VOL. 5, NO. 2, APRIL-JUNE 1991

J. THERMOPHYSICS

157

Titan Atmospheric Composition by Hypervelocity
Shock-Layer Analysis

H. F. Nelson*
University of Missouri-Rolla, Rolla, Missouri 65401
Chul Parkt
NASA Ames Research Center, Moffett Field, California 94035

and

Ellis E. Whiting}
Eloret Institute, Sunnyvale, California 94087

Planning is currently underway to send a probe into the atmosphere of Titan (a moon of Saturn) as part of the
Cassini Mission. This paper presents an investigation of the feasibility of determining the mole fractions of the
major species in Titan’s atmosphere (N,, CH,, and argon, if present) using a radiometer to. measure the
CN(violet) radiation emitted in the probe’s shock layer during the high-velocity portion of the entry. Radiative
heating rates spectra are calculated at the probe stagnation point for altitudes near peak heating where the shock-
layer gases are in chemical and thermal nonequilibrium. The analysis indicates that the sensitivity of the
CN(violet) radiation to the atmospheric composition enables the mole fractions of N,, CH, and argon to be de-
termined to about =0.015, +0.003, and +0.01, respectively. These values are much less than the current uncer-
tainties. The maximum nonequilibrium radiative heating rate is predicted to be about half of the maximum con-
vective heating rate. (Prior equilibrium calculations had shown that the radiative heating rate was negligible.)
Thus, the beryllium heat shield currently planned may be underdesigned, because it has been developed for con-

vective heating only.

Introduction

ITAN is Saturn’s largest moon and the only moon in the

solar system with a substantial atmosphere. Its surface
pressure is about 50% higher than the Earth’s. The at-
mosphere is opaque, with multiple layers of aerosols, ranging
from thin smog-like hazes to thick clouds of frozen, or liquid,
methane. It is thought that the organic chemistry in Titan’s at-
mosphere may resemble that of the Earth’s primitive at-
mosphere before life began. Consequently, Titan is of high
scientific interest. :

An atmosphere was first detected on Titan in 1908 by Sola!
from visual observations of limb darkening. Methane was dis-
covered in Titan’s atmosphere in 1944 by Kuiper? from near-
infrared spectra. The most current and accurate information
of Titan’s atmosphere was obtained during Voyager 1 and 2
Saturn flyby missions in 1980 and 1981.3-° The atmosphere is
now known to be composed mainly of molecular nitrogen,
methane, hydrogen, possibly argon, and a number of minor
species containing H, C, and O. However, the specific mole
fractions of the three major species, N,, CH,, and possibly ar-
gon, are not well defined.
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The composition of Titan’s atmosphere and its uncertainties
are discussed by Hunten et al.5 A summary of their data is
given in Table 1, taken directly from their report. This table
shows the atmospheric composition for pressures below 0.1
mbar (i.e., above an altitude of about 250 km), where the
composition is believed to be nearly uniform with altitude.
Note the large uncertainties for N, (65-98%), CH, (2-10%),
and argon (0-25%).

The uniformity of the composition over a large altitude
range is discussed by Yung et al.,” who performed a pho-
tochemical analysis of the atmosphere. They conclude that the
composition of the major species is nearly constant from
about 50 to 850 km. Based on their analysis, they developed a -
model for the atmospheric composition containing 2% CH,
and 0.2% H, with the major species being N,.

The 1-¢ uncertainty range in the mean molecular weight of
the atmosphere is specified by Lellouch and Hunten® to be
27.8-29.4 g/mole. If the lower bound is due to a mixture of N,
and CH, only, the composition would be 98.3% N, and 1.7%
CH,. If the upper bound is due to a mixture of N, and argon
only, it would be 88.3% N, and 11.7% argon.

Resolving the uncertainties in Titan’s atmospheric composi-
tion is a high priority of the Cassini Mission, which will ex-
plore Saturn and its system of rings and satellites. A brief
description of the Cassini Mission is given in the next section.

Cassini Mission and Titan Probe

The proposed Cassini Mission is an international coopera-
tive project between NASA and the European Space Agency
(ESA) to explore Saturn and its moons. One of its major focal
points is the investigation of the atmosphere of Titan.%-!

