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Nomenclature
a = constant in Millikan-White correlation formula,

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

dimensionless, Eq. (3)
C = reaction rate constant, cm3 mol"1 s"1, Eq. (20)

k = Boltzmann constant (1.3806 x 10~16erg/K)
kf = forward reaction rate coefficient, cm3 mole"1 ;
M = unspecified third body
m = mass of one particle, grams
n = pre-exponential temperature power, Eq. (20)
nt = total number density of a gas mixture, cm~3
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p = pressure, Pa or atm
qr = radiative heat flux at stagnation point, W/cm2

R = nose radius, m
T = heavy particle translational-rotational

temperature, K
Ta = geometric average temperature, V7TZ,, K
Td = characteristic temperature of reaction, K, Eq. (20)
Tv = vibrational-electron-electronic temperature, K
Tx = unspecified temperature (7, Ta, or 71,,), K
Us = shock velocity in a shock tube, km/s
V = flight velocity, km/s
6 = characteristic vibrational temperature, K
jit = equivalent molecular weight, g/mol
p = density, kg/m3

cr, = collision-limited vibrational cross section,
Eq. (4), cm2

&[, = collision-limited vibrational cross section at
50,000 K, Eq. (5), cm2

T = characteristic time, s or JJLS
TV = vibrational relaxation time, s or JJLS

Subscripts
s = postshock condition
1 = condition ahead of shock wave
2 = condition immediately behind shock wave
5 = condition in reflected-shock region
3° = freestream

Introduction

T HE escape velocity for the planet Mars is 5.0 km/s. Min-
imum-energy flight trajectories from Earth to Mars result

in a Martian entry velocity of 5.8 km/s or slightly higher.1

Such a flight trajectory requires a one-way trip time of nearly
1 yr. For a manned mission, such a long journey is undesir-
able. A faster trip is possible using a high-energy trajectory,
but such fast trips result in a higher entry velocity. The com-
promise between the trip time and the entry velocity leads to
a scenario requiring a one-way trip time of 5-8 months, and
an entry velocity between 7-9 km/s.l ~3 The use of aerobraking
technology can potentially allow significant reduction in the
initial mass of the vehicle for this type of mission.

In the recent unmanned space missions, the chemical com-
position of the Martian atmosphere has been determined to
be 95.7% CO2, 2.7% N2, and 1.6% Ar.4 The shock layer flow
for the Martian entry flight will contain C, CO, C2, and CN,
all of which are known to have mechanisms for strong radia-
tion.5 In the case of air, strong radiation is emitted from the
nonequilibrium region behind a shock wave at flight velocities
below about 10 km/s.6 One would like to know whether the
same is true in the Martian atmosphere, and if so, the size of
the nonequilibrium region and the intensity of the resulting
radiation.

No kinetic or radiation measurements have yet been made
with the Martian gas mixture. However, a fair amount of
theoretical and experimental investigations have been made
for mixtures containing CO2 or CO. For CO, the observed
vibrational relaxation behavior behind a shock wave was found
to be representable closely with the Millikan-White correla-
tion formula at relatively low temperatures.7 The vibrational
relaxation behavior of CO2 was also characterized using a
similar correlation formula.8 A considerable amount of ex-
perimental data exist on the dissociation of CO2, CO, and
CN, and on the exchange reactions containing these gases.
They are reviewed in Refs. 9 and 10. More recent data will
be discussed later. These existing experimental data are for
temperatures up to about 15,000 K. The translational tem-
peratures immediately behind the shock wave (prior to onset
of vibrational excitation), corresponding to flight speeds of 6
and 9 km/s, are 25,000 and 59,000 K, respectively, for the
Martian gas mixture, while the corresponding equilibrium
temperatures are about 4800 and 7300 K. It has not been

shown that the existing reaction rate coefficient set can be
used for reliable predictions of thermochemical processes at
such temperatures.

Theoretical studies of vibrational relaxation phenomena in
CO2 and CO have been made by Hindelang11 and Hahne,12

respectively. A complicated internal nonequilibrium process
was described for CO2 by Hindelang, while a relatively simple,
Landau-Teller type relaxation was predicted for CO by Hahne.
The combined chemical-fluid mechanical relaxation problem
has been studied theoretically by Howe,1314 McKenzie,15

Freeman and Oliver,16 and Candler.17 Howe estimated the
reaction rate constants from kinetic theory, and concluded
that the equilibration distances for CO2 are fairly large under
the typical conditions of Martian entry. McKenzie obtained
his reaction rate coefficients both from estimates and from
available experimental data. He did not calculate the equil-
ibration distance, but instead calculated the radiation over-
shoot phenomenon in the nonequilibrium region. Freeman
and Oliver predicted a fairly large chemical equilibration dis-
tance, and predicted that the radiative heating rate of a
Martian entry vehicle may be increased by a large factor by
chemical nonequilibrium phenomena. Candler predicted the
relaxation distance in the Martian gas mixture to be con-
siderably smaller than the value predicted by Howe. All
theoretical calculations predicted that vibrational relaxation
would reach equilibrium quickly in a predominantly CO2 mix-
ture.

Experimental investigations of the nonequilibrium radia-
tion behavior in CO2 or CO2-N2 mixture were made by Arnold
et al.18 Thomas and Menard,19 Nealy and Haggard,20-21 and
Arnold and Nicholls.22 In Ref. 20, Nealy and Haggard made
measurements of the radiation from CO2 in the vacuum-uv
wavelength range, and applied the experimental data to pre-
dict the impact of nonequilibrium in the radiative heating of
the Venusian entry probe. A modest increase (about 30%)
in the radiative heating rate was predicted for the Venusian
case. However, the magnitude of the measured radiation
showed a large scatter and did not agree well with the the-
oretical predictions, even in the equilibrium region. Arnold
et al.18'22 observed the nonequilibrium radiation overshoot
phenomenon for CN in CO2-N2 mixtures, but did not deter-
mine the equilibration distance or quantify the extent of ra-
diation enhancement due to nonequilibrium. In addition, there
are measurements made in shock tubes of the rate coefficients
of reactions involving most of the constituent species of the
Martian atmosphere.9-10'23-43

From these studies, one concludes that the thickness of the
relaxation zone behind the shock wave formed over a blunt
body flying into the Martian atmosphere and the nonequilib-
rium radiation produced therein are currently uncertain. The
existing theoretical predictions differ, and experimental data
are scarce. Furthermore, the few experiments that were con-
ducted did not simulate the Martian atmosphere well. The
first purpose of the present work is to derive a set of ther-
mochemical relaxation rate parameters and chemical reaction
rate coefficients which could explain the few relevant exper-
iments. Secondly, the present work attempts to assess the
impact of the thermochemical nonequilibrium phenomena on
radiative heating rates for the stagnation point of the Martian
entry vehicle.

The present work is a continuation of the work started in
Ref. 44 in which the same problem was investigated for su-
perescape velocity entries into the Earth's atmosphere, and
uses the same methodology used therein. Some of the details
missing in the present work can be found therein.

