yong Seng, Jonathan (2005), potential 
benefits of Wing In Ground is :Wing In Ground craft can fulfill 
the need for increased speed of marine transport and may thus fill 
the gap between shipping and aviation, WIG boats achieve high 
speeds while still maintaining high efficiency, especially when 
compared to other high speed marine craft, Due to the marine 
nature of Wing In Ground boats their operating cost are low as 
compared to aircraft, The infrastructural requirements for Wing In 
Ground boats are very low, any existing port is sufficient., 
Especially in a wavy sea the comfort level in cruise is very high 
as compared to other high speed marine craft. 

According to Graham K Taylor (2003) & (2005), its main 
attributes wing in ground is :Turning the business machine faster, 
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bringing destinations closer together, opening new routes within 
acceptable journey times, No sea motion, or sea sickness Low 
fatigue for occupants or equipment, No wash, no environmental 
damage to waterways, no effect on other waterway users, Immune 
to sea or river currents, will not hit floating objects such as 
driftwood, whales, etc, Shallow water operation, unaffected by 
tidal variation/water level, In the rescue environment Wing In 
Ground attributes are: Ability to cover a wide area within a short 
time, Rapid response capability – rapid closure. 

Based on paper made by E. A. Aframeev, 1998, he said : 
Global sea rescue system is a worldwide concern to develop 
effective rescue measures on the high seas, the creation of global 
international  sea rescue  system  based  on  the heavy WIG  is  
the  challenge  for  the international  community. Experience 
shows that it is very difficult if not impossible to provide timely 
aid at wreckages and ecological disasters at sea. Use of seaplanes 
is often limited because of unfavorable meteorological conditions, 
whereas use of helicopters is restricted to coastal areas. Until 
now, the main means of rescue (salvage) on water has been ships 
finding themselves accidentally near the disaster area and hardly 
suitable for this purpose. 

It  should  be  emphasized  that  the  effective rescue may  be 
carried  out  if  two  components are  available:  quick  
notification  about  the catastrophe  and  quick  arriving  to  the  
rescue means to  the  point  of  distress (E. A. Aframeev, 1998). 
 
2.5. Mathematical Formulation 
Initial and optimal location, distance and time are firstly are 
determined before cost estimation. In the present study, the initial 
location, distance and time are determined using real data of ship 
by accident in the form of latitude and longitude using the Great 
Circle Distance- Spherical Trigonometry Formula as follows: 
 � 
 � ���������������������������� �������������������������� � ������ 

(1) 
 
where � is the radius of the earth in whatever units desire. The 
value is R=3437.74677 (in nautical miles), � 
 6378. 7  (in 
kilometers), � 
 3963. 0 (in miles).  

At the calculate time used the Great Circle Distance Formula 
divided by speed of ship (V). The Algorithm of Spherical 
Trigonometry in determining the initial location (Jovin. J. 
Mwemezi. 2011). 
i. Express latitudes and longitudes given in degree as 

radians  : 
 

� 
 $%&
�'(  )           (2) 

 
ii. And then determine the initial coordinate of the new 

position (*+, -+), is defined by centre of gravity formula: 
 

*+ 
 ∑ /010
∑ /0            (3) 

 
 

-+ 
 ∑ /020
∑ /0            (4) 

 
In order to get a range of optimal position, error of initial position 

is firstly calculated. In this case use a statistical of standard error. 
The standard error of a statistic is the standard deviation of the 
sampling distribution of that statistic (David Lane's, 2011). It is 
the standard deviation of the sampling distribution of the initial 
position. The formula for the standard error of the initial position 
is: 
 
34 
 5

√7            (5) 

 
Where σ is the standard deviation of the original distribution and 
n is the sample size (the number of scores each initial position is 
based upon). 

To Estimate of Total Direct Operating Cost, Albeit various 
methods of cost analysis have been used to calculate operating 
costs, Chin Su Peak. (2006) (as cited in Akagi’s, 1993) formula is 
suited to estimate direct operating costs (89 �9�� : ;<). 

 

��� 
 =>�?@A
B � C7D � C7EF � GH I JK

LMNKO �
PQ � IRST4S

ULM O �
IVWLW

LMNKO � �
PQ           (6) 

 
where X is rate of residual value, Y is amortization, C7D is annual 
rate of insurance, C7E is annual, rate of interest, G is annual rate 
of maintenance, ZD  is price of the vehicle, [\  is number of 
passenger, ]D is vehicle speed (km/h), �	 is time annual utilization 
(in hours), �̂ _ is price of fuel per kg, including lubricant, �^ is 
mass of the fuel, � is range (km), �` is average yearly crew cost 
per person, [` is number of crew. 

The annual utilization time (�	) has used the following formula 
taken by Akagi (1993). 
 

�	 
 �	 a Eb
Ecdef NKg h · jef

NK k          (7) 

 
where �	  is annual number of operating days, �$  is number of 
operating hours per day, �@  is terminal hours per service, lU  is 
length of the route. 
 
