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A detailed chemical kinetic model forN2–CH4–Armixtures is developed for nonequilibrium simulation of shock

layers formed in front of probes entering Titan’s atmosphere. The detailed kinetic model uses up-to-date chemical

reaction mechanisms and reaction rates, and it is validated against existing shock tube experiments. A reduced

kinetic model is also developed through sensitivity analysis of chemical reactions in the detailed model and

reproduces the chemical kinetics of major species within the parameter space that may be encountered during Titan

atmospheric entry. The reducedmodel, having fewer species and reactions than the detailedmodel, is better suited to

coupled reacting computational fluid dynamics flowfield calculations.

Nomenclature

A = constant used in evaluating forward rate coefficient
F = uncertainty factor for forward rate coefficient
kf = forward rate coefficient
n = temperature exponent used in evaluating forward rate

coefficient
p = pressure
SX;r = sensitivity coefficient of X with respect to reaction r,

defined in the text
�T = geometrically averaged temperature,

���������

TTv

p
Ta = temperature constant in forward rate coefficient

(activation temperature)
Tr = translational-rotational temperature
Tv = vibrational-electronic temperature
u = x component of velocity

I. Introduction

S HOCK layers formed in front of planetary probes entering the
atmosphere of the Saturn moon Titan are expected to be in

thermochemical nonequilibrium. Two examples of these probes are
the Cassini–Huygens probe scheduled to enter the Titan atmosphere
in January 2005, and a Titan probe under consideration by the in-
space propulsion program at NASA for future aerocapture missions.
Titan’s atmosphere is known to be composed primarily of molecular
nitrogen, methane, and argon. The relative mole fractions of species
are uncertain at this time but believed to be N2 (80–98%), CH4 (2–
10%), and Ar (0–10%). Methane dissociates behind a strong shock
wave at typical hypersonic entry conditions (e.g., speeds of
6–6:5 km=s, nonequilibrium temperatures of 5000–15,000 K, and
pressures of 0.01–0.05 atm), and cyano radical (CN) is formed as a
result of the nonequilibrium chemistry. Because CN is known to be a
strong radiator, the probes are expected to experience significant
radiative heating as a result of the nonequilibrium radiation emission
from the shock layer. Implications of shock layer nonequilibrium in
Titan atmospheric entry were first analyzed by Park [1], and later by
others, for example, Nelson et al. [2], Park and Bershader [3], and

Park [4]. Several aerothermal analyses carried out relatively recently
in [5–11] also indicate that the radiative heating due to CN radiation
will be a significant or even the dominant portion of the total heating.
The radiative heat flux at the stagnation point was predicted to be as
much as 0.5–7.0 times the convective heat flux. There are many
reasons for such large variation in the predictions: freestream
conditions, the vehicle nose radius (or shock standoff distance), the
uncertainty of the CH4 mole fraction, radiation-flowfield coupling,
and the models used for chemistry and radiation. Clearly, a chemical
kinetic model plays a pivotal role in the flowfield simulation of a
nonequilibrium shock layer and prediction of its radiation.

The chemical kinetic model most commonly used in aerothermal
analyses so far was originally proposed by Nelson et al. [2] (Nelson-
91 model). However, it is found that this model has several
inconsistencies with respect to the current literature: it does not
include important species and reactions for methane decomposition
and CN formation; and the reaction rates used are significantly
different from the current literature values. Therefore, there is a need
to update the Nelson-91 model or to develop a new chemical kinetic
model for N2–CH4–Ar mixtures.

This paper gives a short evaluation of the Nelson-91 model and
proposes a new chemical kinetic model consistent with the current
literature for simulations of Titan atmospheric entry. For the
development of a new chemical kinetic model, the following
approach is taken. First, a detailed chemical kinetic model for
N2–CH4–Ar mixtures is developed using up-to-date chemical
reaction mechanisms and reaction rates. Second, the detailed model
is validated against four sets of existing shock tube experiments.

Finally, the model is simplified through analysis of the chemical
reactions within a parameter space relevant to Titan atmospheric
entry. Note that the adjectives “detailed” and “simplified” are used
here for kinetic models in the sense that a detailed model is not
practical to use in CFD flowfield calculations while a simplified
model is.

II. Evaluation of Nelson-91 Chemical Kinetic Model

A summary of chemical reactions and reaction rates used in the
Nelson-91 model is given in Table 1. Note that this model was
originally describedwithin the framework of Park’s two-temperature
model (T—translational rotational, Tv—vibrational electronic).
Rates of the dissociation reactions are assumed to be governed by an
average temperature �T � ���������

TTv

p
, all exchange reaction rates by T,

and all ionization reaction rates byTv. Nelson et al. do not give details
of how the reaction mechanism was obtained and do not give any
references for the sources of the reaction rates. However, it appears
that the reaction mechanism and some of the reaction rates used are
the ones proposed by Park [1].
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The Nelson-91 model was evaluated by answering the following
two questions: 1) How different are the reaction rates used in the
Nelson-91 model from those more recently available in the
literature? 2) Does the model have all the important species and
reactions to describe the chemistry adequately for CN radiation
predictions (if one uses up-to-date reaction rates)?

In answer to the first question, a summary of observations on the
reaction rate constants used in the Nelson-91 model is given below.
These observations are made for the temperature range of 1000–
10,000 K in comparison with the recent literature data to be listed
later. The N2 dissociation rate (heavy-particle impact) is smaller by
about a factor of 2 formolecules and an order ofmagnitude for atoms.
The electron-impact dissociation reaction has not been included (or
the heavy-particle rate was used). The C2 dissociation rate is
somewhat smaller at higher temperatures (as much as an order of
magnitude at 10,000 K). The CH4, CH3, and CH2 dissociation rates
are 4–5 orders of magnitude larger.

