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High-Temperature Thermodynamic and Transport
Properties of Planetary CO, — N, Atmospheres

G. N. FreEmaN* anD C. C. OLIVERT
Purdue Unwversity, Lafayette, Ind.

A general method for computing equilibrium thermodynamic and transport properties of
reacting planetary atmospheres is summarized. Equilibrium composition and derivatives
are established from first principles, permitting calculation of total specific heat, thermal
conductivity, and Prandtl number. Results are presented for two CO; — N, atmospheres in
dissociative equilibrium over a range of temperature and pressure bracketing expected condi-

tions during Martian or Venusian entry.

I. Introduction

N hypersonic flows chemical reactions profoundly affect the
compressibility and temperature of the fluid and, there-
fore, the thermodynamic and radiative coupling in the flow.
Transport processes in the flowfield exhibit a similar de-
pendence on the chemical composition. Under conditions of
local equilibrium, the thermodynamic and transport properties
can be correlated in terms of two independent thermodynamie
variables for a given elemental composition. The resulting
simplification in obtaining flowfield solutions is enormous com-
pared to the general nonequilibrium case because solution of
the individual species conservation equations is not required.
A general method which possesses the accuracy and speed re-
quired in engineering calculations is outlined here for com-
puting the properties. Results are presented for CO, — N,
equilibrium atmospheres.

The validity of the equilibrium assumption depends upon
the time necessary for the system to come to a steady state
with respeet to a given perturbation. Since the rates of in-
ternal energy exchange and chemical reaction depend upon
collision frequency, the rapid attainment of equilibrium is fa-
vored at lower altitudes and higher flight velocities. Because
trajectory times are proportional to the scale of the flowfield,
equilibrium is also favored for larger vehicles. The mapping
of the trajectory regions over which the equilibrium assump-
tion is applicable requires knowledge of the pertinent non-
equilibrium rates. A comparison of equilibrium and non-
equilibrium flows has been made! for blunt entry vehicles in
CO; — N; atmospheres and is to be reported in a subsequent
paper.

An extensive literature exists on the calculation of high-
temperature thermodynamic and transport properties of equi-
librium gas mixtures. The purpose here was to consolidate
this information in a consistent manner and to present results
using recent collision cross-section data for postulated Martian
and Venusian atmospheres.

II. Analysis

Reactive Properties

All the thermodynamic properties of a pure gas can be cal-
culated from its partition function. For example, the Gibbs
free energy depends upon the partition function itself; the in-
ternal energy, enthalpy, and entropy upon the first derivative;
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and the specific heats, various isentropic functions, and the
velocity of sound upon the second derivative. Browne?™®
performed such calculations for the constituents of reacting
planetary atmospheres and his results were used here.

One of several classical methods (such as the minimization
of the mixture free energy) is commonly employed to com-
pute the equilibrium properties of the mixture in terms of the
thermodynamic funetions of the individual species. Closed
form solutions® are practical only for relatively simple chemical
systems. For more complex systems an iterative solution:
isrequired. The number of simultaneous nonlinear algebraic
equations to be solved is equal to the number of chemical
elements in the mixture.

Consideration is given to a closed system in which the
masses of the components are changed by chemical reactions
within the system. For a fixed temperature and pressure at
equilibrium, the variation of the free energy of a mixture of
ideal gases is given by
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where G = Gibbs free energy of mixture, N; = number of
moles of species ¢, P = absolute pressure, B = universal gas
constant, T = absolute temperature, X; = mole fraction of
species ¢, u® = chemical potential of species 1 at one at-
mosphere, and » = number of chemical species in mixture.

Not all the 8NV ; are independent, but are subject to the con-
straints of elemental mass and charge conservation as follows:
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where Nj = number of moles of element j (or net charge)
existing in all forms, a;; = number of atoms of element j (or
net charge) per molecule 7, and p = number of chemical ele-
ments in mixture.

