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Chemical-Kinetic Parameters of Hyperbolic Earth Entry

Chul Park*
Eloret Corporation, Moffett Field, California 94085

and

Richard L. Jaffe® and Harry Partridge*
NASA Ames Research Center, Moffett Field, California 94035

Chemical-kinetic parameters governing the flow in the shock layer over a heat shield of a blunt body entering
Earth’s atmosphere from a hyperbolic orbit are derived. By the use of the assumption that the heat shield is made
of carbon phenolic and by allowing for an arbitrary rate of pyrolysis-gasinjection, chemical reactions occurring in
the shock layer are postulated, and the collision integrals governing the transport properties, the rate coefficients
of the reactions, and the parameters needed for the bifurcation model and for the finite-rate kinetic wall boundary
conditions are determined using the best available techniques. Sample flowfield calculations are performed using
this set of parameters to show that the heating and surface removal rates are substantially smaller than calculated
using the existing set of such parameters and traditional assumptions of gas-surface equilibrium and quasi-steady-

state ablation.

Nomenclature
A, = coefficient in equilibrium constant; Eq. (12)
C = reaction rate coefficient; Eq. (9)
D;; = binary diffusion coefficient between species
B i and j, cm?/s or m?/s
D = reference diffusion coefficient; Eq. (5)
d = collision diameter, cm
F; = parameter in bifurcation model; Eq. (5)
I; = number flux of speciesi, cm™2-s~! orm=2-s™!
J; = mass flux of species i, g/(cm? - s) or kg/(m? - s)
K, = equilibrium constant
k = Boltzmann constant, 1.3806x107!¢ erg/K
ky = forward rate coefficient, cm?/(mol-s)
k., = surface reaction velocity, cm/s or m/s; Eq. (16)
M = third body
M; = molar mass of species i, g/mol or kg/mol
M = average molar mass, g/mol or kg/mol
m = mass of one particle, g or kg
m = mass flux (ablation rate), g/(cm?s) or kg/(m? - s)
n, = pyrolysis gas injectionrate, g/(cm? - s) or kg/(m? - s)
7y, = rate of surface removal, g/(cm? - s) or kg/(m? - s)
Ty ; = rate of surfacereaction i, g/(cm? - s) or kg/(m? - s)
n = reaction rate exponent; Eq. (9)
n, = total number density,cm~ or m~3
Pr = Prandtl number
p = pressure, dyne/cm? or Pa
q = convective heating rate, W/m?
R = noseradius, m
Sc = reference Schmidt number
T = translational-rotational temperature, K
T, = controlling temperature, K
T, = electron temperature, K
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T, = reaction activation temperature, K; Eq. (9)
T, = vibrational-electronelectronic temperature, K
v = velocity in y direction, cm/s or m/s
X; = molar fraction of species i
y = distance from wall, m or mm
Z; = equivalentspecies variable; Eq. (7)
Z; = mass fraction of species i
a; = surface reaction probability; Eqs. (17a-171)
Vi = concentration of species i, mol/g or mol/kg
€ = attractive potential well depth, erg
w = viscosity, m?/s
1, Mo = parameterin bifurcation model; Eq. (8)
0 = gas density, g/cm® or kg/m®
o = standard deviation
Q) collision integral, cm?
Subscripts
E = equilibrium
f = forward reaction
i = speciesi
p = pyrolysis gas
r = reversereaction
w = wall surface
o0 = freestream
Introduction

N the future, spacecraft are expected to bring samples of plan-

etary, asteroidal, or cometary materials and enter Earth’s atmo-
sphere at a hyperbolic flight speed.!~* A crewed flight to and from
Mars is also a possibility. For such hyperbolic entries, the heating
rates are such that ablation of the heat shield material occurs to a sub-
stantial extent. It is desirable that the ablative heat shields for those
hyperbolic Earth entry vehicles are designed with a high precision,
so that the weight of the entry vehicle is kept to a minimum.

In Ref. 5, the accuracy of characterizing the heating environment
of anablatingheat shield is analyzedfor the three missions for which
the heating and ablating environment was monitored, namely, the
Apollo 4 and 6, the Pioneer- Venus Probes, and the Galileo Probe. It
was shown that, for all three missions, the state-of-the-art method
erred by a substantial margin. This is in contrast to the case of
nonablating heat shield, for which calculation closely reproduced
the flight data (e.g., see Ref. 6.)

Over an ablatingheat shield, the flowfield contains the gas species
originating in the heat shield material. One reason for the difficulty
in predicting the heating-ablating environment for such a flowfield
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is that the chemical reactionrates, both gas phase and gas to surface,
the transport properties, and the phenomena occurring at the wall
are not well known.

It is the purpose of the present work to compile a best estimate of
those chemical parameters presently possible. The paper includes
1) compilation of the collision integrals among the species that
control transport properties, 2) compilation of gas-phase reaction
rates,and 3) characterizationof the gas-surfacenonequilibriumphe-
nomenon. Additionally, solutions of the stagnation-regionflowfield
obtained with the present set of parameters will be shown and com-
pared with a solution obtained previously with a traditional method.

Chemical Species
Description of Ablation Phenomenon

The phenomenon of ablation of a carbonaceous heat shield is
well known. A few seconds after the commencement of the heating
pulse during an entry flight, the surface of the heat shield becomes
char. The surface of the char then vaporizes through sublimation,
oxidation, and possibly by combining with atomic nitrogen to form
CN (Ref. 5). The vaporization of the char surface represents surface
removal. Thus, the ablation product injected into the flow consists
of two components: the pyrolysis gas and the vapor originatingfrom
the char.

One major assumption made in the past analyses of the gas-phase
properties of the shock layer over an ablating heat shield was the
assumptionof quasi-steady-stateablation, which states that the ratio
of the mass fluxes between the pyrolysis gas and the gaseous carbon
from the surface is the mass ratio between the two components in
the virgin material (e.g., see Ref. 7). After the flight of the Apollo
vehicle, it was found that surface removal was small, but the depth
of the char was large?® This implies that the steady-state ablation
condition was not reached throughoutthe most of the flight, and the
flux of the pyrolysis gas is relatively larger than calculated by the
assumption of quasi-steady-stateablation.

This large flux of pyrolysis gas affects the flowfield in two ways.
First, the total mass flux of the ablation product is larger, which
leads to a larger convective and radiative blockage. Second, the
chemical composition of the boundary layer is different: Notably, a
substantialconcentrationof hydrogenis released from the pyrolysis
gas. Because hydrogenspecieshave kinetic properties very different
from other species, a substantial change in flowfield behavior will
occur by the large pyrolysis-gas injection. Thus, there is a need to
calculate the ablation phenomenon under an arbitrarily high rate of
pyrolysis-gasinjection.

Pyrolysis-Gas Composition

For a more accurate characterizationof the ablation phenomenon,
it is necessary to characterize the behavior of the gas species pro-
duced by the pyrolysis phenomenon. An attempt to do so was made
in Ref. 9, wherein the motion of the pyrolysis gas inside the heat
shield material was calculated. The calculation showed that the
speed of the pyrolysis gas inside the material is only of the or-
der of 10 m/s. In this environment, it is likely that the pyrolysis
gas is in equilibrium at the local temperature of the char. Therefore,
when the pyrolysis gas leaves the material surface, its composition
is likely to be that of an equilibrium vapor at the wall pressure and
temperature.

The wall temperature in a typical Apollo-like environment is
about 3000 K. At the edge of the boundary layer, it reaches up
to about 12,000 K. The equilibrium compositions of the pyroly-
sis gas are calculated here for this temperature range for a typi-
cal carbon-phenolic and the Avcoat 5026-39 HC/G used for the
Apollo vehicles® The ratio of the elemental masses in the py-
rolysis gas is taken for the carbon phenolic from Ref. 10 to be
H:C:0=0.1285:0.5315:0.34(. For Avcoat, the elemental ratio is
H:C:N:0 =0.0930:0.5470:0.0190:0.0340 (Ref. 11).

In Figs. 1a and 1b, the equilibrium compositions of the pyroly-
sis gas for these two materials are shown. In the calculation of the
equilibrium compositions for the typical carbon phenolic, in addi-
tion to the species seen in Figs. 1, O,, OH, HO,, H,0, CH,, CHj;,
H,0,, C4, CHy, Cs, and CsH were also considered. However, their
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Fig. 1 Equilibrium composition of pyrolysis gas. (The species not
shown have a concentration below the shown lower limit.)

concentrations are too small to appear in Figs. 1. For Avcoat, NH,
HCN, and CNO were also included, but their concentrations are
also too small to appear in Figs. 1. CO, was not considered because
its formation at the wall surface is unlikely (see “Surface Reaction
Rates” subsection), and, in the gas phase, the temperatureis too high
to form CO, from CO and O.

Figures 1a and 1b show that the major species in the boundary
layer are C, H, O, H,, C,, CO, C,H, C;, C*, and H* for both
materials. Therefore, at least these species must be accounted for
in the calculation of the flowfield. For Avcoat, CN is also a major
species. Even for the carbonphenolic, which does not contain N, CN
is likely to be formed by the interaction of carbonaceousspecies and
nitrogen species. Therefore, CN must be included in the species set
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for both materials. C; and C,H must be included for the additional
reason that they have strong optical absorptive properties.>13

This species set now must be combined with that of ionized air
for a complete description of the shock layer flow. Ionized air con-
tains O; . However, OF can be ignored because it is produced only
to a small concentration and does not play any significant role in
chemical reaction scheme or in radiation. N radiates strongly and,
therefore, must be considered. Thus, there are 20 chemical species
that need to be considered in the flowfield calculation: C, O, N, H,
CO, C;,N;, CN, NO, Oy, H,, C3, C,H, C*,H*, O",N", NO*, N/,
ande”.

