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1. INTRODUCTION

Today one of the most important aerodynamic problems in astronautics is the
return intact of satellites and space vehicles to the earth's surface. This requires a
flight through the atmosphere of man-made vehicles with velocities hitherto experi~
enced only by meteors. Particularly in the case of the manned satellites, the
requirement of a smooth re-entry with a minimum of deceleration and a minimum
of heat transfer to the re-entering vehicle is of great importance. The mechanical
energy which a safeliite possesses in an orbit near the earth is very large. The kinetic
energy alone at circular velocity of 7,910 m/sec near the surface is 3.128 x 107
joules/kg, which is equivalent to 7,470 kcal /kg (1Tcal). For comparison, the heat
of evaporation for water is about 550 kcal/kg. Hence, if the kinetic energy of a
re-entering body would be completely transferred to the body itself, it is obvious
that the mass of the body of any known material would be vaporized. Consequently,
it is of greatest engineering importance to dissipate as much as possible of this energy
into the surrounding medium and to transfer only a small fraction of it to the body itself.
To accomplish this, a careful study of the flow processes involved at hypersonic velocities
and high temperatures is required.

The re-entering vehicle passes through a large difference inaltitudes, and
hence encounters a great variation in density and composition of the atmosphere. The
strong heating, particularly near the stagnation point, will change considerably the
chemical composition of the air flowing along the body. Increasingly high stagnation
temperature produces dissociation of the gases and eventually ionization.

During re-entry the Mach number, Reynolds number, Knudsen number, stagna-
tion pressure, stagnation enthalpy, and hence the stagnation temperature, all vary over
a wide range. The change in Reynolds number, for instance, indicates the varying in-
fluence of viscosity on the flow. At the beginning of re~entry, with comparatively
low Reynolds numbers, the influence of viscosity is predominant. As re-entry proceeds,
the higher Reynolds numbers signify a decreasing effect of viscosity, until finally the
effect of viscosity is restricted to a boundary layer, the dimension of which is small
compared with the characteristic body dimension. Decreasing Knudsen number along
a re-entry trajectory indicates that the flow is initially in the free molecular regime,

passes through the slip flow regime, and finally enters the continuum flow regime.



Before we can calculate the effects caused by the flow, we have to know
the environment in its undisturbed condition. Therefore, we will start with a discus—

sion of the environment.

2, PROPERTIES AND COMPOSITION OF THE ATMOSPHERE

Some important properties of the earth's atmosphere are presented in Figure 1
and Figure 2, taken from Reference 1. In Figure 1, left hand side, the density dis-
tribution is shown as a function of geometric altitude up to 700 km. Because of the
inguish more exactly be
(see Fig. 1) and the number density n, that is, the number of atmospheric particles
(atoms or molecules) per unit volume. The variation of number density with geometric
altitude is similar to the given mass density.

The temperature T as a function of geometric altitude Z is shown in Figure 1,
right hand side. Also included is the molecular-scale temperature TM= T-My/M. The
latter is of importance because rockets and satellites cannot measure temperature direct-
ly, but only the ratio T/M. The temperature is then derived as accurately as the average
molecular weight, i.e., composition versus altitude, is known.

Figure 2 presents the distribution of molecular weight M, left hand side, and
mean free path L, right hand side, with the geometric altitude Z as before. Up to
Z=90 km the molecular weight M is taken as constant at 28.96444, Above 90 km,
mainly because of molecular dissociation and diffusive separation, the molecular weight
changes as depicted.

The mean free path L is the mean value of the distances traveled by each of the
neutral particles, in a selected volume, between successive collisions with other
particles in that volume. A meaningful average requires that the selected volume be
big enough to contain a large number of particles.

