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Abstract 

The study, prediction and optimization of manoeuvring characteristics 

of underwater vehicles are critical for their safe and efficient operation in 

unforgiving ocean depths. 

Hydrodynamic Coefficients (HDCs) are commonly adopted to 

characterize the manoeuvring response of ships and submarines. HDC 

values are dependent on the geometry of underwater vehicles and these 

values are necessary in trajectory simulation programs for predicting the 

manoeuvring response of an underwater vehicle. HDCs for a particular 

geometry are typically evaluated by empirical methods (in early stages of 

design) or by model testing (after the geometrical configuration is finalized). In 

early stages of design of underwater vehicles, there is maximum scope for 

varying those geometrical characteristics of the vehicle that affect its 

manoeuvring qualities the most. However, in these stages, the empirical 

methods used for determination of HDCs are not very accurate. More 

accurate estimates using model testing (which is expensive and time-

consuming) can be obtained only after the geometry of the vehicle design has 

been finalized, and merely serves to determine the manoeuvring performance 

of the vehicle, with little possibility of optimization. 

The primary aim of this study has been to identify methodologies of 

applying general-purpose Computational Fluid Dynamics software (RANSE 

solver) to evaluate manoeuvring characteristics (HDCs) of underwater 

vehicles during preliminary stages of design. Such an approach attempts to 

overcome the drawbacks of lack of accuracy in empirical methods and the 
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expense and time requirements of scale-model-testing, while also avoiding 

the approach of developing customized, computationally expensive CFD 

software for the purpose. 

The theoretical background of various aspects of the subject of 

manoeuvring studies of underwater vehicles has been described, including 

the Navier-Stokes equations, the definition of Hydrodynamic Coefficients and 

the mathematical approach for trajectory simulation using rigid body 

equations of motion. 

An extensive review of the published literature on the techniques and 

approaches for prediction of manoeuvrability characteristics of submarines 

and AUVs has been presented. The techniques touched upon include 

empirical and semi-empirical methods, potential flow methods, bifurcation 

analysis, model testing, Recursive Neural Networks, system identification, 

CFD techniques and full-scale trials. The current state-of-art for the 

manoeuvrability prediction process has been described, as well as the 

strengths and weaknesses of the various approaches for manoeuvrability 

studies of underwater vehicles. The requirement for more accurate estimation 

of vehicle hydrodynamic coefficients (HDCs) at the early stages of design has 

thus been established. 

General-purpose RANSE solver has been used with modest 

computational resources to determine quasi-steady `hydrodynamic 

coefficients' (HDCs) of a generic underwater vehicle, for which experimental 

manoeuvring data are available. HDCs are a function of the body geometry 

and can be used to simulate the trajectory of the body (using Euler equations 

of motion) for various manoeuvres. By computing steady flow past the body at 
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various angles of attack, the oblique flow and rotating arm model tests have 

been numerically simulated. By plotting the forces and moments on the body 

for various angles of attack (and angular velocities), the respective HDCs 

were obtained from their very definition. These computations have been 

undertaken for un-appended (bare hull) as well as appended (submarine-like) 

configurations. 

A semi-empirical (Slender Body) method has been used to determine 

those HDCs that could not be determined using CFD. In order to gain better 

insight into the entire process of manoeuvrability prediction, parametric 

studies have been performed for motion stability of underwater vehicles. The 

HDCs determined have been used for parametric studies to explore the effect 

of changes in geometric characteristics of the vehicle on its dynamic stability. 

A flexible trajectory simulation program has been created, for which the 

HDCs determined have been used as inputs. The effects of variation in HDC 

values are examined using this trajectory simulation program. Sensitivity 

studies have been undertaken to identify the most significant HDCs. Realistic 

error bounds for the prediction process have been identified, and compared to 

the uncertainty expected in full-scale validation of trajectories for underwater 

manoeuvres. Other axisymmetric body geometries have also been 

considered. 