Thermochemical Model
Thermochemical Nonequilibrium Phenomena

It has been known in recent years that the flow behind a
bow shock wave formed over a blunt body entering a plan-
etary atmosphere at a high speed in a low density regime
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tends to be in a thermochemical nonequilibrium state, in which
the electron thermal temperature and the vibrational and elec-
tronic excitation temperatures are different from the trans-
lational temperature of the heavy particles.45"48 The past work
on this subject led to the development of a two-temperature
model and a computer code named NONEQ (nonequilib-
rium) which implements this model for a one-dimensional
flow.49 In this code, Tv is calculated independently of T. Re-
laxation of Tv is calculated allowing for several phenomena
that occur only at very high postshock temperatures. The rate
coefficients of the dissociation reactions occurring in this en-
vironment are assumed to be a function of the geometric
average temperature

Ta = VTTV (1)

In the NONEQ code, the flow properties are calculated for
a one-dimensional flow in a constant-area duct, such as in a
shock tube, and along the stagnation streamline over a blunt
body through a transposition of the constant-area solutions.6
The same thermochemical model is incorporated into an ax-
isymmetric two-dimensional code in Ref. 17. Radiation phe-
nomena are calculated for such a nonequilibrium environment
in the NONEQ code using a line-by-line technique. The
present study is carried out using these codes.

Characterization of Induction Phenomena
Millikan and White7 have shown that rv for most gases can

be expressed by

prv = exp[a(T-1/3 - b) - 18.42] atm s (2)

They show also that the parameters a and b can be expressed
for many gases by the simple expressions

a = 0.00116/-i050l: b = 0.015/x0-2 (3)

where /x is the equivalent molecular weight between the two
colliding particles in g/mol, and 6 is the characteristic vibra-
tional temperature (the vibrational constant coe divided by the
Boltzmann constant) in deg K.

Due to the thermal nonequilibrium mentioned above, dis-
sociation reactions are preceded by a period of induction or
incubation behind a shock wave. At relatively low shock speeds
(less than about 4 km/s in air or nitrogen), the induction time
was found to be about equal to TV given by the above equation.
However, at higher shock speeds, the induction times were
found to become longer, contrary to the general behavior of
rz,.50 This behavior is attributed in the two-temperature model
to the diffusive nature of vibrational relaxation and collision-
limiting of vibrational excitation (see Chap. 3 of Ref. 48).
The vibrational excitation rate cannot be larger than that
corresponding to the elastic collision cross section. This phe-
nomenon is accounted for by adding to the vibrational relax-
ation time the time for the elastic collisions in the form6-45"48

r(total) = TV +

The quantity av is represented by6-45"48

av = o-;(50,000/r)2 cm2

(4)

(5)

The value of cr'v is chosen to fit the existing experimental data.
Since the Martian atmosphere consists of CO2, N2, and Ar,

and since the degree of ionization is expected to be low in
the environment of interest (entry velocity below 9 km/s), the
collision encounters that need to be considered in the cal-
culation of vibrational relaxation are those of N2, CO and
CO2 with Ar, N, O, C, N2, CO, and CO2. Of these, the most
important is the CO + CO and CO + O encounters, because
CO2 dissociates rapidly into CO + O. Appleton et al.26 de-
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Fig. 1 Comparison between the induction times for CO dissociation
measured by Appleton et al.26 and those predicted by the present
model.

termined the induction times of CO dissociation by monitor-
ing the concentration of oxygen atoms using the resonance
absorption technique behind a shock wave. The measured
induction times were compared with those predicted by the
Millikan-White formula. The experimental data and the pre-
dicted values are reproduced in Fig. 1. In the figure, the open
circles represent the experimentally observed induction times,
while the open triangles indicate the induction times calcu-
lated using the Millikan-White formula for each of the ex-
perimental points. As seen in the figure, the CO induction
times are considerably longer than those given by the Milli-
kan-White formula. In order to reproduce these experimental
data, the cr'v value is varied in the present calculation using
the NONEQ code. The calculation requires the rate coeffi-
cients for the CO dissociation reactions. The details of the
reaction kinetics are given in the following paragraphs. Through
this calculation, the best fit was found with a <r'v value of 3
x 10~18 cm2 for the CO-CO encounter. In Fig. 1, the results
of the present calculations are shown for comparison. The
three calculated points in the figure correspond to, in the
order of increasing temperature, pl (preshock density) = 6.6
x 10-5 g/cm3, Us = 2.9 km/s, CO concentration = 5%; pl
= 1.45 x 10~5 g/cm3, Us = 3.5 km/s, CO concentration =
2%; and pl = 3.3 x 10~6 g/cm3, Us = 4.12 km/s, CO con-
centration = 2%, respectively.

The vibrational relaxation behavior in CO2 has been studied
by Camac to a temperature of about 6000 K.8 lathis exper-
iment, radiation emanating from CO2 at 43,000 A was mon-
itored. The experiment yielded a and b values of 36.5 and
-0.0193, respectively, for the CO2-CO2 encounter. There is
no experimental data from which the a'v can be deduced for
CO2. It was chosen here arbitrarily to be 10~16 cm2. The choice
of o-1 is conservative in that it results in a negligibly small
incubation time for CO2 dissociation. The vibrational relax-
ation parameters chosen for the species of interest are sum-
marized in Table 1. The vibrational relaxation times calcu-
lated by the present model are compared with the experimental
data7-8-51-53 in Fig. 2.

Reaction Model
The shock layer flow over a blunt body entering the Martian

atmosphere will dissociate and partially ionize, resulting in
the following species: Ar, C, N, O, C2, N2, O2, CN, CO, NO,
C02, NCO, Ar+, C+, N+, O + , C+

2, N^, O^, CN+, CO+,
NO+, and e~. Of particular interest in the present study is
the concentration of CO, which emits strong radiation by its
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Table 1 Vibrational constants for N2, CO, and CO2

Source

N2((r'v = 3 x 10-17cm245

M - Ar 240
N
O
C
N2
CO
CO,

180
72.4
72.4

221
221
245

0.0302
0.0262
0.0150
0.0150
0.0290
0.0290
0.0305

Eq. (3)
Eq. (3)
Fitted to Ref. 51
Assumed to be same
Eq. (3)
Eq. (3)
Eq. (3)

as for N,-O

CO (o-;, - 3 x 10-18 cm2, this work)

M = Ar
N
O
C
N2
CO
CO,

215
47.7
47.7
47.7

198
198
218

0.0302
0.050
0.050
0.050
0.0290
0.0290
0.0305

Eq. (3)
Assumed to be same as for CO-O
Ref. 53
Assumed to be same as for CO-O
Eq. (3)
Eq. (3)
Eq. (3)

cm2, this work)

M = Ar
N
O
C
N2
CO
C02

50.3
35.8
37.6
33.7
45.4
45.4
36.5

0.0321
0.0271
0.0278
0.0263
0.0305
0.0305

-0.0193

Eq. (3)
Eq. (3)
Eq. (3)
Eq. (3)
Eq. (3)
Eq. (3)
Fitted to Ref. 8

The quantity a-', is the limiting cross section for vibrational excitation at 50,000 K. M is the
colliding species.

