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Modeling and Experimental Assessment of CN
Radiation Behind a Strong Shock Wave
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Assessment of nonequilibrium thermochemical models for shock-layer radiation in N2/CH4 mixtures is pre-
sented via comparisons with spectrally and temporally resolved intensity measurements from a set of shock tube
experiments. The experiments were carried out at the Electric Arc Shock Tube facility at NASA Ames Research
Center in a rarified environment [13.3–133.3 Pa (0.1 and 1 torr)] representative of the peak heating conditions of
a Titan aerocapture trajectory (5–9 km/s). The baseline model that assumes a Boltzmann population of the CN
excited states consistently overpredicts the shock-layer radiation intensity at lower pressure [13.3 Pa (0.1 torr)]. A
nonlocal collisional radiative model that solves a simplified master equation and includes radiative transport and
nonlocal absorption in the shock tube is presented. The proposed model improves the prediction of the nonequi-
librium radiation overshoot peak, but still underpredicts the intensity decay rate in the low-pressure case. Further
analysis suggests possible reasons for the remaining disagreement, the most likely being a slow CN consumption
in the current chemical kinetics model in the intensity fall-off region.

I. Introduction

N ASA’S In-Space Propulsion (ISP) program is currently con-
sidering the viability of an aerocapture mission to Saturn’s

largest moon, Titan.1 Titan has an atmosphere that is unique in the
solar system in that it consists primarily of nitrogen, with small
amounts of methane (2–5% by mole) and argon (0–8% by mole)
(Ref. 2). However, the recent Cassini flybys have indicated an at-
mosphere consisting of about 1.8 ± 0.5% CH4 by volume at entry
altitudes. Prior studies3–6 of Titan aerocapture aeroheating, assum-
ing a blunt 70-deg sphere–cone geometry flying at angle of attack
and a set of bounding entry trajectories with entry speeds between
6–10 km/s, have shown that the heating of the vehicle will be domi-
nated by radiation produced in the hot shock layer and transmitted to
the surface. Furthermore, it has been predicted that, below an entry
speed of about 7 km/s, nearly all of the radiative heating is due to
spontaneous de-excitation of CN molecules from excited electronic
states, chief among them the violet (B2�+ → X 2�+) and the red
(A2� → X 2�+) bands. The CN radical is a strong radiator and also
contributes significantly to radiative heating rates during entries to
both Mars and Venus, which have CO2/N2 atmospheres. However,
CN radiation is of particular concern for Titan entries because sig-
nificant amounts of CN form when the methane in the atmosphere
is dissociated by the shock wave and the freed carbon atoms react
with the abundant atmospheric nitrogen. The amount of radiation
produced is significantly enhanced in the nonequilibrium portion of
the shock wave, a well-known phenomena discussed extensively in
the literature.7,8

Figure 1a shows freestream velocity and pressure vs time for one
of the design trajectories used in the Titan aerocapture analysis of
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Ref. 6. For this case, the peak freestream pressure is only about 15 Pa
(0.113 torr) for an entry velocity of 6.5 km/s. Figure 1b shows the
computed stagnation point convective and radiative heat transfer rate
for this case.6 The predicted peak radiative heat flux is about four
times the peak convective heat flux and occurs at about t = 270 s, at a
velocity of 5.4 km/s, and a freestream pressure of 11 Pa (0.083 torr).
Clearly, if these predictions are accurate, the thermal protection
system (TPS) for this mission would be selected and sized based
primarily on the radiative heating environment.9

The radiation from the excited states of CN is dependent on the
rate at which these states are populated and depopulated via colli-
sions and radiative transitions. A model for the collisional excitation
of CN is, therefore, required to predict the emission from the shock
layer and the resulting radiative heat flux. Unfortunately, no ex-
perimentally validated model for radiative emission power from a
N2/CH4 shock layer currently exists. Therefore, the prior analyses
for Titan aerocapture assumed a Boltzmann distribution, governed
by the mixture vibrational temperature, to describe the populations
of CN electronic states. The details and limitations of this assump-
tion will be discussed in a later section. A Boltzmann assumption
was used because it was deemed likely to provide a conservative
upper limit on the amount of radiation generated by CN. However,
the accuracy of this assumption is not known, primarily due to a lack
of experimental data in the open literature to validate the physical
models employed in the simulations. This lack of validation data
results in large uncertainties in the predicted heat fluxes and loads
on the entry vehicle, which equates to increased risk and/or TPS
system mass for any such mission.

Radiative heating from the CN molecule was also of concern dur-
ing the design of the ESA’s Huygens probe,10–12 which successfully
entered the atmosphere of Titan on 14 January 2005. Peak radia-
tive heat fluxes for the Huygens probe were predicted to exceed
90 W/cm2 on the worst-case design trajectories, more than twice
the convective heat flux.11 The maximum radiative heating was pre-
dicted to occur at approximately V∞ ∼ 5.1 km/s and p∞ ∼ 15 Pa
(0.113 torr) (Ref. 11), conditions that are very similar to those of
the peak heating point of the Titan aerocapture vehicle.

Several experimental and computational studies were performed
during the design of the Huygens probe in an attempt to better
characterize the dynamics of CN emission. Park13 and Park and
Bershader14 conducted a series of shock tube tests in a N2/CH4/Ar
mixture at Stanford University. These tests were all conducted at
a nominal shock velocity of 5.75 km/s and an ambient pressure of
266 Pa (2 torr). Calibrated intensities were measured as a function of
time at specific wavelengths using photomultiplier tubes. Park used
a master equation for CN excited states to analyze the data. However,
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a)

b)

Fig. 1 Trajectory profiles: a) Freestream pressure and velocity as func-
tion of time for representative trajectory used for design of Titan aero-
capture vehicle and b) computed stagnation point convective qC and
radiative qR heat flux and heat load on Titan aerocapture vehicle along
trajectory (results from Ref. 6).

