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Strong Vibrational Nonequilibrium in Supersonic Nozzle Flows

A. Chiroux de Gavelle de Roany,* C. Flament,t J. W. Rich,{ and V. V. Subramaniam§
Ohio State University, Columbus, Ohio 43210

and

" Walter R. Warren Jr.§
Pacific Applied Research, Rancho Palos Verdes, California 90274

A model and numerical code are presented that describe quasi-one-dimensional compressible flows of gases
with nonequilibrium of their vibrational and electronic energy modes. Chemical reaction channels are also
modeled. Rate equations governing individual vibrational state populations are integrated as a function of
streamwise position in a flow channel. Results are presented for flows of CO, N3, and NO in supersonic nozzles,
and the conditions creating extreme nonequilibrium overpopulation of upper vibrational states are shown.
Applications to 13C isotope separation processes, to possible vibration-to-electronic and electronic-to-electronic

mode energy transfer lasers, are discussed.

Introduction

HEMICALLY reactive flows of compressible gases are

extensively studied, with interest renewed by current hy-
personic flight problems,!-? nonequilibrium molecular electric
discharge reactors,* and investigations of new gas lasers.” In
each of these applications, it is recognized that, in addition to
chemical nonequilibrium, nonequilibrium of the molecular
vibrational modes can often be a major influence. This is
particularly the case in thermodynamic environments in which
the translational and rotational molecular energy modes are
maintained in equilibrium at a relatively low temperature,
while the vibrational molecular mode(s) have high specific
energies. Such environments are commonly realized in super-
sonic expansions of gases at high stagnation enthalpies, in
molecular electric glow discharge plasmas, and in optically
pumped molecular gases. In these cases, inelastic collisions
exchanging vibrational energy can create extreme non-Boltz-
mann populations of vibrational energy states; these are so-
called vibration-vibration (V-V) pumped environments.5’ His-
torically, vibrationally nonequilibrium flow environments
have been the subject of detailed modeling for certain gas and
gas-dynamic laser species.®'° Such studies have, however,
been largely confined to investigations of relatively low-lying
vibrational states and, in the case of chemical laser flows, to
chemical processes directly relevant to pumping a vibrational
population inversion.

The present study addresses the processes influencing the
populations of very high vibrational quantum states of di-
atomic gas molecules in nonequilibrium gas dynamic flows.
Specifically, while it is well known that vibration-vibration
pumping processes can populate high vibrational levels, the
mechanisms that limit such up-pumping, which include chem-
ical reaction and vibration-to-electronic (V-E) mode energy
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transfer, are only beginning to be understood.!!-1* We report
here detailed modeling studies of supersonic expansion flows
of CO and N,, with energy transfer into low-lying excited
electronic states. We discuss the nozzle conditions that create
extreme upper vibrational state disequilibrium. A critical sur-
vey of recent theoretical and experimental vibration-state-spe-
cific energy transfer data for these species has been conducted
and relevant rate data have been incorporated into the kinetic
model. Three major applications of the model are discussed:

1) TIsotopic separation of 3C by V-V pumping; related
separation processes can occur in other molecules.

2) Possible V-E energy transfer lasers, such as CO to NO,
or N, to NO, and other systems.

3) Possible electronic-to-electronic (E-E) energy transfer
lasers.

A computer modeling code has been developed and applied
to these problems. The code includes kinetic equations for
vibrational level populations of up to five diatomic molecular
species, including excited electronic states of some of these
species. The kinetic equations are fully coupled to the gas
dynamic conservation equations.

The details of the model are outlined, including the govern-
ing equations, the specific kinetic rate models, and the method
of computer integration used. We discuss gas dynamic nozzle
design to maximize populations on very high vibrational lev-
els. Then, we present computed results and give a brief sum-
mary and review of model extensions currently in progress.
The Appendix gives the detailed analytic rate expressions
used.

Model

Assumptions

The rapid expansion through a two-dimensional planar noz-
zle is modeled with a quasi-one-dimensional approach. The
flow is assumed to be inviscid and compressible, and we are
only interested in the steady-state solution. The translational
and rotational energy modes are supposed to be in full equi-
librium along the nozzle, so that a single temperature can be
defined for these modes. This approximation neglects the
extremely short relaxation times for rotational and transla-
tional equilibration (processes typically requiring a few molec-
ular collisions).