 
3.0 METHODOLOGY 
 
To conduct a systematically and thoroughly research, the research 
methodologies are based on the research process. The research 
process is a sequence of steps, which allow the researcher to 
create the structure and plan to investigate to problem selected for 
study. The general framework of proposed study is as shown in 
Figure 1. The following section will discuss the processes in 
detail. 

In the literature review, researchers have searched many papers 
or journal which states that free wing in ground can be used for 
facilities of rescue operations. After learning that the wing in 
ground can be used as a facility of rescue operations, researchers 
must know the element - element that influence or are a 
barometer of the wing in ground more economical than the 
current of rescue operations. Based on survey data, current rescue 
cannot reach the whole sea area in the Kepulauan Riau province 
with a fast time. So, it requests to make feasibility study to find 
the strategic positioning as station of rescue facilities that means 
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the rescue operation could be operating optimally. 
In theoretical description is a little knowledge about the wing 

in ground, search and rescue operation, great circle distance-
spherical trigonometry, statistical of standard error formula is 
needed to understand what they are actually. 

 
 

Figure.1 Flow Chart of Research Activity 
 

 
The purpose is to review some references, to know the basic 

theory more specific. In data collecting, the data  researcher 
collects is about current rescue boat specifications, the wing in 
ground specification, data by accident, and guidelines for 
evacuation analysis  for new and existing passenger ships. For 
specifications of current rescue boat accident and data by 
accident, researcher get from the Search and Rescue Agency in 
Kepulauan Riau Province, while the data on the Wing in Ground 
(WIG) and Guidelines For evacuation analysis for new and 
existing passenger ships, researcher got from some journal / 
paper, and the internet. From the data collecting, researcher to 
identify research variables, in this thesis research variables are 
time, distance, speed, and coordinate. 

Mathematical model, in this thesis about initial and optimal 
location, distance and time, and then estimates the cost. After 
mathematical modeling, mapping and simulation are created. The 
mapping and simulation were using visual basic 2010 software. 
Mapping done to visualize the distribution of accident, so it can 
determine its position with certainty, not just imagined. And then 
simulation is carried out simulation calculation of time, distance, 
and cost, to make it more automatic and simple. 
 

4.0 SIMULATION AND DISCUSSION 

After napping in visual basic, it can be seen from the position of 
current facilities and distribution of accidents at sea that occurred 
in the Kepulauan Riau Province in 2010-2011 as shown in figure 
2. 

Using the current position rescue and distribution facilities 
accidents, the distance and time required to reach the crash site of 
each type of vehicle are determined. In this case, the current 
rescue facilities and wing in ground that has been selected. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure.2 Current position of Rescue Facilities and Distribution of Accidents 
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Figure.3 Optimal Position of rescue facilities Region 1 and Region 2. 
 
The longest distance from the accident is 580.2 km and the 
shortest distance is 11.18 km. While the time required of current 
rescue to reach the accident site very long, there are up to 12.5 
hours for the longest distance and up to 0.24 hours for the closest 
distance. 

International Maritime Organization requirement, an 
emergency, passengers should be able to leave the ship with time 
60 minutes. To fulfill International Maritime Organization 
requirement, this study propose wing in ground for rescue 
operation. 

With the current position of rescue facilities, used wing in 
ground to rescue operation. When using the wing in ground 
facilities, is also too much time to cover the entire distribution of 
a ship accident of achieving 3.04 hours for the longest distance 
and 0.058 hours for the shortest distance. 

Based on the distance between the position of the rescue 
facilities with distribution of ship accident happened in the 
Kepulauan Riau 2010-2011, some cost in rescue operation is 
calculated according to the data obtained from references and the 
data obtained from the calculation program, for current rescue 
facilities, Operation Costs During the Rescue Operation is Fixed 
Cost per Capacity-Speed = 0.2224, Annual Utilization = 70.1 and  
Fuel Cost = 25822, and while for wing in ground, Operation 
Costs During the Rescue Operation is Fixed Cost per Capacity-
Speed = 0.0229, Annual Utilization = 14.2 and Fuel Cost = 
6352.2.  

It can be concluded that using a single rescue facilities are not 
optimal, given the area of Kepulauan Riau 96% is sea. Moreover, 
it cannot perform a rescue operation with quickly based on 
international maritime organization requirement. In view of this 
fact, researchers proposed must have a minimum two position of 
rescue facilities in Kepulauan Riau. In this case, the researchers 
divided the Kepulauan Riau into two region. 

In the calculation obtained the optimal position from the initial 
position for region 1 is the longitude 104.261901554392 up to 
longitude 104.597809556719 and latitude 0.7403857999495 up to 
latitude 0.92670086671708. While the optimal position of the 
initial position for region 2 is the longitude 107.2050954149 up to 

longitude 108.0024245850 and latitude 2.438283497774 up to 
latitude 3.464019835558. 
From an optimal range of position is obtained, we can determine 
the optimal position of rescue facilities in the nearby island of 
optimal range position. 
Researchers determined the optimal position of region 1 is the 
longitude 104.36256 and latitude 0.74568, while in region 2 is on 
the longitude 107.79373 and latitude 3.00338, as shown in figure 
3. 

