Aircraft Limits

1 Velocities at Different Altitudes

The flight envelope is more or less defined as the combinations of velocity and height at which the
airplane can fly in a normal way. For a certain height, an aircraft has a minimum and a maximum
velocity. However, this minimum and maximum velocity differs for different heights. First let’s look at
the minimum flight velocity. This minimum velocity is:
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So if h T then p | and thus V,,;, T. For higher altitudes the minimum velocity increases due to a decrease
in air density.

The maximum velocity depends on the power that is available. It is the velocity at which P, . = P;.
However, at different altitudes the aircraft usually has a different P, , so it’s kind of hard to calculate
the maximum velocity. But this maximum velocity can be exceeded in a dive. When doing this, the
airplane exits its flight envelope, which is usually considered to be a rather dangerous thing.

2 Equivalent Airspeed

The airspeed indicator of an aircraft doesn’t indicate the true airspeed (the velocity of the aircraft with
respect to the surrounding air). Instead, it indicates the equivalent airspeed, which is the airspeed that
gives the same dynamic pressure ¢ = %sz at sea level, as the true airspeed in the current atmosphere.
So at sea level the true airspeed and the equivalent airspeed are equal. But if the altitude increases, and
thus the density decreases, a higher velocity is needed to reach the same dynamic pressure. Therefore the
equivalent airspeed is generally lower than the true airspeed (and the difference increases with increasing
altitudes). The relation between the true airspeed V and the equivalent airspeed V. can be found as
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where py = 1.225 kg/m? is the air density at sea-level. An interesting to note is that the minimum
equivalent airspeed is:
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So the minimum equivalent airspeed is constant at different altitudes. This saves the pilot a lot of
calculations, since the airspeed indicator of an airplane also indicates the equivalent airspeed.

3 Maximum Height

The aircraft can not fly at infinite heights. The higher you go, the less air you find, and air is something
airplanes need for thrust and lift. So there must be a ceiling. This ceiling is the place at which the
airplane can not go any higher. Let’s define the rate of climb RC as —RD. So the maximum rate of
climb is 0 at the ceiling. The rate of climb can be calculated using:
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So at the theoretical ceiling, when RC),q. = 0 also (P, — Pr)maz = 0. Thus P, < P, and the airplane
can only fly in the ceiling if P, = P,.
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However, this ceiling is only a theoretical ceiling. Since if the rate of climb is 0 m/s in the theoretical
ceiling, how could you get there? There is also a service ceiling, which is in practice about the highest
point at which aircrafts can fly. The service ceiling is the height at which the maximum rate of climb of
the airplane is 0.5 m/s.

4 Supersonic Limits

When an aircraft is flying at supersonic velocities, shock waves occur. The shape of the shock wave can
be either oblique or blunt. Oblique shock waves are caused by sharp edges and are relatively weak, while
blunt shock waves are caused by rounded edges and are relatively strong. Oblique shock waves have an
angle, called the Mach angle, which can be calculated using:
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When the air passes through a shock wave, a lot of things happen. To make a list: V |, p 1, T T, M |,
s T. The entropy s increases due to a loss in energy, which is caused by additional drag called wave
drag. This wave drag is also caused by shock waves.

When flying at high Mach numbers, buffeting can occur. This can be dangerous, and to prevent this,
the airworthiness regulations define a maximum Mach number Mp for an airplane after several tests.

This results in a maximum velocity of:
Vp = Mpy/yRT (6)

Since the temperature deceases as the height increases, also the maximum velocity due to the maximum
Mach number decreases as the height increases (until the stratosphere is reached where T is constant).
To increase safety even more, an extra margin gets taken into account, which results in the maximum
operating Mach number Mj;o. This is the highest Mach number at which the aircraft is allowed to
fly.

5 Gusts

If an aircraft encounters a sudden upward gust, the angle of attack (with respect to the airflow) will
increase. If the air gusts travels upward with a velocity u, the change in angle of attack is:
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The change in lift coefficient now is:
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This makes the change in lift the following:
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In the last step the assumption was made that © << V. Since a sudden huge increase in lift can be
dangerous (high G-forces and breaking wings may occur), the airworthiness regulations have set another
limit, being the maximum equivalent airspeed due to gust loading V., [m/s]. This makes the
maximum airspeed due to gust loading;:

Vi = Veur/Po (10)

However, to increase safety, there is an additional margin to this maximum allowed airspeed, being the
maximum operational velocity Vj;9. This is the highest velocity at which an aircraft is allowed to
fly.



6 Limit Overview

Next to the limits we just saw, there is one additional limit to the flight envelope of an airplane. This
is the maximum pressure difference. The pressure cabin can only take a maximum pressure difference,
which may not be exceeded. This is the last limit that will be discussed.

It’s time to make a graph out of all the limits we have just talked about. This graph can be seen in figure
1. It gives an impression on the flight envelope of a normal aircraft.
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Figure 1: Visualization of the flight envelope.