The Cassini spacecraft includes a Saturn orbiter (Mariner
Mark II spacecraft) and a Titan atmospheric entry probe
(Huygens probe). Launch is planned for April 1996. The in-
terplanetary trajectory uses gravity assist at both Earth and
Jupiter to reach Saturn in December 2002 after a flight time of
6.8 yr. A schematic diagram of the baseline mission trajectory
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Table 1 Atmospheric composition of Titan below 0.1 mbar

Mole fraction

Position, Inferred Measured
Gas Band cm~! indirectly directly
Nitrogen N, — — 0.65-0.98
Argon (?) Ar — — 0-0.25
Methane CH, vy 1304  0.02-0.10
Hydrogen H, So 360 2 x 1073
Sy 600
Carbon CO (3-0) 6350 6 x 1073
monoxide xict ~ 1.5 x 107*
Ethane C,Hg v 821 2 x 1073
Propane C;Hg vy 748 4 x 1076
Acetylene CH, s 729 2 x 1076
Ethylene CH, »; 950 4 x 1677
Hydrogen HCN  », 712 2 x 1077
cyanide
Methy! CsH, v 633 3 x 1078
acetylene r10 328
Diacetylene  C,H, g 628 ~10"8 - 1077
Vg 220
Cyano- HC;N  ws 663 ~10-8 - 1077
acetylene Ve 499
Cyanogen C,N,  ws 233 ~10"% — 1077
Carbon CO, vy 667 1.5 x 10
dioxide

to Saturn is shown in Fig. 1, which is taken from Ref. 12. The
dots along the trajectory represent the approximate distance
traveled in 50 days.

The Titan probe will be carried to Saturn by the orbiter.
Both the orbiter and probe will be propulsively inserted into
an orbit around Saturn. The probe is targeted for Titan and
separated from the orbiter during the first orbit. It subse-
quently enters and descends through Titan’s atmosphere as
shown schematically in Fig. 2. Deploying the probe from an
orbit about Saturn, rather than directly from the interplane-
tary trajectory, reduces its entry velocity from about 11 km/s
to as low as 5.5 km/s.

Atmospheric entry is arbitrarily defined to begin at 1000 km
altitude. The high-speed portion of the entry lasts for 2-3 min,
during which time the probe descends to about 200 km and its
velocity is reduced to about 400 m/s (approximately Mach
1.5). At this point the decelerator section of the heat shield
and the beryllium nose cap are released, a parachute is
deployed, and the scientific instruments that operate during
the final descent and on the surface are activated. The time for
data acquisition in the lower atmosphere before the probe hits
the surface is about 3 h. Although landing survival is not re-
quired in the mission plan, there could be as much as 30 min
after impact for acquiring scientific data on the surface before
the orbiter moves out of transmission range.

The high-speed portion of the flight is characterized by the
formation of a strong bow shock wave and a high-temperature
shock layer (4000-6000 K at equilibrium) ahead of the vehicle
that will emit optical radiation. This provides the opportunity
to determine the mole fractions of the major species in the at-
mosphere by a shock-layer radiometer experiment.

Radiometer Experiment Contributions to the
Titan Probe Mission

The present Cassini Mission plan calls for the atmospheric
composition of Titan to be determined below about 170 km by
a gas chromatograph/mass spectrometer (GCMS) experiment
on the probe.!’® A second mass spectrometer on the orbiter,
which will pass through the upper part of the Titan at-
mosphere (above 800 km) nearly 40 times during its planned
lifetime of four years,'® will determine the composition at very
high altitudes. In addition, during each orbiter pass, remote
measurements of scattering and emission from the lower at-
mosphere will be made. In the current mission plan, no instru-
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Fig. 1 Schematic diagram of the Cassini baseline mission.
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Fig. 2 Schematic diagram of the Titan probe atmospheric entry.

ment is proposed to provide direct composition measurements
in the 170- to 800-km-altitude range.

A shock-layer radiometer could provide a direct and inde-
pendent composition measurement over about half of this
range. It is a proven concept for determining the composition
of a planetary atmosphere during the high-speed portion of an
entry trajectory. The concept was verified during an actual en-
try flight into the Earth’s atmosphere in 1972 in the Planetary
Atmosphere Experiment Test (PAET).®

Results from the PAET radiometer experiment are shown in
Figs. 3 and 4, which are taken from Ref. 19. The data points
and calculated curves plotted in Fig. 3 for the nitrogen chan-
nel, which measured mainly the N (0,0) band, and in Fig. 4
for the CN channel, which measured mainly the CN(violet),
Av = 0 sequence, illustrate the sensitivity of the spectral band
radiation to the atmospheric composition. Both the maximum
intensities and the shapes of the radiation pulses are functions
of the composition. The figures show (for an assumed air mix-
ture of N,, O,, and CO,, whose N, /0, ratio is 4) that the CO,
mole fraction must be very close to the known air value of
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Fig. 4 PAET data and theory for the CN(violet) channel.