Note that the low-pressure-limit rates from the literature are used
for comparison. The CN dissociation rate is smaller by as much as 1–
2 orders of magnitude at lower temperatures, and the activation
temperature Ta is different. The NH dissociation rate is larger by as
much as an order of magnitude at higher temperatures, and Ta is
different. The rate constant of reaction 12 (a CN forming reaction) is
much larger, by about 2 orders of magnitude or more, mostly caused
by the difference in activation temperatures used. The rate constant
of reaction 17 is smaller by about an order of magnitude. The rate
constant of reaction 20 is smaller by as much as an order of
magnitude, and the rate constant of reaction 21 is larger by asmuch as
2–3 orders of magnitude. Note that the electron-impact ionization
reactions (reactions 19–22) were erroneously listed as heavy-particle
reactions in [2]. It should be mentioned here that some of the
literature data have large uncertainties themselves since they are
extrapolated from the combustion-literature values, usually valid up
to 5000 K only.

It is more difficult to evaluate whether the Nelson-91model has all
the important species and reactions to describe the chemistry
adequately for CN radiation predictions. However, it is found that the
mechanism does not include several radical reactions of CH3, CH2,
CH, and H in CH4 decomposition (rates of many of these reactions
are of the same order as the CH4 dissociation rate) and also does not
include HCN species and its reactions for CN formation.

It should be noted at this point, without doing any detailed
sensitivity analysis of reactions, that the above differences of the

Nelson-91 model would translate to significant uncertainties on
computed flowfield quantities such as species number densities and
temperature (input for CN radiation calculations). It should also be
noted that some of the experimental data for reaction rates and
reaction mechanisms were not available in the literature when the
Nelson-91was proposed. Therefore, development of a new chemical
kinetic model is undertaken.

III. Detailed Chemical Kinetic Model

A detailed chemical kinetic model for N2–CH4–Ar mixtures is
developed, including the reactions and species potentially present in
the parameter space of temperature and pressure relevant to Titan
atmospheric entry. The present detailed model includes a total of
74 reactions and 28 chemical species: N2, CH4, CH3, CH2, CH, C2,
H2, CN, NH, HCN, N, C, H, Ar, N

�
2 , CN

�, N�, C�, H�, Ar�, e�,
C2H6, C2H5, C2H4, C2H3, C2H2, C2H, and C3.

A summary of chemical reactions and reaction rates used in the
detailed model is given in Table 2. As shown in the table, the
chemical reaction rates are compiled from various sources. Nitrogen
chemistry and reaction rates at high temperatures have been studied
by Park in detail [12,13]. Therefore, nitrogen dissociation and
ionization reactions and their rates are taken from recent reviews of
Park et al. [14–16] Hydrocarbon species reactions and their rates are
taken from comprehensive reviews of Baulch et al. [17,18], Tsang
[19], Tsang and Herron [20], Tsang and Hampson [21], NIST
chemical kinetics database [22], and journal articles [23–31].

A thermodynamic database for the reacting species is an integral
part of the chemical kinetic model because reverse reaction rates are
computed from the equilibrium constants using the thermodynamic
properties. Thermodynamic data and polynomial curve fits for the
species of the detailed kinetic model are obtained from the NASA
computer program CEA (Chemical Equilibrium with Applications)
and its website [32,33]. However, for the hydrocarbon species CH4,
CH3, CH2, HCN, C2H6, C2H5, C2H4, C2H3, C2H2, and C2H, the
thermodynamic data and curve fits are available only up to 6000 K,
and most of these curve fits do not produce physical results when
extrapolated to higher temperatures (even though hydrocarbon
species are expected to be completely dissociated at these
temperatures). The range of curve fits is extended linearly by
increasing the specific heat from its value at 6000 K to an asymptotic
value at 30,000 K. The asymptotic value of the specific heat at
30,000 K for each species is determined by accounting for the

Table 1 Nelson-91 chemical kinetic model and reaction rates

kf � ATne�Ta=T A, cc=mol=s n Ta, K

Dissociation reactions

1. C2 �M � C� C�M 9:68 � 1022 �2:00 71,000
2. N2 �M � N� N�M 3:70 � 1021 �1:60 113,200
3. CH�M � C� H�M 1:13 � 1019 �1:00 40,913
4. CN�M � C� N�M 1:00 � 1023 �2:00 90,000
5. CH4 �M � CH3 � H�M 2:25 � 1027 �1:87 52,900
6. CH3 �M � CH2 � H�M 2:25 � 1027 �1:87 54,470
7. CH2 �M � CH� H�M 2:25 � 1027 �1:87 50,590
8. NH�M � N� H�M 1:13 � 1019 �1:00 41,820
9. H2 �M � H� H�M 1:47 � 1019 �1:23 51,950

Exchange reactions

10. C� N2 � CN� N 1:11 � 1014 �0:11 23,000
11. CN� C � C2 � N 3:00 � 1014 0.00 18,120
12. C2 � N2 � CN� CN 7:10 � 1013 0.00 5,330
13. H� N2 � NH� N 2:20 � 1014 0.00 71,370
14. H2 � C� CN� H � H2 � C� CH� H 1:80 � 1014 0.00 11,490
15. CN� � N � CN� N� 9:80 � 1012 0.00 40,700
16. C� � N2 � N�

