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INTRODUCTION


This white paper summarizes:  1) the six motion degrees of freedom (DOF) describing planing craft dynamics; 2) the effect of the seaway, craft geometry, speed, and direction on craft motions; 3) the effect of six-DOF craft motions on sensor performance, and 4) the additional motion issues associated with USVs towing, for example, high resolution mine reconnaissance sensors within a towfish.

MOTION DEGREES OF FREEDOM


The dynamics of a planing boat are described by naval architects in six degrees of freedom (DOF).  Three of the DOF are linear (also called translational) and three are angular (also called rotational).  Both the linear and angular DOF may be described in terms of displacement, velocity, or acceleration.  In theory, given any one of the three, the others may be computed by integrating or differentiating.  The three linear DOF are surge (fore and aft), heave (up and down), and sway (side-to-side).  The three angular DOF are pitch, roll, and yaw.

Vertical (or longitudinal) plane motions are defined as those that occur within a vertical plane that passes longitudinally through the centerline of the boat, and include the heave, surge, and pitch DOF.  Horizontal (or lateral) plane motions are defined as those that occur within the horizontal plane, and include the roll, sway, and yaw DOF.  Whether the craft exhibits vertical or lateral plane motions, or both, depends primarily on the characteristics of the seaway and the direction of the craft relative to the prevailing seaway direction.

SEAWAY, BOAT GEOMETRY, SPEED, AND DIRECTION EFFECTS


Planing vs. Displacement Hulls.  The geometric differences between a planing hull and a displacement hull are usually most apparent at the aft end and sides of the lower hull surface.   

Planing hulls are designed to operate with a bow up trim angle that increases the pressure under the hull and generates lift.  Sharp transoms and sharp ("hard") chines promote the separation of water from the hull surface, which encourages lift.  With sufficient speed, the lift raised the hull, thus reducing the form drag and wave-making drag, as well as wetted area that leads to skin-friction drag.   

A traditional class of small boat hulls are the so-called semi-planing hulls that possess the sharp discontinuity at the transom, but an essentially non-existent chine (round bilge).  Because of their relatively poor planing performance at high planing speeds, these hulls are less common today.

The displacement hull, such as is seen on most sailing yachts, usually possesses a round bottom that tapers up smoothly as it approaches the transom.  Under ideal conditions, the transom of a typical sailing yacht, for example, is above or just at the waterline while underway, thus minimizing resistance from flow separation.  These are the geometric characteristics that minimize resistance while operating in the non-planing condition.  

Froude Number and Other Related Speed Parameters.  The Froude Number 

Fn = V/(gL)1/2
with V the speed in ft/sec, g the gravitational constant in ft/sec2, and L the boat length in ft, is the nondimensional form of speed traditionally used to characterize the speed dependence of displacement and planing boats.  Another form of the Froude number is 

Cv = V/(gb)1/2

in which the beam rather than the length is used to nondimensionalize the speed.  A dimensional form of the Froude number that is commonly used for planing boats is the speed-length ratio 

SLR = Vk/L1/2
where Vk is the speed in kt and L is the length in ft, taken to be the waterline length or sometimes the overall length.  

Boat Performance As a Function of Speed.  A planing hull is in displacement condition for speed-length ratio values, Vk/L1/2, typically up to about 2.  The "hump" condition typically occurs from about 2 to 3, and the craft is generally on plane for values of Vk/L1/2 greater than 3.   

While in the pre-planing speed regime, a planing hull does not produce appreciable hydrodynamic lift, and is supported primarily by buoyancy in a manner similar to a displacement hull, but is less efficient than a displacement hull primarily because of the resistance produced by the separation at the transom.  As power is applied and the planing hull speed increases, its trim angle increases and, if the power is sufficient to push the boat past its "hump" speed, sufficient lift will be produced by the flat hull surfaces to lift the boat out of the water, at which point the boat "levels out" and planes.  

At planing speeds, the planing hull is far more efficient than the displacement hull.  An enormous amount of power is required to propel a displacement hull past a certain speed, because the displacement hull is not capable of generating appreciable lift, and the boat remains trapped in the trough between its bow and stern waves.  In general, the power required to propel a displacement hull (or a planing hull in displacement condition) is proportional to velocity with an exponent greater than 3.  Form drag, skin friction drag, and wavemaking resistance are the principal contributors to the large exponent.  The power required to propel a planing hull in the planing condition is proportional to velocity with a much lower exponent.  This is because, as the planing hull speed increases, less and less of its hull is in contact with the water, reducing form drag, wetted skin friction, and wavemaking resistance.

Overview of Variables Affecting Planing Boat Motion.  The six-DOF motions of a planing boat in a seaway are an extremely complex function of seaway characteristics, craft geometry, boat trim angle and speed, and boat direction relative to the prevailing seaway direction.  Principal boat geometry parameters that affect motion response to the seaway include displacement, length, beam, and deadrise angle.  

Boat motion relative to the prevailing seaway direction is often described in terms of eight directions.  Starting with head seas, and allowing the craft heading to rotate clockwise in 

45 deg increments, these directions are:  head seas, port bow quartering seas, port beam seas, port stern quartering seas, following seas, starboard stern quartering seas, starboard beam seas, and starboard bow quartering seas.  

Of the eight headings, measurements and analysis are sometimes limited to five because, for a two-dimensional (long-crested) seaway, the port vs. starboard headings will produce similar craft dynamics.  For example, port bow quartering seas should produce motions similar to those of starboard bow seas.  The five directions might be head seas and following seas plus the additional three on the port side.  If the seas are multi-directional (that is, "confused") as is often the case, the motions will vary with all eight headings.

