CHAPTER TWO

LIFT

100.
INTRODUCTION

The purpose of this assignment sheet is to aid the student in understanding the basic behavior of lift as a fundamental force of flight.

101.
LESSON TOPIC LEARNING OBJECTIVES

Terminal Objective: Partially supported by this lesson topic:

1.0
Upon completion of this unit of instruction, the student aviator will demonstrate knowledge of basic aerodynamic factors that affect airplane performance.

Enabling Objectives: Completely supported by this lesson topic:

1.17
Define steady airflow, streamline, and streamtube.

1.18
Describe the relationship between airflow velocity and cross-sectional area within a streamtube using the continuity equation.

1.19
Describe the relationship between total pressure, static pressure, and dynamic pressure within a streamtube using Bernoulli’s equation.

1.20
Describe the effects on dynamic pressure, static pressure, and the aerodynamic force as air flows around a cambered airfoil and a symmetric airfoil.

1.21
Define boundary layer.

1.22
List and describe the types of boundary layer airflow.

1.23
State the advantages and disadvantages of each type of boundary layer airflow.

1.24
List the components of the pitot-static system.

1.25
State the type of pressure sensed by each component of the pitot-static system.

1.26
Define indicated airspeed, calibrated airspeed, equivalent airspeed, ground speed, and describe the relationship between each.

1.27
Describe the effects of wind on indicated airspeed, true airspeed, and ground speed.

1.28
Define Mach number and local speed of sound.

1.29
Describe the effect of altitude on Mach number.

1.30
Describe the effects of changes in density, velocity, surface area, camber, and angle of attack on lift.

1.31
List the factors affecting lift that the pilot can directly control.

1.32
Describe the effects of changes in angle of attack on the pressure distribution and aerodynamic force of cambered and symmetric airfoils.

1.33
Compare and contrast the coefficients of lift generated by cambered and symmetric airfoils.

1.34
Describe the relationships between weight, lift, velocity, and angle of attack in order to maintain straight and level flight, using the lift equation.

102.
REFERENCES

1. Aerodynamics for Naval Aviators

2.
T-34C NATOPS Flight Manual

103.
STUDY ASSIGNMENT

1.
Review Information Sheet 1.2.1I and answer the Study Questions.

104.
PROPERTIES OF AIRFLOW
The atmosphere is a uniform mixture of gases with the properties of a fluid, or material that flows. The laws of fluid motion can therefore be used to describe its motion and behavior.

Airflow, as any fluid flow, is easily affected by changes in static pressure, density, temperature, and velocity. Any or all of these properties can vary widely from one point in an airflow to the next. The four point properties can therefore be used to describe the state of an airflow at any specific spot.

STEADY AIRFLOW

Steady airflow exists if the point properties at every point in the flow remain constant over time. The speed and/or direction of the individual air particles may vary from one point to another in the flow, but every particle that passes point 1 will have the same velocity as the particle before it. In steady airflow, each particle of air follows the same path as the preceding particle; that path is called a streamline (Figure 2-1). In a steady airflow, particles do not cross streamlines.
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Figure 2-1 Steady Airflow

Airflow can be studied by studying the collection of streamlines within it. A collection of many streamlines is called a streamtube, which describes a contained flow just as effectively as a tube with solid walls (Figure 2-2). The streamtube—because it describes a steady airflow—is a closed system in which total mass and total energy remain constant. All the mass that enters a streamtube will exit it. This would be similar to adding a gallon of water to a full bucket; a gallon of water will spill out.
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Figure 2-2 Streamtube

105.
THE CONTINUITY EQUATION
Let us intersect a streamtube with two planes, perpendicular to the airflow at points a-b and c-d, with cross-sectional areas of A1V1 and A2V2, respectively. The amount of mass passing any point in the streamtube may be found by multiplying area by velocity to give volume per unit time and then multiplying by density to give mass per unit time. This is called mass flow and is expressed:

 =(AV
Because it is a closed system, the amount of mass flowing through A1 must equal that flowing through A2 since, by definition, mass does not flow through the walls of a streamtube. Thus, an equation expressing the continuity of flow through a streamtube is: 

(1A1V1 = (2A2V2
Our discussion is limited to subsonic airflow, therefore we can regard changes in density due to compressibility as insignificant. If we assume that both ends of the streamtube are at the same altitude, then (1 is equal to (2 and we can cancel them from our equation. The simplified continuity equation below is the one that we will use.