Transport Properties

The 20 chemical species in the flowfield produce 190 collision
pairs. For this many collision pairs, one must be content with a
first-order approximationto the transport properties. The first-order
transport properties are determined by the collision integrals Q-1
and Q?? (e.g., see Ref. 14). Quantum-mechanical determination
of the collision integrals have been made only for a limited number
of these collision pairs. In the present work, all available quantum-
mechanical data on those collision pairs were collected. For those
collision pairs for which quantum-mechanicalcalculationshave not
yet been made, collision integrals have been estimated with the best
available method. The collision integral values so determined are
listed in Tables 1 and 2.

Recent Quantum-Mechanical Calculations

The collision pairs for which quantum-mechanical calculations
have been performed in recent years are N-N (Ref. 15), N-O
(Ref. 15), O-0 (Ref. 15), N-H (Ref. 16), N-N* (Ref. 17), N-O*
(Ref. 18), O-N" (Ref. 18), O-O* (Ref. 17), N,-H (Ref. 19), H-H,
(Ref.20), C-C (Ref. 21), and C-N (Ref. 21). These values are given
in Tables 1 and 2 and are identified as being determined by method a.

Earlier Quantum-Mechanical Calculations for Electron-Neutral
Atom Collisions

For e-H (Ref. 22), e-O (Ref. 23), e-N (Ref. 24), and e-C (Ref. 25)
encounters, quantum-mechanical calculations have been made of
the differential cross sections. The accuracy of these calculations
have been verified by comparing with experiments?>~2 The col-
lision integrals are calculated using these differential cross section
values in the present work. This method of determining collision
integrals is referred to as method b.

Ion-Neutral Collisions

For the ion-neutral collisions for which no quantum-mechanical
solutions exist, Ref. 14 provides an approximate method of esti-
mation by which all such collisions produce the same values of
collision integrals. This method is used for collisions between C*
and H* with neutrals. This method is identified as method c.

Table1 Common logarithm of the collision integrals 7CXbD excluding collision pairs listed in Ref. 14

T T
Collision pair 2,000 4,000 8,000 16,000 32,000 Method Collision pair 2,000 4,000 8,000 16,000 32,000 Method
C C —14.65 —14.74 —14.84 —15.00 —15.18 a H, C —14.80 —-1492 —-15.04 —-15.17 —-1529 d
(6] C —14.75 —1487 —1499 —-15.12 —15.24 d H, (6] —14.81 —-1493 —-15.05 —-15.17 —-1529 d
(6] (6] —1482 —1490 —-1499 —-15.09 -—15.18 a H, N —14.78 —-1491 -15.03 —15.15 —-15.27 d
N C —1475 —1482 —-1490 -15.02 -—15.19 a H> H —-15.05 -1520 -15.38 —15.59 -—15.79 a
N (6] —14.78 —1485 —1494 —15.04 -—15.16 a H, CO —14.72 —-14.84 —-1496 —-15.09 -—-15.21 d
N N —1479 —-1486 —1495 —-15.05 -—15.17 a H, C —1470 —-14.82 —-1494 —-15.06 —15.18 d
H C —1483 —1495 —-15.08 —1520 —15.32 d H, N, —14.72 —-14.84 —-1496 —-15.08 —15.20 d
H (6] —1484 —1496 —-15.08 —1521 —15.33 d H, CN —14.71 —-14.83 —-1495 -15.07 -15.19 d
H N —1476 —1485 —1497 —-15.15 —15.38 a H, NO —14.73 —1486 —1498 —15.10 —15.22 d
H H —1488 —15.00 —-15.14 —1526 —15.43 e H, 0, —14.75 —14.87 —-1499 —-15.11 —-15.23 d
CcO C —14.67 —1479 —-1492 —-15.04 -—15.16 d H, H, —14.87 —-1497 —-15.16 —-1523 —1542 e
CcO (6] —14.67 —1479 —-1492 —-15.04 -—15.16 d Cs3 C —14.67 —-1479 —-1491 -15.04 -—-15.16 d
CcO N —14.65 —-14.78 —1490 -15.02 -—15.14 d Cs3 (6] —14.67 —-1479 —-1492 -15.04 -—15.16 d
CcO H —1475 —1488 —15.00 —-15.12 —15.24 d Cs3 N —14.65 —-14.77 —-1490 -15.02 —-15.14 d
CcO CcO —14.60 —14.72 —14.84 —1496 —15.09 d Cs3 H —14.76 —14.88 —15.00 —15.12 —15.24 d
C C —14.65 —-14.77 —-1489 —-15.02 -—15.14 d Cs3 CO —1459 —-1471 —-14.84 —-1496 —15.08 d
C, (6] —14.65 —-14.77 —-1489 —-15.01 -—15.14 d Cs3 C, —14.57 —-14.69 —-1481 —-1494 —-15.06 d
C, N —14.63 —14.75 —14.88 —15.00 —15.12 d Cs3 N, —1459 —-1471 —-14.83 —-1495 —-15.08 d
C, H —14.73 —1485 —1497 —-15.09 —-15.22 d Cs3 CN —14.58 —14.70 —14.82 —-1495 —-15.07 d
C, CcO —1458 —14.70 —14.82 —-1494 —15.07 d Cs3 NO —14.60 —14.73 —14.85 —-1497 -15.09 d
G G —1456 —14.68 —14.80 —1492 —15.05 d Cs3 0, —14.61 —-14.74 —-1486 —-1498 —15.10 d
N, C —14.67 —-1479 —-1491 —-15.03 -—15.16 d Cs3 H, —14.72 —-14.84 —-1497 -15.09 —-15.21 d
N, H —1482 —1495 —-15.12 —1530 —15.47 a Cs3 Cs3 —14.57 —-1471 —-14.83 —-1496 —15.08 d
N, CcO —1459 —14.72 —14.84 —1496 —15.08 d CH C —14.67 —-1479 —-1491 -15.04 -—-15.16 d
N, C, —1457 —1470 —14.82 —1494 —15.06 d CH (6] —14.67 —-1479 —-1492 -15.04 -—15.16 d
CN C —14.66 —14.78 —1490 —-15.02 -15.15 d CH N —14.65 —-14.77 —-1490 -15.02 —-15.14 d
CN (6] —14.66 —14.78 —1490 -15.02 -15.15 d CH H —14.76 —14.88 —15.00 —15.12 —15.24 d
CN N —14.64 —-14776 —-14.88 —15.01 —15.13 d CH CO —1459 —-1471 —-14.84 —-1496 —15.08 d
CN H —14.74 —1486 —-1498 —-15.10 —-15.23 d CH C —14.57 —-14.69 —-1481 —-1494 —-15.06 d
CN CcO —1459 —1471 —-1483 —1495 —15.07 d CH N, —1459 —-1471 —-14.83 —-1495 —-15.08 d
CN C, —14.57 —-14.69 —1481 —1493 —15.05 d CH CN —14.58 —-14.70 —14.82 —-1495 -15.07 d
CN N, —1458 —14.70 —14.83 —1495 —15.07 d CH NO —14.60 —14.73 —14.85 —-1497 -15.09 d
CN CN —1457 —1470 —14.82 —1494 —15.06 d CH 0, —14.61 —-1474 —-1486 —-1498 —15.10 d
NO C —14.68 —1481 —1493 —-15.05 -—15.17 d CH H, —14.72 —-14.84 —-1497 -15.09 -—-15.21 d
NO H —14.77 —-1489 —-15.01 —-15.13 —15.25 d CH Cs3 —14.57 —-1471 —-14.83 —-1496 —15.08 d
NO CcO —14.61 —-1473 —1485 —1498 —15.10 d CH CH —14.57 —-1471 —-14.83 —-1496 —15.08 d
NO C, —1459 —1471 —-14.83 —1495 —15.08 d ct C —1434 —1446 —-1458 —14.70 —14.83 c
NO CN —14.60 —14.72 —14.84 —1496 —15.08 d ct (6] —1434 —1446 —-1458 —14.70 —14.83 c
0, C —14.69 —-1482 —-1494 —-15.06 —15.18 d ct N —1434 —1446 —-1458 —14.70 —14.83 c
0, H —14.78 —1490 —-15.02 —-15.14 —-15.27 d ct H —1434 —1446 —-1458 —14.70 —14.83 c
0, CcO —14.62 —14.74 —1486 —-14.99 -—15.11 d ct CO —1434 —1446 —-1458 —14.70 —14.83 c
0, C, —14.60 —14.72 —14.84 —1496 —15.09 d ct C, —1450 —-14.62 —-14.74 —-14.86 —14.99 d
0, CN —14.61 —-1473 —1485 —-1497 —-15.09 d ct N, —1434 —1446 —-1458 —14.70 —14.83 c