The time it takes current rescue facility in region 1 to reach the 
accident site in the region is still also need much time, up to 5.59 
hours for the longest distance and 0.41 hours for the closest 
distance. While in region 2, the current rescue takes 4.99 hours 
for the longest distance and 0.562 hours for the shortest distance. 

Region 1 it takes wing in ground, only 1.35 hours for the 
longest distance and 0.1 hours for the shortest distance. While in 
region 2, which is only 1.2 hours for the longest distance and 0.13 
hours for the shortest distance. 

Based on the distance between the position of the rescue 
facilities with distribution of ship accident happened in the 
Kepulauan Riau 2010-2011, some cost in rescue operation is 
calculated according to the data obtained from references and the 
data obtained from the calculation program, for current rescue 
facilities region 1, Operation Costs During the Rescue Operation 
is Fixed Cost per Capacity-Speed = 0.2224, Annual Utilization = 
19.3 and  Fuel Cost = 8686.1, and while for wing in ground, 
Operation Costs During the Rescue Operation is Fixed Cost per 
Capacity-Speed = 0.0229, Annual Utilization = 3.2 and Fuel Cost 
= 2136.8. Then for current rescue facilities region 2, Operation 
Costs During the Rescue Operation is Fixed Cost per Capacity-
Speed = 0.2224, Annual Utilization = 15.6 and Fuel Cost =  
5998.7, and while for wing in ground, Operation Costs During the 
Rescue Operation, Fixed Cost per Capacity-Speed = 0.0229, 
Annual Utilization = 2.9 and Fuel Cost = 1475.7. 
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5.0 CONCLUSION 
 
Based on current position of rescue facility, it is required a lot of 
time to reach the accident location in order to perform rescue 
operation, reaching up to 12.5 hours. When using the wing in 
ground facilities, it also needs time to cover the entire distribution 
of a ship accident of achieving 3.04 hours. The optimal for rescue 
facilities of region 1, at the latitude 0.74568 and longitude 
104.36256, current rescue facility required up to 5.6 hours to 
reach the accident area, while the wing in ground facilities 
required up to 1.3 hours. The optimal for rescue facilities of 
region 2, at the latitude 3.00338 and longitude 107.79373, current 
rescue facility required up to 5 hours to reach the accident area, 
while the wing in ground facilities required shorter time that is up 
to 1.2 hour. So, wing in ground can be improved rescue 
operations in the Kepulauan Riau, given the current rescue cannot 
cover all the whole area quickly based on international maritime 
organization requirement, although two rescue boats used in the 
two regions. In addition, the cost incurred rescue boat more 
expensive than the wing in ground, during the rescue operation. 
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ABSTRACT  
 
The ship-shaped floating structures like FPSO has an ability to 
produce, storage and offloading the oil but it is does not have the 
drilling capability. Usually the FPSO in shallow water is 
connected with the single point mooring systems such as Vertical 
Anchor Leg Mooring (VALM) buoy systems. The objective of 
this paper is calculate the response amplitude operators (RAO) of 
spread moored FPSO with two mooring configuration and with 
the effect of non-collinear environment of wave and current. The 
analyses done by using ANSYS AQWA (version 14) software 
with runs two types of analysis which is hydrodynamics 
diffraction and hydrodynamics time response. The analysis also 
focuses to calculate the RAO and normalized hawser line force of 
FPSO and VALM systems. The result from the software has been 
compared with the experiment result to validate it. The different 
in meshing elements size also are taken into account. The analysis 
also focuses to compare the RAO between single leg mooring 
FPSO and spread moored FPSO with the same loading condition. 
From the analysis, the RAO for 4 mooring FPSO is higher 
compared than 8 mooring FPSO but the 8 mooring FPSO shows 
high value of cable forces than 4 mooring FPSO. It also shows 
the value of RAO of single leg mooring FPSO is higher compared 
to the spread moored FPSO. 
 
KEY WORDS: FPSO; VALM; ANSYS AQWA; Shallow Water. 
 
 

NOMENCLATURE 

MS Structure mass 
�� Added mass 
� Damping  
� Hydrostatics stiffness 
� Wave force (incident and diffracting forces) 
 
 
1.0 INTRODUCTION  
 
The development of the offshore industry commenced with the 
use of fixed structures. As development accelerated with the 
discovery of oil and gas in deeper water, the use of floating 
structure have become popular and commonplace. Among those 
floating structure is FPSO. This ship-shaped floating structures 
has an ability to produce, storage and offloading the oil but it is 
does not have the drilling capability.  

Usually the FPSO in shallow water is connected with the single 
point mooring systems such as VALM buoy systems. Although 
the choosing of floating structure is always much better than 
conventional fixed structure, but in other way there are still have 
a problem. This is because in real condition, the FPSO will 
experience an excessive environmental force and non-collinear 
environment such as wind, waves and current which make the 
vessel in motion. Result from this motion towards the floating 
structures can reduce the operating level and affects the 
performance of the process performance.  
Therefore, it is essential to analyze the effect of environmental 
force and non-collinear environment towards the motion and 
connection between the FPSO and VALM buoy system. In order 
to analyze the response amplitude operator for motion, there are 
some methods available. The common way which is always be 
performed to predict the FPSO motion by conducting the model 
test in towing tank. The same method is also applied to study the 
effect of wave run-up on bow and stern. Besides that, the other 
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familiar method applied is using the ANSYS AQWA software. 
 