With regard to the composition of the atmosphere, the major constituents in
lower altitudes are, of course, N2 and 02. When we approach altitudes around 90 km,
dissociation occurs, and we find a considerable amount of atomic oxygen. Nitrogen
dissociation becomes appreciable at higher altitudes, however, it is only slowly increasing.
We find that ozone, 03, has a sharp maximum concentration called the ozone layer at

about 30 km altitude (Ref. 2).




The following facts should be emphasized. In higher altitudes the atmosphere
at rest has its natural dissociation of oxygen and nitrogen, which should not be confused
with the dissociation occurring in the flow around re-entry bodies due to the high stag-
nation temperature. The latter is an entirely different process and independent of the
natural dissociation.

3. RE-ENTRY OF BALLISTIC VEHICLES AND MANNED SPACE

CAPSULES INTO THE EARTH'S ATMOSPHERE

At the present time, it is not possible to study and to calculate all phenomena
in the complete range of hypersonic high temperature flow problems. Therefore, we
must concentrate our efforts on the study of those combinations of variables which are
of the greatest engineering concern today. This leads us to the study of hypersonic
flow around bodies in the so-called flight corridors. Here certain flight velocities are
related to certain flight altitudes, and this relation again depends on the aerodynamic
configuration, such as a ballistic capsule or a lifting vehicle, and on the specific area

loading of the vehicle. Hence, the knowledge of the re-entry trajectories is a necessity

when studying hypersonic flow problems.

3.1 Re-Entry for Ballistic Vehicles

Figure 3 is a typical blunt body configuration used for ballistic vehicles. It
is a spherically capped cone which, in high speed flight, generates a detached bow
shock. The region between the shock wave and the outer edge of the boundary layer,
called the inviscid shock layer, has a subsonic region in the vicinity of the stagnation
point; farther downstream the flow is supersonic. Both regions of the inviscid shock
layer are separated from the body surface by the boundary layer. Altogether then,
there are three distinctly different flow regions, which in general must be analyzed
with equally different mathematical methods.

For axisymmetric flow at zero angle of attack, flow fields are symmetric with
respect to the body axis; and the inviscid portions can be calculated by presently
available methods even though they require considerable computational efforts. |f
the flow with angle of attack is considered and axial symmetry does not exist, analytical
methods are not readily available.

The two types of re-entry which are most frequently analyzed are the ballistic

and the lifting vehicle re—entry. Ballistic vehicles, by definition, produce no lift,



hence are in general spherical or capsule type vehicles. The duration of ballistic
vehicle re-entry is usually relatively short (in minutes), and thus the flow parameters
are typically in a non-steady state. This is particularly true for the heating of the
skin. In contrast, the gliding trajectory of a lifting vehicle requires a much longer
time, in the order of one hour. Here we will resirict the discussion to only ballistic
vehicle flight below 120 km altitude.

Re-entry trajectories for ballistic vehicles from circular orbit around the
earth are presented in a velocity—altitude diagram in Figure 4 (Ref. 3). The velocity
is made dimensionless by the circular velocity of the earth uo=.7,91.0 m/s. The trao-
jectories are shown for different values of the ballistic area loading parameter
W/C A, where W is the weight of the vehicle (N), C 'rhe hypersonic drag coefficienf
and A the cross sectional area (m ). This parameter ranges from 5 to 50,000 N/m and

covers the following typical cases (for simplicity Cp =1 assumed):

W/C%A
(N/m?)
5 Light large balloon
500 Small satellite payload
4,000 to 5,000 Re-entry module of Mercury, Gemini,
25,000 to 50,000 ICBM Apollo

From Figure 4 it can be seen that the deceleration of vehicles with small
area |ooding occurs at high altitude, while for vehicles with large area loading the
deceleration occurs at lower altitudes. It must be emphasized that all these results
have been obtained through simplifying assumptions. Details are found in Reference 3.