2 � C 1:11 � 1014 �0:11 50,000
Ionization reactions

17. N� N � N�
2 � e� 1:79 � 109 0.77 67,500

18. C� N � CN� � e� 1:00 � 1015 1.50 164,400
19. N� e� � N� � e� � e� 2:50 � 1034 �3:82 168,600
20. C� e� � C� � e� � e� 3:90 � 1033 �3:78 130,000
21. H� e� � H� � e� � e� 5:90 � 1037 �4:00 157,800
22. Ar� e� � Ar� � e� � e� 2:50 � 1034 �3:82 181,700
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Table 2 Detailed chemical reaction set for N2–CH4–Ar mixtures

kf � ATne�Ta=T A, cc=mol=s n Ta, K Source

Dissociation reactions

1. N2 �M � N� N�M 7:00 � 1021 �1:60 113,200 P(01) [14]
Enhanced rate for M� N, C, H 3:00 � 1022 �1:60 113,200 P(01) [14]

Enhanced rate forM� e� 3:00 � 1024 �1:60 113,200 P(01) [14]
2. CH4 �M � CH3 � H�M 4:70 � 1047 �8:20 59,200 B(94) [17]
3. CH3 �M � CH2 � H�M 1:02 � 1016 0.00 45,600 B(94) [17]
4. CH3 �M � CH� H2 �M 5:00 � 1015 0.00 42,800 DH(92) [23]
5. CH2 �M � CH� H�M 4:00 � 1015 0.00 41,800 DH(92) [23]
6. CH2 �M � C� H2 �M 1:30 � 1014 0.00 29,700 DH(92) [23]
7. CH�M � C� H�M 1:90 � 1014 0.00 33,700 DH(92) [23]
8. C2 �M � C� C�M 1:50 � 1016 0.00 71,600 KR(97) [27]
9. H2 �M � H� H�M 2:23 � 1014 0.00 48,350 B(94) [17], B(92) [18]
10. CN�M � C� N�M 2:53 � 1014 0.00 71,000 P(94) [15], T(92) [19]
11. NH�M � N� H�M 1:80 � 1014 0.00 37,600 D(98)-NIST [22]
12. HCN�M � CN� H�M 3:57 � 1026 �2:60 62,845 TH(91) [20]
13. C2H6 �M � CH3 � CH3 �M 6:62 � 1048 �8:24 47,090 B(94) [17]
14. C2H5 �M � C2H4 � H�M 1:02 � 1018 0.00 16,800 B(94) [17]
15. C2H4 �M � C2H3 � H�M 2:59 � 1017 0.00 48,600 B(94) [17]
16. C2H3 �M � C2H2 � H�M 4:16 � 1041 �7:50 22,900 B(94) [17]
17. C2H2 �M � C2H� H�M 6:96 � 1039 �6:06 67,130 KR(97) [27]
18. C2H�M � C2 � H�M 1:74 � 1035 �5:16 57,400 KR(97) [27]
19. C3 �M � C2 � C�M 4:00 � 1016 0.00 75,500 KR(97) [27]

