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A model has been developed to predict the magnitude and characteristics of the shock wave precursor ahead
of a hypervelocity vehicle entering the Earth's atmosphere. This model includes both chemical and thermal
nonequilibrium, utilizes detailed mass production rates for the photodissociation and photoionization reactions,
and accounts for the effects of radiative absorption and emission on the individual internal energy modes of
both atomic and diatomic species. For this study, the Earth's atmosphere is modeled as pure nitrogen rather than
as a nitrogen oxygen mixture. Comparison of the present results with shock tube data indicates that the model
is reasonably accurate. A series of test cases representing Earth aerocapture return from Mars indicate that there
is a significant production of atoms, ions, and electrons ahead of the shock front due to radiative absorption and
that the precursor is characterized by an enhanced electron/electronic temperature and molecular ionization.
However, the precursor has a negligible effect on the shock layer flowfield.

Nomenclature
AF = radiation attenuation factor
Dn = dissociation energy for the nth species, eV
E - energy per particle, eV
E3 = third exponential integral
e = energy per unit mass, erg/g
e'g = electron/electronic energy, erg/g
H = total enthalpy, erg/g
h = static enthalpy, erg/g
h v - photon energy, eV
// = ionization energy of the /th species, eV
k = Boltzmann's constant, 1.38 x 10~16 erg/K
k'v = absorption coefficient, I/cm
Mn = molecular weight of the nth species, g/mole
mn - mass per particle of the nth species, g
Nn - number density of the nth species, I/cm3

«diss = number of bound-free dissociation processes
nmb = number of molecular bands
ns = number of species
p = pressure, dyne/cm2

= radiative flux, W/cm2

= universal gas constant, 8.317 x 107 erg/K g mole
T = heavy particle temperature, K
Te = electron/electronic temperature, K
V - velocity, cm/s
wn - mass production rate of the nth species, g/cm3 s
x = spatial variable in the precursor, cm
Y = absorption coefficient ratio
/3 = one-half of the angle subtended by the body
v = frequency, 1/s
£ = energy production due to inelastic collisions, W/cm3

p = density, g/cm3

7 = optical depth
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Subscripts
elct = electronic
i = for the /th process
j = for the j th electronic level
n = for the nth species
rot = rotational
tr = translational
vib = vibrational
v = at the frequency v

Superscripts
TS = tangent slab approximation
s = at the shock

Introduction

T HE recent emphasis placed on a mission to Mars and the
subsequent return of samples has caused an increased

interest in the development of accurate methods for predicting
the fluid flow around hypersonic entry vehicles. This interest
is a result of the plan to use an aerocapture technique to
provide the reduction in velocity necessary to plage the space-
craft in Earth orbit. This technique uses aerodynamic drag,
resulting from the interaction of the spacecraft with the
Earth's atmosphere, instead of propulsive braking to slow the
vehicle to orbital speeds. Such an approach provides a reduc-
tion in the fuel necessary for the mission and an increase in the
pay load capabilities. A vehicle entering the Earth's atmo-
sphere upon return from Mars will experience velocities in the
high hypersonic range, 11-16 km/s.1'2

The majority of the recent work associated with hypersonic
flowfields has involved the shock layer; the shock wave pre-
cursor, on the other hand, has received little attention. The
precursor is the region ahead of the shock wave in which
radiation, primarily ultraviolet, emitted by the hot shock layer
is reabsorbed by the gas. This absorption of radiation causes
a heating of the gas in the precursor and the production of
atoms as well as ions through the photoionization and photo-
dissociation reactions. These changes might also in turn affect
the gas behind the shock front. For example, the preheating of
the gas in the precursor as well as the introduction of electrons
and ions could potentially increase the rate at which the gas
behind the shock approaches equilibrium. It has also been
shown that for certain conditions the absorption of radiation
ahead of the shock can cause significant increases in the radia-
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tive heating to the body.3*4 Further, the presence of free elec-
trons in the precursor can significantly affect communications
with and identification of entry vehicles.5'6

Much of the previous work on shock wave precursors has
been performed using shock tubes and shock tunnels.7'9 A
number of computational studies have also been per-
formed.10-13 The majority of this previous work, however, has
involved monatomic gases and is therefore not directly appli-
cable to the Earth's atmosphere.