3.2  Re-Entry for Manned Space Capsules from Circular
Orbit Around Earth and Lunar Return Trajectory

The configuration of the Apollo vehicle developed for lunar return is shown
in Figure 2, taken from Reference 4. The capsule is still an axisymmetric blunt body,
but typically it decends at some angle of attack (to a maximum of 33°) which is
varied for control purposes during re-entry flight. The flow field is completely un-
symmetric, thus adding a major complication to the problem. Besides the subsonic-
supersonic inviscid shock layer, there is the boundary layer, and behind the body, a

viscous separated region. The latter two regions interact in the viscous mixing region,




finally forming the wake which poses almost unsurmountable difficulties for a
theoretical analysis. Unfortunately, because of the location of antennas, this is
also an important region as far as eleciromagnetic wave propagation is concerned (see
Section 4).

Before an analysis of the boundary Iayer or the wake can be made, the in-
viscid flow field must be known. The initial effort must, therefore, be directed
toward the determination of the inviscid flow field. Since air is a rather complicated

mixture of gases, especially when dissociation and ionization must be considered, a

select a model, it is advantageous to consider first the conditions that are encountered
along a typical re-entry trajectory in the earth's atmosphere.

In Figure 6, the cross-hatched region in the velocity-altitude diagram indicates
the re-entry corridor of manned space capsules from circular orbit around Earth with
about 7.9 km/sec and for lunar return with about 11.3 km/sec. Superimposed are
equilibrium conditions behind a normal shock; thus the temperature, the pressure,
and the density as they occur in the stagnation point region of a blunt body re-entering
the earth's atmosphere can be read from the graph. Thermodynamic data for Figure 6
were taken from References 5 and 6.

It is interesting to observe that a major portion of the space vehicle tra-
jectory is approximately parallel to a line pg= const. The temperature lines at low
velocities are practically vertical, that is, the temperature depends only on the square
of the velocity. For higher velocities, the temperature depends on both velocity and
altitude. The lower density of high altitudes has the effect of increasing the degree of
dissociation which in turn causes a temperature decrease through the transformation of
kinetic energy to energy of dissociation. Nevertheless, the stagnation temperature

reaches very large values, up to 11,000°K in the case of lunar return.

3.3  Redl Gas Effects: Molecular Vibration, Dissociation, and lonization

During re—-entry of a space vehicle through the atmosphere, extremely high
velocities are encountered. For instance, at return from a lunar mission nearly
parabolic velocity (11.3 km/sec), corresponding to about Mach number 35, is

reached. Strong heating, starting behind the shockwave, occurs particularly in




the stagnation point region. Above Mach number 3, air no longer behaves as a
perfect gas, and with increasing Mach number, molecular vibration, dissociation,
and finally ionization occurs. This will change considerably the chemical compo-
sition of the air and this change will extend along the body.

A simplified presentation of the real gas effects is given in Figure 7, which
illustrates various energy states of nitrogen. In addition to the well~known fact of
the translational and rotational motion of the particles, we have to consider the
vibrational motion of a particle for flight above Mach number 3, and initially in a
limited way, the motion of the elecirons within the particle. Monatomic particles
have no modes of rotational or vibrational excitation. With increasing temperature
the vibrations of the two atoms, within an oxygen or a nitrogen molecule, for
instance, become so intense that the atoms are separated into two different particles
by a collision with another body. This process is called dissociation, and it re-
quires a considerable amount of energy, the so-called dissociation energy. For the
recombination of two atoms, a triple collision is necessary, the third body carrying
away the energy that the two separate atoms must release to form a stable diatomic
molecule.

lonization is the process whereby one or more electrons are removed from an
atom. This process occurs when the average kinetic energy of the molecules or atoms
is high enough, so that the energy transferred in a collision between two neutral
atoms is sufficient to ionize one of them. The ionization (thermal) of the nitrogen
atom in Figure 7 occurs only at very high temperatures. When the number of elec-
trons in the gas, due to ionization by collision of neutral atoms, becomes appreciable,
ionization by electrons may become predominant, since electrons are more efficient
ionizing agents than neutral atoms. Each free moving electron that has left its shell
holds an electrically negative charge. The remaining molecule is charged electrically

positive in its ionized state.

