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Abstract: The research group MRN04 has made a study of modernization of frigates of the Belgian Navy. The modernization includes fitting out of a landing area for an 11 tonnes helicopter, modifying the superstructure to solve the problems of cracks and reducing the radar cross section.
The proposal of the group MRN04 consists of widening and stiffness the stern deck in order to permit landing of a helicopter, surrounding the existing superstructure by a new envelop having a better furtivity. 
The resistance of the helicopter landing area and the rigidity of the superstructure has been estimated by structural computations by finite elements method, which permits to choose the most adequate structure.

Once the weight of the new elements is known, a new estimation of the weight is established. It permits to calculate the draft and the trim, and serves as the data to calculate the ship resistance. In fact, the speed of the frigate, as a crucial point, should not decrease too much. The ship resistance will be obtained by means of model tests in the towing tank in the University of Liège.

The study shows the possibility to lay out a landing area for a helicopter of 11 tonnes as well as to decrease significantly the radar cross section, without severe reduction of the frigate speed.
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Introduction

This study concerns of modernization of the Wielingen class frigates of the Belgian navy.

Following the request of the Belgian navy, the feasibility study includes:

· The reduction of the RCS (Radar Cross Section) of the ship by modifying the external geometry, principally at the super structure.

· Laying out a helicopter landing area

· Solving the problem of cracks initiation in the superstructure.

The proposed solution to reduce the RCS of the ship consists of inclining their external vertical side, limiting to theirs maximum the surfaces and the openings. The proposed configuration has been verified afterwards by another research group, which has measured the RCS (Radar Cross Section) at scale model.

Concerning the helicopter landing area, the resistance of the initial stern structure of the ship was insufficient to support the landing of a NH90 helicopter. A local strengthening has therefore been proposed.

The calculations of the structural resistance of the landing area and that of the strengthening to avoid cracks spread in the superstructure have been realized by using finite elements method, the complete structure of the frigate has previously been modelled in order to do the calculation.

These modifications have significantly changed the weight and the position of the gravity centre of the ship. The studies on stability, seakeeping and ship resistance have been made.

In fact, the modifications should not be accompanied by the reduction of the seakeeping performance or of the ship speed.¶ The studies on hydrodynamics performances have experimentally been realized in the towing tank of the University of Liège.

The studies of modernization are realized in such ways:

· Proposition of a new design

· Calculation of the structural resistance of the landing area 

· resolution of the problem of cracks in the superstructure

· new estimation of the weight.

· experimental ship résistance tests

· experimental seakeeping tests

New design proposal

The present superstructure of the frigate is formed from numerous vertical sides with several openings; this configuration offers a very bad RCS.

It is the same for the non-immerged part of the hull, which has a surface with a vertical side.

The figure 1 represents the actual form of the frigate.
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Figure 1: Model of the actual frigate 

The reduction of the RCS consists of inclining the vertical sides and reducing to the maximum the exposed area.

The construction of such a new superstructure will be too expensive. Therefore the solution consists of enveloping the present superstructure by a metallic hull having a good RCS. This envelop will have the side inclining for about 8° with regard to the vertical, and the area of the exposed surface will be minimal. This envelop does not play any role in structural resistance, at least its contribution to the resistance is worthless to be taken into consideration.

As far as the landing area of the helicopter is concerned, the ship stern breadth proves to be too narrow to permit landing of a helicopter of 11 tonnes. In fact, the minimal breadth of the landing area should be 12.2m. So it is necessary to widen the landing deck.

The proposed solution is to widen the stern deck by 2 m, the hull structure will be fitted at the new deck and will have a more inclined side, with the aim of decreasing the RCS.

The figure 2 represents the new configuration.
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Figure 2: Model of the modified frigate

The views of face of the forms are shown in figure 3. It permits to well visualize the inclined side of the new configuration.
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Figure 3:  Present (left) and new (right) configuration

Calculation of the structural resistance of the helicopter landing area

The structural resistance of the landing area has been calculated by using the finite element method. Static linear computation have been done and dynamic effects were taken into account by a load coefficients

The figure 4 shows a part of the global model used to execute the calculation by the finite element method.
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Figure 4:  Numerical model of the frigate 

The calculation shows that the initial structure is not strengthen enough to permit the landing of a helicopter of 11 tonnes. Local modifications have been proposed, for both the thickness and the frames of the deck. The deck thickness is increased to 14mm and the number of reinforced stiffeners at the critical places is doubled. 
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The maximal VM stress:180N/mm²  


Figure 5:   VM stress in initial structure 
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The maximal stress in  VM (BV)   :309N/mm²  


Figure 6: VM stress in the modified structure 

It results in a decrease of the maximal Von-Mises stress from 110 N/mm² (linear calculation) to 180 N/mm² (see the figures 5 and 6).

The study gives rise to an increase of weight of only 3.5 tonnes. This weight is obtained after a comparison of different reinforcements.