10-2 50 20
TX10-3(K)
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Experiment

D CO-CO, Millikan& White (1963)
O CO-O, Center (1973)
V O2-O, Kiefer & Lutz (1967)

CO2-CO2)Camac(1964)
N2-O, Eckstrom (1973)
NO-NO, Wray (1962)

Theory

Present model

02-0
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NO-N
NO-0
NO-C
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Fig. 2 Comparison between the measured vibrational relaxation
times7-8-51"53 and the present model for carbon-containing species.

"fourth positive" (4 + ) system; that of CN, which radiates in
its "violet" and "red" systems; that of C2, which emits in its
Swan system; and those of C and O, which emit over a wide
range of wavelengths, but most strongly in the vacuum-uv
region. Of these possible species, Ar + , N + , C \, N \, and CN+

can be eliminated for the reason that their concentrations will
be very small and that they will not play any significant role
in the rate processes.

Consideration of abundance and heats of formation of these
species leads to the conclusion that the reactions that most

significantly absorb energy are the dissociation reactions of
CO2 and CO

CO2 + M -* CO + O + M - 126 kcal/mol (6)

CO + M -> C + O + M - 256 kcal/mol (7)

These two reactions are aided by the exchange reactions

CO2 + O -> CO + O2 - 8 kcal/mol (8)

CO + O -» C + O2 - 138 kcal/mol (9)

which augment the dissociation rates once a pool of atomic
species has been produced. Because of the large disparity in
bond energies, CO2 dissociation is expected to be finished
much sooner than CO dissociation. Therefore, establishment
of chemical equilibrium is dictated mostly by reactions (7)
and (9). For this reason, the accuracy of the rate coefficients
for reactions (6) and (8) is not important.

The molecule CN is produced mostly by the exchange re-
actions

CO + N -> CN + O - 78 kcal/mol (10)

N2 + C -> CN + N - 47 kcal/mol (11)

and removed by

CN + O -> NO + C - 28 kcal/mol (12)

while the molecule C2 is produced mostly by

CO + C -> C2 + O - 114 kcal/mol (13)

CN + C -> C2 + N - 36 kcal/mol (14)

These mechanisms cause an overshoot of the concentrations
of the molecules CN and C2, because the equilibration of these
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species is controlled by the slower thermal dissociation re-
actions

CN + M -» C + N + M - 178 kcal/mol (15)

C2 + M -» C + C + M - 142 kcal/mol (16)

Using the reaction rate coefficients given in Refs. 9 and 10
and elsewhere, calculations have been made in the present
work to compare the rates of the four- and five-atom exchange
reactions involving CO2 and NCO. The result shows that most
such reactions are as fast as the three-atom reactions, except
the reaction

N2 + CO -> NCO + N - 178 kcal/mol

This reaction is neglected in the reaction scheme.
There are seven possible associative ionization reactions:

C + C -> CJ + e~ - 138 kcal/mol

N + N-> N2
+ + e- - 133 kcal/mol

O + O -» OJ + e- - 159 kcal/mol

C + N-> CN+ + e- - 146 kcal/mol

C + O -> CO+ + e- - 66 kcal/mol

N 4- O -> NO+ + e~ - 63 kcal/mol

experimental data and the calculation is achieved. It is cus-
tomary to represent the coefficient of a chemical reaction in
the form

CO + O -» CO2
+ + - 190 kcal/mol

Concentrations of the molecular ions produced by these re-
actions are usually very small, and therefore the reactions can
be ignored totally if it were not for the fact that they initiate
ionization of atomic carbon, C. Atomic carbon has a fairly
low ionization potential. The species C+ is produced mostly
by the electron-impact ionization

C + e~ -» C+ + e- + e- - 260 kcal/mol

However, in order for this reaction to be started, a finite
concentration of electrons is required. The initial electrons
are furnished by the associative ionization processes. Based
on the abundance of the reactants and the energies required
for the processes, it was judged that the reactions N •+ O — >
NO+ + e-, C + O -» CO+ + e~ , and O + O -» O^ +
e~ are the most dominant reactions, and therefore only these
three are retained in the scheme.

While there are many charge-exchange processes possible
in this gas mixture, the most important of these reactions are
those that transfer the charge to C, for the reason given above.
Since CO + , NO+ , and OJ are the first ions to form, the most
important charge-exchange reactions are

CO+ + C-> CO + C+ 4- 62 kcal/mol (17)

NO+ + C^ NO + C+ - 46 kcal/mol (18)

O2
+ + C -* O2 + C+ + 19 kcal/mol (19)

Reaction Rate Coefficients
In order to deduce the unknown rate parameters, ther-

modynamic properties and resulting radiation characteristics
are calculated using the NONEQ code with the assumed vi-
brational and reaction rate parameters for a given experi-
mental condition. The radiation characteristics calculated in
this way are compared with the experimental data. If they
disagree, the parameters most sensitively affecting the ob-
served radiation are varied, until a best match between the

kf = CTn
x exp(- cm3 mol"1 s~ (20)

where Tx is the temperature controlling the reaction. In the
two-temperature environment of concern, Tx is taken to be
Ta for dissociation reactions, Tv for all reactions where an
electron is a reactant, and T for the rest. The final set of
reaction rate coefficients selected through this process is pre-
sented in Table 2. In the following, this process is explained.

Ionic Reactions
All three atomic species, C, N, and O, undergo electron-

impact ionization. However, since the concentration of N is
much smaller than those of the other two species, the electron-
impact ionization of N is ignored. The C and n values for the
electron-impact ionization of carbon atom are assumed to be
the same as those for oxygen, which are in turn deduced from
those for nitrogen (see Chap. 8 of Ref. 48). The recombi-
nation rate coefficient so determined is nearly the same as
that obtained by Dunn.23

Radiative recombination will occur also for all three atomic
species, but again, since the concentration of N+ is very small,
the process N+ + e~ —> N + hv is ignored. The rate coef-
ficient for C+ + e~ recombination is calculated using the
computer code NONEQ using the data provided with the code
(the code has an option which, when exercised, gives the ra-
diative recombination rate coefficients). The data in NONEQ
had been obtained from the theoretical work of Griem.54

CO2 Dissociation
Among the neutral reactions, the reactions of first interest

are those of CO2 decomposition, reactions (6) and (8), be-
cause they are the first chemical reactions to occur behind a
shock wave. Of interest is the rate coefficient for dissociation,
reaction (6), because that is the rate-limiting reaction. Ref-
erence 9 provides a review of the existing rate coefficient data
on this reaction as of 1986. Since the review, one more set
of data has been produced by Burmeister and Roth.25 These
data are shown in an Arrhenius plot in Fig. 3. Of particular
interest is the data by Davies24 which is the only set of data
that covers the temperature range above 4000 K.

One apparent feature of the dissociation rate of CO2 is that
the exponent n is a relatively large negative value. In the two-
temperature model used here, any such behavior is attributed
to the low vibrational temperature in the dissociation zone55:
it is shown in Ref. 55 that such a behavior can be numerically
recreated in the two-temperature model using a relatively
small negative n value. For N2 and O2 dissociation, the n
value appropriate to the two-temperature model was seen to
be between -1 and —1.6. In the present work, the n value
for CO2 dissociation is chosen arbitrarily to be —1.5. The
choice of this value is immaterial, as will become apparent
later.