A1V1 = A2V2
If the areas A1 and A2 are the same, then the velocity of the air leaving the streamtube will be the same as the velocity entering the streamtube. If the area A2 decreases, the velocity must increase to keep the mass flow at that location equal to the mass flow at A1 (Figure 2-3). Thus, velocity and area in a streamtube are inversely related. It is this principle that explains the effect of a nozzle. By restricting the cross-sectional area of the opening of a water hose, it is possible to speed up the flow of water until it becomes capable of traveling some distance, perhaps to wet down a deserving friend or relative.
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Figure 2-3 Streamtube

All that remains is to discuss what defines the cross-sectional area in a streamtube. As discussed, the streamtube is a collection of streamlines or the paths of molecules in a steady flow. A reduction in cross-sectional area is the result of some external influence causing a change in direction of the streamlines such that they move closer together. The most likely candidate is some object in the airflow that diverts the streamlines (Figure 2-4). In the case of the water hose, the hose itself defined the size and shape of the streamtube and the narrowing was caused either by a nozzle attachment or a well-placed thumb.
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Figure 2-4 Obstruction in the flow

106.
BERNOULLI'S EQUATION
Aerodynamics is concerned with the forces acting on an object due to airflow. These forces are the result of pressure and friction. The relationship between pressure and velocity in an airflow is fundamental to understanding how we create aerodynamic forces with a wing. Bernoulli's equation describes this relationship for a steady airflow.

Recall that in a closed system, total energy is the sum of potential energy and kinetic energy, and must remain constant.

Compressed air has potential energy because it can do work by exerting a force on a surface. Therefore, static pressure (PS) is a measure of potential energy per unit volume (Figure 2-5).

[image: image5.jpg]STATIC PRESSURE






Figure 2-5 Static Pressure

Moving air has kinetic energy since it can do work by exerting a force on a surface due to its momentum. Dividing K.E. by volume and substituting ( for mass/volume, gives us dynamic pressure.

Dynamic pressure (q) is the pressure of a fluid resulting from its motion, and is equal to 1/2(V2 (Figure 2-6).

q = 1/2(V2
[image: image6.jpg]




Figure 2-6 Dynamic Pressure

Total pressure (PT) is the sum of static and dynamic pressure (Figure 2-7).

[image: image7.jpg]STATIC PRESSURE

DYNAMIC
PRESSURE

)

STATIC PRESSURE
* DYNAMIC PRESSURE

TOTAL PRESSURE





Figure 2-7 Total Pressure

As with total energy, total pressure also remains constant within a closed system (Table 2-1). As area in a streamtube decreases, velocity increases, therefore, q must increase (recall that q contains V2). From Bernoulli's equation we know that since q increases, PS must decrease.
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Table 2-1 Converting Energy to Pressure

On a windless day, random molecular movement determines the pressure of the air around us. If we have wind (bulk movement of molecules), there is also a pressure force resulting from the velocity of the air. A stop sign oriented directly into the wind feels this dynamic pressure on the side facing the wind. While the static pressure still exists all around the sign, the dynamic pressure exists only on one side. Therefore, the front side feels both the static and dynamic pressures, or the total pressure, of the moving air.

Now, consider the streamtube with an object, such as a wing, placed in it. The shape of the wing will determine the distribution of pressure changes found within it.

Airflow around an airfoil at zero angle of attack will have a streamline pattern similar to that in Figure 2-8 through 2-10. As the air strikes the leading edge of the airfoil, its velocity will slow to near zero, creating an area of high static pressure called the leading edge stagnation point.
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Figure 2-8 Leading edge stagnation point

The airflow then separates so that some air moves over the airfoil and some under it, creating two streamtubes. Airflow leaving the leading edge stagnation point will be accelerated due to the decrease in the cross-sectional area of each streamtube. The airflow on both surfaces will reach a maximum velocity at the point of maximum thickness(Figure 2-9).
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Figure 2-9 Maximum velocity

The airflow velocity then decreases until the trailing edge where the upper and lower airflow meet. At the trailing edge, the velocity slows to near zero, forming another area of high static pressure called the trailing edge stagnation point (Figure 2-10). The increase in airflow velocity over an airfoil causes dynamic pressure to increase, which decreases static pressure. Along with friction effects, these changes in pressure are responsible for the aerodynamic force on an airfoil.
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Figure 2-10 Trailing edge stagnation point

107.

THE BOUNDARY LAYER

The continuity equation and Bernoulli’s equation are adequate for describing the larger picture of airflow over a wing, or describing flow deep within the streamtube; the notional “frictionless” flow. However, common sense states that when air flows over a surface, friction will develop. Another view of flow must be considered in the transitional area close to the surface of the wing that describes the effect of friction and viscosity in air.

