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  Hulls


  The hull is the main body of the boat. It is where boating begins. In fact, it is no exaggeration to say that it is the hull that makes any boat, including a sailboat, a boat. More importantly, for sailboats it is the hull that determines a number of basic performance characteristics like acceleration and maximum speed. For example, it turns out that for any boat or ship with a “displacement” hull, the maximum speed is fundamentally determined by its length. Most sailboats are displacement boats, i.e., they move through the water, displacing or pushing the water out of the way as they do so, and not on top of it. Fast powerboats can ride on top of the water, much like a skipping stone, thanks to a phenomenon called “planing,” with the result that such boats are able to reduce water resistance dramatically and move much faster than any displacement boat. But for the most part, sailboats, with the exception of small high-powered dinghies like 470s or the latest generation of offshore racers like Volvo 60s, are unable to achieve this kind of performance for any length of time, and their top speed is limited by the pattern of waves set up as they move through the water.


  Beyond that, hull shape determines the kind of resistance that a sailboat experiences as it moves through the water and therefore how fast it can accelerate and move in low winds. This resistance has two major components: shape resistance and surface resistance, the latter of which includes the total wetted surface of the hull plus its keel. Thanks to both kinds of resistance, as a boat moves through water it will produce turbulence in the water, both along and behind the boat. It requires energy to make this turbulence, energy that must come from the sail power. Therefore, this turbulence retards forward motion.


  Finally, the shape of the hull and attached keel determines the stability of the boat, an element that is crucial to a boat’s performance on many angles of sail. Let us discuss each of these aspects in turn.


  1.1 Hull Speed


  As everyone knows, when a boat moves through the water it generates waves. As the boat first begins to move, rather small waves are produced at the bow, with a pattern of these small waves moving back along the side of the boat. However, as the boat moves faster, the wave generated at the bow begins to have a longer and longer length, and it takes fewer and fewer waves to reach to the stern, until finally there is just one wave along the side of the boat. This wave has a crest or peak at the bow made by the bow as it pushes into the water, a trough along the center of the boat, and another crest at the stern of the boat.


  Note that the length of this wave, or the “wavelength,” is defined as the distance from one crest to the next; in this case from the crest at the bow to the crest at the stern. At this point, if the boat moves any faster, the wave will become even longer, and the stern will begin to fall into the trough so that the boat will be angled upward and begin to seriously plough through the water. The resistance to the forward motion then increases dramatically, and unless there is enough power available to enable the boat to jump up on top of the bow wave and start to plane, the speed of the boat reaches a natural maximum.


  This progression of the wavelength with speed is shown in Figure 1.1 and occurs with all boats unable to achieve planing, in other words, displacement boats like most sailboats, commercial fishing boats, naval vessels, freighters, oil tankers and cruise ships.


  [image: Figure 1.1 Bow Wave and Boat Speed. “Hull Speed” occurs when there is just one wave along the side of the boat, with a crest at the bow and the next crest at the stern of the boat.]

    Figure 1.1 Bow Wave and Boat Speed. “Hull Speed” occurs when there is just one wave along the side of the boat, with a crest at the bow and the next crest at the stern of the boat.


  The relationship between the speed of the boat and the length of the wave generated is well known. It arises because surface water waves are “dispersive,” i.e., their speed depends on their wavelength. The speed of the boat will be limited to the speed of the wave that has a wavelength equal to the length along the waterline of the boat. This “hull speed” effectively limits the speed of most sailboats to less than 10 knots and of most naval vessels to less than 30 knots.


  With just a little algebra and some basic physics, we can derive the relationship between the speed and wavelength of a water wave. This derivation is presented in the box below. As noted in the introduction, the reader may skip this derivation without losing any understanding of the basic physics involved. However, for those who would like to see a derivation of the so-called “hull speed formula,” we present it here.


  

  Derivation of Hull Speed Formula


  In general, a wave can be described by either a sine or cosine function. Let us choose the sine function so that the amplitude of the wave is zero at the origin.


  y = A sin (2 π  λ) x,


  where y represents the height of the wave at horizontal position x, and A is the maximum height or “amplitude” of the wave above the normal surface of the water. The distance from one crest to the next crest is the wavelength, λ, of the wave. Such a wave is shown schematically in Figure 1.2.