(Continued)
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T T
Collision pair 2,000 4,000 8,000 16,000 32,000 Method Collision pair 2,000 8,000 16,000 32,000 Method
ct CN —1434 —-1446 —14.58 —14.70 —14.83 c Nt C, —14.34 —14.58 —14.70 —14.83 c
ct NO —1434 —-1446 —14.58 —14.70 —14.83 c Nt CN —14.34 —14.58 —14.70 —14.83 c
ct 0, —1434 —-1446 —14.58 —14.70 —14.83 c Nt H, —14.34 —14.58 —14.70 —14.83 c
ct H, —1434 —-1446 —14.58 —14.70 —14.83 c Nt Cs —14.34 —14.58 —14.70 —14.83 c
ct Cs —1434 —-1446 —14.58 —14.70 —14.83 c Nt CH —14.34 —14.58 —14.70 —14.83 c
ct CH —1434 —-1446 -—14.58 —14.70 —14.83 c Nt ct —11.48 —12.68 —13.28 —-13.76 f
ct ct —1148 —-12.08 —-12.68 —13.28 —13.76 f Nt H* —11.48 —12.68 —13.28 —13.76 f
H* C —1434 —-1446 —14.58 —14.70 —14.83 c NO* C —14.34 —14.58 —14.70 —14.83 c
H* (6] —1434 —-1446 —14.58 —14.70 —14.83 c NO* H —14.34 —14.58 —14.70 -—14.83 c
H* N —1434 —-1446 —14.58 —14.70 —14.83 c NO* CcoO —14.34 —14.58 —14.70 —14.83 c
H* H —1394 -1397 -14.03 -14.61 -—15.11 e NO* C, —14.34 —14.58 —14.70 —14.83 c
H* coO —1434 —-1446 —14.58 —14.70 —14.83 c NO* CN —14.34 —14.58 —14.70 —14.83 c
H* C, —1459 —-1471 —-1484 —-1496 —-15.08 d NO* H, —14.34 —14.58 —14.70 —14.83 c
H* N, —1434 —-1446 —14.58 —14.70 —14.83 c NO* Cs —14.34 —14.58 —14.70 —14.83 c
H* CN —1434 —-1446 —14.58 —14.70 —14.83 c NO* CH —14.34 —14.58 —14.70 —14.83 c
Ht NO —1434 —-1446 —14.58 —14.70 —14.83 c NO™ ct —11.48 —12.68 —13.28 —13.76 f
H* 0, —1434 —-1446 —14.58 —14.70 —14.83 c NO* H* —11.48 —12.68 —13.28 —-13.76 f
H* H, —1434 —-1446 —14.58 —14.70 —14.83 c N;’ C —14.34 —14.58 —14.70 —14.83 c
H* Cs —1434 —-1446 —14.58 —14.70 —14.83 c N;’ H —14.34 —14.58 —14.70 —14.83 c
H* CH —1434 —-1446 -—14.58 —14.70 —14.83 c N;’ CcoO —14.34 —14.58 —14.70 —14.83 c
H* ct —1148 —-12.08 —-12.68 —13.28 —13.76 f N;’ C, —14.34 —14.58 —14.70 —14.83 c
H* H* —1148 —-12.08 —-12.68 —13.28 —13.76 f N;’ CN —14.34 —14.58 —14.70 -—14.83 c
ot C —1434 —-1446 —14.58 —14.70 —14.83 c N;’ H, —14.34 —14.58 —14.70 —14.83 c
ot (6] —14.11 —-14.15 -14.17 —-1420 -14.23 a N;’ Cs —14.34 —14.58 —14.70 —14.83 c
ot N —1454 —-14.64 -1476 -—-1492 -15.10 a N;’ CH —14.34 —14.58 —14.70 —14.83 c
ot H —1434 —-1446 —14.58 —14.70 —14.83 c N;’ ct —11.48 —12.68 —13.28 —13.76 f
ot coO —1434 —-1446 —14.58 —14.70 —14.83 c N;’ H* —11.48 —12.68 —13.28 —-13.76 f
ot C, —1434 —-1446 —14.58 —14.70 —14.83 c e C —14.44 —1438 —14.39 —14.38 b
ot CN —1434 —-1446 —14.58 —14.70 —14.83 c e (6] —15.65 —1520 —15.04 —-14.97 b
ot H, —1434 —-1446 —14.58 —14.70 —14.83 c e N —14.73 —14.60 —14.54 —-1441 b
ot Cs —1434 —-1446 —14.58 —14.70 —14.83 c e H —14.67 —1484 —-1490 —-14.93 b
ot CH —1434 —-1446 —14.58 —14.70 —14.83 c e CcoO —15.29 —1494 -—15.11 —-15.78 g
ot ct —1148 —-12.08 —-12.68 —13.28 —13.76 f e C, —15.29 —1494 —-15.11 —-15.78 g
ot H* —1148 —-12.08 —-12.68 —13.28 —13.76 f e CN —15.29 —1494 -—15.11 —-15.78 g
Nt C —1434 —-1446 —14.58 —14.70 —14.83 c e H, —14.87 —14.78 —14.78 —14.86 e
Nt (6] —14.58 —-14.71 —-1487 —-15.04 —-15.21 a e Cs —15.29 —1494 —-15.11 —-15.78 g
Nt N —14.01 -14.04 -14.07 -14.11 -14.14 a e CH —15.29 —1494 -—15.11 —-15.78 g
Nt H —1434 —-1446 —14.58 —14.70 —14.83 c e ct —11.48 —12.68 —13.28 —13.76 f
Nt coO —1434 —-1446 —14.58 —14.70 —14.83 c e H* —11.48 —12.68 —13.28 —-13.76 f
Table2 Common logarithm of the collision integrals 7w{¥>? excluding collision pairs listed in Ref. 14
T T
Collision pair 2,000 4,000 8,000 16,000 32,000 Method Collision pair 2,000 8,000 16,000 32,000 Method
C C —14.61 —-1470 -14.79 -1492 -15.11 a CN C —14.61 —1484 —1496 —15.08 d
(6] C —1470 —-14.82 —-1494 -15.05 -15.17 d CN (6] —14.61 —1485 —1497 —15.08 d
(6] (6] —1476 —-14.83 —-1491 -15.01 -15.09 a CN N —14.59 —1483 —1495 —-15.07 d
N C —1470 —-14.78 —-14.85 —14.94 -15.10 a CN H —14.69 —-1492 -15.04 -15.16 d
N (6] —1472 —-1479 —-1487 —-1496 —15.08 a CN CcO —14.54 —14.77 —-14.89 —-15.01 d
N N —1474 —-1481 —-1489 —-1498 —-15.09 a CN C —14.52 —14.75 —14.87 —14.99 d
H C —1478 —-1490 -15.02 -15.14 —-15.25 d CN N, —14.53 —14.77 —-14.89 —-15.01 d
H (6] —1479 —-1491 -15.03 —-15.15 —-15.26 d CN CN —14.52 —1476 —14.88 —15.00 d
H N —1473 —-1481 —-1491 -15.06 —-15.27 a NO C —14.63 —1487 —14.99 -15.11 d
H H —1483 —-1493 -15.06 —-1520 -15.39 e NO H —14.71 —-1495 —-15.07 -15.19 d
CcoO C —14.62 —-1474 —-1486 -—1498 —15.10 d NO CcO —14.56 —1480 —14.92 —-15.04 d
CcoO (6] —14.62 —-1474 —-1486 —1498 —15.10 d NO C, —14.54 —14.78 —-1490 -15.01 d
CcoO N —14.60 —-14.72 —-14.84 —-1496 —15.08 d NO CN —14.55 —14.78 —-1490 —-15.02 d
coO H —1470 —-14.82 —-1494 -—-15.06 -—15.18 d 0, C —14.64 —1488 —15.00 —-15.12 d
CcoO CcO —1455 —-14.67 —-1479 —-1491 -15.02 d 0, H —14.73 —1497 —-15.08 —15.20 d
C, C —14.60 —-14.72 —-14.84 —-1495 —-15.07 d 0, CcO —14.57 —1481 —14.93 —-15.05 d
C, (6] —14.60 —-14.72 —-14.84 —-1496 —15.08 d 0, C, —14.55 —1479 —-1491 -15.02 d
C, N —14.58 —1470 —-14.82 —14.94 —-15.06 d 0, CN —14.56 —1480 —-1491 -15.03 d
C, H —14.68 —-1480 —-1491 -15.03 -15.15 d H, C —14.75 —1498 —15.10 —-15.22 d
C, CcoO —14.53 —-14.65 —-14.77 —-14.88 —15.00 d H, (6] —14.76 —-1499 —-15.11 —-15.23 d
C, C, —1451 —-14.63 —-14.75 —1486 —14.98 d H, N —14.73 —-1497 —-15.09 -15.21 d
N, C —14.62 —-1473 —-1485 —-1497 -15.09 d H, H —14.94 —1526 —1546 —15.67 a
N, H —1472 —-1484 -15.01 —-15.18 —15.35 a H, CcO —14.67 —1491 -15.03 -15.15 d
N, CcO —1454 —-14.66 —14.78 —-1490 —-15.02 d H, C, —14.65 —1488 —15.00 —-15.12 d
N, C, —1452 —-14.64 -1476 —-14.88 —15.00 d H, N, —14.66 —1490 -15.02 -15.14 d

