INTRODUCTION TO COMPRESSIBILITY EFFECTS (SUPERSONIC FLOW)
The speed of sound a0 at SL in a standard atmosphere is approximately 661 kts.   The speed of sound under any other conditions is given by a = a0
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, where  is the temperature ratio.  That is, the speed of sound in air is dependent only on temperature.

Airspeeds for high-speed flight are often given in Mach number M, after Ernst Mach, an Austrian physicist.  When a is the speed of sound and V is the TAS, M = V / a; e.g., at SL in a standard atmosphere, an aircraft with a TAS of 661 kts is traveling at Mach 1.

Recall that TAS = EAS /
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, and ( = ( ( (, so M = 
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.  From this we may conclude that, assuming no compressibility effect (and negligible pitot-static error), that Mach number for a given IAS varies inversely as the square root of the pressure ratio; i.e., for constant EAS, only pressure affects Mach number.  You will meet this idea again in AS310.

When airflow on an airfoil or any other part of an airplane first reaches the speed of sound, air begins to compress, and we say that the airplane is at its critical Mach number Mcrit.   Under such circumstances, airflow into any restriction results in decreasing velocity and increasing pressure and density.  Note that this is exactly opposite from the situation for incompressible flow, as shown in Figure 7.2  (text 1st edition, p. 214) and Figure and 7.3 (text p. 214).  Sweepback increases Mcrit due to spanwise flow.
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Figures 7.2 (text 1st edition).  Incompressible flow in a closed tube.
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Figures 7.3 (text 1st edition).  Compressible flow in a closed tube.

Airspeed Terms:

Subsonic - all airflow on airplane is below Mach 1.

Transonic - from Mcrit up to the speed (usually not above Mach 1.3) where all airflow is supersonic

Supersonic - all airflow on airplane is Mach 1 or above.

When an obstruction is placed in an airflow, pressure disturbances are created which propagate at the speed of sound.  If the aircraft is in transonic flight, a compression wave (normal shock wave) will be formed, since the pressure disturbances cannot be propagated through regions of Mach 1 flow.  Figure 7.4 (text 1st edition, p. 216) illustrates this situation in a closed tube.
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Figure 7.4 (text 1st edition).  Normal shock wave formation

In a shock wave,

1) Mach number (flow velocity) decreases

2) Static pressure, density, and temperature increase.

As a consequence, energy is consumed, which--in the case of supersonic flight--must be supplied by the airplane engine.

There are two kinds of shock waves, normal and oblique.  In a normal wave, upstream flow is Mach 1 or greater, and downstream flow is less than Mach 1.  By contrast, flow on both sides of an oblique wave is at least Mach 1.

As an aircraft accelerates through the transonic flight region, a normal shock wave forms on the airfoil upper surface.  Shortly thereafter, a normal shock wave forms on the lower surface.  Flow aft of the upper surface shock wave has a tendency to separate from the airfoil, resulting in shock wave stall. Figure 17.1 (text p.281), Figure 17.3 (text p. 282), and Figures 17.4 &17.10 (text p. 282 and 287) are relevant.
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Figure 17.1.  (a) Subsonic and (b) supersonic flow.
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Figure 17.2.  Subsonic flow about a wing section.                       Figure 17.3.  Critical Mach number.
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Figure 17.4 Normal shock wave formation on wing.  Figure 17.10.  Normal shock wave on bottom of wing.

As the aircraft continues accelerating, the normal shock waves move back to the trailing edge of the airfoil, and a bow wave forms at the leading edge.  This situation is illustrated in Figures 17.12 & 17.13 (text pp. 289-290).
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Figures 17.2.  Normal shock waves move


17.13.  Unattached bow wave at low

to trailing edge.





supersonic speed.

Recall than an oblique shock wave differs from a normal wave in that flow on both sides is at least Mach 1.  In addition, airflow direction changes in an oblique wave, but not in a normal wave.  An oblique wave results from flow into a corner.  The wedge angle is the angle formed by the corner.  The wave angle of an oblique wave is the wedge angle plus the angle whose sine is 1/M, as shown in Figure 17.14 (text p. 290):

wave angle = sin-1 (1/M) + wedge angle.
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Figure 17.14.  Formation of an oblique shock wave.