The summations (1) and (2) are separated for convenience
into sums over the free atoms and electrons (1 < j < ) and
combined species (u + 1 < 7 < »). Noting that 6Nj = 0,
Eq. (2) is differentiated and substituted into Eq. (1) with the

result,
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The 8N ; for the combined species are independent; hence, the
bracketed quantity is zero for all. In terms of the mole frac-
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tion X ; there results

InX; = mK(T) + (8: — 1) InP +
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= Z 227 (6)
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K «(T) is the equilibrium constant for formation of the (v — p)
molecules and ions from the y atoms and electrons; . is the
number of atoms and charges 7 in the molecule or ion 2. The
(v — ) massaction Eq. (4) must be augmented by umass bal-
ance equations in order that the system for the unknown X;
be determinate. A suitable relation may be derived by nor-
malizing Eq. (2) by its sum over the elements 1 < j < pu.
Thus,

X,:i[gla,, ][;ﬁX] G =1 @

where X; = particle fraction of element ; existing in all forms =
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The summations in Eq. (7) are separated, as before, into sums
over combined and uncombined species. Solving for the un-
combined mole fraction X yields the following result:

X; =%+ Z [(B: — DX; — ai]X:
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Forming the exponential of Eq. (4) and substituting the result
into Eq. (8) yields the following u dimensional nonlinear sys-
tem
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Equation (9) is readily solved by Newton-Raphson iteration
with expansion in terms of the InX;. Convergence is most
rapid where the atomic and electronic mole fractions X; are
large; convergence at low temperatures is best achieved by
stepping downwards in temperature, using the previous con-
verged values for X; as the initial guesses at the subsequent
step. The molecular and ionic mole fractions X; then follow
directly from Eq. (4).

The equilibrium composition is sufficient to determine all
thermodynamic and transport properties of interest except
the equilibrium mass specific heat C', and total thermal con-
ductivity A. These quantities are defined only at local
equilibrium in regions of uniform pressure and elemental
composition and include contributions due to concentration
gradients,? as follows:

6= 0 i) B X =m0 250,
(10)
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where C, = frozen mass specific heat of mixture =

() T x0n

1=0

Cp: = molar specific heat of species ;, h; = molar enthalpy
of species t,

h = mass enthalpy of mixture = (i) > Xihs
Mo/ =

M ; = molecular weight of species 7, M, = molecular weight of
undissociated mixture, V; = mass dxffuswn velocity of species

1, V; = mass diffusion velocity of element j =
v v —1
Z ainiVi][z aini]
i=1 i=1

Z = compressibility = Mo/ >, X:M;
i=1
V = gradient, and X = frozen thermal conductivity of
mixture. The summations in Eqgs. (10) and (11) are more con-
ventionally written in mass rather than molar units.

The ratios X;V.;/VT are related to the concentration gra-
dients in an equilibrium flow of uniform pressure and elemental
composition through the multicomponent diffusion relation
as follows:
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where D;; = binary diffusion coefficient.

For the simultaneous diffusion of more than two species, the
diffusion velocity of a species is not simply proportional to its
concentration gradient. Thus, the partial derivatives (12)
required for Eq. (11) are not equivalent to those in Eq. (10).
In both cases (v — u) relations are provided by differentiating
the mass action Eq. (4) with respect to temperature. The
additional relations are provided in the case of Eq. (10) by
differentiating the mass balance relation (8), anc‘1_ in the case of
Eq. (11) by combining the defining relation for V; (equal zero)
with Eq. (12). After considerable algebraic manipulation,
the [0 InX /0T 1p,v%;=o0 are given by the u-dimensional linear
system!? as follows:
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The remaining (v — u) derivatives follow directly from the
derivative of Eq. (4).

The [X:V:/VT]p¥,=0 are determined from the (v — u)
dimensional linear system? as follows:

4 X,,,Vm]
Qim = b
m_§+1 I: VT 1p¥;=0

oy = p+ 1, ]

G (14)
i=1,..



SEPTEMBER 1970
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The remaining u diffusion terms follow directly from the de-
fining relation for V; = 0:
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Note that when applied to charged species, Eq. (15) amounts to
the requirement of ambipolar diffusion.

Kinetic Properties

Until ionization becomes appreciable, the first order Chap-
man-Enskog formulas yield predictions that are consistent in
accuracy with the collision cross sections.® In the following
formulas the quantities A ;;* and B;,;* are defined in the usual
manner following Hirshfelder et alit:

Ai* = Q,;00/Q,00 (16)
B * = [5Q,,(09 — 40,,091/Q,,00 (1N

where the collision integrals 2., are equivalent to o,,2Q;,¢-9*
in Hirschfelder’s notation. The formulas are equivalent to
those of Ref. 11 but differ in form. Here the subsecripts ,7
are not to be associated with combined and uncombined
species as above.