Radical reactions

20. CH3 � N � HCN� H� H 7:00 � 1013 0.00 0 D(90) [25]
21. CH3 � H � CH2 � H2 6:03 � 1013 0.00 7,600 B(92) [18]
22. CH3 � CH4 � C2H5 � H2 1:00 � 1013 0.00 11,600 TB(79)-NIST [22]
23. CH3 � CH3 � C2H4 � H2 1:00 � 1014 0.00 16,100 H(90)-NIST [22]
24. CH3 � CH3 � C2H5 � H 2:40 � 1013 0.00 6,480 D(95)-NIST [22]
25. CH3 � CH2 � C2H2 � H 4:22 � 1013 0.00 0 B(94)-NIST [22]
26. CH3 � CH � C2H3 � H 1:00 � 1014 0.00 0 DH(92) [23]
27. CH3 � C � C2H2 � H 5:00 � 1013 0.00 0 DH(92) [23]
28. CH3 � C2H6 � CH4 � C2H5 1:50 � 10�7 6.00 3,040 B(94) [17]
29. CH3 � C2H5 � CH4 � C2H4 1:95 � 1013 �0:50 0 TH(86) [21]
30. CH3 � C2H4 � CH4 � C2H3 4:16 � 1012 0.00 5,600 B(94) [17]
31. CH3 � C2H3 � CH4 � C2H2 3:92 � 1011 0.00 0 TH(86) [21]
32. CH3 � C2H2 � CH4 � C2H 1:81 � 1011 0.00 8,700 TH(86) [21]
33. CH2 � N2 � HCN� NH 4:82 � 1012 0.00 18,000 S(87)-NIST [22]
34. CH2 � CH4 � CH3 � CH3 4:30 � 1012 0.00 5,050 Bo(85)-NIST [22]
35. CH2 � N � HCN� H 5:00 � 1013 0.00 0 D(90) [25]
36. CH2 � N � CH� NH 6:00 � 1011 0.00 20,400 M(67)-NIST [22]
37. CH2 � C � CH� CH 1:62 � 1012 0.00 23,600 M(67)-NIST [22]
38. CH2 � H � CH� H2 6:03 � 1012 0.00 �900 B(92)-NIST [22]
39. CH2 � CH2 � C2H3 � H 2:00 � 1013 0.00 0 FJ(84)-NIST [22]
40. CH2 � CH2 � C2H2 � H� H 2:00 � 1014 0.00 5,530 Ba(95)-NIST [22]
41. CH2 � CH2 � C2H2 � H2 1:58 � 1015 0.00 6,010 Ba(95)-NIST [22]
42. CH2 � CH � CH� C2H2 4:00 � 1013 0.00 0 DH(92) [23]
43. CH2 � C � C2H� H 5:00 � 1013 0.00 0 DH(92) [23]
44. CH2 � C2H � CH� C2H2 1:81 � 1013 0.00 0 TH(86) [21]
45. CH� N2 � HCN� N 4:40 � 1012 0.00 11,060 D(90) [25]
46. CH� C � C2 � H 2:00 � 1014 0.00 0 DH(92) [23]
47. CH� CH4 � C2H4 � H 6:00 � 1013 0.00 0 DH(92) [23]
48. CH� CH � C2H� H 1:50 � 1014 0.00 0 DH(92) [23]
49. CH� C2 � C2H� H 1:00 � 1014 0.00 0 DH(92) [23]
50. CH� C2H � C2H2 � C 1:00 � 1014 0.00 0 DH(92) [23]
51. C2 � N2 � CN� CN 1:50 � 1013 0.00 21,000 S(97) [28]
52. C2 � H2 � C2H� H 6:60 � 1013 0.00 4,030 KR(97) [27]
53. C2 � C2 � C3 � C 3:20 � 1014 0.00 0 KR(97) [27]
54. CN� H2 � HCN� H 2:95 � 105 0.00 1,130 W(96) [29]
55. CN� C � C2 � N 5:00 � 1013 0.00 13,000 P(01) [14]
56. N� H2 � NH� H 1:60 � 1014 0.00 12,650 DaH(90) [26]
57. C� N2 � CN� N 5:24 � 1013 0.00 22,600 B(94) [17]
58. C� H2 � CH� H 4:00 � 1014 0.00 11,700 D(91) [24]
59. H� N2 � NH� N 3:00 � 1012 0.50 71,400 R(78) [30]
60. H� CH4 � CH3 � H2 1:32 � 104 3.00 4,045 B(94) [17], B(92) [18]
61. H� C2H6 � C2H5 � H2 1:45 � 109 1.50 3,730 B(94) [17]
62. H� C2H5 � C2H4 � H2 1:81 � 1012 0.00 0 TH(86)-NIST [22]
63. H� C2H4 � C2H3 � H2 5:42 � 1014 0.00 7,500 B(94) [17]
64. H� C2H3 � C2H2 � H2 1:20 � 1012 0.00 0 B(94) [17]
65. H� C2H2 � C2H� H2 6:62 � 1013 0.00 14,000 B(94) [17]
66. C2H� C � C3 � H 1:00 � 1014 0.00 0 DH(92) [23]

Ionization reactions

67. N� N � N�
2 � e� 4:40 � 107 1.50 67,500 P(01) [14]

68. C� N � CN� � e� 1:00 � 1015 1.50 164,400 N(91) [2]
69. N� e� � N� � e� � e� 2:50 � 1034 �3:82 168,600 P(01) [14], P(93) [16]
70. C� e� � C� � e� � e� 3:70 � 1031 �3:00 130,720 P(01) [14]
71. H� e� � H� � e� � e� 2:20 � 1030 �2:80 157,800 P(01) [14]
72. Ar� e� � Ar� � e� � e� 2:50 � 1034 �3:82 181,700 N(91) [2]
73. CN� � N � CN� N� 9:80 � 1012 0.00 40,700 N(91) [2]
74. C� � N2 � N�

2 � C 1:11 � 1014 �0:11 50,000 N(91) [2]
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number of atoms, type of molecule, and estimated internal
excitations.

IV. Validation of Kinetic Model

Validation of the detailed model against a number of experiments
is important to gain confidence in predictions of the model and
determine the parameter space in which the model can be used. The
detailed model has been validated against the following set of shock
tube experiments: the experiments of Dean and Hanson [23], Dean
et al. [25], Kruse and Roth [27], and Mick and Roth [31]. These
experiments were chosen such that the measurements are sensitive to
only a few reactions (or a small subset) of the kinetic model.
Therefore, each of these experiments provides validation for certain
reactions in the model. Computational simulations of the
experiments were performed using the SENKIN and SHOCK
programs in the CHEMKIN package. The CHEMKIN code was
originally developed at Sandia National Laboratories, and it is
currently a commercial code widely used in simulations of
combustion problems [34].

A. Shock-Tube Experiments of Dean and Hanson

In the experiments of Dean and Hanson [23], CH and C
concentration time histories were measured behind a reflected shock
wave in dilute CH4=Armixtures. The CHmeasurements were made
using narrow-linewidth laser absorption, and the C-atom measure-
ments were made using atomic resonance absorption spectroscopy
(ARAS). These experiments are important for the model validation
because dissociation rates of several hydrocarbon species in the
literature were deduced from these measurements and used in the
detailed model. It should be mentioned here that very similar CH
concentration measurements inCH4 dissociation were also obtained
by Markus and Roth [35], but their data did not include C
concentration. Comparisons are made with the more comprehensive
data of Dean and Hanson only.

