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Theme

NUMERICAL study is presented of nonequilibrium nozzle

expansions of carbon dioxide from a reservoir at high
specific enthalpy h, ranging from 3 to 85 x 10'® cm? sec™2. The
effect of uncertainties in the relevant reaction rates and of
assumptions made about the vibrational energy of the molecular
components’ is examined. The results show that the gas
composition at large area ratios does not separately depend on
reservoir pressure and temperature, but depends only on
reservoir specific entropy.

Contents

The nozzle fiow problem consists of the solution of the conser-
vation equations for mass, momentum and energy in conjunction
with an equation specifying the equilibrium condition of the gas
and the reaction rate equations, the boundary streamline being
defined by the nozzle shape. With the assumption of quasi-one-
dimensional flow the problem is reduced to a set of ordinary
differential equations with the nozzle cross-sectional area A as
an input. A conical nozzle with 7.5° semiangle is considered. An
inviscid, thermally and electrically nonconducting gas is con-
sidered, consisting of the species, C, O, CO,, CO, O,, CO*, 0",
C* and electrons, in proportions such that the mixture may be
totally recombined to CO,. A conventional equilibrium gas

Table 1 Chemical reactions and rate parameters used

i Reaction bI(lil;'ri/f A; ; E,
Dissociation

1 CO,+M-CO+0+M all species  2.88 x 10!! 0.5 74.8

2 CO+M-C+0O+M allexcept 8.79x10%° —352 25576

COand O

3 CO+CO-C+0+CO 176 x 10%°  —3.52 25576

4 CO+0-+C+0+0 1.29 x 103! —3.52 255.76

S O,+M-20+M all except 2.55x10'®* —10 118.7

Oand O,

6 0,+0,-20+0, 275x 101  —10 1187

7 0,+0-30 2.1 x10'® -1.0 117.96
Carbon exchange

8 CO+CO-CO,+C 2.33x 10° 0.5 130.5

9 0+CO0-C+0, 2.73 x 10! 0.5 138.1

10 CO+0,-C0,+0 1.6 x10'3 0 410
Ionization

11 CO*+e¢"-»C+0O 1.7 x10*22  —15 0

12 C'+e +e >Cte” 294x10%° —45 0

13 O'+e +e »O+e 1.9 x10* —45 0

14 CO+M-CO*'+e +M all 7.24 x10'2 05 323.18

15 O+M-O0*'+e +M all 734 x 1012 05 31405

16 C+M->Cr+e +M all 7.86 x 1012 0.5 259.84
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model is used, similar to that of Ref. 1. From calculations allowing
for vibrational relaxation of the molecular species it was found
that, at the present conditions, the vibrational modes of CO, may
be considered to be in equilibrium with the translational
temperature, while those of O, and CO may be described by a
sudden freeze criterion. In all cases the effect of vibrational non-
equilibrium is quite small. The rate of change of each species
concentration with distance along the streamline is given by the
sum of the contributions to it over all the reactions considered,
as in Ref 1. Table 1 gives these reactions together with
parameters defining the reaction rate according to

k, = A, T"exp(—E/RT) n
k, is the forward rate of reaction number i in cm® mole™* sec™".
E, is the activation energy (kcal mole ™), R is the universal gas
constant (kcal mole ™ * K1), n; and 4, are constants and T is the
translational temperature (K). ‘
Figure 1 exhibits some of the features of a CO, expansion
from a reservoir at temperature T, = 10,000K, pressure p, = 200
atm. The initial drop of the O, and CO, concentrations
associated with the equilibrium behavior of CO, is followed by
departure from equilibrium at an area ratio of about 5

Teq / To

Species concentration, moleg®

1 10 10, /a* 10

Fig. 1 Variation of composition and equilibrium temperature in a

nozzle expansion from T;, = 10,000K, p, = 200 atm. Bars at left show

reservoir composition. . . .. equilibrium, —— nonequilibrium, — —— — with-
out reaction 10, —.—.—.— equilibrium temperature.
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Fig.2 Species concentration at area ratio = 700 as a function of specific
reservoir entropy.