As air flows over a flat plate, air particles stick to the surface (much as sawdust gathers in the grit of a piece of sandpaper), and slow to near zero velocity. Air particles in the next streamline out (away from the surface) move past the zero-velocity layer and are slowed greatly by the effect of viscosity, but do not slow to zero. Each succeeding streamline is slowed somewhat less until eventually, some distance away from the surface a streamline is reached that has a velocity equal to the free airstream or “free stream” velocity (Figure 2-11).
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Figure 2-11 Boundary layer

The boundary layer is that layer of airflow over a surface that demonstrates local airflow retardation due to viscosity. It is usually no more than 1mm thick (the thickness of a playing card) at the leading edge of an airfoil, and grows in thickness as it moves aft over the surface. We have enlarged and illustrated the changes in the streamlines for clarity. The boundary layer has two types of airflow:

1. In laminar flow, the air molecules move smoothly along in streamlines. The laminar layer produces very little friction, but is easily separated from the surface. It is represented by the smooth lines in Figure 2-12.
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Figure 2-12 Laminar flow

2. In turbulent flow, the streamlines break up and the flow is disorganized and irregular. The turbulent layer produces higher friction drag, but adheres to the upper surface of the airfoil delaying--but not preventing--boundary layer separation (Figure 2-13).
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Figure 2-13 Turbulent flow


Any object that moves through the air will develop a boundary layer that varies in thickness according to the shape and material properties of its surface. The type of flow in the boundary layer depends on its location over the surface. The boundary layer will be laminar only near the leading edge of the airfoil. As the air flows aft, the laminar layer begins oscillating and becomes turbulent. The turbulent layer will continue to increase in thickness as it flows aft and eventually separate from the wing.

Because the very last layer of molecules in the boundary layer is moving at the free stream velocity and maintains its steady flow properties while the layers below it begin to become turbulent, it is that layer which can be said to define the wall of the streamtube. When the boundary layer separates and no longer follows the shape of the wing, it changes the pressure distribution through the streamtube and effects the aerodynamic force. Boundary layer separation will be discussed more in depth in Chapter 4, Stall and Spins.

108. AIRSPEED MEASUREMENT

Pitot Static System and Indicated Airseed

There are several reasons to measure airspeed. We need to know if we have sufficient dynamic pressure to create lift, but not enough to cause damage, and we need to know the airplane's velocity to navigate. Since dynamic pressure is a function of velocity, if we can measure it, we can calculate velocity. Dynamic pressure cannot be measured directly, but can be derived using Bernoulli's equation. By measuring total pressure and static pressure on the airplane, subtracting static pressure from total pressure will produce the value of dynamic pressure. The system that accomplishes this is called the pitot‑static system.

The pitot-static system consists of a Pitot tube and a static pressure source connected to a "black box" (Figure 2-14). The pitot tube is the device that collects total pressure (PT). The static pressure port is the device that collects ambient static pressure (PS).
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Figure 2-14 Pitot-static system

The Pitot tube is a small metal tube aligned with the longitudinal axis of the aircraft extending some distance from the wing or fuselage surface in order to sample undisturbed, free airstream air outside the boundary layer. At the entrance to the Pitot tube, the airstream has both an ambient static pressure (PS) and a dynamic pressure (q). Inside the Pitot tube, the velocity of the air mass is reduced to zero. Since q = 1/2 ( V2, as velocity reaches zero, dynamic pressure is converted to a static pressure. This converted static pressure adds to the ambient static pressure (PS) to form a static pressure equal to the free airstream total pressure (PT). This total static pressure is connected to one side of a diaphragm inside the black box.

The static pressure port is a series of small holes on the surface of the airplane's fuselage that are flush with the surface and 90( to the longitudinal axis. Only the random motion of air molecules, or ambient static pressure (PS), affects this port (no dynamic pressure is collected). The static port is connected to the other side of the diaphragm in the black box.

As the aircraft increases velocity, total pressure (PT) increases due to the increasing dynamic pressure (q). The diaphragm begins to deflect toward the lower pressure side connected to the static pressure (PS) port. Through a series of springs and levers, this displacement is displayed on a pressure gauge inside the cockpit. The gauge is calibrated in knots of indicated airspeed (KIAS). Indicated airspeed (IAS) is the instrument indication of the dynamic pressure the airplane is creating during flight.