Resolution of the problem of cracks in the superstructure

The cracks appear at some opening of the superstructure, and they spread from the corners of the openings due to the concentration of stress.

Those cracks are dangerous to cause tears leading to increase the damage of the superstructure, it is necessary to reinforce local structure in order to prevent their spread and to have a sufficient resistant structure. In addition, the frigate is supposed to be under the protections against the attacks NBC, the presence of cracks is unacceptable.

A crack observed in the superstructure is shown in the figure 7.


[image: image4.wmf]
Figure 7:  Fissure at the opening of the superstructure

As in the previous study, the cause of the cracks has been investigated by using numerical software. The figure 8 shows the part of the numerical model used in the calculations.
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The  maximal  VM stress  (BV) 1159  N/mm 2  


Figure 8: View of the numerical model used for simulation

The structural calculation has revealed that the cracks appear due to the shape of the opening. Severe concentrations of stress can be observed very often at the corner of the opening, especially for the shape corner. When a classification society rule bending moment is applied, the stress at certain places exceeds the admissible standard. In fact the linear elastic calculation has revealed that the Von Mises stress exceeds 300N/mm² in the aluminium plates.
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Figure 9: VM stress in the initial structure
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Figure 10: VM stress in the new structure.

The error of conception has been corrected by applying circle corner and adding some transversal bars to rigidify the openings.

The figures 9 and 10 represent the results obtained for initial structure and for modified structure.

New estimation of weight

For the resistance and seakeeping tests in towing tank (see figure 11), it is necessary to estimate the weight of the ship, the longitudinal position of the gravity centre, as well as the inertias around it. After all the proposed modifications are made, a detailed estimation of the weight has been made.¶
The estimation of weight shows that the weight of ship in ballast condition passes from 1880 tonnes to 2065 tonnes.

It corresponds to an increase of the weight of 9.8% with regard to the initial configuration.

Ship resistance test

The tests of ship resistance were carried out with 1/40 scale model in the towing tank of the University of Liege.

The purpose is to compare the curves of ship resistance in two configurations: initial and modified.

The tests correspond to a range of ship speed from 8 to 28 knots. The tests were realised in three different load conditions.

· Loaded to 10%

· Loaded to 75%

· Full loaded

During the model tests, the ship resistance, the draft and the trim are measured and registered.


Figure 11:  Model on the scale of 1/40.
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  Figure 12 curve of ship resistance
The evolution of the resistance in three different loading cases is given in the figure 12. Not much variation of ship resistance is observed while comparing the two resistance curves of the ships (initial and modified configurations).

A reduction of the frigate speed will be expected on the order of 1 knot, when the propulsion characteristics are unchanged.

Seakeeping tests

The tests of seakeeping (see figure 13), carried out in the same towing tank, are aiming at verifying that the seakeeping performance of the frigate does not deteriorate by the proposed modifications. 

Besides the same position of the gravity centre for model and real ship, the similitude rules for the inertias of rotation around the two axes (X and Y) of the ship have to be respected in order to extrapolate to the full scale.

During the seakeeping tests, the ship model was free in the towing tank.


Figure 13 Test of seakeeping
Three angles of incidence and two types of the wave spectrums (J.O.N.S.W.AP and Pierson-Moskowitz) are selected. The Pierson-Moskowitz spectrum is given in figure 14.

The angles of incidence of 0°, 45° and 90° are fixed in advance.
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Figure 14
Pierson-Moskowitz spectrum

A camera records the movements of the ship model. This camera picks up the movement of LEDs fixed to the upper part of the model. The movements of yawing, rolling and pitching are measured.
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Figure 15
Pitching, rolling and yawing movement. Pierson-Moskowitz spectrum at Hs = 8 cm. no incidence.

An example of the curves obtained during a test of seakeeping is given in the figure 15, where the blue curve represents the temporal evolution of the wave, the green is for the movement of yawing, the red is that of rolling, and the black the rotation of pitching. The results demonstrate that after modifications, the ship keeps good seakeeping performance. 

Conclusions

A study of feasibility study of modernization of the Wielingen class frigates has been realized. The modernization concerns the laying out of a helicopter landing area, the reducing of the RCS of the ship, and the resolution of the problem of cracks in the superstructure.
The study relates to several domains: design, hydrodynamics, structure and it requires different tools: numeric simulations, model tests in towing tank…

The proposed modification, consisting of enveloping the existing superstructure by a hull with inclined sides and widening the deck at stern of the ship, constitutes a viable solution.

In fact, these modifications reduce significantly the RCS of the ship, allow the landing of a helicopter of 11 tonnes, all of these have a slight influence over the hydrodynamic behaviours of ship (seakeeping and ship resistance), the reduction of the maximal speed will be around 1 knot. 
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Programme

		

		Date:		26-27/10/2004										T° eau m						Titre : Frégate modifiée

		Nom du fichier				frégate modifiée								T° eau s.						Type

		N° Run		Série		N° cf.		Heure		Vitesse		Assiette		Z initial		résistance		Masses		Remarques

										m / s		deg.		négatif

		Avec bande de rugosité

		Premier jour d'essais : T = 16.8 °C

		Cas de chargement 1 : 10 % de charge

		1		100		1		10h15		0.5										Brassage. Le filtre n'était pas branché au départ. Il l'a été en cours de route.