3.4  Dissociation of Oxygen and Nitrogen in a Simplified Air Model

To be exact, all possible individual reactions which can occur between all
components in air must be considered simultaneously. We will use the following
simplified model. The model air consists of oxygen and nitrogen only. Only the

dissociation of diatomic oxygen and nitrogen to monatomic oxygen and nitrogen will




be considered. Hence, reactions of oxygen with nitrogen after dissociation are
neglected; in particular this means that the formation of nitric oxide, NO, is
disregarded.

At a given pressure and temperature, in general only a certain fraction of
the molecules are dissociated into atoms. The degree of oxygen dissociation a can

be defined in various ways. We are using the following definition:

m, (O]) ) i

01
m, (O) n + 2n

272 o1 02
Here a is the ratio of the mass of the atoms in the atomic state m_ to the sum of the

1

masses in the atomic and molecular state m,. n and 502 are the number of

o1

particles per unit volume in the atomic or molecular state.
The degree of nitrogen dissociation is defined in the same way. Thus we

obtain:
™"
Pes v =
N1 N2

The degree of oxygen dissociation & and that of nitrogen dissociation §,
as functions of temperature and pressure, are shown in Figure 8 (Ref. 3). For the
calculations, thermodynamic equilibrium was assumed, and the following physical
fact was considered for a further simplification. If, at a given pressure, the tem-
perature is raised, the oxygen begins to dissociate first, and the fraction of oxygen
dissociated increases with the temperature. All the while, the nitrogen practically
stays in molecular form. Only dfter the temperature is raised to the point where the
oxygen is fully (say 99%) dissociated does the dissociation of nitrogen begin. This
means a separation of the two processes, which leads to two separate quadratic
equations for g, the degree of oxygen dissociation, and §,the degree of nitrogen
dissociation, as functions of temperature and pressure. From Figure 8, it can be
seen that the dissociation for both species increases for a certain pressure with in-
creasing temperature, and for a certain temperature with decreasing pressure.

An illustrative survey of the happenings during re-entry with respect to
dissociation is given in Figure 9 (Ref. 3). The dissociation of oxygen and nitrogen

at the stagnation point of a vehicle in an altitude-velocity diagram was calculated



by combination of the values given in Figure 6 and those given in Figure 8. Also
included are re~entry trajectories for three ballistic vehicles from Figure 4. This
diagram illustrates very well the fact that the dissociation of oxygen and nitrogen
are separated from each other. There are two important restrictions in the graph.
First, the dissociation values given are valid only in the stagnation point region
for the respective vehicle. Second, the values are calculated for equilibrium
conditions, which means assuming that the flow has sufficient time to adjust to its
chemical composition due to the prevailing stagnation pressure and temperature

i H H - P K AR o« L
The difference between equilibrium and non-equilibrium flow will be

condition

<
L0 L0 LRe 8

mentioned in Section 5. Details can be found in Reference 3.

3.5 lonization at Re-Entry

The calculation of electromagnetic wave propagation requires the exact
knowledge of the electron density in the medium. Therefore, ionization of the
air must be considered as another important process during re-entry. Figure 10
(thermodynamic data from Ref. 7) shows, again for equilibrium conditions behind a
normal shock, the nature of the predominant species of charged particles which must
be expected in the stagnation point region of a blunt body along its re-entry tra-
jectory. It can be seen that, almost independent of altitude, at a velocity between
5 and 7 km/sec, the only source of free electrons is the ionization of NO. Hence,
all chemical reactions, which after dissociation of oxygen and nitrogen lead to the
formation of nitric oxide, must be considered. In the range of velocities from 7
km/sec to 10 km/sec, atomic oxygen and nitrogen begin to ionize, and the contri-
bution of electrons from ionization of NO declines because the fraction of NO is
decreasing due to dissociation. Finally, between 10 km/sec and 12 km/sec argon
begins to ionize, while atomic nitrogen and oxygen continue to become ionized.