0.0003 to agree with the data. The accurate determination of
the small amount of CO, present is due to the high sensitivity
of the CN(violet) radiation to a small amount of carbon in a
predominantly nitrogen gas mixture at temperatures of
4000~-8000 K. These conditions are similar to those expected in
the shock layer during the Titan entry. ,

Titan’s atmosphere between about 200 and 400 km appears
to be nearly ideal for a radiometer experiment. There are only
two or three major atmospheric species. Under the proposed
entry conditions, CN will readily form in the shock layer, and
it is well known that the CN(violet) bands radiate strongly in
an easily accessible portion of the spectrum near 390 nm. The
analysis presented later in this paper shows that the intensity
of CN(violet) radiation and its variation along the trajectory
are sensitive to the relative amounts of N,, CH,, and argon in
the atmosphere. In fact, it appears that only a two-channel
radiometer is necessary: one to measure the CN(violet) radia-
tion and one to measure the nearby background. However, it
seems desirable to carry a few additional channels for redun-
dancy and perhaps to guard against surprises. Further work is
necessary to define an optimum instrument.

Shock-Layer Radiometer Experiment

The proposed Titan shock-layer radiometer experiment is
modeled closely after the successful radiometer experiment
carried on the PAET!® vehicle during a high-speed entry into
the Earth’s atmosphere. The PAET experiment demonstrated
that this simple method could accurately determine the com-
position of an atmosphere composed of a few major species
(four in the case of Earth, but only two or three in the case of
Titan).

RADIUS =125 cm
Fig. 5 Titan probe with its decelerator extended.
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Fig. 6 Titan atmospheric density and temperature as a function of
altitude.

The proposed Titan probe configuration is described in the
Cassini phase A study'® and is illustrated in Fig. 5, which is
taken from Ref. 18. Details of the scientific instrumentation
are given in Refs. 12 and 18. When the decelerator is fully
deployed, the probe forebody is a spherical blunted cone with
a nose radius of 125 cm. In this configuration the probe mass
is expected to be about 192 kg, and its ballistic coefficient is
expected to be 20.2 kg/m?, which by design is small enough so0
that deceleration takes place above Titan’s cloud layer.

The probe design is quite compact. However, the proposed
design has a small space (about 3.5 cm high) on the symmetry
axis between the beryllium nose cap and the first perimanent
structural wall that is not designated for any equipment. This
space should provide adequate volume for a window through
the heat shield, its necessary support structure, and a small
radiometer of 2-10 channels. It might be necessary to include
a turning mirror so that the channels could be oriented perpen-
dicular to, rather than parallel to, the probe axis, but this
would not cauise any difficulty to the experiment.

A radiometer is a simple, rugged instrument. It has no mov-
ing parts and can be calibrated prior to entry simply by being
pointed at the sun. It can be made very small and light and will
fit on the probe, as presently proposed, without disturbing the
other instruments in any significant way. It would require a
window in the beryllium nose cap near the stagnation point,
but the entry conditions are not excessively severe; thus, an ac-
ceptable window design should not be difficult.

Atmospheric Entry
The currently accepted engineering model for the density
and temperature of Titan’s atmosphere was developed by Lel-
louch and Hunten in 1987.% Their values of the temperature
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and nominal density are shown as a function of altitude in the
range of 200-1000 km in Fig. 6.

The atmospheric entry trajectory considered in this study is
a vertical flight path (entry angle of — 90 deg) with a Velocity
of 6.22 km/s at 1000 km altitude (see Fig. 2). The velocity of
the probe and its deceleration as a function of altitude for the
nominal atmospheric model are shown in Fig. 7. Table 2 gives
specific trajectory data at 6-s intervals over the altitude range
of about 400-200 km, where significant optical radiation is
emitted in the shock layer.

