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Nomenclature
= constant in Millikan-White correlation formula,

Eq. (3)
= constant in Millikan-White correlation formula,

Eq. (3)
= reaction rate constant, cm3 mole l s *, Eq. (4)

parameter associated with turbulence decay rate
dissociation energy

Da = characteristic Damkohler number, Eq. (10)
d = mixing length
/ = normalized stream function
G = parameter associated with turbulence decay rate
h = normalized turbulence energy
k = Boltzmann constant
kf = forward reaction rate coefficient, cm3mole~1s~1

M = unspecified third body
m = mass of a particle, g
Ne = electron density, cmr3

n = pre-exponential temperature power, Eq. (4)
nt = total number density, cm~3

p = pressure, Pa or atm
Q = partition function
qr = stagnation point radiative heat flux, W/cm2

R = nose radius, m
r = radial distance, cm
5 = exponent in average temperature, Eq. (1)
T = heavy particle translational-rotational

temperature, K
Ta = geometric average temperature, K, Eq. (1)
Td = activation temperature of reaction, K, Eq. (4)
Te = electron temperature (set equal to Tv), K
Tv = vibrational (of neutral molecules)-electron-

electronic temperature, K
T*v = vibrational temperature of NJ (B) state defined

by Eq. (8b), K
TV(B) = vibrational temperature of NJ (B) state

determined from v = 0 and v = 1 state
populations, K

Tx = unspecified temperature (r, Ta, Te, or Tv), K
u — velocity tangential to wall, cm/s

V = flight velocity, cm/s or km/s
v = velocity normal to wall, cm/s
v = vibrational quantum number
W = species production rate, s~ x

a = species mass fraction
e = turbulence energy
77 = normalized distance normal to wall
0 = characteristic vibrational temperature, a>e/k, K
H = equivalent molecular weight, g/mole, or viscosity,

poise
f = normalized distance along wall
p = density, g/cm3

crv = collision-limiting cross section for vibrational
relaxation, cm2

TV = vibrational relaxation time, s
o)e = vibrational constant, cm"1

Subscripts
a = average value
e = edge of ablation product layer
/ = forward reaction
r = reverse reaction
5 = behind normal shock wave
t = turbulence
v = vibration
w = wall
o° == freestream
1 = condition ahead of shock wave

Introduction

T HE nonequilibrium thermochemical relaxation phenom-
ena occurring behind a shock wave surrounding an object

flying in the Earth's atmosphere have been studied intensely
since the 1960s. Experimental observations of the phenomena
have been made mainly using shock tubes. A great deal of
data has been gathered for the vibrational relaxation rates at
temperatures below about 5000 K over a wide range of pres-
sures, and an excellent correlation formula based on the Lan-
dau-Teller theory has been found by Millikan and White1 to
represent them. The chemical reaction schemes and the as-
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386 PARK: CHEMICAL-KINETIC PROBLEMS

sociated rate coefficients have been determined for postshock
temperatures, before reaction, of up to about 15,000 K.

Experiments have also been conducted at AVCO Everett
Research Laboratories, Everett, Massachusetts, and else-
where during the 1960s to study the radiation phenomena for
shock velocities of up to 12 km/s (e.g., Ref. 2). Postshock
temperatures in these experiements were between 20,000-
60,000 K. The most prominent feature observed in such stud-
ies at shock speeds below 10 km/s was that the radiation,
which was found to emanate mostly from molecular species,
is higher in the nonequilibrium region preceding the equilib-
rium region than in the equilibrium region downstream. That
is, radiation overshoot occurs. The overshoot characteristics
could not be explained by the reaction schemes and the rate
coefficient sets derived from the experiments made at tem-
peratures below 15,000 K.3 According to the conventional
(i.e., one-temperature) reaction scheme, the intensity of the
molecular radiation should be the maximum immediately be-
hind the shock wave where the temperature is the maximum.
However, the experimental data showed that the radiation
peak occurs a finite distance away from the shock wave. The
attempt to attribute the slow occurrence of the peak to an
incubation phenomenon of nonequilibrium vibrational exci-
tation also failed, because the observed times to the peak
radiation were much longer than the vibrational relaxation
times calculated by the Millikan-White correlation formula.3

Also, the times to reach equilibrium observed in the radiation
experiments were much longer than the values calculated by
the conventional theories. These anomalies were exacerbated
by the lack of a rational means of calculating radiation under
thermochemical nonequilibrium conditions.3

Recently, the slow relaxation and radiation overshoot have
been explained using a theoretical multitemperature model
in which the vibrational temperature Tv is recognized to be
different from the translational and rotational temperatures.
According to this model, at very high temperatures the vi-
brational relaxation phenomenon changes its character from
the Landau-Teller type to a slower type that has been called
a diffusion type.3-4 In this model, the electron temperature
and the electronic temperature are assumed, for the purpose
of determining flow properties, to be equal to Tv, while the
rotational temperature is equated to the translational tem-
perature. The influence of the vibrational temperature on the
rates of chemical reactions is accounted for by assuming that
the rate coefficients for dissociation are functions of the geo-
metrical mean temperature between T and Tv, i.e.

T =: 'T's'T's — l /I \

where s is between 0.5-0.7. This model is named the two-
temperature model.3-4 A computer code that can determine
the radiative properties of the gas under such a nonequilib-
rium condition has been developed and was named nonequi-
librium air radiation (NEQAIR).5

Two computer codes have been written to calculate the
one-dimensional flow in thermochemical nonequilibrium us-
ing the two-temperature model and to calculate radiation from
it using NEQAIR: the code shock tube radiation program
(STRAP) for the shock tube flow behind a normal shock wave
and stagnation point radiation program (SPRAP) for the stag-
nation streamline in the shock layer over a spherical blunt
body. The procedure for obtaining the flow properties along
the stagnation streamline in the SPRAP code is described in
Refs. 6 and 7. These two codes have been used to successfully
reproduce most of the experimental radiation data taken in
shock tubes, ballistic ranges, and flight experiments at shock
velocities equal to or below about 10 km/s.6'7 (An exception
exists for the vibrational temperature, which will be discussed
later). A set of dissociation rate coefficients compatible with
this model has been derived from the existing experimental
data in Ref. 8. The chemical reaction rate scheme used in
these works will be referred to as the 1987 or the "old model,"

and their rate coefficients as the 1987 or the "old rates." More
recently, the rate coefficient for electron-impact dissociation
of N2 was determined in Ref. 9. The STRAP and SPRAP
were improved and combined into a single code named non-
equilibrium (NONEQ).10 The improvement consisted of 1)
generalization of the chemical reaction schemes; 2) improve-
ment of the accuracy of the partition functions and the ra-
diation calculation routines; and 3) inclusion of the species
C, CO, CN, and C2 in the excitation calculation. Several two-
or three-dimensional computer codes that incorporate the model
have been developed over the years. Two of the most notable
of these are given in Refs. 11 and 12. These codes have been
tested for various conditions with generally satisfactory re-
sults, at least at flight velocities below 10 km/s.

