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Power prediction is one of the major steps when it comes to design a military boat. Having a fast running and reliable tool to select the appropriate couple engine/propulsion permits to explore more hull's possibilities.

This study is built on a comparison made between a predictive tool and a series of 35 hard chine planing boats, constructed to be identical. The different theories used to program the Power Prediction Tool (PPT) will be cited as reference but will not be developed.

In this article, we present the influence of the different parameters and the validity of our tool.

II.

INTRODUCTION

Energy use in naval operation is a growing concern [START_REF] Turan | Energy efficient ship design and operations[END_REF], due to high energy prices and environmental awareness. While solutions for freight transport have long been studied (Lu et al, 2015; Cichowicz et al, 2015), the case of yachting and of light military ships is far less documented. For these vessels, significant potential energy savings can be found in hull design, engine design, air conditioning and onboard equipment energy efficiency. The current paper focuses on hull design and its influence on engine power and energy consumption. Hull design requires a preliminary design phase, using a complete set of data on geometrical elements and ship weight. In this paper, a power prediction tool (PPT) has been developed for preliminary design and tested on a series of 35 boats. Due to construction techniques, slight differences in weight, weight distribution and engine power performances can be found in the ship series 1 . The goal of the paper is to exploit measured data (weight, speed, engine power) to develop, validate and improve the power prediction tool (PPT).

The purpose of the PPT is to:

-be trustable -be easy to use and rapid to calculate.

-study the general picture of the boat -be used to reduce CFD computation time Indeed with the same computing power, calculating the boat drag with the PPT is more than ten thousand time faster than using a CFD code. Where few seconds are required to compute more than fifty speed steps with the PPT, a CFD code needs several hours to compute the drag for only one speed step. This advantage makes the PPT an efficient tool for the preliminary design work (variation of the general parameters of the hull). Additionally it can be used to reduce the CFD computation time. Using PPT outputs' such as trim and boat draft as CFD inputs' helps to position the boat close to his equilibrium position.

However the PPT is not intended to replace a CFD software. It can be seen as a preliminary tool used to give quick answers and orientations on hull geometry. Then the CFD tool can be used to optimize the hull shape.

On the one hand, it is true that setting up the simulation can be very complex, time consuming and running the code requires an important calculation power and/or an important amount of time to give some results (Tezdogan et al, 2015; Caponnetto). But on the other hand a CFD code is extremely powerful to study all the geometrical details of the hull such as rudder blade tips, keel shape, water inlets, air inlets …

The PPT is mainly based on Savitsky theory. Some modifications have been done to improve its precision at low speed and the aerodynamic drag is treated unconventionally. These modifications have been validated with data extracted from real boats and from towing tank tests.

Before comparing the PPT results with real boat measurements, its constitutive steps are detailed. 

V. PPT DESCRIPTION

The PPT is programmed on Excel and coded in VBA (Visual Basic for Applications) in order to easily build a user friendly interface.

To best describes the program, Figure 1 presents a screenshot of all inputs of the tool. Parameters in the hull section are used to implement the Savitsky's equations [START_REF] Savitsky | Hydrodynamic Design of Planing Hulls[END_REF] to calculated the boat's hydrodynamic drag. Regarding the restriction of the procedure, Daniel Savitsky himself says: "the foregoing procedures are carried out for the entire speed range of interest (with the restriction that Cv ≥ 1,0)". Cv is called the speed coefficient and is equal to

𝑣 √𝑔 𝐵
with B the beam of the planning surface. Other limitation have been given by (Ekman et al, 2016) at page 8 section "Limitations and assumptions" 2 .

For the studied boat of this paper the Cv is higher than 1 for speed over than 12 knots.