The studies by Tiwari and Szema13>14 as well as by Omura
and Presley15'16 involve diatomic gases and therefore are sig-
nificant to a study of the Earth's atmosphere. Tiwari and
Szema calculated the effects of the precursor on the shock
layer and the radiative heating of a body entering the hydro-
gen atmosphere of Jupiter, whereas Omura and Presley con-
ducted a shock tube study of the electron densities ahead of
strong shock waves in nitrogen as well as air.

The objective of this study was to develop a technique for
predicting the character and magnitude of the chemical and
thermal nonequilibrium shock wave precursor ahead of a hy-
pervelocity entry vehicle that includes in detail the mass pro-
duction due to photodissociation and photoionization of the
various species and properly accounts for radiative absorption
and emission effects on the internal energy modes of both
atomic and diatomic species. A secondary objective was to
ascertain the effect of this precursor on the vehicle flowfield.

Radiative Transfer Formulation
In most of the previous work investigating shock wave

precursors, several assumptions have been imposed on the
radiative transfer calculations. A common assumption has
been that the shock layer emits radiation as a black body at
the equilibrium temperature behind the shock front.10'12'17

Also, several of the previous works have utilized a multiple
step absorption coefficient model1'13'14 where, at a given tem-
perature, the species radiative properties have been assumed
constant over specific frequency regions. However, since pho-
tochemical reactions are being considered, variations in the
radiative transfer can cause significant changes in the gas.
Likewise, the spectral details are very important in these calcu-
lations since the important radiative processes occur over dif-
ferent frequency ranges and the frequency of the photon ab-
sorbed as well as the process through which it is absorbed
directly affects how the photon energy changes the energy of
the gas. Without sufficient spectral detail, it is not possible to
ascertain what portion of the radiation absorbed causes pho-
toionization or photodissociation and what portion simply
causes an increase in the internal energy of the gas.

Because of the necessity of accurate radiation predictions
for the calculation of the photochemical reactions, it was
decided that a complete spectrally detailed method of calculat-
ing the radiative flux was in order. Thus, an extensively mod-
ified version of the program RADICAL was utilized. This
program, originally created by Nicolet,18 allows the user to
select the frequency points used for the continuum radiation,
so it was possible to obtain the spectral detail necessary for
accuracy in the calculation of the photochemical reactions.
RADICAL also performs detailed calculations of the atomic
line radiation.

RADICAL, like many of the schemes currently used in the
calculation of radiative transfer, uses the tangent slab approx-
imation. This assumption is a one-dimensional approximation
of the full equation of radiative transfer, which treats the
radiation emitted at a point in the gas as if it were emitted by
an infinite plane of gas positioned perpendicular to the direc-
tion of travel of the radiation. Since the thickness of the shock
layer is much smaller than the body dimensions, each point in
the shock layer is positioned close enough to the body that the
rest of the gas in the radiating shock layer indeed appears to be
of infinite extent; therefore, this is a reasonable assumption in
the shock layer. The precursor, on the other hand, can extend
to distances ahead of the shock that are of the same order of

magnitude as the body diameter. Therefore, in the precursor,
the radiating shock layer no longer appears to be of infinite
extent but instead appears to be a slab of finite diameter.

In the one-dimensional problem, as in the shock layer,
absorption is the only method by which the radiation is atten-
uated as it travels through the gas. Therefore, any decrease in
the radiative intensity through the gas can be attributed to
absorption, which in turn causes an increase in the energy of
the gas equal to the decrease in the radiative energy. Since the
shock layer does not appear to be of infinite extent at each
point in the precursor, however, the radiation no longer be-
haves one dimensionally. Consequently, in the precursor the
radiative transfer is a three-dimensional problem in which a
decrease in the radiative intensity can occur due to the geome-
try as well as the absorption.