At flight velocities above 10 km/s, all molecules quickly
dissociate, and the radiation is emitted mostly by the atoms.
Atomic radiation is a strong function of electron temperature
and is proportional approximately to the square of electron
density. The electron temperature and density are both af-
fected by the nonequilibrium ionization processes. Thus, the
problem of determining the radiation in this velocity range
becomes one of correctly calculating the nonequilibrium ion-
ization processes.

In air, electrons are produced first by the associative ion-
ization process N + O —» NO+ + e~ . The NO+ ion so
produced then transfers its charge to other neutral species
through several charge-exchange reactions. When the result-
ing density of the electrons reaches a certain threshold value,
the collisions of electrons with neutral N and O atoms begin
to contribute significantly to the ion production. Since the
number of electrons doubles in each such event, electron
density increases exponentially when this happens, in the form
of an avalanche. To describe these phenomena correctly, one
must know the rate coefficients for the three types of ionic
reactions: 1) associative ionization, 2) charge-exchange, and
3) the electron-impact ionization. At relatively low flight speeds
(below about 6 km/s), only the first mechanism is present; at
the intermediate flight speeds (between 6 and 10 km/s), the
second mechanism is added to the first. At higher velocities,
the third mechanism becomes important. The rate coefficients
for the first and the third mechanisms are known to a limited
extent, and the rate models in Refs. 6 and 7 represent the
best available such data. The rates for the second mechanism,
i.e., the charge-exchange reactions, have not been well-known
until recently, and the rate coefficients for this mechanism
used in Refs. 6 and 7 have been mostly the estimated values.

In the future, NASA may consider manned missions to the
Moon and the planet Mars. In order to reduce the weight of
vehicles for such missions, an aerobraking maneuver could
be used for atmospheric entry. The lunar return produces an
Earth entry velocity below 11 km/s, while the Mars-return
entry will be at a super-escape velocity above 11.3 km/s, and
possibly up to 14 km/s. In order to determine the radiative
heat fluxes falling on the aerobrake under these conditions,
one must first know the extent and possible impact of non-
equilibrium ionization processes at these entry speeds.

Ionization phenomena have been studied experimentally
since the 1950s at low and intermediate shock speeds. Wilson13

observed, in a shock tube, the behavior of the electron density
in the velocity range between 9-12 km/s. References 3-8 did
not test Wilson's results because the rate coefficients for the
ionic reactions were unreliable.

Very recently, the rate coefficients for the three ionic
processes have been examined in Ref. 14. Therein, the rate
coefficients for the associative ionization reactions and elec-
tron-impact ionization reactions have been determined from
analysis of an up-to-date experimental data base. A set of
charge-exchange rate coefficients have also been derived from
the existing experimental data. Using these reaction rate coef-
ficients, it is now possible to exercise the ionization model to
see how well it reproduces the experimental data, and this is
the first purpose of this article. Here, the rate coefficients
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affecting the ionic equilibration process are systematically var-
ied to determine the values that reproduce Wilson's experi-
mental data most closely. Using the rate coefficients so de-
duced, a radiation calculation is performed.

At the typical entry flight conditions for the Mars-return
missions, the present work will show that the wall radiative
heating rate is too high for a nonablating heat shield. When
ablation occurs, one must examine the thermochemical and
radiative phenomena occurring in the ablation-product, which
is the second purpose of the present work. The study shows
that the ablation-product gas is most likely in a chemical non-
equilibrium state. The possibility of the presence of turbu-
lence in the ablation-product layer is then discussed.

Vibrational Relaxation Parameters
In Ref. 1, it is shown that rv can be expressed in the form

sented by6'7'14

prv = expKr~1/3 - b) - 18.42] atm - s (2)

Reference 1 also shows that the parameters a and b can be
expressed for many gases by the simple expressions

a = 0.mi6iJL0501333

b = (3)

where JJL is the equivalent molecular weight between the two
colliding particles and 0 is the characteristic vibrational tem-
perature (the vibrational constant (*>e divided by the Boltz-
mann constant). References 15-17 show that the correlation
formulas for a and b [Eq. (3)], do not reproduce the exper-
imental data for the N2-O, O2-O, and NO-NO collisions. For
these cases, a and b are obtained by fitting the experimental
data to these collisions. The O2-N collisions are assumed to
produce the same a and b values as those for the N2-O col-
lisions; while the collisions of NO with N, O, N2, and O2 are
assumed to produce the same a and b values as for the NO-
NO collisions. The values of a and b so chosen, and their
sources, are tabulated in Table 1.

References 3-12 and 14 show that the vibrational relaxation
rates at high temperatures must be corrected to account for
the limiting of the excitation rates due to the finiteness of the
elastic collision cross sections. This is done by adding the time
for the elastic collisions to the vibrational relaxation time in
the form3

r(total) = rv + [nt\/(SkT/7rm)o-v]-1

where nt and ra are the total number of colliding particles and
the average mass of the mixture, respectively. crv is repre-

Table 1 Vibrational constants a and b for N2, O2, and NO

a b Source

Ma - N 180 0.0262 Eq. (3)
O 72.4 0.0150 Ref. 15
N, 221 0.0290 Eq. (3)
07 229 0.0295 Eq. (3)
NO 225 0.0293 Eq. (3)

Ma = N 72.4 0.015 Assumed to be same as for N.-O
O 47.7 0.059 Ref. 16
N, 134 0.0295 Eq. (3)
O, 138 0.0300 Eq. (3)
NO 136 0.0298 Eq. (3)

NO
Ma = N 49.5 0.042 Assumed to be same as for NO-NO

O 49.5 0.042 Assumed to be same as for NO-NO
N2 49.5 0.042 Assumed to be same as for NO-NO
O7 49.5 0.042 Assumed to be same as for NO-NO
NO 49.5 0.042 Ref. 17 ____________

aA/ designates colliding species.

o-v = <(50,000/r)2 cm2

The a'v values for N2, O2, and NO are all chosen to be 3 x
10-17cm2.