Viscosity

Let the coefficient matrix ¥;; be defined as
Er,jj = ZX,/(ML 4+ ﬂ[j)PS)ij [7;,_7' = 1,2,. . .,V]

Further define the coefficient matrix H;; as

H:; = —E5(1 — 34,,%/5) 1 = j]
3M;
HHI = Hw[]__z _l_ Z E?-J <1 *>
The viscosity is then given by
_ 15y x (18)
7’ - RT 1-;1 - 3

where ¢; is the solution of the linear system
-1
i=1
Frozen thermal conductivity
Let the coefficient matrix F;; be defined as
Fijg=2MME:;;/M;+ M;) [i,7 =12, ..»]
Further define the coefficient matrix L.; as

Liy = Fu[§§ — 3B%/4 — Ay*] [0 ]
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Fig. 1 Collision integral {,;(1'1,
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The frozen thermal conductivity is then given by
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where d; is the solution of the linear system
Z Lid; =
7j=1

and where
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Equation (20) is the modified Eucken correction to account for
energy storage in excited molecular states.

The pressure-independent product PD;; oceurring in these
relations is related simply to the collision integral &;;(Y as
follows:

P9 = GIRTY (M + M;)/2rM:M;1M2/%:,000 (21)

The collision data Q%Y 4,;* and B:;* that appear in
Figs. 1-3 include the effects of multiple-interaction poten-
tials,’? resonant charge exchange,'? and Debye shielding.?
Characteristic interactions are designated by a numerical in-
dex (1-7) and are identified in Table 1. The identity of the
participants beyond the classifications in the table is not re-
quired to obtain results consistent in accuracy with the colli-
sion integrals.

The neutral particle interactions 1-3 were taken as averages
of the corresponding values from Ref. 14. Interaction 4 be-
tween an ion and its parent atom was taken from Refs. 15
(€:;%2) and 16 (Q,;49). The nonresonant integral ;2
for interaction 4 was assumed to describe adequately the cor-
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Table 1 Characteristie interactions

S —
T

Fig. 2 Ratio of collision integrals 4;5%; Eq. (16).

responding integral for interaction 5 between dissimilar atom-
ion pairs. The 2., integral for this interaction has not been
studied in detail; it was estimated here using the relation
Q.; 00 = Q.9 /A,;* with A;;* = 0.9. This value was ob-
tained by comparing the results of Ref. 17 (Q;,>?) with those
of Ref. 18 (8,,4Y), both of which were based on a crude
Morse-plus-polarization ground state potential. No reliable
estimates were available for interaction 6 between an electron
and a neutral particle. Various approximations' 719 have
been attempted and are in poor agreement. The value
Q.;00 = Q,;2? = 4.0 was chosen as representative of these
estimates. For lack of better information, the quantity B;;*,
which is always of order unity, was set equal to 1 for interac-
tions 4-6. :

Interaction 7 between charged particles was investigated in
Ref. 13 for a fully ionized gas. The collision was described by
a shielded Coulomb potential where the shielding accounts for
long-range multiple particle interactions arising from the
charge background. The resulting collision integrals were ap-
plied here to the region of partial ionization. Because the
concept of a binary collision does not strictly apply, the
strength of the interaction depends upon the proximity of ad-
jacent charges. From Fig. 1 it is observed that the interaction
is strengthened as the pressure (and the number density of
charged particles) decreases.

1.24

120

116

Lol2y

I. 08|

Fig. 3 Ratio of collision integrals B;*; Eq. (17).