because they did not compare the absolute intensities, the validity of
their master equation formulation remains unknown. Also, the test
data and comparisons were made at a higher pressure than what is
of interest at the peak heating conditions where the nonequilibrium
effects were smaller. Labracherie et al.15 and Kpante et al.16 studied
the radiative emission of CN in a series of shock tube tests at the
TCM2 free piston facility in Marseille, France. These tests were
conducted at a range of velocities and gas compositions appropriate
for Huygens, but the ambient pressure was on the order of 200 Pa
(1.5 torr). Photomultiplier tubes were again the primary instrumen-
tation and provided uncalibrated intensities as a function of time
at specific wavelengths. An optical multichannel analyzer was also
employed to provide a spectrally resolved intensity distribution at
a single time point. Kpante et al.16 analyzed these data and showed
reasonable agreement between the experimentally observed over-
shoot and fall-off timescales using computations assuming a Boltz-
mann distribution of CN excited states at the vibrational tempera-
ture. However, absolute intensities could not be compared because
the experimental data for this test series were not calibrated. Later,
Ramjaun et al.17 performed additional shock tube tests at the Mar-
seille facility and compared their uncalibrated data with simulations
on a relative scale. More recently Zalogin et al.18 conducted a series
of shock tube tests in CO2/N2/Ar gas mixtures at velocities between
3 and 4 km/s and pressures from 66 to 660 Pa (from 0.5 to 5 torr).
This experiment, although for a different mixture, was used to esti-
mate the collisional excitation and deexcitation rates of CN based on
a simplified master equation for CN excited states. Unfortunately, all
of these shock tube test series were conducted at pressures that were
about an order of magnitude higher than the peak heating point on
both the Huygens probe and the proposed Titan aerocapture vehicle.
At these higher pressures, nonequilibrium effects would be much
smaller, making validation of a nonequilibrium radiation model ap-
propriate for flight predictions based on these data very difficult.
Also, the majority of the data from these tests measured the emis-
sion at a single wavelength as a function of time, instead of the total
integrated radiative power over a large wavelength range needed to
validate and calibrate computational models.

Because these shock tube experiments were insufficient to build
and validate a complete model of CN emission in a nonequilib-
rium environment, recently a new series of shock tube tests were

performed at the Electric Arc Shock Tube (EAST) facility at the
NASA Ames Research Center. The tests were performed at veloc-
ities, pressures, and gas compositions representative of the entry
conditions of the Titan aerocapture vehicle. Spectrally and spatially
resolved intensities from these shots were recorded over a wide
wavelength range by imaging two separate spectrographs, and the
resulting data were calibrated to provide absolute intensity measure-
ments. Further details of the experimental setup, instrumentation,
and intensity calibration procedure are discussed in the next sec-
tion. The resulting intensities are compared to simulations of the
shock tube experiments using the same codes and physical models
employed in previous simulations of the Titan aerocapture flight en-
vironment. A new collisional radiative model is proposed based on
the collisional excitation rates estimated by Zalogin et al.18 for the
CN violet system. However, significant discrepancies between sim-
ulation and test data remain, especially at lower pressure (0.1 torr)
when the nonequilibrium effects are large. Although the peak inten-
sity in the nonequilibrium region can be predicted within a factor
of two, the observed radiation intensity fall off is much faster than
what the models predict. We suggest possible missing mechanisms
that would likely explain the discrepancy. Further investigations, a
reassessment of the gas-phase chemistry, excited state chemistry,
and uncertainty analysis are needed to build a CN radiation model
suitable for flight radiative heating predictions with reasonable un-
certainty bounds. Investigation should also be directed to ensure
adequate ground to flight traceability, which requires physical mod-
els with sufficient maturity to distinguish and identify phenomena
that might make ground-based estimates less conservative.

II. EAST Measurements
A. Facility and Test Conditions

The experiments were carried out in the EAST at NASA Ames
Research Center. This facility is a 10.16-cm-diam shock tube with
an electric arc-heated driver. Figure 2 shows the facility. The arc
in the driver is supported by a capacitor bank, which can store up
to 1.24 MJ of energy at 40 kV. The driver gas is usually hydrogen,
helium, or helium/argon mixtures. Reflected shock pressures up to
50 MPa (375 torr) can be obtained. Shock velocities ranging from
1.5 to 46 km/s have been obtained. Further description of the facility
is given in Refs. 19 and 20.

For the present experiments, the facility was configured as fol-
lows. A conical driver with a volume of 1292 cm3 was used. The
driver gas was either a 93.2%He/6.8%Ar mixture or pure He. The
driver gas fill pressure was 6.8 atm, and a 0.305-mm-thick aluminum
main diaphragm was used. The driver capacitor bank was set up with
a capacitance of 1530 μF and bank voltages of 8–25 kV were used,
depending on the test conditions desired. For some tests, a 7.62-cm-
long buffer gas region was used between the driver and the driven
tube to increase the test time. The buffer was filled with Ar at pres-
sures of 1.1 or 2.2 atm, and an aluminum diaphragm 0.10–0.18 mm
thick was used between the buffer and the driven tube. The center
of the spectrograph windows of the test section was 7.57 m from
the main diaphragm.

Five different premixed N2/CH4/Ar gas mixtures were used to
simulate the Titan atmosphere. The driven tube fill pressures were
13.3 and 133.3 Pa (0.1 and 1.0 torr) at room temperature. Shock
velocities ranged from 5 to 9 km/s. A few tests at higher pressure
(133.3 Pa) and higher speeds (7–9 km/s) than what is expected

Fig. 2 NASA Ames Research Center EAST configured for Titan at-
mosphere radiation tests.
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at the peak heating conditions were done to build thermochemi-
cal models with wider range of applicability. Tests with air and
nitrogen-driven tube gases were also made to compare the data
with an earlier series of tests done in the same facility.21,22 These
tests were made with 133.3 Pa (1.0 torr) nitrogen at shock veloc-
ity of ∼6 km/s and with 13.3 Pa (0.1 torr) air at a shock velocity
of ∼10 km/s. Test times (before arrival of driver gas contamina-
tion) were >16 μs for tests at a driven gas fill pressure of 133.3 Pa
(1 torr). For a driven gas fill pressure of 13.3 Pa (0.1 torr), test
times were 8–12, 2–6, and 0–4 μs for shock velocities of ∼6, 8–9,
and ∼10 km/s, respectively. The arrival of driver gas was deter-
mined mainly by the time of the appearance, in the spectrographs,
of tungsten lines from the driver arc trigger wire. The arrival of
the driver gas was also evident by a sudden change in the slopes
of the intensities in two spectrograph images that were taken for
each test. Also, these slope changes in two images occur at nearly
the same physical location, as will be evident from the profiles
presented at a later section, indicating the arrival of the contact
surface.

There were 40 test runs made in the Titan entry radiation test
entry; 33 of these runs provided useful spectral data.

B. Instrumentation
Six PCB Model 113A21 quartz crystal pressure tranducers are

located in ports along the driven tube. These transducers pro-
vide the primary measurement of shock velocity. The shock ve-
locity is found to decrease slightly as it moved along the tube.
The test velocity is determined from the two transducers on
either side of the test section. Four broadband photomultiplier
tubes (1P21, 1P28, or Hamamatsu R456 tubes) were located just
outside of ports along the driven tube. Three monochromators
were located facing windows in ports in the test section near
the spectrographs. Two of these monochromators were Bausch
and Lomb 0.25-m instruments with 600 grooves/mm gratings.
These were operated at various wavelengths from 315 to 777
nm. The third was a McPherson Model 218 0.3-m instrument
with a 1200 grooves/mm grating. This latter instrument was op-
erated in the UV and vacuum UV at wavelengths from 165 to
247 nm. None of the optical instruments just discussed were cali-
brated.