Reaction Rate Coefficients
As stated in the Introduction, experimental data in the

super-escape velocity range have been obtained by Wilson.13

In Fig. 1, the oscilloscope traces of the radiation observed at
two wavelengths by Wilson are reproduced.13 In each of the
three traces, the upper trace shows the intensity of radiation
observed at around 5000 A, while the lower trace is that at
around 6.1 JJL. As was stated in Ref. 13, the intensity of ra-
diation at 6.1 JLI is approximately proportional to the square
of electron density. The 5000-A radiation was observed by
Wilson in order to detect the location of the shock wave.
Since the absolute density of the gas flow behind the shock
wave was low in Wilson's experiment, it was not possible to
determine the location of the shock wave through an inde-
pendent measurement. Wilson deduced the location of the
shock wave from the peak point in the radiation at 5000 A.
In measurements that preceded Wilson's, the radiation over-
shoot phenomena had been studied extensively at shock speeds
below 10 km/s, and thus, the distance between the radiation
peak point and the shock wave was well-characterized for this
velocity range.2 Wilson extrapolated this radiation peak point
relationship to shock velocities above 10 km/s. Both the 5000-
A and the 6.1-jm radiations exhibit a plateau for a sufficiently
long period of time, followed by a sudden increase in intensity.
The plateau is believed to represent the equilibrium region,
while the rise is due to the onset of the contact surface.

In order to numerically reproduce Wilson's results, calcu-
lations have been performed in the present work using the
computer code NONEQ mentioned earlier. As described in
Ref. 4, the code accounts for all aspects of ionization process
in detail, and therefore is valid over a wide range of ionization
fraction considered in the present work. The only significant
assumption in the code concerns radiative cooling phenom-
enon, which will be discussed later. The exponent s in Eq.
(1) was chosen to be 0.5, because this was the value used in

a)

Fig. 1 Oscilloscope records of radiation intensities at 5000 and 61,000
A obtained in a shock tube13: a) pl = 26.7 Pa (0.2 Torr), V = 9.5
km/s; b) pl = 13.3 Pa (0.1 Torr), V = 10.9 km/s; and c) pl = 13.3
Pa (0.1 Torr), V = 11.25 km/s.
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Fig. 2 Comparison between the experimental data13 and the present
calculation on 61,000-A radiation showing the impact of various rate
coefficients: a) pl = 26.7 Pa (0.2 Torr), V = 9.5 km/s; b) pl = 13.3
Pa (0.1 Torr), V = 11.25 km/s.

Ref. 7, and because the present work uses basically the same
rate parameters except for those described below. The cal-
culations were made first using the rate coefficients given in
Ref. 14. The results are shown in Figs. 2a and 2b marked as
the old rates, and compared with the experimental data. As
seen in these figures, there is a discrepancy between the theory
and experiment. To reduce the discrepancy, a systematic vari-
ation of the rate coefficients was made. First, radiative re-
combination processes are added to the old reaction scheme.
The recombination rate coefficients are calculated using the
NEQAIR code.5 (The NEQAIR code has a provision which
enables calculation of electron-impact ionization and radiative
recombination rates of neutral atoms.) It was first found that
varying the charge-exchange rate coefficients had little impact
on the calculated results, and so the rate coefficients in Ref.
14 are retained for the charge-exchange reactions. However,
the reaction N+ + N2 —» N + N2

+ was added to the scheme
because this is missing in the reaction scheme given in Ref.
14. It is conventional to express a reaction rate coefficient in
the form

reaction rate coefficient

(4)

where Tx is a yet unspecified controlling temperature, which
may be T, Ta7 Te, or Tv. In this convention, the rate coefficient
for the nitrogen charge exchange process was estimated in
this work to be

N N2 N + N2
+:

kf = 1012r°-5 exp(-12200/T)

The n value of 0.5 is from the assumption of a fixed reaction
cross section, and the preexponential power factor C chosen
is a median value for such reactions.

Equilibration rate calculations revealed that the electron-
impact ionization rates have little impact on the rate of ion-
ization equilibration because of the loss of electron thermal
energy during the electron-impact ionization process. (Elec-
tron-impact ionization results in the ionization of an atom at
the expense of the electrons' thermal energy; see Chap. 4 of
Ref. 14.) The larger its rate coefficient, the more the electron
thermal energy is suppressed during ionization, and the ion-
ization reaction is slowed down. Therefore, the rates used in
Refs. 6 and 7 and adopted in Ref. 14 are also used in the
present work. (There is a typographical error in Ref. 14 for
the nitrogen ionization rates: the C value for nitrogen ioni-
zation used in Refs. 6 and 7 should be 2.5 x 1034, not 2.5 x
1033, as given in Ref. 14.)

The rate coefficients for the nitric oxide exchange reactions
given in Ref. 14 are well-established, and therefore are un-
changed in this study. Systematic study revealed that the ion-
ization profiles are affected mostly by the associative ioni-
zation rates. In Sec. 8.2 of Ref. 14, it is shown that the existing
experimental data for the three associative ionization pro-
cesses (for NO+ , O2

+, and N2
+) would lead to the expressions

N O-»NO

kf= 5.28 x 1012(776000)exp(-31,900/r) (5)

N

kf = 2.04 x 1013(776000)15 exp(-67,500/T) (6)

O + O-* O7
+ + e~:

*/ = 1.12 x 1013(T/6000)27exp(-80,600/r) (7)

The n value in these expressions are all equal to, or greater
than, +1. In Ref. 14, it was argued that values for n equal
to or greater than +1 are unlikely, and therefore, they should
be set to zero. Furthermore, the controlling temperature was
changed from T to Ta, with the speculation that the reactions
are affected by the vibrational temperature to the same extent
as are the dissociation reactions. In the present work, both
sets of these rate coefficients are tested. It was found that the
uncorrected expressions [Eqs. (5-7)] yield better agreement
with Wilson's data than do the modified values given in Ref.
14. Hence, these rate coefficients are selected for the present
model, and are listed in Table 2. The rate coefficients selected
in the present work [Eqs. (5-7)] are compared with those in
Ref. 14 in Fig. 3. As the figure shows, the two sets are ap-
proximately equal in the low temperature range, but differ
considerably at high temperatures. The reason why Eqs. (5-
7) yield better agreement with experiment is yet unknown,
and should be investigated in the future.

In Figs. 2a and 2b, the comparison is made between the
experimental data and the present calculations. In the figure,
the curves labeled "old dissoc rates" refer to the calculations
in which the new rates are used, except for the dissociation
rates of O2 and NO. There are minor, but discernible differ-
ences. Likewise, the "old ionization rates" refers to the cal-
culations in which the new rates are used, except for the
associative ionization rates for which the old rates values are
used. As seen in the figures, for both the 9.5 and the 11.25
km/s cases, the new rates yield better agreement with the
experiment.

