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ABSTRACT 
 
This research is proposed to study the effect of wave condition to 
the distance between floating structures which arranged in tandem 
arrangement. The evaluation on the gap distance between floating 
structures is an important study for offshore liquefied natural gas, 
LNG offloading system because small gap distance between 
floating structures is needed to guarantee the effectiveness of 
LNG transfer from FPSO to ship but collision between floating 
structures should be avoided. Therefore, the gap distance between 
floating structures becomes a main factor to ensure the safety of 
the arrangement and effectiveness of the offloading system. 
Model experiment in regular wave condition was carried out to 
analyze the motion of floating structures and the effect of wave 
on changing of gap distance between structures. The time domain 
motion data are measured by Qualisys Camera and then Fourier 
Transformation method is applied to transform the data to 
frequency domain for further analysis. The frequency domain 
data is utilized in this research to find the tendency of gap 
distance between floating structures due to the effect of structures 
response and wave condition. From the study, an empirical 
equation to simulate the minimum gap distance between floating 
structures is introduced.   
 
 
KEY WORDS: Gap Distance, Floating Structures, Motion. 
 

 

 

NOMENCLATURE 
LNG Liquefied Natural Gas 
FPSO Floating Production Storage Offloading 
HOBEM Higher-Order Boundary Element Method 
FLNG Floating Liquefied Natural Gas 
DOF Degree of Freedom 
TLP Tension Leg Platform 
 
 
1.0 INTRODUCTION 
 
The number of offshore exploration activity in deep water area is 
increasing now day due to reduce of natural source in land or near 
shore area. In deep water area, floating structures are only 
alternative to apply for the oil and gas exploration process. 
However, the motion of floating structure is easily influence by 
wave and this arise a safety issue especially in multiple floating 
structure system. During LNG offloading process, the FPSO and 
ship is required to arrange in small distance to ensure the 
effectiveness of the offloading process. Hence, the study of the 
gap distance in multiple floating structures becomes important to 
ascertain the safety of the structures arrangement and avoid of 
accident to occur. 

Response of structures to environment at open water is an 
important criterion required to evaluate to ensure the system 
operates safely. The comparison between single floating 
structures with multiple structures made by Siow et al. showed 
that the hydrodynamic interaction effect may cause the floating 
structures to experience larger motion amplitude in all six types 
of motion [13]. This phenomenon can cause accidents on floating 
structures such as crash between structures. Therefore, multi 
structures operation should give more attention during design and 
it requires more accurate analysis of hydrodynamic interactions 
between closely moored structures [6]. 

To avoid collision occur in multiple floating structures system, 
the proper arrangement of the floating structures is required. One 
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of the factors must evaluate in structures arrangement is the 
distance between floating structures. The ocean wave is one of the 
energy sources to generate the motion of floating structures. The 
gap distance between floating structures is changed depend on the 
motion of both floating structures from time to time. This causes 
the study of the influence of structures motion to reduce of the 
distance between structures respect to the original distance 
become significant important to avoid accident occur. 

To understand changing distance between floating structures 
due to the motion induced by wave, Siow et al studied theoretical 
concept on the effect of structure motions to the reduce of gap 
distance between floating structure and conduced an experimental 
study [24, 25].  In this research, the analysis of influence of wave 
to the minimum distance between structures is focused. The 
mentioned minimum gap distance in this paper mean minimum 
distance between two floating structures achieved due to surge 
motions induced by wave. To study this, the semi-submersible 
and TLP models are selected and arranged in tandem arrangement. 
The model experimental is conducted from wavelength around 2 
meters to 9 meters. The analysis is made to obtain the relationship 
between minimum gap distance between both the selected 
structures to the effect of structures’ motion response and wave 
condition. 
 
 
2.0 LITERATURE REVIEW 
 
Matos et.al commented that the vertical plane motions induced by 
heave, roll and pitch should be kept adequately low to guarantee 
the safety of the floating structure, risers and umbilical pipes and 
other important facilities use in oil production [22]. The 
operability and safety of floating bodies operation are greatly 
determined by the relative motions between them. So, the 
accurate motion prediction of two bodies included all the 
hydrodynamic interaction is greatly important [10]. 

Motions of floating structures can be analysed by applying 
strip theory and potential theory. A number of notable studies 
were carried out to study hydrodynamic interaction phenomena 
such as Ohkusu[12] and Kodan[9].  

Hess and Smith [5], Van Oortmerssen[17] and Loken[11] 
studied on non-lifting potential flow calculation about arbitrary 
3D objects. They utilized a source density distribution along the 
structure surface and solved for distribution necessary to lake the 
normal component of the fluid velocity zero on the boundary. 
Also, Wu etal.studied the motion of a moored semi-submersible 
in regular waves numerically and experimentally. In their 
mathematical formulation, the moored semi-submersible was 
modeled as an externally constrained floating body in waves, and 
derived the linearized equation of motion [18]. 

Yilmaz and Incecik analysed the excessive motion of moored 
semi-submersible. They developed two different time domain 
techniques due to mooring stiffness, viscous drag forces and 
damping; the mathematic models are strong nonlinearities in the 
system. In the first technique, first-order wave forces acting on a 
structure which considered as a solitary excitation force and 
evaluated by using the Morison equation. In the second technique, 
mean drift forces were used to calculate slow varying wave forces 
and simulate slow varying and steady motions [19]. Söylemez 
developed a technique to predict damaged semi-submersible 
motion under wind, current and wave. An approaching equation 

of motion based on Newton’s second law was used in the research 
to develop a nonlinear numerical technique for both intact and 
damaged condition in time domain [14].   

Besides, the hydrodynamic interaction effect was studied by 
Kashiwagi. He introduced a hierarchical interaction theory in the 
framework of linear potential theory used to study hydrodynamic 
interactions between a large numbers of columns supporting 
flexible structure. He also furthers the research to investigate 
wave drift force and moment on two side by side arranged ships 
by using Higher-Order Boundary Element Method (HOBEM). 
His research obtained that the hydrodynamic interaction force is 
more predominant in the motion equation in the shorter 
wavelength region due to resonant phenomena. Kashiwagi was 
also concluded that the intensity of the interaction force is 
dependent upon the ratio of the wavelength to the separation 
distance between two adjacent cylinders. After that, Kashiwagi 
was also investigated the applicability of wave interaction theory 
apply to simulate the small gap length condition. The study 
obtained that the wave interaction theory able to predict the 
motion accurately if the separation between the structures is 
satisfied with the addition theorem of Bessel functions [8].  

Besides, Choi and Hong were also applied HOBEM to analysis 
hydrodynamic interactions of multi-body system [3]. Clauss et al. 
analyzed the sea-keeping behavior of a semi-submersible in rough 
waves in the North Sea by numerical and experimental method. 
They used panel method TiMIT (Time-domain investigations, 
developed at the Massachusetts Institute of Technology) for 
wave-structure interactions in time domain. The theory behind 
TiMIT is strictly linear and thus applicable to moderate sea 
condition only [4]. 

On the other hand, Spyros was also purposed a design oriented 
semi-analytical method to solve the radiation problem and 
evaluate the hydrodynamic and interaction coefficients [15]. An 
analytical solution to solve hydrodynamic diffraction problem of 
arrays of elliptical cylinders were also introduced by Ioannis and 
Spyros [7]. In the research, he obtained that the variation of 
hydrodynamic loading on the interaction cases is in relative to the 
wave heading angle. Besides, the effect of structures numbers 
affects to hydrodynamic interaction was also covered by Tajali et 
al. [16]. Their research results indicated that by increase the 
number of pontoons can cause the peak frequency and peak 
amplitude for all motion increase.  

A numerical method also employed by Zhu et.al to study the 
effect of gap in multiple box shape structures system. In that 
study, the potential for incident wave and scattering wave were 
ignored, the motion of the structures is assumed only affected by 
radiated wave [21]. The gap distance was ranged from 1% of 
breadth to 50% of breadth. The simulation showed that the 
hydrodynamic interaction between floating structures can caused 
by the surge, sway and heave motion; however, only sway motion 
shows a strong interaction at certain resonance wave number. 
And then, Zhu et al. also conducted a research on hydrodynamic 
resonance phenomena of three dimensional multiple floating 
structures by applying linear potential theory in time domain. The 
gap was limited to 1% compared to the breadth. The research 
found that peak force response on floating bodies at resonance 
frequency is same between frequency domain technique and time 
domain technique. This proved that the time domain technique 
can be an alternative to investigate hydrodynamic interaction 
phenomena between floating bodies in small gap [21].  
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Zhao etal. was carried out a study of hydrodynamic interaction 
between FLNG vessel and LNG carrier which arranged in side by 
side arrangement. They were observed that the hydrodynamic 
interactions give more influence to the surge, sway and yaw 
motions. In addition, they also discovered that the interaction 
between structures able to affect the load on the structures 
connection systems [20]. 

