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a b s t r a c t 

Accurately predicting the power saving from wind-assisted ship propulsion is one of the most discussed 

topics in alternative and complementary propulsion methods. Aero- and hydrodynamic interactions be- 

tween the sails and the ship increase the difficulty of modelling the propulsion contribution theoretically, 

but the sensibility of sail performance on the wind conditions increases the demands on measurement 

accuracy if the performance is to be measured in sea trials. This paper analyses and compares the uncer- 

tainties of sea trial tests and model predictions by means of parameter variation and Monte Carlo simu- 

lations. The results show that sea trials have an uncertainty of 23 %, well above 100 % of the measured 

savings, if performed using normal onboard equipment. Model uncertainties were found to be between 

6 % and 17 % of the predicted savings. 

© 2024 Shanghai Jiaotong University. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Wind-assisted propulsion is seen as one of the most promis- 

ng technologies to radically reduce the emissions from shipping 

 1 , 2 ]. Contrary to alternative fuel solutions, wind-assisted propul- 

ion (WASP) utilizes the energy of the wind, which is freely avail- 

ble at sea and thus does not require shore-based equipment or 

ogistics and is seen as a cost-effective solution [ 2 ]. However, there 

re still barriers that hinder the large-scale application of WASP in 

hipping, with a lack of knowledge and proven performance be- 

ng one of them [ 3 ]. While conventional propulsion systems only 

roduce thrust, i.e., longitudinal forces, WASP systems also intro- 

uce large side forces which complicate the performance predic- 

ion of WASP systems, since drift and yaw balance and the asso- 

iated resistances from rudder action and drifting, must be con- 

idered, which requires specially developed models [ 4 ]. In numer- 

us studies, such models predicted high fuel savings from WASP 

ystems on ships, e.g. in [ 5–8 ]. Some results from models were 

lso validated using full scale measurements over a longer period 

nd showed good agreement [ 9 ]. However, measurements of power 

avings from WASP during short period sea trials to predict the 

erformance and validate the models in a controlled environment 

ave not been established yet, even though sea trials methods 

or conventional ships are industry standard with well-developed 

ethods [ 10 ]. Recently, an effort was made to establish recom- 
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ended procedures for sea trials of WASP ships [ 11 ], and sea trials 

ave been performed for five WASP ships [ 12–16 ]. These sea trial 

ests aim to improve the prediction accuracy of long term fuel sav- 

ngs by measuring the savings in certain conditions, validating and 

orrecting the model predictions and applying the adjusted model 

o a wider range of conditions and the actual routes of the ships. 

aturally, this procedure includes any effects and interactions be- 

ween the ship and the sails in the predictions which might not 

e correctly captured by the prediction models. However, measure- 

ent uncertainties might significantly reduce the accuracy of the 

ea trial results. This paper presents a comparison of model pre- 

iction and sea trial results for two of the cases mentioned above 

M/V Copenhagen and M/V Annika Braren, [ 12 , 16 ]) and evaluates 

he uncertainties of the measurements and model predictions by 

eans of parameter variation studies and Monte Carlo simulations. 

. ShipCLEAN 

ShipCLEAN is a generic ship energy performance prediction 

odel developed to provide accurate prediction with very limited 

nput parameters. During the development, the focus was put on 

eneric applicability and accurate prediction of WASP performance. 

eneric applicability was achieved by relying on empirical, theo- 

etical, and standard series methods. Accurate prediction of WASP 

erformance was achieved by including 4 degrees-of-freedom and 

 model to predict the aerodynamic interaction of sails between 

ach other and the interaction between sails and the hull. Further, 

hipCLEAN includes methods for sail trim optimization. The model 
n access article under the CC BY license 
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Fig. 1. Overview of the ShipCLEAN model. 
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nd the underlying methods are described in detail in [ 8 , 17 ]. An

verview of all parts of ShipCLEAN is shown in Fig. 1 . 