(Continued)
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Table2 Common logarithm of the collision integrals wQ®? excluding collision pairs listed in Ref. 14 (continued)
T T
Collision pair 2,000 4,000 8,000 16,000 32,000 Method Collision pair 2,000 4,000 8,000 16,000 32,000 Method
H, CN —14.66 —-14.77 —-1489 —-15.01 -15.13 d H* H* —-11.50 -12.10 —-12.70 —13.30 —13.78 f
H, NO —14.68 —-1480 —-1492 -15.04 -15.16 d ot C —1438 —14.50 —14.62 —14.74 —14.86 c
H, 0, —1470 —-14.82 —-1493 -15.05 -15.17 d ot (6] —1456 —14.66 —14.78 —1492 —15.07 a
H, H, —14.82 —-1487 —-1497 -15.11 -1531 e ot N —1455 —14.64 —14.72 —14.86 —15.03 a
Cs C —14.62 —-1474 —-1486 -—1498 —15.10 d ot H —1438 —14.50 —14.62 —14.74 —14.86 c
Cs (6] —14.62 —-1475 —-1486 -—1498 —15.10 d ot CcoO —1438 —14.50 —14.62 —14.74 —14.86 c
Cs N —14.60 —-14.72 —-14.84 —-1496 —15.08 d ot C, —1438 —14.50 —14.62 —14.74 —14.86 c
Cs H —1471 —-1483 —-1495 —-15.07 —-15.18 d ot CN —1438 —14.50 —14.62 —14.74 —14.86 c
Cs coO —14.55 —-14.67 —-1479 —-1490 -15.02 d ot H, —1438 —14.50 —14.62 —14.74 —14.86 c
Cs C, —1452 —-14.64 —-1476 —-14.88 —15.00 d ot Cs —1438 —14.50 —14.62 —14.74 —14.86 c
Cs N, —1454 —-14.66 —14.78 —-1490 —-15.02 d ot CH —1438 —14.50 —14.62 —14.74 —14.86 c
Cs CN —14.53 —-14.65 —-14.77 —-14.89 -15.01 d ot ct —-11.50 -12.10 -12.70 —13.30 —13.78 f
C3 NO —1456 —-14.68 —1480 -—14.92 —-15.03 d ot H* —-11.50 -12.10 -12.70 —13.30 —13.78 f
Cs 0, —14.57 —-14.69 —-1481 —-1493 —-15.05 d Nt C —1438 —14.50 —14.62 —14.74 —14.86 c
Cs H, —14.68 —-1480 —-1491 -15.03 -15.15 d Nt (6] —14.57 —14.67 —1481 —1497 -—15.13 a
Cs Cs —1453 —-14.66 —-14.79 —-1491 -15.03 d Nt N —14.48 —14.58 —14.69 —14.85 —15.06 a
CH C —14.62 —-1474 —-1486 -—1498 —15.10 d Nt H —14.38 —14.50 —14.62 —14.74 —14.86 c
CH (6] —14.62 —-1475 —-1486 —1498 —15.10 d Nt CcoO —1438 —14.50 —14.62 —14.74 —14.86 c
CH N —14.60 —-14.72 —-14.84 —-1496 —15.08 d Nt C, —1438 —14.50 —14.62 —14.74 —14.86 c
CH H —1471 —-1483 —-1495 —-15.07 -15.18 d Nt CN —1438 —14.50 —14.62 —14.74 —14.86 c
CH coO —1455 —-14.67 —-1479 —-1490 -15.02 d Nt H, —1438 —14.50 —14.62 —14.74 —14.86 c
CH C, —1452 —-14.64 —-1476 —-14.88 —15.00 d Nt Cs —1438 —14.50 —14.62 —14.74 —14.86 c
CH N, —1454 —-14.66 —14.78 —-1490 —-15.02 d Nt CH —1438 —14.50 —14.62 —14.74 —14.86 c
CH CN —14.53 —-14.65 —-14.77 —-14.89 -15.01 d Nt ct —-11.50 -12.10 -12.70 —13.30 —13.78 f
CH NO —1456 —-14.68 —-1480 —-14.92 —-15.04 d Nt H* —-11.50 -12.10 -12.70 —13.30 —13.78 f
CH 0, —14.57 —-14.69 —-1481 —-1493 —-15.05 d NO* C —14.38 —14.50 —14.62 —14.74 —14.86 c
CH H, —14.68 —-1480 —-1491 -15.03 -15.15 d NO* H —1438 —14.50 —14.62 —14.74 —14.86 c
CH C; —1453 —-14.66 —-14.79 —-1491 -15.03 d NO* CcoO —1438 —14.50 —14.62 —14.74 —14.86 c
CGH CH —-1453 —-1467 -1479 —-1491 -15.03 d NO* C, —1438 —14.50 —14.62 —14.74 —14.86 c
ct C —1438 —1450 -—14.62 —14.74 —-14.86 c NO* CN —1438 —14.50 —14.62 —14.74 —14.86 c
ct (6] —1438 —1450 -—14.62 —14.74 —-14.86 c NO* H, —1438 —14.50 —14.62 —14.74 —14.86 c
ct N —1438 —1450 —-14.62 —14.74 —14.86 c NO* Cs —1438 —14.50 —14.62 —14.74 —14.86 c
ct H —1438 —-1450 -—14.62 —14.74 —-14.86 c NO* CH —1438 —14.50 —14.62 —14.74 —14.86 c
ct CcO —1438 —1450 —-14.62 —14.74 —14.86 c NO* ct —-11.50 -12.10 —-12.70 —13.30 —13.78 f
ct C, —1445 —-1456 —14.68 —14.80 —14.92 d NO* H* —-11.50 -12.10 -12.70 —13.30 —13.78 f
ct N, —1438 —1450 —-14.62 —14.74 —14.86 c N;’ C —1438 —14.50 —14.62 —14.74 —14.86 c
ct CN —1438 —1450 —14.62 —14.74 —-14.86 c N;’ H —1438 —14.50 —14.62 —14.74 —14.86 c
ct NO —1438 —1450 -—14.62 —-14.74 —-14.86 c NI CcoO —14.38 —14.50 —14.62 —14.74 —14.86 c
ct 0, —1438 —1450 —14.62 —14.74 —-14.86 c Na' C, —1438 —14.50 —14.62 —14.74 —14.86 c
ct H, —1438 —1450 -—14.62 —14.74 —-14.86 c Na' CN —1438 —14.50 —14.62 —14.74 —14.86 c
ct Cs —1438 —1450 -—14.62 —14.74 —-14.86 c Na' H, —1438 —14.50 —14.62 —14.74 —14.86 c
ct C,H —1438 —-1450 -—14.62 —-14.74 —-14.86 c Na' Cs —1438 —14.50 —14.62 —14.74 —14.86 c
ct ct —-11.50 -12.10 —-12.70 —-13.30 —13.78 f Na' CH —1438 —14.50 —14.62 —14.74 —14.86 c
Ht C —1438 —1450 —14.62 —14.74 —-14.86 c Na' ct —-11.50 -12.10 —-12.70 —13.30 —13.78 f
H* (6] —1438 —-1450 -—14.62 —14.74 —-14.86 c Ni’ H* —-11.50 -12.10 -12.70 —13.30 —13.78 f
H* N —1438 —1450 —14.62 —14.74 —-14.86 c e C —1438 —1436 —1440 -—1441 -—-1439 b
H* H —1425 —-1442 -14.61 -1481 -15.19 e e (6] —1556 —1532 —15.11 —1498 —1495 b
H* coO —1438 —1450 -—14.62 —14.74 —-14.86 c e N —14.73 —14.62 —14.58 —14.54 —1440 b
H* C, —1454 —-14.66 —14.78 —-1490 -—-15.02 d e H —14.69 —14.79 —14.89 —1492 —1494 b
H* N, —1438 —1450 -—14.62 —14.74 —-14.86 c e CcoO —1529 —15.06 —-1494 —15.11 -15.78 g
H* CN —1438 —-1450 -—14.62 —14.74 —-14.86 c e C, —1529 —15.06 —-1494 —15.11 -15.78 g
H* NO —1438 —1450 —14.62 —14.74 —-14.86 c e CN —1529 —15.06 —-1494 —15.11 -15.78 g
Ht (63 —1438 —1450 —14.62 —14.74 —-14.86 c e H, —1487 —14.81 —-14.78 —14.78 —14.86 e
H* H, —1438 —1450 —14.62 —14.74 —-14.86 c e C;C3 —1529 —15.06 —1494 -—15.11 -—15.78 g
H* Cs —1438 —1450 —14.62 —14.74 —-14.86 c e CH —1529 —15.06 —-1494 —15.11 -15.78 g
H* C,H —1438 —-1450 -—14.62 —-14.74 —14.86 c e ct —-11.50 -12.10 —-12.70 —13.30 —13.78 f
Ht ct —-11.50 -12.10 —-12.70 —-13.30 —13.78 f e Ht —-11.50 -12.10 -12.70 —13.30 —13.78 f

Modified Lennard-Jones Method

For the neutral-neutral collision pairs involving the species con-
taining carbon or hydrogen that are not previously calculated quan-
tum mechanically, collisionintegrals are derived here by modifying
the Lennard-Jones (LJ) approximation. In Ref. 26, a method of
estimating collisionintegralsis given for the case where the interac-
tion between colliding particlesis by a LJ (12-6) potential. The two
characteristicquantitiesgoverningthe potential, thatis, the collision
diameter d and the attractive potential well depth €/ k, are given in
Ref. 27, among others, for C, CN, CO, C,, H, H,, N, N,, NO, O,
and O,. The parameters for C; and C,H have been determined in

Ref. 28 using the method given in Ref. 27. (These parameters are
not explicitly given in Ref. 28, but they can be deduced from the
diffusion coefficient values given therein.) The LJ parameters so
chosen are presented in Table 3.

The collisionintegralsobtainedby this method are compared with
the quantum-mechanical calculations in Fig. 2. As seen in Fig. 2,
the LJ approximationis slightlylarger than the quantum-mechanical
valuesat2000 K and overestimatesby afactorof about5 at 32,000 K.
The large deviation at high temperature is understandable: The LJ
description accounts mostly for the effective long-range interac-
tions dominant at lower temperatures. At high temperatures, the



PARK, JAFFE, AND PARTRIDGE

Table 3 LJ parameters and bifurcation model parameter F;

81

Species d, A €/k, K F; 1 (1.0;0.865)* F;» (0.1;0.283)2 F; 3 (0.01;0.0969)* F; 4 (0.001;0.0483)*
C 3.385 30.5 0.3844 0.6163 0.5950 0.6240
(6] 3.050 106.7 0.5006 0.6426 0.6469 0.6841
N 3.298 71.4 0.5252 0.7238 0.6806 0.6870
H 2.708 37.0 0.1317 0.1990 0.1825 0.1833
CO 3.690 91.7 0.7015 0.9379 0.9152 0.8648
Cy 3913 78.8 0.7000 0.9783 0.9013 0.9268
N, 3.798 71.4 0.5751 1.0411 0.9620 0.9433
CN 3.856 75.0 0.5920 1.0213 0.8723 0.9133
NO 3.599 91.0 0.8475 0.9628 0.9732 0.9579
O, 3.467 106.7 0.8289 0.9363 0.9628 0.9731
H, 2.827 59.7 0.2204 0.2854 0.2641 0.2649
Cs 3.245 5353 0.9014 0.9487 0.9897 0.9721
CH 3.243 538.0 0.8225 0.9094 0.9361 0.8931
ct 1.9669 1.4920 1.7979 1.8439
H* 0.6785 0.5420 0.5513 0.6120
ot 2.8809 2.2381 2.5087 2.6937
N+ 2.0710 1.6913 1.8349 1.9702
NO+ 2.8144 2.3308 2.5287 2.7152
N;’ 2.7690 2.2613 2.4533 2.6342
e~ 2.0267 1.6225 1.7682 1.9552
Weight to ions; logjo(o).
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Fig. 2 Comparison of collision integrals between the LJ approxima-
tion and recent quantum-mechanical values.

governing potentials are very different from the LJ potential. In the
present work, an arbitrary modification is made to the LJ collision
integrals as

Q (modified LT) = 0.9 (LJ)(T /2000) "> (1)

In Fig. 3 the collision integral values for the neutral-neutral col-
lisions calculated by the modified LJ approximation are compared
with the recentquantum-mechanicalvalues. Figure 3 shows that the
modified LJ approximation agrees with the quantum-mechanical
values fairly well. This method is used for the neutral-neutral col-
lisions involving the carbonaceousand hydrogeneousspecies. This
method is named method d in Tables 1 and 2.

