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Abstract  

Supplying freshwater to remote coastal communities has become challenging due to poor 

infrastructure and these areas being far from national grids of water in Egypt. A novel FPSO 

desalination plant powered by on-grid source was proposed to reduce the freshwater 

shortage in remote coastal cities. The innovative concept has mobility feature to serve 

different coastal locations depending on seasonal water demand. Since the proposed concept 

is subjected to wet towing operation to transfer from one site to another, evaluating the 

motion behaviour during towing operation can improve the reliability of the platform design 

and reduce the risk during the operation. In this context, the main objective of this study is to 

experimentally investigate the motion responses of proposed concept in both mooring and 

towing cases. Furthermore, the calm water resistance at different forward speed and 

different load conditions were analysed during towing assessment. The results show that 

variation of peak responses of heave and pitch motions with intensity of towing forward 

speed may indicate effect of phase lags motion nonlinearity on the overall model response. 

A clear correlation between towing speed and peak response frequency is demonstrated. The 

analysed results reproduce the general trends in the observed reduction in the natural 

frequency and its RAO peak with the towing speed level for different load cases.  
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1. Introduction  

Demand for freshwater has increased in Egypt due to rapid population growth stresses and 

limited natural resources. According to recent statistics from the Central Agency for Public 

Mobilization and Statistics (CAPMAS), population in Egypt exceeded 100 million people. Most 

of lands in Egypt is desert and more than 94% of the population lives in a small strip of 

agricultural land along the Nile River and Delta, which represents only about 6% of Egypt’s 

land area. Since Egyptian coastal cities have high potentials to expand and attract more 

population, this helps the urban growth outside the crowded areas around river Nile and 

Delta. Coastal areas have mild climate suitable for tourism activities and many oil and gas 

industries that create attention of investors [1]. However, supply water for these activities 

are still a key challenge for developing these remote areas. Desalination has now become a 

viable choice for meeting water demand in growing coastal communities’ where there is 

shortage of water. As a result, the Egyptian government placed a high emphasis on ensuring 



sustainable water supply management. Under the Egyptian government’s strategic plan 2030, 

the country will have 47 seawater desalination plants [2]. To improve the supply of freshwater 

to coastal areas, 19 desalination plants will be operated by 2022. Many publications proposed 

floating desalination plant (FDP) as a solution to overcome water shortage in remote coastal 

communities instead of land-based plant which need large investment and infrastructure may 

not be suitable for small scattered remote communities. For example, Chouaki suggested a 

floating desalination ship powered by liquefied natural gas (LNG) for the Western 

Mediterranean Sea [3-4]. Fadel also presented a FDP concept powered by fossil fuel and 

compared it with traditional land-based plants [5]. The paper introduced a fully seagoing 

desalination vessel called RUMAITH in Abu Dhabi. 

Desalination is an energy-intensive process and desalination powered by renewable energy 

can help to provide clean and sustainable source of power [6]. Marine offshore wind energy 

is one of the high potential renewable and sustainable energy resources in Egypt, according 

to the World Bank’s report [7]. Egypt has 28 GW of potential for offshore fixed wind turbines, 

while having huge potential expected to be 208 GW for floating wind turbines along the Gulf 

of Suez and Red Sea. Some of the biggest challenges that a floating platform supporting an 

offshore wind turbine faces are the transport and installation stages, since most of floating 

platforms consequently require additional checks to perform these operations [8]. Recently, 

a numerical study discussed a novel floating desalination plant powered by a wind turbine 

which was proposed to overcome the freshwater problem in remote coastal areas [9]. 

Another on-grid FDP driven by onshore wind farm which is available along Red Sea coastline 

was developed by Amin et al. [10]. Based on hydrodynamic performance investigation, the 

proposed FDP platform was selected as cylindrical configuration and consists of a floater, 

desalination units and power driver [11, 12].  