Comparisons of the detailed model simulation results and
experimental data for two cases are presented in Fig. 1. It appears that
the computed profiles are lagging the measured profiles by
15–20 �s. In the initial 15–20 �s period, the most important
reactions for C and CH productions are the reactions 2–7. Dean and
Hanson in [23] also presented a kineticmodel tofit their experimental
data. There aremany differences between the presentmodel and their
model. The present methyl (CH3) dissociation rate (reaction 3 in
Table 2) is smaller by a factor of 2 than the one used in [23], which is
the primary cause of the observed time lag. As will be shown later,
the computedC andCH results are very sensitive to this reaction rate.
However, this rate in the present model was not changed solely to
match the experimental data better. In general, if there is a
recommended rate available from a comprehensive review in the
literature, for example, Baulch et al. [17], then the recommended rate
is used. Also, the present methane dissociation rate (reaction 2 in
Table 2) is different from the one used in [23]. In the present model,
the low-pressure-limit rate constants are used for all of the pressure-
dependent dissociation reactions. This assumption should be
reasonably good at these pressures, based on the work of Kiefer and
Kumaran [36]. The presentCH4 dissociation ratemay also contribute
to this discrepancy but to a smaller extent. Despite the observed time
lag, the presentmodel predicts experimental peak values ofC andCH
mole fractions and qualitative shapes of these curves over the entire
time history reasonably well. Overall agreement between the
computed and measured profiles is considered good, given that the
computed mole fractions are sensitive to a number of reaction rates.

Linear sensitivity analysis has beenwidely used in the combustion
literature for analysis of chemical reactions. In the present work,
linear sensitivity analysis is also used, as implemented in the
SENKIN program of the CHEMKIN package. Sensitivity
coefficients are calculated to determine the rate-limiting steps in
the production and consumption of certain species. The sensitivity
coefficients of computed CH andCmole fractions with respect to the
kinetic model reactions are presented in Fig. 2. The following
example is helpful for interpretation of sensitivity coefficients: the

normalized sensitivity coefficient of parameter X with respect to
reaction r (at time level n) is defined as

SX;r �
kr
Xo

� @X
@kr

and Sn
X;r � 0:1 means that if the rate constant for reaction r were

doubled, the parameter X would increase by an amount
approximately equal to 10% of Xo. The maximum value of X over
the time history of the solution is used for the normalization
parameter Xo. The computed CH and C results are sensitive to a
number of chemical reactions in the detailed model, as shown in
Fig. 2. Therefore, these comparisons provide validation for only
those reactions affecting CH and C results (a subset of the model).

B. Shock-Tube Experiments of Dean, Hanson, and Bowman

In the experiments of Dean et al. [25], N-atom and CH
concentration time histories were measured behind a reflected shock
wave in dilute CH4=Ar and CH4=N2–Ar mixtures. The CH
measurements were made using narrow-linewidth laser absorption,
and the N-atom measurements were made using ARAS. These
experiments were chosen because they provide model validation for
the reactions of CH and C atoms with N2. It appears that, almost in
parallel, similar work was also carried out by Lindackers et al. [37].
Comparisons are made only with the data from Dean et al.

Comparisons of the detailed model simulation results and
experimental data for two cases are presented in Fig. 3. The first case
is very similar to the one shown in Fig. 1a (the present experimental
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a) p = 0.89 atm, T = 3100 K, 30 ppm CH4 in Ar.

b) p = 0.85 atm, T = 3127 K, 6 ppm CH4 in Ar.

Fig. 1 Comparison of the detailed model simulation against the shock
tube experiments of Dean and Hanson [23] for two cases: time history of

CH and C mole fractions.
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data were scanned from [25]), for methane pyrolysis in Ar only. The
second case includes 5%N2 and effects of related nitrogen reactions.
The measured effect of 5% N2 on the CH mole fraction is shown in
Fig. 3, and it is reproduced by the computations. Agreement between
the computed and experimental N-atom profiles is very good within
the scatter.

Sensitivity coefficients of the computed N mole fractions with
respect to the kinetic model reactions are presented in Fig. 4. The
computed results are sensitive to a number of reactions in the detailed
model, and a few significant reactions (C-l hydorcarbon reactions

having sensitivity coefficients of at least 2%) are marked with an * in
the legend of Fig. 4. This case provides validation for those reactions.

C. Shock-Tube Experiments of Kruse and Roth

In the experiments of Kruse and Roth [27], C2 concentration time
histories were measured behind a reflected shock wave using ring
dye laser absorption spectroscopy in diluteC2H2=Armixtures. C and
C3 were also measured using ARAS and emission spectroscopy,
respectively. Although the experiments covered the temperature
range of 2580–4650 K, as a validation case, C2 concentration time
history at a relatively high temperature of 4450 Kwas chosen. These
experiments provide validation for the rates of several C2 and C2H
reactions.

Comparison of the computed and experimental C2 number
densities is presented in Fig. 5. Although the detailed model
underpredicts the amount of C2 formed in the first 200 �s, overall
agreement between the computed and experimental profiles is
reasonably good. Kruse and Roth using a different kinetic
mechanism for C2H2 pyrolysis obtained a better fit for their
measurements but only after modifying C2 thermodynamic data.
They also suggested that JANAF thermodynamic data for either C,
C2, or C3 be modified in order to explain their experimental data. In
the present work, the thermodynamic databasewas notmodified. For
this case, the computed C2 mole fractions are sensitive to only a few
reactions, but C2 sensitivity coefficients to these reactions are
relatively large, especially in the first 40 �s. The sensitivity
coefficients of computedC2 mole fractions with respect to the kinetic
model reactions are presented in Fig. 6. Since the reaction rates of all
the reactions in Fig. 6 are obtained from Kruse and Roth, the
differences observed in Fig. 5 aremost likely due to the differences in
the thermodynamic database used in both models.