A morerigorous procedure for estimating the transportproperties
by employing the effective interaction potential with helium atom
and then employing combination relations for the short-range and
long-range components is under development?! When compared

Fig. 3 Comparison between the collision integrals obtained in recent

quantum-mechanical calculations and the modified LJ approximation.

with the quantum-mechanical solutions, this method yields results
thatagree to within 3% (Ref. 21). The presentmodified LJ procedure
could be replaced in the future by this method.

Collisions Among Hydrogenic Species

For collision pairs among hydrogeneousspecies, Ref. 29 summa-
rized the collisionintegral valuesknown in 1962. For those collision
pairs among the hydrogen species that were not calculated quantum
mechanically in recent years, the values in Ref. 29 are adopted in
the present work. This method is identified as method e (Tables 1
and 2).

Coulomb Collisions

For coulomb collisions, Ref. 14 provides a detailed method of
determiningcollisionintegrals as a function of electron pressure. As
an approximation,a set for the electron pressureof 1 atm is selected.
Becausethe collisionintegralsfor coulomb collisionsare very large,
and therefore all ionized species tend to be locked together, this
approximationprobablyleadsto only a small error (see “Bifurcation
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Model” subsection). This method is identified as method f (Tables 1
and 2).

Electron-Neutral Collisions for Carbonaceous Species

For electron-neutral collisions involving CO, CN, C,, C;, and
C,H, there are presently no means of determining their collision
integrals. Their collision integrals are assumed to be the same as for
the e-NO collisions. This method is identified as method g (Tables 1
and 2).

Compilation of Gupta et al.'*

For collision pairs among oxygen and nitrogen, Gupta et al.'*
compiled the collision integrals known in 1962. In Figs. 4a and
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Fig. 4 Comparison of collision integrals between the recent quantum-
mechanical calculations and the compilation in Ref. 14.

4b, comparison is made between the recent quantum-mechanical
calculations and the values given in Ref. 14. Figures 4 show that
these two sets of values differ only slightly. For those collision pairs
not determined by methods a-g, the values of Ref. 14 are adopted
in the present work.

Ambipolar Diffusion

For a three-speciesmixture consisting of a neutral species, itsion,
and electronin a single temperature situation, the effective diffusion
coefficient D for the ion is known to be twice that calculated from
the collision integrals, that is,

D} =2D" 2)

This is known as ambipolar diffusion effect. If the electron tem-
perature 7, is different from the heavy particle temperature T, this
becomes®

DY =(1+T,/T)D*

In a multicomponent two-temperature mixture, a similar averaging
formula is known

Diffusion Models

According to the well-known kinetic theory,” the mass flux of

species i by diffusionin a multicomponent mixture is expressed by

M; M; X,
)

Jl‘= —_— l~—l 3
ijM o 3)

The coefficient of self-diffusion, D;;, is defined to be zero in this
description. In the computation of flow motion using a computa-
tional fluid dynamics (CFD) technique, the effect of diffusion of
speciesi is representedin the differential equation for species mass
conservation for species i in this case by a term containing the sum
of the second derivatives of X; over j. Because D;; is zero, the
equation for species i lacks the second derivative of X;. That is,
the diagonal terms are missing. By a well-known principle of CFD,
time integration of this equation set becomes unstable.

A slightly less unstable set can be derived by setting

Xj:1—§Xk
J

in Eq. (3) and changing the order of summations, which leads to

JiZ_PZ

Jj k#j

M, M, IX;
_-_-Dik
M M ay

Defining the quantity in the parenthesis as an effective diffusion
coefficient D;;, one obtains

i} 4)

When this formulation is used, diagonal terms are finite in the dif-
ferential equation set. However, the off-diagonal terms are solidly
filled with values of the same magnitude as the diagonal terms. The
resulting differential equation set is on the border between being
stable and unstable (see “Multicomponent Diffusion Model” sub-
section).

An approximate method known as the bifurcation model, which
leads to a stable differential equation set, was first introduced by
Bird®' and was used in Ref. 28. In that method, the binary diffusion
coefficient between species i and j is expressed as

D;; = D [FiF; )
where D is a reference self-diffusion coefficient chosen arbitrarily.

If there is a unique set of F; values that makes Eq. (5) valid for all
species at all temperatures, then the diffusion flux of species i is
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expressible with only one spatial gradientinvolving speciesi, in the
form

Ji= —&ﬁ 6)
Muy 9y
where Z; is an equivalent species concentration
Z; =M X;/Fiu, (7
Here,
=y X;F pa=y M;X;/F ®)
J J

The CFD equation set based on this formulation is stable (see “Bi-
furcation Model” subsection).

The parameter F; must be determined through a least-square fit.
That is, those values of F; must be found that make the standard
deviation o between Eq. (5) and the true values of binary diffusion
coefficient for all species combinations and all temperatures con-
sidered the smallest.® Depending on the purpose, different weights
could be given to different collision pairs and temperatures in the
evaluation of o. In Ref. 28, it is shown that, for collisions among
neutral species, a set of F; values that brings Eq. (5) to within 1% of
the true values can be obtained with equal weights for all species and
for all temperatures. Such a close fit resulted because all interactions
were taken to be of the LJ type.

For the present set of species, the least-square fit was performed
at 2500, 5000, 7500, 10,000, and 12,500 K. Even though tempera-
ture reaches much higher values in the shock layer, the upper limit
of 12,500 K is considered adequate because transport phenomena
are significant only in the boundary layer where temperature stays
below about 12,000 K. The true binary diffusion coefficients were
calculated with the collision integral values given earlier. For ions,
the calculated binary diffusion coefficients were doubled according
to Eq. (2) to account for the ambipolar effect. The reference self-
diffusion coefficient D was taken to be that for the N,-N, collision.
The numerical values for D are presented in Table 4. Viscosity,
the Schmidt number based on D, and Prandtl number are also pre-
sented in Table 4 for the mixtures with fixed species concentrations
of 79%N,-21%0, and 79%N-21%0O by volume for reference.

Four different weights were considered in evaluating the stan-
dard deviation o 1) all unity, 2) unity for all but 0.1 for collisions
involvingchargedparticles,3) unity for all but 0.01 for collisionsin-
volving charged particles,and 4) unity for all but0.001 for collisions
involving charged particles. The standard deviation is calculated in
the logarithmic scale. The four sets of F; values so obtained are
named F; |- F; 4, respectively.In Table 3, the F; values and the loga-
rithm of the standard deviationo for these four cases are presented.

As seen in Table 3, an equal weight to all collisions, resulting
in F, |, leads to a standard deviation o of a factor of 10°36 =7.3,
When a weight of 0.001 is given to the charge-involved collisions,
F; 4, standard deviation falls to a factor of 109483 =1.12. The stan-
dard deviation for the present system tends to be larger than that
considered in Ref. 28, which is understandable because the inter-
actions in the present set are not of the LJ type. All values of F;
are significantly different from those in Ref. 28. The impact of the
choice of F; on the flowfield solutions will be discussed furtherlater
in the “Bifurcation Model” subsection.

Table4 Reference diffusion coefficient _ﬁ at 1 atm, viscosity,
reference Schmidt number with respect to D, and Prandtl number
for mixtures with fixed concentrations

N,(0.79)-0,(0.21) N(0.79)-0(0.21)
T,K D, m?/s n, m?/s Sc Pr n, m?/s Sc Pr

2,000 5.1867* 6.5327° 0.7164 0.9328 7.7197° 1.693 0.6655
4,000 1.80573 1.048™* 0.6603 0.9300 1.2827* 1.617 0.6555
8,000 6.28073 1.788~* 0.6477 0.9284 2.181™* 1.580 0.6555
16,000 2.2367%2 3.078* 0.6265 0.9275 3.798~* 1.546 0.6556
32,000 7.96272 5.5267% 0.6316 0.9280 6.9537* 1.590 0.6556

Chemical Reaction Rates

The chemical reactions scheme of significance and their reaction
rate coefficient adopted in the present work are listed in Table 5.
The forward reaction rate coefficients are expressed as

k; = CT"exp(—T,/T,) 9)

where T, is the temperaturecontrollingthe reaction. The parameters
C,n,and 7, arelistedin Table 5. The equilibriumconstants for these
reactions are defined as

K, = p(ysvc/va)E (10)

for the thermal dissociation or ionization of the type A+M —
B+ C+M, and as

K. = (ycyo/vays)e (1D

for the binary reactions of the type A +B — C + D. Here, density is
in the units of grams per cubic centimeter and the species concentra-
tion y; is in mole per gram. The equilibriumconstantsare calculated
for these reactions at 3000, 6000, 9000, 12,000, and 15,000 K. The
resulting values are fitted by an expression

K, =exp[A\/Z + Ay + A In(Z) + Ay Z + AsZ2]  (12)

where Z =10,000/T . The parameters A,-As for the reactions are
presented in Table 6.

The sources of the rate parameters in Table 5 are from Refs. 32—
37, except for the six reactions newly chosen in the present work,
reactions 9, 10, and 19-22. The electron-impact ionization rates
for C and H, reactions 9 and 10, are deduced from the measured
ionic recombination rates for H", H, C*, and N* (Refs. 38-42).
In Fig. 5, the expressions adopted in the present work are compared
with the experimentaldata. As seenin Fig. 5, the chosenexpressions
representa good fit to the experimental data.