In addition, few experimental tests were carried out to obtain 
the motion response of structures. A model test related to 
interaction between semi-submersible and TLP was carried out by 
Hassan Abyn et al [1]. In continue Hassan Abyn et.al also tried to 
simulate the motion of semi-submersible by using HydroSTAR 
and then analyze the effect of meshing number to the accuracy of 
execution result and execution time [2].  Besides that, K.U. Tiau 
was simulating the motion of mobile floating harbor which have 
similar hull form as semi-submersible by using Morison Equation 
[23]. To investigate the interaction effect to structures motions, C. 
L. Siow et.al were made a comparison on the motion of semi-
submersible when it alone to interaction condition by using 
experimental result [13]. 

To evaluate the effect of the motion to the change of distance 
between floating structures, the conceptual study was carried out 
by Siow et.al [24]. This study obtained that the wavelength and 
the initial distance between floating structures are the main 
factors influence the minimum distance possible to achieve by the 
floating structure. The experimental study of minimum gap 
distance between floating structures also conducted by Siow et al. 
to propose an empirical equation which can use to define the 
minimum achievable distance between floating structures when 
the motion is induced by wave [25]. 

From the series of reviews, it obtain that a lot of effort was 
made by many researchers to study the hydrodynamic interaction 
phenomena. The literature review also shown that the previous 
research on this area are preferred to study on the effect of 
hydrodynamic interaction to wave forces acting of structures, 
change of hydrodynamic coefficient and structures motion in 
response to wave. To improve the safety of the multiple floating 
structures system which arranged in small gap distances, this 
research is proposed to evaluate the change of the gap distance 
due to the motion of floating structures which induced by wave.  
 
 
3.0 MODEL EXPERIMENTAL 
 
In this study, model experiment was conducted to study the 
minimum gap length of the floating structures arranged in small 
gap. The experiment was made at UTM’s towing tank. The long, 
wide and deep for this towing tank are 120m, 4m and 2.5m. In 
addition, gravity wave can be generated by this tank has the range 
of wave period from 0.5 to 2.5 sec with maximum wave heights 
0.44m. The experiments were conducted for the conditions where 
the semi-submersible arranged behind the TLP structure. The 
distance between both structures in model scale is 310 mm in this 
experiment tests. 
 
3.1 Models particulars 
In this experiment, the semi-submersible model was constructed 
based on GVA 4000 type model. Both the semi-submersible and 
TLP model were scaled down with ratio 1:70. 

Upon the model completely constructed, inclining test, swing 
frame test, oscillating test, decay test and bifilar test were carried 
out to identify the hydrostatic particular for both the semi-
submersible and TLP.  Results collected from there tests were 
summarized as in table 1. 
 

Table 1: Principal particular of Models 
Character  TLP Semi Unit 
Length  57.75 66.78 m 
Width 57.75 58.45 m 
Draft 21 16.73  m 

Displacement 23941 14921 m3 
Water Plan Area 715 529.6  m2 

Number of Columns  4 4  
Pontoon length  31 66.78 m 
Pontoon depth  7.28 6.3  m 
Pontoon width   9.73 13.3  m 
Pontoons centerline 
separation  

- 45.15 m 

Columns longitudinal spacing 
(centre)

- 45.58  m 

Column diameter  - 10.59  m 
GMT 7.77 2.87  m 
GML 7.63 4.06  m 

KXX 26.11 31.64 m 
KYY 26.46 26.95 m 
KZZ 30.8 35 m 

CGZ -6.37 -0.28 m 
 
3.2Motion tests 
The floating structures were assumed to experience six degrees of 
freedom. The six DOF motions of the models were moored on 
springs and measured by optical tracking system (Qualisys 
Camera).  

Water-proof load cells are attached to the springs at the model 
fairlead locations to measure applied tension force on the model 
from the mooring springs directly. The purpose of this setup is to 
avoid any losses in force. Lightweight ring gauge load cells used 
here are sufficiently sensitive to provide a good signal for small 
mooring line tensions. The measured mooring line tensions are 
recorded by Dewetron Data Acquisition System (DAQ).  

Due to the limitation of this tank, the tendons, risers and 
moorings are not actually presented in the model tests. Therefore, 
this model setup was expected had less damping and caused 
larger motion amplitude at model scale compared to the 
prototype.  

Soft lateral springs were attached to the TLP and Semi-
submersible to give horizontal restoring force to prototype TLP 
tendons and Semi-submersible moorings. One Side of the soft 
lateral spring was clamped to the mooring posts attached to the 
carriage and other side of the ends was connected to load cells at 
model side to measure the spring tension forces at the model. 
Anchor locations for the springs were proper selected to ensure 
mooring lines of the model make 45 degree angle with respect to 
the fairlead attachment points on the model. The spring 
pretension and spring stiffness applied in the test was same as 
horizontal stiffness required for the system to match the natural 
periods of the horizontal motion (surge, sway) for the TLP and 
Semi-submersible. Due to limitation of water deep, almost 
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horizontal springs set considered for compensation of horizontal 
forces (Figure 1). Also, the TLP and Semi-submersible are 
connected between each other by two connectors to control the 
gap between the floating bodies (Figure 2). 
 

 
Figure 1: Model test set-up in available water depth 

 
Hydrodynamic interaction between floating structures model 

test for TLP and Semi-submersible was set up as shown in figure 
2. In the arrangement, progressive wave firstly attached TLP 
model before semi-submersible. 
 

 
Figure 2: Layout TLP and semi-submersible model experimental 
set up (Dimension is in model scale). 
 
 

 
Figure 3: TLP and Semi-Submersible set up into towing tank. 
 

The models were attached to tow carriage by springs and 
regular waves generated by wave-maker at the end of towing tank 
(figure 3). At the start and end of these tests, the model was 
carefully held to prevent large offsets due to sudden wave 
exciting forces which could damage the mooring springs. The 
measurement starts to take when the wave height starts to become 

constant. In this model test, wave periods were carefully chosen 
to cover the models’ natural period. The selected wave condition 
is shown in table 2. 
 

Table 2: Input wave parameter for model test. 
Wave Parameter 

No 
Variable 

T(s) λ (m) H(1/20) 
(cm) 

H(1/40) 
(cm) 

H(1/60
) (cm) 

1 1.25 2.44 12.2  
2 1.46 3.33  8.3 

3 1.65 4.25  10.6 

4 1.85 5.34  13.3 

5 1.97 6.03  15.1 

6 2.15 7.14  17.8 

7 2.50 9.39   15.6 

 
 

4.0 CONCEPT OF GAP DISTANCE BETWEEN 
STRUCTURES 

 
The gap distance between floating structures is assumed effected 
by the relative motion between two floating structures. In this 
study, the gap distance between floating structures which arrange 
in tandem arrangement is studied. Only surge motion is influence 
the gap distance between floating structures in this study.  

The figure 4 showed that two floating structures arranged in a 
separate distance, l. Hence, the same wave will arrive at the in 
front structure to induce the motion before it is proceeded to 
induce the motion at behind structures. Therefore, leading phase 
between two structures is existed due to the time required by the 
wave travel from one structure to another structure. 

From the theoretical point of view, the leading phase between 
structures can be calculated if the separate distance between 
structures and the wavelength,  is known. The equation to 
calculate the leading phase between structures as follow: 

 

2                                                                                             1  

 
Figure 4: Progressive wave and Structure interaction. 

Leading phase between 
structures, α 

Separate Distance, l 

(A) (B) 
Initial Gap 
Distance, GD 
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The equation (1) shown that the leading phase between 
structures,  is in the ratio of structures separation distance,  to 
the wave length, . 

Due to the arrangement of structure, it is obtained that wave 
arrived on structure (B) always leading by a phase,  respect to 
structure (A). Therefore, the motion on the structure (B) will 
always have a leading phase of  compare to structure (A). In this 
case, the surge motion of the floating structures can be 
represented as following equation. 

 
sin                                                               2  

 
sin                                                          3  

 
Where  and  is the surge motion for structure (A) 

and structure (B),  and is the surge amplitude for structure 
(A) and structure (B),  and is the leading phase between 
wave to structure motion for structure (A) and structure (B),  is 
the leading phase between structures,  is the wave speed in 
rad/seconds and  is the time in seconds. 