Index Type of Interaction
1 Molecule-molecule (molecule-molecular ion)
2 Atom-molecule (molecule-atomic ion, atom-

molecular ion)
Atom-atom
Atom-similar atomic ion
Atom-dissimilar atomicion
Electron-atom (electron-molecule)
Charged-charged

OO W

III. Results

Calculations were performed for equilibrium conditions
bracketing the range expected during Martian or Venusian
entry. Two atmospheres were considered: 50-50 and 90-10
CO; — N, by volume. Dissociation products included those
which were expected to make appreciable contributions to the
thermodynamic or radiative properties of the gas: CO,, No,
Cs, 05, CN,CO,NO,C,N,O,CH,N*, 0+, NO+ e~. There-
sults reflect the dominant chemical behavior of the reacting
gas. Properties of the undissociated mixture are shown for
comparison; these represent the infinite pressure (no reac-
tion) limit of the equilibrium mixture.

Thermodynamic Properties

The predominant types of reaction are indicated in Fig. 4
and are seen to be reflected in rather abrupt increases in the
compressibility. The values of compressibility are always
higher for the 90-10 mixture by an amount determined almost
entirely by the relative influence of the CO, dissociation reac-
tion (i.e., by the cold mixture CO. mole fraction).

The mass enthalpy for a given mixture (Fig. 5) exhibits a
behavior similar to that of the compressibility. Two compli-
mentary effects are at work: 1) the chemical enthalpy of the
dominant equilibrium species increases with temperature,
causing an increase in the enthalpy per mole of mixture; and
2) the molecular weight decreases with increasing temperature
so that the mass enthalpy rises more rapidly than the molar
enthalpy. Differences between the two dissociating mixtures
reflect the relative CO,/N, concentrations in the cold gas.
By conservation of energy the enthalpy of the fully dissociated
mixture is roughly independent of the cold composition; the
independence remains through ionization because the ioniza-
tion energies of C, N, and O are comparable.

The frozen mass specific heat (Fig. 6) exhibits the same
over-all behavior as the enthalpy, except for near constancy
through the first dissociation (CQOs) and a decrease at constant
temperature as the degree of dissociation increases below

50% CO, - 50% NZ*

2 —

———— - 10% s
90% €0, - 10% N,

-

2 Single lonization™

¥+

T
co, ‘Dissociation”
t !

1

1 3 5 7 9 1 13 15

T ~%. 107

Fig. 4 Compressibility.
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Fig. 5 Specific enthalpy.

4000°K. These differences arise because the two effects
which are complimentary for the enthalpy are opposed for the
specific heat. Namely, the specific heat of the dominant equi-
librium species decreases as the temperature increases, causing
a decrease in the molar specific heat of the mixture. This ef-
fect dominates slightly the decreasing molecular weight below
4000°K; above 4000°K the effect of decreasing molecular
weight dominates until at the higher temperatures the curves
for mass specific heat closely resemble those for mass enthalpy.
Comparing the two mixtures, it is seen that the specific heat
for the 90-10 mixture is generally higher below 4000°K and
lower above, until ionization becomes appreciable. Thisis a
reflection of the higher specific heat of CO; compared to N.
and a lower specific heat of the dissociation products of CO,
compared to those of Ns.

The equilibrium mass specific heat is shown in Fig. 7. The
energy absorbed and released by chemical reaction as trans-
mitted to the specific heat through the temperature deriva-
tives of composition is seen to dominate the energy carried in
the translational and internal modes at all but the lowest tem-
peratures. At the highest pressure considered (100 atm) the
curve for equilibrium specific heat begins to resemble its frozen
counterpart, but it remains quantitatively higher. The de-
creasing height and rightward shift of the peaks with increas-
ing pressure is a result of the decreasing extent of reaction and
the greater energy required to produce reaction at the higher
pressures. By comparison with Fig. 4, it is seen that the first
peaks are due to the CO, dissociation, the second to the N»
dissociation, and the third to single ionization. The height of
the first peak therefore increases with the relative CO; concen-
tration whereas that of the second decreases.

Transport Properties

For the interpretation of trends, it is useful to visualize a
representative collision cross section for the equilibrium mix-
ture as a whole. The properties of the mixture may then be
interpreted in terms of the familiar concepts and simple kinetic
formulae for a pure gas. 'The cross section may be taken to be
the population-weighted average of the participating collision
integrals at a given temperature and pressure. In the neigh-
borhood of 1000°K the cross section has the value correspond-
ing to molecular interactions. It decreases somewhat in the
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Fig. 6 Frozcn spccific heat (same legend as Fig. 5).

intermediate dissociation region due to the influence of the
smaller atomic collision integrals. An abrupt increase ac-
companies the onset of ionization as the Coulombic interac-
tions become more important.