The two spectrographs were McPherson model 218 0.3-m scan-
ning monochromators operated as spectrographs by removing the
exit slits and mounting intensified charge-coupled device (ICCD)
cameras at the exit slit location. Inlet slit widths of 30 and 60 μm
were used. A number of gratings from 150 to 2400 grooves/mm
were used. Filters were used at the inlet slits of the spectrographs
to eliminate second-order spectral lines. One spectrograph (the blue
or short-wavelength spectrograph) was operated with center wave-
lengths from 269 to 521 nm with wavelength spans of ∼180, 33, and
14 nm for low, medium, and high-resolution gratings. The second
spectrograph (the red or long-wavelength spectrograph) was oper-
ated with center wavelengths of from 590 to 772 nm with wavelength
spans of 226 and 22 nm for low- and high-resolution gratings. The
experimental setup of one spectrograph is shown in Fig. 3. The sec-
ond spectrograph was placed on the opposite side of the test section
from the spectrograph shown in Fig. 3. The windows in the test
section facing the spectrographs were 11.4 cm long and 0.89 cm
wide.

Roper Scientific PI.MAX ICCD cameras were used to record
the spectral images. For the blue spectrograph, a model PI.MAX:
1024UV camera was used, with 1024 × 256 pixels and sensitivity
from 115 to 870 nm. For the red spectrograph, a model PI.MAX:
512HQ camera was used, with 512 × 512 pixels and sensitivity from
480 to 900 nm. The exposures for the cameras ranged from 0.25 to
1.5 μs, with most tests being made with exposures of 1.0 μs or less.
The timing of the camera exposures were chosen to place the shock
wave about 70–80% of the way across the test section window. The
two ICCD images obtained in each test run have wavelength in one
direction and distance behind (or in front of) the shock wave in the
other direction. The camera for the blue spectrograph was oriented
so that the 1024 pixels were in the wavelength direction.

Fig. 3 Spectrograph setup.

Fig. 4 Spectrograph setup for lamp calibration.

C. Data Reduction, Accuracy, Reproducibility,
and Comparison with Earlier Work

The images obtained directly form the ICCD cameras are in the
form of “counts” (up to a maximum of ∼65,000) for each pixel.
To convert the data for the Titan atmosphere tests into absolute
intensities (W/cm2-str-μ), the cameras were calibrated. Calibration
was done using the setup shown in Fig. 4. The test section was
removed, and a calibrated tungsten ribbon lamp was set up on the
opposite side of the driven tube from the spectrograph. With the
use of a concave mirror, a ∼3.5× magnified image of the lamp
filament was created on the centerline of the test section. When this
arrangement was used, calibrations were made of all 12 spectrograph
configurations. For each configuration, spectra were taken at each
of seven filament positions. Partially automated computer analysis
procedures were developed to allow the lamp spectra data to be used
to convert the raw Titan atmosphere radiation data into absolute
radiation intensity data.

The shock velocities, measured between two pressure transduc-
ers at either end of the test section, were measured with maximum



BOSE ET AL. 223

errors of ±1%. The light intensities of individual pixels of the ICCD
images of the spectra have estimated errors of ±30% or less, due
to the noise inherent in the necessary high-gain operating condition
of the ICCD cameras. When the data from the cameras are aver-
aged over either the wavelength or the spatial distance directions,
or both, these errors will be reduced. As is typical for electric-
arc driven shock tubes, the shock velocities obtained for nominally
identical facility operating conditions showed a variation of ±5%.
For example, of the eight tests made with 8.6% CH4 at a driven tube
fill pressure of 13.3 Pa (0.1 torr), seven of the tests had shock veloc-
ities of 5.83–6.03 km/s and one had a shock velocity of 5.47 km/s.

One test run was made with 133.3 Pa (1.0 torr) nitrogen at a shock
velocity of ∼6 km/s, and four test runs were made with 13.3 Pa
(0.1 torr) air at a shock velocity of ∼10 km/s. The purpose of these
tests was to compare results from the present facility test entry with
earlier entries (reported in Refs. 21 and 22) in the same facility.
The differences in the measured intensities between the two tests in
the equilibrium and nonequilibrium portions of the shock layer was
consistently found to be within 20–30%, which can be attributed to
the shock velocity differences in the tests.

D. Measured Data
Figure 5a and 5b show two sample spectrograph (blue spectro-

graph) images from two of the shots. Similar images were taken in
the red spectrograph for larger wavelengths in all shots. Figures 5
show intensity variations at different wavelengths with distance
along the shock tube axis. The shock front and the major band
systems are identified. Figure 5a shows the three major vibrational
manifolds of the CN (violet) system. The faint lines on either side
are also CN (violet) manifolds with |�v|>1, where v is the vibra-
tional level. A C2 (Swan) feature is visible at the right side of the
image. CN (violet) bands dominate the postshock spectrum. Note
that the color maps of these images have been adjusted by saturating
the intense lines and spreading the color in the logarithmic scale to
see the faint lines. A small amount of radiation is also evident ahead
of the shock front. This signal is either due to precursor ionization,

a) b)

Fig. 5 Spectrograph samples of intensity variations with distance and wavelength for a) 8.6% CH4/91.4%N2 shot with shock velocity 5.39 km/s and
13.3 Pa (0.1 torr) and b) fine resolution of Δv = −−1 manifold of CN (violet) at 5%CH4/95%N2 shot with shock velocity 5.56 km/s at 13.3 Pa (0.1 torr).

a) b) c)

Fig. 6 Calibrated spectral scans in absolute units at various wavelengths derived from spectrograph images: a) and c) 8.6%CH4/91.4%N2, 5.39 km/s,
13.3 Pa (0.1 torr) and b) 8.6%CH4/91.4%N2, 5.56 km/s, 13.3 Pa (0.1 torr).

which is likely to emit N+
2 (first negative) signal, or it may simply

be due to the diffuse reflections of the CN (violet) signal from the
shock tube walls. Figure 5b shows a high-resolution image of the
�v = −1 vibrational manifold of the CN (violet) system. Figure 5b
shows the individual vibrational band heads, which can be used to
estimate vibrational and rotational temperatures of the CN (B) state.
The tungsten lines, indicating the arrival of driver gas contamina-
tion, are also visible.