The ShipCLEAN model consists of two parts, a conventional 

 degree-of-freedom power prediction part (static part) and a 4 

egrees-of-freedom solver (dynamic part) including the effects of 

rift, waves, wind, ice, fouling and wind-assisted propulsion to pre- 

ict the performance of a ship in realistic operational conditions. In 

his study, the 4 degrees-of-freedom (dynamic part) and especially 

he wind-assisted propulsion module is used. As for the static part, 

he dynamic part was developed to be applicable with very lim- 

ted information about the ship and thus is based on empirical and 

heoretical methods without using time expensive simulations, e.g., 

FD. 

The forces from the sails are estimated using lift and drag 

urves which are based on CFD, model tests and full scale force 

easurements (see [ 8 , 9 ]). If more than one sail is installed, the

ail-sail interactions are modelled using a simplified Navier-Stokes 

quation, only respecting potential flow effects and predicting the 

nfluence of each sail on the wind angle and wind speed at the po- 

itions of the other sails. Ship-sail interaction is modelled using a 

ind speed curve over the height of the ship’s deck [ 8 ] and a cor-

ection curve for the apparent wind angle due to deflection of the 

ow over the ship’s deck [ 18 ]. Hydrodynamic side forces and added 

rag due to drifting are estimated using an adaption of the low- 

spect-ratio wing theory and were found to be dominated by the 

ross flow drag [ 8 ]. Studies have shown that this approach gives 

 good representation of the hydrodynamic forces, even though a 

arge variation of the added drag is expected due to differences 

n the hull forms of ships [ 19 ]. These effects are not modelled in

hipCLEAN, mainly due to the self-inflicted limitation of the avail- 

ble information about the ship. Rudder forces are estimated using 

ommon design equations [ 8 ]. With all forces and moments evalu- 

ted, an iterative 4 degrees-of-freedom solver finds the equilibrium 

y evaluating the drift, heel, added resistance and rudder angle of 

he ship to accurately predict the net thrust of the sails, i.e. the 

hrust of the sails deducted with the added resistance caused by 

he introduced side forces and yaw moments. 

. Sea trial procedure 

The sea trials were performed as part of the Interreg WASP 

roject ( https://northsearegion.eu/wasp/ ). Due to differences in the 

nstrumentation, the data acquisition differed for the ships in the 

ASP project, see Table 1 . This study uses two ships from the In-

erreg WASP project, one RoPax ferry (M/V Copenhagen) and one 

eneral cargo vessel (M/V Annika Braren). While the sea trials of 

he RoPax ship were performed as standard trials in terms of dou- 
240
le runs [ 16 ], the trials for the general cargo ship were performed

s a series of single runs with different wind angles [ 12 ]. If double

uns are used, the more accurate GPS (Global Positioning System) 

peed can be corrected for the current influence and thus used for 

he evaluation. In the case of single runs, the more uncertain speed 

hrough water measurements must be used. In both cases, similar 

uns at similar true wind angles (TWA), true wind speeds (TWS) 

nd ship speeds (vS ) were performed with and without Flettner ro- 

ors (i.e. rotors at operational rpm or idling). Additionally, the gen- 

ral cargo vessel was not equipped with propeller torque meters, 

hus the propulsion power (PD ) is derived from manual readings 

f the fuel oil consumption (FOC) of the main engine. The sea trial 

esults were corrected for speed differences during the test runs 

nd normalized to a true wind speed (TWS) of 10 m/s. Detailed 

nformation about the correction methods is provided in [ 12 , 16 ]. 

. Case studies 

The particulars of the case study ships and the installed wind- 

ssisted propulsion units are presented in Table 2 . The sea trials 

ere performed for both ships and are documented in [ 12 , 16 ]. The

redicted and measured propulsion power savings ( �PD ) over the 

rue wind angle (with 0 ° TWA defined as headwind) are presented 

n Fig. 2 . 