The required pure gas relations follow from Eqgs. (18) and
(19) with v = 1:

n = 5MPD/6RTA* (22)
X = [25/84% 4+ (C,/R — 5/2)1P®/T (23)

where, from Eq. (21)
P9 = 3[(RT)*/wM,]V2/8Q1.D (24)

It is apparent that the transport coefficients of a pure gas or
nonreacting mixture increase with temperature (the collision
integrals decrease) and are independent of pressure. Differ-
ences in the presence of chemical reaction are due to changes in
molecular weight or in the “average’ collision cross section.
Neglecting changes in molecular weight, the viscosity and fro-
zen thermal conductivity can be expected first to increase due
to dissociation, then to decrease due to ionization. The varia-
tion in viscosity compared to conductivity should be smaller
during dissociation and larger during ionization due to changes
in molecular weight.

The viscosity curves appear in Fig. 8. Comparison with
the equilibrium composition confirms that the maximum dis-

10

ok

/ gram -

C_ ~ cal
p

T~ 0% 1973

Fig. 7 Equilibrium specific heat (same legend as Fig.
4).
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Fig. 8 Viscosity (same legend as Fig. 5).

tance to which an equilibrium curve rises above the frozen
curve occurs at the temperature corresponding to peak atom
concentration at each pressure considered. The abrupt drop
at higher temperatures follows from the large collision integrals
of the increasingly important charged-charged interactions.
The final significant characteristic is the dominance of the
molecular weight influence at the relatively low temperatures
corresponding to COs dissociation. Dissociation is more rapid
at the lower pressures, causing a greater depression of the lower
pressure viscosity curves. The inversion below 4000°K re-
flects the influence of competing effects in the same manner as
observed for the frozen specific heat.

The trends observed in Fig. 9 for the frozen thermal con-~
ductivity are generally similar to those for viscosity. The ab-
sence of a significant depression in the CO, dissociation region
is due to the fact that a decreasing molecular weight tends to
increase the thermal conduetivity, in contrast to its effect on
viscosity. Another factor is the effect of internal energy stor-
age which has been included in Fig. 9.

The contribution of internal energy states to the thermal
conductivity is shown in Fig. 10. The ratio of conductivity
including internal energy effects is normalized with respect to
the conductivity neglecting internal energy. Tt is seen that
at low temperatures the internal energy modes contribute an
amount nearly equal to that due to translational energy ex-
change; the effect increases with CO, enrichment because of
the greater capacity for internal energy storage. As the
translational energy increases, the relative importance of the
internal mode decreases.

IS

% x 10°
"

~ cal/ cm-sec -

x

Fig. 9 Frozen thermal conductivity (same legend as

Fig. 3).
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3.0

Fig. 10 Effect of internal energy on frozen thermal
conductivity (same legend as Fig. 5).

Over the temperature range investigated, the absolute mag-
nitude of the internal energy contribution remained at about
the same order. This is due to two competing effects: 1)
(C,; — BR/2) increases with temperature, causing a corre-
sponding increase in the internal energy stored per particle;
and 2) the equilibrium fraction of particles capable of signifi-
cant internal energy storage (i.e., in the vibrational mode) de-
creases with increasing temperature. Note from Fig. 10 that
the internal energy correction extends to higher temperatures
at higher pressures due to the smaller degree of dissociation
which has occurred.

The total thermal conductivity including translational,
internal, and chemical contributions is shown in Fig. 11.
Comparison with Fig. 7 for the equilibrium specific heat indi-
cates that both functions exhibit local maxima at about the
same temperatures. However, the ionization peaks in Fig. 11
are less pronounced than in Fig. 7 because the large Coulombic
collision integrals impede the diffusion process at high tem-
peratures. At very .low temperatures, on the other hand,
dissociation is slight, and the thermal conductivity increment
due to reaction becomes negligible.

.02

.ol

.sec .

. 001

A~ callcm

. 0005

. 0002

.000|I i 1 i ] 1 |

Fig. 11 Equilibrium thermal conduectivity (same legend
as Fig. 4).
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