D. Shock-Tube Experiments of Mick and Roth

In the experiments of Mick and Roth [31], N concentration time
histories were measured behind a reflected shock wave using ARAS
in diluteC2N2=Armixtures. These experimentswere chosen because
they provide validation for the CN dissociation rate used in the
model. For simulation of the experiments, the reaction C2N2 �
M � CN� CN�M is added to the kinetic model, with the
forward rate constant kf � 1:07 � 1034T�4:32e�65;420=T cm3=mol � s
obtained from [31].

Comparisons of the detailed model simulation results and
experimental data for one case are presented in Fig. 7. C2N2

decomposes rapidly and provides a well-characterized CN source,
and N atoms are formed from CN dissociation. The computations
predict the experimental N number density over the time history very
well. Although sensitivity coefficients are not shown here, the
computed N number density is primarily sensitive to the CN
dissociation rate (reaction 10) and the reaction 57 in Table 2.

For all validation cases, comparisons between the measurements
and detailed model predictions are reasonably good. However, it
should be cautioned that all these experiments are at relatively low
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temperatures (T � 5000 K). For Titan atmospheric entry, the model
will be extrapolated to much higher shock layer temperatures.
Nevertheless, these validation cases provide a strong foundation for
the N2–CH4–Ar model development.

After this model was presented in an AIAA paper [38], shock tube
experiments were conducted at the NASA Ames EAST facility at
conditions representative of the peak heating point of a Titan
aerocapture trajectory. Analysis of these experiments has not been
completed yet but the experiments should provide important
validation data for the developed model [39].

V. Sensitivity Analysis and Simplification: Reduced
Model

Even though the detailed model can easily be used for one-
dimensional CFD analysis of shock tube flows, it is too complex and
costly to implement in a 2-D or 3-D CFD flowfield code for
aerothermal analysis. For this purpose, the detailed model is reduced
through analysis of the chemical reactions.

For simplification of chemical species and reactions in the model,
the following approach is taken. A parameter space of temperature
and pressure relevant to Titan entry is estimated. Through analysis of
chemical reactions within this parameter space, certain reactions and
species are eliminated from the detailed model. In general, all the
species that do not exist within the parameter space in any significant
amounts (� 0:2% per mol at maximum) are eliminated. However,
the following considerations are also taken into account: the species
known to be strong radiators (e.g., CN, N�

2 , NH, CH, C2, etc.) and
their reactions are included whether these species exist in any
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Fig. 4 Sensitivity coefficients of the computed N mole fractions to the reaction rates, p� 0:88 atm, T � 3065 K, 30 ppm CH4, and 5% N2 in Ar.
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significant amounts or not; and certain species (e.g., CH3, CH2,
HCN, CN�) which do not exist in any significant amounts but do
provide important reaction paths through their reactions for methane
decomposition and CN formation are also included. Sensitivity
analysis is an important tool to eliminate unimportant species and
reactions. In addition, sensitivity analysis of flowfield variables that
influence CN radiation computations is performed to reduce the
detailed model within the parameter space of interest.

For typical Titan entry trajectories (e.g., see Nelson et al. [2],
Takashima et al. [8], Olejniczak et al. [9]), when shock layers in front

of the probes at anticipated entry velocities and altitudes are
considered, it is estimated that pressures at the stagnation point
behind the shock wave range from 0.01 to 0.05 atm, and the shock
layer temperatures range from 5000 to 15,000 K. Also, for a typical
shock standoff distance of 10 cm, at various entry speeds in the range
of 3:0–6:5 km=s, examining chemistry of particles behind the shock
wave over a time period of 100 �s is estimated to be sufficient for
predicting radiative heating to the stagnation point.

Because our primary interest is to simulate nonequilibrium
radiation emission from the shock layer due to CN, accurate
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Fig. 8 Sensitivity coefficients of temperature and CN mole fractions to the reaction rates at constant pressure, p� 0:05 atm. Initial conditions:

Ti � 10; 000 K, and 5% CH4 in N2.

Table 3 Reduced chemical reaction set for N2–CH4–Ar mixtures

kf � ATne�Ta=T A, cc=mol=s n Ta, K Source/uncert. est.

Dissociation reactions

1. N2 �M � N� N�M 7:00 � 1021 �1:60 113,200 P(01) [14]/F� 3:0
Enhanced rate for M� N, C, H 3:00 � 1022 �1:60 113,200 P(01) [14]/F� 3:0–5:0

Enhanced rate for M� e� 3:00 � 1024 �1:60 113,200 P(01) [14]/F� 5:0
2. CH4 �M � CH3 � H�M 4:70 � 1047 �8:20 59,200 B(94) [17]/F� 2:0
3. CH3 �M � CH2 � H�M 1:02 � 1016 0.00 45,600 B(94) [17]/F� 1:26–3:2
4. CH3 �M � CH� H2 �M 5:00 � 1015 0.00 42,800 DH(92) [23]/F� 1:26–2:0
5. CH2 �M � CH� H�M 4:00 � 1015 0.00 41,800 DH(92) [23]/F� 1:26–2:0
6. CH2 �M � C� H2 �M 1:30 � 1014 0.00 29,700 DH(92) [23]/F� 1:26–2:0
7. CH�M � C� H�M 1:90 � 1014 0.00 33,700 DH(92) [23]/F� 1:26–2:0
8. C2 �M � C� C�M 1:50 � 1016 0.00 71,600 KR(97) [27]/F� 1:26–2:0
9. H2 �M � H� H�M 2:23 � 1014 0.00 48,350 B(94) [17], B(92) [18]/F� 1:26–2:0
10. CN�M � C� N�M 2:53 � 1014 0.00 71,000 P(94) [15], T(92) [19]/F� 1:5–2:0
11. NH�M � N� H�M 1:80 � 1014 0.00 37,600 D(98)-NIST [22]/F� 1:26–2:0
12. HCN�M � CN� H�M 3:57 � 1026 �2:60 62,845 TH(91) [20]/F� 1:5–2:0

