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Abstract Non-equilibrium radiation measurements behind
strong shock wave for simulated Martian atmosphere are
presented in this paper. The shock wave is established in
a hydrogen oxygen combustion driven shock tube. Time-
resolved spectra of the Av = 0 sequence of the B2X* — X2X+
electronic transition of CN have been observed through op-
tical emission spectroscopy (OES). A new method, which is
based on fitting high resolution spectrum for rotational and
vibrational temperatures measurement, is proposed to diag-
nose temperature distribution behind the shock wave. It is es-
timated that the current scheme has the maximum deviation
less than 8% (107) for vibrational temperature measurement
through detailed analysis of the influence of the uncertainties
of spectroscopic constants and spectral resolution. Radiation
structure of the shock layer, including induction, relaxation
and equilibrium process, and corresponding rotational and
vibrational temperatures are obtained through time gating
OES diagnostics with sub-microsecond temporal resolution.
The present extensive results will strongly benefit the reac-
tion rate estimation and computational fluid dynamics (CFD)
code validation in high enthalpy Mars reentry chemistry.

Keywords Radiation measurements - Shock wave - Mars
re-entry - Rotational temperature - Vibrational temperature

1 Introduction

When a spacecraft enters the Mars atmosphere, the heat
shield of the vehicle will be expected to receive a strong
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radiative flux produced in the bow shock layer [1, 2]. It
has also been predicted that, below an entry speed of about
7 km/s, nearly all of the radiative heating is due to the CN vi-
olet (B>X* — X?2*) and red (A%I1 — X?2*) bands [3]. An
accurate estimate of this radiative heat flux is therefore nec-
essary for a proper design of the thermal protection system
(TPS) [4-8]. Moreover, the radiation emission is strongly
dependent on the non-equilibrium conditions present behind
the shock wave, which requires implementation of thermo-
chemical models for accurate prediction of the emitted radi-
ation. Nevertheless, the present estimates of the radiative
heating generated by CN radicals from such models vary
greatly due to lack of critical experimental data. Among
available data, the rotational and vibrational temperatures
behind the shock wave are one of the most important ther-
modynamic quantities for shocked-induced chemistry, espe-
cially the rotational temperature, which is a key parameter in
driving chemical reactions because it controls the collision
probability of the gaseous particles in a chemically reacting
hot gas. Therefore, an accurate measurement of the distri-
bution of rotational and vibrational temperatures along the
shock profile is very useful for the heating load estimates re-
lated to Mars entry, understanding non-equilibrium radiating
phenomena, and CFD code validation.

Experiments and simulations investigations have been
developed to predict the non-equilibrium and equilibrium
temperatures behind a strong shock wave by a number
of institutions, including NASA Ames Research Center in
California [9, 10], Université de Provence in Marseilles,
France [11, 12], and University of Queensland in Aus-
tralia [13]. NASA Ames Research Center carried out a lot
of experiments to measure the radiation behind a shock un-
der different atmospheric conditions. Tests for entry into the
atmospheres of Earth, Mars, and Titan were performed in the
electric arc shock tube known as EAST. Temperatures pro-
file in the postshock was then obtained by comparing ther-
mochemical models with calibrated spectrograph measure-
ments. University of Queensland also conducted calibrated
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intensity measurements in a wide range of conditions of pa-
rameters like velocity, pressure, and gas composition for Ti-
tan entry at the X2 high-enthalpy shock-tube facility, which
were compared to similar measurements from the EAST fa-
cility. Experiments were also performed on Université de
Provence’s TCM2 facility to evaluate the time-resolved post-
shock intensity profiles and to measure postshock rotational
and vibrational temperatures using emission spectroscopy.
Time resolved emission of CN and C, molecules were stud-
ied behind a strong shock on the CN violet, C, Swan, and
CN red radiative systems.

In our study, we focus on the narrowband range (387.6—
388.6 nm) of CN violet system rather than the total inte-
grated radiative intensity over a large range of wavelength
or low-resolution spectra of a wide spectral range. With very
short intensified charge-coupled device (ICCD) gating time,
the experimental spectra have high temporal and spatial res-
olutions. Temperature information can be directly obtained
through a precise analysis of high-resolution experimental
spectrum, and moreover, in this way we can also avoid the
error caused by absolute calibration uncertainty. In addi-
tion, through the analysis of a “frozen” re-entry flowfield at a
given gating time by changing the gate pulse delay, the evo-
lution of vibrational and rotational temperatures along the
shock profile in simulated Martian atmosphere can be ob-
tained. A detailed discussion on the evaluation of the fitting
method is also given.

