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Effects of Nonequilibrium Ablation Chemistry on
Viking Radio Blackout

JonN S. EVANS,* CHARLES J. SCHEXNAYDER JR.,* AND WILLIAM L. GROSEF}
NASA Langley Research Center, Hampton, Va.

The length of the entry blackout period during descent of the Viking Lander into the Mars atmosphere is
predicted from calculated profiles of electron density in the shock layer over the aeroshell. Nonequilibrium chemistry
plays a key role in the calculation, both in the inviscid flow and in the boundary layer. This is especially true
in the boundary layer contaminated with ablation material, for which nonequilibrium chemistry predicts electron
densities two decades lower than the same case calculated with equilibrium chemistry.

Nomenclature
f = transmitter frequency, Hz
N, = electron concentration, cm ™3
(N,),, = critical value of N,, 1.24 x 10'® cm ™3
R, =baseradius, cm
R, = noseradius, cm
r = perpendicular distance from symmetry axis, cm
s = distance along streamline from shock, cm
T = temperature, °K.
x = distance along shock, cm
y = perpendicular distance from body surface, cm
z = distance along symmetry axis, cm
A = thickness of shock layer, cm
Subscript
s = value on shock

Introduction

ONEQUILIBRIUM chemistry has long been recognized
as an important factor in predicting radio blackout during
planetary entry.! More recently, it has been observed that
alkali metals present in ablation products also- fréquently
contribute heavily to production of the free electrons responsible
for radio blackout. However, this conclusion was based on

ESPACECRA}T IN ORBIT

e

Fig. 1 Sequence of events for Viking landing.
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comparisons between observed flight experiments and calcula-
tions in which the inviscid portion of the shock layer included
nonequilibrium chemistry but in which equilibrium chemistry
was used for the boundary layer.? In this paper, nonequilibrium
chemistry is used throughout the shock layer—including the
boundary layer, where finite-rate ionization of the alkali metals
occurs.

Mission Description

After the Viking spacecraft®* is established in orbit about
Mars, the lander (protected by an aeroshell) separates from the
spacecraft and enters the atmosphere as it proceeds toward its
landing spot on the surface. The main sequence of events is
depicted in Fig. 1. Only the entry portion of the sequence is of
interest here, for the friction that produces rapid deceleration
also heats the gas flow over the entering vehicle and, thus, is
responsible for creation of the free electrons which interfere with
radio transmission. A sketch of the aeroshell and its speed and
altitude as a function of time for a typical trajectory are shown
in Fig. 2. The atmosphere for this trajectory is designated
Max H, ,(Mars Engineering Model) and is the only one for which
results are shown in this paper. Calculations were made at
altitudes 57.0, 62.8, 76.5, and 82.3 km. For other trajectories
considered} only enough calculations were made to insure
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Fig. 2 Entry trajectory and aeroshell configuration; atmosphere
Max H , ; entry angle = 15°; L/D = 0.18.

t Since the composition of Mars’ atmosphere is not known, the
amounts of N, and Ar mixed with the main constituent, CO,, were
among the parameters used to define the trajectories.
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Fig. 3 Streamlines and computed body shape from inviscid flowfield
calculations; alt = 62.8 km.

that the longest blackout time for the radar altimeter (f = 1 GHz)
would occur for the one shown in Fig. 2.

Inviscid Flowfield Calculations

Inviscid flow in the shock layer was calculated by an inverse
method® which used a finite-rate chemistry system consisting of
13 species (CO,, CO, NO, O,, N,, O, N, C, Ar, NO*, CO",
0,*, ¢7) and the first 19 reactions given in Table 1. For all of

the calculations presented, the assumed shock shapes are
described by

ZS = rsz/a+ﬁrs
The parameter o controls the bluntness of the shock, and the

8—x10

3 | { 1 ]
0 2 4 6 3
sIRb
ol —
8
A
N Lem” ol0
e
9 i 1 1 j
1074 74 3 8
siR

Fig.4 Variation of T and N, along streamfines; alt = 62.8 km.
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Fig. 5 Profiles T and N_; alt = 62.8 km.

parameter § is the slope of the asymptote of the shock for large
values of r,.

