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of some photographs of the air flow round wings and propellers. These pictures were taken in a wind tunnel at Cambridge University*, and the streamlines were ... 
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he purpose of this article is to T explain some of the more important features of lift, thrust and drag which are likely to be familiar to you as pilots. Two aerodynamic theorems will be used with the help



Lift



Thrust and Drag By B. G. Newman, Ph.D.



of some photographs of the air flow round wings and propellers. These pictures were taken in a wind tunnel at Cambridge University*, and the streamlines were made visible by means of smoke (to be more exact kerosene vapor). This is of course not the only way of making airflow visible, and at the end of the article other visualization techniques for use in flight will be briefly discussed. THEOREM ONE When airflow turns a corner the air pressure must be higher on the outside of the bend than it is on the inside.



HIGH PRESSURE



LOW PRESSURE



very familiar to you: in meteorology the winds circulate round the low



pressure regions in a system which we know as a cyclone or a low. Another example nearer home: if we stir a cup of tea in England (or a cup of coffee in America) vigorously, the level of the liquid is lowest in the center. With the aid of theorem one we can explain the production of thrust



by a propeller, the production of lift by a wing and the existence of part of the drag—the trailing vortex drag. The smoke pictures in Fig. 1 show the flow from right to left through



a propeller. The curvature of the streamlines in the first picture at high propeller rpm shows that the pressure ahead of the propeller is less than that far away to the side and the pressure behind (where you will note the smoke filaments tend to disappear because of the turbulence produced by the propeller) is greater than that far away. Thus we



r-



The pressure must be higher on the outside to balance the centrifugal force, or more exactly to produce the centrifugal acceleration. We are all familiar with this idea for bodies turning in a circle. If we whirl a



weight round on the end of a piece Lecturer in Aeronautics, Cambridge University, Canadair Visiting Professor in Fluid Mechanics, Laval University



of string, the tension in the string balances the centrifugal force on the body. If we do a steep turn in an aircraft the extra lift on the wings



propeller than in front and hence a



our pants. And what is true of these larger bodies is also true of the very small particles composing the air.



The second picture shows the propeller running at a lower rpm and you will notice that the streamline curvature is less, hence the pressure



Another example will no doubt be *Most of the models and the tunnel itself were designed by Dr. M. R. Head, lecturer in aeronautics at Cambridge University.



Fig. HIGH RPM



have a higher pressure behind the



balances the centrifugal force, or more exactly, produces the centrifugal G which we feel on the seat of



thrust.



difference and the thrust are also less.



1 Flow from right to left through a propeller: R.N. based on propeller diameter: 104 LOW RPM



REVERSED



first picture shows the streamlines going underneath the wing, and the high pressure in the center causes the flow near the tips to curve outwards. In the second picture the streamlines are passing over the top of the wing, and the streamlines curve inwards from the tips because of the low pressure region near the center.



This outflow and inflow causes two vortices to be formed near the tips which can easily be seen in these



Fig. 2. Flow from right to left past a wing section NACA 23015: Incidence 5°: R.N. based on chord: 3.5 x 10'



The third picture shows the propeller with the direction of rotation reversed and you will notice that the pressure in front is now higher than that far away, while that behind is much the same as that far away (very little curvature). Thus the propeller produces a drag instead of



photographs. The rotational energy continuously left behind the wing in



these vortices of course represents so much wasted power and hence we have an associated drag which is



THEOREM TWO When the pressure along a streamline increases as the air flows over a wing or other surface the flow is likely to break away or separate. The greater the pressure rise the more likely this is to happen. To explain this theorem we have



to examine what is happening to the flow very near the surface in what



t>



called trailing vortex or sometimes



induced drag. From this we can see



LA1&H



at once that a high aspect ratio wing



is a good thing, for then we get more lift for a given vortex drag.



Hence high aspect ratio wings are used in particular on gliders, be-
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SURF4C£



is called the boundary layer. STREAMLINES PASSING BENEATH THE WING



STREAMLINES PASSING ABOVE THE WING



It is



easier to imagine the surface fixed and the air flowing over it, as for a



model in a wind tunnel.