Figures 6a–6c show the spectral scans derived at the peak intensity
location from the spectrograph images. The calibrated absolute in-
tensities are presented. CN (violet) is seen to be the dominant band
followed by CN (red) and C2 (Swan) bands. These data confirm
earlier predictions4,6 which showed CN (violet) to be the brightest
system at 5–6 km/s of shock speed. The details of the experimental
data will be presented in a separate publication. The uncertainty in
the integrated intensities is deemed to be less than 20%, although
the uncertainty in the spectrally resolved data may be larger.

III. Baseline Shock-Layer Simulations
The shock-tube simulations are performed using the computa-

tional fluid dynamics (CFD) code DPLR,23 modified to enable one-
dimensional shock tube calculations. The DPLR code has been used
for many previous planetary entry simulations and was one of the
primary tools used to predict the flight aeroheating environment for
the ISP Titan aerocapture mission concept.3,6 Each shock tube sim-
ulation is initialized using the perfect gas shock jump conditions
based on the known driver gas T , p, chemical composition, and the
measured shock velocity Vs in the test window. The gas composi-
tion and internal energy modes (other than rotation) are assumed
frozen immediately behind the shock to initialize the first point
in the postshock region. The downstream flowfield is then com-
puted by a space-marching solution of the one-dimensional Euler
equations,

∂F(x)

∂x
= W(x), U(x) = f [F(x)] (1)
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where the vector of conserved variables U, the flux vector F, and
the source term vector W are given by

U =

⎧⎪⎪⎨⎪⎪⎩
ρs

ρu

Evs

E

⎫⎪⎪⎬⎪⎪⎭ F =

⎧⎪⎪⎨⎪⎪⎩
ρsu

ρu2 + p

Evsu

(E + p)u

⎫⎪⎪⎬⎪⎪⎭ W =

⎧⎪⎪⎨⎪⎪⎩
ẇs

0

ẇEvs

ẇE

⎫⎪⎪⎬⎪⎪⎭ (2)

In the code, the solution is advanced using a fourth-order Runge–
Kutta algorithm. Conservation of mass, momentum, and total energy
are assured during the solution procedure.

The source term vector W is computed using the same physi-
cal models in place for multidimensional DPLR calculations. The
flow is assumed to be in thermal nonequilibrium, with separate en-
ergy equations solved for the total, E , and vibrational energies Evs .
An average vibrational energy equation is solved to represent the
vibrational nonequilibrium of all polyatomic species. In this formu-
lation, it is also assumed that the translational and rotational energy
modes of the gas remain in equilibrium with each other. Vibrational
relaxation is modeled using a Landau–Teller formulation, where re-
laxation times are fit to the expression from Millikan and White.24

The correction term of Park8 is added to the Landau–Teller formula-
tion to prevent unphysically fast vibrational relaxation times at high
temperature. A limiting cross section of 3 × 10−21m2 is used for all
polyatomic species. Characteristic vibrational temperatures for the
simple harmonic oscillator approximation are taken from Gurvich
et al.25 Chemical kinetics are modeled using a 21-species (CH4,
CH3, CH2, HCN, N2, N2+, C2, H2, CH, NH, CN, CN+, N, N+,
C, C+, H, H+, Ar, Ar+, e) 34-reaction finite-rate chemistry model
developed by Gökçen specifically for Titan entry applications.26

The governing temperature for all dissociation reactions is assumed
to be Ta = √

(TTv), whereas all recombination and exchange reac-
tions are assumed to be governed by the translational temperature
T (Ref. 8). A separate electron temperature is not considered, in-
stead Te is assumed equal to translational–rotational temperatures
(T = Tr ). Preferential dissociation from the higher vibrational levels
is not modeled; all polyatomic species are assumed to be created and
destroyed at the mixture vibrational temperature. Species thermo-
dynamic properties are modeled using the curve-fit expressions of
Gordon and McBride.27 As a consistency check, it was verified that
the thermochemical equilibrium state was the same as predicted by
the Chemical Equilibrium with Applications (CEA) code of Gordon
and McBride.27 Figure 7 shows density and temperature profiles in
the postshock obtained from the computations. CH4 density is not
shown because it immediately dissociates into smaller fragments

a)

b)

c)

d)

Fig. 7 Modeling results in the postshock region: a) species densities for 2% CH4/98% N2 at 5.15 km/s and 13.3 Pa (0.1 torr), b) species densities for
8.6% CH4/91.4% N2 at 5.93 km/s and 133.3 Pa (1.0 torr), c) translational–rotation and vibrational temperatures for 2% CH4/98% N2 at 5.15 km/s
and 13.3 Pa (0.1 torr), and d) Translational–rotational and vibrational temperatures for 8.6% CH4/91.4% N2 at 5.93 km/s and 133.3 Pa (1.0 torr).

such as CH, C, and H. The ionization level is found to be low (about
10−4) and the dominant ion is N+

2 or H+ depending on the CH4 con-
centration in the freestream. The CN mole fraction is about 10−2, or
lower in the cases with smaller CH4 concentration. The vibrational
relaxation appears rather quick in the 133.3 Pa (1 torr) case, whereas
the 13.3 Pa (0.1 torr) case shows a vibrational relaxation zone of
∼2 cm.

The shock-layer radiation along a given line of sight is calcu-
lated using the radiation code NEQAIR,28 which computes the
line-by-line emission, absorption, and transport. The CN spectro-
scopic constants, Frank–Condon factors, and transition moments are
taken from the compilation of Laux,29 where some of the data are
taken from ab initio determinations by Bauschlicher et al.30 In the
baseline model, the higher electronic states of the radiating species
(CN) are assumed to be populated according to a Boltzmann dis-
tribution, defined by an electronic temperature, which is assumed
equal to the gas vibrational temperature. To simulate the intensity
viewed by the spectrograph, a lateral line-of-sight calculation was
done across the shock tube diameter (10.16 cm) at each axial station
down the tube. The properties along the lateral lines of sight were
assumed uniform along the diameter because boundary-layer effects
were not simulated. Because the ICCD camera was open for a finite
exposure time, these lateral intensity profiles were smeared based
on an axial smear length given by the shock speed and the camera
exposure time. It must be recognized that the flow in a shock tube
is not strictly one dimensional. Variations in the direction normal
to the tube axis may exist due to a boundary-layer growth and the
wall effects in radiative transport causing uneven absorption in the
radial direction. However, the boundary-layer thickness is expected
to be small enough to only negligibly influence the flow speed.