CALIBRATED AIRESPEED

Instrument error is caused by the static pressure port accumulating erroneous static pressure; slipstream flow causes disturbances at the static pressure port, preventing actual atmospheric pressure measurement. When indicated airspeed is corrected for instrument error, it is called calibrated airspeed (CAS). Often, installation and position error are combined with instrument error. Even the combination of all three errors is usually only a few knots, varying with airspeed, and is often ignored. Corrections for calibrated airspeed are determined through testing. They are well-known by the time the airplane reaches production and are often published as a graph or chart in the cockpit (Figure 2-15).
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Figure 2-15 Sample Airspeed conversion table

EQUIVALENT AIRSPEED

Compressibility error is caused by the ram effect of air in the Pitot tube resulting in higher than normal airspeed indications at airspeeds approaching the speed of sound. Equivalent airspeed (EAS) is the true airspeed at sea level on a standard day that produces the same dynamic pressure as the actual flight condition. It is found by correcting calibrated airspeed for compressibility error. Since we are primarily concerned with subsonic flight, we will ignore EAS in our calculations.

TRUE AIRSPEED

True airspeed (TAS) is the actual velocity at which an airplane moves though an air mass. It is found by correcting EAS for density. However, since the errors caused by compressibility and installation error are both very minor, it is more practical to develop TAS directly from IAS. TAS is IAS corrected for the difference between the local air density (() and the density of the air at sea level on a standard day ((o). 


TAS= √ 

The pitot static system is calibrated for standard sea level density, so TAS will equal IAS only at sea level under standard day conditions. Since air density decreases when you increase altitude, if IAS remains constant while climbing from sea level to some higher altitude, TAS must increase. A rule of thumb is that TAS will be approximately three knots faster than IAS for every thousand feet of altitude increase (Figure 2-16).
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Figure 2-16 True Airspeed

GROUND SPEED

Ground speed is a measure of the airplane's actual speed over the ground. Since TAS is the actual speed of the airplane through the air mass, if we correct TAS for the movement of the air mass over the ground (wind), we will have ground speed. It is calculated using the following formula (Figure 2-17):
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Figure 2-17 Ground speed

109.
MACH NUMBER
As an airplane flies, velocity and pressure changes create sound waves in the airflow around the airplane. Since these sound waves travel at the speed of sound, an airplane flying at subsonic airspeeds will travel slower than the sound waves and allow them to dissipate. However, as the airplane nears the speed of sound, these pressure waves pile up forming a wall of pressure travelling the speed of sound called a shock wave. The shock wave packs the air molecules together, creating a slug of compressed air which behaves differently from the air just in front of and behind it (Figure 2-18).
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Figure 2-18 True airspeed to local speed of sound

As long as the airflow velocity (TAS) of an airplane remains below the local speed of sound (LSOS), it will not suffer the effects of compressibility caused by this shock wave. Therefore it is appropriate to compare the two velocities lest pieces of the airplane start coming off for no immediately apparent reason. Mach number (M) is the ratio of the airplane's true airspeed to the local speed of sound (Table 2-2).
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FL250

LSOS = 600


IAS = 200 KTS
TAS = 300 KTS

MACH = 0.5
IAS = 200 KTS

TAS = 300 KTS
MACH = 0.5
IAS = 500 KTS

TAS = 600 KTS

MACH = 1.0

SEA LEVEL

LSOS = 700
IAS = 200 KTS
TAS = 200 KTS

MACH = 0.29
IAS = 300 KTS

TAS = 300 KTS
MACH = 0.43
IAS = 700 KTS

TAS = 700 KTS

MACH = 1.0

Table 2-2 Critical Mach numbers

CRITICAL MACH NUMBER
Since airflows accelerate over the surface of objects such as airplanes, there will be local airflow somewhere on the wings or fuselage that has a velocity greater than the overall TAS. Thus an airplane can experience compressibility effects at flight speeds below the speed of sound. This is especially distressing in airplanes not designed for those effects, like the vast majority of prop-driven planes.

Critical Mach number (MCRIT) is the free airstream Mach Number that produces the first evidence of local sonic flow. Simply put, an airplane exceeding MCRIT will have supersonic airflow somewhere on the airplane. Consider a positive camber airfoil at Mach 0.5. The maximum local airflow velocity on the surface is greater than the true airspeed speed but less than the speed of sound. If an increase to Mach 0.82 boosts the surface airflow velocity at the point of maximum thickness up to the local speed of sound, this would be the highest speed possible without supersonic airflow and would determine MCRIT (Figure 2-18).
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Figure 2-18 Supersonic airflow

LIFT

Recall that lift is defined as the component of the aerodynamic force that is perpendicular to the relative wind. There are two primary schools of thought as to how this force is physically generated. The first, and most pertinent to the instruction of this course states that the creation of lift is due in large part to differential pressures over a wing’s (or other object’s) surfaces. The second school of thought is Newtonian in nature, stating that an object redirecting airflow downward experiences a reaction force that propels it upward.

No matter the school of thought, the equations contained in this guide have been shown to accurately describe (quantitatively) the production of lift.