 
2.0 HYDRODYNAMICS CHARACTER OF A 
FLOATING STRUCTURE 
 
In general, the floating structure is assume rigid and undergoes 
six independent degrees of motion, in which three in translational 
and there in rotational. The translational or longitudinal motion 
consist surge, sway and heave motion while the rotational or 
angular motion consist pitch, roll and yaw motion. These six 
independent degrees of motion for ship-shaped floating structure 
could be seen in Figure 1. 
 

 
Figure.1: Free-floating body motions for ship-shaped structure 

 
The simulation of floating structure dynamics problem can be 

performed by using three basic approaches which is a frequency 
domain analysis or time domain analysis or the combination 
between the frequency domain and time domain. The 
measurements of amplitude for the time domain and the 
frequency domain versus time can be illustrated in terms of graph 
as shown in Figure 2. Frequency domain analysis is an analysis 
that refers to a solution of the equation of motion by the methods 
of harmonic analysis of methods of Laplace and Fourier 
transforms while the time domain analysis usually utilizes the 
direct numerical integration of the motion equation in which it is 
allowing the inclusion of all systems nonlinearities. 

 

 
Figure.2: Time domain and frequency domain measurements. 

 
 
3.0 RESPONSE AMPLITUDE OPERATORS (RAO) 
 
The amplitude of the response of an offshore structure, fixed or 
floating, when subjected to a regular wave of given frequency can 

be normalized with respect to the amplitude of the wave. For a 
linear system, the normalized response is invariant with the wave 
amplitude at a wave frequency. If the normalized function is 
constructed for a range of wave frequencies of interest for a given 
offshore structure, and then the function is called as the Response 
Amplitude Operators (RAO) of Transfer Function. The RAO can 
be obtained either by theoretical or measured. The theoretical 
RAO can be obtained with the help of simplified mathematical 
formulas and when the problem is complicated to solve 
analytically or when the mathematical assumptions need 
verification, the measured process are performed on model of the 
prototype. 
 
 
4.0 MOORING SYSTEM  
 
Any mooring system is made of a number of lines (chain, wire or 
synthetic rope) with their upper ends attached to different points 
of the floating structure and their lower ends anchored at the sea 
bed. The cables are constructed from steel chain, rope or a 
combination of both. The ropes are available in constructions 
from steel and natural or synthetic fibers. The tension forces in 
the cables are dependent on the cable weight, its elastic properties 
and the mooring system. In a spread mooring system as multiple 
mooring legs are used to secure a vessel. This type of mooring is 
useful for securing permanently or semi permanently moored 
vessel. 
 
 
5.0 THEORY AND METHODOLOGY 
 
The response X of a structure in waves is calculated by solving 
the equation of motion in the frequency domain for unit wave 
amplitude. The formulas for the response of structure in waves 
are shown below: 

 
 

 
 

 
5.1 FPSO from Technical Paper 
 

Table.1: FPSO data from technical paper 

Principal Dimension 

Length 270.70 m 

Breadth 44.30 m 

Depth 21.70 m 

Fully Loaded Draught 16.70 m 

Displacement  172000 tonnes 

Deadweight  140000  tonnes 

Lightship  32000 tonnes 

40 % of Deadweight  56000 tonnes 

100 % of Deadweight  140000 tonnes 
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5.2 VALM Buoy without Skirt 
 

Table.2: VALM buoy data 

Principal Dimension 

Diameter 8.094 m 

Height 3.70 m 

Weight 81.2 tonnes 

Draft 1.61 m 

Deadweight 35000 tonnes 

 
5.3 Design Environment 
The extreme environment for mooring strength design is 100-year 
return storm and a 1-year return condition is the environment 
limitation for loading and offloading operation. This analysis will 
include the effect of wave and current towards motion, hawser 
line forces and the mooring forces with different loading 
condition [10]. The value for the wave height is based on the 
previous data that contain the value of wave height for every 
month in one year. This data was provided by Wan Aminullah 
Wan Abdul Aziz, (2012) [11].  

Since the data shows different value of wave height, but the 
data that taken into account is the mean wave height for all over 
the month. For the current value, the value is decreased as it goes 
down towards sea bed, but at some region of sea, the current as 
much stronger at the middle compare to the surface and the 
bottom of the sea. For this study, the calculation for the 
distribution of current value as it goes down the sea bed are used 
the Couette Flow theory. In this theory, the flow between parallel 
plates with one plate fixed and the other is moving is similar to 
the sea surface with is moving and the surface of sea bed with is 
fixed [13]. 