2 Experimental setup

The experiments have been conducted in a hydrogen oxy-
gen combustion shock tube facility, an overview of which
is shown in Fig. 1 with essential dimensional details and
emission spectroscopy measurement setup. The shock tube
is composed of a driver section, a diaphragm and a driven
section. The initial pressures of oxygen and hydrogen in the
driver section are 0.06 MPa and 0.59 MPa, respectively. Ex-
periments have been carried out in a mixture of 70% CO,
and 30% N, despite the difference from the actual compo-
sition of the Martian atmosphere, such a ratio can provide
enough signal for CN violet emission. The test gas fills the
test section with 200 Pa, and a 2 mm thickness aluminum di-
aphragm with a surface cross notch 0.9 mm in depth is fixed
between the driver and driven sections. The contamination
of the test mixture in the test section by outside air can be ne-
glected because of its weak leakage lower than 0.1 Pa/min.
In addition, before each new filling, the shock tube is flushed
several times with the test gas and then pumped again. Along
the shock tube, three ion probes denoted as No.1, No.2 and
No.3 are equipped, and the shock velocity is estimated from
the probe signals recorded on a digital oscilloscope. The
shock velocities in these runs are close to 6.31 km/s and vary
about 1.7% on average. Two 10 mm diameter quartz win-
dows are equipped on both sides of the shock tube to carry
out optical accessible measurements.
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Fig. 1 Schematic diagram of the shock tube and the emission spectroscopy measurement setup

The optical system consists of a spectrometer (Model:
SR-500i, 500 mm focal length, Andor technology) and an
ICCD camera (Model: DH740, 2048 x 512 pixels, An-
dor technology). The spectrometer used is equipped with a

1200 grooves/mm grating and an entrance slit with its width
equals to 100 wm to get an acceptable signal-to-noise ratio
and a sufficient spectral resolution. The full-width at half-
maximum (FWHM) of the apparatus function is measured
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experimentally to be Lorentzian profile of value 0.154 nm
by using of a narrow line width semiconductor diode laser
(center wavelength: 777.19 nm, 10 MHz line width). We
use the apparatus function as the spectral function, this is be-
cause most broadening mechanisms, such as Doppler, nat-
ural, resonance and others, are negligible in comparison
with the instrumental broadening in our experimental con-
ditions. Wavelength calibration for each grating is carried
out by comparison with the emission lines of an Hg lamp.
An NIST traceable quartz-tungsten-halogen standard light
source (Model: 63945, Oriel Corporation) is used for irradi-
ance calibration. Due to the large size of the standard light,
irradiance calibration is carried out outside the shock tube;
however, the same glass windows as used in the experiments
are placed between the lamp and the spectrometer to obtain
calibration data including the effect of window absorption.
Thus, we use a relative irradiance scale in this study. When
the shock wave arrives at the location of No.3 probe which
is installed on the same section as spectrum capture field, the
optical system is triggered by the output of the ion probe
through a signal generator (Model: DG535, Stanford Re-
search System). The ion probe has a very quick response
(~ 100 ns) to the arrival of the shock waves. The internal
time delay of electric circuit in the ICCD system is 40 ns.
The spectra capture field is strictly controlled with 1 mm in
diameter and 1 mm in depth by the lens system installed in
front of the spectrometer. For each experimental run, the
camera exposure is set to 50 ns in order to acquire adequate
temporal resolution. Although only one single spectrum can
be recorded during a shot, the delay of the gate pulse can be
tuned to record different moments in which the spectrum is
to be measured in the equilibrium, or in the non-equilibrium
region. A photodiode detector is used to monitor the radi-
ation profile of the high temperature gas behind the strong
shock wave. The signal output from ion probes and photodi-
ode are recorded by a high dynamic response digital oscillo-
scope (Model: DPO4034, Tektronix Inc.).