At Mach 1.3, with a wedge angle of 10o, the wave angle is sin-1 (1/1.3)+10o = 50.3o + 10o = 60.3o.  Note that as airspeed increases, the wave angle decreases, and less energy is lost.  Note that an aircraft with only oblique waves is flying in the supersonic region, i.e., has passed through the transonic region.

A third type of wave is the expansion wave, which results from flow around a corner.  It is logically the opposite of a compression wave: air velocity increases; pressure, temperature, and density drop; lift is generated; and no energy is lost.  Supersonic flow (but not subsonic flow) can turn such a corner without boundary layer separation.  See Figure 17.15 (text p. 291).
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Figure 17.5.  Formation of an expansion wave.

Normal, oblique, and expansion waves can all exist concurrently in the transonic region on different parts of the aircraft.  A summary of properties of these three wave is given in Figure 27.16 (text p. 292).
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Figure 17.16.  Supersonic wave characteristics summary.

Several classic problems characterize flight in the transonic region:

1) Increase in drag, decrease in lift, and pitch changes occur at the force divergence Mach number, which is approximately 1.05 Machcrit.  The pitching moment is due to boundary layer separation in shock wave stall, which causes the center of pressure to shift.  See Figures 17.8-17.9 (text pp. 286-287) and Figure 17.11 (text p. 288).

2) Pitch down (tuckunder)--shock wave stall decreases downwash, which has been causing a pitch up moment on the horizontal tail.  The result is a nose down pitch.

3) Buffet -- due to shock wave stall air disturbances hitting control surfaces and fuselage.

4) Control surface buzz -- also due to shock wave stall disturbances.

5) Diminished control effectiveness (not serious on fighter aircraft) -- due to shock wave stall turbulence, and the fact that control displacement cannot affect airflow forward of a shock wave.
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Figure 17.8.  Force divergence effect on CD.

Figure 179.  Force divergence effect on CL.
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Figure 17.11.  Aerodynamic center location shift.

In general, flight in the transonic region is to be avoided where possible.  In the supersonic region, while drag remains high, it actually decreases from the high drag encountered in the transonic region.  The main design feature to delay onset of Mcrit is wing sweepback, which introduces spanwise flow at the expense of higher stall (landing) speeds and poor stall warning.  Other features include thin airfoil sections, high speed (supercritical) airfoils, and the use of vortex generators to inhibit shock wave stall.

AIRCRAFT STABILITY
I.  Introductory Remarks

Degrees of Freedom.  Any object in 3-dimensional space has six degrees of freedom: translation along x, y, and z axes, and rotation around x, y, and z axes.

For an aircraft, the three axes are:

· Longitudinal (x) – along centerline of fuselage.  Rotation about longitudinal axis is called roll.

· Lateral (y) – along wingspan.  Rotation around lateral axis is called pitch.

· Vertical (z) – perpendicular to longitudinal and lateral axes.  Rotation around vertical axis is called yaw.

An aircraft is at equilibrium if there are no unbalanced forced or moments acting on it.  Mathematically,

(Fx = (Fy =(Fz =(Mx =(My =(Mz,

where x is the longitudinal axis, y is the lateral axis, and z is the vertical axis.

We are interested in rotation around the three axes.  Rotation around the lateral axis is called pitch; around the longitudinal axis it is called roll; and around the vertical axis it is called yaw.  See Figure 15.7 (text p. 241).  The directions of positive moment are not important in what follows.
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Figure 15.7.Airplane axes and moment directions.

Static stability is the initial tendency of an aircraft at equilibrium to move with respect to its original position, once it has been displaced.

· Positive Static Stability - aircraft moves back toward its original position.

· Neutral Static Stability - aircraft stays in the position it has been displaced to.

· Static Stability - aircraft continues moving in the direction it has been displaced.

In introductory physics courses, static stability is usually illustrated in terms of the tendency of a sphere displaced on a concave (positive), flat (neutral), or convex (negative) surface, as illustrated in Figure 15.1 (text p. 238):
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Figure 15.1.  Static stability.

If and only if an aircraft has positive static stability around a given axis, we may then consider whether it has positive, neutral, or negative dynamic stability around the same axis.  Since positive static stability means that the aircraft will begin to move back toward its original position, the result is oscillation (systematic back and forth movement).