This geometric attenuation in the precursor occurs because
the radiative energy emitted by the finite diameter shock layer
propagates radially outward into the forward 180 deg semi-
sphere. Therefore, as the energy emitted progresses outward,
the area through which it passes increases, thus producing a
decrease in the radiative flux. This decrease, however, is
riot due to absorption by the gas and therefore has no effect
on the gas.

Thus, to use RADICAL for the radiation calculations, it
was necessary to correct for the geometric attenuation of the
radiation. This was done by expressing the radiative flux in the
precursor as

where q™ is the radiative flux at the point of interest using the
tangent slab approximation and AFV is the geometric attenua-
tion factor defined by

£3[(T,-rpsec(/3)]-£3[T,,sec(/3)]
(2)

In this expression, /3 is half of the angle subtended by the
body as viewed from the point of interest in the precursor.
This expression is derived in detail by Stanley.19

In the species continuity and energy equations, the terms
involving the radiation appear as a divergence of the flux and
are defined to account for the absorption and emission of
radiation at a point. However, simple differentiation of Eq. (1)
yields

dqv dq™
dx ^ dx

8AFV

dx (3)

In this expression, the first term on the right-hand side is the
change in the radiative flux due to the emission and absorption
of radiation, and the second term is the change due to the
geometry of the problem and should not affect the gas. there-
fore, the second term was neglected in the flowfield calcula-
tions. Notice that if the second term was included in the
species continuity and energy equations, an essentially trans-
parent radiation would appear to be absorbed due to the
spatial variation of the attenuation factor.

To properly account for the effects of absorption and emis-
sion of radiation on the energy of the gas, it is necessary
to have an understanding of how each radiative process
physically changes the particles involved. The effects of the
absorption and emission of radiative energy on the internal
energy modes depend on the type of radiative process as well
as the frequency of the photon absorbed or emitted. Radiative
processes can be separated into three categories: free-free,
bound-bound, and bound-free. While free-free and bound-
bound processes cause a change in the energy of the gas with
no chemical change, the bound-free processes are associated
with chemical reactions in the gas, such as photoionization or
photodissociation.
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Table 1 Radiative processes included in
the shock layer and precursor

Radiative process Frequency range
Shock layer

Free-free, bremsstrahhmg Q.Q<hv
N Low frequency ionization

(highly excited states) Q.Q<hv
High frequency ionization (ground

and first two excited states) 10.9</*j>
Atomic lines ——

N2 Birge-Hopfield molecular band 6.5 </**/< 12.77
First positive molecular band 0.75 < h v < 4.5
Second positive molecular band Q.75<hv<4.5

NJ First negative molecular band 2.23 < h v < 4.46

Precursor
Free-free, bremsstrahhmg Q.Q<hv

N Low frequency ionization
(highly excited states) . 0.0 < h v

High frequency ionization (ground
and first two excited states) 10.8<A*>

N2 Ionization continuum (ground and
first three excited states) 8.24 < h v

Birge-Hopfield molecular band 6.5<hv<\2.11
First positive molecular band 0.75 < h v < 4.5
Second positive molecular band 0.15<hv<4.5
Lyman-Birge-Hopfield molecular band 4.77 < h v < 9.78
Dissociation continuum (adjoining

Lyman-Birge-Hopfield molecular band) 9.18<hv
N} First negative molecular band 2.23<hv<4.46

Photodissociation of the relatively cool nitrogen in the pre-
cursor occurs through a process called predissociation, a radi-
ationless process in which a molecule makes a transition from
a discreet electronic state to a dissociated state.20 In cool
nitrogen, this predissociation occurs primarily through the
Lyman-Birge-Hopfield molecular band and the subsequent
transfer out of the alflg state into the repulsive 5£ + + state
(Fig. 1).

The radiative processes included in the calculation of the
emission and absorption in the shock layer and precursor for
this study are given in Table 1. The radiative processes in-
cluded in the shock layer are those originally accounted for in
the modified version of RADICAL. These processes include
not only the continuum processes but also the atomic lines
associated with the nitrogen atom. Since only continuum pro-
cesses were included in the precursor, the continuum mecha-

nisms originally included in RADICAL were retained. Also,
the photoionization of molecular nitrogen, the Lyman-Birge-
Hopfield molecular band, and the dissociation of molecular
nitrogen through a continuum adjoining the Lyman-Birge-
Hopfield band were added to the processes in RADICAL.