Since the proposed concepts are subjected to wet towing operation to transfer from one site 

to another, evaluating the motion behaviour during towing operation is important task for 

reliability and the safety of the platform design. Many publications discussed the offshore 

transportation technology to understand the performance of motion responses during towing 

operation. Tank model tests of iceberg towing in open water and in sea ice have been carried 

out by Kenneth and Aleksey [13]. The motion performance of a barge equipped with a 

rectangular tank has been investigated experimentally in both dry and sloshing conditions 

[14]. Due to liquid sloshing the study concluded some changes in RAO responses. Field 

experiments on wet towing of an integrated transportation and installation vessel with two 

bucket foundations for offshore wind turbines was investigated [15]. The motion behaviour 

results show that the dedicated vessel is quite stable during wet towing. Numerical analysis 

of offshore integrated meteorological mast for wind farms during wet towing transportation 

was investigated in order to find out the towing dynamic behaviours of the proposed system 

with different drafts and towing velocities. Draft depths impact more on pitch motion than 

on heave motion [16]. Towing speed effect on dynamic stability of one-step integrated wind 

turbine transportation vessel was numerically investigated [17]. The study shows that 

reducing draft, increasing speed and increasing wave height will reduce the towing stability. 

Interesting investigation of rudder shaped-like offshore hull configuration was performed in 

order to minimize the drag force during towing by using the resistance model test [18]. 



Although the wave frequency variation influences the floater motion at zero speed, the effect 

of the frequency change due to floater moving through the waves is much more pronounced. 

Therefore, evaluating the motion behaviour of a novel FDP concept during towing operation 

provides an important information for better understanding of how the forward speed 

influences the floater motion which can improve the reliability of the design and reduce the 

risk during the operation. In this study, the towing assessment of the FDP model is 

experimentally investigated when it is being towed within the environment loads of 

deployment area in Egypt. For this purpose, FDP model is tested at different towing speed 

and different load cases with the aim of determining and evaluating the motion behaviour 

and resistance force.  

2. Proposed FDP concept 

a. General description of FDP 

The proposed concept is a floating FPSO platform supporting a desalinated water production 

system, storage water system, and offload system to transfer the freshwater to the shore. 

The plant is driven by onshore wind turbines and on deck solar power system, as shown in 

Figure 1. The outer diameter of the main hull is 70 m and the depth is 32 m. The upper deck 

diameter is extended to 87.5 m to increase the solar panels’ installation area. The heave plate 

was fitted to the bottom of the hull with a diameter of 87.5 m and a thickness of 2.5 m. Six 

RO units, each with 2000 m3/day capacity, were designed in a novel circular arrangement to 

reduce the piping system. The total production of the plant is 10,000 m3/day. The central 

seawater feeding tank for all RO units is used and connected by feeding pipelines. The plant 

is arranged to place solar panels on the top floor, the RO units and other desalination 

equipment on the operation deck, and the freshwater storage and ballast tanks in the lower 

partitions as shown in Figure 1. 

 

 

Figure 1: Proposed floating desalination plant concept [10]. 

b. FDP mobility feature 

 

Although the land-based plants offer many opportunities, such as mass production, stability 

in supplement, and less risk in operation, the installation and capital costs are still 

incomparable with mobile plants for small and remote communities. In addition, floating 



desalination plants generally offer environmental benefits compared with land-based designs 

because of the safe removal of brine far from the coastal marine environment with no 

additional cost. Motivated by eliminating the infrastructure cost, mobile floating platforms 

could open the way for an on-grid desalination plant powered by energy harvesting from 

offshore wind sources. Therefore, a mobile desalination plant is proposed to serve the 

coastlines of this area to reduce the overhead, installation, and operation costs for low and 

medium water demands. 

Egyptian east coastline is considered as a remote area far from Nile and Delta but has a high 

potential to attract population and establish new societies outside the crowded areas of 

Egypt. For a long time, this area attracted only tourism and oil industries without urban 

background. Populations in these remote areas without water or electricity grids eliminate 

any governmental efforts to develop this area. Amin et al. [9] previously proposed mobile off-

grid FDP plants driven by wind power. Same FDP platform was proposed in on-grid mode 

driven by onshore wind power supply which is available along Red Sea coastline [10]. The 

concept was proposed for the development of small and remote coastal communities with 

small and medium water demands. A cylindrical platform was selected with mobile feature 

which can be towed between coastal cities depending on water demands. The proposed 

concept can eliminate the infrastructure cost compared with land-based plant, is suitable for 

treating with sessional demands in some areas and does not need for large land area. 