Savitsky's equations can be implemented thanks to [START_REF] Savitsky | Hydrodynamic Design of Planing Hulls[END_REF] and also by using the work of Svahn [START_REF] Svahn | Performance Prediction of Hulls with Transverse Steps[END_REF] but the original paper of Savitsky should be read. The only trick for this computational method to be fully automatic, is to make a loop to calculate the trim. If this pitching moment is negative then all the Savitsky procedure should be started again from the beginning with an higher value of the trim and if it is positive the guessed value of the trim should be smaller.

Once the hydrodynamic drag is known, it is multiplied by an empirical correction factor developed by [START_REF] Blount | Small-Craft Power Prediction[END_REF]) called Mfactor:

Mfactor = 0.98 + 2( 𝐿𝐶𝐺 𝐵𝑝𝑥 ) 1.45 ⅇ -2(F ∇ -0.85) -3( 𝐿𝐶𝐺 𝐵𝑝𝑥 )ⅇ -3(F ∇ -0.85)
It intends to correct the under prediction of the hump speed drag.

In addition to the drag prediction, what Angeli names "Critical trim" in [START_REF] Angeli | Evaluation of the Trim of a Planing Boat at Inception of Porpoising[END_REF] is calculated by two approaches:

2 See appendix 2: Savitsky procedure limitations and assumptions given by Ekman et al, 2016
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➔ equation 14 in [START_REF] Angeli | Evaluation of the Trim of a Planing Boat at Inception of Porpoising[END_REF]):

➔ equation developed by Lewandowski in the discussion section in [START_REF] Celano | The Prediction of Porpoising Inception for Modern Planing Craft[END_REF]):

This parameter indicates the upper trim limits. A trim higher or equal to the Critical trim value presents a high risk of porpoising. Two equations are used to compute it in order to be conservative. At each speed step, the lower value resulting of the two equations is considered as the "Critical trim".

In parallel of the hydrodynamic drag calculation, the aerodynamic drag need to be calculated. It is done by using the inputs in the aero section of Figure 1. This calculation needs be done just before evaluating the boat pitching moment. Indeed, the aerodynamic drag force modify the boat equilibrium. The original Savitsky equation 35 has been modified to take the aerodynamical effects into account.

The general equation to calculate the aerodynamic drag (Daero) of a solid is : Daero = 3 If the bridge forms an angle τ1 with the keel, the angle τ in the Shouse calculation must be replace by τ1+τ. τ1 is positive when in opposite direction of vector g.
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To inject this force in the equation of the pitching moment, Cpaero need to be determined. As the expression of Daero shows it, the aerodynamic drag is proportional to the frontal surface of the boat. The aerodynamic drag can be divided into the "wheelhouse aerodynamic drag" and the "hull aerodynamic drag". Cpaero is equal to VCG less the vertical coordinate of the barycenter of both hull and house aerodynamic center of pressure.

Cpaero = VCG - Once Cpaero is known, the equation 35 of Savitsky [START_REF] Savitsky | Hydrodynamic Design of Planing Hulls[END_REF]) can be modified to become :

M = mg [ c Cos(τ) (1 -Sin(τ) Sin((τ + ε)) -f Sin(τ) ] + Df (a -f) + Dair Cpaero
Data in step section are used to compute "Savitsky's Method used behind the Step" developed by Svahn in [START_REF] Svahn | Performance Prediction of Hulls with Transverse Steps[END_REF]. For this paper the number of step will remain 0 as the studied boat is a classical hard chine monohull boat.

Data in site section are used to compute water viscosity and density, air density and to give a classical engine de-rating.

The engine + propulsion section permits:

-to select a propulsion type (classical propeller, surface propeller, hydrojet …) to calculate its OPC.

-to select an engine to compute the fuel consumption -to take into account the mechanical losses. The engine consumption calculation will not be detailed in this paper because the focus is made only on power prediction. The hydrojet OPC calculation will be detailed as the studied boat is equipped with two of them and as it directly influences the power prediction.

To calculate the OPC of a given jet, the thrust prediction curve, Figure 3, must be given by the manufacturer.

Each black curve on this graph gives the jet thrust versus boat speed, for a given power. The green doted curve represents the limit of the cavitation zone.