The absorption coefficients for photoionization of molecu-
lar nitrogen and the Lyman-Birge-Hopfield molecular band
were determined using theoretical expressions derived accord-
ing to ZePdovich and Raizer.21 For the photoionization pro-
cess, the absorption coefficient was found to be given by the
expression

(4a)

* /=•
(7N2 -

kT (4b)

where the photon energy hv is given in electron volts. The
lower limit on the summation over the electronic states in this
equation is governed by the requirement that the photon energy
be greater than the binding energy for the state. Otherwise, the
photon has insufficient energy to cause photoionization.

For this study, the summation in Eqs. (4) was limited to the
lowest four electronic states of the nitrogen molecule. How-
ever, in the cool precursor the populations of all except the
ground electronic state were small. It should be noted that
Eqs. (4) provide values near the ionization threshold on the
same order of magnitude as those predicted by ZeFdoyich and
Raizer22 as well as those predicted by Marr.23

The absorption coefficient for the Lyman-Birge-Hopfield
molecular band was found to be given by

= 9.1458xl016-J^i
(113,314.97-11,610.14/z^)

(5)

This equation was obtained from expressions given by
ZePdovich and Raizer21 using an absorption oscillator strength
of 3.7 x 10~6 from Alien24 and then correcting to match ex-
perimental predictions given by Watanabe.25 The absorption
coefficient for the dissociation continuum adjoining this
molecular band was assumed to be given by the expression

A: =4.97 x 10-207V,N2 (6)

The constant in this equation was taken from the data pre-
sented by Watanabe for absorption through this process in
cool air.

Precursor Formulation
For this study, the Earth's atmosphere was modeled as pure

nitrogen rather than a nitrogen oxygen mixture. This ap-
proach is a common simplifying assumption when performing
nonequilibrium, hypervelocity flowfield calculations since a
nitrogen gas represents the properties of air quite well. In
dealing with the precursor, however, the primary concern was
whether or not the absorption processes of nitrogen suffi-
ciently model those of air. After careful consideration it was
decided that due to the predominance of nitrogen in the atmo-
sphere it would be reasonable to represent the atmosphere as
nitrogen in this initial study.

The effects of thermal nonequilibrium in the precursor were
included in this study by permitting the free electrons and
heavy particles to have different temperatures. Further, it was
assumed that the free electrons and electronic states were in
equilibrium at a common temperature, which, as discussed by
Nelson and Goulard,11 is one of the limiting cases for the
precursor. For this region of the gas, the temperature govern-
ing the electronic states would normally be expected to be
greater than the heavy particle temperature but less than the
electron temperature. Thus, ideally a three temperature model
should be used allowing a separate electronic temperature.
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Nevertheless, since the mechanisms and expressions for the
transfer of energy between the electronic states and the free
electrons are not well known or well understood, it was de-
cided to use only a two temperature model. However, to
correct for the local thermodynamic nonequilibrium between
the electrons and the electronic states, a collision limiting
correction26 was applied to the populations of the molecular
electronic states when computing the radiative emission and
absorption phenomena.

For this study, the mass production rates in the precursor
due to collisional reactions were neglected in comparison with
those due to photochemical reactions. The photoreactions
used in the precursor include the dissociation of molecular
nitrogen and the ionization of both molecular and atomic
nitrogen, i.e.,

The elastic collisional terms in the electron/electronic en-
ergy equation were evaluated using the collisional cross sec-
tions of Gnoffo et al.27

The effects of the absorption of radiation through free- free
and bound-bound processes were also included in this study.
Although these processes do not cause chemical reactions,
they do cause an increase in the energy of the gas, and their
effects must be included in the electron/electronic energy
equation. Absorption through atomic lines was neglected due
to the expected low concentration of atomic species.

The equations governing the fluid properties on the stagna-
tion streamline in the precursor are the steady, one-dimen-
sional, nonequilibrium Euler equations.