  Now, near the origin, where x is small, sin (2 π / λ) is approximately equal to just (2 π / λ), i.e.,


  sin (2 π / λ  x ≈ (2 π / λ) x,


  so that


  y = A (2 π / λ) x.


  The ratio of y to x is then


  y / x = A (2 π / λ).


  Let us save this result for a little while and stop to discuss the general motion of water at the surface as a wave passes by.


  [image: Fig. 1.2 Diagram showing motion of a particle on the surface of a water wave. The speed of the wave through the water is V; the speed of a surface particle in its circular motion as the wave passes is U. The net speed is the sum of these two speeds.]

    Fig. 1.2 Diagram showing motion of a particle on the surface of a water wave. The speed of the wave through the water is V; the speed of a surface particle in its circular motion as the wave passes is U. The net speed is the sum of these two speeds.


  To begin with, it’s important to note that the water in a surface water wave does not just move up and down as the wave passes. It also goes somewhat forward on the crest and then back again in the trough. If, for example, you place a cork in the water and watch it carefully as a wave comes by, you will see the cork move around in a circle. At the crest, the movement of the cork is forward, and in the trough it is backward, relative to the motion of the wave. (Actually, the cork will move a little more forward at the top than it moves backward at the bottom, so that there is a small net movement forward, and this effect increases with the size of the wave. But for our purpose here, we can approximate the motion as a circle.) Furthermore, if you watch the cork carefully, you will see that its speed as it moves around on the circle is constant.


  This motion on the wave is indicated in Figure 1.2. Let the (constant) speed of the cork on the circle be u, and the speed of the advancing wave be v. At y = 0, the normal surface of the water, the speed of the cork on its circle is u and the direction is vertical, as indicated in Figure 1.2. Using the ratio of the horizontal to vertical displacements of the wave near the origin obtained above, we can relate the speed u to the speed of the moving wave, v. The ratio of the vertical to horizontal speeds is u/v and this will be the same as the ratio of y to x at the origin for the wave as obtained above. Hence we have


  u / v = y / x = A (2 π / λ). (1.1)


  Now we apply conservation of energy to the motion of the water on the surface (as demonstrated by the motion of the cork). The Law of Conservation of Energy is one of the basic principles of physics and can be stated as: The total energy of a closed system is constant in amount. A “closed” system simply means that no energy is allowed to enter or leave the system with respect to its surroundings. Clearly, energy cannot be conserved, i.e., fixed in amount, in a system where one keeps putting energy in from outside, for example. The real impact of this law is that energy cannot be created or destroyed; it can only move from one place or form to another. All energy that we use comes from somewhere else, or another form. This law has never been seen to be violated; it is a statement of fact about our physical universe.


  In any event, let us apply this law to a water wave. The two energies involved are the energy associated with motion, the so-called kinetic energy, calculated as ½ m v2, and the gravitational potential energy, calculated as mgh. The Law of Conservation of Energy tells us that the difference in the motional (kinetic) energy must be equal to the difference in the potential energy. The easiest way to analyze this situation is to employ a device used by the English physicist Lord Rayleigh (1842 – 1919). The trick is to consider what you would see if the wave was moving in a current which had exactly the velocity, v, of the wave, but was moving in the opposite direction. This “adverse current” enables you to concentrate on the local motion of the water at the surface in its circular path as the wave passes by. Because the adverse current is in the opposite direction to the motion of the wave, the motion of the water, in this situation, at the crest is v - u, and in the trough it is v + u. The energy equation is then,


  Change in Potential Energy = Change in Kinetic Energy


  2 m g A = m / 2 [(v + u) 2 - (v – u) 2],


  where the height change, h, is the vertical distance between the trough and the crest, which is 2A, twice the amplitude of the wave. Simplifying the right-hand side, we have


  2 m g A = 2 m v u,


  or just,


  g A = v u. (1.2)


  Now using the result from equation 1.1 above that


  u = A (2 π / λ) v,


  we have


  g A = A (2 π / λ) v 2.


  Solving for v, the speed of the wave, yields,


v  =  g λ/2π,


  or


v  =  g /2π      λ.    (1.3)




  Equation 1.3 shows that the speed of a surface water wave is determined completely by its wavelength, i.e., the square root of the wavelength, since the first square root involves only known constants.