 
Table.3: Data for wave height in Port Dickson 

Location  Port Dickson, N9 

Coordinate  
2.5167 N Latitude 

101.8000 E Longitude 

Month Latitude Longitude Wave Height, H 
(m) 

1 2.5000 101.7500 0.881 

2 2.5000 101.7500 0.862 

3 2.5000 101.7500 0.940 

4 2.5000 101.7500 0.905 

5 2.5000 101.7500 0.884 

6 2.5000 101.7500 0.898 

7 2.5000 101.7500 0.811 

8 2.5000 101.7500 0.914 

9 2.5000 101.7500 0.919 

10 2.5000 101.7500 0.941 

11 2.5000 101.7500 0.936 

12 2.5000 101.7500 0.912 

 
 

Table.4: Design environment for FPSO simulation 

Data Group 

Return Period 

1 - year 100 - year 

Waves 

Significant 
Wave 
Height 

0.9 m 1.67 m 

Maximum 
Wave 
Height 

0.941 m 1.74 m 

Peak Wave 
Period 

8.7 s 11.8 s 

Direction 180° on the bow 

Wave 
Speed 

2.572 m/s 

Current 

Surface 
Speed 

1.03 m/s 1.77 m/s 

Middle 
Speed 

0.81 m/s 1.43 m/s 

Bottom 
Speed 

0.53 m/s 1.04 m/s 

Direction 135° starboard of bow 

Location Depth 69 m 

 
 
5.4 Non-Collinear Condition 
 
The effect for the non-collinear is caused by the wave, current 
and wind towards the floating structure. This will affect the 
direction and movements of the floating structure. The collinear 
environment for the floating structure is caused by the 
combination of wave, wind and current move towards to floating 
structure in one direction only or is called as in-phase, which is 
move in one angle only. But in the non-collinear environment, the 
wind, wave and current move towards floating structure in 
different direction of angle. In this thesis, we only consider the 
effect of wave and current only since the wind thus not contribute 
a large effect towards floating structure. The non-collinear 
condition in the simulation are, the wave is heading 180° on the 
bow and the current is heading 135° starboard of the bow.  
 
5.5 FPSO Principle Dimension 
For this simulation analysis in ANSYS AQWA, the dimension of 
FPSO for two loading condition which is the ballasted condition 
(40% DWT) and fully loading condition (100% DWT) are taken 
into account. The dimension of the FPSO is taken from the 
TENAGA KELAS model. 
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Table.5: FPSO for fully loaded condition (100% DWT) 
Particular Value Unit (SI) 

Displacement 94041.27 Tonne 

Volume 91747.58 m3 

Draft to Baseline 11.13 m 

LWL 267.30 m 

Beam wl 41.6 m 

Cb 0.741 
 

LCB from zero pt 141.28 m 

KB 5.91 m 

BMt 12.94 m 

BMl 457.55 m 

GMt 18.85 m 

KMt 18.85 m 

 
 

Table.6: FPSO for ballasted condition (40% DWT) 
Particular Value Unit (SI) 

Displacement 46789.25 tonne 

Volume 45648.05 m3 

Draft to Baseline 6 m 

LWL 249.60 m 

Beam wl 41.65 m 

Cb 0.73 
 

LCB from zero pt 145.91 m 

KB 3.18 m 

BMt 23.34 m 

BMl 731.62 m 

GMt 26.52 m 

KMt 26.52 m 

 
 
5.6 Mooring Line Properties and Arrangement 
For mooring line properties, this study used one types of mooring 
line which are chain mooring. It is estimated for this study to use 
minimum breaking load of 14955 kN. This value was referred and 
undergoes a little comparison based on previous study by 
Priyanto A. and Samudro (2006) [9], in which they suggested 
using chain diameter of 127 mm. 
 

 
Figure.3: Configuration of 8 mooring FPSO 

 

 
Figure.4: Configuration of 4 mooring FPSO 

 
Table.7: Type of mooring chain used 

Mooring Chain Value Unit 

Offshore Mooring Chain 

Type : R4 - Stud Link Anchor Chain 

Breaking Load 14955 kN 

Proof Load 11789 kN 

 
 
5.7 Hawser Line Properties 
The type of material for the hawser line used in this simulation is 
3-strand nylon rope which is manufactured using premium grade, 
high tenacity and coated nylon fibers. This will resulted in a 
longer wearing, flexible and easy-to-handle rope, has greater 
strength and better abrasion resistance and ideal for uses requiring 
high-energy absorption. It is suitable for dock and anchor lines 
and also mooring lines. 
 
 
 
 

Table.8: Hawser line properties 
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Hawser Line 

Unit 
Type 

2" 3-Strand 
Nylon Rope - 

White 
Breaking Load for 1 Rope 376000 N 

Breaking Load for 2 Rope 752000 N 

Diameter Rope 48 mm 

Minimum Breaking Strength 376 N 

Safe Load 3.14 N 

Stiffeners 5000 N/m 

Weight 1.49 kg/m 

length of hawser line, HL 56.12 m 

HL / LS 0.2 
 

 
 

 
Figure.5: Connection of hawser line between FPSO and VALM 

buoy 
 
5.8 Regular Wave Parameter 
The type of regular wave that used is Airy Wave Theory. The 
value of frequency is depended on the analysis. In the FPSO and 
VALM system analysis, the range for frequency that used is 
between 0.061 Hz to 0.133 Hz with the steps of frequency of 
0.004 Hz, while in the spread moored FPSO analysis, the range 
for frequency that used is between 0.039 Hz to 0.095 Hz with the 
steps of frequency of 0.004 Hz.  
 
