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1.  Introduction

In Malaysia, oil and gas industry has contributed 20 % to 
the total of national income. Cost optimization becomes 
more critical since the oil price drastically dropped at 
the end of 2014. Hence, new innovation is required to 
improve the current technology, which may improve the 
cost optimization. The determination of the wave forces 
is an important step in the design stage of the offshore 
structure1. A deep understanding of the wave-structure 
interaction is essential and it plays an important role in 
the wave force analysis.

In Malaysia, majority of the offshore structures 
are installed in the open sea and exposed to the short-
crested wave’s environment. The prediction of this type 
of wave is always neglected due to the existing wave force 

formulation focused only the long-crested wave. Unlike 
short-crested wave, which the properties are complicated, 
long-crested waves are much simpler and ease to be 
adopted.  By ignoring the properties of the short-crested 
waves, the design of the offshore structures might be 
overestimated. Hence, it was recommended that in the 
wave forces determination, short-crested wave has to be 
taken into consideration instead of long-crested wave in 
order to represent the real sea condition2. 

In order to estimate the wave forces on a fixed structure, 
an appropriate wave theory has to be selected. There are 
three different ways to calculate the wave force1 which are 
Morison equation, diffraction theory, and also Froude-
Krylov theory. For a small structure, Morison equation 
is likely to be used in the wave force calculation and this 
equation assumes to be composed of inertia and drag forces. 
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The components consist of two hydrodynamic coefficients 
which are inertia and drag coefficients, and both must be 
experimentally determined. However, Morison equation 
has its limitation3 as the original equation cannot fulfill 
all the structural and environmental conditions, and to 
overcome this limitation, various investigations were 
carried out to modify the Morison equation to suit their 
structural and environmental conditions by determining 
the hydrodynamic coefficients4,-6.Yet, from these previous 
researches,the researchers were only considering regular 
and random long-crested wave in the wave force analysis.  
Hence, a modified Morison equation should be developed 
in order incorporate the effect of short-crested wave. In 
this paper, an experimental investigation to determine 
the hydrodynamic coefficients for short-crested wave was 
conducted and the findings were presented and discussed.

2.  Methodology

2.1 Experimental Investigation
The purpose of this study is to determine the 
hydrodynamic coefficients for short-crested wave. 
In order to achieve this objective, an experimental 
investigation was carried outinthe wave tank of 
the Offshore Engineering Laboratory of University 
Technology PETRONAS (UTP), Malaysia. This wave 
tank is equipped with the wave maker system, the fixed 
wave absorber, and the movable remote control mobile 
platform. The details of the wave tank facility as shown 
in Figure 1.

Figure 1.    Wave tank details.

In this study, two sets of vertical cylinder with diameter 
16mm and 48mm were considered. These models were 
made of galvanized steel, and had been arranged to form a 
cantilever beam by fitted the top. Figure 2 shows the model 
setup of model with a total wet length of L=960mm and a 
wall thickness of t = 2mm. The model was instrumented 
with a waveforce sensor to measure the total wave force 
acting on the cylinder7-9. The sensor was installed with 
four strain gauges, which connected to the data loggers to 
recordthe wave forces. Detail of the wave force sensor is 
illustrated in Figure 3. The material properties of the wave 
force sensor are given in Table 1.

Figure 2.    Model setup.

Figure 3.    Wave force sensor.
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Table 1.    Material properties of wave force sensor
Material Used Aluminum-6061
Material property Value
Mass Density (kg/m3) 2710
Yield Strength (MPa) 275
Ultimate Tensile Strength (MPa) 310
Young’s Modulus (GPa) 68.9
Poisson’s Ratio 0.33
Shear Modulus (GPa) 25.9

Table 2 presents the details of the wave characteristics 
generated and the corresponding full-scale prototype 
wave parameters in accordance with Froude scaling law10. 
Four different locations in Malaysian offshore region11; 
Peninsular Malaysia Operation (L1), Baram Delta (L2), 
Semarang (L3), and Erb West (L4), were considered. 
The scales were chosen based on the water depth of 
specified locations considering the relevant factors such 
as the wave generating capability and the accuracy of the 
measurements. 

These waves were generated and the wave forces 
exerted on the model were measured and recorded for 
different wave height and time period. 