The vibrational energy modes can follow a non-Boltzmann
distribution and take into account the anharmonicity of the
molecules. The diatomic molecules are electronically active
and each electronic state is counted as a separate species. The
monatomic species are treated as simple diluents that partici-
pate only in vibration-translation processes and chemistry.
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Balance Equations

The mass conservation equation for quasi-one-dimensional
flows is

puA = const 1)

where u is the streamwise gas velocity component along the
nozzle, p the density of the gas, and 4 = A(x) the cross-sec-
tional area of the nozzle. The conservation equation governing
the population of the vth vibrational state of the diatomic
species 7 is

'y dy;,

——f=VV + V! + VE} + EE} + SRD! + CHM! (2a)

where m; is the molecular mass of species i, Y;, = p;,/p is the

mass fraction of the vibrational state v of the species i, and p;,
is the density of the species / in the vibrational state v.

The right-hand side of Eq. (2a) is the sum of various inelas-
tic collision processes that change the vibration state or the
chemical species. V'V represents the sum of the rate processes
changing vibrational state by molecular collisions which ex-
change vibrational mode energy (vibration-vibration ex-
change). VT and VE represent changes of vibrational state by
exchange of energy between vibrational modes and transla-
tional/rotational modes, and between vibrational and elec-
tronic modes, respectively. EE represents the exchange of
energy between two electronically excited molecules by nonra-
diative collisional processes. SRD represents the change of
vibrational state by spontaneous radiative decay processes.
Finally, CHM represents changes of state and species by
chemical reactions. The details of these expressions are given
in the Appendix.

The conservation equatlon governing the populatlon of a
monatomic species 7 is:

vy,
r‘:l” 2 = CHM, 2b)
m

The momentum and energy equations, where p is the pressure
and A the enthalpy per unit mass of the mixture, are given,
respectively, by
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—+pu—=0 3)
dx dx
10!
109 3 ——a—- jalet (Boltzmann)
; ——eo— throat
10774 ~——— outlet
z ] ¥
S 10“2';
< 3
-3]
2 10 3
o E
= E
- 10'4
3
& o-5]
a 107 'E
]
2 10'6-5
o b
2 10-71‘
10'8}
10'9]
10-1 T T

0 4 8 12 16 20 24 28 32 36 40

LEVELV
Fig.1 Normalized vibrational populations vs vibrational quantum
number: pure CO; Py = 100 atm; Tp = 2000 K; outlet: P = 17. 5 Torr;
T=19K; M =171; A/4* =110.
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Fig. 2 Normalized vibrational populations vs vibrational quantum

number: pure CO; Py = 100 atm; Ty = 2000 K; outlet: P = 17.5 Torr;
T=3TK; M=69; A/4A* =110.

S v it = g @

where g, is the energy sink due to radiative transitions, which
are expected to be optically thin.

Thermodynamic Equations
The average mass and pressure of the mixture are, respec-
tively,

1 Yiv Ym
-= T 5
M v M gn: My ( )
p=2kT (6)

"

where & is the Boltzmann constant.
The average enthalpy per unit mass of the mixture is

h_ék_T E Yiy

2 iv m;

(kT + E;, + b} )+E Y, (Te,, + h2) (7)

where E;, is the internal energy of molecule i in vibrational
level v for a given electronic state, 7e; the electronic energy,
and A4 the heat of formation per unit mass of species i. E; , is
given by

E;, = Te; + w(v + V2) — weiXei(v + ¥2)? ®

where w,; and x,; are the spectroscopic constants (fundamental
vibrational frequency and anharmonicity, respectively) for the
molecule /.

System of Ordinary Differential Equations Solved

Additional assumptions. include constant average mass u
(which is justifiable for the reactions under consideration
here). There is only one monatomic species 7z, the radiation
energy sink is negligible, and the effect of the enthalpy of
formation on the mixture total energy is negligible (the prod-
ucts are assumed to be in very small quantity).