Next, the change of gap distance between two floating 
structures can be calculated based on the relative motion of the 
floating structures. The gap distance between two floating 
structures,  in tandem arrangement can be calculated by 
considered the original gap distance, , surge motion of 
both structures. The simplified equation as follows, 

 
                                                  4  

 
sin

sin                                5  
 

From the equation (4), it is obtained that the individual surge 
motion of the floating structures will contribute to the change of 
gap distance between floating structures when the wave progress 
pass through the floating structures. 

Based on the equation (5), it is obtained that the gap distance is 
changed according to time. The minimum gap distance in the 
specific wave condition will depend on the response of the 
structures’ motion response, wavelength and original gap distance. 
The function of the minimum gap distance between two floating 
structures possible to achieve can be represented in following 
function. 

 
, , ,                                       6  

 
Where  is the nearest gap distance between two floating 

structure achieved due to surge motion,  and  is 
the surge motion of structures 1 and structures 2 and  is 
the initial structures distance before the wave arrive. 
 
 
5.0 EXPERIMENTAL DATA ANALYSIS 

 
The experiment in this research is interested to find the possible 
minimum gap distance between two floating structures when the 
motion is induced by wave. The Qualisys Camera is used in the 
experiment to record the time domain position coordinate of the 
floating structures in wave tank. The changing of distance 
between two floating structure in time domain was calculated by 

considering the changing of position in the tank for both the TLP 
and semi-submersible respective to its original position. The 
equation to calculate the distance between two floating structures, 

 in the function of time, t, initial gap length,  and the 
amount of gap, ) decrease in time as follow: 
 

                                                                        7  
 
where the amount of gap  decrease in time is calculated as 
follows: 
 

                                               8  
 
where,  Is the position of in front structure which is 
TLP and  Is the position of behind structure which is 
Semi-Submersible in this experiment. Zero position is located at 
the structures’ individual initial position before advance by 
incident wave. 

To obtain the minimum gap distance possible to achieve by the 
motion of both structures, the time domain gap distance data, 

 is converted to frequency domain,  to obtain the 
amplitude of the minimum gap length [25]. The relationship 
between the minimum gap distance with the structures’ motion 
and wave condition is defining using the experimental data which 
converted to frequency domain. 

 
 

6.0 MODEL EXPERIMENT RESULT 
 
The regular wave experiment was conducted in head sea 
condition and the floating structures arranged in tandem 
arrangement. From the data recorded, the gap distance between 
floating structures was calculated by equation (8).From the 
conceptual study, it is obtained that the minimum achieved gap 
distance between floating structures is in the function

, , , . Due to the experiment is only 
conducted in same initial gap distance, hence only the 
relationship between minimum achieved gap length with 
structures motion and wavelength is focused and discussed here. 

The figure 5 and 6 showed the distribution of amount of gap 
length reduced verses the structure motion and summation of 
structures motion. From both the figure, it is obtained that the gap 
length between floating structures is reduced in the linear 
relationship to the individual structure motion and the summation 
of structures motion. From both the figures, it is clearly obtained 
that the larger structures motion will lead to closer distance 
between floating structures. This observation shown that the 
better mooring systems which can reduce the structure horizontal 
motions and help to reduce the possibility of clashing between 
floating structures.  

From the finding, it can be represented the relationship 
between amount of gap distance decrease compare to initial gap 
distance is in the linear function to the structures motion where 

 
                                                   9  

 
Since the structures motion in wave condition is often represent 

by the response amplitude operator, hence the above function can 
be written in the following format 
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 2              10  
 
Also, the equation to link the amount of the gap distance can be 
reduced due to the structures motion can be written as an equation 
as follow 

 

·  2        11  
 

From the equation (11), the amount of gap reduced is assumed 
linearly to the structures motion. The constant C in the equation 
(11) is assumed involved the other variables which will affect the 
amount of gap length reduced due to structures motion. In the 
study, this constant C is defined from wavelength and structures 
arrangement.  

 

 
Figure 5: Comparison between surge amplitudes of TLP and 
Semi-submersible to the amount of gap length reduced respect to 
initial gap length. 

 

 

Figure 6: Comparison between amounts of gap distance reduced 
respect to initial gap distance to the summation of surge 
amplitude of TLP and Semi-submersible. 
 

To study the effect of wavelength to the amount of gap distance 
can be reduced due to the structures motion, the figure 7 is plotted 
against wavelength in axis-x. The axis-y at figure 7 is equal to the 
amount of gap distance reduced divided by the total summation 
surge amplitude of both the semi-submersible and TLP. 

 

 
Figure 7: The tendency of ratio of amounts of gap distance 
reduced to wavelength. 

 
From the figure 7, it is observed that the exponential curve is 

able to fix well with the experiment data. In this study, the 
equation to link both the axis-y and axis-x in figure 7 is  

 
                                                                                          12  

 
Where, y is ( )/( + ), x is 
wavelength,  and and  is the constant and in this 
arrangement and selected models the value is 1.195 and -0.093 
respectively.  

From the figure 7, it is showed that if the wavelength become 
longer, the amount of gap distance reduced due to the motions is 
lesser. This mean that the in very long wave condition, the 
reduction of gap distance between floating structures respectively 
to the initial gap distance become very less and the effect of gap 
reduced due to the motion of structure can be ignored.  

To obtain the empirical equation which can be apply to 
predict the minimum gap distance between floating structures in 
wave induced condition, the equation (12) can be used and 
rearranged as follow: 

 
                                                                                          13  
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Also, from equation (11), we can rewrite the equation to 
include the structure response amplitude operator as follow 

 

 
2

                                                          16  
 
 

7.0 DISCUSSION 
 

From the Figure 8, the empirical equation showed well agreed 
with experiment’s result. The comparison in Table 3 shown the 
percentage of difference between the result obtained by empirical 
equation and experiment is relatively small. The trend of change 
for the minimum gap to wavelength between both methods is 
similar as shown in the figure 8. The minimum observed gap 
length in this study is occurring at wavelength around 7.07meters. 
This is because both the floating structures experienced the 
largest surge motion in this wavelength.  

In the comparison between experimental result and the 
empirical equation, it is observed that the introduced empirical 
equation (equation 16)can be fixed will with the experimental 
result directly measured from experiment. Based on the Table 3, 
the largest different between these two results is around 4.11%. 
This shown that the introduced empirical equation is fixed with 
the experimental result for this selected experiment model. 
However, to ensure the accuracy of the calculated result from the 
empirical equation, the RAO of the structures must be executed 
correctly. This is because the empirical equation is very sensitive 
with the RAO of both the structures.  

The weakness in this empirical equation is the effect of the 
arrangement or initial distance between floating structures is no 
take into the consideration. This is because the experiment is only 
conducted for same initial gap distance. It is predicted that if the 
initial gap distance is changed, the constant,  and  in the 
equation (16) will change. Therefore, the accuracy of this 
empirical equation for other models is required to recheck. 

 

 
Figure 8: Predicted minimum gap distance between floating 
structures based on experimental data and empirical calculation. 

 
In this study, the relationship between the amount gap distance 

reduced due to the structures motion and the wavelength is 
studied. From the experimental result, it can be observed the 
strong relationship is existed between the reduced gap distance 
with the structures motions and wavelength. To reduce the 
possibility of crash between structures, the structures horizontal 
plane motions should be properly control and analysis. Because 
the better control of structures motion is the initial step to avoid 
large change on the distance between floating structures.  