To use it automatically in a computer procedure the OPC coefficients need to be determined for each speed step:

OPC = 𝑇 * 𝑣 𝑃𝑗𝑒𝑡
This relation transforms the thrust versus speed, for a given power, curves into the OPC versus speed, for a given power, curves. Then comparing the required thrust with all that are shown on the different curves allows to select the best value between all the possible (a graph as the one on Figure 3 will give ten possible values of OPC for each speed step). The more iso-power curve available the more precise this method will be.

The fuel capacity permits to calculate the boat operating range and endurance.

The last item of this section, mechanical losses, allows to compute OPC' = OPC * ηméca 4 which eventually leads to the calculation of the real required power for a given speed : The optimization section is used to simulate 11 cases in which the boat weight or the center of gravity slightly differs. This add-on helps to target the best compromise zone in terms of weight and center of gravity's longitudinal position during the early stages of a preliminary-study.

𝑃calculated = v * Rt OPC′
The speed section permits to enter speeds of interest. The more speeds the longer the total calculation will be.

This rapid overlook of the PPT helps to understand how calculations are made. The next section will present the boat's data used to make the comparison.

VI. BOAT AND USEFUL DATA

The boat used to compare the PPT with real measurements is the Plascoa 1650, Figure 4. It is produced in series at CNC Couach. More than 50 have been produced. These military vessels are built on a planing hull to intercept other boats at speeds over 55 knots. The line plan is confidential so it will not be presented in this paper.

However data required for simulation are available on Figure 5, Figure 6 and in appendix 1 : PPT inputs variation range.

Maximum reachable speed

Cavitation margin

Absorbed power for a given speed
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A sample of 35 ships have been chosen to be compared with the PPT prediction. They have been tested in real conditions in the Arcachon Bay, over a period of 11 month. This long time range permits to cover a panel of different weather conditions. The required data had been classified as being of two types:

-General data, which are constant from boat to boat, (Figure 5).

-Specific data, which are boat dependent, (Figure 6).

VCG is considered as being constant because it can only vary from few centimeters, which has a very small impact on power performances, and it is very difficult to measure 5 .

Site data (air temperature, water temperature and salinity) had been approximated with average values.

For each of the 35 studied boats sea trials reports have been made. They are used to validate the performance of the propulsion line in real conditions.

Data are collected every 200 engine rpm. Those which are of interest for this study are the absorbed engine power and the corresponding boat speed.

All the 35 boats are equipped with interceptors which are used to reduce drag at low speed. The impact of this system will not be studied in this paper because for the considered tests the interceptors were not deployed.

If one is interested in implementing interceptors in a prediction code [START_REF] Ekman | Model for Predicting Resistance and Running Attitude of High-Speed Craft Equipped with Interceptors[END_REF] present two methods of doing so. 

VII. MFACTOR IMPACTS ANALYSIS

As it is explained in the PPT description, the tool first calculates the boat drag with the Savitsky procedure and then corrects this drag with the Mfactor coefficient of [START_REF] Blount | Small-Craft Power Prediction[END_REF].

With Mfactor = 0.98 + 2

( 𝐿𝐶𝐺 𝐵𝑝𝑥 ) 1.45 ⅇ -2(F ∇ -0.85) -3( 𝐿𝐶𝐺 𝐵𝑝𝑥 )ⅇ -3(F ∇ -0.85)
According to the authors, this coefficient can be used while: To further enhance the precision of the PPT, a better understanding of how this Mfactor impacts the calculation is required. So numerical tests have been conducted with and without this coefficient.

F∇ ≥ 1,0 𝐿𝐶𝐺 𝐿𝑝 ≤ 0,

VII.1. CALCULATION WITHOUT MFACTOR

The first study was to overlap the absorbed power versus boat speed for both theoretical data (blue curve) and experimental data (red curve), see Figure 7.