The rate coefficient C value for the case where the third
body, Af, is Ar, is taken to be 6.9 x 1020 which gives a kf
value that agrees with the data by Davies24 at T = 5000 K.
Based on the discussion given in Ref. 9, the C values for the
cases where the third body is a molecule are assumed to be
10 times that for M — Ar. Those for the cases where the third
body is an atom is taken arbitrarily to be 15 times that for
M = Ar, because atoms are usually more efficient than mol-
ecules. These values are compared with the existing data in
Fig. 3.

The validity of the CO2 dissociation rate coefficient value
for M = Ar is verified by comparing the calculated radiation
behavior with the experimental data by Davies.24 In this ex-
periment, the infrared radiation at 29,000 A was measured in
a 1% CO2-99% Ar mixture in the reflected-shock region of
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Table 2 Reaction rate coefficients for Martian atmosphere (present model)

Reaction
Dissociation reactions

C2 + M-*C + C + M
N, + M — » N + N + M

O9 + M - H > O + O + M

CN + M — •* C + N + M
CO + M ^ C + O + M

NO + M — * N + O + M

CO, + M -> CO + O + M

NCO + M-+CO + N + M
Neutral exchange reactions

NO + O -» N + O2
N, + O -» NO + N
CO + O -» C + 02
CO + C -» C2 + O
CO + N -> CN + O
N2 + C ~> CN + N
CN + O -> NO + C
CN + C -> C2 + N
CO, + O -» O, + CO
CN~+ O2^ NCO + O
CN + CO, -» NCO + CO
CN + NO -» NCO + N
CO + NO -> NCO + O
CN + CO -» NCO + C

M

All
Ar
C
N
O
C2
N2
O2
CN
CO
NO
C02
e~
Ar
C
N
O
C2
N2
02
CN
CO
NO
CO2
All
Ar
C
N
O
C2
N2
02
CN
CO
NO
CO2
Ar
C
N
O
C2
N2
02
CN
CO
NO
CO2
Ar
C
N
O
C2
N2
02
CN
CO
NO
CO2
All

Tx

Ta
Ta

Ta

Ta
Ta

Ta

Ta

Ta

T
T
T
T
T
T
T
T
T
T
T
T
T
T

C

3.714

7.021

3.022

3.022

3.022

7.021

7.021

7.021

7.021

7.021

7.021

7.021

1.225

2.021

l.O22

l.O22

l.O22

2.021

2.021

2.021

2.021

2.021

2.021

2.021

2.514

2.319

3.420

3.420

3.420

2.320

2.320

2.320

2.320

2.320

2.32()

2.320

5.015

l.l17

l.l17

l.l17

5.015

5.015

5.015

5.015

5.015

l.l17

l.l17

6.920

1.422

1.422

1.422

6.921

6.921

6.921

6.921

6.921

6.921

6.921

6.316

8.412

6.417

3.913

2.017

l.O14

l.l14

1.613

5.013

2. 113

6.612

4.014

l.O14

3.817

1.516

n

0.00
-1.60

-1.50

0.00
-1.0

0.00

-1.50

-0.5

0.00
-1.00
-0.18
-1.00

0.00
-0.11

0.10
0.00
0.00
0.00
0.00
0.00

-0.873
-0.487

Td

69,900
113,200

59,750

71,000
129,000

75,500

63,275

24,000

19,450
38,370
69,200
58,000
38,600
23,200
14,600
13,000
27,800
-200

19,200
21,200
51,600
65,800

Source

Ref. 38
Ref. 47

Ref. 44
Ref. 47

Ref. 34
This work

Ref. 47

This work

Ref. 35

Ref. 47
Ref. 47
Ref. 30
This work
This work
Ref. 43
Ref. 29
Ref. 34
Ref. 39
Ref. 423
Ref. 29
Ref. 31
Ref. 36
Ref. 36
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Table 2 (Continued)

Reaction M
Associative ionization reactions

N + O-* NO+ + e~
O + o -» O^ + e~
C + .0-»CO + + e-

Charge exchange reactions
NO+ + C^NO + C+

C>2 + O^ O+ + O2
NO+ + N^ O + + N2
NO+ + O-^ O^ + N
CO + C+ -> C0+ + C
O2 + C+ -> O^ + C

Electron-impact ionization reactions
C + e--^C + + e- + e-
0 + e- -^O + + e- + e-

Radiative recombination reactions
O+ + e~ -> O + hv
C+ + e~ -> C + hv

Tx

T
T
T

T
T
T
T
T
T

Tv
Tv

Tv
Tv

C

8.88

7.12

8.88

l.O13

4.012

3.413

7.212

l.O13

l.O13

3.933

3.933

1.0711

2.0211

n

1.00
2.70
1.00

0.00
-0.09
-1.08

0.29
0.00
0.00

-3.78
-3.78

-0.52
-0.46

Td

31,900
80,600
33,100

23,200
18,000
12,800
48,600
31,400
9,400

130,700
158,500

Source

Ref. 44
Ref. 44
This work

This work
Ref. 47
Ref. 47
Ref. 47
This work
This work

This work
This work

This work
This work

Tx is the controlling temperature, C is in cm3 mole ' s.
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Fig. 3 Comparison between the dissociation rate coefficient for CO2
selected in the present work and the existing experimental data.9'24'25

a shock tube. In Fig. 4, the calculated results are compared
with the experimental data. The present model reproduces
the experimental data closely. For comparison, the calcula-
tions made with the CO2 dissociation rate coefficients divided
by and multiplied by 3 are shown. As seen here, these alter-
nate rate coefficients lead to erroneous predictions of the
intensity of the infrared radiation.

CO Dissociation
Reference 9 provides a thorough review of the existing rate

coefficient data for CO decomposition, reactions (7) and (9).
Since the review, one more set of data has been produced by
Mick and Roth.28 Of interest is the rate of CO dissociation,
reaction (7), because the rate coefficient for reaction (9) is
relatively well known.9 Following the logic given above, the
n value for this process is chosen arbitrarily to be -1. The
C value for M = Ar is chosen so that the kf value would
agree with the data of Mick and Roth at 10,000 K. Again,

® 3

I

CO2+Ar, p5=0.8 atm, T5=8000 K
29,000 A CO2 Radiation

—— Preent Model
—— k(CO2)=k(CO2)/3
— - — k(CO2)=3 x k(CO2)
• Experiment, Davies (1965)

Distance From Shock Wave, cm

Fig. 4 Comparison between the experimental data on the 29,000 A
radiation in CO2-Ar mixture24 and the present calculation; reflected-
shock conditions: ps = 0.8 atm, T5 = 8000 K.

based on the discussions given in Ref. 9, the C values for
M = molecules are taken to be 10 times the argon value. The
C values for M = atoms are taken to be 15 times the argon
value. The values chosen in the present work are compared
with the existing experimental data in Fig. 5.