Offshore mobile plants can also encourage marine renewable sector by offering off-grid or 

on-grid desalination plants powered by energy harvesting from onshore or offshore wind 

sources. 

 
Figure 2: Proposed FDP concept. 

c. Deployment area and environmental loads 

The deployment area in the Red Sea has moderate sea state. Determination of wave spectrum 

of the deployment area is a very important task in order to avoid frequency matching 

between the wave exciting frequency and the natural frequency of FDP platform.  

Based on the DNV-GL classification [19], wind speed parameter can be used to calculate the 

wave spectrum in the deployment area, as shown in Equations (1) and (2).  



𝑆𝑃𝑀(𝜔) =
𝛼.𝑔2

𝜔5 . 𝑒𝑥𝑝 [−𝛽 (
𝑔

𝑈.𝜔
)

−4

], (1) 

𝜔 = 2𝜋𝑓, (2) 

where 𝛼 = 8.1 ∗ 10−3, 

𝛽 = 0.74, 

𝑔 = 9.81 m/sec2, and 

𝑈is the wind speed in m/s. 

According to wind statistics in the Red Sea, the average range of wind speed was selected for 

9 m/s to 14 m/s. The wave spectrum curve for each wind speed are plotted and its peak is 

highlighted with dashed line as shown in Figure 3. 

Moreover, based on the recorded wave heights and periods in the Red Sea area, the 

significant wave height and wave period were found at 2.15 m and 8 s, respectively [20]. The 

wave spectrum was calculated based on this data and plotted as dashed black curve in Figure 

3. According to the spectrum results, the wave bands in the Red Sea area are from 0.6 to 1 

rad/s, and the proposed plant motion responses should be out of this range to be safe when 

in operation. 

 

Figure 3: Wave spectrum of Red Sea. 

d. Motion behaviour criteria and assumptions 

FDP unit was designed to serve coastal cities based on their freshwater demands. The 

platform was designed to be towed by tugs. Motion responses during the towing is one of 

challenges that such kind of mobile units face. 

Based on GL motion criteria, in case of transportation in weather restricted operation in 

benign areas, the single amplitude of roll and pitch motion should be lower than 5 degrees 

[21]. Moreover, the design wave height for towing operation shall be the significant wave 
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height (Hs) in the deployment area. The design wind speed shall be the 1-minute mean 

velocity at a reference height of 10 m above sea level.  

For unmoored mode, the heave, pitch and roll responses are resonant motions, while the 

sway, surge and yaw are not due to absent of stiffness in the latter motions [22]. Due to 

symmetric shape of FDP, consideration should be given to the heave and pitch responses. 

DNV recommends to carefully select the suitable period for towing and consider the typical 

weather condition in towing route [23]. 

3. Experimental test 

Experimental tests during towing in wave environment are important tools for the 

development of mobile floating plants and other similar hybrid systems. The present 

experiments can help the designers to ensure the unit’s motion performance at the early 

design stages, especially for such novel concept. 

a. Model test set-up 

A cylindrical floating platform representing FDP concept was experimentally tested in this 

study. The model tests were conducted with a geometrical scaling 1:100 (scale factor λ = 100), 

at the University of Strathclyde’s Kelvin Hydrodynamics Laboratory. The tank has a total 

length of 76 m, a width of 4.6 m, and a water depth of 1.91 m. The tank was provided with a 

carriage that had an electronic control system that could operate and obtain the desired data. 

The model was placed at state point far from the towing tank edge with 10 m in each running 

case. The model towed with a tow rope made of Dyneema. The tension in the rowing line was 

recorded using a load cell connected with the end of towing line and fixed on the carriage. 

The carriage can perform running speed up to 4 m/sec. The tank profile and experimental set 

up are shown in Figure 4. 

 

Figure 4: Tank profile and experimental setup. 

A wave maker was placed at the end of the tank creating regular sinusoidal waves. Moreover, 

the tank had absorption facilities to remove the effect of reflected waves. The wave profile 

was monitored and captured using ultrasonic wave probe fixed on the carriage as shown in 

Figure 4.  

