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The fundamentals of aircraft cooling
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The P-51 Mustang is famous for its cooling system. It is reported to have a net drag of 0, or even a slight amount of net thrust. This remarkable feat is not due to the basic scoop design, but rather to the total design of the cooling system.
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Cory Bird uses a composite plenum to efficiently route cooling air around the four cylinders of Symmetry’s engine.



Cooling is vital to every aircraft. Engines, oil, air conditioning, elec-



tronics, and passengers all need cooling. Cooling system design is often referred to as a black art, but it really isn’t. Cooling does boil down to the science of aerodynamics after all. On many aircraft, cooling air is a significant source of drag. In a study of several aircraft designs, the National Advisory Committee for Aeronautics (NACA) found that up to 46 percent of total aircraft drag was cooling-related. Ideally, the cooling system will extract the air for cooling and return it to the flow without disrupting the natural flow of air. The goal for every aircraft design should be to come as close to this ideal as possible. Cooling discussions typically center on scoop designs and exits, but there is more to the story than that. You must also take into account the relationships among the



A submerged-duct entrance on NACA inlet.



various components of cooling airﬂow, including inlets, diffusers, leaks, convergence zones, and exits. NACA studied a variety of inlets at a variety of ramp 32
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angles and geometries, some with raised inlets and lips, and some with fences at various points along the inlet sides. The one often referred to as the NACA inlet is a submerged inlet design that represented the optimum compromise of drag, mass ﬂow variability, and pressure recovery. Its general conﬁguration consists of a curvesided ramp of 5 degrees to 11.5 degrees, with 7 degrees being optimal; sharp edges where the inlet plunges from the skin surface; and an inlet width-to-depth ratio of from 3-to-1 to 5-to-1. The inlet lip is formed into an airfoil shape with the thickness of the lip about 45 percent to 50 percent as thick as the height of the inlet opening. The NACA submerged inlet has the lowest drag of any inlet design for “off-design conditions.” This characteristic makes it ideal for vents that may be open or closed, depending on the circumstances, because the drag in either condition remains minimal. This inlet works well for engine cooling, cabin airﬂow, and other cooling needs. As aircraft ﬂy faster there may be excess EAA Sport Aviation
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I HAVE SEEN MANY WELL-MEANING BUILDERS PUT NICELY ROUNDED EDGES ON THEIR NACA SCOOPS, NOT REALIZING THE SHARP EDGES ARE NECESSARY FOR PROPER FUNCTION.



airﬂow; with this inlet installed the ﬂow can be restricted while incurring minimal drag penalties.



INLET DESIGN Boundary layer thickness affects the function of this inlet. For this reason NACA-style ducts are usually placed near the front end of an aircraft and scoop-style inlets



placed farther aft. In aft installations, vortex generators (VGs) upstream of the inlet are effective in thinning and re-energizing the boundary layer, thereby improving inlet



Key elements of “the” NACA scoop are sharp edges on the curved profile and low drag when the inlet is closed.



function. Inlet fences can be used for the same function, too, but both of these will increase drag. Don’t forget the sharp edges. I have seen many well-
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meaning builders put nicely rounded edges on their NACA scoops, not realizing the sharp edges are necessary for proper function. A key and distinguishing feature of the NACA inlet is the curved proﬁle sharp edges. A common misconception is that the shape functions as a diffuser, but it does not. The edges shed vortices, which entrain air from the free stream ﬂow and deposit it in the inlet. Another issue is pressure recovery, the ratio of the average inlet dynamic pressure compared to the free stream dynamic pressure. Pressure recovery functions as a measure of inlet efﬁciency, and the NACA inlet shows up to 94



percent of the dynamic pressure can be recovered in the inlet. Most installations do not achieve this high level of recovery, but the potential is there. An inlet velocity of 60 percent to 80 percent of the free stream provides optimal pressure recovery. The inlet lip geometry can affect the pressure recovery. The inlet lip should start ﬂush with the surface and dive into the inlet with an airfoil shape and a negative angle of attack of about 3 degrees. It is acceptable to have the inlet lip rise above the surface, but it will have more drag and less efﬁciency than the ﬂush lip. The P-51 Mustang is famous for its cooling system. It is reported to have a net drag of 0, or even a slight amount of net thrust. This remarkable feat is not due to the basic scoop design, but rather to the total design of the cooling system. NACA studies compared a raised style scoop (without boundary separation) to the submerged inlet. It was found EAA Sport Aviation
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OTHER INLETS



in all cases the submerged inlet had equal or lower drag and equal or better pressure recovery. The P-51 style of scoop is a more appropriate scoop when design considerations are for
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large angles of attack relative to the centerline of the scoop, where separated ﬂow may occur, or where the submerged inlet will not ﬁt the space available.



Cowling inlets and wing leading edge inlets are known as stagnation inlets. The effectiveness of inlets is tied directly to the dynamic pressure available for use. If the stagnation point cannot be avoided and air is needed convenient to that location, a stagnation inlet may be appropriate. The advantage is the short path needed to divert air to the heat source. This is also the disadvantage as will be discussed later with diffusers. Stagnation inlets are common on most GA aircraft cowlings. Wing leading edge inlets are famous on such aircraft as the Corsair, Black Widow, and Mosquito of World War II. These inlets have the potential for very low drag; however, leading edge inlets may disrupt the ﬂow enough to decrease lift or lower the stall angle of attack because they increase the drag of the airfoil. The major design issue with these inlets is the position of the stagnation point relative to the inlet over the range of attack angles. The wings require variable inlets and outlets to properly compensate for this movement. As with other inlets, a wellshaped lip is important to reduce drag on stagnation inlets. Since the airﬂow entering and exiting the aircraft is all subsonic—nobody is designing for ﬂight greater than Mach 1.0, right?—the airﬂow communicates from one end to the other. In other words the inlet is affected by the exit, so the design of the inlet, exit, and all points in the middle are equally important. Take a look inside a P-51 scoop and exit next time you have a chance; you will ﬁnd it is just as smooth and projection free as the outside surfaces. It also has a large diffuser to slow the ﬂow prior to entering the radiator and a converging nozzle to accelerate the ﬂow back to free stream velocity for discharge. Remember, the goal is to extract the air and reintroduce it to the stream without disrupting the ﬂow that would exist if you hadn’t extracted it. The lack of a diffuser is a com-