The validity of the presently selected rate coefficient values
for CO dissociation is tested against the experimental data of
Nealy and Haggard.20 In this experiment, the radiation at 1580
A from the CO 4 + system was measured in a shock tube with
100% CO2 flow at a shock velocity of 9 km/s. At this shock
speed, CO2 dissociates immediately behind the shock wave,
and CO dissociation occurs. Therefore, intensity of this ra-
diation is dictated mostly by the rate of dissociation of CO
and Tv of the flow. The vibrational-electron-electronic tem-
perature is affected directly by the a, b, and a-'v values for
CO, and indirectly by the dissociation rate coefficient for CO.
For this reason, this experimental data offers a valid test of
the CO dissociation model. In Fig. 6, the results of present
calculations are compared with the experimental data. In the
figure, the ordinates represent the intensity of radiation ob-
served at the wall in the direction normal to the flow inte-
grated over a wavelength interval of 4 A at around 1580 A.
The diameter of the shock tube over which the intensity is
integrated was 15 cm. As seen in the figure, the present model
agrees fairly well with the experiment. The figure also shows
the calculations made using different rate coefficients for CO
dissociation, reaction Eq. (7).
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I Present model |

M = 0,C
M = CO, CO2

M = Ar

A

104/T(K~1)

Fig. 5 Comparison between the dissociation rate coefficient for CO
selected in the present work and the existing experimental data.9'28

3.0

2.5

CO

<v/ 2.0

§ 1.5
^
CO

£ 1 '°_c
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CO2, p^O.3 Torr, V=9.05 km/s
1578-1582 A CO 4+ Radiation

—— Present Model
—— k(CO)=k(CO)/3
— • — k(CO)=3 x k(CO)
• Experiment, Nealy (1973)

1 2 3 4

Distance From Shock Wave, cm

Fig. 6 Comparison between the experimental data on the 1580 A CO
fourth positive band radiation in CO2

21 and the present calculation;
pt = 0.3 Torr, V = 9.05 km/s.

CO + C -» C2 + O (C2 Formation) Reaction
The rate processes of next importance are those of the C2

formation, reactions (13) and (14), because C2 is a major
radiator (see the section on Radiation). Of these two pro-
cesses, reaction (13) is dominant over (14) in the environment
of interest. Unfortunately, no rate coefficient data exists for
reaction (13). The rate coefficient for this reaction is deter-
mined in the present work by comparing with the experiment
of Hansoji.27 In that experiment, the C2 Swan band radiation
at 5000 A was measured in a shock tube in 100% CO. The
intensity variation in this experiment is determined mostly by
the magnitude of reaction (13). Through a process of trial
and error, the rate coefficient value is selected in the present
work to be

CO + C -> C2 + O:

kf = 2.0 x 1017r exp(-58,000/r) cm3 mole-1 s"1

140
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1 00

80

60

40

20

0

CO, p1=2.05 Torr, V=4.83 km/s
3000-6000 A C2 Swan Radiation

Present Model
k(CO+0)=k(CO+0)/3
k(CO+O)=3 x k(CO+O)
Experiment, Hanson (1974)

1 0 1 2

Distance From Shock Wave, cm

Fig. 7 Comparison between the experimental data on the 4800 A C2
Swan band radiation in CO27 and the present calculation; pt = 2.05
Torr, V = 4.83 km/s.
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C 0.15
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^E

^ 0.10
^
CO
C
OJ

I 0.05

0.00

N24CO2, p^O.7 Torr, V=5.9 km/s
3580 A CN Violet Radiation

—- Present Model
•-••• k(CO+N)=k(CO+N)/3
—• k(CO+N)=3 x k(CO+N)
• Experiment, Arnold (1973)

Distance From Shock Wave, cm

Fig. 8 Comparison between the experimental data on the 3580 A CN
violet band radiation in 24% CO2-76% N2 mixture22 and the present
calculation; /?, = 0.70 Torr, V = 5.9 km/s.

The intensity of the C2 Swan radiation calculated using this
rate coefficient, and those obtained using the rate coefficients
3 and 3 times this value, are compared with the experimental
data in Fig. 7.

The rate processes of next importance are those that pro-
duce CN, reactions (10) and (11). The rate coefficient for the
reverse reaction to reaction (10) has been determined in Refs.
10, 29, 36, 37, and 40. The forward reaction rate coefficients
are deduced from these data invoking the detailed balancing
principle under equilibrium. The averages of these are

CO + N -> CN + O:

kf = 1014 exp(-38,600/r) cm3 mole-1 s"1

The rate coefficient for reaction (11) has been determined in
Ref. 43. The rate coefficient for the reverse reaction to re-
action (11) has been measured in Refs. 29, 33, 34, and 41. In
the present work, the value of Ref. 43

N2 + C -> CN + N:

kf = 1.11 x iol4r-°-n exp(-23,200/r) cm3 mole"1 s"1

is used.
The validity of these rate coefficient values is tested against

the experiment of Arnold and Nicholls.22 In this experiment,
the intensity of the CN violet band at around 3883 A is mea-
sured in a mixture of 24% CO2-76% N2. In Fig. 8, the intensity
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values calculated using the rate coefficients so deduced are
compared with the measured values. For the purpose of com-
parison, the figure also shows the calculation made using the
rate coefficient values three times larger and smaller than the
chosen value. Unfortunately, in the region of peak radiation
where calculations show difference, experimental data are
absent (out of scale). However, based on what is available,
radiation intensity is judged to be relatively insensitive to the
value of the rate coefficient. The value chosen in the present
work is at least consistent with the experimental data.

Associative lonization Reaction
Among the three associative ionization reactions consid-

ered, the rate coefficients for the associative ionization re-
actions N + O -» NO+ + e~ and O + O -> O^ + e~ are
taken from Ref. 44. The rate coefficient for the reaction
C + O —» CO+ + e~ is taken to be the same as that for the
N + O reaction.

Charge Exchange Reactions
Six charge exchange reactions listed in Table 2 are consid-

ered in the present work. The possible seventh, CO+ 4- O
—» CO + O+ is not considered because it will be slow com-
pared with the competing reaction CO+ + C —> CO + C+ .
For the reactions involving nitrogen or oxygen species only,
the rate coefficients are taken from Ref. 47. The rate param-
eters for the reactions containing carbon, which are unknown,
are estimated to be C = 1013 cm3 mole"1 s ~ j and n = 0. The
rate coefficient values so determined are roughly equal to
those known rate coefficient values for the nitrogen and oxy-
gen species at 10,000 K.

Behavior of the Flow
Relaxation Distances in Constant-Area Flow

Using the rate parameters determined as described above,
the thermodynamic state variables are calculated for the Mar-
tian gas mixture for a flow in a constant-area duct using the
NONEQ code over the velocity range of 6-9 km/s. The free-
stream density is varied for each velocity such that the post-
shock static pressure ps, determined through the hypersonic
approximation

Ps = P~V2 (21)

is 0.15 atm. This pressure is chosen arbitrarily. The radiative
heat transfer rate to the stagnation point of a Martian entry
vehicle becomes maximum typically at this pressure.56 The
results of calculation of flow properties for V = 8 km/s are
shown in Figs. 9a and 9b.