In Figs. 4a and 4b, the results of calculations are shown in
which the rate coefficients for the associative ionization are
increased and decreased by a factor of 10. As seen here, factor
of 10 changes in either direction cause discernible changes in
the calculated N2 profiles.

In Figs. 5a and 5b, a comparison is made between the
measured and the calculated intensities of the 5000-A radia-
tion. As seen in the figures, the calculated and the measured
values agree in the region immediately behind the shock wave,
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Table 2 Reaction rate coefficients for air (present model)

Reaction M

N2 + M-*N + N + M N
O
N2
02
NO
N +

0 +

N 2
O^
NO +
e"

O2 + M ^ O + O + M N
0
N2
02
NO
N +

O +

N +
°2
NO +

NO + M ^ » O + O + M N
O
N2
02
NO
N+

O +

N^
os
NO4

Tx
a C N

Dissociation reactions
Ta 3.022 -1.60

3.022

7.021

7.021

7.021

3.022

3.022

7.021

7.021

7.021

1.225

Ta l.O22 -1.50
l.O22

2.021

2.021

2.021

l.O22

l.O22

2.021

2.021

2.021

Ta l.l17 0.00
l.l17

5.015

5.015

l.l17

l.l17

l.l17

5.015

5.015

5.015

Td Source

113,200 Ref. 14

Ref. 9
59,500 Ref. 14

75,500 Ref. 14

NO + O
N2 + O-

N
O
N

NO +
N+ -

o+
°!~
NO +
NO +
NO +
0 +

NO +

* N + O2
NO + N

NO+

+ e~
+ e"

N+

O+

O
N

• O +

• N +

+ 02
- N
02
+ 02
02
02

+ N2
+ NO

+ N
- O
+ O

NO Exchange reactions
T
T

8.41:

6.4r
0.00

-1.00

Associative ionization reactions
T
T
T

l.l2

4.47

1.00
2.70
1.50

Charge exchange reactions

Electron-impact ionization reactions

19,450
38,400

31,900
80,600
67,500

Te
Te

3.93;

2.53'
-3.78
-3.82

158,500
168,600

Radiative recombination reactions
0+ + e~ • O + hv

• N + hv
Te 1.0711 -0.52

1.5211 -0.48

*TX is the controlling temperature, C is in cm3 mole"1 s~

but disagree considerably at large distances from the shock
wave. The calculated intensity profile for the 9.5 km/s case
show a gradual decrease toward a plateau past the peak point,
in agreement with the observation by Alien.2 Wilson's ex-
perimental data differ from the present calculation, and there-
fore, by implication, from the experimental data of Alien.
This difference is believed to be due to the impurities present
in Wilson's experimental environment. Impurities may have

Ref. 14
Ref. 14

This work
This work
This work

T
T
T
T
T
T
T
T
T
T
T

l.O12

l.O12

8.713

1.4s

9.912

4.012

3.413

2.413

7.212

9. 111

7.213

0.50
0.50
0.14
1.90
0.00

-0.09
-1.08

0.41
0.29
0.36
0.00

77,200
12,200
28,600
26,600
40,700
18,000
12,800
32,600
48,600
22,800
35,500

Ref. 14
Ref. 14
Ref. 14
Ref. 14
Ref. 14
Ref. 14
Ref. 14
Ref. 14
Ref. 14
Ref. 14
Ref. 14

Ref. 14
Ref. 14

This work
This work

existed equally in Alien's experiment. However, Alien's ra-
diation measurement was made at a wavelength of 5500 A,
and longer where N2 tends to radiate strongly (by the N2 first
positive system). At the 5000-A wavelength where Wilson
made his measurement, the N2 radiation is very weak, and
hence, the contribution from impurities could have been sig-
nificant. It is well-known that a shock tube made of stainless-
steel produces a considerable amount of impurity in the test
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Fig. 3 Comparison between the associative ionization rate coefficients
selected in the present work for air and those given by Park.14

gas, consisting mostly of iron, and that it emits strong radia-
tion (e.g., Ref. 18). Presumably, iron is contained in various
forms of compounds. It requires a finite time for the com-
pounds to decompose and become electronically excited.

In Fig. 6, the electron mole fraction variation is calculated
using the "present model" at 8 and 12 km/s for the freestream
pressurepl of 0.5 and 0.1 Torr, respectively. This figure shows
a distinct difference in the behavior of electron mole fraction.
For the 8 km/s case, the electron density reaches a peak early,
and decays to a plateau. The peak is caused by the overshoot
of the associative ionization processes due to the high tem-
perature in the early period. For the 12 km/s case, there is a
peak in the early region also, but electron density climbs
further to reach a second peak and a plateau. The first peak
is due to the associative ionization processes, and the second
peak is attributed to the electron-impact ionization processes.

Using the present model, the characteristic distance for
ionization is calculated. The ionization distance is defined in
the same manner as in the work of Wilson, i.e., by fitting a
straight line to the rising portion of the N^ variation, and
extrapolating until it intersects with the peak value as shown
in the inset in Fig. 7. The ionization distances are then divided
by the mean free path ahead of the shock wave, as determined
using a hard-sphere model, which, for the case of air, becomes

mean free path = 1.62 x 1014
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calculation on 61,000-A radiation showing the impact of associative
ionization rate coefficients: a) />, = 26.7 Pa (0.2 Torr), V = 9.5 km/
s; b)/?! = 13.3 Pa (0.1 Torr), V = 11.25 km/s.
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Fig. 5 Comparison between the experimental data13 and the present
calculation on 5000-A radiation showing the impact of iron impurities:
a)/?, = 26.7 Pa (0.2 Torr), V = 9.5 km/s; b)p l = 13.3 Pa (0.1 Torr),
V = 11.25 km/s.
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In Fig. 7, the ratios of the ionization distance to the mean
free path are compared between the existing experimental
data and the present calculation. The experimental data are
from Refs. 13 and 19-22. As seen in the figure, the calculation
approximately reproduces the trend observed experimentally.
The ionization distance is the shortest at 7 km/s, and exhibits
a peak at 10 km/s. The experimental values are larger than
the calculated values in the velocity range from 4 and 7 km/s.
This may be attributed at least partly to the lack of spatial
resolution and impurities in the experiment. At the speeds
higher than 10 km/s, the experimental data are slightly smaller
than the calculated values. This is most likely due to uncer-
tainty in the location of the shock wave in the experiment: as
indicated in the inset in Fig. 7, the experimental ionization
distances exclude the ionization induction region, i.e., the
region of relatively slow rise in electron density, and therefore
is bound to be smaller than the true distance.