Radical reactions

13. CH3 � N � HCN� H� H 7:00 � 1013 0.00 0 D(90) [25]/F� 10:0
14. CH3 � H � CH2 � H2 6:03 � 1013 0.00 7,600 B(92) [18]/F� 10:0
15. CH2 � N2 � HCN� NH 4:82 � 1012 0.00 18,000 S(87)-NIST [22]/F� 10:0
16. CH2 � N � HCN� H 5:00 � 1013 0.00 0 D(90) [25]/F� 10:0
17. CH2 � H � CH� H2 6:03 � 1012 0.00 �900 B(92)-NIST [22]/F� 5:0–10:0
18. CH� N2 � HCN� N 4:40 � 1012 0.00 11,060 D(90) [25]/F� 1:5–3:2
19. CH� C � C2 � H 2:00 � 1014 0.00 0 DH(92) [23]/F� 10:0
20. C2 � N2 � CN� CN 1:50 � 1013 0.00 21,000 S(97) [28]/F� 1:26–2:0
21. CN� H2 � HCN� H 2:95 � 105 0.00 1,130 W(96) [29]/F� 3:2–5:0
22. CN� C � C2 � N 5:00 � 1013 0.00 13,000 P(01) [14]/F� 2:0–5:0
23. N� H2 � NH� H 1:60 � 1014 0.00 12,650 DaH(90) [26]/F� 1:26–2:0
24. C� N2 � CN� N 5:24 � 1013 0.00 22,600 B(94) [17]/F� 1:6–2:0
25. C� H2 � CH� H 4:00 � 1014 0.00 11,700 D(91)/F� 1:6–2:0
26. H� N2 � NH� N 3:00 � 1012 0.50 71,400 R(78) [30]/F� 2:0–3:2
27. H� CH4 � CH3 � H2 1:32 � 104 3.00 4,045 B(94) [17], B(92) [18]/F� 1:6–2:0

Ionization reactions

28. N� N � N�
2 � e� 4:40 � 107 1.50 67,500 P(01) [14]/F� 10:0

29. C� N � CN� � e� 1:00 � 1015 1.50 164,400 N(91) [2]/F � 10:0
30. N� e� � N� � e� � e� 2:50 � 1034 �3:82 168,600 P(01) [14], P(93) [16]/F� 10:0
31. C� e� � C� � e� � e� 3:70 � 1031 �3:00 130,720 P(01) [14]/F� 10:0
32. H� e� � H� � e� � e� 2:20 � 1030 �2:80 157,800 P(01) [14]/F � 10:0
33. Ar� e� � Ar� � e� � e� 2:50 � 1034 �3:82 181,700 N(91) [2]/F � 10:0
34. CN� � N � CN� N� 9:80 � 1012 0.00 40,700 N(91) [2]/F � 10:0
35. C� � N2 � N�

2 � C 1:11 � 1014 �0:11 50,000 N(91) [2]/F � 10:0
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simulation of the following variables is considered important for
Titan entry: temperature, and the number densities of N, CN, H, and
e�. It is believed that sensitivities of these four species number
densities and temperature to chemical reactions would provide
sufficient redundancy to allow elimination of unimportant reactions
for CN radiation emission calculations. Sensitivity coefficients of
these variables are computed at constant pressures of 0.01, 0.025,
0.05, 0.1, and 0.5 atm, and initial temperatures of 5000, 8000,
10,000, and 15,000 K over a time period of 100 �s. The pressure
range up to 0.5 atm is considered because some of the existing shock
tube experiments for Titan entry were obtained at higher pressures
[3–5,7]. Note that the temperature and pressure ranges and the time
period are chosen for shock layer simulations of Titan atmospheric
entry only. From the sensitivity calculations performed, all the
reactions not affecting either temperature or the number densities of
N, CN, H, and e� within the parameter space are eliminated.

For one representative case, computed sensitivity coefficients of
temperature and CNmole fractions with respect to the kinetic model
reactions are shown in Fig. 8. These calculations are carried out at
constant pressure of 0.05 atm, and initial conditions are 5% CH4 in
N2 at a temperature of 10,000 K. As expected, the computed
temperature is mostly sensitive to the dissociation reactions of
molecules and a few radical reactions. The CN sensitivies shown in
Fig. 8b indicate that CN mole fractions are sensitive to a number of
radical reactions (in addition to the dissociation reactions). It is

interesting to note that some of the C-2 hydrocarbon chemistry
reactions (i.e., reactions of the species that have two carbon atoms)
are also affecting the CNmole fractions, especially in the first 20 �s.
Obviously, these sensitivities strongly depend on the prescribed
pressure and initial conditions. At higher pressures, the methane
dissociation is completedmuch faster, and its effect onCN formation
is limited to a shorter time period. At lower pressures, the methane
dissociation proceeds at a slower rate and its effect on CN formation
is spread over a longer time period.