		2		101		1		10h30		0.5

		3		102		1		10h45		0.75

		4		103		1		11h00		1

		5		104		1		11h15		1.25

		6		105		1		11h30		1.5

		7		106		1		11h45		1.75

		8		107		1		12h00		2.5

		9		108		1		13h47		2										Brassage

		10		109		1		14h02		2.25

		11		110		1		14h17		2

		12		111		1		14h32		1.25

		13		112		1		14h47		1

		Cas de chargement 2 : 75 % de charge

		14		200		2		15h02		0.5

		15		201		2		15h17		0.75

		16		202		2		15h32		1

		17		203		2		15h47		1.25

		18		204		2		16h02		1.5

		19		205		2		16h17		1.75

		20		206		2		16h32		2

		21		207		2		16h47		2.25

		22		208		2		17h02		2.5

		23		209		2		17h17		1.5

		24		210		2		17h32		2.25

		25		211		2		17h47		1.85

		26		212		2		18h02		1.75

		27		213		2		18h17		2

		Deuxième jour d'essais : T = 16.5 °C

		Cas de chargement 3 : charge maximale

		1		300		3		9h50		0.5										Brassage

		2		301		3		10h05		0.5

		3		302		3		10h20		0.75

		4		303		3		10h35		1

		5		304		3		10h50		1.25

		6		305		3		11h05		1.5

		7		306		3		11h20		1.75

		8		307		3		11h35		2

		9		308		3		11h50		2.25

		10		309		3		12h05		2.5

		11		214		2		14h02		1.25										Brassage

		12		215		2		14h17		2.5

		13		216		2		14h32		1.25

		14		113		1		14h47		1.75

		15		114		1		15h02		1.5





Résistances réelles

		5.99		6.01		5.95

		9.02		9.02		9.04

		12.1		12.14		12.11

		15.21		15.26		15.2

		18.29		18.31		18.29

		21.22		21.12		21.2

		24.16		24.2		24.26

		27.21		27.26		27.32

		30.38		30.38		30.41



Cas de charge 1 - 10 % de chargement

Cas de charge 2 - 75 % de chargement

Cas de charge 3 - pleine charge

Real ship speed (knots)

Real resistance (kN)

Comparison of the curves of the full-scale resistance for different loading conditions

24

16.8

30.1

38.9

51.9

52.1

84.8

92.2

99.8

136.7

146.3

164.4

244.2

236.3

276.3

352.7

358.3

390.7

541.7

557

628.5

787.7

785.9

919.3

1156.7

1160.9

1218.6



Tendances réelles

		5.99		6.01		5.95

		9.02		9.02		9.04

		12.1		12.14		12.11

		15.21		15.26		15.2

		18.29		18.31		18.29

		21.22		21.12		21.2

		24.16		24.2		24.26

		27.21		27.26		27.32

		30.38		30.38		30.41



Cas de charge 1 - 10 % de chargement

Cas de charge 2 - 75 % de chargement

Cas de charge 3 - pleine charge

Vitesse réelle (noeuds)

Résistance réelle (kN)

Comparaison des courbes de tendance pour les trois cas de chargement

54.64182792

54.57618594

55.376061

29.92669968

32.79697576

40.12875264

50.330172

55.72930024

71.13102484

117.50415672

124.98568744

148.786816

230.15269272

237.46498434

273.04497364

379.91551728

380.27407936

432.674176

571.93954752

579.970216

645.11340304

815.34572472

823.07474344

903.25448896

1116.02887248

1116.82466536

1210.30251124



Assiettes réelles

		5.99		6.01		5.95

		9.02		9.02		9.04

		12.1		12.14		12.11

		15.21		15.26		15.2

		18.29		18.31		18.29

		21.22		21.12		21.2

		24.16		24.2		24.26

		27.21		27.26		27.32

		30.38		30.38		30.41



Cas de charge 1 - 10 % de chargement

Cas de charge 2 - 75 % de chargement

Cas de charge 3 - pleine charge

Vitesse réelle (noeuds)

Assiette (degré)

Comparaison des courbes d'assiette réelle pour différents cas de chargement

0.012

-0.012

0.008

0.031

-0.012

0.013

0.03

0.025

0.021

0.068

0.062

0.026

0.038

0.033

0.045

-0.008

-0.02

-0.003

-0.218

-0.257

-0.243

-0.711

-0.787

-0.773

-1.225

-1.257

-1.306



Pilonnements réels

		5.99		6.01		5.95

		9.02		9.02		9.04

		12.1		12.14		12.11

		15.21		15.26		15.2

		18.29		18.31		18.29

		21.22		21.12		21.2

		24.16		24.2		24.26

		27.21		27.26		27.32

		30.38		30.38		30.41



Cas de charge 1 - 10 % de chargement

Cas de charge 2 - 75 % de chargement

Cas de charge 3 - pleine charge

Vitesse réelle (noeuds)