3 Measurements and uncertainty analysis

3.1 Temperature determination and rotational temperature
deviation evaluation

Generally, the routine method of rotational and vibrational
temperature measurement by comparison between the ob-
served and theoretical synthetic spectra has been widely
adopted as many literatures refer to. However, in the pre-
vious studies, the spectrum resolution is always limited by
the acquisition range of the spectroscopy apparatus, that high
resolution to separate individual rotational lines must be sac-
rificed for a wide range of acquisition wavelength. As a re-
sult this method depends strongly on the accuracy of cal-
culated spectra and the accurate calibration of the instrument
function. In our study, we analyze in detail the spectral struc-
ture of CN violet system (B?X* — X?X*, Av = 0 sequence)
and propose a rotational and vibrational temperature mea-
surement method based on fitting high-resolution spectrum.
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In the study, we focus on the ranges (387.6-388.6 nm)
of the band of the CN violet system (B’Z* — X2X*, Av = 0
sequence), this wavelength range corresponds to the (0, 0)
transition of the CN violet system (B2t —» X2t Av =0
sequence), as shown in Fig. 2a. The rectangular panel shows
that the range of wavelength is completely controlled by
emission lines of the P branch (rotational number J range
from 0 to 57), in other words, this distribution pattern of a
sequence is controlled only by rotational temperature. We
call this fraction of the wavelength range the “bandhead G,
the effect of FWHM of other rotational lines tends to be ne-
glected, as shown in Fig. 2b. So the rotational temperature is
determined by comparing the shape of bandhead G between
the experimental and theoretical synthetic spectra. Then, the
vibrational temperature is estimated by minimizing the dif-
ference between the observed and theoretical spectra.
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Fig. 2 Structure of a rotational lines and b theoretical synthetic
spectra in the CN violet band

In the error evaluation of the rotational temperature mea-
surement, we investigate the fitting errors from the theoreti-
cal uncertainty that stems from the spectroscopic constants.
As discussed above, the bandhead G is controlled only by
Trot> SO the most influential spectroscopic constant is the ro-
tational constant B, and the spectroscopic constants of the
vibrational term such as wex., while w.y., and w.z. are not
relevant for T,y using the bandhead Gy fitting method. We
discuss in detail the reason as follows.
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The emission intensity is described as
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Assuming the Boltzmann distribution at the ground state, so
the population at (v, J”) state is described as
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Fixing the value of v' and v”, taking the logarithm of both
sides, substituting Eq. (2) to Eq. (1) and taking the logarithm
of both sides, we obtain
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where A; can be calculated explicitly [14], which will be

discussed in detail in the appendix, c; is a constant.
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The rotational quantum numbers corresponding to the
wavelengths of the CN bandhead G, range from 0 to 57
for the (0, 0) transition. In this case, both the first term of
Egs. (4) and (5) are at least 90 times the second term, and
thus the second terms of them are neglected and Eq. (4) can
be written as

The first term of the wavenumber of each rotational line
is much larger than the second term, and v,/ ,~ is a constant
for a given electronic transition, so the uncertainty due to B,
is negligible, and Eq. (3) can be described as

o
inv,,
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where ¢, and c¢3 are two constants.

9

From above discussion, we know B, is the dominant
spectroscopic constant affecting the emission intensity. Con-
sequently, as shown in Eq. (9), the systematic error in Ty iS
of the same order of magnitude as that of B.. We know the
difference in B, is less than 1% by relevant literature [15-17],
so the systematic error in T}y is also less than 1%. Therefore,
the result shows that the uncertainties in spectroscopic con-
stants have ignorable effect on the observed rotational tem-
perature in our method.

3.2 Effect of spectral resolution on vibrational temperature
measurement

In this section, we use the ratio between bandhead G4 and
bandhead G to estimate the T;, error due to the measure-
ment uncertainty of spectral resolution 4. Figure 3 shows
the peak ratio of G4 to Gy as a function of T\, for three
values of FWHM as the rotational temperature changes from
8000 K to 12000 K. Assume the uncertainty on the spectral
broadening is +10%, that is to say our spectral resolution 4
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Fig. 3 Peak ratio as a function of 7, for estimating 7, by spectra synthesis (the slit function is Lorentzian profile as measured)
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Fig. 3 Peak ratio as a function of T;, for estimating 7, by spectra synthesis (the slit function is Lorentzian profile as measured) (continued)

Tyip 1s slightly affected by the FWHM when the rotational
temperature is at 12000 K, the error range is from —110 K
to 210 K. Considering the reduction of the slope of the curve
due to the decreasing rotational temperature, as shown in
Figs. 3, the Ty, error may increase but the maximum does
not exceed 8% on average in the experimental condition.

4 Results and discussions

4.1 Rotational temperature determination

With the ICCD gating time of 50 ns, spectra have been
obtained each at 200 ns interval when the medium is consid-
ered out of equilibrium and each at 2 us when equilibrium
is assumed. First, spectral analysis is carried out for the
ranges (387.6-388.6 nm) of the band of the CN violet system
(B*X* — X?2*, Av = 0 sequence). The rotational temper-
ature is then determined by the bandhead Gyfitting method.
Figure 4 shows a representative comparison between an ob-
served CN spectrum and three theoretical synthetic spectra
for different rotational temperatures, regardless of the value
of Tyip. The black and red lines represent the theoretical syn-
thetic spectra with the rotational temperatures of 8 700 K and
7600 K, respectively. The dashed line shows the theoretical
synthetic spectra when T,y is fixed at the optimum value.
In Fig. 4, the bandhead G of the observed and theoretical
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Fig. 4 Comparison of an observed CN bandhead G, with three
theoretical synthetic spectra for different rotational temperatures
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synthetic spectra are in good agreement. Also, significant
differences can be seen if we change T, in a small range.