From the analysis of chemical reactions, it is found that for shock
layer analysis of Titan entry, the detailed model can be reduced to a
model consisting of 21 species (N2,CH4,CH3,CH2, CH,C2,H2, CN,
NH, HCN, N, C, H, Ar, N�

2 , CN
�, N�, C�, H�, Ar�, and e�) and

35 reactions. In otherwords, the reduced chemical reaction set would
be sufficient for flowfield simulations of temperature and number
densities of N, CN, H, and e�. A summary of chemical reactions and
reaction rates used in the reduced model is given in Table 3. Further
simplification of the model is possible by eliminating some of the
radical–radical reactions (e.g., reactions 13, 15, 16, 17, 35), but they
are retained here because of their uncertainties.

In Table 3, the uncertainty factors (F) for each reaction rate in the
reduced model (as well as the source) are also listed. Following the
notation of Baulch et al. [17], F is defined such that the range of
values of kf is bounded by multiplication and division of kf by a
factorF. It is difficult to put uncertainty factors on these reaction rates
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because shock layer temperatures for Titan entry are much higher
than the temperature range over which these rates are reviewed and
measured. Therefore, these F factors should be considered a lower
limit on the uncertainty. Some of these uncertainty factors are
obtained from the review articles cited, and some are purely based on
subjective judgement of the author (based on literature surveys and
the uncertainties on similar reaction rates). Even though it is
subjective, it is still useful to have some estimate of the reaction rate
uncertainties. These uncertainty factors are used in a paper by Bose
et al. [40] for uncertainty analysis of the thermochemical modeling
for Titan atmosheric entry.

VI. Sample Case: Shock-Tube Flow at u1 � 6:3 km=s
A sample case of shock tube flow, duplicating typical shock layer

conditions in Titan atmospheric entry, is chosen to present
simulations using the different kinetic models. All simulations use a
one-temperature model. Figure 9 shows the computed species mole
fractions as functions of time using the detailed, reduced, and
Nelson-91 models.

As shown in Fig. 9, the detailed model predicts that at these
conditions methane decomposition is completed within 10 �s.
Afterwards, the major species remaining are N2, N, H, C, CN, NH,
H2, C2, CH, and HCN. Although this case does not involve
significant ionization, CN� associative ionization reaction provides
an initial ionization path. C�, N�

2 , and H� represent the most
significant ionized species.

The reduced model results in comparison with the detailed model
results showminor differences in terms ofmajor species, which is not
coincidental of course because the reduced model was developed
based upon those criteria. The main differences are within the first
10–20 �s, and even in that range, the maximum differences between
the detailed and reduced model predictions ofN2, N, CN, an H mole
fractions are less than 0.006, 0.001, 0.0025, and 0.003, respectively.

In Fig. 9c, the Nelson-91 model results for species mole fractions
are presented. In comparison with the detailed model results, there
are significant differences (as expected from the evaluation of the
Nelson-91 model). The Nelson-91 model predicts that at these
conditions methane decomposition is almost instantaneous, due to
the much larger methane dissociation rates used. The major species
remaining afterwards are N2, N, H, C, CN, NH, C2, H2, and CH. In
comparison with the detailed model values, computed CN levels are
higher and N levels are lower. The Nelson-91 model also predicts
much higher ionization levels than the detailed model. Electron-
impact ionization of H is the dominant ionization reaction
(reaction 21 in Table 1), and H�, C�, and N� represent the most
significant ionized species. Note that if these calculations were
carried out using a two-temperature model, the computed ionization
levels would be smaller.

Finally, comparisons of CN number densities and temperatures
using different models are presented in Fig. 10. CN number density

and temperature are the most important flowfield parameters
affecting computations of shock layer radiation due to CN. The
present model predicts lower CN number densities and lower
temperatures behind the shock in comparison with the Nelson-91
model. Although computation of radiative heating to Titan probes is
outside the scope of this paper, it is expected that the radiative heating
computed with the present model would be much smaller than what
the Nelson-91 model would suggest.

VII. Concluding Remarks

A detailed chemical kinetic model for N2–CH4–Ar mixtures is
developed for nonequilibrium flowfield simulation of shock layers
formed in front of probes entering Titan’s atmosphere. The detailed
kinetic model uses up-to-date chemical reaction mechanisms and
reaction rates consistent with the literature, and it is validated against
existing shock tube experiments. For all the validation cases
presented, comparisons between the measurements and detailed
model predictions are reasonably good, and these cases provide a
strong foundation for the present kinetic model. It should be
cautioned that all these experiments are at relatively low
temperatures (T � 5000 K), and that for Titan atmospheric entry
applications, the reaction rates used in themodel will be extrapolated
to much higher shock layer temperatures. Further validation studies
are needed to reduce uncertainties and increase the confidence level
of predictions. The shock tube experiment program recently
conducted at theNASAAmes EAST facility tomeasure the radiation
from N2–CH4 shock waves at velocities relevant to Titan
atmospheric entry (6–6:5 km=s) should provide additional
validation data for the detailed model.

A reduced kinetic model having fewer species and reactions than
the detailed model is also developed for coupled reacting CFD
flowfield calculations. There are important differences between the
present kinetic model and the Nelson-91 model in terms of species
and reaction mechanisms for methane decomposition and CN
formation and the reaction rates used. As mentioned, a chemical
kinetic model is only one of the building blocks used in shock layer
radiation analysis. A complete radiative heating analysis of Titan
probes is outside the scope of the present paper. However, themodels
developed provide a suitable foundation for such analysis.
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