Pilonnement (cm)

Comparaison des courbes de pilonnement réel pour différents cas de chargement

-10.168

-10.756

-10.56

-12.528

-12.408

-12.908

-15.228

-14.092

-14.936

-19.172

-17.424

-19.024

-22.284

-23.512

-24.776

-30.144

-30.956

-32.908

-46.088

-45.12

-47.188

-61.244

-60.06

-62.668

-66.796

-67.852

-70.596



Comparaison ancien design

		0.742		0.734

		1		0.987

		1.247		1.241

		1.497		1.489

		1.75		1.718

		1.979		1.968

		2.237		2.217

		2.485		2.471



Ancien design de la Frégate

Frégate modifiée chargée à 75 %

Vitesse réelle (m/s)

Résistance (N)

Comparaison des résistances entre l'ancien et le nouveau design pour des cas de charge similaires

1.4593091984

1.5690145104

1.7156

1.8314555596

2.8485280404

2.9536771404

4.8793296404

4.8795786764

7.840025

7.3863406416

11.3052695796

10.9215212416

16.1033909364

15.2711164876

21.60846101

20.5600211244



Résultats

																				PASSAGE AUX GRANDEURS REELLES

		CAS DE CHARGEMENT 1 : FREGATE CHARGEE A 10 %																		Frégate chargée à 10 %				Frégate chargée à 75 %				Frégate en pleine charge

		Vitesse théorique (m/s)		Vitesse réelle (m/s)		Résistance (kg)		Résistance (N)		Assiette (degré)		Pilonnement (mm)								Vitesse réelle (m/s)		Résistance (N)		Vitesse réelle (m/s)		Résistance (N)		Vitesse réelle (m/s)		Résistance (N)

		0.5		0.487		0.058		0.569		0.012		-2.542

		0.75		0.734		0.102		1.001		0.031		-3.132

		1		0.984		0.2		1.962		0.03		-3.807

		1.25		1.237		0.313		3.071		0.068		-4.793

		1.5		1.488		0.517		5.072		0.038		-5.571

		1.75		1.726		0.725		7.112		-0.008		-7.536

		2		1.965		1.062		10.418		-0.218		-11.522

		2.25		2.213		1.493		14.646		-0.711		-15.311

		2.5		2.471		2.121		20.807		-1.225		-16.699

		CAS DE CHARGEMENT 2 : FREGATE CHARGEE A 75 %

		Vitesse théorique (m/s)		Vitesse réelle (m/s)		Résistance (kg)		Résistance (N)		Assiette (degré)		Pilonnement (mm)

		0.5		0.489		0.048		0.471		-0.012		-2.689

		0.75		0.734		0.124		1.216		-0.012		-3.102

		1		0.987		0.215		2.109		0.025		-3.523

		1.25		1.241		0.333		3.267		0.062		-4.356

		1.5		1.489		0.511		5.013		0.033		-5.878

		1.75		1.718		0.74		7.259		-0.02		-7.739

		2		1.968		1.096		10.752		-0.257		-11.28

		2.25		2.217		1.503		14.744		-0.787		-15.015								PASSAGE AUX GRANDEURS REELLES

		2.5		2.471		2.142		21.013		-1.257		-16.963								Frégate chargée à 10 %				Frégate chargée à 75 %				Frégate en pleine charge

																				Vitesse réelle (noeuds)		Résistance (kN)		Vitesse réelle (noeuds)		Résistance (kN)		Vitesse réelle (noeuds)		Résistance (kN)

																				5.99		24		6.01		16.8		5.95		30.1

		CAS DE CHARGEMENT 3 : FREGATE A PLEINE CHARGE																		9.02		38.9		9.02		51.9		9.04		52.1

		Vitesse théorique (m/s)		Vitesse réelle (m/s)		Résistance (kg)		Résistance (N)		Assiette (degré)		Pilonnement (mm)								12.1		84.8		12.14		92.2		12.11		99.8

		0.5		0.484		0.069		0.677		0.008		-2.64								15.21		136.7		15.26		146.3		15.2		164.4

		0.75		0.735		0.126		1.236		0.013		-3.227								18.29		244.2		18.31		236.3		18.29		276.3

		1		0.985		0.229		2.246		0.021		-3.734								21.22		352.7		21.12		358.3		21.2		390.7

		1.25		1.236		0.364		3.571		0.026		-4.756								24.16		541.7		24.2		557		24.26		628.5

		1.5		1.488		0.578		5.670		0.045		-6.194								27.21		787.7		27.26		785.9		27.32		919.3