The model prediction and sea trial results agree very well for 

he RoPax ferry but show rather large differences for the general 

argo vessel, especially in downwind conditions. Additionally, con- 

iderable differences appeared during several runs in the sea trials, 

s presented in Fig. 2 . As discussed in Section 3 , the data acqui-

ition and trial procedure for the RoPax vessel was more accurate 

nd closer to standard sea trial procedure. Thus, the results are as- 

umed to be more certain, and the trial results and model pre- 

iction are very close to each other. Naturally, both the trial re- 

ults and model prediction have their uncertainties for both cases. 

or the RoPax vessel, the difference between the model predictions 

nd trial results are less than 5 % of the evaluated savings, which is 

ess than what was found as model uncertainty in, e.g., [ 18 ]. Thus,

his study focuses on the results of the general cargo vessel to ex- 

lain the spread of the measurements and the difference between 

ea trials and ShipCLEAN and evaluate if the differences can be ex- 

lained with the uncertainties or if there are obvious unknown er- 

ors. 

To study the differences in more detail and to quantify the dif- 

erences presented in Fig. 2 , Table 3 presents the results and con- 

itions for each run of the sea trial tests for the general cargo 

essel, including the predicted savings from ShipCLEAN. For bet- 

er comparability, all cases are corrected to a ship speed of 10 kn 

https://northsearegion.eu/wasp/
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Table 1 

Summary of sea trials for two ships. 

RoPax (M/V Copenhagen) General cargo (M/V Annika Braren) 

Sea trial procedure Double runs 

(90 °/90 ° TWA, 40 °/140 ° TWA) 

Single runs 

Speed measurement GPS (current corrected) Speed log (speed through water) 

Wind measurement Ship’s anemometer (automated log) Ship’s anemometer (automated log) 

Rotor power consumption Rotor log Shaft generator (log files) 

Propulsion power Azimuth power and rpm (log) Manual reading of fuel oil consumption 

Table 2 

Main particulars of the case study vessels. 

M/V Copenhagen M/V Annika Braren 

Length over all (LOA) [m] 169.50 86.93 

Beam (B) [m] 25.40 15.00 

Draft (T) [m] 5.20 6.35 

Displacement ( �) [t] 11,870 6706 

Speed (vS ) [kn] (design/operation) 18/16 12.5/10.5 

Sail type Flettner rotor (1 pcs) Rotor sail (1 pcs) 

Sail position Around midship 

17.2 m from DWL 

81.4 m from AP 

6.6 m from DWL 

Sail size 5 × 30 m 3 × 18 m 

Fig. 2. Propulsion power savings according to model predictions and sea trials, RoPax ferry (left) and general cargo vessel (right). 0 ° TWA = headwind. 

Table 3 

Power savings and conditions for each run during sea trials. 

Run no. TWS [m/s] TWA [degrees] �Pd trial [kW] �Pd ShipCLEAN [kW] Difference [kW] Difference [%] 

3 8 135 131 114.1 −16.9 −14.8 

6 9 112 202 211.1 9.1 4.3 

9 10.1 62 166 203.4 37.4 18.4 

13 8.6 47 51 97.5 46.5 47.7 

16 8 83 150 185 35 18.9 

4 7.8 137 101 101.1 0.1 0.1 

7 8.8 110 186 206.2 20.2 9.8 

10 9.7 60 174 185.6 11.6 6.3 

14 8.4 47 27 91.4 64.4 70.5 

17 7.4 91 120 164.5 44.5 27.1 

T
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he percentual differences between ShipCLEAN and the trial results 

re between −15 % (ShipCLEAN predicts lower savings) and + 70 %, 

ith the latter being for headwind/beating conditions (47 ° TWA). 

he absolute differences range between −16.9 kW and 64.4 kW. 

. Assessment of uncertainties 

This section analyses the uncertainties in both, the sea trials 

nd ShipCLEAN, to identify and quantify unknown error sources. 
241
.1. Uncertainties in the sea trial measurements 

In the report of the sea trials with the general cargo vessel [ 12 ],

n uncertainty assessment was presented, with the resulting stan- 

ard deviations as shown in Table 4 . The presented uncertainties 

nclude only the measurement uncertainties, taken from the vari- 

tion of the time log of the data. However, according to [ 12 ] the

uel oil consumption was taken from manual readings of a display. 

ue to the way the sea trial results are evaluated, the power is 
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Table 4 

Uncertainties during sea trials (according to [ 12 ]). 