In Fig. 8, the calculated ionization equilibration times, de-
fined as in Fig. 7, are compared with the two well-known
characteristic relaxation times for radiation6-7'14: the time to
the peak and the time for the equilibration of radiation
observed at a wavelength of 5500 A. As in the earlier reports,
these times are given in the shock-tube coordinates, that is,
they are the times measured by a stationary detector observing
a passing flow. In order to determine the true time, one must
multiply it by the density ratio pjpl. The relaxation distances
are found by multiplying the relaxation times by the shock
speed. As seen in the figure, the ionization times are longer
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10 J I I I I I I I

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Distance From Shock Wave, cm

Fig. 6 Calculated electron mole fractions behind a shock wave at 8
and 12 km/s.

than the equilibration times for the 5500-A radiation for ve-
locities above 10 km/s. This is because ionization equilibration
occurs after the radiation peak, as seen in Figs. 5a and 5b and
6. Figure 8 also shows the peak and the equilibration times
below 10 km/s calculated using the present model. As seen
here, there is an insignificant difference between the values
calculated by the present model and those obtained by the
old (1987) model.

Figures 7 and 8 validate the thermochemical parameters
chosen in the present work. However, one notes here that
these parameters cannot be considered necessarily accurate
or unique, because arbitrary choice had been made on several
such parameters, purely empirically without rational reason-
ing. There could be one or more sets of thermochemical pa-
rameters different from the present values that would lead to
an equally good agreement with the experimental data.

The properties behind a normal shock are calculated with
the code NONEQ for the freestream density of 10 ~4 kg/m3

and the velocity of 12 km/s. The selected combination of
density and velocity results in a postshock pressure of about
0.15 atm. This pressure is selected because radiative heating
of the Mars-return vehicle at the stagnation point is approx-
imately at its maximum (e.g., Ref. 23) at this pressure. The
results are shown in Figs. 9a and 9b. Unlike those given in
Refs. 6 or 7, the present result shows a slight inflection in the
decay of T at the distance of around 0.8 cm (see Fig. 9a).
The process of ionization equilibration, seen in Fig. 9a, is
slower than can be extrapolated from the equilibration time
for the 5500-A radiation. Ionization equilibration is reached
at a distance of about 1.5 cm for this case.

In Figs. lOa and lOb, the results of a similar calculation
made using the conventional one-temperature model are shown.
The calculation is made using the same set of reactions and
rate coefficients as for the two-temperature calculations de-
scribed above, assuming that the vibrational-electronic tem-
perature is the same as the translational-rotational tempera-
ture. The figures show that the equilibrium temperature is
reached within about 0.05 cm, while the equilibrium com-
positions are reached within about 0.15 cm (except for N2
which reaches equilibrium at about 0.25 cm). These equili-
bration distances are an order of magnitude shorter than those
for the two-temperature model, and are believed to be er-
roneous.

In Fig. 11, the ionization equilibration distances, defined
as in Fig. 7, are shown for the velocity range of 10-14 km/s
with the postshock pressure ps of 0.15 atm. The calculated
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Fig. 7 Comparison between the ionization distances predicted by the present model and the experimental data.13'19"22
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Fig. 9 Variation in thermodynamic properties behind a shock wave
calculated by the two-temperature model, for px = 10~4 kg/m3 and
V — 12 km/s: a) temperatures and b) species mole fractions.

ionization distances are between 1-2 cm. The data can be
extrapolated to other density regimes using the binary scaling
law, i.e., the equilibration distance is inversely proportional
to flow density. In this case, the relaxation distance for ion-
ization equilibration also means the relaxation distance for
radiation equilibration, because in this flow regime, radiation
intensity is proportional approximately to a square of electron
density.

The two-temperature model developed in Refs. 4-8 failed
to explain the experimental data by Alien24 concerning vi-
brational temperature. The Tv calculated in STRAP, SPRAP,
and NONEQ is that of the ground electronic states, X states,
of the neutral molecules such as N2, O2, or NO. In the work
of Alien, vibrational temperature in nitrogen was determined

Temperature (Translational
= Rotational = Vibrational
= Electronic)________
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Fig. 10 Variation in thermodynamic properties behind a shock wave
calculated by the one-temperature model, for px = 10 ~ 4 kg/m3 and
V — 12 km/s: a) temperatures and b) species mole fractions.
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Fig. 11 Calculated ionization distances for air at ps = 1.52 x 104

Pa (0.15 atm).

experimentally from the ratio of the intensities of radiation
emanating from the v = 1 and the v = 0 states of the upper
electronic state (B2E + ) of the N2

+ "first negative" system. The
experimental values of the vibrational temperature so deter-
mined rose much more slowly than the calculated Tv.6 This
discrepancy is shown in Fig. 12. More recently, Sharma and
Gillespie25 measured the vibrational temperature of the N2
"second positive" system which emanates from the B3II state
of N2. Their measured value was closer to the calculated Tv.
However, it was not understood why the N2

+ vibrational tem-
perature rises so slowly.

To understand the cause of this discrepancy, one first con-
structs a population distribution diagram in a semilog plot as
shown schematically in Fig. 13. If a Boltzmann distribution
exists among the vibrational states, the number densities will
form a straight line here. In a nonequilibrium environment,
the distribution is curved in general as shown. The shaded
area above the dissociation limit indicates the continuum na-
ture of the free state N + N+ . The high vibrational states are
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Fig. 13 Schematic of the plot of vibrational population distribution
for N^ B2E + and X2S + states in nonequilibrium environment.

in equilibrium with the free state due to the fact that the
energy gap between the vibrational states and the free state
is small. The vibrational temperature determined by Alien,24

designated in the figure as TV(B), corresponds to the slope of
the line connecting the ground and the first excited vibrational
states of the N2

+(B) state. In a nonequilibrium environment,
the vibrational temperature for N2

+ is not expected to nec-
essarily agree with that of N2 measured by Sharma and Gil-
lespie.25

If one represents the curved vibrational distribution of
N2

+(B) approximately by a straight line, shown as a dashed
line in the figure, then one gains an insight into the time scale
of change of the observed TV(E). Such a straight-line distri-
bution can occur even under a nonequilibrium environment
if the cross sections for the collisional transitions between the
neighboring vibrational states are very large. Because the high
states are in equilibrium with the free state N + N + , the
condition that the distribution be a straight line demands that
all states be in equilibrium with the free state. Let us assign
a temperature T* to characterize this quasi-Boltzmann dis-
tribution. Then the straight-line distribution can be repre-
sented by the condition of equilibrium between an arbitrary
state v and the free state in the form

(N)(N
G[N2

+(BV)]
exp[-D(Bv)/rv*] (8a)