It has been shown that the described approach of using general-

purpose CFD software (RANSE solver, for steady flow in viscous fluid) for 

prediction of quasi-steady HDCs, requiring modest computational efforts, 

offers significant improvement in the accuracy of trajectory simulation, as 

compared to HDCs estimated by semi-empirical methods alone. 
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Thus, the approach of using CFD to determine critical viscosity-

dependent vehicle HDCs, with remaining HDCs being estimated by empirical 

(slender body) methods, can be effectively used during early design stages of 

underwater vehicles to determine manoeuvring characteristics with greater 

accuracy and speed. 

x 



Contents 

Certificate 

Acknowledgements v 

Abstract vii 

Contents xi 

List of Figures xvii 

List of Tables xxv 

Nomenclature xxix 

CHAPTERS 

1. 	Introduction 1 

1.1 	Underwater Vehicles ... 	... 	... 	... 2 

1.1.1 	Geometrical Configuration ... 	... 	... 3 

1.2 	Manoeuvring Requirements and Their Significance 4 

1.3 	Physical Concepts of Manoeuvring ... 	... 	... 8 

1.3.1 	Depth Control ... 	... 	... 	... 	... 8 

1.3.2 	Heading Control ... 	... 	... 	... 	... 12 

1.3.3 	Effect of Hull Form on Control Dynamics ... 13 

1.4 	Overview of Design Process ... 	... 	... 	... 14 

1.4.1 	Design Choices ... 	... 	... 	... 	... 14 

xi 



1.4.2 Introduction to Hydrodynamic Coefficients 	16 

1.4.3 Detailed Studies ... ... 	... 	... 	... 	16 

	

1.5 	Scope for Improvement in Prediction Techniques 

for Initial Design ... ... 	... 	... 	... 	... 	17 

	

1.6 	Objectives of the Study ... ... 	... 	... 	... 	20 

	

1.7 	Outline of the Thesis ... 	... 	... 	... 	... 	21 

2. 	Theoretical Background 29 

2.1 RANS Equations and Closure Problem ... 	... 30 

2.2 Rigid Body Equations of Motion ... 	... 	... 32 

2.3 Hydrodynamic Coefficients ... 	... 	... 	... 35 

2.3.1 	Classification of HDCs ... 	... 	... 	... 36 

2.3.2 	Physical Significance of "Steady' HDCs ... 38 

2.3.3 	Application of HDCs... 	... 	... 	... 40 

2.4 Trajectory Simulation ... 	... 	... 	... 	... 42 

2.4.1 	Recasting Equations of Motion ...... 	... 43 

2.4.2 	Variants of Mathematical Model ... 	... 45 

2.4.3 	Algorithm for Simulation ...... 	... 	... 49 

2.5 Motion Stability ... 	... 	... 	... 	... 	... 51 

3. 	Review of Techniques for Manoeuvrability Prediction 	59 

	

3.1 	Overview of Methods ... 	... 	... 	... 	... 	59 

	

3.2 	Empirical and Semi-Empirical Methods ... 	... 	61 

3.2.1 Slender Body Method ... 	... 	... 	... 	63 

	

3.3 	Potential Flow Methods ...... 	... 	... 	... 	65 

xii 



3.4 Bifurcation Theory ... 	... 	... 	... 	... 67 

3.5 Model Testing ... 	... 	... 	... 	... 	... 68 

3.5.1 	Model Test Methods ... 	... 	... 	... 68 

3.5.2 	Model Testing Limitations ... 	... 	... 71 

3.6 Recursive Neural Networks ... 	... 	... 	... 72 

3.7 System Identification ... 	... 	... 	... 	... 73 

3.8 CFD Techniques ...... 	... 	... 	... 	... 76 

3.8.1 	Theoretical Formulation ...... 	... 	... 76 

3.8.2 	Geometry and Grid Generation ... 	... 78 

3.8.3 	Flow Solution ... 	... 	... 	... 	... 78 

3.8.4 	CFD Applications for Manoeuvring of 

Underwater Vehicles ... 	.... 	... 	... 80 

3.8.5 	Inferences ...... 	... 	... 	... 	... 87 

3.9 Experimental Studies and CFD Validation ... 	... 88 

3.10 State-of-Art for Design Applications ... 	... 	... 92 

3.11 Inferences from Literature Review ... 	... 	... 93 

3.12 Scope of Present Study ...... 	... 	... 	... 94 

4. 	CFD Approach for Obtaining Hydrodynamic Coefficients 103 

4.1 	Oblique Flow Simulation ... 	... 	... 	... 	103 

4.2 	Rotational Flow Simulation ... 	... 	... 	... 	105 

4.3 	Experimental Data for Validation ... 	... 	... 	106 

4.4 	Grid Generation ... ... 	... 	... 	... 	... 	107 

4.4.1 Grid for Straight-line Flow ... 	... 	... 	108 

4.4.2 Grid for Curvilinear Flow ... ... 	... 	... 	108 



4.4.3 Grid Independence Studies ... 	... 	... 	109 

	

