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SCALE AIRCRAFT FACTORS By Thomas H. PurcelI, Jr., P.E. (EAA 14338) 2709 Everett



Raleigh, NC 27607



The discussions on scale aircraft by Mr. Tony Bingelis, in January 1980 Sport Aviation, and other comments by readers has caused me to finally put together an article which has been on my back burner for some time. This article should be helpful to anyone building scale aircraft. Inspection of many socalled scale aircraft will reveal they are not truly scale. This is allright provided the builder makes the aircraft lighter than scale weight or has adequate scale horsepower. Further, depending on what the builder wants, he can improve control and stability by adding a little more dihedral and increasing the tail surface areas. This trick was used by NASA as a way to increase safety of light aircraft and is also well known to many model airplane builders. I did a little analysis, based on some excellent work done by Mr. Ernest G. Stout way back in 1950. Mr. Stout developed some important seaplane technology advances using accurate dynamic radiocontrolled scale models. I have used scale models for much of my new design analysis, too, but this article is presented to show the really astonishing possibilities for man-carrying scale models. The first thing we should know is the basis for developing the scale factors. Mr. Stout did such an excellent job of presenting this data that I am going to use a couple of quotations. The first quotation presents a length equation which you need to read once, but will not have to solve in developing scale factors for scale size aircraft.



. .. a L.



where the variables are density of the fluid, p; velocity of the body, V; linear si/e of the body, L; trim or angle of attack, T; gravity, g; coefficient of viscosity, ft; compressibility of the fluid, !•'/«.' surface roughness,



/ /.. texture of the fluid flow or turbulence, i»/ 1', surface tension, 7; and fineness or aspect ratio, L b. There follows another quote dealing with the development of the dynamic scale factors.



In the early days of seaplane research and ship design, the designer was primarily occupied with the resistance of his hull forms, and, consequently, the basic law of comparison, as stated by Froude, dealing with



the relation of resistance to speed with varying scale was adequate.



However, with increasing knowledge of
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hull form and the rapid development of powerful engines, resistance was gradually, but steadily, subordinated to the more critical studies of dynamic stability on the water and the factors affecting spray formation and seaworthiness. As stated previously, the most direct approach to these problems is through the use of dynamically similar scale models. To obtain accurate results for these complex dynamic problems, it is necessary for the models to be dimensionally correct in all respects to the full-scale prototype i.e., they must not only be geometrically to scale, such as a w i n d - t u n n e l



model or resistance-tank model, but it is also required that they have, among other things, gross weight, inertia, power, accelerations, and all aerodynamic forces; and moments to scale.



It is obvious, therefore, t h a t ,



if this can be accomplished throughout for every factor, we have in effect a flying miniature of the full-scale airplane that will perform every maneuver of the full-scale



aircraft and at a rate of movement directly to scale. In effect, the dynamic model becomes a complex inlegraling mechanism that automatically picks up every known or unsuspected force, in the proper magnitude, point of application, direrlinn, and sequence; integrates all these reactions instantaneously; and provides the observer with the resultant motion and rate. Even if there were no unknown transient forces, the task of integrating all known forces in a complex dynamic reaction by analytical means, for just one speed point, is enormous. It is this goal of tremendous simplification of integrating all



forces on a free body which has made the problems associated with the attainment of such a model seem inconsequential by comparison. Because the dynamically similar flying model represents the ultimate in experimental research at reduced scale, we shall develop the principal scale relationships



involved in its design and analysis.



It is apparent



that, if sufficient basic factors are dimensionally correct, other minor dependent variables will automatically follow.



Therefore, the derivations and relationships



that follow are the principal functions involved and should be sufficient for most analyses.