The assumed shock and the computed body for altitude = -
62.8 km are shown in Fig. 3.§ The computed body adequately
approximates a 70° half-angle sphere cone (R,/R, = 2), which is
the shape of the aeroshell. Also shown in the figure are two
typical streamlines denoted as 4 and B~Distributions of T and’
N, along these streamlines are shown in Fig. 4. N, increases
rapidly with distance from the shock and then decreases as the
flow expands and cools. Figure 5 shows profiles of T and N,
across the shock layer. Profile A originates at the shock at
x =40 cm; profile B originates at the shock at x =120 cm.
1t should be noted in these figures that y = 0 corresponds to the
inviscid body streamline. This is not the usual practice for an
inverse method. However, the results ‘are presented in this
fashion in order to be consistent with subsequent boundary-layer
calculations which used a body oriented coordinate system.

Boundary Layer ’

The same chemistry (except for the addition of the species Na
and Na' and the reactions 20-22 in Table 1) was used to
calculate the boundary layer using a laminar, finite-difference,
nonequilibrium, multicomponent diffusion, boundary-layer
program® which accounts for material added to the boundary
layer by ablation of the heat shield. Changes made to adapt the
program to our use were 1) reduction of storage requirement,
2) introduction of variable step size keyed to the magnitude of
changes in chemical composition, 3) replacement of thermo-
dynamic data and the reaction system, 4) replacement of the
means for achieving conservation of elements, 5) introduction
of the species Na and Na*, and 6) updating the chemical reaction
rates.

The reaction rates given in Table 1 are from a file of reaction
rates created by the authors about a decade ago. The values in it
are drawn from the literature and are continuously updated. It

§ Body shape was maintained with changing altitude by varying «
and §.
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Table 1 Reactions and rates used for flowfield calculations

Forward rate constant®

Reverse rate constant®

i Reaction A B C A B C
1 CO+m=C+0+m 4.48 x 10*? —-1.0 128,900 1.0x 108 —1.0 0
2 N,+m=N+N+m 2.46 x 101° -1.0 113,200 1.5x 108 -1.0 0
3 NO+m=N+O+m 4.09 x 10'8 —-1.0 75,330 3.5%x 108 —-1.0 0
4 CO,+m=CO+0O+m 1.20x 10*? 0.5 34,340 2.0x 108 1.25 — 28,400
5 0,+m=0+0+m 9.05x 1018 -10 59,370 9.0x 103 -0.5 0
6 CO+N=NO+C 2.86 x 101! 0.5 53,630 2.6 x 10*° 0.5 0
7 CO+CO=CO0,+C 233 % 10° 0.5 65,710 4.6x10'2? —0.25 0
8 CO+0=0,+C 2.73 x 1012 0.5 69,540 9.4 % 1012 0.25 0
9 N, +O=NO+N 7.35x 101! 0.5 37,940 1.6 x 101! 0.5 0
10 NO+CO=CO,+N 4.59 x 108 0.5 12,070 9.9 x 102 —0.25 0
11 NO+O0=0,+N 2.98 x 10! 0.5 19,460 9.5%10° 1.0 0
12 C0,+0=0,+CO 2.54 x 10! 0.5 27,690 5.0x 108 1.0 23,900
13 O0+0=0,"+e” 542 x 101° 0.5 80,560 7.2 x 102° —1.2 0
14 C+0=CO" +e” 7.55x 10'° 0.5 33,660 1.08 x 102! —12 0
15 N+OS=NO* +e- 2.43 x 101° 0.5 32,150 4.0x102%° —1.2 0
16 CO+NO*=CO*"+NO 230 x 1042 0.5 55,190 1.5x 103 0 0
17 0,+NO*=0,*+NO 2.20 x 102 0.5 32,840 4.0x 10! 0.5 0
18 CO+0,"=C0O0*"+0, 2.20 x 1012 0.5 22,400 7.0 x 1013 0 0
19 O+NO*=0,*+N 2.70 x 1012 Q0.5 48,730 20x10*2 0.5 0
20 Na+m=Na*+e” +m 246 x 10! 0.5 59,670 6.0 x 10*° -1.0 0
21 Na*+NO=NO™* +Na 4.85x10° 0.5 47,710 1.0x 10'3 0 0
22 Na*+0,%0," +Na 4.80 x 101° 0.5 79,410 1.0 x 10*3 0 0