Here, (N), (N+), and [N2
+(Bv)j are the number densities of

the respective species, Q(N), 2(N+), and Q[N2
+(BV)] are the

partition functions of the species in reference to their re-
spective ground states, and £>(BV) is the dissociation energy
of the N2

+(B) molecule in its vth vibrational state. For the
evaluation of Q(N), Q(N + ), and g[N2

+(Bv)], the translational
temperature T is used for the evaluation of the translational

and rotational components, and T* is used for the vibrational
component. By taking the reciprocals of the two sides in Eq.
(8a), and by summing them over v and by taking the recip-
rocals of the resulting sums, one obtains

(N)(N + )
[N2

+(B)] Q[N2
+(B)]

•exp[-D(B0)/rv* (8b)

where N2
+(B) and Q[N2

+(B)] are the number density of the
N^ molecule in the B state and its partition function measured
from the ground vibrational state of the B state, respectively,
and £>(B0) is the dissociation energy measured from the ground
vibrational state of the B state. One can solve Eq. (8b) for
Tv* from the given (N), (N+), and [N2

+(B)]. T* is then a
function of the number density of the ion, N + , and is in
general different from TV(E).

In Fig. 12, T* deduced from Eq. (8b), is presented as the
present model and is compared with the measurement by
Alien |TV(B)]. As seen here, the present model leads to a
time-scale of change that agrees with that of the measurement,
though, as expected, the two temperatures are different. The
time-scale of change of both these vibrational temperatures
is dictated by that of N+ concentration. This implies that the
vibrational temperatures deduced from the N2

+ "first nega-
tive" emissions are unrelated to the vibrational temperature
of the neutral species N2. If the v-v transfer (energy transfer
between the vibrational mode of one molecule to that of
another) between N2

+ and N2 were sufficiently strong to pre-
vent establishment of Eq. (8a) and to bring the N2

+(B) dis-
tribution to align with the N2 distribution, then the two tem-
peratures [T* and TV(B)] could both conceivably approach
the vibrational temperature of N2. However, apparently that
is not the case.

Radiation
In Ref. 7, the radiative heat fluxes incident on the wall at

the stagnation point in the wavelength range above about 2000
A have been calculated using the old (1987) model using the
SPRAP code. The calculation procedure for the stagnation
point is described in Refs. 6 and 7. In order to test the impact
of the changes made in the vibrational and reaction rate pa-
rameters in the present work, a similar calculation has been
made in the present work using the NONEQ code.10 The
calculation was made for a body of 1-m radius, over the ve-
locity range from 10 to 14 km/s. The freestream density was
fixed at 10 ~4 kg/m3. The postshock pressures corresponding
to 10 and 14 km/s are 0.1 and 0.2 atms, respectively. These
pressures are nearly the same as those in the shock tube
experiment of Wilson.13 Radiative cooling of the flow is par-
tially accounted for by assuming that the photons emitted by
the bound-free radiative recombination processes escape from
the system. This assumption is believed to account for at least
I of the radiative cooling in the highly ionized regime. The
wall is assumed to be nonablating and nonreflecting, and is
at 1800 K, which is a typical temperature of heated non-
ablating heat shield in flight. The results are compared in Fig.
14 with those given in Ref. 7. As seen in this figure, there is
only a small difference (typically about 20%) between the two
sets of calculations for the chosen value of p^R.

For the same shock layer flowfield, radiative transfer cal-
culations were carried out through a line-by-line technique,
fully accounting for all absorption phenomena. The resulting
spectra are compared for the 10 and the 12 km/s cases in Fig.
15. As seen here, the two cases show approximately the same
magnitudes of the N2

+ radiation between the wavelengths of
3000-4500 A. Elsewhere, there is a marked difference, es-
pecially in the vacuum-ultraviolet wavelength range below
2000 A. For the 10 km/s case, even the strongest radiation in
this wavelength range, which is at 1745 A, is below the min-
imum scale. For the 12 km/s case, there are many other atomic
lines from N and O and their bound-free continua in the
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Fig. 14 Calculated optically-thin radiative heat flux at wavelengths
greater than 2000 A at the stagnation point of a spherical body.
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Fig. 15 Calculated spectral radiative flux incident on the stagnation
point wall for a body of R = 1 m at px = 10 ~4 kg/m3 and V = 10
and 12 km/s.

vacuum-ultraviolet wavelength region (the free-free contin-
uum is negligible at these wavelengths).

The 12 km/s case was calculated also assuming the shock
layer to be in equilibrium, and using the one-temperature
model, for the nose radius of R = 1m. The resulting spectra
are compared with the nonequilibrium case in Fig. 16. As
seen in the figure, the equilibrium and the one-temperature
cases produce discernibly greater radiation than othe non-
equilibrium case at wavelengths below about 1200 A, for the
nose radius of 1 m. The radiation in this short wavelength
range originates mostly in the bound-free continuum, and its
emission power is proportional approximately to the square
of electron density and the thickness of the emitting region.
The equilibrium solution yields a thicker region of high-elec-
tron density than the nonequilibrium solution, and this causes

Freestream Density=10" kg/m'
V = 12 km/s, R = 1 m

- Present Model
Equilibrium

Nonequilibrium

1000

Wavelength, Angstrom

Fig. 16 Calculated spectral radiative flux incident on the stagnation
point wall for a body of R = I m at px = 10 ~4 kg/m3 and V = 12
km/s, obtained with both two-temperature nonequilibrium model and
equilibrium model.
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Fig. 17 Calculated variation of radiative heat flux along the stag-
nation streamline for a body of R = 1 m at px = 10 ~4 kg/m3 and V
— 12 km/s, obtained with both two-temperature nonequilibrium model
and equilibrium model.

the increase in the wall radiative heat flux. Another interesting
point is that the one-temperature nonequilibrium model pre-
dicts the continuum radiation above about 1500 A to be sig-
nificantly larger than that from the two-temperature or the
equilibrium case. This is because the electron temperature
predicted in the one-temperature model is higher than in the
other models.

In Fig. 17, the radiative heat flux in the direction toward
wall, qr, is compared between the present two-temperature,
equilibrium, and one-temperature nonequilibrium cases along
the stagnation streamline. For the present two-temperature
nonequilibrium case, radiative flux starts at a distance of about
0.5 cm. This is because of the low degree of ionization in the
region immediately behind the shock wave. In the other two
cases, radiative flux starts to rise immediately from x = 0.
At the wall, which is at approximately 6 cm for the non-
equilibrium and 5.4 cm for the equilibrium flow according to
this model, the radiative flux for the equilibrium flow is slightly
higher than the present model, but the one-temperature non-
equilibrium case leads to a substantially higher flux value.
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Fig. 18 Comparison between the calculated stagnation point radiative
heat fluxes at px = 10 ~4 kg/m3 and V = 10 and 12 km/s obtained in
the present work and those by Tauber and Sutton.27

The one-temperature nonequilibrium case leads to such a high
flux value because of the high vibrational-electronic temper-
ature immediately behind the shock wave calculated by the
one-temperature model (see Fig. lOa).