IV. Nonlocal Collisional Radiative Model
Although a Boltzmann distribution of the CN excited state at the

gas vibrational temperature was assumed in the baseline model, it
will be evident at a later section that a collisional radiative model
is needed to describe the true nonequilibrium populations of the
excited CN molecules. Moreover, due to a very short radiative life-
time (62.5 ns) of CN (B) and possible nonlocal absorption, there
is sufficient reason to believe that CN excitation and deexcitation
processes are not solely governed by collisional processes. In fact
the radiative processes in a shock tube (and also in flight), where the
intensity field is far from a blackbody field, are likely to prevent the
CN (B) state from ever reaching a local thermodynamic equilibrium.
This phenomenon was earlier pointed out by Page and Arnold,7 and
is known as collisional limiting. CN (A) state, however, may reach
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equilibrium collisionally with the ground state, CN (X), due to its
longer radiative lifetime (8 μs). Also, there is evidence31 that sug-
gests mixing of CN (A) and CN (X) states, which if important, would
enhance nonradiative transfer between these states and promote a
Boltzmann population for the CN (A) state.

Nonequilibrium populations can be modeled, in principle, by
writing a master equation for the number density that includes all
relevant collisional and radiative processes that produce or consume
a particular species of interest. However, in practice considerable
simplifications are often necessary to make the model tractable.

A. Master Equation
The master equation for the conservation of CN (B) population

is written as

dnCNB

dt
=

∑
M

(k f M nM nCNX − kbM nM nCNB

− kfHMnM nCNB + kbHMnM nCNH − k f i M nM nCNB

+ kbi M nM nenCN+) − nCNB

τr
+ γhν IhνnCNX (3)

The number density of species s is denoted by ns andM represents a
generic collision partner (including electrons and heavy particles).
The excitation rate constant of CN (X) with M as the collision
partner is represented by k f M , and kbM is the same for the reverse
process. The ground electronic state of CN is represented by X.
The rate constant kfHM is for the excitation of CN (B) to a generic
higher state represented by H , and kbHM is the rate constant of the
reverse process. Similarly, k f i M is the rate constant of the ionization
process from the CN (B) state. The radiative lifetime of CN (B) is
τr , and γhν is the absorption rate constant for a given intensity Ihν in
the relevant wavelength range needed to excite CN (X) to CN (B).
The processes considered in Eq. (3) are described in the order they
appear on the right-hand side: 1) collisional excitation of CN (X)
into CN (B), 2) collisional deexcitation from CN (B) to CN (X),
3) collisional excitation from CN (B) state to a generic higher state
denoted by CN (H), 4) collisional deexcitation from a higher state
CN (H ) to CN (B), 5) Electron or heavy particle impact ionization
from the CN (B) state, 6) electron CN+ recombination into CN (B)
state, 7) radiative deexcitation due to spontaneous emission from
the CN (B) state, and 8) radiative excitation from the CN (X) state
to CN (B) state due to absorption.

Conceivably there are other processes that exist, such as reac-
tive collisions that may produce or consume CN (B) from N2 + C
collisions, C + N recombination, photoionization, etc. Such reac-
tive collisions are ignored due to lack of sufficient information on
the reaction pathways leading to CN (B) state. However, they might
have to be included if the experimental data points to the importance
of such pathways. Photoionization of CN (B) is ignored due to non-
availability of photons in the energy range close to the ionization
threshold (10–20 eV). Radiative transitions from higher electronic
states have also been ignored due to the lack of any observed emis-
sions from such transitions. Also, because transitions between B
and A states are optically forbidden, collisional processes resulting
in transitions between these states have been assumed to occur with
low probabilities and are not included in the master equation.

We further simplify Eq. (3) based on the fact that CN (B) state has
a very short radiative lifetime (62.5 ns) and that the ionization level
at relevant conditions [5–6 km/s, 13.3–133.3 Pa (0.1–1.0 torr)] is
low (ne/n0 ∼ 10−4). This allows us to neglect processes 3–6 leaving
us with

dnCNB

dt
=

∑
M

(k f M nM nCNX − kbM nM nCNB) − nCNB

τr
+ γhν IhνnCNX

(4)
In Eq. (4), convection due to gas flow and diffusion has been ignored
because of their larger timescales (microseconds) compared to the

radiative timescale. In a steady state, Eq. (4) is rearranged as

nCNB

nCNX

=
(

γhν Ihν +
∑

M

k f M nM

)/(
1

τr
+

∑
M

kbM nM

)
(5)

From the detailed balance of collisional processes,

k f M/kbM = (nCNB/nCNX)∗ = exp(−hν/kT ) (6)

In Eq. (6), the ratio of rovibrational partition functions is ignored
(assumed close to unity) for simplicity at current temperatures be-
cause the spectroscopic constants of the X and B states are not very
different. The asterisk represents the equilibrium composition, and
hν is the energy difference from the ground vibrational state of CN
(B) to that of CN (X). Both B and X states have the same degeneracy
of 2. Equation (5) can now be written as

nCNB

nCNX

=
(

γhν Ihν +
∑

M

k f M nM

)/[
1

τr
+

∑
M

k f M nM exp

(
hν

kT

)]
(7)

Equation (7) will be called the nonlocal collisional radiative (CR)
model throughout the rest of this paper and will be solved as a
postprocessing step to the fluid dynamics solution, which gives the
temperatures and species densities. The rates of the reactions are
taken from Zagolin et al.,18 who estimated them from their shock
tube measurements of N2/CO2/Ar mixtures. Table 1 shows the rates
used. For the case where net absorption is much smaller than the
emission and the excitation rate coefficients can be written in the
form k f M = AM exp(−hν/kT ), Eq. (7) can be further simplified,

nCNB

nCNX

=
[∑

M

AM nM

/(
1

τr
+

∑
M

AM nM

)]
exp

(
− hν

kT

)
(8)

Equation (8) clearly shows that the density of CN (B), and as a
consequence, the emission power, varies exponentially with 1/T .
This formula will be used later to interpret the measured emission
profiles. It appears that Zagolin et al.18 also used a similar equation,
although without the nonlocal absorption, to solve for densities of
excited states. The master equation of Park,13 on the other hand,
included excitation and deexcitation only due to electron impact
and radiation with a quasi-steady state and an optically thin gas
assumption.