¢ Form of rate constant is k = AT? exp (— C/T) with k in cm*-mole™'-sec™! or cm®-mole™

would be both impractical and inaccurate to attempt to give a
source for each reaction, but among the sources used were
Refs. 7-23. When no literature values were found (rates 7, 10,
and 20-22), the forward value of C was deduced from net change
in chemical bond energy, and the remaining constants were
assigned by analogy with known rates of a similar kind. The
list of reaction rates is fairly long, since it was found that O,
was almost as plentiful as NO™*, and that CO*, while less
important than O,* and NO™", was not always negligible.
Reaction 15 was the largest source of NO*, reaction 13 of
0,7, and reaction 14 of CO™*. It should be noted that these ions
are all formed by associative ionization of atoms, and therefore
require that the reaction system be able to supply atoms at
adequately high rates at the relatively low temperatures of the
Viking entry to Mars. The shuffle reactions (6-11) are better
atom sources than the dissociation reactions (1-5).

Information about the injection rate of ablation material into-
the boundary layer and about its alkali metal content were
obtained from Martin Marietta Corp. through the Viking Project
Office at Langley Research Center. For given altitude, a
constant injection rate was used throughout the boundary layer,
that is, (57.0, 0.537), (62.8, 0.493), (76.5, 0.49), (82.3, 0.298), where
the first number is altitude in km and the second is mass
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Fig. 6a N, profiles at the radar altimeter station; x =91 cm,
alt = 57.0 km, velocity = 3.97 km sec™ .
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injection rate in kg sec™! m™ % For all altitudes, 1000 parts per
million by weight of the injected material were taken to be Na,
and the remainder were treated as having the composition of the
Marsambient atmosphere. The composition of the Mars ambient
atmosphere in the Max H, ; model is (CO,, 0.815), (N, 0.01),
(Ar, 0.175), where the numbers are mass fractions.

Edge conditions for the boundary layer were obtained from
profiles of inviscid properties by reading off values at a distance
from the surface equal to the boundary-layer thickness and then
repeating the procedure until no significant change in boundary-
layer thickness was obtained. Convergence was rapid. Displace-
ment thickness corrections to the body shape were calculated
but proved to be negligible.

Results and Discussion

The beginning point for theoretical prediction of N, profiles is
calculation of the inviscid flowfield. This is followed by calcuia-
tion of the boundary layer—with and without the presence of
ablation material.q
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Fig. 6b N, profiles at the radar altimeter station; x =91 cm,
alt = 62.8 km, velocity = 4.18 km sec™ .

| Comparison of the calculations made with and without ablation

material permits one to see the effect of contamination.
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Fig. 6c N, profiles at the radar altimeter station; x =91 cm,
alt = 76.5 km, velocity = 4.38 km sec ™.

Figure 6 shows calculated N, profiles at four altitudes for the
radar altimeter station. Note that the largest boundary-layer
corrections to the inviscid profiles are at the highest altitudes.
This s to be expected, since boundary-layer thickness grows with
altitude. Next; note that without the presence of contamination,
the boundary-layer calculations yield small values of N, near the
wall and that the extent of this wall effect grows larger with
increase in altitude. When ablation products are included the
situation reverses; N, is largest near the wall where the con-
centration of ablated material is highest.