There are four four-body reactions, CO+C, - C; 4+ 0, C;+
N—CN+GC,,C3+C— C,+C,,andC,H+ H— C, 4+ H,, reac-
tions 19-22, for which the rate parameters are unknown. For these
reactions, n was assumed to be zero and 7, was assumed to be that
corresponding to the energy of reaction. Then C was estimated by
comparing with the C value for the reactionsN + CO, —NO + CO,
N+ 03 —->NO +0,, N+ NO, -N,0 + O, N+ NO, —-NO +NO,
0+ CO, -0, + CO, and H+ HNO — OH + NH (Ref. 43), which
resemble the reactions in question. The C values for these known
reactions are between about 10'! and 3 x 10'? cm?/(mol - s). There-
fore, the C value for reactions 19-22 are taken to be 10'?> cm?/
(mol - s). The impact of this choice will be examined later in the
“Sample Flowfield Calculation” section.

Surface Reactions
Surface Mass Balance

In past analyses, gas-surface reaction was assumed to be in equi-
librium (e.g., see Ref. 44). In recent years, it became apparent that,
at least for the Earth entries of present interest, the flow over an en-
try body is not in thermochemical equilibrium. Even for such an
environment, gas-surface equilibrium has been assumed*3#6 A
calculation procedure assuming gas-surface equilibrium, named
fully implicit ablation and thermal response (FIAT), has been
developed*

In a nonequilibrium boundary-layer flow, the slope of species
concentration with respect to distance y at the wall is in general
finite. The finite slope produces a finite flux of the species trans-
ported by diffusion. The surface may cause chemical change to the
species, thereby reducing or increasing its wall slope. In addition,
the pyrolysis gas emerging from the surface may also contain the
species. Mass conservation dictates that these fluxes are related by

mass flux of species i in pyrolysis gas
+ mass flux of species i produced at surface
= mass flux of species i leaving wall

+ mass flux of species i removed by diffusion (13)
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Table 5 Reaction rate coefficients, k; = CT" exp(— T,./T)

Reaction M C n T, T, Reference Reaction M C n T, T, Reference
DNy +M—>N+N+M N, 2.5 0 87,740 JTT, Park et al.33
C 3.2 —16 113,200 TT, Park>? CN 251 0 87,740 J/TT, Park et al.33
0 3.022  —1.6 113,200 TT, Park3? NO 2.5 0 87,740 TT, Park et al.33
N 3.022  —1.6 113,200 </TT, Park3? 0, 25" 0 87,740 J/TT, Park et al.33
H 3.022  —1.6 113,200 /TT, Park3? H, 25" 0 87,740 J/TT, Park et al.33
co 7.0*% —16 113200 «TT, Park3? C; 2.5 0 87,740 JTT, Park et al.33
C, 7.02'  —1.6 113,200 TT, Park3? C,H 2.5 0 87,740 J/TT, Park et al.33
N, 7.02'  —1.6 113200 TT, Park3? ct 251 0 87,740 JTT, Park et al.33
CN 7.0*% —16 113200 «/TT, Park3? HT 251 0 87,740 J/TT, Park et al.33
NO 7.0  —16 113,200 TT, Park3? ot 251 0 87,740 TT, Park et al.33
CH 7.0*% —16 113200 «/TT, Park3? Nt 251 0 87,740 JTT, Park et al.33
OH 7.0 —1.6 113,200 +/TT, Park3? NOt 2.5 0 87,740 J/TT, Park et al.33
0, 70" -16 113200 JTT, Park’? Ny 25 0 87,740 JTT, Park et al.33
H, 7.0°% —1.6 113200 JTT, Park3? 5 )H+M >H+H+M
C3 7.01  —1.6 113,200 /TT, Park3? C 224 0 48300 TT, Baulch et al 3
CH 7.0 —16 113200 TT, Park3? 0 224 0 48300 TT, Baulch et al 3
ct  7.02'  —1.6 113,200 TT, Park3? N 2214 0 48,300 TT, Baulch et al 3
Ht 7.0" —16 113200 «/TT, Park3? H 224 0 48300 TT, Baulch et al 3
ot  7.0*' —16 113200 TT, Park3? co 2214 0 48300 TT, Baulch et al.3*
Nt  7.0"  —16 113200 «/TT, Park3? c, 224 0 48300 TT, Baulch et al 3
NOt  7.0'  —1.6 113,200 /TT, Park3? N, 221 0 48300 TT, Baulch et al 3
NS 7.0 —16 113200 JTT, Park? CN 221 0 48,300 JTT, Baulch et al.3*
2)0,+M—->0+0+M NO 22M 0 48300 TT, Baulch et al 3
C .02 -15 59,360 TT, Park>? 0, 221 0 48,300 TT, Baulch et al 3
] .02 -15 59,360 /TT, Park>? H, 5.5 0 48,300 /TT, Oldenborgetal.®
N .02 -15 59,360 TT, Park>? C; 224 0 48,300 TT, Baulch et al.3*
H .02 -15 59,360 /TT, Park>? C,H 221 0 48,300 JTT, Baulch et al.*
co 202" -15 59,360 /TT, Park? ct 221 0 48,300 JTT, Baulch et al.3*
C, 20 —15 59,360 /TT, Park? Ht 221 0 48,300 JTT, Baulch et al.3*
N, 202 -15 59,360 /TT, Park>? ot 221 0 48,300 JTT, Baulch et al.3*
CN 202" -15 59,360 TT, Park>? Nt 221 0 48,300 TT, Baulch et al 3
NO 2.0* -15 59,360 /TT, Park>? NO*+ 221 0 48,300 JTT, Baulch et al.*
CH 20 -15 59360 JTT, Park’? Ny o224 0 48,300 JTT, Baulch et al.**
OH 20* -15 59,360 /TT, Park>? 6)N>+e~ —>N+N+e~
0, 2028 -15 59,360 /TT, Park? 3% —1.60 113,200 T, Park*?
H, 202 -15 59,360 /TT, Park? 7O+e” > Ot +e~ +e”
Cc; 2020 —15 59,360 /TT, Park>? 3.93 378 158,500 T, Park*?
CGH 2028 -15 59,360 TT, Park3? 8)N+e~ — Nt e +e
ct 202! —15 59,360 /TT, Park>? 2.5%  —3.82 168,200 T, Park*?
Ht 202! -15 59,360 TT, Park3? 9 CH+e - Ct4e +e
ot 20 -15 59,360 /TT, Park? 3.731 —3.00 130,720 T, This work
Nt 2021 -15 59,360 /TT, Park>? 10)H+e~ —>Ht4+e +e”
NO*+ 2.0*"  —15 59,360 /TT, Park>? 22% 280 157,800 T, This work
NFo20 15 59,360 /TT, Park>? 11)N, 40— NO+N
3)C+M—->CH+C+M 5.712 0.42 42,938 T Bose and Candler®®
C 3.7 0 69,900 /TT, Paketal’® 12)NO+0—0,+N
] 3.7 0 69,900 TT, Parketal’ 8.412 0 19,400 T Bose and Candler®’
N 3.7 0 69,900 /TT, Paketal® 13)CO+C—C,+0
H 3.7 0 69,900 /TT, Parketal’ 207 —1 58,000 T Park et al.33
co 37" 0 69,900 /TT, Paketal’® 14)CO+0—0,+C
c, 374 0 69,900 /TT, Parketal’ 398 —0.18 69,200 T Park et al.33
N, 37" 0 69,900 /TT, Paketal’® 15)CO+N—CN+O
CN 374 0 69,900 /TT, Parketal’ 1.0 0 38,600 T Park et al.33
NO 3.7 0 69,900 TT, Parketal’® 16)N,+C—CN+N
0, 37" 0 69,900 /TT, Parketal’ 1.1%  —0.11 23,200 T Park et al.33
H, 3.7% 0 69,900 /TT, Paketal® 17)CN+0—NO+C
c; 374 0 69,900 /TT, Parketal’ 1.613 0.1 14,600 T Park et al.33
CH 37" 0 69,900 /TT, Paketal’®> 18)CN+C—C,+N
ct  37% 0 69,900 /TT, Parketal’ 5.013 0 13,000 T Park et al.33
HY 3.7 0 69,900 /TT, Paketal®® 19)CO+C,—C3+0
ot 374 0 69,900 TT, Parketal® 1.012 0 41,200 T This work
N+t 3714 0 69,900 /TT, Paketal®® 20)C3+N—>CN+C,
NO*t 3.7 0 69,900 /TT, Parketal? 1.012 0 34,200 T This work
Nfoo37M 0 69.900 TT, Paketal® 21)C34+C—C+C;
4)CN+M—>C+N+M 1.012 0 16,400 T This work
c 2.5 0 87,740 /TT, Paketal®® 22)C;H+H—Cy+H,
6] 2.514 0 87,740 /TT, Parketal® 1.012 0 16,770 T This work
N 2.514 0 87,740 TT, Paketal’® 23)0+N—>NO*t+4e~
H 2.5 0 87,740 /TT, Parketal® 5.312 0 31,900 T Park*?
co 25 o0 87,740 /TT, Parketal® 24)N+N-—NJ+e-
c, 254 0 87,740 TT, Parketal® 4.47 1.5 67,500 T Park3?
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Table 6 Parameters for equilibrium constant