Variable Uncertainty (standard deviation) 

Speed through water, STW 0.1 kn 

Fuel oil consumption, FOC 10 % of the measured value 

Apparent wind angle, AWA 5 deg 

Apparent wind speed, AWS 0.5 m/s 
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Fig. 3. Summary of the results of the sea trials, ShipCELAN predictions and Monte 

Carlo simulations. 
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irectly proportional to the fuel oil consumption, meaning that 

ven the power has a 10 % uncertainty. With a power consumption 

f about 10 0 0 kW (11 kn of ship speed), the uncertainty would be

s high as the saving from the rotor itself. 

To quantify the impact of these uncertainties on the results, 

everal ShipCLEAN simulations are performed for each measure- 

ent point. As a first step, the minimum and maximum of each of 

he variables was used independently, to showcase the influence of 

he variation. In a second step, a Monte Carlo simulation for each 

easurement point was conducted, assuming a normal distribu- 

ion for each variable. 

.1.1. Parameter variation 

In a first step the input parameters wind angle, wind speed, and 

hip speed are varied to the maximum and minimum according to 

he uncertainties shown in Table 4 , i.e. the parameters were set 

o plus and minus one standard deviation from the mean value. 

able 5 and Table 6 present the results of the study for the case

ith sail and without sail, respectively. The uncertainty of the fuel 

il reading linearly translates to the power savings and it is thus 

ot considered in this part of the study but will be considered in 

onte Carlo simulations in the next part. 

As expected, the speed variation shows the largest impact on 

he power for both the case with and the case without sails. For 

he evaluation with sails, even the variation of the wind angle and 

peed can have large impact, depending on the wind angle. Espe- 

ially in headwind (runs no. 9, 10, 13, 14) the differences due to 

he wind angle variation are huge, compared to the achieved sav- 

ngs. 

.1.2. Monte Carlo simulations 

Given the uncertainties in the measurement values, Monte 

arlo simulations were performed to estimate the standard devia- 

ion of the power savings from the sail. The simulations were per- 

ormed using Matlab to generate random variables (all variables 

re assumed to follow a normal distribution) and the ShipCLEAN 

odel to evaluate the standard deviation of the power savings due 

o the uncertain input conditions. Naturally, this procedure intro- 

uces some model uncertainties in the standard deviations; how- 

ver, since the results are only comparative to the original values 

i.e. only the standard deviations and not the mean values are of 

nterest), the introduced uncertainties are expected to be small. 

he main source of uncertainty with this approach is the sail trim 

ptimization. It is believed that the Flettner rotor was run at a 

onstant rpm during the sea trials, while ShipCLEAN optimizes the 

pm for each condition. However, for a single rotor ship, this is of 

elevance in headwind conditions. 

As a first step, a simulation excluding the uncertainty of the 

uel consumption reading was performed. Since the trials with and 

ithout sails are independent runs, the input values are also inde- 

endent random variables. Thus, the simulations were performed 

sing 6 parameters: ship speed, apparent wind angle and apparent 

ind speed for both cases (with and without sails). In total, 40 0 0 

ariants were evaluated. 

The results of the Monte Carlo simulations are presented in 

able 7 and show a standard deviation between 43 kW and 65 kW 

or all trial runs. Compared to the measured savings of 27 kW to 
242
02 kW, this must be considered huge. As discussed above, the 

ain influences are the ship speed and the apparent wind angle. 

As a second step, a similar simulation was performed, including 

wo more parameters, the fuel oil consumption with and without 

ails. In total, 40 0 0 variants were evaluated. The results are pre- 

ented in Table 8 . 

As expected, the standard deviations of the savings are much 

arger, between 107 kW and 136 kW, which in many cases is larger 

han the measured savings. Naturally, the dominating influence is 

rom the uncertainty in the fuel oil consumption (power) reading. 