With these assumptlons the previous equations can be writ-
ten in terms of the derivatives of the molar fractions
X;y = Y;,u/m; of the velocity u, and of the translational/ro-
tational temperature 7'

puA = const (9a)
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Xn=1-Y X (9b)
Lv
Xy _ 1 (VV! + VT! + VE} + EE} + SRD} + CHM}) (9¢)
dx pu
du u dA

g Py 9d
dx (l—MZ){Adx } ©d)

dT 1d4 pu?\1 du
ax {A ax <1 - kT>u dx} ©)

where M is the Mach number based on the frozen speed of
sound and & is a function that couples the equations of gas
dynamics to the kinetics:

M=u/a (10a)

_kTY (5/2) + Z X,
] GD+X X,

po— L [Z <E’ + 1>dXi'”] (10c)
TG+ L XL 5 \kT dx ©

Numerical Approach and Applications

The nozzle consists of two profiles for the subsonic and
supersonic expansions. The zone from the entrance to the
throat has a parabolic shape. Immediately downstream of the
throat, the supersonic expansion is straight walled, with a
specified expansion half-angle. The throat héight is taken to
be 0.0048 m, with the entrance height being 0.48 m. The
channel width is taken to be 0.01 m. The influence of an
additional constant area channel, downstream of the expan-
sion, is also studied; the location of this channel exténsion is
varied parametrically. In our calculations, the stagnation con-
ditions are chosen to be those generated by a shock tunnel,
* typically: T, = 2000 K and P, = 100 atm. The gas is chemi-
cally, vibrationally, and electronically active. The set of the
fully coupled equations is solved using a stiff equation irtegra-
tor LSODE.>16

For the cases studied, which include several vibrationally
active species, this system represents between 100 and 200 stiff
equations. They have been integrated from thé subsonic sec-
tion through to the supersonic-hypersonic expansion. The in-
tegration through the throat represents a singularity; in some
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Fig. 3 Normalized vibrational populations vs vibrational quantum
number: 20% CO-80% Ar; Py = 100 atm; Ty = 2000 K; regular nozzle
outlet: P =5.7 Torr; T =59 K; M =11.5; A/A* = 111; optimized
nozzle outlet: P =31.4 Torr; T =116 K; M =7.8; A/A* = 41.
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Fig. 4 Vibrational populations vs vibrational quantum number: Hz
impurity influence; CO-Ar-Hj, optimized nozzle.

previous calculations, this has been avoided by assuming that
the gas is in Boltzmann equilibrium at the throat. Our calcula-
tions show that the flow through the subsonic channel creates
an out-of-equilibrium vibrational distribution of the
molecules at the throat. The vibrational distribution of CO is
plotted for a 15-deg half-angle expansion nozzle at two loca-
tions: at the nozzle inlet where CO is at equilibrium, and at the
throat (Figs. 1 and 2). Other run parameters are specified in
the figure.

Since there is clearly a small, but not necessarily negligible
nonequilibrium effect at the throat, we have chosen to inte-
grate the system from the subsonic section to the supersonic
expansion. An initial Mach number is calculated at the inlet of
the nozzle; it is determined by considering the isentropic ex-
pansion of a nonactive gas (y = 1.4). This inlet Mach number
is changed each time the Mach number decreases during the
expansion. An iterative scheme is then set up, using a halving
method for calculating the new inlet Mach number.

Design for High Vibration-to-Vibration Up-Pumping
Effect of the Mixture ‘

When expanding pure CO through a 15-deg half-angle noz-
zle, the vibrational distribution of CO begins to show strong
non-Boltzmann populations downstream of the throat. For
example, as shown in Fig. 1, there i a considerable up-pump-
ing of populations for levels lying between v = 8 and 26 at the
nozzle outlet. As shown in Figs. 1 and 2, V-T relaxation is
active downstream in the nozzle and is increased if the stagna-
tion temperature is raised from 2000 to 3000 K. Argon is
added to CO in order to decrease the V-T relaxation; this is
possible because the V-T rate for Ar-CO is less than the V-T
rate for CO-CO. Ar acts as a coolant in the mixture and allows
CO to be more strongly pumped on its vibrational levels below
v = 235, as shown in Fig. 3. It may be noted that partial vibra-
tional population inversions of the type shown, produced in
supersonic expansions of CO-Ar mixtures, constitute the typi-
cal gas dynamic CO laser environment,!” which was first stud-
ied both theoretically and experimentally by McKenzie.’