 
Table 3: Comparison minimum gap distance predicted by 
empirical calculation to experimental data. 
Wavelength, 

m 
Percentage different between empirical and 

experimental result, % 
2.48 1.27 
3.33 0.85 
4.20 0.83 
5.35 1.41 
6.00 2.20 
7.07 0.46 
9.39 4.11 

 
 

8.0 CONCLUSION 
 
In conclusion, this study has obtained that the gap distance 
reduced is strongly influence by the structures motion and 
wavelength. In this two floating structures system, the behavior of 
both the structures is required to consider when designing the 
structures arrangement. The strong relationship between the 
minimum achieved gap distance with the structures motion shows 
that the floating structures motion should be minimized especially 
in multiple floating structures system when both the structures are 
required to place close to each other such as during the LNG 
offloading operation. This target can be achieved by designed a 
more stiffness mooring system or avoided to operate the system 
in unfavour sea condition where the structures will experience the 
largest motions due to the progressive wave. The empirical 
equation introduced in this paper agrees with the experimental 
result. However, it is required to further study to involve the 
effect of different arrangement and structures models. 
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ABSTRACT 
 
For the design of safe and economic offshore structure the 
knowledge of the wave environment and related wave-structure 
interactions is required. In general, frequency domain analysis has 
been regarded as an adequate tool for the assessment of motion 
and loads which are needed to derive the stress and 
hydrodynamics forces as well as operational limitations. For 
investigating the behavior of response to specific sea conditions, 
this research analyzes the behavior of the response due to motion 
and wave forces as well as hydrodynamics with focus on a type 
square column. The frequency domain investigation has used to 
provide the response behaviors on the wetted body of the semi-
submersible in regular waves. For investigation,, the selected sea 
condition for regular wave is generated in a physical wave tank, 
and the behavior of the response on the semi-submersible is 
evaluated at model scale. Equation of motion was formulated to 
evaluate the added mass, damping and stiffness at every 
frequency step.  In frequency domain analysis, the 
hydrodynamics responses were obtained. 
 
 
KEY WORDS: Experimental Investigation; Wave Induced 
Force; Semi-submersible 
 
 
1.0 INTRODUCTION 
 

Offshore production platforms have been installed predominantly 
as fixed steel template jacket or concrete gravity structures for 
operations in water depth up to 300 m.  Manufacturing, 
installation and maintenance costs of fixed platforms rise rapidly 
as water depth increase [1]. Relatively small increases in 
manufacturing and installation costs with increased water depth 
make the semisubmersible platforms an attractive alternative for 
deep water oil operations. About 40 % of floating structures 
available worldwide are semi-submersibles serving primarily as 
drilling and production systems. Semi-submersibles are multi-
legged floating structures with a large deck [2]. 

Following a few catastrophic accidents involving mobile 
offshore drilling platforms, various studies were carried out to 
investigate the adequacy of stability criteria applied to offshore 
mobile platforms which followed an empirical basis considering 
service experience accumulated for ships over many years [3]. 
Sea keeping performance is of significant importance in vessel 
design due to the stationary nature of drilling and production 
platforms. For the purpose of the sea keeping design, its response 
assessment to environmental forces is evaluated using either 
physical experiments or computational simulations.  

 
 

2.0 LITERATURE REVIEW 
 
When designing an offshore structure, one of the first and most 
critical steps is to choose an appropriate method of computing the 
exciting force on the structure as well as the motion of structure 
[4]. There have some standard method to predict response on the 
floating structure for examples are model experimental method, 
full scale measurement method and the numerical method. For the 
computational, the wave diffraction theory as well as the 
empirical Morison theory is the popular method to determine the 
response on offshore structure. These methods has been 
discovered by the some researchers [4,5,6,7] and was showed the 
applicable results to analysis the response of floating structure. 
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Now a day, these methods have made much progress in 
contributing to the theoretical prediction of hydrodynamic forces 
and moment and also motion of floating structure [8]. At the same 
boat, even gave the contribution to predict the force and motion 
of floating structure but still produced the different value of 
results compare to the other method. According to the research 
conducted by Kudo and Kinashita (1981) and Mio, et al., (1985) 
mentioned the results from the numerical method and 
experimental method was different [9]. Even have more than 
hundred percent different at a certain frequency range of 
horizontal oscillation from the corresponding experimental values 
[9]. 

Although the force and moment and also the motion can be 
assessed either in full scale trial or model testing or in 
computational method but the combination of the various 
methods would be stronger performance prediction for the 
floating structure [10]. However, the accuracy of computational 
predictions needs to be confirmed by the others results such as 
experimental results [9]. The present research was carried out the 
experiment analysis to get the overview of the hydrodynamic 
behavior of semi-submersible in regular waves.  
 
 
3.0 MATHEMATICAL MODELING 
 
The analysis carried out was based on a simple mathematical 
model replacing the structure by mass spring system. The 
following basic assumptions were used: - 
 

i. The structure behaves as a rigid body having six 
degrees of freedom only. 

ii. The motions are uncoupled which one motion does not 
affect other motions. 

iii. The complex sea state can be represented by a 
combination of an infinite  number of sinusoidal 
waves. 

iv. The response is linear represent the theory of 
superposition is valid, which means that the total 
response can be taken as a sum of responses due to 
individual sinusoidal excitation forces. 

 
3.1 Component of Force 
The forces involved in the equation of motion are divided into 
excitation forces and reaction forces. Usually, excitation forces of 
an any vessel are a component derived directly either from wave 
or wind force. In responses to the excitation forces, the vessel 
produces reaction forces (radiation forces). The following is the 
description of radiation forces (inertia forces, damping forces and 
restoring forces) and excitation forces 

The radiation forces are defined as the force resulting from the 
radiation of the wave away from a vessel that forced the vessel to 
oscillate in calm water [11]. The solution of the radiation forces is 
usually related to the determination of the added mass and 
damping coefficient. The added mass term is part of the 
hydrodynamic force due to the motion in phase of acceleration. 
The damping term is part of the hydrodynamic force due to the 
motion in phase of velocity. Various techniques have been 
developed to compute the terms of added mass and damping. 

Restoring force is part of the radiation force. In a physics 
context, is a variable force that gives rise to an equilibrium in a 

physical system. If the system is perturbed away from the 
equilibrium, the restoring force will tend to bring the system back 
toward equilibrium. Restoring force is calculated by multiplying 
the water plane area with the density of water and the acceleration 
of gravitational. 
 
3.2 Equation of Motion 
To find the force is very complex thing. Thus, two important 
assumptions are made to predict the force acting on floating body 
[12]. The assumption made is there is no wave and the body is 
made to oscillate in z direction. Hence the force acting is 
hydrodynamic force, Fh. And for the other assumption made is 
the body has been fix and the wave coming to hit the body. Hence 
the force acting is wave force or exciting force, Fw. 

Fh = - (ρ.g.Aw) z - (a)
..
z - (b)

.
z         (1) 

 
Where: ρ = density of water;  g = gravitational acceleration; Aw = 
water plane area; a = hydrodynamic reaction in phase with 
acceleration (added mass); b = hydrodynamic reaction in phase 
with velocity (damping). 

According to the Newton Second law, a body of mass, m 
subject to a force, F undergoes an acceleration a that has the same 
direction as the force and a magnitude that is directly proportional 
to the force and inversely proportional to the mass. Alternatively, 
the total force applied on a body is equal to the time derivative of 
linear momentum of the body. 
  

m × 
..
z = F          (2)

  

m × 
..
z = Fh + Fw             (3) 

m × 
..
z = - (ρ.g.Aw)z - (a)

..
z - (b)

.
z  + Fw            (4)  

(m + a ) 
..
z + b

.
z + cz = Fw              (5) 

 
The single degree of freedom system moving in the direction of 

the analogous spring mass system gives the equation (5). With: 
 
 z = z cos (ωt – ɛ)                  (6) 
.
z = - zω sin (ωt – ɛ)        (7) 
..
z = - zω2 cos (ωt – ɛ)                                                             (8)  
 
Fw = f cos(ωt)                 (9) 
 
Where:  z = displacement;  = velocity;  = accelaration. After 
Substituting (6), (7), (8) and (9) in (5) obtained: 
 
- (m + a)( zω2 cos (ωt – ɛ)) - b(zω sin (ωt – ɛ)) + c(z cos (ωt – ɛ)) 
= f cos(ωt)                 (10) 
 
Which provides: 

 

         (11) 
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sin        (12) 
 

c = ρ.g.Aw       (13) 
 
 
4.0 EXPERIMENTAL APPROACH 
 
There are four main part of experiment, which will be described 
in this chapter. The first part will be described on model 
preparation. Model preparation consists of inclining test, swing 
table, decay test and spring calibration. It is performed to 
determine the natural period, vertical centre of gravity of the 
model (KG), metacentric (GM), radius of gyration for pitch and 
roll as well stiffness of the soft spring. The inclining test and 
decay test was conducted in the calm water condition. The second 
and third part will be described on the experiment to determine 
the wave excitation and force oscillation test on the structure by 
using the Six Component measurement system. The last part will 
be described on the experiment to determine the RAO of the 
structure using the optical tracking system. All experiments ware 
conduct in regular waves frequencies. 