Global continuity:

Momentum:

d_
dx

dV
pV—

dx

(7)

(8)

Energy:

dx dx
(9)

In Eq. (9), H is the total enthalpy of the gas defined in terms
of the static enthalpy such that

where

H = h + 1/2 V2

ev[bn

(10)

e$)
7 1 = 1 -

The second term in Eq. (9) is the gradient of the radiative flux.
This term accounts for the increase or decrease in the energy
of the gas due to absorption and emission of radiation. In
addition to these equations, the equation of state for a two
temperature gas is required,

~ —
e- p

02)

To allow for the effects of thermal nonequilibrium, an elec-
tron/electronic energy equation was added to these equations,

dV V2 dq

hv

where

dx

dx

;• = — <?e-+ £ feet* +P >=r

(13)

(14)

In this equation, ee- is the kinetic energy of the free electrons,
3/2kTe/we-, whereas edctw and e% are the electronic and zero
point energies of the nth species. The last three terms on the
right-hand side of Eq. (13) allow for the effects of the absorp-
tion of radiation. This equation is derived in detail in Ref. 19.

Chemical nonequilibrium was accounted for in the precur-
sor through the addition of a species continuity equation for
each of the five species in the problem. These equations are of
the form

"Jo hv dx

where

Ys ="'"N

k'

2*;-*;

y*N
+ '-'

Y; = :

k'

(15)

(16a)

(16b)

(16c)

(16d)

(16e)

The term on the right-hand side of Eq; (15) is the mass
production rate of the nth species due to photoprocesses. The
absorption coefficients, k'V{, k'V2, and k^ are those for the
absorption and emission processes asspciated with each of
the three photochemical reactions discussed previously. Equa-
tion (15) is derived in detail in Ref. 19.

In all of the previous equations, the radiative terms dq/dx
are the changes in the radiative flux due only to the absorption
of radiation and not those due to the geometry of the problem
as discussed in the previous section.

The equations governing the flowfield properties in the
precursor were solved using a space marching technique start-
ing at a point far from the shock front and marching in toward
the shock wave. The point furthest froni the shock wave was
assumed to be far enough from the radiating shock layer that
the ultraviolet radiation was absorbed between this point and
the shock; thus the gas properties at this point were forced to
remain at the freestream conditions. The spacing between each
spatiai point was adjusted as the solution progressed to pre-
vent the changes in the flowfield properties between each point
from becoming tpo large* This procedure forced a large con-
centration of points in the regions of large gradients and
allowed the distance between the points to increase in regions
of small gradients. At each individual point in the precursor,
the governing equations, Eqs. (7-16), were solved using an
iterative procedure.
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Fig. 3 Precursor profiles for 16 km/s case at 72 km altitude.

Shock Layer Formulation
To properly model the precursor ahead of a shock wave, it

is necessary to know the spectral details of the radiation that
passes from the shock layer and through the shock front to the
precursor. To calculate these spectral details, the conditions of
the gas in the shock layer must be known in detail. For the
flight conditions of interest in this study, a number of impor-
tant phenomena such as chemical and thermal nonequilibrium
must be included to properly model the shock layer. Also,
since the effects of radiation are of primary importance in the
precursor, it is desirable that they be included in the shock
layer model. The inclusion of these three phenomena can
significantly affect the radiation and hence the precursor.

For this portion of the flowfield, a viscous shock layer (VSL)
scheme based on a version of the NASA code VSL3DNQ28

was used. The version of VSL3DNQ used in this study was
modified extensively by Carlson.29 These modifications pri-
marily involved the nonequilibrium chemistry and the effects
of thermal nonequilibrium. However, the code was also mod-
ified to allow the shock layer and radiation calculations to be
coupled to the gas dynamics, thus incorporating the effects of
the emission and absorption of radiation into the flowfield
solution.