Shock-Layer Analysis

The present shock-layer analysis is based on continuum
flow theory. A simplified treatment of rarefied flow was
developed by Adams and Probstein?® to show that the free-
stream Knudsen number (K» = molecular mean free path /
characteristic length) based on vehicle base diameter is compa-
rable to K» in the shock layer based on the shock stand-off
distance. Continuum theory applies to situations where Kn is
less than about 1. Using the atmospheric model and a Titan
probe base diameter of 310 cm, which corresponds to a shock
stand-off of about 10 cm, continuum theory applies for alti-
tudes below 700 km, where the molecular mean free path in
the shock layer is about 1.2 cm and Kn = 0.12. Peak shock-
layer radiative emission occurs near the peak deceleration
point of the entry trajectory. Thus, from Fig. 7, the maximum
- radiative emission occurs at approximately 250 km, where the
use of continuum theory is clearly justified.

Even though the use of continuum theory is justified for the
Titan entry shock-layer calculations, it does not necessarily
follow that the gas in the shock layer will be in either chemical
or thermal equilibrium. Park?! recently investigated the condi-
tions for thermal and chemical nonequilibriutn in nitrogen
shock layers. He presented characteristic times for the
radiative emission to reach its peak value and to relax to its
equilibrium value as a function of freestream velocity and
pressure. Considering the Titan trajectory point at 112 s from
Table 2 (5.231 km/s and 8.0 Pa) and using Fig. 8 of Ref. 21
yields the characteristic time to reach peak emission of 13 us
and to relax to thermodynamic equilibrium of 126 us. These
times, when multiplied by the freestream velocity, indicate
that peak emission occurs about 7 cm behind the shock wave,
and thermodynamic equilibrium occurs at about 66 cm. The
shock stand-off distance at this point on the Titan entry trajec-
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Fig. 7 Titan probe deceleration and velocity as a function of altitude
(v = 6.22 km/s at 1000 km, entry angle = —90 deg).
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tory is only about 10 cm; therefore, thermal and chemical
nonequilibrium effects must be accounted for in the shock
layer. Thus, shock-layer composition and radiation were
calculated using the one-dimensional, nonequilibrium com-
puter code, Stagnation Point Radiation Program (SPRAP),
which was developed for shock waves in air.2%2? In the current
work a modified version of SPRAP that includes carbon,
hydrogen, and noble gas species was used. The details of the
modification have not been published.

The SPRAP code contdins an extensive chemical and ther-
mal nonequilibrium model. It has been shown to give good
results when compared to Earth entry and shock-tube ex-
perimental data taken under nonequilibrium conditions. The
code integrates the time-dependent conservation equations to
steady state for one-dimensional flow through 4 shock wave
accounting for viscous transport effects. A two-temperature
model (77, model) is used in the chemistry portion of the
code.??* One temperature (7) represents the heavy particle
translation and rotational temperatures, and a second temper-
ature (T,) represents the electronic, vibrational, and electron
translational temperatures. This model gives good results
because of the very rapid energy exchange that occurs between
1) the heavy particle kinetic energy and the molecular rota-
tional energy modes and 2) the free electrons and both the
electronic and vibrational energy modes. The reactions and

Table 2 Atmospheric entry conditions nominal
atmosphere density profile

Vo = 6.220 km/s, —90 deg Entry

Time, Altitude, Velocity, Density, P, T, Deceleration,

s km km/s kg/m? Pa K m/s?
94 413.5 6.122 2.01E-05 1.13 187 17.66
100 377.2 5.973 3.90E-05 2.19 187 33.52
106 342.1 5.699 7.58E—05 4.23 186 60.05
112 309.2 5.231 1.45E-04 8.00 185 97.07
118 279.8 4,535 2.62E—04 14.37 183 132.80
124 255.1 3.678 4.44E—-04 24.03 181 147.80
130 235.6 2.825 6.76E—04 36.29 179 132.80

Table 3 Chemical reaction rate constants
Reaction
energy, C, E/R,
Reaction kcal/mole cm3/mole-s n K
Dissociation reactions (7; = VTT,)
CG+M=2C+C+M —141.75 9.68E+22 —2.0 71000
N, +M=N+N+M —-225.06 3.70E+21 -1.6 113200
CH+M=C+H+M —80.44 1.13E+19 —-1.0 40913
CN+M=2C+N+M —178.11 1.00E+23 -2.0 90000
CH; + M=CH; + H+ M -103.24 2.25E+27 —1.87 52900
CH; + M=CH, + H+ M -108.25 2.25E+27 —1.87 54470
CH, + M=CH+H+M -10057 225E+27 —1.87 50590
NH+M=N+H+M —74.18 1.13E+19 —-1.0 41820
H,+M=H+H+M —103.27 1.47E+19 -1.23 51950
Exchange reactions (7; = T')
C+N,=CN+ N ~46.95 1.11IE+14 -0.11 23000
CN+C=C, +N —-36.36 3.00E+14 0.00 18120
Cy, + Ny = CN + CN —10.59 7.10E+13 0.00 5330
H+ N, = NH + N —150.88 2.20E+14  0.00 71370
H, + C=CH+H —22.83 1.80E+14 0.00 11490
CN* + N = CN + N* —10.96 9.80E+12 0.00 40700
C+ N=CN* + e —146.09 1.00E+15 1.50 164440
CY + Ny =N,* +C —99.63 1.11E+14 -0.11 50000
Associative ionization reaction (7; = T')