In order to refine the study, the difference between theoretical and real points have been computed. In order for it to be representative it has been divided by the maximal engine power (here 1192 kW).

So

𝐸 = 𝑃𝑚ⅇ𝑎𝑠𝑢𝑟ⅇ𝑑 -𝑃𝑐𝑜𝑚𝑝𝑢𝑡ⅇ𝑑 𝑃𝑚𝑎𝑥

If this difference is positive, the PPT underestimate the required power, if negative then it overestimate the required power.

The 361 points have been reported on Figure 8. According to Figure 7 and Figure 8 it is noticeable that the PPT is oversizing the required engine power for speeds under 9 knots and to a slightly lesser extent in the interval [14;24] knots. The local average of the differences is respectively -5.12% and -1.92% while the overall average is -0.35%.

Extreme values (rounded in blue on

However the PPT is underestimating the required power for speed over 58 knots, the average excluding the first three boats is 3.63%.

In order to better understand the differences' repartition an histogram is shown on 

VII.2. CALCULATION WITH MFACTOR

This study follows the same presentation as the previous one.

According to Figure 10, the oversizing between 14 and 24 knots is more pronounced than if the Mfactor is not used. Additionally the required engine power is underestimated for speeds under 8 knots and values are even negatives for speeds under 7 knots. This observation confirms the model's limits given by the authors.

As in previous parts, graphic of Figure 11 permits to be more precise:

All the differences are included in the interval [-13.89%;30.86].

The average of the differences for speeds under 9 knots is 7.32% and for the interval [14;24] knots it is -5.72%.

The average for speed over 58 knots excluding the first three boats is 5.59%.

The overall average difference is 3.14%.

Comparing to Savitsky's theory alone, the histogram on Figure 12 reveals that a higher number of values are over 18% of difference. This is due to the fact that in addition to the first three boats values, values for speeds under 8 knots increase this statistic.

The histogram also highlights that values are more dispersed compared with Savitsky theory alone. Indeed :

• 31,3% of the total values are negatives. 

VIII. TOOL'S OPTIMISATION

Taking into account observations that have been made in the VII Mfactor impacts analysis part, the PPT had been modified to minimize differences between measurements and predictions.

The purpose of these modifications is to minimize changes made on Savitsky's theory and to keep a physical meaning. In this new version, the Mfactor had been suppressed. The average of -1.92% between 14 and 24 knots is considered acceptable because smaller than 2% in absolute value.

VIII.1. CORRECTION FOR LOW SPEED

The After reading the paper from (Sunny Verma., Shiju John, 2010) it comes that the 1650 Plascoa is not the only planning boat where the drag predicted by Savitsky procedure is equal to the measured drag for Cv approximatively equal to 0.9 (~ 10.25 knots for the 1650 Plascoa). According to this observation, two values of this curve are known. The boat drag at 0 knot is obviously equal to 0 and at Cv = 0.9 it is almost equal to the drag calculated with the Savitsky procedure.

Let Rt0.9, Rtv and V0.9 respectively the drag computed at Cv = 0.9 with Savitsky's theory, the drag computed at the speed V and V0.9 the speed at Cv = 0.9.

As the drag at Cv = 0.9 is known, k = Rt0.9 V0.9^𝑏 with R0.9(N) the measured drag at Cv = 0.9 :

corrected difference (%)

The Figure 18 is summing up the maximum, the minimum and the average of these two calculation for all the tested b. To conclude this study on the empirical formula Rtv = Rt0.9 V0.9^𝑏

x V b , on a first approach taking b = 3 is a good compromise. The risk of under prediction is low and the drag prediction precision is noticeably increased compared with the classical Savitsky procedure.

VIII.2. CX MODIFICATION

To correct the differences observed for speeds over 58 knots only the Cx was increased. After few iterations 1.1 is the value which gives the best correlation with tests. As a reminder the Cx value for a plane plate is equal to 1 and for a car it is often between 0.3 and 0.4.