· Positive Dynamic Stability - the oscillations decrease in amplitude and the displaced aircraft ultimately returns to its original attitude (Figure 15.4, text p. 240).

· Neutral Dynamic Stability - the osillations continue without increase or decrease in amplitude (Figure 15.3, text p. 240).

· Negative Dynamic Stability - the oscillations increase in amplitude (Figure15.2, text p. 239).
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Figure 15.2.  Positive static-
Figure 15.3.  Positive Static
Figure 15.4.  Positive static-

negative-dynamic stability.
neutral dynamic stability.

positive dynamic stability.

As previously indicated, aircraft stability is not named for the axis around which rotation occurs.  This can be confusing to the novice.

Longitudinal Stability - pitch stability; stability around the lateral axis; the longitudinal axis is displaced.

Lateral Stability - roll stability; stability around the longitudinal axis; the lateral axis is displaced.

Directional Stability - yaw stability; stability around the vertical axis.

Obviously, positive longitudinal, lateral, and directional stability is desirable in an aircraft.  However, stability is often gained at the expense of maneuverability; i.e., a design tradeoff is required.  For example, an airplane with high lateral stability may have a slow roll rate.  This might be desirable in a transport type aircraft, but not in a fighter aircraft.

II.  Longitudinal Stability

An aircraft with positive static longitudinal stability will tend to return to its original position when displaced in pitch, say by a wind gust.  Different parts of the aircraft contribute to this stability.  We say the contribution is stabilizing if the aircraft part contributes to the positive stability; otherwise we say the contribution is destabilizing.  The following table summarizes and explains contributions of major aircraft parts.

	Wings
	Stabilizing if CG is forward of AC; otherwise destabilizing.
	Nose up displacement increases lift, creating a moment in the direction of displacement (Figure 15.13, text p. 245).

	Fuselage
	Destabilizing.
	Ram air on upper or lower forward fuselage creates lift in the direction of displacement (Figure 15.17, text p. 247).

	Engine Nacelles
	Destabilizing if engine is forward of CG, and otherwise stabilizing.
	Ram air on nacelle after nose creates force in direction of displacement only when nacelle is forward of CG (Figure 15.17, text p. 248).

	Horizontal Tail
	Stabilizing.
	AOA change of horizontal tail creates pitching moment opposite displacement direction (Figure 15.18, text p. 248).
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Figure 15.13.  Effect of CG and AC location on static longitudinal stability.
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15.16.  Pressure distribution about



Figure 15.17.  Engine nacelle location 

a body of revolution.




Stability effects.
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	Figure 15.18.  Lift of horizontal stabilizer as a stabilizing moment.


Additional comments:

1) Aft shift of AC in supersonic flight increases stability, making pitch control more difficult.

2) Movement of the CG due to inadvisable fuel management cargo storage can have detrimental effect.

3) The horizontal stabilizer is the major source of longitudinal stability.  If it has an elevator which is allowed to align with the relative wind, resulting camber changes will decrease the stabilizing moment.  The text discusses this circumstance using the terms stick fixed stability (controls "frozen") and stick free stability.

Virtually all airplanes have positive static and dynamic longitudinal stability.  Positive dynamic longitudinal stability results in a damping out of oscillations created when inadvertent pitch displacement occurs.  Such displacements have been categorized as long period (also called Phugoid) and short period (1.5 - 3 seconds).  See Figures 15.22-15.23 (text p. 251).  Phugoid is often undamped.
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Figures 15.22.  Phugoid longitudinal dynamic mode.
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Figure 15.23.  Short period dynamic mode.

Long period oscillations may be irritating, but are usually not a safety concern.  Short-term oscillations can be dangerous if the pilot tries to arrest the oscillation through control movement, since control input may be out of phase with the oscillations, unintentionally aggravating them.  The result is pilot induced oscillations (PIO), where oscillations increase in amplitude and the aircraft is overstressed, not infrequently resulting in structural failure.  Solution: let go of the controls and trust the aircraft's inherent stability (be sure the nose is pointed up if near the ground).

II.  Directional Stability

The contributions of various aircraft parts to static directional stability are summarized in the following table.

	Wings
	Sweepback gives a small stabilizing moment.
	The wing away from the yaw direction has less spanwise flow and more drag than opposing wing (Figure 16.5, text p. 262).