In Fig. 9a, T is initially 46,200 K behind the shock wave.
The two temperatures, T and Tv, become nearly the same at
about 0.3 cm behind the shock wave. This rate of equalization
between T and Tv for the Martian gas mixture is significantly
faster than that in air. This fast equalization of temperatures
is believed to be caused partly by the fast vibrational relax-
ation of CO2. Even though vibrational excitation of CO is
very slow (see Fig. 1), the vibrational temperature is raised
significantly by the time CO2 is decomposed into CO and O.
This finding agrees with the conclusions drawn in Refs.
13-17.

In Fig. 9b, one sees that dissociation of CO2 into CO and
O occurs very fast (within 0.1 cm). Dissociation of CO into
C and O commences early, but does not reach equilibrium
over a long distance. Equilibration of CO dissociation is so
slow first because its dissociation energy is large, and second
because equilibration of ionization processes is slow. One sees
that the ionized species C+ , O + , NO + , CO+ and O^ first
undergo an overshoot, and then gradually decay. The process
of decay of the ionized species releases energy to the flow so
that more of the CO molecules can be dissociated. The ionized

5x10 r

Martian Atmosphere
1-D Constant-Area Flow
ps=0.15 atm, V=8 km/s

-T

I i

a)

5 10 15

Distance From Shock Wave, cm

1 0

20

•—o

Martian Atmosphere
1-D Constant-Area Flow
ps=0.15 atm, V=8 km —N

b)
5 10 15

Distance From Shock Wave, cm

20

Fig. 9 Thermodynamic state variables in a constant-area duct cal-
culated by the present model for the Martian atmosphere for V = 8
km/s, R = 1 m, and ps = 0.15 atm: a) temperatures and b) species
mole fractions.

species do not reach their respective equilibrium values over
the entire length of 20 cm. Though not shown, the steady
state is reached at around 40 cm for this case.

As will be shown later, the radiative power emitted by the
gas reaches a high peak at around 0.3 cm behind the shock,
and declines thereafter. The decline is initially very rapid, but
becomes gradual later on. At the distance of 20 cm, the emis-
sion power has not yet reached a steady state. The steady
state in radiation emission, which is interpreted to be the state
of equilibrium, is reached at a distance of about 40 cm for
this case.

It is customary to define characteristic relaxation distances
or times from the radiation history plot. Two such charac-
teristic values are defined: 1) the distance or time to the peak
radiation point (peak radiation point) and 2) those to the point
where the radiation intensity falls to 1.1 times the equilibrium
value (equilibration point). Since the distances from the shock
wave to these points are nearly inversely proportional to the
freestream pressures, the product rp^ where r is the time to
reach one of those two characteristic points, and px is the
freestream pressure, is very nearly independent of the free-
stream pressure.

In Fig. 10, the existing experimental data on rp^ for CO2-
containing gas mixtures19-21-22-24 are presented and compared
with those for air.6 In the figure, the experimental data by
Thomas and Menard19 had been obtained using CO2-N2 mix-
ture ratios that varied over a wide range. The experimental
data were not sufficiently precise to differentiate by mixture
ratio. The figure indicates that the peak radiation times de-
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Fig. 10 Comparison between the measured characteristic relaxation
times for the CO2-containing gas mixture19'20'22'24 and those for air.47
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Fig. 11 Comparison between the characteristic relaxation times pre-
dicted by the present model based on relaxation behavior of the C2
Swan radiation and the existing experimental data.19

termined by Thomas and Menard for the CO2-N2 mixture are
approximately the same as those obtained in air. However,
the similar measurement by Nealy with the 4 + system of CO
in 100% CO2 give discernibly larger times, though at different
flow velocities. The same trend is true for the equilibration
time: Nealy's values are larger than Thomas-Menard's values.
The Thomas-Menard values for the equilibration time are
slightly larger than those for air. The equilibration distance
determined by Arnold and Nicholls22 and by Davies24 fall
within the range of those by Thomas and Menard, even though
the methods used are different.

The peak and the equilibration times are calculated in the
present work using the NONEQ code, and are compared with
the experimental data of Thomas and Menard19 in Fig. 11.
As seen here, the calculated peak radiation times pass through
approximate midpoints of the experimental data. However,

Present calc
Martian atmosphere

1.1 equil C2 rad
Exp, Thomas (1966)

(9-100)% CO2-(91-0)% N2
1.1 equil CN rad

Calc, Freeman (1971)
Calc, Candler (1990)
Martian atmosphere

90% reaction
1 E

6 7 8 9 10
Flight velocity (V, km/s)

Fig. 12 Comparison between the equilibration distance atps = 0.15
atm in Martian atmosphere predicted by the present model and the
existing experimental data19'20-22-24 and other theoretical predic-
tions.13 1617

the experimental data for the equilibration point are not suf-
ficiently precise to render judgment on the accuracy of the
calculation.

In Fig. 12, the calculated equilibration distances are shown
and compared with the experimental data and other theoret-
ical predictions for ps = 0.15 atm. The theoretical predictions
are those by Howe et al.,13-14 Freeman and Oliver,16 and Can-
dler.17 In those calculations, the equilibration distance was
considered to be the point where the reactions are 90% com-
plete in these theoretical predictions. The present prediction
is seen to agree approximately with the experimental data of
Arnold and Nicholls22 and of Davies.24 It is larger than the
mean value of the experimental data of Thomas and Menard,
and approaches the mean value of Nealy's data. Thus, the
present calculation is at least consistent with the existing ex-
perimental data, to within the scatter in the existing data. The
theoretical prediction by Howe agrees approximately with the
present prediction, but those by Freeman and Oliver and by
Candler are both considerably smaller. The predicted equil-
ibration distance varies between 5-27 cm, depending on the
flow speed. Considering that the shock layer thickness is about
40 cm for a 10-m nose radius, this means that the shock layer
flow must be calculated using the nonequilibrium model for
body radius smaller than about 10 m.

Flow Along Stagnation Streamline
The flow properties along the stagnation streamline in the

shock layer over a hemispherical body are calculated in the
present work using both the one-dimensional code NONEQ
and the axisymmetric two-dimensional code developed in Ref.
17 using the thermochemical model described above. The two-
dimensional calculation is made using 100 mesh points along
the direction normal to the body wall. As described in Ref.
6, the NONEQ code is based on the assumption that the shock
wave is infinitesimally thin and its location is given, i.e., it
uses the so-called thin-shock, shock-fitting approach. The
temperature behind the shock is that determined by the ideal-
gas Rankine-Hugoniot relationship. The two-dimensional code
of Ref. 17 uses the so-called shock-capturing method in which
the shock wave is described over a number of grid points,
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resulting in a shock wave of finite thickness. A finite-volume
approach is made in the two-dimensional method, so that the
solution values are represented at the centers of each com-
puting cell. The peak translational temperature appearing in
the shock wave is less than the Rankine-Hugoniot value used
in the shock-fitting method. In the one-dimensional calcula-
tion, the wall is assumed to be noncatalytic to surface reac-
tions. In the two-dimensional calculation, both fully catalytic
and noncatalytic walls are considered. The wall temperature
is set at 1800 K.