Such a high value for the 1650 Plascoa can be explained by two factors:

• The boat shape is not aerodynamic enough.

• Mast, antennas, radars … are not taking into account to compute the frontal surface of the ship. So it artificially increases the vessel Cx.

VIII.3. RESULTS

According to Figure 19 and Figure 20 the power sizing for low speed is much more precise. The average of the differences for speed under 9 knots is 0.24% while it was -5.12% with Savitsky theory alone.

The oversizing in the interval [14;24] knots is increased because of the Cx increase, the local average being -2.12% while it was -1.92% with a Cx of 0.8.

The average for speeds over 58 knots excluding the first three boats is -0.31% while it was 3.63% with a Cx of 0.8.

All the differences are included in [-13.63%; 22.3%]. The overall average is 0.203%.

The histogram Figure 21 shows a values' distribution more centered around zero than with previous tests:

• 44,60% of the values are negatives.

• 

IX. DISCUSSION

As demonstrated in the previous sections Savitsky's theory seems to be imprecise for F∇ < 0.9 (~10.25 knots for the 1650 Plascoa). The improvements made in the current work leads to override this problem for the studied boat.

Another prediction has been made using the current PPT to estimate the top speed of a Couach's 12m boat called the WASP. The top speed found by calculation was 53 knots and the real top speed is 55 knots. The same study cannot be done for now because the boat is powered with outboard engines which are not equipped to measure the engine load / absorbed power. This tool will be very useful in the next thesis work. It will permit to characterize the impact of an increased boat's mass and to study the influence the longitudinal position of the center of gravity.

For example, an inventory had been made on all the 35 boats light ship weight (see Figure 22).

According to this inventory the average light ship weight is 21493 kg, the maximum light ship weight is 22058 kg and the minimum light ship weight is 20848 kg. These values have to be put into perspective because boats weight are measured by hydrostatic weighing.
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For this particular series of boat the total measure procedure can generate a maximum error of 400kg. If this measurement inaccuracy is masked, the boat is made of GRP (glass reinforced plastic) through the vacuum infusion method. This technique ensures an efficient industrial process but for technical reason the boat is not made of one piece and needs to be assembled. The assembling (stratification, gluing …) process is highly operator dependent and represent 600 kg. Couach engineers have measured a 20% variably for this process which could lead to a changeability of 120 kg from boat to boat. More generally the Couach engineers have measured a 5% variably for all the composite work. As it represents about 6 tons of the boat it could lead to a changeability of 300 kg from boat to boat. Subcontractors too can generate weight error as they have their on weight tolerance.

On the Figure 23, the absorbed power by engine, for the boat number 24 have been plotted, both with its real weight (blue curve) and with 565 kg less (red curve) to match with the boats average light ship weight. Then the two powers have been subtracted and divided by the maximum engine power (green curve). This green curve highlights the required overpower generated by the mass increased. On this PAGE 24

particular boat due to the mass increase of 2.63%, to maintain the boat full speed the engine need to deliver 1% more power. 

X. CONCLUSION

This study leads to validate the PPT, improved and calibrated with the input of measured data. Its precision is quite surprising 6 given the fact that it requires only few and easy to get parameters. The tool is fast executing and easy to use. The code execution requires about 30 seconds to compute boat drag, required power, engine speed, fuel consumption, boat range and endurance for 58 input speeds while on the same computer it takes about 24h to compute the boat drag for only 1 input speed using a CFD code.

Some improvements could still be made for speed between 14 and 24 knots. They would modify locally the This tool will be very useful in the conception process at CNC, as well as for applied research purpose. It will be used to characterize the impact of an increased boat's mass and to study the influence the longitudinal position of the center of gravity.
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XII. APPENDIX 1 : PPT INPUTS VARIATION RANGE

In this appendix the inputs variation range is presented with the four graph below. As a reminder the specific data are length on waterline, beam at waterline, displacement and LCG. 