Because the molecules forming the boundary surface interlock with the nearby molecules of air, the air velocity is actually zero at the surface and increases from the surface outwards. The boundary layer in which



this large velocity change occurs, is usually very thin, so that the pressure change across it, even if the streamlines happen to be curved, is



very small and the streamlines sure, but very Hence the flow Fig. 3. Flow from right to left past a rectangular wing: R.N. based on chord: 5.5 x 103



a thrust — a feature which is used on many transport aircraft after landing.



cause this source of drag is relatively large for slow aircraft.



How about the lift on a wing? Fig. 2



of a T-33 jet aircraft is shown. One streamline on each side near the tips is split by the wing (this doesn't happen all the way across because of the wing dihedral), and you will notice how it curves inwards on the top and outwards on the bottom. The trailing vortices can be seen and also



shows the flow round a wing section at about 5 deg. incidence. Once again



the pressure far away will be the



same everywhere. So we see that on the top of the wing near the leading edge the pressure is low, becoming higher again towards the trailing edge. On the bottom of the wing the pressure is higher than that far away very near the leading edge, becoming more or less equal to that far away toward the trailing edge. Thus we have low pressure on top, a high pressure underneath and hence lift. In Fig. 3 we see the flow round a rectangular wing in plan view. The SPORT AVIATION



can be neglected. So have the same presdifferent velocities. near the surface has



the same pressure energy but much less velocity energy than that further out.



In Fig. 4 the flow round the model



the flow going into the root air intakes and out of the jet at the back. You will also notice how the designer has placed the tailplane so



that the turbulent flow leaving the wing is carried well below, thus ensuring that the tailplane works in smooth air.



So much then for Theorem One.



Fig. 4. Flow from right to left past model of the T-33 jet aircraft with clipped wings: R.N. based on mean wing chord: 3 x 10< 21



Now if the pressure rises as we move along the surface the pressure energy increases and the velocity energy decreases to compensate. The flow outside the boundary layer can cope with this situation, it has not lost any energy and thus has sufficient velocity energy to spare. But the tired air near the surface is low on velocity energy, and if the pressure rise is too great it can't make it, and blackflow occurs. Thus if the pressure rise is too great, separation of the boundary layer will always occur.



In studying the flow round the wing section in Fig. 2 we noted that the pressure was low on the top of wing and increased toward the trailing edge. Thus the boundary layer on the top of the wing is advancing into a rising pressure and thus separation is likely. This pressure rise increases as we increase the incidence of the wing, and hence at some critical incidence the flow breaks away and the wing stalls. This is shown in Fig. 5 where the wing is at 17 deg. incidence and the flow has completely separated from the top of the wing. You will notice that the flow curvature above the wing is now reduced so that the lift is also reduced. Furthermore a large turbulent wake is formed behind the wing and the drag is greatly increased. Also the flow in the turbulent wake is very unsteady so that we usually experience buffetting of the fuselage and tailplane when a wing stalls in flight. To sum up therefore, the wing stalls



Fig. 5 Right from



because we are asking the tired, slow-moving, boundary-layer air to advance into a rising pressure of too great a magnitude. How can this flow separation be prevented? One way is to suck away the lower part of the boundary layer through the surface. This is fairly easily done by perforating the surface with small holes and connecting a suction pump to the interior of the wing. This has been done for the flow shown in Fig. 6, and you will notice that the separation has completely disappeared even though the wing is



still at 17 deg. incidence. Another way of preventing separation by boundary-layer control is to blow air out along the upper surface and over the flap. This energizes the boundarylayer flow (increases its velocity) and hence also prevents separation. Yet another way is to energize the boundary layer by mixing it up using vortex generators.



Fig. 7. Flow from right to left past



NACA 23015 at 11° incidence with and without a leading edge slat: R.N. based on chord: 3.5 x 10-*



A different way of preventing separation is to reduce the increase of pressure and this may be done by means of a slat near the leading edge. The effect is not so dramatic and is difficult to show at the low speeds which are used in a smoke tunnel. However if you look carefully at the pictures in Fig. 7 you will notice that the lift is slightly increased when the slat is in position.



separates and this emphasizes the importance of streamlining antennae, undercarriage legs and so forth. The flow round a circular cylinder is shown in Fig. 8 and we see that, because of the large rising pressure as the flow proceeds round the back of the cylinder, breakaway quickly occurs leaving behind a large turbulent wake. This adverse pressure gradient can be very effectively reduced by adding a fairing to the back of the cylinder as in the second picture. Then the separation is delayed and the drag is greatly reduced.