Sutton and Hartung26 calculated the magnitudes of the ra-
diative heat flux along the stagnation streamline of blunt bod-
ies of given radius and freestream conditions in air under the
assumption of equilibrium. The calculation fully accounted
for the effect of radiative cooling, but the boundary layer was
not accounted for, and the radiative transport calculation was
performed using a simplified method in which molecular bands
are represented by continua. Tauber and Sutton27 derived an
analytical expression that approximates the calculated values
over the range of nose radii smaller than about 3 m. In Fig.
18, the present results are compared with the Tauber-Sutton
formula for the freestream density of 10 ~4 kg/m3 and the flight
speeds of 10 and 12 km/s for the nose radii of 1, 3, and 10
m, though the radius of 10 m is outside of applicability of the
expression. Comparison is made with the analytical expres-
sion rather than the original data because the former is more
convenient. The nose radius of 3 m is of interest because it
is the approximate nose radius of the Apollo vehicle, and may
be the radius also for future manned Mars-return vehicles.

For the 10 km/s case, the radiative heat fluxes predicted by
Tauber and Sutton27 are higher than the present results. In
particular, for R = 1m, the Tauber-Sutton value is nearly
twice that of the present calculation. Since radiation overshoot
is a dominant phenomenon at 10 km/s (see Fig. 14), and since
the Tauber-Sutton calculation fully accounts for radiative
cooling, the Tauber-Sutton values are expected to be gen-
erally lower than the present values. This inconsistency may
be attributed to the radiation absorption in the boundary
layer, which was accounted for in the present calculation but
not in Ref. 27, and the difference in the details of radiative
transport calculations.

For the 12 km/s case, the present result is lower for 1-m
nose radius, but nearly the same for the larger nose radii. The
agreement for the larger nose radii is expected: the thickness
of the nonequilibrium region is negligibly small compared with
the thickness of the shock layer for the 10-m nose radius case,
and therefore, the flow may be considered to be in equilibrium
at 12 km/s. For the 1-m nose radius, the nonequilibrium value
is lower than the equilibrium value, probably because the
nonequilibrium region emits less atomic radiation.

In Fig. 19, the stagnation point wall radiative flux values
are compared for V = 12 km/s among the present model, the
equilibrium model, and the one-temperature nonequilibrium
model, for the nose radii of 1, 3, and 10 m. For R = 1 m,

1 oo ±
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«h- Present Model
•*••• Equilibrium
•A- 1-T Nonequilibrium

1 6 7 8 910
Nose Radius R, m

Fig. 19 Comparison between the stagnation point radiative heat fluxes
at px = 10~4 kg/m3 and V = 12 km/s calculated by the present model,
the equilibrium model, and the one-temperature nonequilibrium model
for nose radius of 1, 3, and 10 m.

there are appreciable differences in the flux value among the
three models. However, at R = 10 m, the difference becomes
relatively small. The equilibrium flux becomes the same as
the present model value at R = 10 m. The one-temperature
flux value (837 W/cm2) is about 80 W/cm2 higher than the
present model value (756 W/cm2) at R = 10 m.

The analysis leads one to believe that ionic equilibration
processes in air at entry velocities above 11 km/s can be de-
scribed reasonably accurately by using the reaction rate coef-
ficient set derived in the present work. For a nose radius of
3 m or greater, the flow behind the shock wave can be con-
sidered to be in thermochemical equilibrium for the purpose
of determining radiative heat flux to the wall. As Fig. 18
shows, the radiative heat flux reaching the wall is of the order
of several hundred W/cm2 at the entry velocity of 12 km/s for
a nose radius of 3 m or greater. Existing nonablating heat
shields, such as those used for the Space Shuttle Orbiter, can
withstand a total heating rate of about 50 W/cm2. Even with
a significant future improvement in the performance of the
nonablating heat shields, the radiative heat transfer rates pre-
dicted here cannot be expected to be withstood by a non-
ablating heat shield.

Reactions in Ablation Layer
Since the radiative heat transfer rates reaching the wall in

a typical super-escape velocity entry is greater than that which
can be withstood by a nonablating heat shield, one must con-
sider an ablative heat shield for super-escape velocity entry
vehicles. In the ablation process, the radiative heat incident
on the wall is absorbed by the latent heat of vaporization and
subsequent gas-phase decomposition of the ablation product.
The ablation product displaces the boundary layer, as indi-
cated schematically in Fig. 20. The layer of the ablation-prod-
uct vapor so formed is commonly referred to as ablation-
product layer, or simply ablation layer.

Ablative heat shields are typically made of carbonaceous
material, containing mostly carbon and hydrogen, or silica
(SiO2), or both (e.g., Ref. 28). The composition of the abla-
tion product at the ablating wall can be calculated from the
chemical equilibrium relationship between the surface and the
gas phase, and among the different species in the gas phase.
The ablation products from a carbonaceous heat shield consist
mostly of C3, and varying amounts of C2, C, C3H, C2H, CH,
H, and H2.29 The silica heat shield produces SiO, O, and O2.30

If hydrocarbons and silica are used simultaneously, as they
were for the Apollo vehicle, SiC, SiN, and SiH will also be
formed. Many of these gases have known radiation absorption
or emission features.31"47 As these gases travel outward to-
ward the shock wave (see Fig. 20), they are heated by both
the absorption of radiation and conduction. This leads to their
thermal decomposition. For example, a heat shield made of
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graphite will produce an ablation-product vapor consisting
mostly of C3, a small amount of C2, and a minute amount of
C. The energy of vaporization of C3 is 65 kcal/(mole of carbon
atoms). As this mixture is heated in the gas phase, C3 will
decompose into C2 + C, and the C2 will eventually decompose
into C + C. These decomposition processes cool the ablation
layer by absorbing a total of 103 kcal/(mole of carbon atom)
of energy. As seen in this example, the heat absorbed during
the decomposition process is generally of the same order of
magnitude as the heat of vaporization. If, for some reason,
the decomposition does not occur, the effectiveness of the
heat shield material is correspondingly reduced. Near the edge
of the ablation layer, i.e., the region where the ablation prod-
uct gases mix with the inviscid shock layer flow (see Fig. 20),
the ablation product gases may become sufficiently hot to
radiate significantly. Atomic carbon and silicon are known to
radiate strongly at relatively low temperatures, beginning typ-
ically at 5000 K for silicon, and 6000 K for carbon. Such
radiation will increase the ablation rate, and thereby lower
the effectiveness of the ablative heat shield.