Simplified Two-Dimensional Seaway.  The complexity of seakeeping issues may be illustrated by first examining a simplified condition.  Suppose a boat is operating directly into a regular (single-frequency, sinusoidal) wave train, similar for example to a swell produced by a distant storm.  This sea condition may be alternately described as a regular, long-crested head sea.  For this head sea condition the boat motions occur only in the vertical plane, exhibiting only heave, pitch, and surge motions.  If the boat is operating at extremely high speed into the wave train, or its size is sufficiently large relative to the wavelength, the vertical plane motion amplitudes could approach zero.  The wave encounter frequency associated with head seas can become very high as the craft speed increases.  A typical encounter frequency for a 36-ft planing boat running at high speed into a sea state 3 head sea is on the order of 1 Hz.  

If, on the other hand, the boat is operating at very low speed into the wave train and the boat dimensions are very small relative to those of the regular two-dimensional seaway, the heave time history will correspond approximately to that of the encountered wave elevation, and the pitch time history will correspond approximately to that of the wave slope.  

Next, suppose the boat is running before a following sea with the seas regular and long-crested.  The motions remain in the vertical plane, but the response may be much different, because the wave encounter frequency is much lower than that of the head seas condition.  If the boat is running at a speed equal to that of the wave speed (called the "celerity"), the craft motion disturbances in all six DOF could approach zero.

Boat directions other than head seas or following seas relative to this long-crested seaway introduce motions in the lateral plane degrees of freedom.  In the limit, as the boat operates in a full port beam or starboard beam sea condition, the surge, pitch, and yaw motions will diminish greatly, and the dominant motions becomes heave, sway, and especially roll, as the waves pass from one side of the boat to the other.  

Irregular Seaway.  An irregular two-dimensional seaway with many wavelengths is a more accurate representation of the seaway.  This seaway is often represented by naval architects as the linear superposition of a large number of regular waves of different wavelengths with random phase.  The seaway can be represented by different energy spectral distributions of the summed regular waves.  A relatively simple and commonly used spectrum is the "single-parameter" Pierson-Moskowitz spectrum, that is defined only by the significant wave height.  Significant wave height is defined as the average of the 1/3 highest wave heights, with height defined as twice the wave amplitude, or the distance from the crest to the trough.  Other commonly used wave spectral representations include the Bretschneider spectrum and the JONSWAP spectrum.  

The motions of the given planing craft operating at various directions relative to this irregular long-crested seaway produce complex motions in all six-DOF.  Further, a seaway is seldom long-crested.  Often distant storms may produce swells from one direction, while local prevailing winds produce smaller waves that dominate in a different direction.  When one considers variations in craft direction, speed, and geometry, the prediction of the full nonlinear dynamics of a planing craft is daunting, and has occupied the careers of many research naval architects.  

EFFECT OF MOTION ON SENSOR PERFORMANCE

In general, imaging sensor performance is most sensitive to the angular degrees of freedom of the sensor -- roll, pitch, and yaw.  Consider the case of a video system in "telephoto" mode (narrow field of view) oriented in a lateral (port or starboard view) direction.  The telephoto condition greatly magnifies the sensitivity to roll, because a roll angle on the order of the angle of the field of view of the camera will completely displace the intended target from view.  

Roll, pitch and yaw rate, video field of view, and video frames per second, are fundamental parameters related to the performance of digital video motion compensation algorithms, because these algorithms are ultimately successful only when a significant portion of the image remains, from frame to frame, during adverse angular motions.   

Predicted planing boat motion estimates that are measured or predicted should be compared to the motion specifications corresponding to various electro-optic video and IR imaging systems.  When the anticipated motions exceed those of the specifications, craft or sensor motion mitigation, or image motion compensation schemes, must be applied.

USV-MCM MISSIONS INVOLVING TOWED SYSTEMS

For the MCM mission the USV may be expected to perform mine reconnaissance by towing a high resolution sonar housed in a towfish.  Thus another mechanism by which USV motions can adversely impact sensor performance is propagation of motions down the cable and into the towfish and sensor.  In this case, it is the linear motions of the towpoint, especially the heave and sway motion at the transom, that propagate down the cable and produce six-DOF motions of the towfish and sensor.  The performance of real- and synthetic-aperture sonars is degraded by towfish motion in all six degrees of freedom, but their performance is most sensitive to the three angular degrees of freedom, and especially yaw rate.  The linear towpoint motion on the USV is produced by linear motions of the boat (at the center of rotation), as well as angular motions that are translated into additional towpoint linear motion.

The difficulty with predicting the motions of a planing craft and towfish within a boat-towfish configuration is that the boat, cable, and towfish motions interact with each other.  For example, one may safely assume that the system dynamics of a large boat towing a short small diameter cable and towfish may be accurately modeled by first predicting the boat dynamics with one of several methods (independent of the cable and towfish), then use the resulting transom motions to "drive" the towpoint within one of a number of cable dynamics simulations.  The boat motion might be modeled with a nonlinear time-domain code such as POWERSEA (vertical plane only), and the cable-towfish motion might be modeled with the CSS-developed time-domain code DYNTOCABS.  

However, next suppose that the towing craft is small relative to the towfish.  Intuitively, the approach described above, that assumes only one-way dynamic interaction between the surface boat and the cable-towfish configuration, is no longer valid.  One may assume that the effect of the cable-towfish will in fact mitigate the motions of the towpoint on the surface craft transom.  Modeling this much more complex system requires time-domain integration of the craft motions simultaneously with those of the cable and towfish.  CSS has proposed to integrate the time-domain codes POWERSEA and DYNTOCABS for exactly this purpose.
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