		1.75		1.724		0.798		7.828		-0.003		-8.227								30.38		1156.7		30.38		1160.9		30.41		1218.6

		2		1.973		1.216		11.929		-0.243		-11.797

		2.25		2.222		1.721		16.883		-0.773		-15.667

		2.5		2.473		2.244		22.014		-1.306		-17.649

		COMPARAISON DES 3 CAS DE CHARGEMENT EN RESISTANCE

		Vitesse réelle1 (m/s)		Résistance1 (N)		Vitesse réelle2 (m/s)		Résistance2 (N)		Vitesse réelle (m/s)		Résistance3 (N)								GRANDEURS REELLES - courbes de tendance - 10 %

		0.487		0.569		0.489		0.471		0.484		0.677								Vitesse réelle (noeuds)		Coefficients						Résistance (kN)

		0.734		1.001		0.734		1.216		0.735		1.236								5.99		2.4192		-44.469		234.21		54.642

		0.984		1.962		0.987		2.109		0.985		2.246								9.02		2.4192		-44.469		234.21		29.927

		1.237		3.071		1.241		3.267		1.236		3.571								12.1		2.4192		-44.469		234.21		50.330

		1.488		5.072		1.489		5.013		1.488		5.670								15.21		2.4192		-44.469		234.21		117.504

		1.726		7.112		1.718		7.259		1.724		7.828								18.29		2.4192		-44.469		234.21		230.153

		1.965		10.418		1.968		10.752		1.973		11.929								21.22		2.4192		-44.469		234.21		379.916				Frégate chargée à 10 %				Frégate chargée à 75 %				Frégate en pleine charge

		2.213		14.646		2.217		14.744		2.222		16.883								24.16		2.4192		-44.469		234.21		571.940

		2.471		20.807		2.471		21.013		2.473		22.014								27.21		2.4192		-44.469		234.21		815.346

																				30.38		2.4192		-44.469		234.21		1116.029

		COMPARAISON DES 3 CAS DE CHARGEMENT EN ASSIETTE																		GRANDEURS REELLES - courbes de tendance - 75 %

		Vitesse réelle1 (m/s)		Assiette1 (degré)		Vitesse réelle2 (m/s)		Assiette2 (degré)		Vitesse réelle (m/s)		Assiette3 (degré)		V1 (nœuds)		V2 (nœuds)		V3 (nœuds)		Vitesse réelle (noeuds)		Coefficients						Résistance (kN)

		0.487		0.012		0.489		-0.012		0.484		0.008		5.99		6.01		5.95		6.01		2.3794		-42.998		227.05		54.576

		0.734		0.031		0.734		-0.012		0.735		0.013		9.02		9.02		9.04		9.02		2.3794		-42.998		227.05		32.797

		0.984		0.03		0.987		0.025		0.985		0.021		12.1		12.14		12.11		12.14		2.3794		-42.998		227.05		55.729				Frégate chargée à 10 %						Frégate chargée à 75 %						Frégate en pleine charge

		1.237		0.068		1.241		0.062		1.236		0.026		15.21		15.26		15.2		15.26		2.3794		-42.998		227.05		124.986

		1.488		0.038		1.489		0.033		1.488		0.045		18.29		18.31		18.29		18.31		2.3794		-42.998		227.05		237.465

		1.726		-0.008		1.718		-0.02		1.724		-0.003		21.22		21.12		21.2		21.12		2.3794		-42.998		227.05		380.274

		1.965		-0.218		1.968		-0.257		1.973		-0.243		24.16		24.2		24.26		24.2		2.3794		-42.998		227.05		579.970

		2.213		-0.711		2.217		-0.787		2.222		-0.773		27.21		27.26		27.32		27.26		2.3794		-42.998		227.05		823.075

		2.471		-1.225		2.471		-1.257		2.473		-1.306		30.38		30.38		30.41		30.38		2.3794		-42.998		227.05		1116.825

		COMPARAISON DES 3 CAS DE CHARGEMENT EN PILONNEMENT																		GRANDEURS REELLES - courbes de tendance - pleine charge

		Vitesse réelle1 (m/s)		Pilonnement1 (mm)		Vitesse réelle2 (m/s)		Pilonnement2 (mm)		Vitesse réelle (m/s)		Pilonnement3 (mm)		P1 (cm)		P2 (cm)		P3 (cm)		Vitesse réelle (noeuds)		Coefficients						Résistance (kN)

		0.487		-2.542		0.489		-2.689		0.484		-2.64		-10.168		-10.756		-10.56		5.95		2.4404		-41.516		216		55.376

		0.734		-3.132		0.734		-3.102		0.735		-3.227		-12.528		-12.408		-12.908		9.04		2.4404		-41.516		216		40.129

		0.984		-3.807		0.987		-3.523		0.985		-3.734		-15.228		-14.092		-14.936		12.11		2.4404		-41.516		216		71.131