Results and Discussion
Figure 2 compares the electron mass fractions found by

Omura and Presley15'16 in the precursor ahead of a shock wave
in a nitrogen gas with those calculated using the present
method. Omura and Presley measured the electron densities in
the precursor using a 12-in. shock tube. The shock velocity for
their case was 11.89 km/s. Shown in this figure, along with
Omura and Presley's results, are two curves showing the elec-
tron mass fractions calculated using the current method. The
dashed curve was calculated using Omura and Presley's
freestream conditions and shock velocity with a 12-in.-diam
body. However, the solid curve was calculated using a lower
freestream density and pressure than Omura and Presley along
with a larger diameter body scaled so that the conditions
match those of Omura and Presley's case using binary scaling.

As can be seen from this figure, the electron mass fractions
calculated using this method match those found by Omura
and Presley reasonably well near the shock front. However,
far from the shock they deviate. It is believed that the differ-
ences in the electron mass fraction far from the shock are due
to the reflection of the radiative flux off of the shock tube
walls in the Omura and Presley case. This reflection should
greatly increase the quantity of radiation present far ahead of
the shock wave over that which would be present in a free field
such as is being used for the calculations. This increased
presence of radiation far from the shock would induce greater
absorption and thus an increase in the production of electrons
due to photoionization. It is also interesting to note how well
the two sets of calculations match using binary scaling.

The results discussed in the remainder of this section are
representative of "typical" conditions for an aerobrake vehi-
cle entering the Earth's atmosphere upon return from Mars.
These results were calculated for the stagnation streamline
of a 2.3 m nose radius vehicle at three altitudes: 72, 75, and
80 km. The shock layer calculations were made using 52 points
between the shock wave and the body and allowing for atomic
local thermodynamic nonequilibrium as well as radiation/gas-
dynamic coupling. The radiation calculations were made using
74 continuum frequency points selected to provide good spec-
tral detail in the ultraviolet absorption region of interest in the
precursor. A wall temperature of 1650 K was used in both the
shock layer and the radiation calculations.

72 km, 16 km/s
Figure 3 shows the heavy particle temperature, electron/

electronic temperature, pressure, and the five species mole
fraction variations through the precursor for this case. The
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Fig. 4 Radiative transfer for 16 km/s case at 72 km altitude.

radiative flux through the shock front for this case was 1385.0
W/cm2, and the spectral details of this radiation are shown
in Fig. 4. The shock standoff distance for this case was 6.60
cm. The radiation emitted from the shock layer for this case
was the greatest of all of those considered. Thus this case
experienced the largest flowfield perturbations in the precur-
sor region.

From these figures, it can be seen that the heavy particle
temperature and pressure increased steadily through the pre-
cursor region. However, even for this extreme case the
changes in these values were small. The density and velocity of
the gas were found to be essentially constant in the precursor.
This behavior verifies what was shown by Tiwari and
Szema13'14 and assumed by many others.10"12'15

The electron/electronic energy of the gas also increased
from a value of essentially zero in the freestream to a value on
the order of 109 immediately ahead of the shock front. It was
observed from comparisons of the total energy increase in the
precursor to the electron/electronic energy increase that 99%
of the radiative energy absorbed affected the electron/elec-
tronic energy of the gas. Only 1% of the energy absorbed
affected the heavy particle translational, rotational, and vibra-
tional energies of the gas. Furthermore, by comparing the
increase in the zero point energy of the gas with the increase in
the electron/electronic energy, it was found that 96% of the
increase in the electron/electronic energy was involved with an
increase in the zero point energy. From this, it was found that
the majority of the energy absorbed in the precursor was
involved with the ionization and dissociation of the gas.

The electron/electronic temperature behaved differently in
the precursor than the other gas properties. It increased
steadily to a maximum value of approximately 6300 K at a
distance of 40 shock standoff distances ahead of the body. It
then decreased rapidly to a value of 4290 K immediately ahead
of the shock front. This decrease in the electron/electronic
temperature was a result of the production of "low" energy
electrons through photoionization caused by photons of fre-
quencies only slightly larger than the ionization threshold of
N2. The production of these low energy electrons caused a
decrease in the average energy per electron, hence a decrease in
the electron/electronic temperature. That this decrease was a
result of the production of low energy electrons rather than
due to a transfer of energy from the electrons through elastic
collisions was evident since there was no decrease in the elec-
tron/electronic energy accompanying this decrease in the elec-
tron/electronic temperature. This decrease also coincided with
a region of rapid increase in the electron concentration in the
gas due to the photoionization of molecular nitrogen.

