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Seaplane d e s i g n c o n s i d e ra t i o n s NEAL WILLFORD



hose who have never ﬂown into EAA AirVenture Oshkosh may not be aware that Wittman Regional Airport is nestled next to Lake Winnebago. On the west coast of this large lake is a seaplane base where convention-goers can escape the show’s busyness and enjoy the shade while seeing a variety of seaplanes and ﬂoat-equipped aircraft. These types of aircraft make up a small percentage of the total aircraft population, but for their owners, the ﬂexibility of being able to land on water makes up for the loss in useful load and performance. In this article we’ll take a look at the considerations for designing a seaplane and for estimating the ﬂoat size needed for converting a land aircraft to water use. As with the previous articles, a new spreadsheet is available to download from the EAA Sport Aviation page on the EAA website at www.EAA.org for those interested in pursuing the topic further.



Since seaplane hulls tend to be rather heavy, keeping the forebody length as short as practical will help to keep the weight down.



Glenn Curtiss’ Hydroaeroplane was among the earliest seaplane designs (facing page). EAA AirVenture’s Seaplane Base welcomes a variety of water-capable aircraft every year (above).
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Before we jump into the details, I wanted to recognize the man largely responsible for the early development of the seaplane–Glenn Curtiss. Next to the Wright brothers, he probably contributed more to the airplane’s early development than anyone else. He ﬁrst equipped one of his pusher designs with a canoe as a ﬂoat in 1910, which was quickly followed by the ﬁrst amphibian (capable of ﬂight from both land and water) and later the ﬂying-boat hull fuselage. It was during the development of this ﬂying boat that his engineers discovered the importance of the stepped-hull conﬁguration. The topic of seaplane or ﬂoat design introduces several terms not normally found in the airplane designer’s vocabulary. Let’s review the major terms before we examine their impact on seaplane design. Figure 1 will also help clarify their meaning.



EAA Sport Aviation



47



Getaway speed: The takeoff speed for a seaplane (typically 10 percent above the stall speed using takeoff ﬂaps). Deadrise angle: The angle between the bottom of the hull and the water. Keel: The bottom edge of the hull at the centerline. Chine: Intersection of the ﬂoat bottom and ﬂoat side. Beam: The width of the hull measured at the step. Step: A discontinuity in the bottom of the hull. Forebody: The portion of the hull forward of the step. Afterbody: The portion of the hull aft of the step. Sternpost angle: The angle between the bottom of the step and the end of the afterbody. Trim angle: The angle of pitch of the hull relative to the water. Throat angle: The angle of incidence of the ﬂoats relative to the aircraft. Load coefﬁcient, C: A coefﬁcient used to help compare hull geometry with other designs or ﬂoat data. It is equal to



C¨ =



weight w x beam^3



Where “w” is the density of water (62.5 pounds/foot3 for freshwater and 64 pounds/foot3 for saltwater). The beam is raised to the third power (or cubed), indicating it has a signiﬁcant impact on this term.



Design Considerations Extensive research on the various aspects of ﬂoat design was conducted by the National Advisory Committee for Aeronautics (NACA) and other European agencies during the 1930s and 1940s. Many of the NACA’s reports on the subject can be found and downloaded at http://NACA. LARC.NASA.gov. Their research makes the job of estimating the hull or ﬂoat dimensions for a speciﬁc design much easier. The design process usually begins with selecting the deadrise angle at the step. Here the designer needs to balance reducing the landing load impact (which decreases with increasing deadrise angle) with lower hull drag and desirable spray characteristics (which favors lower deadrise angles). Typically the deadrise angle varies from 15 Getaway Speed Deadrise Angle