5.9 John F. Flory Coordinates Method 
This method is use to determine the anchorage point for the 
mooring system and also the length of catenary mooring line. The 
locations of anchorage points need to be determining manually in 
the AQWA software since the software not automatically define 
the location. John F. Flory coordinate method is use because the 
calculation is simple and easy to understand. From John F. Flory, 
our aims is to obtain the value of X (m) = Db (m) + Dt (m) and S 
(m) = Db (m) + Et (m).  
 
For anchorage point, X is representing the distance between 
anchor and the fairlead and S is representing the curve distance 

between base point and the end point of chain attached to the 
ship. All the catenary mooring line used same value of pretension 
and this value of pretension is referred based on previous study by 
Priyanto A. and Samudro (2006) [9]. 
 

Table.9: Details of chain value 

Input Value : Chain Properties 

Et w H 

(m) (kg/m) (kg) 

69 365.1 46700 

 
Table.10: Value from John F. Flory and DM 26.5 method 

DM 26.5 Method John F. 
Flory 

C T  V  S  X  Db Dt Q Dt 

(m) (kg) (kg) (m) (m) (m) (m)   (m) 

128 71892 54659 149.7 128 81 47 1.9 47 

 
 
6.0 RESULTS AND DISCUSSION 
 
6.1 RAO for 100% Deadweight Loading Condition – 
Validation  
 
The vessel motions with referring to the floating structure 
dynamics that consists six degree of freedom, three in 
translational motion, where surge, heave and sway in this motion 
and three in rotational motion, where pitching, rolling and yawing 
in this motion. But in this analysis, we only consider the surge, 
heave and pitch RAO for further analysis.All the result obtained 
was plotted as in Figure 6, Figure 7 and Figure 8. 

 

 
Figure.6: Graph of surge RAO versus wave frequency parameter 
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Figure.7: Graph of heave RAO versus wave frequency parameter 

 
 

 
Figure.8: Graph of pitch RAO versus wave frequency parameter 

 
For the surge RAO value obtained from simulation, the 

maximum value of RAO is 0.5255 m/m with the wave frequency 
parameter of 1.875 while the surge RAO from experimental data 
is 0.2536 m/m at the same value of wave frequency parameter. 
From this value, it show that, the value from experimental shows 
a lower value as compare to the value obtained from simulation. 
For the heave RAO value obtained from simulation, the 
maximum value of RAO is 0.8269 m/m at the wave frequency 

parameter of 3.75 while the heave RAO from experimental data is 
0.6825 m/m at the same value of wave frequency parameter. For 
pitch RAO value obtained from simulation, the maximum value 
of RAO is 0.0747 degree/m with the wave frequency parameter of 
2.4 while the pitch RAO from experimental data is 0.0354 with 
the wave frequency parameter of 3.75. 

From this value obtained, it shows that the value from 
simulation by using AQWA indicated the higher value for three 
types of motions as compared to the value form experimental data 
provided by technical paper. This is because, there are some 
different in sizing of model between the model used in simulation 
and model used in experiment. Although, the value of differences 
is small, but it still contribute the value of vessel motions.  

 
6.2 RAO for 40% Deadweight Loading Condition – 
Validation  
 

 
Figure.9: Graph of surge RAO versus wave frequency parameter 
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Figure.10: Graph of heave RAO versus wave frequency 

parameter 
 
 

Figure.11: Graph of pitch RAO versus wave frequency parameter 
 

For the surge RAO value obtained from simulation, the 
maximum value of RAO is 0.3961 m/m with the wave frequency 
parameter of 1.875 while the surge RAO from experimental data 
is 0.1903 m/m at the same value of wave frequency parameter. 
From this value, it show that, the value from experimental shows 
a lower value as compare to the value obtained from simulation. 
For the heave RAO value obtained from simulation, the 
maximum value of RAO is 0.5762 m/m at the wave frequency 
parameter of 3.75 while the heave RAO from experimental data is 

0.5296 m/m at the same value of wave frequency parameter. For 
pitch RAO value obtained from simulation, the maximum value 
of RAO is 0.0736 degree/m with the wave frequency parameter of 
2.4 while the pitch RAO from experimental data is 0.02598 with 
the wave frequency parameter of 3.75.  

From this value obtained, it shows that the value from 
simulation by using AQWA indicated the higher value for three 
types of motions as compared to the value form experimental data 
provided by technical paper. This is because, there are some 
different in sizing of model between the model used in simulation 
and model used in experiment. Although, the value of differences 
is small, but it still contribute the value of vessel motions. 