An interesting and practical point is brought out in Fig. 7,
where three calculated versions of a contaminated boundary-
layer profile are shown—two for nonequilibrium chemistry
and the other for Na— Na‘ (rate 20 in Table 1) in
equilibrium at local temperature and pressure. It is seen that the
older and more easily performed procedure of assuming local
equilibrium for ionization of the sodium yields a much higher
concentration of electrons than the nonequilibrium calculations.
The large difference between the values of peak N, calculated
by the two methods can also be seen in Fig. 8, where peak
N, from profiles like those in Fig. 7 are plotted against time.

For those who plan planetary entry missions, the important
question which must be answered is, “What is the period of
time during entry that the radio transmission will be blacked
out?” Figure 9 attempts to answer this question for the Viking
radar altimeter beam as directly as possible. The radar altimeter
will black out for approximately 40 sec beginning about 160 sec
after entering the Martian atmosphere, provided that the entry
speed is 4.63 km sec ™!, the entry angle is — 15°, and the Martian
atmosphere is accurately described by the Max H,; model
Other answers can be given for different input numbers, but if
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Fig. 6d N, profiles at. the radar altimeter station; x =91 cm,
alt = 82.3 km, velocity = 4.40 km sec™ 1.
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Fig. 7 Comparison of equilibrium and nonequilibrium N, profiles;
alt = 76.5 km, velocity = 4.38 km sec™ 1.

the input is limited to the 11 cases listed in the Mars Engineering
Model and the rates in Table 1 are used, the results shown in
Fig. 9 give the longest blackout period.

The curves of signal loss in decibels shown in Fig. 9 were
calculated from profiles like those shown in F1g 7 using the plane
wave propagation theory of Swift and Evans.?*

The middle curve shows the signal loss calculated with ablation
material, the one above it shows the effect of increasing the
sodium iohization rate by a factor** of 10, and the one below
it shows the signal loss calculated for a clean plasma—without
ablation material in the boundary layer.
~ When finite-rate reéactions are used, the question of errors
introduced by incorrect values of rates arises. The question is not
easily answered, because miany rates are either poorly known or
have not been investigated at all. The curves in Fig. 7 can be
used to illustrate this point. Two nonequilibrium curves with
Na present are shown. One shows the profile as calculated
with the chemistry defined in Table 1. The other shows the
effect of increasing the rate for ionization of Na by a factor of
10. The profile for the faster rate lies closer to the equilibrium
curve, as.expected. The effect on signal loss of increasing rate
20 appears in Fig. 9, where it can be seen that there is
practically no change in the emergence from blackout at around
200 sec. However, there is an earlier onset of blackout which
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Fig. 8 Variation of peak N, with time and aititude.

** Comparison of calculated and flight-measured values of N, from
RAM C-III data shows best agreement for the value of k,, used in
this report, but a value of k3, up to 10 times faster would agree
reasonably well, also.
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Fig. 9 Signal loss variation with time and altitude.

hasnotbeen calculated because the boundary layer fills the shock
layer at altitudes above about 82 km, as is indicated in Fig. 8.

Conclusions

Blackout time for the Viking radar altimeter is calculated to
be around 40 sec, beginning about 160 sec after entry into the
Mars atmosphere. With the given set of reaction rates, this
40-sec interval is the longest blackout time anticipated. How-
ever, should the ionization rate for sodium, Na — Na* +¢e~, be
faster by a factor of 10 than the rate used, then the onset of
blackout would occur earlier without any appreciable change in
the time when blackout is over. The increased length of the
blackout period for this circumstance was not determined, since
the boundary-layer analysis used becomes invalid at the highest
altitudes for which calculations are needed.

Of course, it should be remembered that there may be no
blackout of the radar altimeter. The composition of Mars’
atmosphere is still uncertain, and there is a range of possible
entry trajectories. The objective of the study was to calculate
the maximum blackout time which could occur, but to avoid
making unrealistic assumptions which would lead to over-
prediction. For example, it was demonstrated that the procedure
of assuming equilibrium ionization of Na leads to a large over-
prediction of blackout duration.
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