N+ N=N* +e” —134.24 1.79E+09 0.77 67500
Ionization reactions (T; = T,)
N+M=N*Y+e” + M —335.17 2.50E+34 —3.82 168600
C+M=Ct+e +M —259.67 3.90E+33 —3.78 130000
H+M=H"+e” +M —313.59 5.90E+37 —4.00 157800
Ar + M= Arf + e~ + M —363.25 2.50E+34 —3.82 181700

Note: rate = CT,-"exp [-E/RT;], where T; = T, T, or VIT,
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reaction rates used for the present calculations are given in
Table 3.

Although this work is based on calculations using a one-
dimensional shock-layer code and reaction rates that may not
be precise, it is believed that the sensitivity shown in the analy-
sis is representative of that which will occur in the actual entry.
The actual measured intensity levels may be somewhat dif-
ferent from those calculated; however, the sensitivity to com-
position will be about the same.

The ability to calculate the full three-dimensional nonequili-
brium, viscous flowfield around entry vehicles is under active
development at the present time. It is being carried forward, in
part, by the Aeroassist Flight Experiment (AFE) program,?-%
which is focused to obtain the technology base needed to
design advanced entry vehicles. The AFE vehicle is scheduled
for launch from the Shuttle in 1994. The experimental
radiative data obtained from this program (using radiometers
similar to those proposed for the Titan probe) will be used to
validate and improve flowfield computer codes and
algorithms. Thus, shock-layer computational capabilities will
be greatly advanced beyond the current capability by the time
of the Titan entry. However, nonequilibrium data analysis
does not depend solely on advanced flowfield codes. It can
also be performed empirically by a comparison to shock-tube
experimental data, as was done for PAET.?” Thé Titan probe
shock-layer radiometer experiment will provide important ad-
ditional new data on shock-layer structure that will help to
further advance the critical technology of atmospheric entry.

Table 4 Atmospheric compositions used in analysis

Mean
N,/CH, ) Argon mole molecular weight,
ratio fraction, % gm/mole
99/1 0 27.88
98/2 0 27.76
96/4 0 27.52
90/10 0 26.80
99/1 5 28.48
98/2 5 28.37
96/4 5 28.15
90/10 5 27.46
99/1 10 29.09
98/2 10 28.99
96/4 10 28.77
90/10 10 28.12
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Fig. 8 Species mole fraction as a function of position in the Titan
probe shock layer (r = 118 s, altitude = 280 km, N,/CH, = 98/2, ar-
gon = 0%).
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Radiation Calculationis

Shock-layer calculations were made for the 12 atmospheric
compositions given in Table 4 to provide a realistic picture of
the sensitivity of a shock-layer radiometer experiment to at-
mospheric composition. The compositions were selected to
provide a reasonable coverage of the uncertainties given in
Table 1 and to include a composition close to that of Yung et
al.” Mixture ratios for N,/CH, of 99/1, 98/2, 96/4, and 90/10
were chosen. For each of these ratios, calculations were made
for argon molar percentages of 0, 5, and 10%. The mean mo-
lecular weight for each mixture is also given in Table 4.

Typical results from the calculations are shown in Figs.
8-11. These figures show results for a gas mixture with a
N,/CH, ratio of 98/2 and 0% argon, which is very close to
Yung’s model atmospheric composition.” The species mole
fractions are plotted in Fig. 8 as a function of the distance be-
hind the shock wave for the trajectory point at 118 s after the
1000-km starting point (see Table 2). For this case the shock
stand-off distarice is 11.3 cm. Also shown in this figure are the
mole fractions that would result if the shock layer was in ther-
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Fig. 9 Temperatplres and spontaneous emission from CN(violet) and
CN(red) position in the Titan probe shock layer (f = 118 s, altitude =
280 km, N,/CH, = 98/2, argon = 0%).
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Fig. 10 Spontaneous emission from a nonequilibrium shock layer

near its maximum emission point ( = 118 s, altitude = 280 km,
N,/CH, = 98/2, argon = 0%).
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Fig. 11 _Spontaneous emission from an equilibrium shock layer for
same conditions specified in Fig. 10.

modynamic equilibrium. These values are denoted by the
dashed curves that connect with the right vertical axis labeled
with the infinity symbol.