The engineer



•will find it a simple matter to derive certain other functions not specifically listed in this compilation. In the following derivations we will consider that the symbol for scale, X, represents the whole number—i.e., if A = S then the linear scale is '/» or *~'- As the linear



or geometric scale, X ~ ' , is usually given, it is desired to get all other physical relations in terms of this one value. It is obvious, therefore, that, if the linear scale is a ratio of lengths L, then L varies directly as 1/X or X~ l , written L « X~'. Following this procedure, it is plain that an area is made up of a length times a length or L1. Therefore, area, or L1, varies as the linear scale squared —i.e., area « x~ 2 . in a similar manner, it may be reasoned that a volume or mass is an area, L*, multiplied by thickness or height, L, giving L1. Hence, volume, weight, or, as Froude determined, force « X~'. As the moment of a force is that force multiplied by an arm, L, we may extend our reasoning to show that moment « /,«, or X~ 4 . Similarly, the moment of inertia is a mass multiplied by the arm squared, or moment of inertia «X~ 6 . Since our system of similarity is based on Froude's Law of Comparison and since we have seen from Eq. (1) that this expression depends upon the speed varying with the square root of the linear dimension, it follows that velocity ex V L or X~' A . As distance is a linear dimension, L, and velocity varies as the V L, then time, which is distance divided by velocity, or L/~VL, must also vary with V L. Hence, time « X~ l/r> . Now that we have the basic variations of mass, length, time, and velocity, it is a simple matter to substitute in the expressions for any physical function and derive its variations with linear scale. For instance, revolutions per minute is revolutions, which are nondimensional, divided by time, or 1 /' V L, which gives us the relation r.p.m. oc X'7*. Likewise, acceleration is feet per second squared, or L/(\ L) ! , giving acceleration r second squared, or 1/L, we have simply a « X for this quantity. Whereas we found that lini-ar acceleration is identical to both model and full scale, we see that angular acceleration will be the whole number X times as great in the model as the full-scale value. The fact that linear accelerations do not vary with scale is fortunate, inasmuch as the value g, which is the acceleration due to gravity, is a constant over which we have no control and corrections would be extremely difficult at best, if not impossible. Continuing our derivations into the more complex functions, we recall that power is defined as the work accomplished per unit of time, where work is the product of a force times the distance through which it acts. Following the previous line of thought, we can consider that force, L*, times the distance of action, L, causes work to vary with the fourth power of linear scale— i.e., work « X~ 4 and power will therefore be L 4 /VL, which gives LVl or power « X~ Vl . That these relationships are dimensionally correct can be quickly



checked by substituting these derived values into any formula denning some nondimensional coefficient and thereby demonstrate that the numerical value of the coefficient does not change with scale. For this demonstration we can pick such an expression as the following, which defines the well-known nondimensional power coefficient, Cp: O.np. 5 X 1U" 10'° A X b.hp. (N)' X (D)' J A p



(full tcile)



.y.



where b.hp. is the brake horsepower, ./V is the propeller revolutions per minute, and D is the propeller diameter in feet, all full-scale values. From our previous discussion we know that the Cp for the model would be 5 X 10'° X (b.hp. ^P(model)



(JV x X V,), X



r



(3)



(£> X X - ' ) »



and, solving for the variation of X, we find



x- Vl



A-' ^tmodcl)



-*'*



\~^7>



=



1



(4)



Therefore, the ratio of Cp(tu\\ sc.ie> to C/>,roo,t,i) is unity. For convenience, Table 1 is presented which summarizes the principal relationships in condensed form, giving, in addition, a typical set of values for an assumed value of X = 8 giving a linear scale of '/». The interesting fact to note in closing this brief discussion of dimensional analysis is that all of the factors listed in Table 1 have been experimentally checked on numerous occasions by constructing and testing models of existing airplanes for the purpose of positive correlation. For instance, in the case of the Navy's XP4Y-1, a l/8-scale, radio-controlled, dynamically similar model was constructed and thoroughly correlated with the full-scale airplane, as well as wind-tunnel and towing-basin, tests. With accurate scale propellers set at the actual full-scale blade angle and with the r.p.m. adjusted to 2.83 times the full-scale value (see Table 1), the engine power was measured on a dynamometer and was found to be 1/1,446 the full-scale value, and the thrust developed was 1/512. With this power and a model weight of 1/512 full scale, the model was found to become air-borne at a time and speed equal to 1/2.83 that observed during flight tests. Linear acceleration at the hump and getaway was found to be the same on model and full size. Now we decided to find out what would happen if you made a 1/2 scale Bonanza. It may look like a Bonanza, but there will be one large head in the back seat and none up forward, as the pilot sits in a reclining seat. As you can see from the first entry of the last column in Table II, the aircraft engine will be only 25 horsepower. The results of the other calculations on the Bonanza show that it will be 426 pounds gross weight and be 18 feet in wing span. These are surprisingly similar to many of the new small experimental aircraft being built these days. As you can see, we have calculated some other likely prospects for scale modeling. We couldn't resist it, so we even SPORT AVIATION 71