The solutions from the two codes are compared in Figs.
13a and 13b for the case of R = I m, ps = 0.15 atm, and
V = 8 km/s. Figure 13a shows that the postshock temperature
T in the two-dimensional solution is much lower than that in
the one-dimensional solution, for the reason given above. The
two temperatures do not approach the given wall temperature
of 1800 K because of the finite volume approach taken. The
peak vibrational temperature is nearly the same in the two
solutions, but its location is different: the peak occurs later
in the one-dimensional flow. In this region immediately be-
hind the shock wave, the stagnation streamline flow closely
resembles a constant-area flow. Therefore, the difference can-
not be attributed to the constant-area nature of the one-di-
mensional solution. Rather, the difference in the location of
the peak in Tv is believed to be due to the difference between
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Fig. 13 Comparison between the one-dimensional and two-dimen-
sional calculations of the nonequilibrium thermodynamic properties
along the stagnation streamlines of a hemispherical body, R = 1 m,
at V = 8 km/s andps = 0.15 atm: a) temperatures and b) mole fractions
of major species.

the shock-capturing and the shock-fitting method. The as-
sumption of infinitesimally thin shock wave made in the shock-
fitting method in the one-dimensional solution is unrealistic.
On the other hand, numerical spreading of shock wave in the
shock capturing method used in the axisymmetric solution is
also troublesome. Identifying the consequences of these dif-
ferences is beyond the scope of the present work.

In Fig. 13b, the mole fractions of the major species, CO,
O, and C, from the two solutions are compared. The two-
dimensional solution is that for a fully catalytic wall. As seen
here, there is only a small difference between the two solu-
tions. In the two-dimensional solution, CO increases and both
O and C decrease near the wall because of the surface catalytic
effect.

Stagnation Point Radiative Heat Fluxes
The stagnation-point radiative heat flux qr for a hemispher-

ical body flying in a gas mixture containing CO2 and N2 has
been calculated previously in Refs. 5 and 57, though their
relative concentrations were not necessarily those of the Mar-
tian atmosphere. Those calculations have been made under
the assumption of thermochemical equilibrium in the shock
layer and an inviscid flow, neglecting radiative cooling and
using the assumption that the rotational lines in molecular
bands are smeared. Recently, calculations have been made
by Hartung et al.58 for the Martian gas mixture also assuming
an equilibrium inviscid flow, but allowing for radiative cooling
and with a detailed description of the profiles of the rotational
lines. Hartung et al.'s calculations agree approximately with
those of Refs. 5 and 57. The qr values calculated by Hartung
et al. are represented well, at least over a limited range of
densities and nose radii, by an analytical expression developed
by Tauber and Sutton,59 which fits the calculation by Hartung
et al. and expresses qr in terms of freestream density, flight
velocity, and nose radius.

The spectral part of the program NONEQ allows calcula-
tion of radiative transport through a flowfield using a Voigt
profile which accounted for four collision-broadening mech-
anisms (natural broadening, Stark broadening, van der Waals
broadening, and resonance broadening). Radiative heat flux
is calculated using this code along the stagnation streamline
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Fig. 14 Comparison between the radiation spectra calculated by the
present nonequilibrium model, and for the equilibrium inviscid case
at the stagnation point of a body of R = 1 m for ps = 0.15 atm and
V = 8 km/s.
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neglecting the effect of radiative cooling or absorption. A
typical radiation spectrum obtained by this calculation is shown
in Fig. 14. The four major components of radiation, that is,
CO 4+ system, CN violet and red systems, C2 Swan system,
and atomic radiation from C and O, are identified in the
figure. Other radiation sources are too weak to be of signif-
icance. Spectral radiation is strongest at wavelengths below
2000 A.

The relative contributions of the four main components of
radiation are compared in Fig. 15a, which shows emissions,
and Fig. 15b, which shows radiative heat fluxes, as a function
of distance. For these, flow properties have been obtained
from the two-dimensional code. The flow properties are given
as inputs to NONEQ to calculate the radiative properties. As
seen in Fig. 15a, radiation emission is strongest for the atoms
and CO; CN and C2 radiate much more weakly. All four
components peak at a point close to the shock wave, and
decay thereafter. According to Fig. 15b, the radiative fluxes
for CO and atoms also reach a peak and decay thereafter,
indicating that self-absorption is occurring. Self-absorption is
particularly strong for atoms. As a result of the self-absorp-
tion, the flux due to atoms diminishes to a negligibly small
value at the wall. The CO 4+ system also undergoes a sub-
stantial self-absorption. Only the fluxes due to CN and C2
increase monotonically toward the wall. Except for the atomic
radiation, there is no discernible absorption in the boundary
layer. This is because spectral lines in the boundary layer are
very narrow due to low temperature there, and therefore

100
Martian Atmosphere, R=1m

ps=0.15 atm, V=8 km/s
2-D Calculation

0.01
1 2 3 4

Distance From Shock Wave, cm

100r-

Martian Atmosphere, R=1m
ps=0.15 atm, V=8 km/s

2-D Calculation

b) Distance From Shock Wave, cm

Fig. 15 Radiation characteristics along the stagnation streamline
produced by CO 4 +, CN, C2, and C and O atoms for R = 1 m, ps
= 0.15 atm, V — 8 km/s, calculated by the two-dimensional method:
a) emission power and b) radiative heat flux.

absorption occurs only over the very narrow wavelength range
around the line centers.49 The CO 4 + system dominates the
radiative flux reaching the wall.

In Fig. 16, the behavior of radiative flux is shown for R =
10 m. For this case, shock stand-off distance is nearly 40 cm.
The nonequilibrium overshoot phenomenon subsides at a dis-
tance of about 8 cm behind the shock wave. Beyond 8 cm,
flow approaches equilibrium very slowly, and therefore, though
not shown, temperature and radiation emission both decrease
very slowly. Though the flow should be in equilibrium at the
distance of about 30 cm behind the shock for this case (see
Fig. 12), the calculated result (not shown) shows that emitted
radiation power decreases beyond 30 cm, presumably because
of the viscous cooling effect. The changes in temperature and
species concentration are so slow that some of the features
of radiative transport for a uniform medium are observed
here. For instance, the flux from CO 4 + grows approximately
as R0-15 between the distance of 10-40 cm, which is expected
for mostly Gaussian spectral lines. Those from CN and C2
increase somewhat faster, i.e., by about R04. This means that
the lines in these bands are broadened more by collisions than
the CO 4+ band. This is because the extent of collisional
broadening is proportional to the square of wavelengths. The
atomic radiation from C and O, which occurs mostly in the
vacuum-uv wavelengths, and therefore is very Gaussian, does
not grow at all, because its very slow growth is offset by the
decreasing temperature.

One notes here also that catalyticity of the wall does not
significantly affect qr. As mentioned earlier, calculations have
been made with both catalytic and noncatalytic walls. Despite
the fact the concentrations of CO molecules in the boundary
layer are different between the two cases, little difference was
seen in the resulting qr values. This behavior can be attributed
also to the fact that the absorption in the boundary layer
occurs only in the very narrow wavelength range around the
center of each line.