B. Absorption and Radiative Transport
When absorption is important, Eq. (7) becomes nonlocal because

Ihν , the intensity field, depends on the emission and the absorption
properties of the gas in the entire shock tube. Hence, this equation
must be solved iteratively, which will be discussed in the next sec-
tion. In this section, we discuss the technique used to evaluate the
γ hν IhνnCNX term, the rate of excitation of CN (X) to CN (B) due
to absorption from the radiation field in the shock tube. In general,
γ hν can be evaluated from the detailed balance between emission
and absorption processes. However, such a method requires rovi-
brational line-resolved calculations because vibrational and rota-
tional modes may be described by different temperatures. Because
NEQAIR, which is a line-by-line radiation code, already performs
this calculation for a given line of sight, we extract this information
from the computed intensity and emission profiles. Moreover, the
CN (B–X) band does not overlap with any other significant system

Table 1 Rate constants of collisional excitation
estimated by Zagolin et al.18

Process Rate constants, cm3/mol · s

CN (X) + M → CN (B) + Ma 1.80 × 1011T 0.5
a exp(−37000/Ta)b

CN (X) + e → CN (B) + e 6.25 × 1014T 0.5
a exp(−37000/Ta)

CN (X) + M → CN (A) + M 1.50 × 1011T 0.5
a exp(−13300/Ta)

CN (X) + e → CN (A) + e 6.00 × 1014T 0.5
a exp(−13300/Ta)

aHeavy particle. bTa used here Ta is assumed to be
√

(T Tv).
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under the current conditions, which allows us to assume that most
absorbed power in this wavelength range goes toward exciting CN
(X) to CN (B). (N+

2 first negative signal is negligible.) Therefore, to
a good approximation,

γhν IhνnCNX ≈ absorption rate

hν
(9)

The absorption rate (in watts per cubic centimeter) at a given point
can be determined from NEQAIR by averaging absorption rates over
all lines of sight passing through the point as shown in Fig. 8. Here hν
is in joules. Because we assume that the gas properties are uniform in
the radial direction, essentially only one line of sight has to be calcu-
lated for emission and absorption properties. The remaining lines of
sight just require numerical integration with the cell lengths adjusted
by the line inclination factor. This transport calculation, however,
has to be done separately for each wavelength because the absorp-
tion property of the gas changes with wavelength. In this work, we
perform these transport calculations for several wavelength ranges
of 100 Å wide over which the absorption and emission properties
are averaged and are assumed constant for transport calculations.

For simplicity, we also assume that the shock tube walls are per-
fect reflectors and that the lines of sight are reflected specularly.
The inside of the shock tube is polished aluminum, which is not a
perfect mirror, and thus, some diffuse reflection and wall absorption
may be present. Modeling a diffuse reflector is considerably more
difficult and has been ignored in this work. We argue that because
the absorption is expected to be smaller than the emission and col-
lisional excitation terms in the number density balance equation of
CN (B), the overall analysis may suffer from only a small error due
to these assumptions. More important, the errors caused by these
assumptions can be bounded, as will be shown later.

Fig. 8 Schematic of sample lines of sight passing through point due to
internal reflections in shock tube.

a)

b)

c)

d)

Fig. 9 Computed emission and absorption powers (watts per cubic centimeter) along the shock tube axis obtained from modeling results using
nonlocal radiative transport for various shots.

The absorption in each cell along a line of sight is evaluated
from the intensity Iλ (W/cm2-str-μ) and emission Eλ (W/cm3-str-
μ) profiles,

absorption (W/cm3-str-μ) = dIλ

dx
− Eλ (10)

The derivative of the intensity is taken across the width of the
cell. The absorption power (in watts per cubic centimeter) per unit
volume is computed by summing over all lines of sight passing
through the point, that is, integrating over the solid angle ω,

absorption power =
∫∫ (

dIλ

dx
− Eλ

)
dω dλ (11)

Figure 9 shows the emission and absorption powers in the shock
tube. It is assumed that the radiation from the shock tube driver
gas is not absorbed in the uncontaminated postshock region. Also,
it has been verified that the radiation from the driver arc is essen-
tially nonexistent by the time the shock arrives in the test section.
Figure 9 shows that the absorption power is anywhere between 25
and 50% of the emission power. A partially reflecting shock tube
wall would reduce these estimates and the diffuse reflector would
flatten the absorption profiles. In this analysis, however, such ef-
fects are ignored. The ratio of absorption to emission increases,
as expected, with an increase in CH4, and consequently CN, den-
sity, which goes up due to an increased CH4 concentration in the
gas and, in the case of Fig. 9d, due to a rise in pressure. Also, the
nonlocal nature of absorption, which causes the emission from the
brighter regions of the shock layer to be absorbed in the darker re-
gions, disproportionately increases absorption power in the darker
regions.

C. Solution Technique
Because of the nonlocal nature of the collisional radiative master

equation (7), an iterative solution technique is necessary. We begin
with the CFD solution that generates the one-dimensional profiles
of the postshock densities and temperatures. When absorption is
neglected, a first estimate of the CN (B) density is computed. This
estimate of the excited state density is fed into NEQAIR along with
flowfield properties to obtain the emission and absorption rate pro-
files along the tube axis, similar to the curves shown in Fig. 9. Using
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this absorption rate and the methodology outlined in the preceding
section, we solve Eq. (7) to get a refined estimate of CN (B) den-
sity. This process is repeated several times until self-consistency
between the excited state density and the intensity field is obtained.
The iteration process is shown schematically in Fig. 10. During
each iteration, the CN (B) density and the intensity field are refined.
Figure 11 shows the evolution of the emission and absorption pro-
files along the tube axis with iteration. Typically a self-consistent
solution is obtained in about 5–6 iterations.

Fig. 10 Algorithm used to obtain self-
consistent solution of the nonlocal colli-
sional radiative model.

a) b)

Fig. 11 Convergence of a) emission and b) absorption powers during the iterative process of obtaining self-consistent solution.

a)

b)

c)

d)

Fig. 12 Modeling and experimental profiles of CN (violet) intensities at a) 0.1 Torr, 2% CH4, b) 0.1 Torr, 5% CH4, c) 0.1 Torr, 8.6% CH4, and
d) 1.0 Torr, 8.6% CH4. The vertical lines represent the arrival of the driver gas contamination.

V. Comparisons with Experiment
In this section, we compare the intensity profiles computed with

various models to the calibrated spectrograph measurements. These
comparisons are done in absolute units (W/cm2-str) with no nor-
malization factors applied to any of the data sets. The calibrated
experimental data, therefore, provide validation for not only the in-
tensity rise and decay timescales, but also the absolute intensities
predicted by the models. To be consistent, the model curves were
smeared to compensate for the finite exposure time of the camera
used in the experiments. The results are presented in Fig. 12 for
four different shots: three shots at 13.3 Pa (0.1 torr) with three dif-
ferent CH4 concentrations, 2, 5, and 8.6% by mole, balance N2,
and one shot at high pressure of 133.3 Pa (1 torr) with 8.6% CH4