For the experiment, a scaled model of a semi-submersible has a 
square pontoon. The length of 1:81 scale model is 1.073 m and 
weight 107.84 kg. Details of technical specification of the semi-
submersible and the model are given in Figure 1and Figure 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1:  Main dimension of semi-submersible. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: 3-dimension (3D) view of model. 
 

Before experiments were conducted, the model was properly 
ballasted to the appropriate loading conditions. The model was 
first ballasted to the required displacement and balanced in water 
to the appropriate draught. However, the final adjustment of 
weight was done by considering the four draft marks at each 
column. The centre of gravity and the metacentric of the model 
was obtained using inclining test. The detail of the procedures is 
given in the following sections as well as the decay test, swing 
test and spring calibration. 

 
4.1 Model Preparation Analysis 
From the experiment, the analysis of result is done by measuring 
the parameter using the formula and particular value which are 
obtained from the test. Table 2 shows the summary of results of 
model preparation test conducted. 
 

Table 1: Semi-submersible particulars. 
Designation Unit Full scale Model 

Column Centreline Spacing m 67.460 0.832 
Column Width m 19.460 0.240 
Column Corner Radius m 2.200 0.027 
Pontoon Width m 14.260 0.176 
Pontoon Height / Level 1 Flat m 8.820 0.108 
Level 2 Flat Elevation m 27.200 0.335 
Level 3 Flat Elevation m 37.000 0.456 
Overall Length, L m 86.920 1.073 
Overall Breadth, B m 86.920 1.073 
Overall Draft,d m 22.000 0.271 

 
Table 2: Semi-submersible particulars. 

Description Model Prototype Unit 
Mass displacement, ∆ 0.112 58748 M.tonne 
Overall draft, d 0.271 22 m 
Center of gravity 
above base, KG 0.387 31.347 m 

Center of buoyancy 
above base, KB 0.1 8.1 m 

Metacentric height 
above base, KM 0.489 39.609 m 

Metacentric, GM 0.0896 7.268 m 
Metacentric above 
center of buoyancy, 
BM 

0.389 31.509 m 

Pitch radius of 0.448 36.32 m 
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gyration, Kyy 
Roll radius of 
gyration, Kxx 

0.434 35.22 m 

Heave Period, Th 2.03 18.27 s 
Pitch Period, Tp 3.39 30.51 s 
Roll Period, Tr 3.34 30.06 s 
Moment of Inertia, IT 0.389 31.509 m4

Mass moment of 
inertia for pitch, Iyy 

0.021 72.87 M.tonne
.m2 

Mass moment of 
inertia for roll, Ixx 

0.023 77.50 M.tonne
.m2 

Mooring stiffness, k 0.008 69.0 kN/m 
 

The experiments for all tests were conducted in range of 
frequency of oscillation. The experiment conditions for the semi-
submersible assessment for force and wave excitation as well as 
its motion prediction are based on the requirement given as 
follow:  
i. Range of frequency is between 0.4297 Hz to maximum 

1.7189 Hz.  
ii. Constant amplitude = 0.049 m.  
 

In Table 3 showed the frequency of oscillation that has been 
chosen with the constant amplitude. 

 
Table 3: Model wave condition. 

f (Hz) Hw (m) Tw (s) Lw  (m) 
0.4297 0.0988 2.3271 8.4552 
0.573 0.0988 1.7453 4.756 
0.7162 0.0988 1.3963 3.0439 
0.8594 0.0988 1.1636 2.1138 
1.0027 0.0988 0.9973 1.553 
1.1459 0.0988 0.8727 1.189 
1.2892 0.0988 0.7757 0.9395 
1.4324 0.0988 0.6981 0.761 
1.5756 0.0988 0.6347 0.6289 
1.7189 0.0988 0.5818 0.5284 

 
 
4.2 Wave Excitation Test 
The tests were performed in towing tank with measurements 
120X4X2.5 m in length, breadth, and depth respectively. Test 
using the Six Component Force Measuring System consists of 
two frames (upper frame and lower frame) interconnected by 
means of six transducers like in Figure 3. Forces and moments (in 
a Cartesian coordinate system) can be determined from the 
measurement of the six transducers. A towing carriage carrying 
recording equipments was fixed at 60 m from the wave generator. 
Six Components will attach to the model and the Planar Motion 
Mechanism (PMM) on towing carriage as showed in Figure 4.  

The wave generator was started after sometime when the wave 
was passing through the model then the reading start to record. 
The measurement has record up to about 120 seconds. 

 
 
 
 
 
 

 
 

 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Six Component Force Measurement System. 

 

 
Figure 4: Wave Excitation Test. 

 
 
4.3 Force Oscillation Test 
Forced oscillation test involved oscillating the model at a 
particular frequency and amplitude of oscillation. The test was 
completed to allow calculation of added mass/inertia and 
damping coefficients. Testing has used the Six Component Force 
Measuring System. This equipment is designed to be used with 
the Planar Motion Mechanism (PMM). When the PMM is 
stationary, hydrodynamic forces from water flow along the model 
or from waves can be measured. When the PMM is moving, the 
hydrodynamic reaction forces acting on the moving model can be 
determined.  

The model with the system is positioned under the carriage and 
the extenders are connected to the cardan joints of the PMM. In 
force oscillation test, the force has applied to the model at 
particular frequency to measure heave force oscillation. All the 
measurement has recorded by data acquisition and analysis 
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system (DAAS). 
 
4.4 Motion Test 
The motion measurement may be accomplished by a light 
mechanical system having linear and angular potential 
transducers for direct measurement of responses [13]. A non-
contacting method, such as an optical tracking system with the 
associated software is a better alternative for small structures or 
components. Unlike the mechanical systems, it requires no 
adjustment in the ballast in the model. 

There are two types of force motions tests. Test in the regular 
wave and experiment in the irregular wave. But in this research, 
test has conducted only in regular wave. The motion test was 
conducted in the similar wave condition that has been used in 
force oscillation test .The test set-up of the model is showed in 
Figure 5 and Figure 6. Soft spring used in this test as mooring lines 
and the optic tracker was used to capture the motion of model in 
regular waves. Optic tracker has used is Qualysis which is the high 
speed camera to capture the motion from the ball maker that has 
been fix on the model. Model of semi –submersible has a mooring 
system arranged in four lines with springs in such a way that the 
overall horizontal spring stiffness which is 0.26 N/cm 
corresponds to the prototype value of 171kN/m.  

Before the test, the mooring line will attach to axial riser force 
and column. Mooring lines was calibrate so that the stiffness 
become 0.26 N/m by attached the ring gauge at the end of the 
spring at column side. The ring gauge will measured the force 
acting on the mooring line.  The wave generator was started after 
sometime when the wave was passing through the model then the 
capture start to record. The measurement has record up to about 
120 seconds. Qualysis Track Manager has been used to analysis 
the motion of the model. The motion captured by the optic tracker 
was directly analysis by this software to the value of six degree of 
freedom (heave, surge, sway, roll, pitch and yaw).     

 

 
Figure 5: Test setup of model in head sea 

 

 
Figure 6: Motion test. 

 
5.0 ANALYSIS OF THE OUTPUT 
 
This section put emphasis on the analysis of the exciting force 
and wave as well as the hydrodynamic force of the semi-
submersible that obtained from the experimental. Then it 
concentrates on the motion response in term of RAO from 
experimental approach.  
 
5.1 Wave Excitation Test  
The exciting wave has been obtained from the experiment by 
using the six component measurement system provides all the 
force and moment acting on structure. But in this research only 
the heave, roll and pitch moment has been considered to 
investigate. The result from the experimental illustrated the 
response of wave excitation at particular frequency. All the forces 
and moment is plotted on a base of frequency in radian/second as 
showed in Figures 7 - 9. 
 

 
Figure 7:  Heave forcet acting on structure in head sea. 
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Figure 8:  Roll moment  acting on structure in head sea. 

 
 

 
Figure 9:  Pitch moment acting on structure in head sea. 

 
 
5.2 Force Oscillation Test 
The investigation of the hydrodynamics response in regular wave 
was obtained from the information that has been obtained from 
the force oscillation test. The hydrodynamic responses which are 
the added mass and damping was analyzed by using the 
mathematical modeling in equation (11) and (12). This section 
will illustrate the hydrodynamic response of the experimental as 
showed in Figure 10 and Figure 11. 
 