50 mph 15 degrees



Figure 1. Seaplane Hull Definitions



This month’s spreadsheet will estimate the landing load factor based on the seaplane’s gross weight, stall speed, and deadrise angle. You may ﬁnd that you’ll want to use a greater angle than suggested in Table 1 if the landing load factor is higher than you want. Speaking of water landing loads, the ﬂoat or hull needs to be designed to safely handle the maximum loads on the bow, step, stern, and side loads. See FAA CFR Part 23 or the new light-sport aircraft (LSA) ASTM design standards for a complete summary of those loads. Another way of reducing the landing load factor for a given deadrise angle is to use a concave (or ﬂared) hull. This type of hull is difﬁcult to make out of aluminum and is one advantage of using composites for ﬂoat or hull construction. The deadrise angle doesn’t remain constant along the forebody, but increases to around 45 degrees at the bow. The afterbody deadrise angle is usually constant at about 20 degrees. The beam is probably the key dimension of a seaplane hull or a ﬂoat. Empirical equations based on dimensions of successful seaplanes were developed in the early years to help the designer estimate the beam for a new design. Later on Walter Diehl found a relationship of balancing aerodynamic and water forces at takeoff conditions as a function of the beam. His results were presented in Reference 2 and are summarized in Figure 2. The “K factor” curves in his original report assumed the reader wanted to design hulls for saltwater operation. This made sense at that time, since most of the seaplanes in that era were being developed for saltwater. Freshwater is less dense, and consequently a wider beam is needed. Since most small seaplanes today are intended for freshwater operation, the curves shown in Figure 2 have been adjusted to account for this. 60 mph 20 degrees



70 mph 25 degrees



Table 1. Suggested Deadrise Angle



degrees to 25 degrees for general aviation seaplanes. Table 1 (from Reference 1) provides some guidance on initial angle selection for best performance. If you normally do your speed calculations in knots, you can convert to miles per hour by multiplying the speed by 1.15 to compare to the values in Table 1. 48
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The K factor can be read from Figure 2 based on a design’s takeoff lift coefﬁcient and deadrise angle. The best beam is then: Beam (feet) = K x



Wing Area



This can also be thought of as the total beam needed for a twin ﬂoat design, with each ﬂoat having a width of one-half of the estimated beam. Figure 2 shows that the K factor increases with deadrise angle, so all things being equal, a shallower deadrise angle results in a narrower beam. Looking at Figure 1 you can see the forebody length is largely determined by the needed cockpit area. Water tank and actual experience has indicated a relationship between the forebody length and beam as shown in Figure 3. The blue curve is data from Reference 3 for seaplanes with gross weights up to 3,500 pounds. Reference 4 was published after World War II and summarized the NACA testing up to that time. NACA’s recommendations, shown as the green and red curves, indicate a slightly longer forebody is desirable to reduce excessive spray from the hull. I am not aware of whether the seaplanes shown in Figure 3 (all but one are production designs) had bad spray characteristics or not. Since seaplane hulls tend to be rather heavy, keeping the forebody length as short as practical will help to keep the weight down. Various forebody shapes have been developed and tested over the years to help determine what the best hull shape should be. Manufacturing concerns need to be considered (which usually means the simpler, the better). The study summarized in Reference 5 was conducted to develop a good, simpliﬁed hull shape for seaplanes in the general-aviation category. Builders considering their own seaplane design should ﬁnd it helpful. The forebody and the afterbody are separated by the step. This step was the key ingredient in the successful development of the seaplane. A continuous hull (like on boats) creates a downward suction force that would require a signiﬁcant amount of force to overcome at takeoff. Water ﬂowing over the bottom of a seaplane hull at low speeds essentially does so without noticing the step. At higher speeds, however, the continuous ﬂow breaks down as it goes over the step, and the suction force is reduced to a manageable level. This step, though crucial for takeoff performance, does have a drag penalty in ﬂight. For this reason we would like to keep it as small as possible. The hull design in Reference 5 has a step height of 8.3 percent of the beam. Larger seaplanes tended to use steps in the 3 percent to 5 percent range. The seaplane’s center of gravity (CG) needs to be located ahead of the step on conventional hulls that we are currently discussing. Reference 6 suggests that the CG should be 2 degrees to 10 degrees ahead of the step. For twin ﬂoat installations, Tom Hamilton, president of Aerocet Floats, recommends that the CG should be 4 degrees to 6 degrees ahead of the step.



Figure 2. Estimated Best Beam Coefficient for Freshwater Hulls



Figure 3. Seaplane Hull Forebody Length Trend



Figure 4. Seaplane Hull Afterbody Length Trend
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Figure 4 shows the relationship of the afterbody length to the beam. The data is rather scattered, but you can see the general relationship that the afterbody length increases with a higher load coefﬁcient. The afterbody is inclined upward as shown in Figure 1. This is the sternpost angle, and it has a value of about 8 degrees measured from the bottom of the step to the back edge of the afterbody. Most seaplanes are also equipped with tip ﬂoats to provide the necessary side-to-side (transverse) stability. According to Reference 7, they should be big enough to support a load equal to the gross weight divided by the distance from the center of the seaplane to the ﬂoat, or at least 200 pounds at the tip (if the design allows someone to walk on the wing while being docked). Reference 7 is one of the few books still in print that discusses seaplane design, and it’s recommended reading for those wanting to learn more. The most complete discussion on the design and construction of seaplanes is found in References 6 and 8. They are unfortunately long out of print, but those few copies in existence occasionally show up on eBay or on some of the out-of-print book Internet sites.