The motion of the model was traced by four 6-DOF QUALISYS motion camera system fitted at 

the end of the carriage as shown in Figure 5. The model was fitted with four illuminated balls 



of infrared reflectors attached at the top of the model tower. The four cameras located above 

the carriage adjusted the coordinates of the reflectors in the model space. Then, corrected 

reflector coordinates to the platform’s vertical center of gravity (VCG) defined the test origin. 

The model motion was detected with a body-fixed coordinate system, and three motions 

were calculated and recorded in real time through Spike2 V9.06 data converter. 

 

Figure 5: Qualisys camera system attached in the carriage and the model towed by wire at 

the back of carriage. 

b. Model characteristic 

The FDP cylindrical model has an outer diameter of 0.7 m and a depth of 0.32 m. In order to 

increase the deck area, the upper deck diameter was extended to 0.875 m. Model bottom 

diameter was also extended by fitting a heave plate to damp the vertical motion. The heave 

plate has a diameter of 0.875 m and a thickness of 0.025 m. The cylindrical model was 

manufactured at the technical workshop of the Kelvin Hydrodynamics Laboratory at the 

University of Strathclyde in the United Kingdom. The model was built from foam and 

fiberglass, while wood was used for the upper deck, lower bottom, and heave plate. The 

model is shown in Figure 6. 

     Table 1. FDP properties and main dimensions. 
Parameters  Unit  Full scale Scaled 

(λ=1/100) 
Upper deck diameter m 87.5 0.875 
Main platform diameter m 70 0.7 
Heave plate diameter m 87.5 0.875 
Platform depth m 32 0.32 
Turbine tower height  m 84 0.84 
Draft (Ballast cond.) m 14.4 0.144 
Draft (Light-ship cond.) m 5.25 0.0525 
Displacement (Ballast cond.)  ton 62680 0.06115 
Displacement (Light-ship cond.) ton 25625 0.025 
VCG of Ballast condition  m 13.89 0.1389 
VCG of Light-ship condition m 18.99 0.1899 
Towing speed range m/s 2 to 4 0.2 to 0.4 

 



The plant has three load-case conditions; namely, lightship, ballast, and full-load conditions 

were described in detail in a previous experimental study [10]. In mobility mode, the plant 

can be towed in lightship and ballast conditions, on which the present study focused to 

investigate the motion responses.  

 
Figure 6: Model on the swinging table. 

c. Test matrix 

In the present model test, the test matrix was divided to three test groups as follows:  

1. Based case at zero forward speed (moored case). 

2. Tests where the model was subjected to a change in towing forward speed. 

3. Tests where the model was subjected to a change in loading condition. 

The test was conducted in regular waves. The test matrix is presented in Table 2. 

Table 2: Test Matrix. 
Test number Description Load condition Towing Speed [m/s] Range of Frequency [Hz] 

1 Calm Water 
Resistance  

Lightship From 0.2 to 0.6 Calm water 
2 Ballast From 0.2 to 0.6 
3 Moored Lightship 0 0.2 to 1 
4 Ballast 0 
5 Towed Lightship 2 

3 
4 

6 Ballast 2 
3 
4 

4. Experimental Motion responses 

Since the model natural frequency has the largest impact on the motion responses, the effect 

of towing speed and load condition during towing on the peak responses were investigated 

using experimental testing approach in frequency domain and time domain. Understanding 



the motion behaviour of the proposed FDP concept during towing operation in its deployment 

area is beneficial to the design of such concepts and its safety. The motion responses of the 

FDP model during towing operation was evaluated in the present experiments in lightship and 

ballast load cases. The platform’s heave and pitch responses were experimentally measured 

in a range of wave frequencies matching with wave band range of Red Sea deployment area. 

a. Calm Water Resistance  

The towing resistance was obtained experimentally at two different load conditions. The 

model was tested for a speed range of 0.2 to 0.6 m/s (equal to 2 to 6 m/s for full-scale). The 

model towing was performed in calm water condition. The model test results are shown in 

Figure 7. The towing resistance is compared between light-ship (surface towing) at 5.25 m 

and ballast conditions at 14.4 m (submerged towing). The wind and current loads were 

neglected in this study. Due to increase in the wetted area in the ballast case with respect to 

the light-ship case, the resistance force increased dramatically with increase in the towing 

speed. 