Notice that all of the diatomic molecules that form in the
shock layer (CN, H,, CH, NH, and C,) overshoot their equi-
librium values very near the shock wave, but only CN'and C,
maintain these values across most of the shock layer. The mole
fraction of CN across most of the shock layer is much higher
(about a factor of 5) than its equilibrium value. CN is a very
strong radiator, and this result indicates that the nonequili-
brium CN radiation is greatly enhanced over its equilibrium
value. The CN concentration in the shock layer will be almost
linearly proportional to the amount of CH, in the atmosphere
for small amounts of CH,. _

- The CH, mole fraction is not shown in Fig. 8 because it dis-
sociates very quickly. This effect is clearly evident, however,
in the fast rise in the mole fractions for the species containing
carbon and hydrogen atoms just behind the shock wave.

The temperatures T and T, and the total spontaheous emis-
sion (W/cm?) from CN(violet) and CN(red) into 4 steradians
and integrated from 200-2000 nm are shown in Fig. 9 for the
trajectory point at 118 s. The variables 7 and T, are signifi-
cantly different over most of the shock layer. The heavy parti-
cle translational-rotational temperature 7" decreases as energy
is transferred into the vibrational and electronic modes, which
causes the vibrational-electronic-electron temperature T, to
increase. Both T'and T, are higher than their equilibrium tem-
peratures of 4881 K across most of the shock layer. Thus, not
only will the nonequilibrium CN radiation be enhanced due to
the high CN population but also because the electronic tem-
perature is higher than the equilibrium value. This effect is evi-
dent in Fig. 9 by the increasing magnitude of the emission
across the shock layer as the electronic temperature increases,
even though the CN concentration is nearly constant.

The spectral distribution of the spontaneous emission at a
point in the shock layer near the maximum value of the emis-
sion (approximately 9.5 cm behind the shock wave) is shown
in Fig. 10 for wavelengths between 200.and 600 nm. The
prominent diatomic band systems in the spectrum are identi-
fied. The intensity of the CN(violet) system is about three
orders of magnitude greater than any other system in this
wavelength region. At longer wavelengths the most intense
radiation is from the CN(red) band spectrum. If the gas in the
shock layer at this point were in thermodynamic equilibrium,
the spectrum would be as shown in Fig. 11. The equilibrium
spectrum appears very much like the nonequilibrium spec-
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Fig. 12 CN heating rates and total heating during Titan entry (v =
6.22 km/s at 1000 km, entry angle = —90 deg, N,/CH, = 98/2, ar-
gon = 0%).

trum; however, the nonequilibrium intensities are about an
order of magnitude stronger.

Stagnation-Point Heating

The strong nonequilibriuih radiation intensity has an impor-
tant impact on the total heating of thie vehicle. The predicted
radiative heating rate [from only the -CN(violet) and CN(ted)
systems] and the convective rate are shown in Fig. 12 as a
function of time along the entry trajectory. The radiative flux
to the surface of the Titan probe was calculated at the points
along the trajectory shown in Table 2 for the optically thin,
one-dimensional slab approximation and was intégrated from
200-2000 nm. The radiative heating rate will be higher when
other radiating species are included in the calculation. The
convective heating rate was calculated using a correlation
equation similar to that given by Tauber?® and Marvin and
Deiwert.?

The peak radiative heating rate is 16.2 W/cm? and occurs at
118 s, corresponding to an altitude of 280 km. CN(red) con-
tributes 59% of the maximum rate, whereas CN(violet) con-
tributes 41%. The integrated radiative heating along the tra-
jectory is 237 J/cm?. This compares to a total convective value
of 1085 J/cm?. Thus, radiative heating accounts for roughly
18% of the total heating.

The proposed Titan probe will have a beryllium heat shield
that was designed considering only the convective heating
load. (The design radiative heating load was calculated assum-
ing thermodynamic equilibrium in the shock layer, which in-
dicated that the radiative heating was negligible.) The non-
equilibrium radiative peak heating rate shown in Fig. 12 is
roughly one-half of the convective peak heating rate. Thus,
the probe heat shield may be underdesigned.