A1 A2 A3 A4 A5
I)Ny+M=N+N+M
—3.293682 0.998998  —8.237028 —5.526183 —0.582174
2)0+M=0+0+M
1.578640 2.688744 4.215573 —8.091354 0.174260
3)C+M=C+C+M
2.538863 1.782394 5.753987  —10.296164 0.296264
4)CN+M=C+N+M
1.360714 0.958930 2.726324 —9.879787 0.044408
S)Hy+M=H+H+M
1.817328 1.202335 4.427498 —7.574115 0.185211
6)Ny+e  =N+N+e™
—3.293682 0.998998  —8.237028 —5.526183 —0.582174
7)0+e =0T +e
0.614124 —6.755241 —0.774319 —16.003456 0.005502
S8)N+e =NT+e +e™
0.200588 —3.965871  —0.041731  —18.063001 0.125939
9)C+e =Cr+e +e~
—0.283680 —6.040219 —1.824398 —12.789612 —0.036117
10)H+e  =H" +e +e
—0.192097 —6.276289  —1.903784  —15.510915 —0.025936
11)N;+0O=NO+N
—3.032189 0.078468 —7.693047 1.411299 —0.517448
12)NO+0=0;+N
—1.840133 —1.768215  —4.759554 1.153872  —0.238985
13)CO+C=C+0
—2.294357 1.852541 —5.069929 —2.926134 —0.268345
14)CO+0=0;+C
—1.334134 0.946191 —3.531516 —5.130943 —0.146341
15)CO+N=CN+0
—1.116209  2.676006 —2.042267  —3.342510  —0.016489
16)Ny+C=CN+N
—4.654396 0.040068  —10.963353 4.353604 —0.626582
17) CN+0=NO+C
1.622207 0.038401 3.270306 —2.942305 0.109134
18)CN+C=C2+N
—1.178148  —0.823465  —3.027662 0416377  —0.251856
19)CO+Cr=C3+0
3.948366 —2.399362 1.776403 —4.373308 —0.036555
20)C3+N=CN+C;
—5.899394 5.259174 —5.060829 1.734790 —0.034435
21)C3+C=Cr+Cy
—4.340555 4.842954 —2.825133 —1.197910 0.035351
22)CoH+H=Cy+H>
2.548009 —1.020366 3.425799 —1.864180 0.071191
23)O+N=NO" +e~
3.429239 —7.431449 6.012721 —8.276563 0.503539
24)N+N=Nj +e”
—0.062523 —5.822935  —0.924052 —8.136642 0.188105

When the bifurcation model [Eq. (6)] is used, Eq. (13) becomes

PDM2 4

(14)
My, 9y

mpZi +mw,i = PwVyZi —

To contrast with the equilibrium wall condition, this relationship
will be called the kinetic wall condition.

The total mass flux is related to pyrolysisrate and surfacereaction
rate by

PuwVuy = mp + me,i (15)

Because of Eq. (15), the boundary condition is uniquely defined if
either the pyrolysisrate i, or the total mass flow rate p,,v,, is given.
Equation (14) must be satisfied under gas-surface equilibrium as
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Fig. 5 Comparison between the measured ionic recombination
rates®®%2 and the expressions adopted in the present work.

well as under nonequilibrium. However, in general, the equilibrium
relationship among species concentrationsconflicts with Eq. (14).

Surface Reaction Rates

The mass rate of change of species i due to surface chemical
reactions, 71, ;, is a sum of all of those reactions involving the
species. For each surface reaction, there are in general forward and
reverse rates. The rate of a reverse reaction must be such that the
net rate becomes zero under equilibrium for that particularreaction,
accordingto the principle of detailed balance. If the product formed
by the forward reactionis very stable, then the reverserate calculated
using the equilibrium constant becomes negligibly small.

The general method of calculating surface reaction rates is well
known. The number flux of speciesi arriving at the surface per unit
surface area per unit time is given by kinetic theory as

Ii = N;~/ 8kTw/7Tml‘/4

where m; is the mass of one species i particle. If there is a surface
reaction, the number of species i changed by the reaction per unit
surface area per unit time is obtained by multiplying I; by the prob-
ability of the reaction «s. The reaction probability of the reverse
reaction o, is related to that of the forward reaction &, through the
gas-phase equilibrium constant. The product

kwi = U~/ SkTw/ﬂmi/4 (16)

is called surface reaction velocity.

When an oxygen atom strikes the carbon surface, experimental
evidence shows that the only significant chemical reaction to occur
is the surface oxidation*’:

O+ C(s) > CO+3.74eV

Note that no CO, was found in such an experiment. The probability
of this process is expressible as 0.63 exp(—1160/T,,) (Ref. 48).
The equilibrium constant for this reaction is such that the reverse
reactions need not be considered.

A parallel reaction of nitrogen-atom-carbon-surfacereaction

N+ C(s) = CN + 0.34 eV

is possible, but is hitherto unconfirmed. The equilibrium constant
for this reaction is also such that the reverse reaction need not be
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considered. The recombination process N + N — Nj is likely neg-
ligible because O + O — O is negligible.

Carbon surface sublimes at high temperatures. It is known that
the sublimation product of graphite consists mostly of C; (Ref. 49).
The equilibrium composition of the C; (Ref. 50) can be expressed
in the temperaturerange of interest as

YE,Cc3 = 1.90 x 109 exp(_59410/ Tw)/(prw) mOI/kg

The coefficient & for the process is deduced from an experiment*
as o =30exp(—21490/T,). The reverse process of condensation
must be included for this process.

All ions neutralize at the surface to satisfy the condition that no
electrical current flows across the wall. This means that the reaction
probability of neutralizationis unity for all ions. Reverse reactions
need not be considered also for these reactions because the equilib-
rium constant is very small.

By combining these, one can define the following nine surface-
reaction probabilities:

O+C(s) > CO:  «; =0.63exp(—1160/T,), m=mg
(17a)
N+Cs)— CN: ay=0—1, m=my (17b)
C(s) = C3: a3 = 30exp(—21490/T,), m = mc;
(17¢)
Ot +e—0: a,=1, m=mg (17d)
Nt+e—> N as=1, m = my 17e)
Ct+e—>C: ag=1, m = mc (17€)
Ht*4+e— H: o, =1, m=myg 17g)
NOt 4+e— NO: as=1, m = myo (17h)
NS +e—> Ny ay=1, m = My, 17i)

The 1, ; in Eq. (14) can now be expressedin kilogramsper square
meter second as

C: mw,C = kw()prCVC+ (183-)
H: mw,H = kw7prHyH+ (181’))
O: mw,O = _kwlprOVO + kw4pr0y0+ (18(:)

N: mw,N = _kaprNyN + kaprNyN+ (lgd)

Cs: my o3 = ku3puMes(Vecs — Ves) (18e)
NO:  m,, o = kuwsPuwMnoYror (181)
N,: mw,NZ = kw\)prNZVNg+ (18g)
C*: mycp = —kpspuMcyes (18h)
H':  myus = —ky7100Muyus (181)
ot: My cr = —kupapwMcyes (18j)
Nt myus = —kyspwMuayus (18k)
NO*: My No+ = —kus 0w Mo Vot (181)
N7 1, N+ = —kuo 0y Mxano t (18m)

where the species concentration at wall y; is in mole per kilogram
and the density at wall p,, is in kilogram per cubic meter. For all
other species, 1, ; is zero.

In Egs. (18a-18m), the reverse reactions are not included for the
reasons given earlier, except for Eq. (18e). If the reverse reactions
are included for all reactions, and if the k,, for the reverse rates
are correctly chosen to satisfy the detailed balance relationship, an

equilibriumboundary condition can be obtained by arbitrarily mak-
ing the reaction velocities k,, very large. This equilibriumboundary
condition will satisfy Eq. (14) and, therefore, is the preferred way
of implementing the equilibrium boundary condition.

In Refs. 45 and 46, surface-catalytic recombination of atomic
species is included in the calculation. Mass conservation dictates
that the sum of probabilities for all surface reactions one species
undergoes, and the probability of elastic reflection, is unity:

Z C(j + Uelastic — 1 (19)
J

For instance, oxygen atoms striking the carbon surface may react
with carbon and produce CO, with a probability «;, or may recom-
bine to form O,, with a probability «,. The sum «; + o, must not
be greater than unity.

The assumption of a fully catalytic wall employed in Refs. 45
and 46 is equivalent to o, = 00. This violates Eq. (19). According
to Eq. (19), the largest value of « is unity. With & =1, one can
deduce the condition under which a surface chemical reaction for
species is in equilibrium. The criterion is, from Eq. (14),

(20)

where 1, ; is the dominant one-way (forward or backward) rate of
surface reaction for species i. By the using of Egs. (18a-18m) and
by the representingof the boundary-layerthicknessin terms of nose
radius R and the Reynolds number p,, v, R/ o, the inequality (20)
can be shown to be equivalent, to an order of magnitude, to

kwi /voo >> Moo /poo Voo R (21)
With « = 1, the left-hand side of Eq. (21) is typically about 0.01.
Therefore, for a surface reaction to be in equilibrium, the flight
Reynolds number must be much larger than 1 x 10%.

When condition (20) or (21) is satisfied, the rate of removal of
the species involved is limited by the rate of diffusion, that is, the
right-hand side of Eq. (20), rather than the rate of surface reac-
tion. This conditionis called a diffusion-limitingenvironment. Thus,
the condition for diffusion limiting is the same as for gas-surface
equilibrium.

Sample Flowfield Calculation

Solution by Olynick et al.>!

The flowfield over an ablating heat shield had been solved using
a CFD method by, among others, Olynick et al.>! The calculation
accounted for CO,, CO, N,, O,, NO, C,, C;, CN, H,, HCN, C,
N, O, H, C*, N*, O*, and e~. The reaction rate values therein are
different from those in the present work. The bifurcation model
was used, with the F; values given in Ref. 28. The surface values
of species concentration were determined via the gas-surface equi-
librium assumption and the assumption of quasi-steady-state abla-
tion. The calculation was made for the Earth entry of the Stardust
vehicle at its peak-heating point (54 s). The relative velocity and
the stagnation-point pressure for this case were 11.15 km/s and
0.286 atm, respectively. The nose radius was 0.23 m. In Fig. 6, the
translational and vibrational-electronic temperatures obtained are
shown along the stagnation streamline.