 

Figure 7: Calm water resistance at different load conditions. 
 

b. Based Case (Moored FDP responses) 

In order to evaluate the motion responses of the FDP during towing operation, the motion 

performance at zero forward speed condition (moored case) was analysed and set as based 

case for the present study. At zero speed, the effect of changing the load condition from light-

ship to ballast case does not significantly affect the pitch peak response frequency in both 

heave and pitch RAOs as shown in Figure 8 (a) and (b) (stay around 0.7 rad/s in case of pitch 

motion and 0.45 rad/s in case of pitch motion). A slight secondary peak can be observed near 

the heave natural frequency (0.7 rad/s) in pitch RAOs for both loading scenarios. The 

secondary peak height increases slightly in light-ship load case as shown in Figures 8 (b). In 

the light-ship condition as shown in Figure 8 (a), it is interesting to note that the heave natural 

range contains two peaks which looks like a V shape curve. Increase in heave and pitch RAO 

values are expected due to increase in floater total displacement which consequently effect 

the model moment of inertia. 
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a)  Heave RAO          b) Pitch RAO 

Figure 8: Heave and pitch motion responses at zero towing speed for different load 

conditions. 

c. Effect of towing speed on motion behaviour of FDP 

The relation among towing forward speed and motion responses are analyzed in this section. 

The heave and pitch motion responses for different towing speeds are compared in a 

frequency domain in light-ship condition as shown in Figure 9 (a) and (b). The damped natural 

frequency decreases in both heave and pitch responses with respect to the mooring case 

(zero forward speed). The same observation occurs in the towing in ballast condition where 

the heave and pitch motions’ peak frequency also decreases with respect to the moored case 

as shown in Figure 10 (a) and (b). In the heave response, it can be observed that the influence 

of towing forward speed is very significant on the natural frequency of the model. However, 

for the remaining wave frequency ranges, there is no significant change in heave RAO results. 

In pitch responses, the effect of towing forward speed on RAO is more evident and 

remarkable for all wave frequency ranges rather than in the heave responses as shown in 

Figure 9 (b) and Figure 10 (b). However, when the forward towing speed increases, the 

scattered waves could travel ahead of the model which lead to change the traditional wave 

radiation condition. The new wave radiation condition could lead to change the motion 

responses behaviors especially at natural frequency ranges. 
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a) Heave RAO 

 

b) Pitch RAO 

Figure 9: Comparison of (a) heave RAO and (b) pitch RAO for FDP model in different towing 

speeds for light-ship load condition. 

 

a) Heave RAO 
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b) Pitch RAO 

Figure 10: Comparison of (a) heave RAO and (b) pitch RAO for FDP model in different towing 

speeds for ballast load condition. 

In the natural frequency range, it can be noticed that the heave and pitch peaks have a 

relationship with towing forward speed. The heave and pitch peak responses are damped or 

decrease with the increasing towing forward speed, as shown in Figure 9 and Figure 10. While 

in pitch secondary peak responses, the responses increase when the towing speed increases, 

as shown in Figure 9 (b) and Figure 10 (b).  

Table 3: Comparison of heave and pitch RAO first peaks for different towing forward speeds and their 

decrease in percentages with respect to moored case. 

Towing 
speed 

Light-ship Ballast Decrease % (Light-ship) Decrease % (Ballast) 

Heave Pitch Heave Pitch Heave Pitch Heave Pitch 

0 1.66 0.222 2.74 0.323 - - - - 

2 1.59 0.066 2.88 0.077 4.216 70.27 -5.10 76.16099 

3 1.28 0.096 2.33 0.125 22.89 56.75 14.96 61.30031 

4 1.36 0.121 1.88 0.166 18.07 45.49 31.38 48.60681 

 