 
Figure 10:  Dimensional added for heave. 

 
 

 
Figure 11:  Dimensional damping for heave. 

 
 

4.3  Response Amplitude Operator (RAO) 
Usually the linear RAO is expressed in m/m and angular motion 
RAO is expressed in degree/meter. All the RAO also are plotted 
on a base of frequency in radian/second. Only the heave, roll and 
pitch moment have been considered to investigate. 
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Figure 12:  Heave RAO in head sea. 

 
 

 
Figure 13:  Roll RAO in head sea. 

 
 

 
Figure 14:  Pitch  RAO in head sea. 

 
 
 

6.0 DISCUSSION 
 
The maximum heave forces, roll and pitch moments were found 
to be prominent at range frequency 0.5-0.6 rad/s, which are 24.20 
MN, 3.46 MN.m and 27.2 MN.m respectively. Wave excitation 
test showed that in wave heading the roll moment is much lower 
compared to pitch moment. Almost along the frequencies she 
behaves with similar trend. 

Roughly, trend of heave added mass decrease gradually with 
increasing frequency. The added mass showed at the lower 
frequency the value of added mass for heave is higher. It is 
because, for lower frequency the value of heave added mass is 
balanced by the increasing exciting force. Peak value of heave 
added mass at frequency 0.3 rad/s were 173.23 k.tonne. Heave 
damping showed the trend of the curve is not uniform. Peak value 
of experimental heave damping occurred at wave frequency 0.4 
rad/s of 266.81 k.tonne/s. While at frequency 0.8 rad/s the 
damping showed the dip value, heave damping at this wave 
frequency is 250.26 k.tonne/s. 

Heave and roll RAO have peak value at initial frequenncy with 
1.23 m/m and 0.30 deg/m respectively. While the peak value 
RAO of pitch accour at frequency 0.5 rad/s which is 0.88 deg/m. 
Due to trend curve there is quite similar between roll and pitch. 
The roll RAO decreased from the maximum RAO of 0.30 deg/m 
to almost nil at frequency 1.0 rad/s. Maximum pitch RAO was 
0.88 deg/m at the frequency 0.5 rad/s. The response then 
gradually decreased to minimum RAO at frequency 1.1 rad/s.  

The most important things to consider about the experiment are 
their setup. An improperly ballasted model can cause wrong 
results. In the force oscillation test and motion test of semi-
submersible the regular wave was generated to find the 
hydrodynamic and the RAO respectively at particular frequency. 
Although the aims of the experiment are to find the 
hydrodynamic and motion response in regular wave but 
practically was not happened in higher frequency. The wave form 
regular only at the beginning of experiment, when wave start to 
hit the column the reflection of the wave make the wave become 
irregular along the experiment. Model experiment cannot cover 
the real situation fully, however it gives us valuable information 
about the real situation, that was causes difference in comparing 
results. 
 

7.0 CONCLUSION 
 
The prediction of exciting force and moment as well as the 
motion response of semi-submersible is considered to be a 
complex matter as compared to the others vessel. Calculation of 
exciting force and moment are important to see the overview of 
the added mass and damping for semi-submersible. In addition to 
that, the motion responses are important in assessing the 
performance of the semi-submersible. 

Even though the investigation of the response of floating 
structure had been carried out widely but more validation studies 
remain necessary to improve the computational methods and to 
establish the range of their applicability [15]. 

For more quality of the result the experimental should consider 
the various type of wave response. To maintain similarity the full-
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scale condition the model should cover the several of wave 
heading because in real sea state semi-submersible is operating in 
numerous wave heading. 

The present study successfully described the methods of 
investigate the hydrodynamic response and assessing motion 
response performance of a semi-submersible in sea state.The 
exciting force and moment obtained from this research can be 
used to predict the exciting force and moment of semi-
submersible same type dimension which operating in same range 
of frequency with this experiment. 
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ABSTRACT 
 
The decreased world fossil energy reserve, in general, and 
specifically in Indonesia requires us to find alternative energy 
resources.  Biomass is one of alternative energies with great 
potential in Indonesia.  One of it is Candlenuts Shell (CNS) as the 
waste of candlenuts fruit, with the production 89,155 tons/year 
will produce 207,958 tons shell/year. Candlenut shells are made 
into briquette with particle size < 1 mm, and then burnt in 
combustion test instrument with variations raw material 
composition of biomass and biomass charcoal.  Mass reduction of 
each variable is measured using digital scale include RS232 that 
is connected to computer, burning gas temperature by using 
thermocouple. In terms of burning rate, generated energy and gas 
temperature the best raw material composition is 75% of biomass 
raw material and 25% of biomass charcoal. The abstract should 
be consisting summary for the paper. Total number of words in 
summary should be around 150 words. 
 
 
KEY WORDS: Candlenut Shell; Renewable Energy 
Resource. 
 
 
1.0 INTRODUCTION 
 
Indonesian fossil energy potential has been greatly depleted, for 
example, the type of oil reserves and 9.1 billion barrels of 

production of 387 million barrels / year, will last only 23 years 
old, 185.8 TSCF gas reserves and production of 2.95 TSCF, will 
only survive 62 years and coal 146 years (Priyanto, 2007). 

While some types of waste biomass has considerable potential 
as waste bagasse, palm shell, municipal waste and also cundlenuts 
shell (Aleurites Molucca). 
 

 

 
Figure 1: Sections Candlenut (Armstrong, 2006). 

 
Candlenut is widely grown in the area NTT, Sulawesi and 

Sumatra. Based on data from the Department of Agriculture 
National hazelnut production increased from 74 317 tonnes in 
2000 to 89 155 tonnes in 2003 as shown in Table 1. The 
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candlenuts have two layers of the skin and rind shells, each 
kilogram of seed will produce 30% hazelnut core and 70% shell. 
 
Table 1: Area and Smallholder Production in Indonesia (Ministry 
of Agriculture, 2003), Crops Production (tons). 

Types of 
Plants 

Production (tones) 
2000 2001 2002 2003 

Kakao 363628 476924 511379 512251 

Areca nut 1680 2196 2730 2372 

Candle Nut 74317 77373 88481 89155 
 
 
2.0 REVIEW OF LITERATURE 
 
Some previous researchers concluded that some parameters have 
an influence on the rate of combustion of biomass and coal 
briquettes.  (Syamsiro at al, 2011) Utilization of Cocoa Pod Husk 
(CPH) as a renewable source of energy has been experimentally 
investigated. The result shows that CPH has higher heating value 
of 17MJ/kg and relatively high ash content as compared with 
bagasse and EFB. The air flow rate and fuel composition 
significantly affect the burning time and CO emission factor. The 
shortest burning time occurs at an air flow rate of 0.2 m/s. The 
increase of carbonized CPH portion in the fuel increases the 
burning time of the pellet as carbonized CPH has higher fixed 
carbon content. Increase of air flow rate and carbonized CPH 
portion also increases the emission factor of CO due to higher 
fixed carbon content requiring more oxygen for completing the 
combustion process. A lower level of oxygen causes CO 
formation since the fixed carbon cannot completely react to form 
CO2. 

Dujambi (1999) have examined the influence of coal particle 
size, air preheat temperature, the furnace wall temperature, and 
air flow rate. The results showed that the firing rate will decrease 
with the increase in particle size, otherwise the firing rate will 
increase along with the increase of air flow rate, air preheat 
temperature, and the temperature of the furnace wall. 

(Saptoadi,2006) which examines the influence of the size of the 
constituent particles of the sawdust briquette burning rate shows 
that the smaller the particle size will decrease the rate of 
combustion, this was due to the higher density of the briquettes 
become so lower porosity and diffusion becomes obstructed. (Lu 
et al,2006) investigated the influence of particle shape on the 
wood of the mass loss rate which indicates that the particle has a 
sphere near the cylinder mass loss rate is slower than the long, 
thin cylinder cylinders as shown in Figure 2. This is due to the 
surface area and volume ratio of smaller particles, because the 
reaction rate will be strongly influenced by the particle surface 
area. 
 