(A* = throat area). Beyond 4/4* = 50 all species except C, O,,
CO, are inactive. The continuing rise of the CO, concentration
is mainly due to reaction 1 in reverse, and the effect of the
binary reaction 10 is seen to be unimportant. At lower reservoir
enthalpies reaction 10 becomes progressively more important in
this respect. The hump in the equilibrium temperature T, around
AfA* =20 is associated with the behavior of the equilibrium
specific heat ratio.

Results from a large number of such calculations (only 8 of
which are shown) are plotted in Fig. 2 in the form of species
concentration at A/A* =700 against S,/R. (S, = reservoir
entropy/original mole of CO,). It is seen that the composition
of the gas does not separately depend on p, and T, but is uniquely

Table 2 Effect of uncertainties in reaction rates

Uncertainty Effect on flow Effect on species concentr_ation,
Reaction s variables, % % of highest concentration

considered

number in k
ks p T pu € O CO, CO O,

1 low x 1.6 07 08 001 0 030 024 024 002
1 ho x1/1.6 25 44 08 O 002 48 48 15
24 ' +75% 001 O 0 0 0 0 0 0
24 —75% 0 0 0 0 0 0 0 0
57 x2 01 006 003 O 004 005 005 O
5-7 x1/2 006 003 001 O 002 003 003 0
1 high x 1.6 012 004 002 007 004 O 0 0
1 ko x1/1.6 006 002 001 004 005 O 0 0
2-4 +75% 70 85 038 20 20 O 20 0
24 4 —75% 19 22 12 70 170 0 70 0
57 x2 029 05 008 03 02 0 03 003
57 x1/2 029 035 003 01 013 O 02 0
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Fig. 3 Nozzle efficiency as measured by recovered specific enthalpy
as a function of equivalent flight velocity.

determined by S,, as has been found previously for air.?3
Figure 2 shows that CO, expansions may be divided into three
distinct regions: At S,/R < 58 only CO, and O, recombination
is important, while at S,/R > 68 only CO recombination and the
ionization reactions are significant. In the narrow transition
region 58 < S /R < 68 all of the reactions must be considered.
This behavior is accompanied by a larger rate of increase of the
frozen specific enthalpy &, with S,/R for S;/R > 64 because of
the high dissociation energy of CO, of which more and more
remains dissociated as Sy/R is increased. The correlation with
reservoir entropy of the deviation of pressure and temperature
from their equilibrium values which was observed for air®* also
applies here, so that a particular nonequilibrium expansion
could be solved by using an equilibrium solution together with
the results of the correlation.

Throughout the range of S,/R considered, the variation of
composition (and, therefore, the variation of compressibility
factor) with 4/A4* is small for A/4* > 100 with the exception of
C, O, and CO, in the transition region 58 < /R < 68. This is
indirectly evident in Fig. 3 which (for A/4* = 256 and 700) shows
the nozzle efficiency dropping off to about 60°%, as the equivalent
flight velocity is increased to-about S km sec™ !, and remaining
approximately constant thereafter.

The effect of uncertainties in the reaction rates is shown in
Table 2. The uncertainties considered are obtained from the
scatter of various authors’ results or represent their stated
errors. It can be seen that the only case in which there is a
significant effect is that of reactions 2—4 at high enthalpy.

References

! Lordi, J. A, Mates, R. E., and Moselle, J. R., “Computer Program
for the Numerical Solution of Nonequilibrium Expansions of Reacting
Gas Mixtures,” CAL Rept. AD-1689-A-6, June 1965, Cornell Aero-
nautical Lab., Buffalo, N.Y.

2 Harris, C. J. and Warren, W. R,, “Correlation of Nonequilibrium
Chemical Properties of Expanding Air Flows,” General Electric
Document R 64SD92, Dec. 1964, General Electric Co., Valley Forge,
Pa.

3 Bray, K. N. C,, “Simplified Sudden-Freezing Analysis for Non-
equilibrium Nozzle Flows,” ARS Journal, Vol. 31, 1961, 831-834.

* Lordi, J. A, Mates, R. E., “Nonequilibrium Effects on High-
Enthalpy Expansion of Air,” AI4A Journal, Vol. 3, No. 10, Oct. 1965,
pp- 1972-1974.