To evaluate the effect of towing speed on RAO peak responses of the FDP model, two 

comparisons were considered in Figures 11 and 12. The relationship between the measured 

heave and pitch RAO peaks and towing forward speed for different two load conditions are 

shown in Figures 11 (a) and (b) and Table 3. The RAO peaks decrease in heave responses for 

light-ship load condition up to 18 % with respect to the mooring case, while in ballast load 

condition they decrease up to 31% as shown in Table 3. For ballast case at 2 m/s forward 

towing speed, the heave peak increased 5% with respect to the mooring case while all other 

cases (5 towing cases) the heave peaks decreased as shown in Figure 11 (a). For the towing 

case, all pitch RAO peaks were observed to be lower than the moored case. The peak values 

decreased until lowest point and then increased slightly again when the towing speed was 

increased as shown in Figure 11 (b). More test cases are recommended to investigate this 

behavior in a further study. The same observation occurs in the heave damped natural 

frequency responses where the damped natural frequencies also decrease about 15% in both 

load conditions with respect to the moored case as shown in Table 3. In the pitch response, it 
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can be observed that the influence of towing forward speed is very significant in decreasing 

the natural frequency (up to 33%) and the RAO (up to 76%) of the model with respect to the 

moored case. Therefore, it can be concluded that the influence of the towing forward speed 

on the motion responses of the FDP model is positive regarding to the first natural frequency 

responses and more significant in pitch responses. While for the pitch motion, the influence 

is negative at secondary peak responses and cannot be considered marginal due to its location 

near to the wave natural excitation frequency in the deployment area. 

  

a) Heave responses     b) Pitch responses 

Figure 11: The relationship between RAO peaks responses and towing forward speed at different load 

conditions.  

Table 4: Comparison of heave and pitch peak frequencies for different towing forward speeds and 

their decrease in percentages with respect to moored case.  

Towing 
speed 

Light-ship Ballast Decrease % (Light-ship) Decrease % (Ballast) 

Heave Pitch Heave Pitch Heave Pitch Heave Pitch 

0 0.7 0.45 0.7 0.45 - - - - 

2 0.66 0.375 0.625 0.375 5.71 16.66 10.71429 16.66 

3 0.63 0.375 0.615 0.375 10 22.22 12.14286 16.66 

4 0.59 0.3 0.6 0.3 15.71 33.33 14.28571 33.33 
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a) Heave responses     b) Pitch responses 

Figure 12: The relationship between heave and pitch peak frequencies and towing forward speed at 

different load conditions.  

In the pitch RAO responses for both load conditions, it can be observed that small secondary 

peak occurs near heave natural frequency (0.7 rad/s). In light-ship load case, the secondary 

peak RAO value decreases slightly with increase in the towing forward speed except at4 m/s 

as shown in Figures 9 (b). In the ballast load case as shown in Figure 10 (b), it is interesting to 

note that the secondary peak sharply increases with increase in towing speed for all towing 

speeds up to three times with respect to moored case as shown in Table 5. The relationship 

between pitch secondary peak frequencies and towing forward speed at different load 

conditions is presented in Figure 13. 

Table 5: Comparison of pitch secondary peak frequencies for different towing forward speeds and 

their increase in percentages with respect to moored case.  

Speed Light-ship Ballast Increases % (Light-ship) Increases % 
(Ballast) 

0 0.12 0.03 - - 

2 0.097 0.1116 -19.16667 272 

3 0.061 0.118 -49.16667 293.333 

4 0.162 0.14 35 366.667 
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Figure 13: The relationship between pitch secondary peak frequencies and towing forward speeds at 

different load conditions. 

d. Effect of Load Conditions on Motion Behaviour of FDP 

A comparison of two load cases, namely light-ship and ballast load cases, was analyzed in 

order to understand the effect of change in load conditions during the towing operation on 

the heave and pitch motions. The heave and pitch RAOs obtained for the FDP model at 

different towing forward speeds for load conditions as shown in Figure 14, 15 and 16. It can 

be revealed that the effect of load condition changes does not significantly affect the pitch 

response frequency at towing forward speed of 2 m/s as shown in Figure 14 (b). The pitch 

responses increase at ballast load cases with respect to light-ship case at towing forward 

speeds of 3 m/s and 4 m/s. While, it is observed that the influence of load condition on the 

heave motion responses of the FDP model is very significant especially at natural frequency 

with respect to light-ship case as shown in Figure 14 (a), Figure 15 (a) and Figure 16 (a).  