 
3.0 MATERIAL AND METHOD 
 
After drying CNS under sunlight for 3 days, CNS then was 
crushed and screened to obtain a particle size of less than 1 mm. 
Five grams mixture of CNS and binder in the proportion of 75% 
and 25% by weight respectively was pelletized by using a 16 mm 
diameter-mold pelletizing machine and then dried in an oven at 

50 °C for 5 hours. Carbonization of CNS was performed at 400 
°C for 2 hours using an electrically heated reactor. Proximate 
analyzer and bomb calorimeter were used to determine the 
composition and calorific value of CNS. Combustion tests were 
carried out in order to investigate the fuel composition on the fuel 
combustion characteristics. 
 

 
 

Figure 2: CNS pellets using starch as a binder. 
 

The first experiment was conducted at constant wall 
temperature of 350 °C and air velocity ranging between 0.1 and 
0.4 m/s, while the second experiment was performed at constant 
wall temperature of 400 °C and air flow rate of0.3 m/s. LPG was 
used as a heating source for supplying heat to the reactor. A 
schematic diagram of the arrangement to undertake this work is 
shown in Figure.3.After the desired wall temperature was 
reached, the pellet was inserted into the reactor and placed on the 
cup which was hung by a wire connected to a digital balance. 
Measurement of mass and CO emissions was stopped, if the mass 
of pellet displayed a constant value indicating that the combustion 
was completed. 
 

Figure 3: A schematic diagram of combustion test : 1. air fan; 2. 
control valve; 3. LPG heater; 4. combustion chamber; 5. gas 
analyzer; 6. thermocouple wire; 7. digital thermocouple reader; 8. 
wire hanger; 9. digital balance; 10. computer. 
 
 
3.0 RESULTS AND DISCUSSIONS 
 
Proximate Analysis conducted twice Calorific Value While 
testing performed three times then take the average value. Test 
results can be seen in Table 2. 
 
 
 
 
 
 
Table 2: Results of Proximate Analysis and Calorific Value Test 
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Properties of Non carbonization carbonization 
 

Propertis Non karbonisasi karbonisasi 
Moisture (%) 9,54 5,35 
Volatile (%) 48,75 8,73 

Ash (%) 6,99 9,56 
Fix Carbone(%) 34,92 76,31 

Caloric Value (kal/gr) 5.245 7.810 
 

 
To determine the effect of the addition of biomass briquettes 

Charcoal briquettes in print with a mixture of biomass with 
biomass raw materials are already in carbonization (charcoal). 
Selected five composition of 100%: 0%, 75%: 25%, 50%: 50%, 
25%: 75% and 0%: 100%, respectively briquettes burned at Tw = 
400 ° C, air velocity 0.3 m / s with no preheat.  

The survey results revealed that the most rapid combustion 
occurs when the briquettes with a composition of 75%: 25% ie 35 
minutes as shown in Figure 4.  

The energy generated is also visible on the optimal mix of 
75%: 25%, ie 46.98 Watt as shown in Figure 5.a. The addition 
will certainly add charcoal briquettes calorific value, but the 
addition of above 25% will increase the time so that combustion 
energy generated in units of Watts (Joules / sec) will also be 
small. 
 

 
Figure 4: Burning Time. 

 
The highest temperature of the combustion gases also occurs in 

burning briquettes with a composition of 75%: 25% as shown in 
Figure. 5.b, This shows that the optimal addition of charcoal is 
25%, as can be seen from the graph above that the addition of 
25% charcoal burning time just added and decrease the rate of 
generation of energy and lowering the temperature of the 
combustion gases. 
 

 
Figure 5.a: Energy Produced. 

 

 
Figure 5.b: Gas Temperature 

 
 
5.0 CONCLUSION 
 
The optimal value of the mixture is 75% raw material with 25% 
charcoal, because at this burn rate percentage, energy generation 
and flue gas temperature indicates the optimal value, if the 
percentage of charcoal plus hold time will prolong the 
combustion, lowers the rate of energy generation and lowering 
the temperature of the combustion gases. 
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ABSTRACT 
 
Indonesian traditional ship is a product of an indigenous 
technology developed long before the advent of western culture 
along the Coast of Sulawesi Island. The ships are built 
traditionally in both method and equipment without any sketches 
or calculations. Advancement in science and technology, and 
abundant information available on the World Wide Web has 
caused unprecedented changes in many areas of human 
Endeavour. However, Indonesian traditional ship builders have 
not taken full advantage of available technology and information 
particularly in the preparation of lumber which remains one of the 
critical and most unpredictable stages in construction. This study 
addressed the issue of delays which is always one of the critical 
issues confronting the construction of traditional ship in 
Kepulauan Riau. A low cost air drying model was proposed. The 
model was tested by comparing the air drying time of lumber in 
two specific conditions.  Four different samples of lumber were 
used to test the efficiency of both the air drying model and the 
natural air drying technique. In conclusion, the proposed model 
having applied and compared with the traditional method clearly 
show a better method. 
 
 
KEY WORDS: Lumber Drying Process; Traditional Ship 
Production; Kepulauan Riau-Indonesia. 
 
 
NOMENCLATURE 
EMC Equilibrium Moisture Content 

1.0 INTRODUCTION 
 
Indonesian traditional ship is a product of an indigenous 
technology developed long before the advent of western culture 
along the Coast of Sulawesi Island. The ships are built 
traditionally in both method and equipment without any sketches 
or calculations. The building expertise is passed down from 
generation to generation, a knowledge that is further honed 
through daily practice with the help of each builder’s instincts and 
natural gift. Still built by hand in the traditional manner, these 
majestic sailing ships are a living spirit from the golden age of 
sail, which ended in the West in the early twentieth century, but 
still thrives in the waters of Indonesia. 

The beauty and efficiency is not a product of technical science, 
they are a product of the spiritual nature of these people and their 
culture. They are at one with their environment and they follow a 
path of least resistance in their lives and in their work. This 
philosophy contributes to the beauty and efficiency of their ship 
designs, and it comes from a basic and simple understanding of 
the world in which they live. This philosophy based nature and 
balance allowed the peoples of the Indonesian islands to produce 
solutions to practical challenges long before the societies of 
Europe were able to.  

In as much as one would like to appreciate the people and their 
philosophy, it is also good to mention that a mix of local craft and 
beliefs plus modern and scientific ways of doing things will go a 
long way in transforming the practice of ship building in 
Indonesia. Advancement in science and technology, and abundant 
information available on the World Wide Web has caused 
unprecedented changes in many areas of human endeavour. 
However, Indonesian traditional ship builders have not taken full 
advantage of available technology and information particularly in 
the preparation of lumber which remains one of the critical and 
most unpredictable stages in construction. They have failed to 
explore outside the ancient method of wood preparation other 
possible ways of making lumber ready for use in shipyards. 
Nofrizal et al, 2012 has raised the drying lumber issue in 
traditional shipbuilding in Kepulauan Riau, Indonesia as shown in 
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drying time, and also develop a model that can be used in air 
drying time calculation. The ultimate goal is to propose a low cost 
air drying model which may be used to predict the time required 
to prepare a specific needed quantity of lumber for a given size of 
ship. This study believes that the proposed model with the ability 
to predict time for air drying of lumber will eliminate non 
standardization of time which has been a familial and perennial 
problem and hence the optimization of the overall production 
process through the application of scheduling tools. 
 
 
3.0 LOW COST LUMBER DRYING MODEL 
 
Lumber used in shipbuilding must be seasoned, which means that 
the moisture from the green wood has to be removed in order to 
improve its serviceability. Air drying and kiln drying are the two 
methods used for lumber seasoning, and generally speaking, the 
air dried process is the best for shipbuilding woods. Most of the 
lumber available in advanced countries in the west is kiln dried 
but air drying method is still very rife in Indonesia which is 
equally acceptable if done properly. Lumber drying process has to 
be done with great care. If the process is either rushed (leaving 
too much moisture in the wood), or the lumber is "cooked" too 
long or at too high a temperature, (thereby removing too much of 
the moisture and making the wood brittle), the lumber will not be 
suitable for ship building. 

For most ship building lumber, the ideal moisture content ratio 
to lumber weight after drying (regardless of the process) is 
approximately 15%, with a range of from 12% to 16% being 
acceptable (W. Simpson, 2004). When the wood is seasoned, it 
shrinks to some degree, and if during drying, too much moisture 
is removed, the wood will later absorb moisture and swell 
excessively once in use in the ship. On the other hand, if the wood 
is "green" or contains too much moisture after seasoning, the 
wood will tend to shrink and split while the ship is being built.  

The moisture content of wood below the fiber saturation point 
is a function of both relative humidity and temperature of 
surrounding air. The EMC is the moisture content at which the 
wood is neither gaining nor losing moisture; this however, is a 
dynamic equilibrium and changes with relative humidity and 
temperature. 

