Dynamics of Atmospheric Re-entry
By: Nathan Christian

Abstract:


The dynamics of atmospheric re-entry are simple to visualize but difficult to derive.  It involves a matter of orbital trajectory, air resistance, which can be broken down into a pressure gradient force and a frictional force, and the earth’s “quirks” of its atmosphere.  However, while each may seem simple in and of themselves, together they are quite complicated.  In this paper I will first discuss each individually, and then discuss them as a whole when calculated into each other.  The goal of this is to give the reader a better understanding of the relationships between the different elements re-entry.  As such, in each individual case I will use many assumptions that are common to most who do research into this topic so as to simplify the explanation.
1

Introduction:


When one thinks of atmospheric re-entry, they commonly think of such things as space shuttles coming back from a mission.  However, while the term may be slightly erroneous is some cases, it also involves satellites and meteors that burn up in our atmosphere as well as those that manage to land.  We, however, are mostly concerned with the satellites as they have little to no propulsion system of their own and originated from the earth’s surface.  Whether they burn up or not is a matter of thermodynamics, but where they land is a matter of mechanics.
Orbital:


“The flight of a ballistic missile may be divided into three parts: (1) the launch, boost, propulsion, or throwing phase during which the missile attains a speed, direction, and position necessary to its objective; (2) the reentry, terminal, or atmospheric phase during which aerodynamics and aerophysical interactions with the Earth’s atmosphere occur; (3) a mid-course, free fall, orbital, or exoatmospheric phase which is the remainder of the trajectory and may be nonexistent as for missiles of a few hundred miles of less range.  Meteors provide an example of reentry occurring naturally.” [1]

Assuming that the earth is a non-rotating homogeneous sphere, which is a valid assumption in meteorology, we can treat the earth as a point mass.  Anything that we launch into orbit, assuming that it begins with a set velocity and doesn’t accelerate on its own propulsion afterwards, follows 1 of 2 possible orbits.  The first is an ellipse that encircles the earth’s core.  For low velocities, we see this as an arc as most of the ellipse is within the surface of the earth.  The other is a hyperbola, which we are unconcerned with as an object with a hyperbolic orbit will not be re-entering the atmosphere barring outside forces, and is thus used for launching probes to such places as the Sun or Venus. [1]
[image: image1.wmf]ú

û

ù

ê

ë

é

-

=

-

)

(

cos

)

cos(

)

sin(

arctan

2

2

1

E

E

E

E

E

v

R

Range

g

g

g


Thus, we are left with the ellipse.  An example of this orbit is shown.  The circle represents the Earth’s surface.  If we set to the angle relative to the local horizon and V = the velocity, then the distance the object travels is given by the following equation:
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The maximum height of the trajectory is simply a matter of subtracting the radius of the earth for the apogee distance, which is given by 
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 where a is the apogee, G is the gravitational constant, E is the total mechanical energy, and l is the angular momentum. [4]

It is worth noting that not all elliptical orbits will re-intersect the earth on their first revolution.  The prime case of this is a satellite, which the launchers will want to keep in orbit for as long as possible.  However, such an orbit will, without outside influence or propulsion, eventually fall back to earth.  A satellite can, if given a propulsion system, achieve a stable circular or elliptical orbit that will not intersect the Earth’s surface.

Air Resistance:


This seeming simple factor actually includes 2 separate forces: the pressure gradient force and the frictional force.  Based on the inclusion of these forces, we can derive the equation
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where 
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pressure gradient force, 
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frictional force.  This is also known as the equation of absolute motion of a unit mass [2].  The frictional force is based off of the kinematic viscosity v and molecular viscosity , and these are almost negligible for a large scale flow in a free atmosphere.  However, when they are significant it is usually the kinematic viscosity that has an effect, and for air near the ground it has been measured to be approximately 
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 [3].  This leaves us with the pressure gradient, which is variable based on the density of the air and the pressure gradient.  It is this force that equates to the air resistance since the frictional force is generally negligible.  The air density is based on the position is the atmosphere, and the pressure gradient is based on the density of the air and the speed with which the object is moving through the atmosphere.  Thus, we have a position dependent air resistance, as the force of air resistance is already velocity dependent.  Unfortunately, due to shifting wind patterns, areas of low and high pressure, and the dispersion of the atmosphere as one travels outward, actually finding numerical data for this it extremely difficult.

Earth’s Quirks:


As we all know, the Earth isn’t actually a homogeneous sphere that doesn’t revolve or rotate.  However, there are other things that must be taken into account, such as the wind, the moon, and possible electromagnetic forces.  These 3 forces can play a large role in the dynamics of atmospheric re-entry, but only under certain circumstances.

To begin with, the fact of whether or not the Earth rotates and revolves is extraneous.  Since we are using the earth as the reference frame, anything that is launched from the Earth would already possess the angular velocities of the Earth.  This case is similar to the ball on train problem in that it doesn’t matter that the train is moving.  To an observer on the train, the ball may as well be standing still.  And if he were to throw the ball, he would only observe a change in the ball’s position according to how he threw it.  As for the homogeneous density and smooth sphere assumption, they have been proven to have only a small effect on the calculations and thus are viable assumptions.


As for the matter of wind, this is a variable that is difficult at best to take into account, but in relation to such objects as a meteor or a satellite, the effect is negligible unless the object loses enough mass by burning up in the atmosphere, in which case the dynamics of said object are meaningless.  Electromagnetic forces, while large, only have an effect beyond the atmosphere of the Earth and thus can be shown to have negligible effect once the object re-enters the Earth’s atmosphere.  Finally, as for the Moon which, while simply its gravitational force may not have an appreciable effect, can possibly affect things through tidal forces.  However, due to the Moon’s small mass in relation to the Earth it is largely overridden for an object close enough to be enduring atmospheric re-entry.

All Together Now:


Now that we have taken a look at the various factors that can affect an object during atmospheric re-entry, we are left with, in the general case of an ellipse that intersects with the Earth’s surface, a general deformation of said ellipse by the pressure gradient force.  However, this force works both ways, on launch and on re-entry.  The friction force, while negligible compared to the other forces, is the one that produces the heat that causes an object to burn up upon re-entry.  Based on amount of energy generated by just this friction force, one can guess how much force is being exerted.

As for the many other factors that one might think would affect the trajectory of an object, they generally either have a negligible effect or only affect the path of the object while it is still in “orbit.”  While they could possibly have an effect on one’s calculations of the path of an object based on phase 3 of a trajectory, they will not have an appreciable effect on a heavy object during phases 1 or 2.

The total effect that all of this has on the trajectory is a shallowing of the path on launch and a steepening of the path upon reentry.  Thus, this is the reason that most objects made for re-entry fulfill have their own propulsion system or are designed to re-enter the atmosphere at a low angle to begin with.  Most designs utilize both so as to conserve fuel.  Once the space capsule, for example, has slowed down sufficiently they then make use of parachutes to further slow the descent so as to make for a softer landing.
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