.2. Model uncertainties 

The model uncertainties in ShipCLEAN are studied and pre- 

ented in [ 18 ]. The apparent wind angle deviation over the deck, 

he drag of the drifting hull, the center of the lateral force (CLR) 

nd the lift coefficient of the sail were identified as the primarily 

mportant parameters and are used in this study. The values used 

n ShipCLEAN are defined as the mean values. The standard de- 

iation of the added drag is derived from the results in [ 19 ] and

ssumed constant over the drift angle. The standard deviations of 

he remaining parameters are defined according to the discussion 

n [ 18 ]. The influence of the ship hull on the apparent wind over

he deck is one of the biggest uncertainties. As described in [ 18 ],

n ShipCLEAN it is modelled using a sinusoidal curve over the wind 

ngle, with peaks of 8 °, occurring at 45 ° and 135 ° apparent wind 

ngle. The influence is assumed to decrease to 0 ° at 20 m above 

eck. The standard deviation of the lift coefficient of Flettner rotors 

s assumed to be 5 %, i.e., higher than the value derived in [ 18 ]. A

igher uncertainty is mainly used since the rotor sail is from a dif- 

erent brand than those used in earlier studies using ShipCLEAN 

 9 ]. 

All variables are assumed to follow a normal distribution with 

tandard deviations according to Table 9 . As for the trial un- 

ertainty evaluation, a Monte Carlo simulation using ShipCLEAN 

nd 40 0 0 variants was performed. The results are presented in 

able 10 . 

The model uncertainty is higher for small wind angles, i.e. 

eadwind. This is due to the more abrupt changes in thrust force 

t small angles and the higher influence of the added drag when 

rifting and the center of the lateral force. In downwind condi- 

ions, drift forces are small, and the drag of the rotors becomes 

ore important, thus the uncertainties are reduced. 

.3. Summary of uncertainties 

The results of the Monte Carlo simulations and the results of 

he sea trials and ShipCLEAN predictions are summarized in Fig. 3 . 

he figure presents the measured/predicted values for each run to- 

ether with the associated uncertainties. The plot is arranged over 

he true wind angle, to easier understand trends of the predicted 
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Table 5 

Changes in propulsion power with sail due to input parameter variation. 

Power difference due to parameter variation [kW] 

Apparent wind angle Apparent wind speed Ship speed 

Run no. TWA [degrees] −5 ° + 5 ° −0.5 m/s + 0.5 m/s −0.1 kn + 0.1 kn 

3 135 7.5 −6.1 23.3 −19.9 −40.4 42.8 

6 112 23.1 −21.5 22.9 −27.0 −38.7 41.1 

9 62 52.9 −49.0 −0.7 2.3 −40.2 42.7 

13 47 56.3 −48.9 −0.6 5.2 −42.5 45.0 

16 83 33.2 −29.6 18.9 −12.7 −39.6 42.1 

4 137 4.7 −3.5 23.5 −22.3 −40.8 43.3 

7 110 23.1 −21.0 23.0 −26.9 −39.0 41.4 

10 60 54.8 −48.7 2.5 1.4 −41.0 43.5 

14 47 53.5 −51.0 −0.9 1.4 −42.1 44.9 

17 91 34.1 −33.4 15.1 −12.1 −40.3 43.0 

Table 6 

Changes in propulsion power without sail due to input parameter variation. 

Power difference due to parameter variation [kW] 

Apparent wind angle Apparent wind speed Ship speed 

Run no. TWA [degrees] −5 ° + 5 ° −0.5 m/s + 0.5 m/s −0.1 kn + 0.1 kn 

3 135 2.7 −2.7 0.8 −0.8 −43.4 45.9 

6 112 5.5 −5.8 −1.3 1.4 −43.5 46.1 

9 62 9.3 −10.3 −8.2 8.5 −44.5 47.0 

13 47 6.5 −7.6 −9.2 9.6 −44.5 47.1 

16 83 5.4 −5.8 −3.3 3.5 −43.7 46.3 

4 137 2.4 −2.4 0.8 −0.8 −43.4 46.0 

7 110 5.6 −5.7 −1.5 1.6 −43.5 46.1 

10 60 8.8 −9.7 −8.2 8.5 −44.5 47.0 

14 47 6.2 −7.3 −9.0 9.3 −44.5 47.0 

17 120 5.1 −5.5 −4.1 4.3 −43.8 46.4 

Table 7 

Results of the Monte Carlo simulations, excluding the fuel oil consumption. 