There are eight factors that affect lift. The first three are readily apparent: density ((), velocity (V), and surface area (S). The five remaining factors are all accounted for by the coefficient of lift. Two of those factors deal with properties of air: compressibility and viscosity ((). Two deal with the shape of the wing: Aspect Ratio (AR) and camber. The last addresses the way the wing is presented to the airflow: Angle of Attack (() (Figure 2-19).
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Figure 2-19 Lift equation

Looking at the lift equation, it should be obvious that when an airfoil is exposed to greater dynamic pressure (q), it encounters more air particles and thus produces more lift. Therefore, lift is dependent upon the density of the air (i.e., altitude) and the velocity of the airflow. An increase in density or velocity will produce greater lift (Figure 2-20).
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Figure 2-20 The coefficient of lift

Since lift is produced by pressure differentials, which act over an area, it follows that a greater surface area produces a greater force. Therefore, an increase in wing surface area produces greater lift.

The pilot has no control over the first three factors in the coefficient: compressibility, aspect ratio, and viscosity. Viscosity affects the aerodynamic force since it decreases the velocity of the airflow immediately adjacent to the wing's surface, determining the thickness and characteristics of the boundary layer. Aspect Ratio is typically a set design feature of the aircraft resulting in specific performance and therefore cannot be modified in flight without high explosives and subsequent dire consequences. Compressibility has some slight effect merely due to the fact that air molecules encountering the wing surface will slow down greatly, allowing the molecules to “bunch up”, increasing density next to the wing.

Instead, primary focus will be placed on the factors the pilot can control: AOA and camber. Thus, the coefficient of lift can be said to depend primarily on these two factors.

AOA describes the relationship between the airfoil and the relative wind (RW) such as where the airflow will strike the leading edge and the nature of the path the airflow will have to follow as it moves around the wing surface. Figure 2-21 plots CL as it varies with AOA. It is readily apparent that CL does not behave uniformly through the entire range of AOAs.

Through most of the range of AOAs, CL varies directly, increasing as AOA increases. At high AOAs (25-30 units), however, airflows begin to change over the wing surface, resulting first in smaller increases in CL, then in a decrease in CL. This decrease is referred to as stall, to be covered in depth in Chapter 4.
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Figure 2-21 Coefficient of lift

Starting with the example of the airfoil at zero angle of attack, it is apparent that the air flowing over the top and bottom of the wing are accelerated and decelerated differently, resulting in different pressure distributions on the upper and lower surfaces (Figure 2-22).
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Figure 2-22 Pressure distributions

Taking the same airfoil and increasing its AOA changes the location of the initial impact of the airflow on the wing surface, increasing the length of the path of the molecules traveling over the upper surface, and decreasing the length of the path on the lower surface. It also essentially causes a much greater decrease in cross-sectional area of the streamtube above the wing than below the wing. Both instances results in a much greater dynamic pressure (q) and much lower static pressure (PS) above the wing, than below it. Greater pressure differential results in an increase in lift.

These curves are for three different airfoils: One symmetric, one negative camber, and one positive camber. The shape of the CL curve is similar for most airfoils. At zero angle of attack, the positive camber airfoil has a positive CL, and the negative camber airfoil has a negative CL. The point where the curves cross the horizontal axis is the AOA where the airfoil produces no lift (CL = 0). At zero AOA the symmetric airfoil has CL = 0. The positive camber airfoil must be at a negative AOA, and the negative camber airfoil must be at a positive AOA for the CL to equal zero (Figure 2-23).
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Figure 2-23 CL verses AOA

As angle of attack increases, the coefficient of lift initially increases. In order to maintain level flight while increasing angle of attack, velocity must decrease. Otherwise, lift will be greater than weight, and the airplane will climb. Velocity and angle of attack are inversely related in level flight.

As angle of attack continues to increase, the coefficient of lift increases up to a maximum called CLmax. Any increase in angle of attack beyond CLmax AOA causes a decrease in the coefficient of lift. Since this is the greatest coefficient of lift that can be produced, we call CLmax AOA the most effective angle of attack. Note that as long as the shape of an airfoil remains constant, CLmax AOA will remain constant, regardless of weight, dynamic pressure, bank angle, etc.

The camber of an airfoil can be changed using flaps. When employed, they will be placed at particular setting and remain there until the maneuver is complete. This allows us to graph CL against AOA for each separate camber situation. AOA is the most important factor in the coefficient of lift, and the easiest for the pilot to change.

Although lift is considered to be an upward force opposing weight, it can, and does, act in any direction. It is always perpendicular to the relative wind, not the horizon.
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