Figure 5. Estimated Twin Float Length



Twin Float Sizing A seaplane has a weight and performance penalty associated with its high-drag hull. A more common approach is to equip a landplane with ﬂoats. The drag and performance loss in this conﬁguration is likely greater than for an equivalent seaplane, but it offers the obvious advantage of removable ﬂoats. Even this is not necessary if the ﬂoats are the amphibious type (equipped with retractable wheels). Another important advantage of using ﬂoats is that it allows the pilot to bring the airplane right up to a conventional dock. A variety of ﬂoat manufacturers can help you select the correct ﬂoats for your particular aircraft. However, for preliminary estimating and to show the general trends, I’ve generated Figures 5 and 6 (based on Reference 1 information). As mentioned earlier, the initial ﬂoat width can be estimated by dividing in two the beam estimate from Figure 2. The estimated minimum length from Figure 5 is the ﬂoat’s total length, not just the forebody. You can see from Figure 5 that for a given weight, the minimum ﬂoat length increases rapidly for a narrow ﬂoat. The two ﬂoats need to be spread apart to provide the necessary amount of transverse stability, and Figure 6 shows that the minimum ﬂoat spacing doesn’t depend on the ﬂoat length alone, but on the ﬂoat length multiplied by its beam. The ﬂoats are typically installed with a throat angle of 3 degrees to 4 degrees. It is important to realize the ﬂoat or hull sizing discussion to this point has been directed toward optimizing them for takeoff or desired water stability. Ultimately, they need to keep the airplane from sinking when it’s at rest. 50
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Figure 6. Estimated Twin Float Spacing



They need to have more than enough buoyancy to keep the airplane aﬂoat. For example, certiﬁed twin ﬂoats need to each be able to support 90 percent of the maximum gross weight. The reason for the excess buoyancy is to reduce the risk of the seaplane from sinking if one of the ﬂoats springs a leak. Further safety is provided by dividing the ﬂoat or hull into watertight compartments.



Aerodynamic Considerations It’s no surprise that adding ﬂoats will increase an airplane’s drag, but by how much? A wide variety of ﬂoat and seaplane hull conﬁgurations have been tested in various wind tunnels around the world. Table 2 is based on data in References 1 and 8, and it shows the general range of drag coefﬁcients for both ﬂoats and seaplane hulls. The estimated drag area for each is equal to the frontal area of the ﬂoat multiplied by the drag coefﬁcient, and it’s important to realize that these values do not include the additional drag of attach struts, mooring attach points, nonskid areas, and any other protruding objects. These items plus the drag of the ﬂoats can add up to nearly a 30



percent drag increase when equipping a landplane with ﬂoats. The Table 2 data indicate a wide range in drag coefﬁcients for both a main ﬂoat and fuselage hull. Reference 1 has pictures of the various ﬂoats tested and their corresponding drag coefﬁcients, so those interested in more detail should check it out.



Drag Coefficient, CD



Main Float 0.13 to 0.22



They developed the “planing hull,” which consists of a forebody essentially followed by boom for the aft fuselage. NACA water testing indicated that the planing hull works well as a conventional style hull and had less drag. Wind tunnel testing indicated signiﬁcantly less drag (up to 65 percent) compared to a conventional hull. Those interTip Float 0.22



Seaplane Hull 0.25 to 0.35



Table 2. Approximate Drag Coefficients (based on frontal area)



The seaplane-hull drag coefﬁcient is even more difﬁcult to estimate, because it also depends on the shape of the fuselage portion. How well the designer does in streamlining the windshield and the remainder of the fuselage will largely impact this. Reference 1 suggests the hull drag coefﬁcient generally decreases with larger frontal area (as found on larger seaplanes), so for smaller general-aviation size seaplanes, the larger value should be used as a starting point. Compared to conventional fuselages, a seaplane fuselage hull has roughly twice the drag. About 10 percent of the hull’s drag can be contributed to the step alone. NACA engineers spent some time researching what could be done to reduce a hull’s drag in the water and in ﬂight.



ested in learning more about this hull style can go to the NACA website mentioned earlier and search for “planing hull” to ﬁnd the relevant reports. In addition to increasing drag, adding ﬂoats to an airplane can affect its ﬂying qualities—especially directional stability. A ﬂoat installation has roughly half its length located ahead of the CG, and this added side area often requires an extra ﬁn or two at the tail to help restore the directional stability.