mon deﬁciency in cooling systems. A cooling system must have a diffuser to slow the ﬂow or it will not be as efﬁcient. Flowing air through the engine compartment, radiator, or cabin will involve bends and sharp edges. If the ﬂow can be slowed before it encounters these nasty things, a lot less energy will be lost from the airﬂow. To limit the cooling drag losses, the airﬂow should be slowed to between 10 percent and 40 percent of its free stream value.



PUTTING THE AIR TO WORK The ideal two-dimensional diffuser will not have any included angle of divergence greater than 7 degrees, though up to 14 degrees will give tolerable pressure recovery. There should not be any sharp bends or edges to cause ﬂow sepa-



ration. Complying with these rules could imply a diffuser up to several feet long. NACA discovered a way to shorten the length of the diffuser by dividing it up to look like a fan comprised of multiple 7-degree diffusers. Segments can be stacked to create up to a 42-degree divergence angle, with 28 degrees giving the optimal pressure recovery. The individual dividers should be half to three-fourths of the length of the diffuser exterior walls, be located about midway, and have thin airfoil shapes. A diffuser meeting these criteria is short, yet obtains a pressure recovery of about 75 percent. Once the airﬂow is captured and slowed down, it should not be allowed to go willy-nilly inside the cooler or engine compartment. Airﬂow should be sent only where it’s intended to go, and it should be allowed to go only to those spots. EAA Sport Aviation
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How efficiently cooling air flows through the cowl depends as much on the outlet as it does the inlet.



Many engine compartments are caverns with one or two entrances, one or two exits, and the hope the incoming air will find its way. Aftermarket cooling air plenums designed for RV aircraft with nice curved surfaces and very close-fitting forms have been reported to increase cruise speed by several knots. If you are looking for those last few knots of performance, this is a good place to get it. Air leaking into or out of gaps, holes, seams, and exits creates drag called excrescence drag. Some excrescence drag is unavoidable; most is not. The cooling system and cowling should be sealed as well as possible. The presence of any leaks in the cooling pathway will increase drag in the cooling pathway and the exterior as well. This is a separate topic, but needs mention as something to be reduced wherever possible. Once the air has done its job, it needs to be reaccelerated to free stream conditions or better. One of the secrets of the famous NACA engine cowling was the gently curved surfaces inside the engine compartment, which guide and accelerate the flow toward the cowl flaps and exits. The convergence zone should have rounded edges and gentle curves (that means as big as possible) leading to the exit. These zones are not as critical as inlets and diffusers, but convergence angles greater than 35 degrees should be avoided. Too often the exits are just stuck wherever it is convenient. NACA 36
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studied many different exits, just as it did inlets. Researchers quickly discovered NACA inlets do not work well as exits, or “reverse scoops” as some folks call them. The most efficient outlet studied by NACA was a gentle ramp of rectangular cross section with straight sides and a width-to-depth ratio of 1-to-1 to 7-to-1, with the ramp converging into a surface as parallel to the free-stream flow as possible. The 1-to-1 ratio ramps work best with high discharge flows, such as exhausts, and the higher-ratio ramps work best where the mass flows were lower or variable, as in cooling systems. Look at the homebuilt Arnold AR-5 or military Bearcat and Sea Fury aircraft for some examples. The angle of the ramp should be in the range of 7 degrees to 30 degrees, with shallower angles working best. To keep birds out, the outlet may be divided using shark gill-type outlets or louvers covering the surface of the ramp, but the closed-toopen ratio should be from 1-to-1 to 1.5-to-1. A bare ramp is best. Movable cowl flaps should also be considered an exit ramp. Cowl flaps optimize airflow and minimize drag. A study of cowl flaps found that a 15-degree outward deflection of the cowl flap provided the best balance between air extraction and drag. The flap is deflected for takeoff and climb cooling, and retracted for cruise. Alternately, a variable angle exit ramp can perform the same function.



The cruise position should be sized to accelerate the flow to free-stream velocity. With a variable cowl flap or ramp, the opening can be adjusted to find the optimum for any flight condition. Pusher aircraft may require VGs to thin the boundary layer ahead of the exit. The exit is generally accepted as the best location to control airflow. In other words, make a fixed inlet and a variable exit. Aft-facing surfaces are not low-pressure zones. Let me repeat, aft-facing surfaces are not low-pressure zones. They see lower pressure than forward-facing surfaces due to air viscosity and pressure recovery losses, but they are usually higher pressure than can be found on the sides of the aircraft parallel to the free-stream flow. If aft-facing surfaces are used for exits, be aware that they may function as an inlet under some circumstances. Remember, the goal is to smoothly capture the air, use it efficiently, and discharge it back into the stream flow with minimal adverse impact. That means you ought to use the least disruptive inlet, diffuse the flow, smoothly control the internal path, and finally accelerate the flow to at least free-stream velocity and direction before discharging it. With the design information NACA so painstakingly developed and these basic rules, you can build aircraft with the lowest possible cooling drag. To borrow a phrase, “control the flow.”
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