From the discussion above, it is concluded that the following species must
be considered in order to realistically approximate the electron density:

O, O, Ny, N, A, NO, NG*, 0", N*, A, and .

It can be easily seen, that the consideration of so many species means in practice a
great complication of the numerical caleulation. The difficulties become still

larger if additional species must be considered, such as COZ’ in order to correctly



calculate the flow field when the ambient gas differs in composition from that of
"Earth standard" air, as it would in other planets such as Venus and Mars.
In concluding, it must be understood that for the calculation of electron

density, the simplified air model as discussed in Section 3.4 cannot be used.

4, PLASMA EFFECTS ON COMMUNICATION AT RE-ENTRY

With re-entry from outer space into the earth's atmosphere at least
technically mastered, there remains a multitude of unsolved problems, one of
which is the entry-communications problem.  As is well known, partial or total
radio blackout is caused by the formation of a plasma sheath due to the high
temperature occurring around the vehicle when entering the atmosphere. The plasma
layer attenuates the transmission of electromagnetic signals from either direction.

In the most critical case, radio communication is completely blacked out.
This signal blackout has already been experienced during the re-entry of the
Mercury spacecraft. A much more serious condition of tracking and communication
blackout is expected during the re-entry flight of the Apollo spacecraft because of
the higher Apollo re-entry velocity (about 11 km/sec) in comparison to Mercury
velocity (about 7 km/sec).

In order to cope with the problem, i.e., either to find some ways of pro-
pagating ele-cfromagnefic waves through the plasma or to eliminate the spurious
noise, one must have not only a proper understanding of the phenomena but also
a rather precise knowledge of the composition of the flow field surrounding the
vehicle. The most important parameters here are the electron density, the collision
frequency and the thickness of the plasma sheath in the direction of propagation.

Electron densities and collision frequencies for equilibrium conditions be-
hind a normal shock are already available (Ref. 8) and are shown in a velocity-
altitude diagram in Figure 11. The electron density is defined as the number of
free electrons per unit volume. It can be observed that the electron density dis-
tribution in Figure 11 is similar to the temperature distribution in Figure 6. The
given electron density distribution is valid only in the stagnation point region, be-
cause it is calculated behind a normal shock. To calculate the electron density in

the antenna region is very difficult, and an accurate evaluation of the downstream
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electron distribution will involve an analysis with a multitude of coupled chemical
reactions.

In the range below 8 km/sec, the electron collision frequency (sec—]), as
shown in Figure 11, has a similar distribution to those of density and pressure (Fig. 6).
In general, the average collision frequency is the average speed of the particles
within a selected volume divided by the mean free path of the particles within this
volume. In the data shown in Figure 11, only collisions of electrons with neutral
particles or ions are considered. Electron-electron collisions are neglected.

In Figure 12, predicted blackout bounds at operationa! frequencies o
2 kMc, and 5 kMc are presented in our well-known velocity-altitude diagram (taken
from Ref. 4). Also included are three different lunar return trajectories of the Apollo
vehicle and one Mercury (MA-6) trajectory for re-entry from a nearly circular orbit
around the Earth. It can be seen that under the present conditions the radio communi-
cation to the earth's surface is not possible during a very important part of the re-entry.
It will be particularly critical since its occurrence will coincide with the maneuver
phase of the spacecraft, and it may eliminate the ground support during a vital portion
of this phase or even during the entire regime of effective maneuverability depending
upon the type of re-entry trajectory. More details on these problems can be found

in Reference 4.