It should be noticed that the reasons behind the increase in the heave motion in the case of 

the ballast case with respect to the light-ship case is due to the increase in added mass with 

effect on the damping coefficient. 

 

a) Heave RAO     b) Pitch RAO 

Figure 14: Comparison of (a) heave RAO and (b) pitch RAO for FDP model in towing cases at 

forward speed of 2 m/s for different load condition. 
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a) Heave RAO     b) Pitch RAO 

Figure 15: Comparison of (a) heave RAO and (b) pitch RAO for FDP model in towing cases at 

forward speed of 3 m/s for different load condition. 

 

a) Heave RAO     b) Pitch RAO 

Figure 16: Comparison of (a) heave RAO and (b) pitch RAO for FDP model in towing cases at 

forward speed of 4 m/s for different load condition. 

e. Time domain behaviour of towing speed on motion behaviour of FDP 

Another approach to study the effect of load condition and towing forward speed on the 

overall motion responses of FDP concept is to evaluate the heave and pitch motions at the 

peak frequency with time history.  

The time series of the heave response of the FDP model for both light-ship and ballast cases at 
zero towing speed and wave frequency of 0.7 rad/s (response peak) are shown in Figure 17. It 
is important to notice that the heave responses in case of ballast condition are higher than light-
ship case. While in pitch responses, heave responses are higher for the light-ship case 
(secondary pitch peak). The aim of the present comparison is to show the effect of load 
conditions on the heave and pitch motions of the FDP. The increment in the heave motion time 
series in the ballast case compared to the light-ship case caused due to the increase in added 
mass value with effect on the damping coefficient. 

 

a) Heave responses. 
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b) Pitch responses 

Figure 17: Heave and pitch time history of FDP model at 0.7 rad/s at zero towing speed for 
ballast and light-ship load cases. 

The same observation occurs at wave frequency of 0.45 rad/s (pitch natural frequency) where 

the heave responses in ballast case are higher than the light-ship case as shown in Figure 18 

(a). In the pitch response, it can be observed that the influence of load condition is not 

significant as shown in Figure 18(b).  

However, for the towing speed range at heave natural frequency range, there is a significant 

change in pitch responses results (secondary peak). The pitch response increases with the 

increase in towing forward speed as shown in Figure 19 (a). The pitch responses at towing 

forward speed of 4 m/s exceed 5 degrees. Also, in pitch natural frequency (0.45 rad/s), the 

pitch responses increase when the towing speed increases as shown in Figure 20 (a). While in 

heave responses, the effect of towing forward speed on heave responses is d more evident 

and remarkable for ballast load case with respect to light-ship case as shown in Figure 19 (b) 

and Figure 20 (b). 

It is interesting to note that the pitch response is symmetric around its rotational axis at zero 

towing speed. While in towing cases, pitch response sharply increases in model forepeak and 

decrease in model aft peak as shown in Figure 19 (a) and Figure 20 (a). The same observation 

occurs at heave response where the heave responses’ symmetry disappears with increasing 

the forward towing speed as shown in Figures 19 (b) and 20 (b). 

 
a) Heave responses. 
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b) Pitch responses 

Figure 18: Heave and pitch time history of FDP model at 0.45 Hz and zero towing speed for 
ballast and light-ship load cases. 

 
a) Heave responses 

 
b) Pitch responses 

Figure 19: Heave and pitch time history of FDP model at 0.7 Hz and different towing speed for 
ballast load cases. 
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b) Pitch responses 

Figure 20: Heave and pitch time history of FDP model at 0.7 Hz and different towing speed for 
light-ship load cases. 

f. Suitability of Towing Operation for Red Sea Area 

As previously stated, the heave and pitch motions are resonant motions. If the wave exciting 

frequency matches with the natural frequency of the FDP then resonance would occur. In order to 
evaluate the suitability of FDP model for Red Sea deployment area, heave and pitch motion responses 
were compared with wave excitation spectrum peaks at different wind speeds in Red Sea area as shown 
in Figure 21. Based on responses results and wave spectrum analysis, the maximum wind speed 

suitable for towing operation is 11 m/s in order to avoid the wave excitation forces in this area. 

 
a) Heave response for light-ship case. b) Pitch response for light-ship case. 