Run no. TWS [m/s] TWA [degrees] �Pd Trial [kW] �Pd ShipCLEAN [kW] Standard deviation [kW] Standard deviation [%] 

3 8 135 131 114.1 43.2 32.8 

6 9 112 202 211.1 48.7 23.8 

9 10.1 62 166 203.4 65.0 39.2 

13 8.6 47 51 97.5 65.2 127.5 

16 8 83 150 185 50.7 33.3 

4 7.8 137 101 101.1 43.4 42.6 

7 8.8 110 186 206.2 48.5 25.8 

10 9.7 60 174 185.6 64.3 36.8 

14 8.4 47 27 91.4 64.5 237.0 

17 7.4 91 120 164.5 51.3 42.5 

Table 8 

Results of the Monte Carlo simulations, including the fuel oil consumption. 

Run no. TWS [m/s] TWA [degrees] �Pd Trial [kW] �Pd ShipCLEAN [kW] Standard deviation [kW] Standard deviation [%] 

3 8 135 131 114.1 109.7 83.2 

6 9 112 202 211.1 107.3 52.9 

9 10.1 62 166 203.4 129.4 77.7 

13 8.6 47 51 97.5 136.6 266.6 

16 8 83 150 185 112.0 74.6 

4 7.8 137 101 101.1 110.9 108.9 

7 8.8 110 186 206.2 107.9 57.5 

10 9.7 60 174 185.6 129.9 74.1 

14 8.4 47 27 91.4 135.6 500.0 

17 7.4 91 120 164.5 115.0 95.8 

Table 9 

Parameters and standard deviations for model uncertainty. 

Parameter Standard deviation 

AWA change over deck 6 °
cL of the sail 5 % 

CLR 3 % of LOA 

Added drag of the hull 20 % 

243
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Table 10 

Results of the Monte Carlo simulations for the model uncertainty. 

Run no. TWS [m/s] TWA [degrees] �Pd Trial [kW] �Pd ShipCLEAN [kW] Standard deviation [kW] Standard deviation [%] 

3 8 135 131 114.1 7.2 6.3 

6 9 112 202 211.1 14.1 6.7 

9 10.1 62 166 203.4 17.7 8.7 

13 8.6 47 51 97.5 15.3 15.8 

16 8 83 150 185 14.1 7.6 

4 7.8 137 101 101.1 6.3 6.2 

7 8.8 110 186 206.2 14.0 6.8 

10 9.7 60 174 185.6 17.4 9.4 

14 8.4 47 27 91.4 15.1 16.6 

17 7.4 91 120 164.5 13.3 8.1 
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alues and uncertainties. It must be kept in mind that the true 

ind speed was slightly different for each run and that the val- 

es in the figure are not corrected for this. The uncertainties for 

he sea trials are divided into uncertainties with uncertain fuel oil 

onsumption and without. 

The results show that ShipCLEAN slightly overpredicts the sav- 

ngs for almost all trial runs but that the predicted values are 

ithin the 95 % confidence interval for all runs, even without the 

ncertainty of the fuel oil consumption reading. This shows that 

he difference between the model prediction and trial measure- 

ents does not necessarily have to be due to an error in the model 

r a measurement error but could be due to the uncertainties in 

he measurement and the model. For all measurement points, the 

odel uncertainties are considerably smaller than the measure- 

ent uncertainties, even though the standard deviations of all pa- 

ameters were assumed larger than what was seen during verifi- 

ation studies. This is mainly because the speed is certain in the 

odel, and the sail area of the vessel is rather small. Thus, the 

ost uncertain parameter, the hydrodynamic drag when drifting, 

lays a minor role since drift angles are small. Model and mea- 

urement uncertainties decrease with increasing true wind angle, 

hich is mainly because of the decreased effect of the wind angle 

hanges. In headwind conditions, a 5-degree change in wind angle 

ight cause the sail not to deliver any thrust. In downwind condi- 

ions, the differences over small changes in wind angle are much 

maller. 