concentration. All cases have slightly different shock speeds, as
shown in Fig. 12. Figures 12a–12d each presents four solid curves,
one curve represents the experimental intensity profile, whereas the
other three curves show the results from three different modeling
approaches. The first one is labeled Boltzmann, which assumes that
the CN excited states are populated according to a Boltzmann dis-
tribution characterized by the gas vibrational temperature, as de-
scribed in the baseline model. The second curve shows the results
of the nonlocal collisional radiative (CR) model [Eq. (7)] described
earlier. The third curve is the collisional radiative model that is es-
sentially Eq. (7), but without a nonlocal absorption term (CRT).
The difference between the CR and CRT curves shows the impor-
tance of nonlocal absorption in determining the CN (B) population.
The horizontal lines represent the equilibrium radiation levels. The
intensity level when complete thermodynamic equilibrium (CTE)
exists, that is, all species are in chemical equilibrium and all energy
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states are described by a Boltzmann distribution with a single tem-
perature is shown. However, because radiation plays a significant
role in defining the populations of the excited states, especially CN
(B), and the intensity field is not likely to reach equilibrium (a black-
body field), a (CTE) may never be achieved in such a device. Hence,
we also define a partial equilibrium (PE) line. In (PE), no radiative
equilibrium exists, but all species are in chemical equilibrium. The
(PE) line without nonlocal absorption is the lowest intensity level
possible within the test section. In the shots shown here, this level
is never reached within the test time. The test time is shown by the
vertical line, beyond which the experimental data are not considered
useful due to driver gas contamination.

Figures 12 show that the Boltzmann assumption overpredicts
the shock layer intensity by a factor of 3–7 at lower pressure
[13.3 Pa (0.1 torr)], whereas the collisional radiative models pre-
dict intensities that are lower and in general closer to the exper-
imental peak. This occurs primarily because the collisional ra-
diative models account for radiative depopulation of the CN (B)
state. CN (B) has a very short radiative lifetime (62.5 ns), which
is smaller than all electron–CN (B) collision times assuming a
fractional ionization of 10−4. The timescale disparity disturbs the
collisional equilibration process necessary to achieve a Boltzmann
population of CN (B) state. In principle, the detailed balance of
radiative processes (reabsorption of nonlocal emission) can also
populate CN (B) with a Boltzmann distribution; however, that
requires an intensity field of a blackbody, which does not ex-
ist in a shock tube, nor will it exist in flight. As a result, spon-
taneous emission that deexcites CN (B) occurs faster than the
excitation due to absorption. This effect is termed by Page and
Arnold7 as collision limiting. In the high- pressure shot, this ef-
fect is minimized, as evident from Fig. 12d, due to more frequent
collisions.

The effect of absorption in determining the CN (B) population can
be seen in the difference between the CR and CRT curves. As CH4

concentration goes up, while the pressure stays constant, the absorp-
tion increases due to higher CN emission. Also, as seen in Fig. 12,
the absorption makes a larger fractional difference in the colder parts
of the shock layer, that is, downstream. This effect occurs because of
the downstream absorption of the upstream emission, which makes
a larger fractional rise in the CN (B) population.

VI. Remaining Disagreements and Possible Reasons
It is obvious from Fig. 12 that although the peak intensity profiles

in the shock layer are predicted within a factor of two, the fall-off
rates of the intensity are significantly underpredicted by the models
in the low-pressure shots [13.3 Pa (0.1 torr)]. Figure 13 shows the
experimental fall-off rates of intensities of CN (red) and CN (violet)
systems. For simplicity, we will ignore the nonlocal absorption in
this section because it does not alter the fall-off rates significantly,
as seen in Fig. 12. If collisional deexcitation of CN (B) is neglected,
which is a good approximation in the 13.3 Pa (0.1 torr) case, the CN
(B) fall-off rate can be written as

d ln(nCNB)

dx
= −DB

d

dx

(
1

T

)
+ d ln(nCNX)

dx
+ d ln(nM )

dx
(12)

where M is is the collisional partner that is predominantly respon-
sible for CN (X) excitation to CN (B). If more than one collisional
partner dominates, nM can be treated as the density of the average
collision partner. For a direct collisional excitation of CN (X) with-
out an intermediate high lying transition state, DB is the energy gap
between B and X states of CN.

For CN (A) density, a similar expression can be derived by as-
suming that the CN (A) is predominantly produced via excitation
from CN (X). However, in the case of CN (A), the radiative life-
time is comparable to the collisional deexcitation time and the gas
flow time (which are all in the range of a few microseconds for the
0.1 torr case) and, hence, must be included in the master equation.

Therefore we may write

∂(nCNA)

∂t
+ ∂(nCNA u)

∂x
=

∑
M

(k f M nM nCNX − kbM nM nCNA)− nCNA

τr

(13)
where, u is the gas flow speed. If the convection term is approximated
by using an appropriate flow timescale as nCNA/τ f , the CN (A)
density variation in a steady state can be expressed as

nCNA

nCNX

=
[∑

M

AM nM

/(
1

τr
+ 1

τ f
+

∑
M

gA AM nM

)]

× exp

(
− DA

T

)
(14)

AM is the preexponential factor for the collisional excitation rate
constant, and gA is the degeneracy factor between A and X states.
The fall-off rate can now be written as

dln(nCNA)

dx
= −DA

d

dx

(
1

T

)
+ dln(nCNX)

dx

+ d

dx
ln

[
AM nM

/(
1

τr
+ 1

τ f
+ gA AM nM

)]
(15)

On comparing Eq. (15) with the fall-off rate equation for CN (B),
we note that CN (A) fall-off has a weaker dependence on the density
variation of nM compared to that of CN (B). This indicates that CN
(A) is closer to a local thermodynamic equilibrium with CN (X) as
compared to CN (B), and the densities of the collisional partners
are less influential. This result was also seen in the master equation
modeling of Zagolin et al.18

Figure 13 shows that both CN violet and red intensities fall in a
log-linear fashion within the test time, except in the 133.3 Pa (1 torr)
shot, where it falls in the log-linear fashion only until it reaches what
appears to be thermochemical equilibrium. This log-linear depen-
dence is compatible with Eqs. (12) and (15) and the variations in
the fall-off region observed in the modeling results, where densities
vary log-linearly and 1/T varies almost linearly. To explain the pos-
sible reasons for a rapid fall-off in the experiments, we consider two
cases. First, the fall-off is mostly due to the gradient in temperature
[where first term dominates in Eqs. (12) and (15)] and, second, is
due to density gradients [where second term dominates in Eqs. (12)
and (15)]. The third term is unlikely to dominate because the over-
all heavy particle density is expected to rise with distance, unless
electron collisions dominate and electrons recombine as they move
downstream. This is not the case according to the model results. The
gas is weakly ionized and the electron density rises to an equilibrium
value in the intensity fall-off region (Figs. 7a and 7b).