For these reasons, the effectiveness of an ablative heat
shield is sensitive to the chemical state of the ablation-product
gas. A question arises as to whether the residence times of
the species in the ablation-product layer are sufficiently long
for the flow to reach chemical equilibrium. To answer this
question, let us consider the stagnation region only. In the
stagnation region, the conservation equation can be written
using the classical boundary-layer theory.48 Following this the-
ory, the length coordinates along and perpendicular to the
wall are first transformed to dimensionless coordinates, usu-
ally called f and 17, which vary from zero to a value of the
order unity. Then/and the mass fraction of the species pro-
duced a are introduced. Under the assumption of unit Lewis
number, the conservation equations can be written for these
normalized variables approximately as48-49

Sc dr (Wf - Wr) (9)

where Sc is the Schmidt number, Wf and Wr are the normal-
ized forward and reverse rates of formation of the species a
in the units of s"1, du/dr is the tangential velocity gradient,
and the subscript e denotes the conditions at the edge of the
ablation layer. The differentiation is with respect to 17. Ac-
cording to the Newtonian theory for a hemisphere, dujdr is
given approximately by

order of ae. Therefore, the right side of Eq. (9) must also be
of the order of ae. To satisfy this requirement, when the
forward and the reverse production rates Wf and Wr are both
larger than unity, they must be nearly equal in magnitude,
that is, the flow must be nearly in equilibrium. Thus, the
magnitude of the quantity

Da = (R/V)Wf (10)

is a measure of how close the flow is to equilibrium: the larger
the Da, the closer is the flow to equilibrium. The quantity Da
can be regarded as the Damkohler number characterizing the
ablation-product layer.

The characteristic Damkohler number can be estimated
from the temperatures and pressures expected within the abla-
tion-product layer. The decomposition processes of most in-
terest are

C3 + M -> C2 + C + M - 174 kcal/mole (11)

C2 + M -» C + C + M - 142 kcal/mole (12)

SiO + M -> Si + O + M - 190 kcal/mole (13)

The rate coefficients for these processes are estimated by
assuming the pre-exponential factor C to be 4 x 1014, the
power n to be 0, and Td to be the reaction energy divided by
the universal gas constant. The C and the n values chosen are
those of typical such reactions.50 Pressure is taken to be 0.3
atm, a typical value at the perigee of the aerobraking flight.23

The results are presented in Fig. 21. As the figure shows, the
Damkohler numbers for the reactions Eqs. (11) and (13) are
smaller than unity at temperatures below about 10,000 K,
implying that the reactions will be in chemical nonequilibrium
at these temperatures. Equilibrium is reached only in the
region where temperature is higher than 10,000 K. Thus, over
a wide region adjacent to the wall, the ablation-product layer
will be out of chemical equilibrium. Its consequence on ra-
diation emission and absorption, and resulting wall ablation
rate, are unknown at this time.

The problem is made more complicated by the occurrence
of turbulence. According to existing evidence, the ablation-
product gas mixture emerging from the wall can be turbulent51

as a result of the nonuniform injection of the ablation products
from the wall. The question arises as to how the turbulence
behaves in the ablation layer. An attempt to answer this ques-
tion is made in Ref. 51. In the stagnation region, the absolute
magnitude of the shear in the ablation layer caused by the

The quantity / has a magnitude of the order of unity, and
therefore, the magnitude of the left side of Eq. (9) is of the

Radiation . Edge of
emission ablation-product
by C, Si ^̂ ^̂  ^ ___._ _ _ _ ___ _^ layer

^^ "̂~i k \ 4 v. n.v T" \ ^^
Turbulence

Ablation-product
layer

Ablating surface

C3,C3H,H2,
SiO, C2, etc.

Fig. 20 Schematic of the stagnation region flow phenomena including
ablation.
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Fig. 21 Calculated Damkohler numbers for the ablation-product layer,
for px = IO-4 kg/m3, R = 3 m, and V = 12 km/s.
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fluid motion is small. Therefore, the flow turbulence tends to
decay in the ablation layer. This behavior is modeled in Ref.
51 by a two-equation turbulence rate model, which is taken
from Ref. 52, with the rate of turbulence production set to
zero, e is expressed using the mixing length theory in the form

e = QApvd

By defining the normalized turbulence energy function h =
e/ew, the model theorizes that the variable h satisfies the con-
servation equation in the normalized coordinates of the form51

_Pe(^te
+ fh' - Gh3/2 = 0

where ̂  is the turbulent viscosity and G is given by

I .
dr

with Cd = 0.1455. In Ref. 51, the initial (wall) value of d is
deduced for carbonaceous heat shield materials from the ex-
isting experimental data. It is shown therein that the wall value
of the mixing length is quite large. This means that the tur-
bulence caused by the ablation process will be dominant in
the flowfield of interest. The turbulence will cause deeper
penetration of the ablation product into the hot inviscid shock
layer region. This will lead to a presence of carbon or silicon
atoms in the hot region, which may possibly cause an increase
in the radiative heating rate. Such problems must be inves-
tigated in the future.

Conclusions
1) The observed ionization behavior behind a normal shock

wave in air at super-escape velocities is reproduced fairly well
using a set of ionization rate coefficients given in the present
work.

2) At the shock layer pressure of the order of 0.15 atm, the
thermochemical nonequilibrium phenomena are finished within
about 1.5 cm at a flight speed of 12 km/s.

3) Radiation intensity emitted from the nonequilibrium re-
gion is less than that emitted from the equilibrium region in
the super-escape velocity ranges, i.e., radiation undershoot
occurs.

4) For a body of nose radius of 1 m, the nonequilibrium
radiation is substantially smaller than the equilibrium radia-
tion. For a body radius of 3 m or larger, the radiative heat
transfer rates calculated accounting for the thermochemical
nonequilibrium are nearly the same as those obtained assum-
ing equilibrium.

5) At super-escape entry speeds, nearly half or more of
the radiative heat flux reaching the wall is contained in the
wavelength range below 2000 A.

6) The conventional one-temperature nonequilibrium model
underestimates the thickness of the nonequilibrium region
behind the shock wave and overestimates the radiative heat
fluxes reaching the wall.

7) The radiative heat flux incident on the stagnation point
of a vehicle at a typical super-escape velocity entry flight is
sufficiently high to cause ablation at its peak radiation point
in its entry trajectory.

8) The ablation-product layer is likely to be turbulent and
in a nonequilibrium state.
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