  This result can also be obtained in other ways and has been verified experimentally. It is interesting and important not only for determining the maximum speed of displacement boats, but in a variety of different situations. For example, it is this feature of surface water waves that enables surfers to enjoy very large waves from a storm out to sea. Specifically, because the long-wavelength waves travel faster than the shorter-wavelength waves, they reach the shoreline sooner and surfers can enjoy the long rollers for a day or two before the smaller, choppier waves appear. Ocean sailors have known for centuries that an approaching storm is signaled by long rollers and that the direction of the storm is the same as the direction from which the waves are coming.


  This is also why the ocean is often full of swells, i.e., waves with fairly long wavelengths. The long-wavelength waves spread out from a storm and often are able to travel very long distances without a great deal of dissipation while the shorter-wavelength waves, which take longer to travel large distances, dissipate before getting very far.


  Note that this latter phenomenon is a result of the fact that shorter-wavelength waves have more energy for the same wave height compared to a longer-wavelength wave causing a greater “shearing” of the water molecules as they move about within the wave. This in turn causes the wave to dissipate energy faster. The behaviors of waves with different wavelengths can be seen even in the waves that spread out from a pebble dropped in a pond. If you look carefully, you will see that the waves that move out the fastest are those with the longer wavelength, and that they slowly spread out from the shorter wavelength ones as they go, until they all die away. At large distances, only the longest waves are still observed. A photograph of such a case is shown in Figure 1.3.


  [image: Figure 1.3 Waves produced by a stone thrown into a pond. (From R. Tricker, Bores, Breakers, Waves and Wakes.) Note that the longer wavelength waves move out faster than the shorter wavelength waves, because of the fact that water waves have faster speeds for longer wavelengths.]

    Figure 1.3 Waves produced by a stone thrown into a pond. (From R. Tricker, Bores, Breakers, Waves and Wakes.) Note that the longer wavelength waves move out faster than the shorter wavelength waves, because of the fact that water waves have faster speeds for longer wavelengths.


  We now can understand mathematically why the wave pattern along the side of the boat develops as shown in Figure 1.1. First, we note that since the bow wave is created by the boat pushing through the water, the crest of this wave must move with the speed of the boat since this is how it is made. If we dictate the speed of a wave, then equation 1.3 tells us what its wavelength is, viz.,


  λ = v 2 / 2 πg.


  This then will be the length of the wave seen to move back along the side of the boat. As the boat goes faster, the bow crest moves faster and the length of the wave must increase. As discussed above, the length of the wave will continue to increase as the boat speed increases until the wavelength equals the length of the boat and the stern begins to fall into the trough. This speed then is the hull speed.


  Using the formula of equation 1.3, we can calculate the speed of a water wave for different wavelengths. These speeds will then determine the hull speeds for boats. For example, in the English system of units,


g/2π=(32 ft/sec2/2 π)1/2


  = 2.26 ft1/2 / sec,


  and if the wavelength, λ, is in feet, we have for equation 1.3,


v = 2.26   λ  (ft/sec),


  or,


v = 1.53  λ  (mi/hr),


  or, using that 1 knot = 1.15 mi/hr,


v = 1.34  λ  (knots).            (1.4)


  In Table 1.1 we present the wave speeds for different wavelengths in feet/sec, mph and knots. Since the hull speed of a boat is equal to the speed of a water wave with length equal to the waterline length of a boat, these speeds are also hull speeds for boats with waterline length equal to the wavelengths indicated.


  Table 1.1 Wave/Hull Speeds


 

	
Wavelength

(feet)


	
(ft/sec)


	
Speed

Mph


	
Knots

(1knot= 1.15 mph)





	
1


	
2.3


	
1.6


	
1.4





	
5


	
5.0


	
3.4


	
3.0





	
10


	
7.1


	
4.8


	
4.2





	
20


	
10.1


	
6.9


	
6.0





	
30


	
12.4


	
8.5


	
7.4





	
50


	
16.0


	
10.0


	
9.5





	
75


	
19.5


	
13.3


	
11.6





	
100


	
22.6


	
15.4


	
13.4





	
200


	
31.9


	
21.8


	
18.9





	
300


	
39.1


	
26.7


	
23.2








  We see that the hull speed, given by equation 1.4 and presented in Table 1.1, is less than 10 knots for most sailboats. As discussed above, the only way to get around this limit is to make the boat plane, or ride on top of the water, rather than plough through it. Multihulls can often do this, as can high-performance skiffs and dinghies. An ordinary monohull sailboat can do this occasionally, for example when surfing on a fairly large wave. But most of the time, when cruising sailboats run into this limit, that’s as fast as they can go.