The calculated qr values are shown in Fig. 17 for the range
of V = 7-9 km/s and R = 1 and 10 m, for ps = 0.15 atm,
and are compared with the equilibrium-inviscid prediction of
Tauber and Sutton.59 As the figure shows, for R = 1m, the
present calculation predicts appreciably stronger radiative flux
than the equilibrium-inviscid calculation. This is attributable
to the nonequilibrium overshoot phenomena illustrated in
Figs. 15a and 15b. However, for R = 10 m, the present value
is nearly the same as the equilibrium-inviscid value at V = 1
km/s, and only modestly higher at higher velocities. It is sur-
mised that, for V = 1 km/s and R = 10 m, nonequilibrium
overshoot phenomenon is nearly balanced by the absorption
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ps=0.15 atm, V=8 km/s
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0 10 20 30

Distance From Shock Wave, cm

Fig. 16 Radiative heat flux along the stagnation streamline produced
by CO 4+ CN, C2, and C and O atoms for R = 10 m, ps = 0.15
atm, V = 8 km/s, calculated by the two-dimensional method.
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Fig. 17 Comparison between the stagnation point radiative heat fluxes
predicted by the present models in the Martian atmosphere and those
by the equilibrium-inviscid model of Tauber and Sutton,59 for ps =
0.15 atm and R = 1 and 10 m.

in the boundary layer. At higher velocities, presumably the
nonequilibrium overshoot phenomenon is stronger than ab-
sorption. Between the /^-values of 1-10 m, the present values
approximately follow qr <* R°3.

One notes here that the present calculation ignores radi-
ative cooling of the shock layer, while the work of Hartung
et al. accounts for it. The extent of radiative cooling depends
on the ratio between qr and the energy flux Q.5p^V3. For
V = 9 km/s and R = 10 m, this ratio for the present calculation
is nearly 3%. Under such an environment, ordinarily radiative
cooling will substantially lower the temperature of the shock
layer and consequently qr. However, cooling is a cumulative
phenomenon, i.e., reduction in temperature occurs progres-
sively downstream. The nonequilibrium region immediately
behind the shock wave is relatively unaffected by the cooling
phenomenon.60-61 Since the strongest contribution to radiative
flux comes from this nonequilibrium region, the radiative
cooling phenomenon is probably not as pronounced in the
nonequilibrium case as in the equilibrium case. It goes with-
out saying that, for a more precise calculation, both the non-
equilibrium effect and the cooling effect must be accounted
for.

According to the present calculation, qr is about 19 W/cm2

at V = 1 km/s and R = I m. At V = 9 km/s and R = 10 m,
it is nearly 190 W/cm2. Considering the fact that the convective
heat transfer rates for a body of 1-10 m radius at ps of 0.15
atm will be of the order of a few tens of W/cm2 in this range
of velocity and freestream density, one can conclude that
radiative heating will have to be considered for flight velocities
of 7 km/s or higher. Thermochemical nonequilibrium must
be accounted for for accurate prediction of radiative heating
rates.

Discussion
The analysis in the first part of this work, namely, the part

concerning the thermochemical model, shows that vibrational
temperature approaches the translational temperature rela-
tively quickly. As mentioned earlier, this is caused by the
relatively fast relaxation of the vibrational modes of the CO2
molecules. This point agrees with the finding of previous in-
vestigators.13"17 During the process of vibrational excitation,
the CO2 molecules are dissociated. The rate of dissociation
of CO2 is quite fast also. The ensuing chemical reactions break
down CO molecules into C and O. However, equilibration

of this process is slow first because the dissociation energy of
CO is very high, and second because it is indirectly affected
by the ionization processes which are slow. Because the spe-
cies C has a relatively low ionization potential, its ionization
can occur at relatively low temperatures. Most of the chemical
processes can be considered to occur in a one-temperature
environment where T and Tv are equal.

The present thermochemical model includes the species
NCO. As Fig. 9b shows, concentration of NCO is substantial
only immediately behind the shock wave where CO2 is
present. The species NCO enhances the rate of dissociation
of CO2 there. The concentration of NCO remains very small
thereafter. Since dissociation of CO2 is intrinsically very fast,
neglecting the presence of NCO will not alter the overall rate
of equilibration. Thus, one could legitimately remove NCO
from the reaction scheme.

The molecular ions NO+ and CO+ attain a relatively high
value immediately behind the shock wave. These species are
important in that they provide the initial free electrons which
are needed in triggering the electron impact ionization pro-
cesses. The electron impact ionization processes are important
in turn because they dictate the ultimate equilibration. There-
fore, even though the concentrations are small, these molec-
ular ions should be kept in the reaction scheme. On the other
hand, the peak concentration of the O \ species is considerably
smaller than those of NO+ and CO + . Therefore, O^ could
be eliminated from the reaction scheme. This leaves the fol-
lowing 16 species to be considered for the study of Martian
entries: Ar, C, N, O, C2, N2, O2, CN, CO, NO, CO2, C+ ,
O + , CO + , NO + , and e~. This reduction in the number of
species will bring a corresponding simplification to the reac-
tion scheme.

The second part of the present work, namely, the part that
analyzes the radiative heating phenomenon, shows that strong
radiation emanates in the nonequilibrium region immediately
behind the shock wave. The nonequilibrium radiative heating
rate is substantially larger than the corresponding rate for an
equilibrium shock layer. This point agrees also with the con-
clusions of some of the earlier investigators.15-16 This trend is
qualitatively the same as in air.6

Though not presented here, calculations have been re-
peated by the present authors using a one-temperature model.
The results confirmed that most chemical equilibration pro-
cesses in a Martian gas mixture indeed proceed under a one-
temperature environment. Radiative flux values for the blunt
body are seen to be higher than those of the two-temperature
calculations by about 20%.

Finally, accuracy of the parameters derived in the present
work needs to be examined. The first part of the work shows
that the rate parameters cannot be determined with a high
accuracy, even though the selected values are consistent with
the existing experimental data. Experimental verification should
be made of the thermochemical behavior of the Martian-
atmospheric gas mixture.

Conclusions
1) The nonequilibrium thermochemical model for the CO2-

N2 mixtures developed in the present work leads to radiation
predictions that are consistent with the existing experimental
data to a flight velocity of up to about 9 km/s.

2) Approach of vibrational temperature toward transla-
tional temperature and dissociation of CO2 are both fast be-
hind a shock wave, but chemical equilibration is very slow
because of slow CO dissociation and ionization.

3) At the postshock pressure of 0.15 atm, equilibration of
thermochemical processes requires a distance of 9-27 cm for
flight velocities between 6-9 km/s. The equilibration dis-
tances are substantially longer than in air.

4) In a shock layer over a blunt body, strong radiation
emanates from the narrow nonequilibrium region behind the
shock wave.
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5) For a blunt body of nose radius between 1-10 m entering
the Martian atmosphere at a velocity between 7-9 km/s, with
a shock layer pressure of 0.15 atm, the radiative heat flux
reaching the stagnation point wall is between 19-190 W/cm2.
Radiative heat flux varies with R approximately as R°3 at that
pressure.

6) The thermochemical model calculation developed in the
present work is subject to a substantial uncertainty. In order
to reduce uncertainty, further work is necessary in both ex-
perimentation and computation.
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