 
6.3 Normalized Hawser Line Force For 40% And 100% 
Deadweight 

 
The value of normalized hawser line is obtained when the 

hawser line force (N) is divided with the breaking load of the 
nylon rope that used to connect the FPSO and VALM buoy. This 
breaking load of nylon is choosing based on the diameter of nylon 
used and also the length of nylon rope. 

 

 
Figure.12: Graph of hawser line force for 40% DWT 

 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0 2 4 6 8 10

R
A

O
 (

 m
/m

 )

Wave frequency parameter, ωL 

Heave RAO - 40 % DWT

AQWA -
3354 element 
no. 

From 
Experimental 
Data

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0 2 4 6 8 10

R
A

O
 (

 
/m

 )

Wave frequency parameter, ωL 

Pitch RAO - 40 % DWT

AQWA -
3354 element 
no. 

From 
Experimental 
Data

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0 2 4 6 8 10

N
or

m
al

is
ed

 H
aw

se
r L

in
e 

F
or

ce

Wave frequency parameter, ωL

Hawser Line - 40 % DWT

AQWA -
3354 
element no.

From 
Experimantal 
Data



Journal of Ocean, Mechanical and Aerospace  
-Science and Engineering- Vol.1 

November 25, 2013 

 
 

25 Published by International Society of Ocean, Mechanical and Aerospace Scientists and Engineers 

 

 
Figure.13: Graph of hawser line force for 100% DWT 

 
In simulation, the maximum value of hawser line force for 40 

% of deadweight is occurred at the wave frequency parameter of 
3.75 with a value of 30983.31 N while the maximum value of 
hawser line force for 100 % of deadweight is occurred at the 
wave frequency parameter of 2.4 with the value of 21222.02 N. 
From the graph plotted, it shows that the value of normalized 
hawser line forces are bigger in 40 % of deadweight loading 
condition as compare to 100 % of deadweight loading condition. 
This is because, when the draft of FPSO is change from lower to 
higher draft, the value of maximum hawser line force is decrease. 
In fully loaded condition, the draft will be 11.13 m and the 
connection between the VALM buoy and FPSO will become 
almost in level but when the FPSO in ballasted condition which is 
the draft of FPSO is 6 m, the nylon rope will be in tension 
condition since position of connection of FPSO to VALM buoy is 
increase. Thus, it will make the nylon rope became more slighted 
as compare to the condition of nylon rope in fully loaded 
condition. 
 
6.4 RAO of Spread Moored FPSO 

 
In this case study, the FPSO will be moored with two 

configuration of mooring that attached at the bow and stern of 
vessel. The configuration of mooring for FPSO is four mooring 
type, two at starboard side and two at port side while another 
configuration of mooring consists eight mooring type, four at 
starboard side and four at port side. In this case study, the effect 
of non collinear environment will take into account. The direction 
of wave is 180° of bow with the wave speed of 2.572 m/s and 
current is 135° starboard of bow with the current speed of 1.0288 
m/s. The current speed is variable and it is depend on the depth of 
sea. The current speed a maximum at sea surface but the current 
speed a minimum at sea floor. 
 

 
Figure.14: Graph of surge RAO versus wave frequency for spread 
moored FPSO 
 

Figure.15: Graph of heave RAO versus wave frequency for 
spread moored FPSO 
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Figure.16: Graph of pitch RAO versus wave frequency for spread 
moored FPSO 

From the graph, the 4 mooring FPSO shows the higher value 
for vessel motions in surge, heave and pitch as compare to the 8 
mooring FPSO. The maximum value for the 4 mooring FPSO in 
surge RAO is 1.5921 m/m while the maximum value of 8 
mooring FPSO is 1.0856 m/m. The maximum value of heave 
RAO for 4 mooring FPSO is 0.9063 m/m while the maximum 
value of heave RAO for 8 mooring FPSO is 0.8060 m/m. In pitch 
RAO, the 4 mooring FPSO result a higher value which is 0.8158 
degree/m as compare to the value for 8 mooring FPSO which is 
0.7468 degree/m. The value of vessel motion is higher as 
compare to the value obtained from 8 mooring FPSO is because, 
the 4 mooring FPSO only have a 4 mooring cable in order to hold 
the FPSO in fixed position as compare to the 8 mooring FPSO in 
which have 8 mooring cable that hold FPSO tightly in position. 
 
6.5 Cable Force of Spread Moored FPSO 
 
In spread moored FPSO analysis, the mooring cable will 
experience the static and dynamics force cause by the 
environmental forces. The function of mooring cable is to hold 
the FPSO from excessive movement in six degree of freedom 
when the environmental forces like wave, wind and current acting 
on it. But this will depend on how many mooring cable attached 
at the FPSO. When the number of mooring cable is increase, the 
vessel motion will be less but the cable force will be higher. This 
cable forces is different for every value of frequency. 
 