4.5 	Solver Settings and Boundary Conditions ... 	... 	111 

	

4.6 	Turbulence Models ... 	... 	... 	... 	... 	114 

	

4.7 	Computational Cases ... 	... 	... 	... 	... 	116 

5. 	Evaluation of Hydrodynamic Coefficients 123 

5.1 	HDCs of Unappended Body by CFD ... 	... 	... 123 

5.1.1 Straight-Line Flow ... 	... 	... 	... 125 

5.1.2 Curvilinear Flow ... 	... 	... 	... 	... 126 

5.1.3. HDC Results: Unappended Body ... 	... 128 

5.2 	HDCs of Appended Body by CFD ... 	... 	... 129 

5.2.1 Flow Characteristics due to Appendages... 129 

5.2.2 Horizontal Plane Oblique Flow Characteristics 132 

5.2.3 Horizontal Plane HDC Results ...... 	... 137 

5.2.4 Vertical Plane Oblique Flow Characteristics 138 

5.2.5 Vertical Plane HDC Results ... 	... 	... 140 

5.3 	Slender Body Method for Other HDCs and 

Parametric Studies for Motion Stability ... 	... 142 

5.3.1 Hull Forms Considered ... 	... 	... 	... 142 

5.3.2 Motion Stability Calculations ... 	... 	... 143 

5.3.3 Results for Original Geometries ... 	... 143 

5.3.4 Variation in Location of Centre of Gravity ... 146 

5.3.5 Presence / Absence of Appendages ... 	... 147 

5.3.6 Change in Hull Length ... 	... 	... 	... 147 

5.3.7 Variation in Size of Stabilising Fins ... 	... 148 

xiv 



5.4 	Discussion ... 	... 	... 	... 	... 	... 	149 

6. 	Effect of Uncertainty in Hydrodynamic Coefficients on 

Trajectory Simulation 195 

6.1 Trajectory Simulation Approach ... 	... 	... 196 

6.1.1 	Objectives of Trajectory Simulation Studies 196 

6.1.2 	Motivation for Uncertainty Analysis ... 	... 197 

6.2 Cases Considered ... 	... 	... 	... 	... 198 

6.2.1 	Underwater Vehicles Considered ... 	... 198 

6.2.2 	Definitive Manoeuvre Considered ... 	... 199 

6.3 Effect of Variation in Mathematical Model ... 	... 200 

6.4 Sensitivity Studies for HDCs ... 	... 	... 	... 201 

6.4.1 	Review of Sensitivity Studies ... 	... 	... 202 

6.4.2 	Sensitivity Studies - Axisymmetric Body ... 204 

6.4.3 	Sensitivity Studies - SUBOFF Body ... 	... 205 

6.4.4 	Sensitivity Studies For±10% Change in HDCs 206 

6.5 Cumulative Uncertainty in Prediction Process 	... 207 

6.6 Improvement by CFD Approach for HDCs ... 	... 208 

6.7 Uncertainty in Full-Scale Trials ...... 	... 	... 210 

6.7.1 	Sources of Error ... 	... 	... 	... 	... 210 

6.7.2 	Uncertainty Estimates ... 	... 	... 	... 211 

6.7.3 	Cumulative Uncertainty in Full-Scale Trials ... 214 

6.8 Discussion 	... 	... 	... 	... 	... 	... 215 

xv 



7. 	Conclusions and Scope for Future Studies 	 235 

7.1 	Conclusions ... 	.... 	... 	... 	... 	... 	236 

7.1.1 CFD Studies ... 	... 	... 	... 	... 	236 

7.1.2 Parametric Studies ... 	... 	... 	... 	237 

7.1.3 Trajectory Simulation and Uncertainty Analysis 238 

7.2 	Scope for Future Studies ... 	... 	... 	... 	240 

Bibliography 	 243 

	

Appendix: Geometry of DARPA SUBOFF Body 	 263 

Bio-Data of the Author 	 267 

xvi 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16