Scenario 1
In the first scenario, when the first term dominates, the ratio of

the slopes of the violet to red intensity should be roughly equal to
DB/DA = 2.78, if direct collisional excitation is the dominant pro-
cess, or if both states are in thermodynamic equilibrium. However,
the data do not show that to be the case because the slopes of the vio-
let and the red intensities are only about 20–25% different (Fig. 13).
A rough estimate of the activation energies (DA and DB) for the CN
(X) state to CN (B) state can be made by evaluating the tempera-
ture and density gradients from the modeling results in the fall-off
region. Table 2 shows these estimates. Note that these estimates as-
sume that the transition state in thermodynamic equilibrium with the
ground state population at the local temperature and that the colli-
sional deexcitation is small compared to radiative deexcitation. The
second assumption is valid only in the 13.3 Pa (0.1 torr) case. The
transition state activation energies obtained in Table 2 have much
higher values than the energy gap of 3.199 eV between CN (B) and
CN (X) states. Therefore, if the current premise holds true, CN (B)
is expected to form via an intermediate high-energy state. It could
also be the dissociated (C + N) or the ionized (e + CN+) states, but
such states are not expected to be in thermodynamic equilibrium
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Table 2 Estimated activation energies of collisional excitation of CN (X) to CN (B) if true
first scenario

2%CH4/98%N2 5%CH4/95%N2 8.6%CH4/91.4%N2

Term 5.15 km/s, 0.1 torr 5.56 km/s, 0.1 torr 5.56 km/s, 0.1 torr

∂ ln (nCNX)/∂x , cm−1a −0.056 −0.065 −0.041

∂/∂x (1/T ), eV−1 cm−1a
0.031 0.031 0.029

∂ ln (nCNB)/∂x , cm−1b −0.357 −0.416 −0.396
Estimated activation energy 9.82 11.42 12.4

DB , eV

aFrom computations. bFrom experiment.

a)

b)

c)

d)

Fig. 13 Experimental intensity profiles for red and violet systems of CN showing fall-off rates in postshock region: vertical line, estimate of arrival
of driver gas contamination; d) no arrival of driver gas during recorded time.

with the ground state CN (X) or whatever precursor species forms
CN (B). The existence of such a state is, however, unlikely. This
scenario is also unlikely because CN (A) state is expected to be
close to a thermodynamic equilibrium with the CN (X) state, but
the current intensity fall-off slope is too steep for that to be true.

Scenario 2
We now consider the second case, where the intensity fall-off is

assumed to be due to density gradient, that is, the second term domi-
nates in the fall-off region. In this scenario, the small difference in the
slopes of the violet and red intensities is expected. Based on the data,
we infer that both intensities fall-offs are probably dominated by the
gradients in the CN (X) or the overall CN density. The slightly milder
slope of the red intensity is either due to contribution of the tempera-
ture gradient term in Eqs. (12) and (15) or due to the gas flow convec-
tion, which only affects the red intensity profile due to its comparable
radiative lifetime. In our opinion, given the current set of evidence,
this scenario is more likely to be true for the following reasons:

1) It points to the fact that the gas phase CN consumption chem-
istry may be too slow, which is possible, given the uncertainties in
the reaction rate data that have never been tested in such a rarified
environment.

2) It appears from Figs. 7a and 7b that predicted C2 density rises
and drops by an order of magnitude very rapidly before the CN
intensity reaches its peak, which is not evident from the C2 (Swan)
intensity variation seen in the spectrograph images. C2 (Swan) and
CN (violet) intensity, in Fig. 14, fall-off rates differ by only 13%. It
is very likely that conversion of C2 to CN via the following reactions
in the current chemical kinetics model is too fast in the shock layer:

C2 + N2 → 2CN C2 + N → CN + C (16)

Fig. 14 Fall-off rates of CN (violet) and C2 (Swan),Δv = +1 , intensities
for 8.6%CH4/91.4%N2 mixture at 5.39 km/s and 13.3 Pa (0.1 torr).

However, to show definitively which reactions rates determine the
fall-off rates of CN in the shock layer, a Monte Carlo sensitivity
analysis32 is necessary, which will be the subject of future work.
Additional reaction pathways may also be necessary to explain the
observed fall-off trend. This finding does not necessarily invalidate
the current chemical kinetic model developed by Gökçen,26 it simply
speaks to the extension of the model to such nonequilibrium regimes.
In light of the new EAST data, it is worthwhile to refine the chemical
kinetics model appropriate for the current conditions.

VII. Conclusions
The thermochemical models used to characterize the radiative

heating environment for a Titan aerocapture maneuver is assessed
based on detailed intensity measurements from shock tube test-
ing. A new set of experiments conducted at the EAST facility at
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NASA Ames Research Center at lower pressure [13.3–133.3 Pa
(0.1 and 1 torr)], more representative of the heating environment
than previous tests, provided calibrated spectrally and temporally
resolved radiation intensity measurements over a wide wavelength
range (200–880 nm).

The analysis presented shows that a Boltzmann distribution as-
sumption for the CN electronic states leads to an overprediction of
intensities by a factor of about 3–7 at 13.3 Pa (0.1 torr). It is shown
that a Boltzmann population of the CN (B), which is responsible for
the bulk of shock-layer radiation, cannot be sustained at low pres-
sures due to a very short radiative lifetime (62.5 ns). Consequently, a
nonlocal CR model for the excited states is developed. The proposed
model includes solution of a simplified master equation for principal
collisional and radiative transitions and nonlocal absorption within
the shock tube. The prediction of the peak intensity overshoot falls
within factor of two of the measured data. However, significant dis-
parity remains in the intensity fall-off rates predicted by the models.
Further analysis of the data and the relative fall-off rates of the CN
(violet) and CN (red) intensities suggests that it is very likely that
our current chemical kinetics model predict a slower CN consump-
tion rate in the fall-off region than what is indicated by the measured
profiles.

Further analysis is necessary to identify other possible reasons
for the discrepancy and evaluate them to determine their likelihood.
Also, a detailed Monte Carlo sensitivity analysis is needed to iden-
tify the key reaction rates that control the fall-off rates of the CN
density and possibly recalibrate the chemical kinetics rates based
on the current test data. In addition, the experimental data contains
much more information than what was extracted in this work, such as
vibrational and rotational temperatures, fall-off rates of other chem-
ical species, and intensity rise times, which appear to be sensitive
to vibrational relaxation rates. The data, with further investigation,
could be utilized to assess the finer aspects of the current nonequi-
librium thermochemical models.

The proposed nonlocal CR model and the iterative solution tech-
nique can be extended to flight environment computations to im-
prove the radiative heating predictions. The predictions, however,
could be further improved by addressing the uncertainties due to
ground-to-flight traceability, namely, radiative transport with par-
tial reflections and absorption at the shock tube walls, etc.
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