The Hailwood-Horrobin equation for two hydrates is often 
used to approximate the relationship between EMC, temperature 
( ), and relative humidity ( ) (R. Baronas, 2001): 
 

                   (1) 
 
where; 
  

330 0.452 0.00415   
 

0.791 4.63 10 8.44 10   
 

6.34 7.75 10 9.35 10   
 

1.09 2.84 10 9.04 10   
 

If the wood is placed in an environment at a particular 
temperature and relative humidity, its moisture content will 

generally begin to change in time, until it is finally in equilibrium 
with its surroundings, and the moisture content no longer changes 
in time. This moisture content is the EMC of the wood for that 
temperature and relative humidity.  

The moisture content of wood is calculated by the following 
formula:: 

                     (2) 

where,  is the green mass of the wood,  is its oven-dry 
mass. The equation can also be expressed as a fraction of the 
mass of the water and the mass of the oven-dry wood rather than 
a percentage. For example, 0.59 kg/kg (oven dry basis) expresses 
the same moisture content as 59% (oven dry basis). 
 
3.1 Construction of the Air Drying Model 
The model was constructing by using an aluminum rectangular 
frame with 69 cm of length, 65 cm of with and 42 cm of height 
and a polythene sheet as shown in Figure.3. The polythene sheet 
was spread over the frame and held firmly to the frame by tape 
and screws. The purpose of the polythene is to serve as shed for 
some of the samples. 
 

 
Figure.3: Constructing the Air Drying model. 

 
Using the model, experiment was conducted for 7 days with 

detail as follows: 
 
Day 1 
• The low cost air drying model was constructed using a 

rectangular frame and a polythene sheet. 
• The length of each of the Samples A, B, C, D, 1 and 2 of 

lumber pieces were recorded 
• The initial weights of the samples were also recorded. 
• The samples A, B, C, D, 1 and 2 were immersed in water  
• The samples A, B, C, D, 1 and 2 were removed from water 

for about two and a half hours. The weights of the samples 
were recorded again. 

• Samples A, B and 1 were placed inside the model. 
• Samples C, D and 2 were placed outside the model in the 

open air (that is they were exposed to elements of weather 
condition). 

• The following parameters time, temperature and relative 
humidity were recorded. 
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• The samples were kept outside for another ten hours and the 
changes in weight (that is loss in moisture content) were 
recorded. 

 
Day 2- Day 7 
• The samples were kept outside in two different specific 

conditions and their weights, time, temperature and relative 
humidity were steadily recorded at time interval of two hours 
for a given period of one week. 

• Condition 1: samples A, B and 1 were spread out inside the 
model protected from elements of weather with a clear 
transparent polythene sheet. 

• Condition 2: samples C, D and 2 were spread out in the open 
air unprotected from elements of weather. 

• The data obtained were tabulated accordingly. 
 
3.2 Immersion of Samples in Water and Sample Arrangement 
The samples were immersed in water after taking their initial 
weights in order to confirm how dry or wet they were. They were 
immersed for a period of two and half hours. Their weights were 
also recorded and this is illustrated in figure.4 below.  
 

 
Figure.4: Samples immersed in water 

 
After immersion, the samples were laid apart in upright position 
in order to allow for direct effect of weather condition as shown 
in the Figure.5, Figure.6 and Figure.7.  

The data were collected at different time interval. Day 1 data 
was collected at time intervals of two hours. This is only to find 
the patent of dryness of lumber. The time interval for day two and 
three is four hours and day four and above is six hours. 
 

 

Figure.5: Samples arrangement. 

 

 
Figure.6: Arrangement of the samples 

 

 
Figure.7:  Experiment under rain showers 

 
 
3.0 REQUIRED DRYING TIME OF LUMBER 
 
To determine the number of days required to dry lumber, this 
study applied EMC equation to determine the dryness of the 
lumber. In general, the moisture content of lumber below the fiber 
saturation point is a function of both relative humidity and 
temperature of surrounding air. The EMC is the moisture 
content at which the wood is neither gaining nor losing moisture; 
this however, is a dynamic equilibrium and changes with relative 
humidity and temperature. 

Let assume that m is the mass of the lumber (with moisture) 
and mod is the oven-dry mass of lumber (i.e. no moisture). If the 
lumber is placed in an environment at a particular temperature 
and relative humidity, its moisture content will generally begin to 
change in time, until it is finally in equilibrium with its 
surroundings. At that point, the moisture content no longer 
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changes. This moisture content is the EMC of the lumber for that 
temperature and relative humidity. To estimate the EMC, 
Hailwood-Horrobin equation for two hydrates is often used to 
approximate the relationship between EMC, temperature (T), and 
relative humidity (h). The example below shows the application 
the Hailwood-Horrobin equation to calculate the EMC of sample 
A and sample C. The initial data obtained during the experiment 
for sample A is highlighted in the Table.1 below: 

 
Table.1: The initial data for sample A after immersion. 

Particular Recorded Data 

Initial Weight, m (Weight remove from water) 0.972 kg 

Average Temperature, T 30.85 0C  
(87.53 F) 

Fractional, H  (Average Humidity) 83.16%  (0.8) 
 

From the calculation above, the drying weight for the sample A 
(inside the model) and sample C (outside the model) is 0.841 kg 
and 0.742 kg respectively. In the calculation, the Moisture 
Content is 15 percent (My Life: Kayu). By plotting the graph of 
sample A and sample C using the data from the experiment 
against recorded time. The total time required for the lumber to 
air dry from fully wet condition can be determined. The 
Comparison between the required times to air dry the samples (A 
and C) with both the proposed technique and traditional technique 
is showed in the figure.8. 
 

 
 
Figure.8: The air drying time of lumber in two specific conditions 
i.e drying time between proposed technique and traditional 
lumber drying technique. 
 

According to figure 8, it is evident that the proposed technique 
proves to be more successful, drying the lumber in less than one 
day (20 hour). While the traditional method shows delay that is it 
takes almost two day (40 hour).  The delay caused by the 
traditional technique as observed from the graph is because of 
rainfall the second day after the drying process started. 

According to the rainfall data from Department of Irrigation 
and Drainage Malaysia, the amount of cumulative rainfall in 
Johor Bahru area on initial data collection day which is 7th July 
2013 is as high as 10mm. The cumulative rainfall data provided 
by the Department of Irrigation and Drainage Malaysia is shown 

in figure.9. 

 
Figure.9: The cumulative rainfall for the month of June, 2013 by 
Department of Irrigation and Drainage Malaysia. 
 

By comparing the cumulative rainfall data to the amount of the 
drying time, it can be assumed that for every 10 mm of rainfall, 
the air drying time of the lumber is elongated using traditional 
drying method. In other words, if there no rainfall the following 
day, the lumber air drying time by traditional technique can also 
be predicted to dry in one day. 
 
3.1 Comparison between the Use of the Proposed Model and 
Traditional Method 
From the experiment conducted, the lumber placed outside the 
model is exposed to rainfall therefore becomes wet when it rained 
and also difficult to work on because of the wet surface as shown 
in Figure.10. The wet surface would invariable translate to delay 
in the overall production process because it required more time to 
dry. 

 

 
Figure 10: Effect of rainfall on drying of lumber using the 
proposed technique and traditional technique. 
 
3.2 Effect of Air Drying on the Size of the Lumber 
Also from the experiment, it is deduced that there was no 
noticeable change in the size of the lumber. Figure.11 shows the 
graph of the air drying time for different sizes of lumber.   The 
result shows that the changes are negligible. 
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Figure.11:  Effect of air dry time on the size lumber using the 
proposed technique. 
 
 
5.0 CONCLUSION 
 
The following conclusion is to answer the objective of the present 
study.  
• The low cost lumber drying model is proposed in the present 

study.  
• The low cost model was constructed using a rectangular 

frame and a polyethylene sheet. 
• Experiment was conducted to determine required drying 

time of lumber using the proposed drying model and current 
technique which is applied by traditional shipyard in 
Kepulaun Riau, Indonesia. 

• In the experiment, length of lumbers are as follows 31 cm, 
20 cm and 12 cm. Width and thickness are the same in which 
20 cm of width and 2 cm of thickness. 

• The interval time is record 
• The analysis of experimental results show that required 

drying time using the proposed model is shorter than the 
current technique. 
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