ASSUMPTIONS GIVEN BY EKMAN ET AL, 2016

The following paragraph is directly extract from (Ekman et al, 2016) and gives limitations of the Savitsky procedure.

"The center of pressure is difficult to calculate, and two main assumptions need to be made. First of all, the center of pressure of the dynamic component is said to be at 75 percent of the main wetted length forward of the transom, and the buoyant force center of pressure at 33 percent also from the transom.

Another limitation of the Savitsky method is that equation (2.6) is only applicable for 0.60 ≤ Cv ≤ 13.0, 2° ≤ τ ≤ 15° and λ ≤ 4. These limitations comes from lambda being λ ≤ 𝑳𝒘 𝒃 , where the wetted length, Lw, is unlimited. This implies that the trim must be limited to a minimum of 2• for lambda not to increase exponentially."

1 2

 1 ρair S Cx 𝑣 2 where S is the frontal surface of the solid. (See Appendix 1 of (Savitsky, D., DeLorme, M., Datla, R., 2007)): What is specific to boats is that the frontal surface depends on the speed. In fact, when the boat accelerates, the water dynamic lift increases and the boat trim and draught change. If it is considered as having a rectangular parallelepipedic hull, a rectangular parallelepipedic wheelhouse and a bridge parallel to the keel 3 , the frontal surface of the boat Sboat is : Sboat = Shull + Shouse With : Shouse = Bss (Hss -DBH Tan(τ)) Shull = Bmax (LOA Tan(τ) + Hhull -
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 8 belong to three different boats and represent 6 values over 361 (1.66%). Additionally, these three boats are the first three to have been studied. So it can be considered as being not representative of the series.
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 135 Calculation without Mfactor highlights a lack of precision of the Savitsky procedure for speed below Cv = 0.9. In order to reduce it a new correction has been employed. To keep it very simple, a model under the form Rtv = k x V b with k constant is studied. When the Cv is below 0.9 the considered boat is in displacement mode. During this phase the drag versus speed of the boat seems to follow a polynomial curve (VII.1 Calculation without Mfactor, (Sunny Verma., Shiju John, 2010), (Olivieri et al, 2001)). The Figure 13 below illustrates this observation. The Rt curve gives the experimental drag measured for the Insean 2340 (Olivieri et al, 2001) and the Rt modif curve is plotted according to the relation: Rtv the drag calculated at the speed V, Rtmax the maximum measured drag measured at Vmax the maximum speed reached during the test (3.371 m.s -1 ).
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 13 Figure 13 : comparison between a polynomial curve and the real drag of the Insean 2340 Model.
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 17 The real difficulty is to determine b. As the authors did not know all the different coefficients from the 4 boats studied by (Sunny Verma., Shiju John, 2010) the curves they produced have been reused to conduct an empirical study to find the best b possible. The results are presented below. For each of the four boats, 3 different b have been tested. On each graph are plotted: -The measured drag : R (N) PAGE The calculated drag by the correction formula Rtv =
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 14 Figure 14 : b = 2, 3 and 4 for vessel number 1 (refer table 7 (Sunny Verma., Shiju John, 2010))
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 1532434 Figure 15 : b = 3, 4 and 5 for vessel number 2 (refer table 7 (Sunny Verma., Shiju John, 2010))
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  as (Blount, Fox, 1976) did. And a CFD calculation or a wind tunnel test could validate the boat Cx value of 1.1.
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 24 Figure 24 : variation of the length of waterline for the 35 boats
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 27 Figure 27 : variation of the LCG for the 35 boats

  

  

  

  

  

  48,2% are included in [-2% ; 2%].

	• 72,58% are included in [-4% ; 4%].

• 95,84% are included in [-10% ; 10%].
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 [START_REF] Ekman | Model for Predicting Resistance and Running Attitude of High-Speed Craft Equipped with Interceptors[END_REF]All the 35 boats have been tested over a period of 11 month inside the Arcachon bay. PAGE 26 XI.