  Figure 1.4 shows the resistance curve for a typical cruising sailboat as a function of the boat speed in which the hull speed indicated is calculated from equation 1.4 above. At low speeds the resistance is dominated by the surface resistance of the hull, but at higher speeds the “wave resistance,” i.e., the effect discussed here, begins to dominate and finally increases sharply, effectively limiting the speed of the boat. In fact, this resistance is so great that adding more power, whether from sails or an engine, really doesn’t do much good.


  [image: Figure 1.4 Drag components and hull speed for a typical sailboat with waterline length of 30 feet. The drag, or resistance, is seen to rise sharply when the boat speed moves past the theoretical hull speed, where the resistance due to the wave formation along the hull becomes dominant.]

    Figure 1.4 Drag components and hull speed for a typical sailboat with waterline length of 30 feet. The drag, or resistance, is seen to rise sharply when the boat speed moves past the theoretical hull speed, where the resistance due to the wave formation along the hull becomes dominant.


  In Figure 1.5 we see a photo of a sailboat moving at its hull speed. The wave, with a crest at the bow and at the stern, is seen clearly. If more power is available, it will increase the speed of the boat, the wave will become longer and the stern of the boat will fall down into the trough. The boat will then be angled up at the bow and will start to plough through the water. The resistance will increase dramatically and it will be difficult for the boat to go faster.


  [image: Figure 1.5 A sailboat moving at hull speed. Note the wave crests at the bow and at the stern, with a well-formed trough in between. (Photo by Greg Green, with permission.)]

    Figure 1.5 A sailboat moving at hull speed. Note the wave crests at the bow and at the stern, with a well-formed trough in between. (Photo by Greg Green, with permission.)


  Another interesting example of this effect is seen when a beginner tries to learn how to swim the butterfly stroke. As the swimmer starts to windmill his arms, a wave forms in front of his body and the swimmer feels like he is swimming uphill. The resistance is almost overwhelming. However, if the swimmer can put on a real burst of effort, he can “bust through” the wave and begin to plane. Suddenly, the swimming becomes much faster and, surprisingly, much easier. This experience is much the same as that experienced by a displacement type boat reaching its hull speed.


  That the length of a boat was the major limit to its maximum speed was recognized early on both by sailors and designers. Bigger ships were generally faster than smaller ships. The fastest clipper ships, for example, were all very long. This was also true in sailboat racing at the highest levels. The America’s Cup racers of the late 1800s and early 1900s kept getting longer and longer in order to obtain more speed, with the result that the limit in length was determined primarily by the size of the pocketbook


  

  

  

  1.2 Surface Resistance


  

  

  

  

  

  

  [image: Figure 1.6 Speed of water molecules relative to the hull as one moves out from the hull, for a boat moving at 5 knots. The fact that these speeds increase indicates that shearing of water molecules must be occurring. The speed is limited at 5 knots, the speed of the boat; these molecules are sitting still with respect to the distant water. (Adapted from The Symmetry of Sailing, by R. Garrett.)]

    

  

  

  1.3 Shape Resistance


  

  

  

  

  

  

  [image: Figure 1.7 Design of hull shape for a modern racing mono-hull sailboat, ca. 2000.]

    

  

  [image: Figure 1.8 The hull of ILLBRUCK, winner of the 2001-2002 Volvo Ocean Race as an example of a modern, racing, monohulled sailboat. Note the narrow bow, the relatively flat bottom, and the truncated stern, and also the narrow, deep keel with a large bulb at the bottom. (Photo by Rick Tomlinson, with permission.)]

    

  1.4 Parasitic Resistance


  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  [image: Figure 1.9 Water flow along a hull.]
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