Atmospheric Composition Evaluation

The sensitivity of the CN radiation to the atmospheric com-
position is shown in Figs. 13-15. The radiative flux (intensity)
at the surface due to CN(violet) in the wavelength interval
from 380-390 nim is shown in Fig. 13 as a furiction of the time
from the 1000 km altitude for atmospheres with N,/CH,
ratios of 99/1; 98/2, 96/4, and 90/10 and no argon. Plots sim-
ilar to Fig. 13 were also made for atmospheres containing 5
and 10% argon but are not presented here:. The main effect of
adding argon is to increase the intensity a small amount as the
argon content is increased from 0 to 10%.

Time from 1000 km, rather than altitude, is used in the pres-
ent analysis to investigate the sensitivity of the shock-layer ex-
periment to atmospheric composition. This is appropriate
because velocity and all of the properties of the atmosphere at
a given altitude, except for composition, are assumed con-
stant. In other words, it is assumed that small changes in at-
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mospheric composition do not change the time it takes for the
probe to descend to a specific altitude. The density and velo-
city along the flight path are the controlling parameters, and,
during an actual entry, time would be measured from an ap-
propriate reference along the trajectory such as the peak decel-
eration.

Peak intensity and shape of the radiative pulse (see Fig. 13)
are functions of the gas mixture. In the following analysis
these two parameters will .be used to show how the at-
mospheric composition can be determined.

Notice in Fig. 13 that the peak intensity increases as CH, in-
creases from 1 to 2% and then drops as CH, is increased fur-
ther to 4 and then to 10%. The increase in signal for low
amounts of CH, is due to the increase in the CN concentration
in the shock layer as CH, increases. However, CH, has a large
dissociation energy. It takes 392 kcal to dissociate 1 mole of
CH, into its atomic fragments.?® This effect tends to lower the
temperature in the shock layer as CH, dissociates. At the
higher concentrations of CH,, this effect more than offsets
the increase in the CN concentration.

The shapes of the curves in Fig. 13 are visibly different.
Generally,the curves become broader and the peak occurs ear-
lier in the entry with increasing CH, in the atmosphere. The
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Fig. 13 Radiant flux at stagnation point of Titan probe from
CN(violet); Av = 0 sequence. ’
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Fig. 14 Radiant pulse shape parameters from CN(violet); Av = 0 se-
quence for the Titan probe.
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measures of the curve shape used in the present analysis are
the time at which the peak intensity occurs and the time at
which the intensity falls to half of the peak value (half-peak in-
tensity point). These times are essentially linear with the per-
cent of CH,, as shown in Fig. 14, where they are plotted
against the percent of CH, in the N,/CH,.

The points plotted for the time to peak intensity curve of
Fig. 14 show a fair amount of scatter because the precise time
at which the peak occurs is difficult to select from the limited
number of trajectory points (shown in Table 2) used to define
the entry. However, even with this scatter, these points in-
dicate that there is little, if any, effect of argon concentration
on the time to peak intensity. Consequently, if the time to
peak intensity can be measured to within 0.05 s, which should
not be difficult, the mole fraction of CH, can be determined
within about 0.002-0.003, independent of the peak intensity
value. Thus, absolute calibration is not necessary to determine
the mole fraction of CH, to good accuracy.

The points plotted for the time to half-peak intensity in Fig.
14 show much less scatter and indicate a measurable effect of
the argon concentration. Unfortunately, the effect of argon
on the time to half-peak intensity is probably not adequate to
give a good determination of the argon concentration by itself.
Thus, absolute calibration of the radiometer is probably nec-
essary to determine the argon concentration.