Table 2.    Model and prototype wave characteristics
L Model Prototype

Wave 
Period 

(s) 

H(m) Water 
Depth 

(m)

Wave 
Period 

(s)

H(m) Water 
Depth (m)

L1 1.00 0.12 1.00 8.37 8.47 70
L2 1.03 0.09 1.00 8.92 6.53 75
L3 1.33 0.14 1.00 9.40 6.90 50
L4 1.00 0.11 1.00 7.87 6.70 62

2.2 Theoretical Considerations
The data measured from the experimental work were post 
process then to determine the hydrodynamic coefficient.  
The determination of the hydrodynamic force is very 
challenging. Morison equation is widely used to estimate 
the hydrodynamic force on tubular cylinder when exerted 
by waves12. Generally, the long-crested wave has been 
considered in this equation. The total wave force was 
given as a summation of the drag and inertia components: 

			       (1)

where = total wave force, ρ = density of sea water, 
D = diameter of cylinder, = horizontal water particle 
velocity,  = horizontal water particle acceleration,  = 
drag coefficient, and  = inertia coefficient.

The hydrodynamic force coefficients for short-crested 
wave were estimated by using the Least Squares Method 
for force time series, since it was found to be the most 
straight forward method by minimizing the square of 
the difference between the time series of measured and 
targeted forces13.The measured data by using the wave 
force sensor were analyzed and the estimated Cm and Cd 
are given as:

where and = quantities in the inertia and drag 
parts of Morison equation except the coefficients at every 
increment in a wave cycle (n = 1 …N) and =  respected 
wave force value at n time.

	     (2)

	     (3)

					         (4)

					        (5)

3.  Results and Discussion

In the following paragraphs, the hydrodynamic coefficients 
for short-crested wave represented. Both models; i.e. 
16mm and 48mm diameter of vertical cylinders, were 
discussed separately. 

3.1 �Cm and Cd Values for Short-Crested 
Wave on 16 mm  and 48 mm Vertical 
Cylinders

Table 3 shows the summary of Cm and Cd values for 
short-crested wave of vertical cylinder with diameter of 
16 mm based on four different locations. These results 
were compared to the Cm and Cd values recommended 
by PetronasTechnical Standard (PTS)13. As stated in PTS, 
the Cm and Cd values are 1.60 and 0.65 respectively. The 
percentage of difference between the experimental results 
and PTS values are tabulated in Table 4.
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Table 3.    Cm and Cd values 
for vertical cylinder 16 mm 
diameters
Location Cm Cd
L1 1.00 0.42
L2 0.92 0.43
L3 1.09 0.39
L4 1.04 0.40

Table 4.    Percentage difference 
for the hydrodynamic coefficients 
measured for vertical cylinder 16 
mm diameter as compared to PTS
Location Cm(%) Cd(%)
L1 37.5 35.4
L2 42.5 33.9
L3 31.9 40.0
L4 35.0 38.5

The Cm and Cd values for short-crested wave of 
vertical cylinder with diameter of 48 mm based on the 
four different locations are summarized in Table 5.For 
comparison purposes, the percentage of reduction 
between the experimental and PTS values is tabulated in 
Table 6.

Table 5.    Cm and Cd values for 
vertical cylinder 48 mm diameters
Location Cm Cd
L1 1.03 0.47
L2 1.02 0.45
L3 1.10 0.50
L4 1.01 0.46

Table 6.    Percentage difference 
for the hydrodynamic coefficients 
measured for vertical cylinder 48 
mm diameter as compared to PTS
Location Cm(%) Cd(%)
L1 35.6 27.7
L2 36.3 30.8
L3 31.3 23.1
L4 36.9 29.2

The Cm and Cd values from PTS were obtained from 
an experimental investigation by considering only the 

long-crested wave. As compared to the one measured in 
this study, it could be observed that the Cm and Cd values 
from PTS are generally greater for both models. This is 
mainly due to the assumption when the platform stretch 
is subjected to the maximum long-crested wave, the effect 
will be extended to all the stretch of the platform. On the 
other hand, as the short-crested waves, which propagated 
from different angle, hit the structure, very likely that the 
net effect will be lesser.Further in detail that drag force is 
associated with a pressure behind a body. For the long-
crested wave condition, the low pressure region occurs 
behind the structure due to the fluid separation, and it 
leads to the force acting in the direction of the velocity. 
As the structure is subjected to short-crested wave, the 
low pressure region is less compared to the long-crested 
wave, due to the reduced wave velocity, as the effect of 
the various wave propagation. This resulting reduction in 
both the drag force and the Cd value. Whilst, the inertia 
force involves the momentum carried by the moving water 
particles, whereby as the flow passes around a structure, 
the water particles are having acceleration changes. In 
long-crested wave condition, the momentum will be 
higher due to the greater force exerted on the structure in 
one direction. Hence, the momentum would be smaller 
in the case of short-crested waves as the net effect of the 
wave accelerations from different angle would be less. In 
contrary to this, the inertia force and the Cm value were 
found reducing. By considering the measured Cm and 
Cd values, the overestimation of the wave forces acting 
on the offshore structure may be avoided. The above 
investigation indicated the effectiveness of the short-
crested wave’s effect, which significantly influences the 
hydrodynamic coefficients. These results have ensured 
the possibility of designing an economical and optimum 
design of offshore platforms could be achieved.