	Fuselage
	Destabilizing.
	Ram air on forward fuselage side creates a force in the direction of displacement.  (Figure 16.6, text p. 263)

	Engine Nacelles
	Destabilizing if engine forward of CG, otherwise stabilizing.
	Ram air on nacelle creates force in direction of displacement only when nacelle is forward of CG.

	Vertical Tail
	Stabilizing.
	AOA change of vertical tail creates pitching moment opposite displacement direction (Figure 16,7, text p. 263).
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Figure 16.5.  Effect of wing sweep



Figure 16.6.  Directional instability

on directional stability.




of fuselage.
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Figure 16.7.  Vertical tail is stabilizing in yaw.

Additional comments:

1) Vertical tail is main stabilizing component. 

2) Use of a dorsal fin gives more stabilizing effect with less parasite drag for same vertical tail area (Figure 16.8p. 264).

3) Fixed stick (rudder can't move) increases directional stability.

4) At very high Mach numbers, fuselage destabilization has been known to cause "end swapping."

5) Engine out approaches on multi-engine airplanes must maintain minimum control speed, since asymmetrical thrust at very low airspeeds can cause yawing moments that cannot be counteracted using rudder, especially during go-around on landing (Figure 16.13, p. 272671).

6) Ventral fins (also called lateral fins) provide stabilizing influence similar to vertical tail influence.
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	Figure 16.8 Dorsal Fin Decreases Drag

and Increases Stability
	Figure 16.13 Yawing Moment Due to

Asymmetrical Thrust


III.  Lateral Stability

Static lateral stability is illustrated in Figure 8.46 (text p. 273).
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Figure 16.15.  (a) Stable, (b) neutral, and (c) unstable static lateral stability.

Contributions of various aircraft parts to positive static lateral stability are summarized in the following table.

	Wings
	Dihedral, high wing, and sweepback are stabilizing; anhedral is destabilizing.
	With dihedral, wing into sideslip has higher AOA.  CG below high wing creates pendulum effect.  Sweptback wing into sideslip has less spanwise flow, giving more lift. (Figures 16.17-16.19, text pp. 270-271).

	Vertical Tail
	Stabilizing.
	Sideslip force creates moment against roll (Fig 16.20, text p. 272).
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Figure 16.17. Dihedral angle.

             Figure 16.18. Dihedral produces static lateral stability.
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Figure 16.19.  Dihedral effect of sweepback.

Figure 16.20.  Vertical tail effect on lateral stability.

Recall that positive static lateral stability may be undesirable in high performance fighter or attack aircraft, where desire roll rates up to 720o per second are achievable using proper design.
IV.  Yaw-Roll (Directional-Lateral) Coupling

1) Roll due to yawing occurs when the wing opposite the yaw develops additional lift, creating a roll in the direction of the yaw.

2) Adverse yaw (yaw opposite a roll) occurs when the upgoing wing in a roll develops more lift than the downgoing wing, hence more drag.  The increased drag, in turn, creates a yaw away from the roll.  Figure 16.21 (text p. 273) provides a visual explanation.

3) Three types of motion can result from yaw-roll coupling.  See Figure 16.23 (text p. 275).  These three are summarized in the following table.

	Spiral Divergence
	Static directional stability exceeds static lateral stability.
	Lowered wing will not return to equilibrium position; aircraft enters dive with tightening spiral.

	Directional Divergence
	Poor static directional stability.
	Yaw (or roll-induced yaw) causes increased yaw and loss of control.

	Dutch Roll
	Lateral and directional stability more balanced than in spiral divergence.
	Aircraft will oscillate in both yaw and roll.  Very aggravating, so modest spiral divergence is tolerated.
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Figure 16.23.  Possible flight paths due to coupled dynamic effects: 

(a) spiral divergence; (b) directional divergence; (c) Dutch roll.

Additional Comments

1) Dutch roll can be viewed as neutral dynamic directional and lateral stability working together to perpetuate undamped yaw and roll oscillations.

2) Directional divergence has been a not-uncommon problem in supersonic aircraft traveling at very high Mach numbers.
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� Note: there is an apparent contradiction in the textbook between what the verbiage says (tail stability “enhanced” without “increas[ing] parasite drag”) and the caption of Figure 16 (“decreases drag and increases stability”).  For purposes of taking tests, we will side with the caption of Figure 16.8.
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