5. HYPERSONIC FLOW OF AIR PAST BLUNT AND POINTED
BODIES WITH NON-EQUILIBRIUM OXYGEN DISSOCIATION

5.1 Equilibrium Flow, Non-Equilibrium Flow, and Frozen Flow

Before we can discuss non-equilibrium, equilibrium, and frozen flow, we
have to define thermodynamic equilibrium of a gas at rest. A gas at rest is, by
definition, in thermodynamic equilibrium, if a particular volume of the gas has
sufficient, or better infinite, time fo bring all its internal modes of energy in
equilibrium with the tronslational energy of the molecular motion. For our consid-
eration those modes are molecular vibration, dissociation, electronic excitation,
and ionization.

Now considering flow processes of a gas, it is obvious that equilibrium flow

is only one limiting case, namely when the changes of the state of the gas flowing
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along a streamline are so slow that at any point equilibrium is obtained, or stated
more exactly, equilibrium is very closely approached. At hypersonic velocities,

the time available is, in general, too short for the gas particles which are undergoing
rapid density, temperature, and composition changes to reach thermodynamic equilib-
rium. Hence, in general, we have non-equilibrium fiow. The degree of molecular
vibration, the degree of dissociation (chemical composition), and the degree of
ionization will still change from point to point along the streamline but will not

reach thermodynamic equilibrium at any point.

energy modes have no time to follow the changing density and temperature with the
result that the vibrational energy, the energy in dissociation, and the energy in
ionization stay very nearly constant. We call this flow frozen; the gas might be
vibrationally frozen, and/or chemically frozen (frozen dissociation or no change in
degree of dissociation), and/or the gas has frozen ionization.

This qualitative discussion demonstrates that calculation of hypersonic flow
obviously requires very complex thermodynamic relations which include the above
mentioned real gas effects and the intermediate reactions and products. Finally ,
without interpretation at this place, the important fact should be noted that non-
equilibrium flow fields are dependent on the absolute size of the body and therefore
they are generally not similar for geometrically similar bodies even at completely
equal free stream conditions.

5.2  Some Results of Hypersonic Flow Past a Circular Cylinder,
a Sphere, and a Circular Cone

For non-equilibrium flow field calculations, the properties behind the shock
are mostly calculated on the basis of frozen composition (at the free stream value)
across the shock, but with molecular vibrations and rotations in equilibrium with the
translational temperature. The conditions behind the shock, serving as boundary
and initial values for the flow field calculations, are calculated on the basis of conser-
vation of mass, momentum and energy across the shock.

Some results of our investigations at the University of Alabama Research
Institute are shown starting with Figure 13. Using Dorodnitsyn's method of integral

relations, hypersonic chemically relaxing inviscid flow of air past a circular cylinder
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has been calculated. The effects of non-equilibrium oxygen dissociation on the

distribution of the flow variables in the subsonic and supersonic region of the shock
layer were considered. The influence of oxygen dissociation in the free stream on
the shock detachment distance and the flow field in general was also investigated.

Shock waves in front of a cylinder with the body radius 0.1m at four different
Mach numbers from 3.0 to 14.2 are shown in Figure 13. The shock detachment
distance decreases from approximately 0.7 to 0.2 of the body radius with increasing
Mach number. Included are the sonic points on the body surface which move toward
the stagnation point with increasing Mach number. Figure 13 also shows that the
shock shape deviates considerably from a concentric circle, even where the velocity
in the shock layer is still subsonic.

The shock detachment distance and the sonic point location as functions of the
free stream Mach number are presented in Figure 14, Non-equilibrium flow results
from Reference 9 with and without free stream dissociation (a] =0.5; a = 0) are
compared with perfect gas results (y = 1.4) from References 10 and 11.

It is already well known from perfect gas calculations that with increasing free
stream Mach numbers the bow shock moves closer to the body. It is seen from Figure 14
that in chemical non-equilibrium flow this trend is retained. Figure 14 also indicates
clearly that dissociation of the free stream, keeping all other free stream parameters un-
changed, causes the bow shock to move away from the body. One reason for this effect
is that, for a dissociated free stream, the density behind the shock is lower than for
corresponding conditions without free stream dissociation. The effect is seen to in-
crease with decreasing free stream Mach number.