scaled a 747. If someone could afford four of the small Williams research jet engines, he could have the wildest airplane at Oshkosh.



TABLE I DIMENSIONAL CONVERSION FOR LINEAR SCALE



Perhaps more interesting is the scale Catalina fly-



1/n Scale



General Conversion



ing boat. This was worked backwards assuming the use of two 50 HP Volkswagen engines and came out 1/2.5, or .4 scale. The 1/3 scale appears to be a bit small and would require some close designing to meet the weight limits. However, a 41.5 foot Catalina with two Volkswagon engines could probably beat the 2050 lbs. limit by a couple of hundred lbs. and still carry two people, probably tandem. Now before you go out and start on your favorite 1/2 scale ship, go back and read the sentence underlined in Mr. Stout's quotation . . . "at a rate of movement directly to scale". This means that for a 1/2 scale aircraft, the roll response rate (i.e., RPM in roll) will be 1.414 times full scale. Same for pitch response. Be careful; if you match response rate with your own reaction time, you could be "in a heap-otrouble, boy". Again, some tricks to modify these rates are larger stabilizing area, smaller control areas, and dihedral. Did you ever notice how small the radio model control surfaces are? However, this will make your stick forces go down too low and you may need to change control hinge line location. Remember every aircraft is a trade-off between desired flying qualities and achievable qualities. Note the P-51 scale data in Table II. A 2/3 true scale machine with only a 25 foot
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Don't guess; find a friend who knows and be sure before you get too far into your design. Most aircraft will scale nicely, but check it out before you build and fly. We hope this information will illuminate the problems involved in scale size aircraft, and make this in-



teresting sport safer.



span would weigh nearly 4000 lbs. and need over 400



horsepower. The 1/2 scale is still 20 feet in span but needs only 154 horsepower. Now if you wanted 2/3 scale, to fit your possibly large body, then make it REFERENCES: much lighter, say 1800 lbs. gross for a 25 foot span 1. Ernest G. Stout. MODELING OF HIGH SPEED machine. Then use one of the classic horsepower reWATER BASED A I R C R A F T , Journal of The quired equations from one of many aeronautical Aeronautical Sciences. August, 1950. textbooks. TABLE II TYPICAL SCALE DESIGNS



AIRCRAFT



SCALE



SPAN FULL SIZE SCALE



GROSS WEIGHT FULL



~^n



nr



SCALE



———————— — .



PER ENGINE



CRUISE SPEED FULL SCALE SIZE HP H



Bonanza F33A



1/2



33.5



16.5



3.400



426



285



25.1 HP



175



115



Cessna Centurion



1/2



36



18



3,800



475



300



26.5 HP



171



112



Lake Buccaneer



1/2



38



19



2,690



336



DC- 3



1/3



no



26



25,200



933



747



1/9



195.7



21.6



785 ,000



1076



48,570



Cessna Citation



1/3



43.9



14.6



11,500



425



2,200



P-51



1/2



40 Approx.



20



1 1 ,600



1450



1,720



P-51
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25



11,600



3937



1,720



T-2R



1/2



20



6,759



845



800



41.6



32,000



2050



34.6



32,000



1185



Consolidated PBY "Catal ina"



1/2.5 1/3
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SIZE



IIP OR THRUST FULL SIZE SCALE HP OD LBS.



40



Approx . 104 104
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17.6 HP
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90



51.39HP total
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82 Ib.ea.
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2,400 total



Ib.ea. Ib.ea.



ea. ea.



Ib.ea.
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