The photons with energy near the ionization threshold of
molecular nitrogen were absorbed rapidly in front of the
shock since the strongest absorption region for an ionization

process is at frequencies near the threshold. The higher energy
photons in the weaker absorption range, far from the
threshold, escaped to distances further from the shock where
they were absorbed, causing the creation of high energy elec-
trons. The production of these high energy electrons resulted
in a high electron/electronic temperature far from the shock.
However, although the electron/electronic temperature was
high far from the shock, the electron mass fraction in this
region was extremely small. It should be noted that a similar
decrease in the precursor electron temperature near the shock
was also predicted by Foley and Clarke,12 although they at-
tributed it to collisional electron impact ionization.

Considering the mole fractions of the five species, it can be
seen that the dominant chemical reaction far from the shock
was the photoionization of atomic nitrogen. However, near
the shock, photoionization of molecular nitrogen dominated.
The mole fractions of the ionized nitrogen molecule immedi-
ately ahead of the shock were at least an order of magnitude
greater than those for the nitrogen atom and ionized nitrogen
atom, although there were significant quantities of all three
species.

Because the dominant change in the precursor was due to
the photoionization of molecular nitrogen, the thickness of
the precursor was considered to be the distance through which
this reaction had an effect. By this definition, for this case the
shock precursor thickness was in the range of 75 shock stand-
off distances or 495 cm. Although there was a slight heating of
the gas as well as the production of nitrogen atoms through
photodissociation at greater distances from the shock, their
effects were small compared with the changes within 495 cm of
the shock front.

As can be seen in Fig. 4, the radiation propagating through
the shock wave from the shock layer into the precursor was
distributed over a wide range of frequencies. A large portion
of this radiative energy was in the infrared frequency range
(hv<5 eV). Most of the radiation in this region was emitted
by the entry body itself, although embedded within the contin-
uum radiation from the body were a number of atomic lines.
Also, the peak of radiation near 3.5 eV was due to three
molecular bands, the first negative band of N2

+ and the first
and second positive bands of N2. There was also a large
quantity of radiative energy in the ultraviolet frequency range.
That above 10 eV was due primarily to the Birge-Hopfield
band of molecular nitrogen as well as the ionization contin-
uum and lines of atomic nitrogen. Through the visible fre-
quency ranges (5 eV < hv < 8 eV) there was very little radia-
tive energy.

The second curve in Fig. 4 shows the radiative flux at a
position 75 shock standoff distances ahead of the shock front
uncorrected for the geometric attenuation. By comparing this
uncorrected radiative flux with the radiative flux through the
shock front, it is possible to ascertain in what portion of the
frequency range the cool precursor absorbed. This figure
shows that the precursor absorbed radiation strongly at fre-
quencies above the ionization threshold of molecular nitrogen,
15.59 eV. Although there was energy absorbed at frequencies
less than this threshold due to photodissociation of molecular
nitrogen and photoionization of atomic nitrogen, the amount
of energy absorbed in these processes was small compared
with that absorbed in the photoionization of molecular nitro-
gen. This result agrees with the previous statements that the
dominant reaction was molecular ionization.

Through the course of this study it was found that even
though there was significant production of dissociated and
ionized nitrogen in the precursor region, the precursor had
very little effect on the gas in the shock layer. By including
these perturbed preshock conditions in the viscous shock layer
calculations, it was found that they had negligible effect on the
shock layer solution and produced no measurable change in
the radiative heat transfer to the body. The primary change
due to the inclusion of the precursor was in the conditions of
the gas immediately behind the shock wave. Neglecting the
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Fig. 6 Variation of the precursor flowfield with changes in free-
stream velocity.

precursor, the mass fractions for the free electrons, ions, and
atoms were zero upon crossing the shock; however, including
the effects of the precursor, these mass fractions had nonzero
values. Likewise, including the effects of the precursor re-
sulted in a slight increase in the electron temperature in the
region immediately behind the shock front. However, within
two spatial points of the shock front the shock layer solutions
with and without the precursor agreed.