The different slopes of the time to peak and time to half-
peak curves indicate that the difference in time between the
peak intensity value and the half-peak intensity value is likely
to be a good measure of the atmospheric composition. Figure
15 shows the sensitivity of the peak in the CN(violet) radiation
pulse to the atmospheric composition as a function of the dif-
ference in time between peak and half-peak intensity. The
solid curves are for 0, 5, and 10% argon, and the dashed
curves are for N,/CH, mixture ratios. The possible accuracy
of the atmospheric composition determination is also shown
in Fig. 15 by the uncertainty indicated in the symbol plotted at
4.0 s and 4.0 W/cm?2. The uncertainty in measuring the peak
intensity is estimated to be 5%, which seems reasonable based
on the PAET results. The uncertainty of measuring the time is
estimated to be 0.05 s. Based on these uncertainties, Fig. 15 in-
dicates that over most of the range of mixtures shown the mole
fraction of CH, should be determined to about 0.003, argon
to about 0.01, and N,, then, to about 0.015. Generally, these
are exceptionally good uncertainties. There are some poten-
tially important gas mixtures (near 1-3% CH,) where the
uncertainties will be greater because the solution, as shown in
Fig. 15, is multivalued. However, even here the uncertainty of
about 0.01 in the mole fraction of CH, in the atmosphere
would be far better than the range of 0.02-0.10 that currently
exists. Fortunately, the redundancy in the CH, mole fraction
can be resolved by using the time to peak intensity curve (Fig.
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Fig. 15 Peak radiant flux at the stagnation point of the Titan probe
from CN(violet); Av = 0 sequence as a function of atmospheric com-
position.
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14) as mentioned earlier, but some redundancy in the argon
mole fraction would remain.

Greater precision in the analysis might be possible by mea-
suring the radiation emitted by other species in the shock layer
in addition to CN(violet). For example, the C,(Swan) se-
quence near 520 nm shown in Fig. 10 is a possible candidate.
This figure shows that, although the intensity of the C,(Swan)
system is much less than that of the CN(violet) system, it is still
clearly evident in the spectrum. The CH band at 430 nm is also
a possible candidate that includes carbon. However, its radia-
tion is weaker and located, spectrally, closer to the strong
CN(violet) system, which would increase the uncertainty of its
intensity measurement.

Another method of reducing the uncertainty in the species
concentrations-would be to combine the radiometric data with
the value for the mean molecular weight. The mean molecular
weight should be determined accurately below an altitude of
170 km by the density, pressure, and temperature measure-
ments made during the probe’s slow descent. The value of the
mean molecular weight is believed to be nearly constant from
about 50-850 km altitude; thus, the value determined from
50-170 km can be used for the region covered by the shock-
layer radiometer experiment: 200-400 km.

Summary and Conclusions

The Titan probe, which is part of the Cassini Mission to
Saturn, offers an excellent opportunity to determine the mole
fractions of the major species (N,, CH,, and argon, if present)
in the atmosphere by a shock-layer radiometer experiment
during the high-velocity portion of the entry between about
200 and 400 km altitude. The concept for accurately determin-
ing atmospheric composition using shock-layer radiometer
measurements was demonstrated in 1972 by the PAET Earth
atmosphere probe. Titan’s atmosphere is an ideal candidate
for a shock-layer radiometer experiment because there are
only two or three major species in the atmosphere; there is a
very strong radiator in the shock layer; and the atmospheric
composition is nearly constant over the altitude range where
the measurements would be taken.

The present analysis shows that the CN(violet) radiation be-
tween 380 and 390 nm is sensitive to the N,, CH,, and argon
concentrations in the freestream and is a good discriminate of
the atmospheric composition. Although this work is based on
calculations made using a modified one-dimensional shock-
layer code (SPRAP) and on reaction rates that may not be pre-
cise, it is believed that the sensitivity shown in the analysis is
representative of that which will occur in the actual entry. The
actual intensity levels may be somewhat different, but the sen-
sitivity to composition will be about the same.

By using calculated intensities from only the CN(violet)
bands, the analysis shows that the mole fractions of the gases
in the atmosphere can be determined to about 0.015 for N,,
0.003 for CH,, and 0.01 for argon, over a wide range of spe-
cies concentrations. A background measurement will also be
necessary in an actual experiment.

The optimum number of radiometer channels is currently
being studied. However, important basic composition data
can be obtained with as few as two channels. The radiometer
requires minimal space. It could fit just behind the beryllium
nose cap and could observe the shock layer through a window
near the stagnation point.

The shock-layer radiometer experiment provides a direct
measurement of atmospheric composition at altitudes above
those accessible to the GCMS, which functions below 170 km.
It also provides a backup in case the GCMS experiment should
fail. In general, radiometers are reliable, rugged, and rela-
tively inexpensive.

A byproduct of the present study was the finding that the
maximum nonequilibrium radiative heating rates are much
larger than those for the equilibrium case, and roughly half of
the maximum convective heating rates. Previous equilibrium
calculations had indicated that radiative heating of the Titan

J. THERMOPHYSICS

probe is negligible. As a result, the probe heat shield may be
somewhat underdesigned.
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