4.  Conclusion

Experimental investigation was conducted in the wave 
tank in University Technology PETRONAS, Perak, 
Malaysia to determine the hydrodynamic coefficients 
for short-crested waves. In this study, two sets of vertical 
cylinder with different diameter had been used. Each 
model was subjected to four series of short-crested wave, 
by referring to four different locations in Malaysian 
offshore region. The results obtained were compared with 
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the hydrodynamic coefficients values specified in PTS.  
From this study, the following conclusions can be drawn:
•	 The hydrodynamic coefficients for short-crested 

wave of both vertical cylinders (16 mm and 48 mm) 
were varied for all locations (L1, L2, L3, and L4) and 
the values were obtained.

•	 Smaller hydrodynamic coefficients for short-crested 
waves were obtained as compared to the one by PTS. 
The percentage of reduction about 37 %, and 30 % 
for 16 mm and 48 mm diameter of vertical cylinder 
respectively were determined. The reduction of 
the hydrodynamic coefficients indicated that by 
considering short-crested wave, the effect of the net 
wave loading will be lesser as compared to the long-
crested wave.

•	 Overall, it is proven that the hydrodynamic 
coefficients for short-crested wave shall be considered 
in the design stage of the offshore structures, for more 
economical structures.

5.  Acknowledgement

This research was supported by University Technology 
PETRONAS, Malaysia. The authors would like to 
appreciatively acknowledge their gratitude to the 
university for providing good facilities and services.

6.  References
1.	 Chakrabarti S K. Hydrodynamic of Offshore Structures. 

WIT Press. 1987;p.403.

2.	 Zhu  SP. Diffraction of short-crested waves around a circu-
lar cylinder. Ocean Engineering. 1993; 20(4):39–407.

3.	 Sarpkaya T. Wave Forces on Offshore Structures. Cam-
bridge University Press, New York. 2010.

4.	 Sarpkaya T. In - Line And Transverse Forces, Conference 
on Cylinders In Oscillatory Flow At High Reynolds Num-
bers, Offshore Tech. 1976;96–108.

5.	 Borgman  LE. Computation of the ocean-wave forces on 
inclined cylinders. Transaction on American Geophysics. 
Union. 1958; 39(5): 885.

6.	 Chakrabarti  SK, Wolbert  AL, Tam  WA.  Wave forces on 
inclined tubes. Coast Engineering. 1977; 1:149–65.

7.	 Kurian  VJ,  Sebastian  AA, Al-yacouby AM, Liew  MS. 
Wave forces on linear arrays of rigid vertical circular cylin-
ders in regular waves. Research Journal of Applied Sciences. 
Engineering and Technology.  2014; 7(24):5249–57.

8.	 Kurian  VJ, Sebastian  AA, Al-yacouby  AM, Liew  MS. 
Effect of Sacrificial Anodes and Marine Growth on Hy-
drodynamic Coefficients of Rigid Cylinders. International 
Offshore and Polar Engineering Conference. 2015;488–95.

9.	 Kurian  VJ, Al-yacouby  AM., Sebastian  AA, Liew  MS. 
Hydrodynamic Coefficients for Array of Tubular Cylinders.  
International Ocean and Polar Engineering Conference. 
2014;641–8.

10.	 Chakrabarti  SK. Offshore Structure Modelling. Advance 
series of ocean engineering. 2001; 9: 492.

11.	 PTS PETRONAS Technical Standards. 2008. Available from:  
file:///C:/Users/ISEE1/Downloads/PTS%2020002039%20
Advance%20Process%20Control%20Implementation%20
Guide%20 (1).pdf. 

12.	 Morison  JR, OBrien  MP, Johnson  JW, Schaaf SA. The forc-
es exerted by surface wave on piles. Petrol Transaction on 
American Invitational Mathematics and petroleum Engi-
neering. 1950; 189:149–54.

13.	 Isaacson M, Subbiah K, Baldwin J. Force coefficient esti-
mation from random wave data.International Offshore and 
Polar Engineering Conference, UK. 1991; 3;149–57.