		1.237		-4.793		1.241		-4.356		1.236		-4.756		-19.172		-17.424		-19.024		15.2		2.4404		-41.516		216		148.787

		1.488		-5.571		1.489		-5.878		1.488		-6.194		-22.284		-23.512		-24.776		18.29		2.4404		-41.516		216		273.045

		1.726		-7.536		1.718		-7.739		1.724		-8.227		-30.144		-30.956		-32.908		21.2		2.4404		-41.516		216		432.674

		1.965		-11.522		1.968		-11.28		1.973		-11.797		-46.088		-45.12		-47.188		24.26		2.4404		-41.516		216		645.113

		2.213		-15.311		2.217		-15.015		2.222		-15.667		-61.244		-60.06		-62.668		27.32		2.4404		-41.516		216		903.254

		2.471		-16.699		2.471		-16.963		2.473		-17.649		-66.796		-67.852		-70.596		30.41		2.4404		-41.516		216		1210.303

		COURBE DE TENDANCE POUR LA RESISTANCE (PREMIER CAS DE CHARGE)

		Vitesse réelle (m/s)		Coefficients						Résistance (N)

		0.487		5.9346		-7.8893		3.4621		1.028

		0.734		5.9346		-7.8893		3.4621		0.869

		0.984		5.9346		-7.8893		3.4621		1.445

		1.237		5.9346		-7.8893		3.4621		2.784

		1.488		5.9346		-7.8893		3.4621		4.863

		1.726		5.9346		-7.8893		3.4621		7.525

		1.965		5.9346		-7.8893		3.4621		10.874

		2.213		5.9346		-7.8893		3.4621		15.067

		2.471		5.9346		-7.8893		3.4621		20.203

		COURBE DE TENDANCE POUR LA RESISTANCE (DEUXIEME CAS DE CHARGE)

		Vitesse réelle (m/s)		Coefficients						Résistance (N)

		0.489		5.858		-7.5951		3.3505		1.037

		0.734		5.858		-7.5951		3.3505		0.932

		0.987		5.858		-7.5951		3.3505		1.561

		1.241		5.858		-7.5951		3.3505		2.947

		1.489		5.858		-7.5951		3.3505		5.029

		1.718		5.858		-7.5951		3.3505		7.592

		1.968		5.858		-7.5951		3.3505		11.092

		2.217		5.858		-7.5951		3.3505		15.305

		2.471		5.858		-7.5951		3.3505		20.351

		COURBE DE TENDANCE POUR LA RESISTANCE (TROISIEME CAS DE CHARGE)

		Vitesse réelle (m/s)		Coefficients						Résistance (N)

		0.484		6.016		-7.3119		3.1831		1.053

		0.735		6.016		-7.3119		3.1831		1.059

		0.985		6.016		-7.3119		3.1831		1.818

		1.236		6.016		-7.3119		3.1831		3.336

		1.488		6.016		-7.3119		3.1831		5.623

		1.724		6.016		-7.3119		3.1831		8.458

		1.973		6.016		-7.3119		3.1831		12.175

		2.222		6.016		-7.3119		3.1831		16.639

		2.473		6.016		-7.3119		3.1831		21.893

		COMPARAISON DES COURBES DE TENDANCES DES ESSAIS DE LAURIE-ANNE ET DE CEUX-CI																CAS DE CHARGEMENT 2 : TENDANCE POUR COMPARER AVECLAURIE-ANNE

		Vitesse réelle (m/s)		Coefficients						Résistance (N)		Delta résistance (N)						Vitesse théorique (m/s)		Vitesse réelle (m/s)		Résistance (kg)		Résistance (N)		Assiette (degré)		Pilonnement (mm)

		0.742		7.1156		-11.402		6.002		1.459		6.99%						0.75		0.734		0.124		1.216		-0.012		-3.102

		1		7.1156		-11.402		6.002		1.716		6.33%						1		0.987		0.215		2.109		0.025		-3.523

		1.247		7.1156		-11.402		6.002		2.849		3.56%						1.25		1.241		0.333		3.267		0.062		-4.356

		1.497		7.1156		-11.402		6.002		4.879		0.01%						1.5		1.489		0.511		5.013		0.033		-5.878

		1.75		7.1156		-11.402		6.002		7.840		-6.14%						1.75		1.718		0.74		7.259		-0.02		-7.739

		1.979		7.1156		-11.402		6.002		11.305		-3.51%						2		1.968		1.096		10.752		-0.257		-11.28

		2.237		7.1156		-11.402		6.002		16.103		-5.45%						2.25		2.217		1.503		14.744		-0.787		-15.015

		2.485		7.1156		-11.402		6.002		21.608		-5.10%						2.5		2.471		2.142		21.013		-1.257		-16.963

																				Vitesse réelle (m/s)		Coefficients						Résistance (N)