4.2 Spectra analysis in the non-equilibrium and equilibrium
region

Figure 5 presents some comparisons of experimental spectra
with calculated spectra when non-equilibrium and equilib-
rium are assumed to be achieved, respectively. In order to
describe the measurement accuracy, we use the quantity E,
to assess the degree of difference between the experimental
and calculated spectra [18], which is defined as follows

(Iea(D) = L)’

(T )’

(10)

r

Figure 5a shows some discrepancy between the theo-
retical synthetic and experimental spectra in the wavelength
range of 376-385 nm (the tail region of CN violet band),
which demonstrates that the vibrational state of CN radicals
is unlikely to have a Boltzmann distribution for high J rota-
tional lines (it can also be found in the error estimation fig-
ure). A disturbed distribution of vibrational states affects the
spectral shape, especially in the tail region of the CN spectra.
This is because the characteristic time scale of the vibrational
relaxation of CN (~ 1 us) [19] is much longer than that of
the radiation due to the electronic transition of the CN violet
band system (~ 60 ns) [20]. But for wavelength in the range
of 385-390 nm, the synthetic spectra agree well with exper-
imental spectra. The tail region of spectra (376-385 nm) is
unlikely to have large influence on vibrational temperature
determination due to much lower energy quotient in high J
rotational line states compared with energy quotient in low
J rotational line states, which can also be confirmed through
integration of Eq. (10) over the whole wavelength range for
deviation evaluation. Therefore, the vibrational temperature
determination can still keep satisfactory precision even in
thermochemical non-equilibrium state. In the quasi equilib-
rium and equilibrium region, as shown in Figs. 5b and Sc, the
results indicate that the theoretical synthetic and experimen-
tally measured spectra match up very well and reasonable
temperature fitting has been achieved.
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Fig. 5 Experimental and theoretical synthetic spectra of CN violet system (Av = 0) at different delay times. (Experiment: P, = 200 Pa,

Vihoek = 6.31 £ 0.11 km/s. Composition: 70% CO; and 30% N,.)

4.3 Evolution of vibrational and rotational temperatures be-
hind the shock wave

Comparisons between these experimental spectra and the
calculated ones allow the temporal profile of the tempera-
tures behind the shock wave to be drawn. Figure 6 presents
the evolution of vibrational and rotational temperatures be-
hind the shock wave, where 7, is the induction time behind
a shock wave and 7. is defined as the relaxation time of
non-equilibrium region. For the current experimental condi-
tions, considering the response of ion probe and time delay
of ICCD system, the #, and ¢, have values of (2.0 £ 0.2) us
and 14 + 1.0 ps, respectively. From the previous analysis
and the temperature distribution behind the shock wave, the
shock heated gas should reach equilibrium after 16 us. The
uncertainty is equal to 800 K in the non-equilibrium in the
first 4 us, and to 400 K in the equilibrium after next 12 us on
both temperatures.
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Fig. 6 Evolution of vibrational and rotational temperatures be-
hind the shock wave. (Experiment: P; = 200 Pa, Voex = 6.31 £
0.11 km/s. Composition: 70% CO, and 30% N,.)
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5 Conclusions

Non-equilibrium radiation measurements behind strong
shock wave for simulated Martian atmosphere are presented
in this paper. The shock wave is established in a hydrogen
oxygen combustion driven shock tube. Time-resolved spec-
tra of the Av = 0 sequence of the B?X* — X?3* electronic
transition of CN have been observed through optical emis-
sion spectroscopy (OES). We analyze in detail the spectral
structure of CN violet system (B2X* — X?X*, Av = 0 se-
quence ) and propose a rotational and vibrational tempera-
tures measurement method based on fitting high-resolution
spectrum. The theoretical spectrum calculation error due to
uncertainties in the spectroscopic constants and the measure-
ment of spectral revolution FWHM has been systematically
analyzed. Radiation structure of the shock layer, includ-
ing induction, relaxation and equilibrium process, and corre-
sponding rotational and vibrational temperature are obtained
through analysis of time gating optical emission spectra with
sub-microsecond temporal resolution. The present extensive
results will strongly benefit the reaction rate estimation and
CFD code validation in high enthalpy Mars reentry chem-
istry.
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