0

5

10

15

20

25

30

35

40

0 5 10 15 20 25 30

H
e

av
e

 [
m

m
]

Time [s]

Heave-towing 2 m/s Heave-towing 3 m/s Heave-towing 4 m/s

0

0.5

1

1.5

2

2.5

0.2 0.4 0.6 0.8 1

H
e

av
e

 R
A

O
 [

m
/m

]

Wave Freq. [rad/s]

Heave RAO (mooring Lightship case)
Heave RAO (lightship towing case 2 m/s)
Heave RAO (Lightship towing case 3 m/s)
Heave RAO (Lightship towing case 4 m/s)
Peak (14 m/s)
Peak (13 m/s)
Peak (12 m/s)
Peak (11 m/s)
Peak (10 m/s)
Peak (9 m/s)

0

0.1

0.2

0.3

0.2 0.4 0.6 0.8 1

P
it

ch
 R

A
O

 [
ra

d
/m

]

Wave Freq. [rad/s]

Pitch RAO (mooring Lightship case)
Pitch RAO (lightship towing case 2 m/s)
Pitch RAO (Lightship towing case 3 m/s)
Pitch RAO (Lightship towing case 4 m/s)
Peak (14 m/s)
Peak (13 m/s)
Peak (12 m/s)
Peak (11 m/s)
Peak (10 m/s)
Peak (9 m/s)



 
c) Heave response for ballast case.  d) Pitch response for ballast case. 
Figure 21: Heave and pitch RAO and wave spectrum peaks at different wind speeds for FDP 
model at different towing speeds for different load cases. 

 
Conclusion  
 
Evaluation of the motion behaviour for a novel FDP concept during its towing operation is an 

important information for better understanding of how the forward speed and load condition 

influence the floater motion which can improve the reliability of the design and reduce the 

risk during the operation. The motion responses and calm water resistance are determined 

using experimental test in different towing speed and load conditions in this study. A clear 

correlation is demonstrated between towing speed and the peak RAO response value and 

frequency. Compared to zero towing speed (moored case), the towing at light-ship load 

condition gives better motion responses and less resistance value. From motion responses 

during towing in light-ship condition, the peak responses of heave RAO decrease with increase 

in towing forward speed.  

Although the wave frequency variation influences the floater motion at zero speed, the effect 

of the frequency change due to floater moving through the waves is much more pronounced. 

The heave and pitch motion behaviour of a model progressing through a following wave with 

the towing speed in relation to the load condition will be influenced especially near natural 

frequencies.  

The experiment results show that the forward speed-motion responses interaction effects 

during towing can reduce the fundamental heave natural frequency and its RAO peak of the 

model with more than 18% in case of light-ship load condition and 31% in ballast case. The 

same observation occurs in the pitch natural frequency responses where the damped natural 

frequencies also decrease about 33% and the RAO peak 76% with respect to the moored case. 

For the pitch secondary peak, the RAO sharply increases with increase in towing speed for all 

towing speeds up to three times with respect to moored case. Therefore, it can be concluded 

that the influence of the towing forward speed on the motion responses of the FDP model is 

positive regarding to first natural frequency responses and more significant in pitch 
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responses. While for pitch motion, the influence is negative at secondary peak responses and 

cannot be considered marginal due to its location near to wave natural excitation frequency 

in the deployment area. For ballast load case at 2 m/s towing speed, the heave peak is 

increased 5% respect to mooring case. At pitch peaks responses, all tested cases were lower 

than moored case but the peak values were decreased until lower point and return increases 

slightly again. More test cases are recommended to investigate this behavior in further study. 

Moreover, further numerical investigation on the fluid dynamic mechanisms related to the 

present study is needed. 

Based on responses results and wave spectrum analysis, the maximum wind speed for towing 

operation is 11 m/s in order to avoid the wave excitation forces in this area. Towing with 

forward speed of 4 m/s at ballast load case not recommended as the pitch responses exceed 

the 5-degree pitch criteria. The results show that towing in light-ship load condition is more 

economical since the towing force is less than half of the ballast towing force with less motion 

responses.  
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