																				0.734		6.6684		-10.439		5.6386		1.57

																				0.987		6.6684		-10.439		5.6386		1.83

																				1.241		6.6684		-10.439		5.6386		2.95

																				1.489		6.6684		-10.439		5.6386		4.88

																				1.718		6.6684		-10.439		5.6386		7.39

																				1.968		6.6684		-10.439		5.6386		10.92

																				2.217		6.6684		-10.439		5.6386		15.27

																				2.471		6.6684		-10.439		5.6386		20.56

		TESTS REALISES EN JUILLET : ANCIEN DESIGN DE LA FREGATE

		Vitesse théorique (m/s)		Vitesse réelle (m/s)		Résistance (kg)		Résistance (N)		Assiette (degré)		Pilonnement (mm)						CAS DE CHARGEMENT 2 : FREGATE CHARGEE A 75 %

		0.75		0.742		0.126		1.223		-0.033		-1.223						Vitesse théorique (m/s)		Vitesse réelle (m/s)		Résistance (kg)		Résistance (N)		Assiette (degré)		Pilonnement (mm)

		1.25		1.247		0.348		3.414		0.019		-2.28						0.5		0.489		0.048		0.471		-0.012		-2.689

		1.5		1.497		0.536		5.258		-0.034		-5.414						0.75		0.734		0.124		1.216		-0.012		-3.102

		1.75		1.75		0.715		7.014		-0.057		-5.585						1		0.987		0.215		2.109		0.025		-3.523

		2		1.979		1.107		10.860		-0.342		-10.106						1.25		1.241		0.333		3.267		0.062		-4.356

		2.25		2.237		1.712		16.795		-0.806								1.5		1.489		0.511		5.013		0.033		-5.878

		2.5		2.485		2.19		21.484		-1.356		-14.823						1.75		1.718		0.74		7.259		-0.02		-7.739

																		2		1.968		1.096		10.752		-0.257		-11.28

																		2.25		2.217		1.503		14.744		-0.787		-15.015

																		2.5		2.471		2.142		21.013		-1.257		-16.963

																				delta assiette avec l'ancienne configuration

																				0.021

																				0.043

																				0.067

																				0.037

																				0.085

																				0.019

																				0.099





Résistance1

		0.487

		0.734

		0.984

		1.237

		1.488

		1.726

		1.965

		2.213

		2.471



Vitesse réelle (m/s)

Résistance (N)

Courbe de résistance pour la Frégate modifiée chargée à 10 %

0.56898

1.00062

1.962

3.07053

5.07177

7.11225

10.41822

14.64633

20.80701



Assiette1

		0.487

		0.734

		0.984

		1.237

		1.488

		1.726

		1.965

		2.213

		2.471



VItesse réelle (m/s)

Angle d'assiette (degré)

Assiette en fonction de la vitesse pour la Frégate modifiée chargée à 10 %

0.012

0.031

0.03

0.068

0.038

-0.008

-0.218

-0.711

-1.225



Pilonnement1

		0.487

		0.734

		0.984

		1.237

		1.488

		1.726

		1.965

		2.213

		2.471



Vitesse réelle (m/s)

Pilonnement (mm)

Pilonnement de la Frégate modifiée chargée à 10 %

-2.542

-3.132

-3.807

-4.793

-5.571

-7.536

-11.522

-15.311

-16.699



Résistance2

		0.489

		0.734

		0.987

		1.241

		1.489

		1.718

		1.968

		2.217

		2.471



Vitesse réelle (m/s)

Résistance (N)

Courbe de résistance pour la Frégate modifiée chargée à 75 %

0.47088

1.21644

2.10915

3.26673

5.01291

7.2594

10.75176

14.74443

21.01302



Assiette2

		0.489

		0.734

		0.987

		1.241

		1.489

		1.718

		1.968

		2.217

		2.471



VItesse réelle (m/s)

Angle d'assiette (degré)

Assiette en fonction de la vitesse pour la Frégate modifiée chargée à 75 %

-0.012

-0.012

0.025

0.062

0.033

-0.02

-0.257

-0.787

-1.257



Pilonnement2

		0.489

		0.734

		0.987

		1.241

		1.489

		1.718

		1.968

		2.217

		2.471



Vitesse réelle (m/s)

Pilonnement (mm)

Pilonnement de la Frégate modifiée chargée à 75 %

-2.689

-3.102

-3.523

-4.356

-5.878

-7.739

-11.28

-15.015

-16.963



Résistance3

		0.484

		0.735

		0.985

		1.236

		1.488

		1.724

		1.973

		2.222

		2.473



Vitesse réelle (m/s)

Résistance (N)

Courbe de résistance pour la Frégate à pleine charge

0.67689

1.23606

2.24649

3.57084

5.67018

7.82838

11.92896

16.88301

22.01364



Assiette3

		0.484

		0.735

		0.985

		1.236

		1.488

		1.724

		1.973

		2.222

		2.473



Vitesse réelle (m/s)

Angle d'assiette (degré)