We have noticed how the drag is greatly increased when the flow



There are a few visualization techniques for detecting separation which



— Flow right to



left past NACA



23015 at 17o jn. cidence: R.N. based on chord: 2x 10' Fig. 6 Far Right — As Fig. 5 with suction
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APRIL 1959



'***•*-•



By H. C. Zeisloft In the February 1959 issue of SPORT AVIATION we reviewed



briefly some comments on the powerplant requirement for the contest. Closely associated with this is the rule regarding a fixed pitch one-piece propeller (Spec Number 1.30). The



contest committee has decided that as a matter of policy the judges would be instructed to evaluate the propeller on a point basis only and



disregard the fact that it may or may not carry an Approved Type Certificate. The requirement still holds for a one-piece propeller. This will alleviate difficulties in conforming to ATC requirements and problems involved in finding pusher propellers.



As noted in the specs and overall



dimensions, for the maximum envelope of the aircraft in its configur-



The purpose of this design competition is to develop a sport aircraft which lends itself to economical operation and low first cost. The basic idea to achieve this is to arrange the aircraft so that it can readily be towed behind an automobile and parked in the owner's garage. The official rules and specifications are outlined in the April 1958 issue of SPORT AVIATION. They are also available in booklet form at EAA Headquarters. The contest will be judged at the 1960 Fly-In. HOW TO ENTER: Write to EAA Design Contest, Experimental Aircraft Association, Hales Corners, Wis., and ask for an official entry blank. Complete this form and return with the $2.00 entry fee and you



will receive the contest regulations, bibliography of reference material, and preliminary scoring data.



ation and storage are as



follows:



Maximum length 240 in., maximum width 96 in., maximum height 84 in.



These dimensions were set up as representing average garage capabilities



as well as considering dimensional limitations for highway use. The 96 in. width represents the maximum legal width for a vehicle used on the highway and the 240 in. length generally represents the space required for parking a Cadillac. A quick review of your EAA Data Book for 1959 will show that this length requirement should be completely ade-



quate for the type of aircraft under



consideration.



Some of the design features which



you would expect to find in aircraft



of simple construction and economical operation are illustrated in each issue of SPORT AVIATION. For example, the folding wing arrangement on Jim Frost's Stits Playboy, and the wing rack arrangement shown



in the picture of L. R. Eaves' Cougar (SA 2-59 page 14).



Fig. 8 Flow from right to left past a circular cylinder with and without a fairing: R.N. based on cylinder diameter: 2.7x10'



can be used on an aircratt and you may be interested in trying one of



them. Stick one end of some strands of wool or nylon (about three inches long) on the surface; these will then indicate the direction of flow and the amount of turbulence. If you have a low-wing aircraft, stick some on the upper surface of the wing, take the machine up and stall it. You will immediately notice which part of the wing stalls first. Smoke isn't very easy to arrange although it has been used in particular to indicate the trailing vortices. The trouble is it diffuses rather too rapidly at the higher aircraft speeds. You can also, sometimes, see the direction of airflow when flying through rain from the movement of the water on the SPORT AVIATION



surface. This is particularly easy to see on the wind screen and canopy.



If you have any questions regarding your entry or interpretation of the specs, don't hesitate to contact the contest committee at headquarters.



To summarize we have seen how the first theorem which states that



the air pressure is higher on the outside of a bend, helps to explain lift, propeller thrust and vortex drag. The second theorem tells us that separation is caused by the sluggish boun-



dary-layer air advancing into a region



of higher pressure. This immediately suggested several ways whereby the breakaway could be prevented, the



lift increased and the drag reduced. By the way smoke tunnels are comparatively easy to build, anyway much easier than aircraft.



EAA DESIGN COMPETITION TOTAL CONTRIBUTIONS



$1,917.33 THIS MONTH'S CONTRIBUTORS JOE KIRK, Rockford,



III.



. . . . . . . . . . . . 75.00'



WILLIAM D. KOONTZ, Marked Tree, Ark. . . . . . . . . . $5.00 RAYMOND O.



REED,



Wonewoc, Wis.



. . . . . . . . . . . . 3.50



*From Design Study Prints
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