In Fig. 7, the species molar fractions calculated are shown.
The convective heating rate ¢ and the total ablation rate m
were calculated to be 6.45 MW/m? and 0.089 kg/(m?-s), re-
spectively. Of the 0.089 kg/(m?®-s), surface removal rate was
0.0852kg/(m? - s), with the remainder, 0.0038 kg/(m? - s), attributed
to pyrolysis gas injection. At the wall, the elemental mass ratio
was C:H:N:O0=0.4341:0.00543:0.4238:0.1419. The pyrolysis gas
injectionrate and the elemental fraction of hydrogen are both small
because of the quasi-steady-state ablation assumption. As seen in
Fig. 7, the stable species CO, Cj, and N, are dominant at the wall.
The formation of these stable species represents a release of large
amount of heat. The large concentrations of these stable species at
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Fig. 6 Distribution of temperatures along the stagnation streamline
for the Stardust Earth entry vehicle at its peak-heating point in the
trajectory obtained by Olynick et al.’! and by present method.

10° N,
XN 1N2"_"'_'_
?‘ CO o o
AN O
107 .':\ s ™ \‘ 2
%ulﬁuv CN

s}

Species mol fraction

5

Stardust peak heating condition
Olynick et al®

heating rate=6.45 MW/m?
ablation rate=0.089 kg/(mz-s)
\ surface removal rate=0.067 kg/(mzs)

AR\ \\§ .

12 14 16
Distance from wall, mm

4

10

|
0 2

Fig. 7 Distribution of gas species along the stagnation streamline for
the Stardust Earth entry vehicle at its peak-heating point in the trajec-
tory obtained by Olynick et al.5!

the wall are in turn a result of the assumptions of gas-surface equi-
librium, quasi-steady-stateablation, and the choice of transport and
reaction rate parameters made.

Multicomponent Diffusion Model

To test the kinetic model developed here, sample calculations
were performed for the flow along the stagnation streamline in the
present work using a viscous shock layer (VSL) method®? for the
condition calculated by Olynick et al.’! The VSL calculation ac-

counts for two temperature thermal nonequilibriumphenomenonas
described in Ref. 32. The probability of surface reaction, c,, pro-
ducing CN, which is unknown, is varied between 0 and 1. Both the
multicomponentdiffusion and the bifurcation models were tested.

In the calculation with the multicomponent diffusion model,
Eq. (4), an upwind differencing was used to improve stability. Nev-
ertheless, the calculationdid not produce a satisfactoryresult. In the
beginning of the calculation, the time integration was stable. How-
ever, at a certain point, suddenly the solutionbecame unstable. Once
it became unstable, the solution diverged, and never returned to the
stablemode. By the arbitrary addition of fourth-orderdamping term
to the right-hand side of the species conservation equation, the so-
lution became stable. However, the resulting solution was found to
be unrealistic.

Bifurcation Model

The bifurcationmodel [Eq. (5)] was tested with all four sets of F;
values. Two sets of the chemical reactionrate coefficient C for reac-
tions 19-22, the valuesin Table 5 and ﬁ of those, were also tested.

In Fig. 6, the temperatures calculated by the present method are
compared with those calculated by Olynick et al.>! The solution
shown is for F; = F;; and a; =0. There are two major differences
between the two solutions. First, the translational temperature be-
hind the shock wave in the present solution is much higher than that
of Olynick et al.>! This difference is due to the difference in cal-
culating temperatures. In VSL, the Rankine-Hugoniot equation is
solved assuming an infinitely thin shock wave; in CFD, the energy
equationis solved through the shock wave (the same featureis seen,
for example, in Ref. 45). Therefore, this difference is insignificant.
The second difference s in the rate of approach of the two temper-
atures behind the shock wave: The present solution shows a slower
approach. This difference is due to the difference in the transport
properties and chemical reaction schemes and rates chosen. The
small differencein shock standoff distance merely reflects that tem-
peratureis higher behind the shock in the present VSL solution and,
therefore, is insignificant.

In Figs. 8a and 8b, the species molar fractions obtained by the
present calculation are shown for the case of F; = Fj3 for a; =0
and 1, respectively. The calculated wall heating rates are 2.494 and
3.006 MW/m? for these two cases, which are roughly half or less
of that obtained by Olynick et al.’! The low heating rate is a con-
sequence of the low concentrations of the stable species N,, CO,
and C; at wall in the present solutions. The surface removal rate is
0.01809and 0.04745kg/(m? - s) fora, = O and 1, respectively,which
are again about half or less of the value of Olynick et al.>! Half or
more of the total ablation rate of 0.089 kg/(m? - s) is attributable
in the present solutions to pyrolysis-gasinjection. The low surface
removal rates are a direct result of the kinetic boundary conditions
used in the present work. Indirectly, the present values are affected
by the transport properties and chemical reaction rates chosen.

The surface removal rate for a; =1 is two and one-half times
larger than that for o, = 0. The concentration of hydrogen is much
larger that in the solution by Olynick et al’' throughout the
shock layer. At the wall, the elemental mass ratio is C:H:N:O =
0.2813:0.0281:0.4473:0.2433 for o, =0, which gives a five times
higher concentration of hydrogen compared with the solution by
Olynick et al.”!

The convective heat flux and the surface removal rate calculated
by the presentmethod are summarized and compared with the values
of Olynick et al.>! in Table 7. All of the present solutions are very
different from the solutionby Olynicketal.’! The solutionsobtained
with F;;, which is obtained with a weight of unity for all species
in evaluating the standard deviation of the bifurcation model, is
substantially different from other solutions. Among the solutions of
F;»- Fi4, which are obtained with the weights of 0.1,0.01,and 0.001
for ionic species, the results are similar. The solutions with o, =1
give heating rates that are 10-20% higher and surface removal rates
two and one-half times higher than those with o, =0.

The large surface removal rate for F; = F;;, ox =1, was found
to be due to a large rate of the surface reaction N 4+ C(s) — CN. To
understand this behavior, the concentrations of N, N, and CN are
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Species mol fraction
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Fig. 8 Distribution of gas species along the stagnation streamline for

the Stardust Earth entry vehicle at its peak-heating point in the trajec-
tory obtained using the present model.

compared between F;3 and Fj; in Fig. 9. As Fig. 9 shows, differ-
ences occur only in the concentrations of N and CN at and near
the wall. Referring to Table 4, one sees that the F;; values for all
neutral species are smaller than for other cases, leading to larger
diffusion coefficients for the neutral species. Larger diffusion co-
efficients will cause faster supply of N and rapid removal of CN
from the wall, which signifies a larger surface removal rate. On
the other hand, Table 4 shows that the F;; values for ionic species
are large, which means small diffusion coefficients. Nevertheless,

Table 7 Comparison of stagnation region stagnation-pointheating
rate ¢ and surface removal rate in,, for Stardust peak heating point;
in =0.089 kg/(m? -s)

Present calculation

Olynick

Rate etal.>! Fiy F; Fi3 Fi4
q, MW/m? 6.45

=0 2.67 2.65 2.49 2.55

ar=1 3.33 2.93 3.01 2.95
iy, kg/(m? - s) 0.0862

=0 0.0288  0.0192  0.0181  0.0174

ar=1 0.0866  0.0421  0.0475  0.0446

2
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S W
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T IIIII'Ir

Species mol fraction
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—— Fi3 (wt on ion=0.01)

----- Fiy (wt onion=1)

TTTIT
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Fig. 9 Comparison of concentrations of N, N*, and CN between F;3
and F, ile

Fig. 9 shows that the distribution of N* is hardly different between
F;; and F;;. Thus, one sees that a large error in flowfield solu-
tion is caused by a small error in F; for neutral species, but not
by that for ionic species. Therefore, F;,-F;4, which sacrifice accu-
racy for the ionic species, would be a preferred choice. This also
justifies the relatively inaccurate approach taken earlier in deter-
mining the collision integrals for collision pairs involving ionized
species.

The calculationswith the reaction rate constants with — of those
given in Table 5 for reactions 19-22 led to nearly identical results;
they were different by less than 2% in both heating rates and surface
removal rates.

Discussion

Transportpropertiesand gas-phaseand gas-surface reactionrates
are determined with the best presently possible methods. The bi-
furcation model parameters F; are determined with four differ-
ent weights to the ionic species in the evaluation of the standard
deviation of the bifurcationmodel from the true values. Sample cal-
culations show that a small weight for ions is a preferred strategy in
determining F;. A multicomponentdiffusion model is not suitable
for CFD computation of flowfields.

One sees the importance of the reaction of atomic nitrogen with
the carbon surface to form CN. The heatingrate is increasedslightly,
but the surface removal rate is increased two and one-half times by
this reaction. Determination of the probability of this reaction is
desirable.

Finally, note that, even though the heating and surface removal
rates predicted by the present work are smaller than those values
predicted earlier, such as by Olynick et al.,’' the true total heating
and surface removal rates in flight may not be lower. In such past
calculations, radiative heating rates were calculated assuming that
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radiation emanates from the air species. References 5 and 53 sug-
gest that radiation may emanate mostly from carbonaceous species
in an ablating environment, and its intensity may be much higher.
Until this aspect of the problem is understood, one should withold
judgementon the appropriatenessof the currentmethod of designing
ablative heat shields.

Conclusions

The transport property value set, the chemical reaction rate co-
efficient set, and the parameter set for the bifurcation model and
for the kinetic wall boundary conditions are derived for the ablating
environmentusing the best available methods. The presentset of pa-
rameters leads to heating and surface removal rates that are one-half
or less of the values obtained earlier by the use of the assumptionsof
gas-surface equilibrium and quasi-steady-state ablation. In apply-
ing the bifurcation model, the F; parameter obtained with a small
weight to the ionic species is recommended. The multicomponent
diffusion model leads to instability in the time integration of the
conversation equations. Formation of CN by the reaction of atomic
nitrogen with solid carbon could increase the surface removal rate
by a factor of two and one-half.
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