Takeoff Estimate Estimating the takeoff distance for a land airplane is fairly straightforward. This is because the angle of attack is constant during its takeoff roll (until rotation). The drag
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Figure 7. Seaplane Drag During Takeoff



during the takeoff roll is relatively low and largely due to aerodynamic drag alone—assuming we’re taking off from a smooth runway.



Those interested in designing seaplanes will need to do a lot more homework to properly design the hull for water landing conditions and also provide the needed flotation. This is not the case for a seaplane, though. The angle of attack is constantly changing during the takeoff run. The hull or ﬂoats also generate a signiﬁcant amount of drag as they move through the water. This drag also depends on how far they are submerged, which decreases during the takeoff run as the wing starts lifting them out of the water. These different variables, and the fact that the propeller’s thrust changes with increasing speed, add to the complexity of making the takeoff estimate. Seaplane researchers found that the best way to tackle the problem was to estimate the thrust and drag during the takeoff roll in small speed increments from the static speed to the getaway speed. Back then, these calculations by hand would be tedious and time-consuming. Fortunately for us, computer spreadsheets make it quick and easy. Figure 7 shows an example of this for an LSA seaplane using this month’s spreadsheet. You can see in the ﬁgure that the water drag reaches its maximum at about one-third the getaway speed. This occurs at the “hump speed,” after which the hull is on step. Though the speed is increasing after that, there is less and less of the hull in the water and so its drag essentially levels off. Up to that point the ﬁgure indicates that the aerodynamic drag is small. It does start increasing as the airspeed goes up, but even at the getaway speed it is still much less than the hull drag. The ﬁgure also shows the estimated thrust for both a ﬁxed-pitch and constant-speed propeller. The advantage 52
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of using a constant-speed prop is evident, as the ﬁxed-pitch propeller doesn’t let the engine develop full rpm and the resulting horsepower at static or lower speed conditions. The takeoff time can be estimated by ﬁnding the excess thrust at each speed increment, calculating the net acceleration at each point, and integrating the result over the speed range. The takeoff distance is found in a similar fashion, except the ratio of speed to acceleration is integrated over the speed range. Short takeoff times and distances require a lot of excess thrust across the speed range. Figure 7 shows the difference between the ﬁxed-pitch thrust and total drag near the getaway speed is pretty small. This means the acceleration in this range is pretty low and will result in a longer run. The estimated takeoff time and distance in this example is 54 seconds and 1,284 feet. By using a constant-speed prop, these values reduce to 12 seconds and 247 feet. The difference could be reduced by using a ﬁxed-pitch prop with less pitch, but then the cruise speed would suffer. It’s no surprise that seaplanes usually have high horsepower engines and constant-speed propellers. Seaplanes, like all airplanes, are a compromise. The seaplane designer and pilot are willing to trade useful load and speed for utility not possible with a conventional airplane. By careful design and selection, these compromises can be somewhat minimized. Those interested in designing seaplanes will need to do a lot more homework to properly design the hull for water landing conditions and also provide the needed ﬂotation. The new ASTM design standards for light-sport aircraft have a section that provides a method to estimate the water loads. Calculating necessary ﬂotation and practical design information on hull structure can be found in References 6 and 8. Good luck and stay dry!



References: Engineering Aerodynamics, Revised Edition, Diehl, Walter S., Ronald Press, 1936. “The application of basic data on planing surfaces to the design of ﬂying-boat hulls,” Diehl, Walter S., NACA Report 694, 1940. “A correlation of the dimensions, proportions and loadings of existing seaplane ﬂoats and ﬂying-boat hulls,” NACA War Time Report W-41, 1943. NACA Industry Conference on Personal Aircraft, 1946. “Hydrodynamic investigation of a series of hull models suitable for small ﬂying boats and amphibians,” W.C. Hugli Jr., W.C. Axt, Stevens Institute of Technology, NACA TN2503, 1953. Marine Aircraft Design, Munro, William, Pitman and Sons, 1933. Design for Flying, 2nd Edition, Thurston, David, Tab Books, 1995. Seaplane Design, Nelson, William, McGraw-Hill, 1934. Technical Aerodynamics, 2nd Edition, Wood, K.D., McGraw-Hill, 1947.
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