Figure.17: FPSO with 4 arrangement of mooring cable 
 

 
Figure.18: FPSO with 8 arrangement of mooring cable 

 
Table.11: Cable force of chain mooring for 4 mooring FPSO 

Frequency 
( Hz ) 

Chain - Cable Forces For FPSO - 4 Mooring  

Cable 1 
(N) 

Cable 2 
(N) 

Cable 3 
(N) 

Cable 4 
(N) 

Starboard Side Port Side 
0.025 11953105 17327198 16551543 11937983 

0.05 17730506 13889143 15128032 12403196 

0.075 10356188 13452469 15577817 12652067 

0.1 8422611 12729248 15416175 11020308 

0.125 21285238 11170431 14213361 8867799 

0.15 24333784 10171959 13435648 7385428.5 
 

Table.12: Cable force of chain mooring for 8 mooring FPSO 

Frequency 
( Hz ) 

Chain - Cable Forces For FPSO - 8 Mooring 

Cable 1 
(N) 

Cable 4 
(N) 

Cable 5 
(N) 

Cable 8 
(N) 

Starboard Side Port side 
0.025 12172053 17828660 17410564 12060437 

0.05 10954303 16232192 15701852 60790772 

0.075 35818352 15338333 14064365 11769851 

0.1 9197361 13343838 15822679 11874359 

0.125 29418874 12342488 15071999 10683999 

0.15 32685306 11160960 14235631 9085992 
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On the same condition, the cable forces for FPSO 8 mooring 

experiences the higher value of cable forces as compare to the 
FPSO 4 mooring with the same position of mooring chain. Other 
than that is, when the value of frequency is higher, the value of 
cable forces also increased. Even though the value of cable forces 
is higher, but the mooring chain can still operates under safety 
condition because the value of the cable forces still not exceed the 
value of breaking load of mooring chain. 

 
6.6 Comparison of RAO between Spread Moored FPSO and 
Single Leg Mooring FPSO 
 

For this analysis, the condition for both type of FPSO is based 
on the fully loaded condition with 100 % deadweight. The 
simulation only takes the wave effect as the environmental effect 
towards FPSO. The direction of the wave stills the same as the 
previous simulation, which is the 180° bow of vessel. The 
analysis of RAO only focusing on the heave, surge and pitch 
RAO but the hawser line forces for single leg mooring FPSO and 
cable mooring forces for spread moored FPSO are not be 
discussed. 
 

 
Figure.17: The value of surge RAO for both types FPSO 

 

 
Figure.18: The value of heave RAO for both types FPSO 

 

 
Figure.19: The value of pitch RAO for both types FPSO 

 
The surge RAO for single leg mooring of FPSO shows the 

higher value compare to the value of surge RAO of spread 
moored FPSO. Even though the value of surge RAO between this 
two FPSO shows the a little different but it can give the impact 
the operation of FPSO itself. In shallow water area, the dynamics 
of floating structure is very crucial and need very detail analysis 
since it dealing with the possibility of changing in the 
environmental condition. For the value of heave RAO, single leg 
mooring FPSO shows the higher as compare to the value of 
spread moored FPSO. This is because, in the single leg mooring 
FPSO, there is no mooring is attached at the FPSO while in the 
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spread moored FPSO, there are mooring attached on it. Since the 
function of the mooring is to restrict the motion of vessel, the 
spread moored produce the lower value of heave RAO as 
compared to the single leg mooring FPSO although in the same 
loaded condition. The value of pitch RAO for the single leg 
mooring FPSO shows the higher value as compare to the spread 
moored FPSO but the differences between this two FPSO are not 
too large. The conclusion is the single leg mooring FPSO produce 
the higher value of RAO for surge, heave and pitch as compared 
to the spread moored FPSO.  
 
7.0 CONCLUSIONS 
 
Based on the result and analysis of the study, the conclusions are 
obtained from this study as follows:  
• The result of response amplitude operators obtained from the 

simulation between FPSO and VALM systems which using 
ANSYS AQWA were compared with the experimental data 
provided by the previous research paper.From the value 
obtained, it shows that the value from simulation by using 
AQWA indicated the higher value for three types of motions 
as compared to the value form experimental data provided 
by technical paper. This is because, there are some different 
in sizing of model between the model used in simulation and 
model used in experiment. Although, the value of 
differences is small, but it still contribute the value of vessel 
motions. 

• The result of hawser line force from simulation also were 
compared with the experimental data provide.In fully loaded 
condition, the draft will be 11.13 m and the connection 
between the VALM buoy and FPSO will become almost in 
level but when the FPSO in ballasted condition which is the 
draft of FPSO is 6 m, the nylon rope will be in tension 
condition since position of connection of FPSO to VALM 
buoy is increase. Thus, it will make the nylon rope became 
more slighted as compare to the condition of nylon rope in 
fully loaded condition. 

• The FSPO that have a higher number of mooring chains 
produce the smaller value of RAO but produce the higher 
value of cable forces with the same condition. In this 
analysis, only the value of dynamics cable forces which 
produce from simulation is taken into account and the static 
cable forces is assume as zero. 

• The single leg mooring FPSO produce the higher value of 
RAO for surge, heave and pitch as compared to the spread 
moored FPSO at the same loading condition.  
 

We can conclude that, the vessel motion especially the FPSO in 
shallow water is affected by the non collinear environment such 
as wave and current.  
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