It must be noted that offset errors from the equipment installed 

nboard the vessels are not included in this study but could ex- 

lain the overprediction by ShipCLEAN. Offset errors would mainly 

ccur in the measurements of the ship speed, wind speed and 

ind direction, which could constantly show too high or low val- 

es due to wrong calibration. Further, anemometers are never free 

rom obstruction onboard a ship, which could lead to offset errors 

nly in some distinct wind angles. The rpm of the rotors was not 

ncluded in the test report. Thus, the ShipCLEAN simulations are 

erformed with the optimized rotor rpm, considering the wind an- 

le, wind speed and drift resistance. ShipCLEAN also allows the ro- 

or to reach its maximum rpm, which might not be the case. In 

he trial analysis, the propulsion power was estimated using the 

uel oil consumption and a fixed specific fuel oil consumption, dis- 

egarding the different loading conditions of the engine. This could 

lso introduce an error in the savings depending on the percentual 

ifference to the propulsion power, which is not included in this 

tudy. 

Naturally there could also be modelling errors that could not 

e detected in this study, mostly because the trial measurements 

how very high uncertainties. Model uncertainties are mainly 

ound in the modelling of the hydrodynamic resistance of the drift- 

ng hull, which is less important in such a case with rather low sail

oad. Further, the influence of the hull on the wind angle is diffi- 

ult to predict analytically/theoretically. However, this effect should 

ainly occur rather close to the deck. Given the rotor’s height of 

8 m plus a 2 m foundation above deck (the bottom of the rotor 
i

244
as at 9.63 m, the top at 27.63 m above the waterline at trial), a

arge part of the rotor should be unaffected by this, if not, a similar 

ffect should be seen at the anemometer (24 m above waterline at 

rial, on top of the deckhouse), thus cancelling out this uncertainty. 

. Conclusions 

This study compared the sea trial results and model predic- 

ion results of two ships with rotor sails. One case showed very 

ood agreement between sea trial and prediction results, and one 

howed both a worse agreement between model and sea trial re- 

ults and a large scatter of the sea trial results. Consequently, an 

ncertainty analysis of the second sea trial and the model predic- 

ion was performed. 

The results showed that the uncertainty of the sea trial mea- 

urements had much higher uncertainty levels than the model pre- 

iction. The main contribution of the overall uncertainty of the sea 

rial measurements was identified as the speed, the wind angle, 

nd the power measurements. In the model, the drag of the drift- 

ng hull and the lift coefficient of the sails were identified as the 

ain contributors. With uncertainties of at least 23 % and up to 

ell above 100 % of the measured fuel savings, it must be con- 

luded that the sea trial results of the present case should not be 

sed for verification or further prediction. The results show that 

igh measurement accuracy is crucial to obtain trustworthy results 

uring sea trials. In addition to the common sea trial procedure 

ith double runs, propeller torque measurement and GPS speed 

easurements, even the wind angle and speed must be mea- 

ured with high accuracy and well calibrated equipment. Prefer- 

bly, the wind speeds should be measured at multiple places on- 

oard, but even on stationary/independent equipment close to the 

hip, which could provide wind angle and speed readings with- 

ut influences from the ship. This raises the bar for sea trials for 

ASP ships. Common practice for traditional sea trials is to per- 

orm the tests in regions and in times of low wind and low sea 

tate, to minimize the environmental influences. However, WASP 

hips must be tested in reasonably high winds to measure a suit- 

ble saving, which requires accurate measurement. 

Model uncertainties were evaluated to be between 6 % and 17 % 

f the evaluated savings, which aligns well with previous results. 

he areas of high uncertainty, especially the drag of the drifting 

ull, could easily be improved, and uncertainties could be reduced 

ith the help of CFD computation. 

With the results of this uncertainty study, it must be concluded 

hat a component-wise validated prediction model is better suited 

o predict the power savings from WASP than sea trials performed 

ith typical onboard equipment. 
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