Assiette en fonction de la vitesse pour la Frégate à pleine charge

0.008

0.013

0.021

0.026

0.045

-0.003

-0.243

-0.773

-1.306



Pilonnement3

		0.484

		0.735

		0.985

		1.236

		1.488

		1.724

		1.973

		2.222

		2.473



Vitesse réelle (m/s)

Pilonnement (mm)

Pilonnement de la Frégate modifiée à pleine charge

-2.64

-3.227

-3.734

-4.756

-6.194

-8.227

-11.797

-15.667

-17.649



comparaison résistance

		0.487		0.489		0.484

		0.734		0.734		0.735

		0.984		0.987		0.985

		1.237		1.241		1.236

		1.488		1.489		1.488

		1.726		1.718		1.724

		1.965		1.968		1.973

		2.213		2.217		2.222

		2.471		2.471		2.473



Cas de charge 1 - 10 % de chargement

Cas de charge 2 - 75 % de chargement

Cas de charge 3 - pleine charge

Vitesse réelle (m/s)

Résistance (N)

Comparaison des courbes de résistance pour différents cas de chargement

0.56898

0.47088

0.67689

1.00062

1.21644

1.23606

1.962

2.10915

2.24649

3.07053

3.26673

3.57084

5.07177

5.01291

5.67018

7.11225

7.2594

7.82838

10.41822

10.75176

11.92896

14.64633

14.74443

16.88301

20.80701

21.01302

22.01364



comparaison assiette

		0.487		0.489		0.484

		0.734		0.734		0.735

		0.984		0.987		0.985

		1.237		1.241		1.236

		1.488		1.489		1.488

		1.726		1.718		1.724

		1.965		1.968		1.973

		2.213		2.217		2.222

		2.471		2.471		2.473



Cas de charge 1 - 10 % de chargement

Cas de charge 2 - 75 % de chargement

Cas de charge 3 - pleine charge

Vitesse réelle (m/s)

Assiette (degré)

Comparaison des courbes d'assiette pour différents cas de chargement

0.012

-0.012

0.008

0.031

-0.012

0.013

0.03

0.025

0.021

0.068

0.062

0.026

0.038

0.033

0.045

-0.008

-0.02

-0.003

-0.218

-0.257

-0.243

-0.711

-0.787

-0.773

-1.225

-1.257

-1.306



comparaison pilonnement

		0.487		0.489		0.484

		0.734		0.734		0.735

		0.984		0.987		0.985

		1.237		1.241		1.236

		1.488		1.489		1.488

		1.726		1.718		1.724

		1.965		1.968		1.973

		2.213		2.217		2.222

		2.471		2.471		2.473



Cas de charge 1 - 10 % de chargement

Cas de charge 2 - 75 % de chargement

Cas de charge 3 - pleine charge

Vitesse réelle (m/s)

Pilonnement (mm)

Comparaison des courbes de pilonnement pour différents cas de chargement

-2.542

-2.689

-2.64

-3.132

-3.102

-3.227

-3.807

-3.523

-3.734

-4.793

-4.356

-4.756

-5.571

-5.878

-6.194

-7.536

-7.739

-8.227

-11.522

-11.28

-11.797

-15.311

-15.015

-15.667

-16.699

-16.963

-17.649



comparaison tendances

		0.487		0.489		0.484

		0.734		0.734		0.735

		0.984		0.987		0.985

		1.237		1.241		1.236

		1.488		1.489		1.488

		1.726		1.718		1.724

		1.965		1.968		1.973

		2.213		2.217		2.222

		2.471		2.471		2.473



Cas de charge 1 - 10 % de chargement

Cas de charge 2 - 75 % de chargement

Cas de charge 3 - pleine charge

Vitesse réelle (m/s)

Résistance (N)

Comparaison des courbes de tendance pour les trois cas de chargement

1.0275140474

1.037266918

1.053424496

0.8686551576

0.931729248

1.0588471

1.4452408576

1.560818302

1.8177521

2.7839768474

2.946775398

3.336210736

4.8628805824

5.029290918

5.623283104

7.5247926296

7.592145792

8.457995216

10.874451385

11.091517792

12.175378964

15.0670051674

15.304754662

16.638758744

20.2033636986

20.351024478

21.892996964



comparaison avec ancien design

		0.484		0.742

		0.735		1

		0.985		1.247

		1.236		1.497

		1.488		1.75

		1.724		1.979

		1.973		2.237

		2.222		2.485

		2.473



Nouveau design : y = 6.016x²-7.3119x+3.1831

Ancienne configuration : y = 6.4738x²-9.2258x+4.5301

Vitesse réelle (m/s)

Résistance (N)

Comparaison de la courbe de tendance de résistance du nouveau design avec celle de l'ancienne configuration

1.053424496

1.2487976232

1.0588471

1.7781

1.8177521

3.0923446642

3.336210736

5.2269214642

5.623283104

8.2109625

8.457995216

11.6264975458

12.175378964

16.2879746722

16.638758744

21.581158605

21.892996964