Parametric Studies
Figure 5 shows the electron number densities and the elec-

tron/electronic temperature in the precursor for three cases.
All three of these cases were at a velocity of 16 km/s; however,
each case was at a different altitude: 72, 75, and 80 km. The
shock standoff distance and radiative flux through the shock
front for each of these cases are presented in Table 2.

From these figures, it can be seen that for a constant veloc-
ity the magnitude of the changes in the precursor increased
with decreasing altitude. This inverse relationship corresponds
with trends observed by Dobbins17 and was a result of two
factors. First and foremost, as shown in Table 2, with the
decrease in altitude the radiative flux through the shock in-
creased due to an increase in the extent of the equilibrium
region in the shock layer. Second, with the increase in density
at the lower altitudes, a larger percentage of the radiation
passing through the shock was absorbed before being attenu-
ated due to the geometry.

It should also be noted that as the altitude decreased, the
length of the precursor region decreased. This change was a
result of the increased density at the lower altitudes, which
caused the radiative mean free paths to decrease. Hence, the
radiation was absorbed in a snorter distance ahead of the
shock. This trend was also predicted by previous studies.11

Figure 6 shows the electron number densities and electron/
electronic temperature for four cases. All of these cases were
at an altitude of 80 km, and the freestream velocities ranged
from 10 to 16 km/s. The shock standoff distance and radiative
flux through the shock front for each of these cases are pre-
sented in Table 2.

From these figures, it can be seen that, at a constant alti-
tude, as the freestream velocity increased the magnitude of the
electron number densities in the precursor also increased. This
trend was a result of the increase in the equilibrium tempera-
ture in the shock layer as the velocity increased and the accom-
panying rise in the radiative flux through the shock front; this
trend is also in agreement with the results and predictions of
previous researchers.16'17 The precursor thickness also in-
creased with velocity, again as a result of the increased radia-
tive flux with velocity. As the radiative energy passing through
the shock increased, a larger distance was required for this
energy to be absorbed or attenuated ahead of the shock.

The increase in the velocity had varied effects on the elec-
tron/electronic temperature, however. The electron/electronic
temperature at the shock decreased with velocity from 10 to
14 km/s. However, from 14 to 16 km/s it increased. This
varied effect is due to differences in the quantity of low energy
electrons created immediately ahead of the shock due to the
ionization of molecular nitrogen. In fact, at 10 km/s there was
insufficient ionization of molecular nitrogen ahead of the shock
to cause a decrease in the electron/electronic temperature.
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Conclusions
In this paper, a model for predicting the magnitude and

characteristics of the shock wave precursor ahead of a hyper-
velocity vehicle in the Earth's atmosphere has been presented.
This model treats the Earth's atmosphere as a nitrogen gas.
This method includes detailed mass production for photo-
dissociation and photoionization and accounts for the effects
of emission and absorption on the individual energy modes of
the gas. This technique includes the effects of both chemical
and thermal nonequilibrium in the flowfield as well as, in the
radiative flux calculations, the consequences of local thermo-
dynamic nonequilibrium for the molecular species.

This method has been used to determine the shock wave
precursor ahead of vehicles entering the Earth's atmosphere
upon return from Mars. Comparison of the results with previ-
ous shock tube studies has shown that the method provides
reasonably accurate results. The test cases have shown that
there is significant production of atoms, ions, and electrons
ahead of the shock front and that the precursor is character-
ized by molecular ionization and an enhanced electron/elec-
tronic temperature. However, for the conditions considered in
this study, the precursor has negligible effect on the subse-
quent shock layer flowfield. For flowfield calculations around
entry vehicles at greater velocities or which penetrate deeper
into the Earth's atmosphere at similar velocities to those stud-
ied here, the precursor could be significant. However, even at
the conditions considered in this study, the free electrons
present in the precursor could have significant impact on
communication with the entry vehicle.
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