Also from Figure 14 it is observed that the calculations from Reference 9 yield a
stagnation shock detachment distance which is much smaller, even for an undissociated
free stream, than the values obtained from perfect gas calculations. Responsible for
this effect is the inclusion of vibrational excitation into our calculation throughout the
flow field. The molecular vibration is assumed to be in equilibrium. It is shown that,
for a free stream Mach number of MI=3, where the bow shock does not yet cause appre-
ciable molecular vibration in the shock layer, the non-equilibrium flow calculation

predicts a value which is very close to the known perfect gas result.
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A comparison of the shock stand-off-distance between cylinder and sphere
is presented in Figure 15. The result for the cylinder is taken from Reference 9,
that for the sphere from Reference 12. The free stream conditions in both cases are
not the same, and other results are not available at the present time. The fact, that
in case of the sphere the shock moves closer to the body, will be true also for identical
free stream conditions. However, the location of the sonic point is very sensitive, thus
one cannot compare the two bodies at different free stream conditions with respect to
the sonic point location .

Finally, Figure 16 shows the shock layer thickness for chemicaily and vibra-
tionally frozen flow past a circular cone (Ref. 13). Included is the effect of free
stream oxygen dissociation at three Mach numbers. It can be seen that also in case
of the cone as with the cylinder, the shock layer thickness decreases with increasing
Mach number, and increases with increasing free stream dissociation. The behavior
of the shock layer thickness with regard to the cone angle shows a pronounced
minimum which, with increasing Mach number, moves to smaller cone angle; obviously
the minimum for Mach number 20 lies left of the region covered by our calculation.

All the results in Figure 16 for chemically and vibrationally frozen flow around
a circular cone are independent of the free stream density and body size (cone length),
and the shock shape represents again an axisymmetric cone. The results for non-
equilibrium flow are more complicated and are discussed in detail in References 13
and 14. In this case, for instance, the free stream density and the cone length have

influence on the flow field, and the shock no longer has a conical shape.
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6. SUMMARY

One of the most important problems in astronautics today is to return
manned and unmanned satellites and space vehicles structurally intact. During
re-entry of such vehicles into the atmosphere, extremely high velocities are
encountered. At return from a lunar mission, for instance, nearly parabolic
velocity of 11.3 km/sec is reached, which corresponds to about Mach number
35, causing high stagnation temperatures with a maximum of 11,000°K at 60 km
altitude. Already ot much smaller velocities, namely for flight adbove Mach number
3, air no ionger behaves as a perfect gas; and molecuiar vibration, dissociation,
and ionization occur, absorbing large amounts of energy.

The presentation of the re-entry trajectories in a velocity-altitude diagram
is of great importance, in order to determine free stream conditions as well as the
conditions in the stagnation point region of the re-entering vehicle. Also, the
degree of dissociation and some characteristics of ionization are usefully shown
as parameters in velocity-altitude diagrams.

Radio communication blackout during an important portion at re-entry is
caused due to difficulties encountered with the propagation of electromagnetic
waves. These problems are associated with the electron density and collision
frequency of the free electrons in the plasma sheath. They are significant at high
enthalpy flow which is dissociated and ionized and generally in non-equilibrium
both in the shock layer and in the wake.

Results of calculations using the Integral Method for hypersonic flow of air
with non-equilibrium oxygen dissociation are presented. A circular cylinder and
a sphere were investigated up to Mach number 14, and a circular cone up to
Mach number 20. In case of the cylinder and the cone, calculations assuming
dissociation of the free stream were included. 1t was found that the shock wave
moves closer to those bodies with increasing Mach number, but with rising free stream

dissociation at otherwise fixed conditions, the shock wave moves away from the body.
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