To study the effect of the V-T relaxation and to assess the
effect of possible impurities present in the mixture, we have
calculated the CO vibrational distribution when the mixture
consists of CO, Ar, and H,. Figure 4 shows the vibrational
distribution of CO expanding in an optimized nozzle for sev-
eral percentages of H, in the mixture. The CO-H, V-T relax-
ation is very fast, and as the percentage of H, increases, CO is
less excited on its high vibrational levels. It appears that, for



122 DE GAVELLE DE ROANY ET AL.: NONEQUILIBRIUM IN SUPERSONIC FLOWS

Nv (m3)

(LEVELV

Fig. 5 Vibrational populations vs vibrational quantum number:
20% CO-20% N2-60% Ar; regular nozzle; outlet: P =8.7 Torr;
T=90.9K;M=91;4/4*=111.
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Fig. 6 Vibrational .populations vs vibrational quantum number:
20% CO-210% N2-60% Ar; optimized nozzle; P =103 Torr; T =209
K; M=5.8; A/4A"* =22.

less than 1% H,, CO remains highly excited. We are presently
reviewing CO-H rate constants in order to investigate the
relaxation of CO by atomic hydrogen during the expansion; H
relaxes CO even more efficiently than H; does. Such studies
are necessary since possible water vapor or hydrocarbon impu-
rities can partially dissociate under some nozzle plenum condi-
tions, providing H, and H, which weaken the influence of V-V
up-pumping. .

Dramatic nonequilibrium vibrational energy partition has
been observed when expanding a mixture CO-N-Ar. The
average energy per particle is plotted in Fig. 7a for CO and N,
expanding along the nozzle. The energy is significantly trans-
ferred from N, to CO during the supersonic expansion, which
enhances the excitation of the high energy levels in CO (Figs.
5 and 6). This energy partition is a consequence of the well-
known preferential transfer of vibrational energy from the
more widely spaced vibrational quantum levels to the more
closely spaced vibrational quantum levels in V-V pumped sys-
tems.® In this example, the higher the frequency, more widely
spaced N, levels transfer energy to the CO. It should be noted
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Fig. 7a Average vibrational mode energy vs nozzle position: mixture
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that the N, distribution of Fig. 5, which now contains rela-
tively low energy, displays the total population inversion over
some states, which characterizes so-called weak pumping cases.
In most subsequent calculations we use mixtures of CO-N,-Ar
to provide highly pumped CO vibrational distributions.

Effect of the Nozzle Geometry

In most numerical simulations, with a mixture providing
pumped distributions of CO, the first few vibrational levels
have a high density compared to levels of about v = 25-30. To
drain vibrational quanta from the low levels up to the high-ly-
ing levels, one has to flow the mixture through a constant area
channel, thus stopping the expansion in the supersonic sec-
tion. The combination of the nozzle and the additional
straight channel is referred to here as the optimized nozzle.
The location of the straight channel is found by considering
the energy transfer curves (Figs. 7a-c). For the mixture CO-
N,-Ar, which was just considered, the energy transfer curve
(Fig. 7a) shows a saturation in the transfer 20 cm after the
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Fig. 8 Normalized vibrational populations vs vibrational quantum
number: 25% CO-25% N»-50% Ar; outlet: P = 8.2 Torr; T = 109 K;
M=84; A/A* =111,
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Fig. 9 Vibrational populations vs vibrational quantum number:
25% CO-25% N2-50% Ar; outlet: P = 8.2 Torr; T = 109 K; M = 8.4;
A/A* =111.
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Fig. 10 13C isotopi¢ enrichment vs vibrational quantum number:
natural abundance: 1.1%.

throat; we choose this location for stopping the supersonic
expansion with a straight channel. Figures 5 and 6 show the
vibrational distribution of CO expanding in a nozzle without
a straight channel (regular nozzle) and in an optimized nozzle,
respectively. The improvement is obvious; with the optimized
nozzle, although the low levels are less populated, the distribu-
tion is pumped up to level v = 38 instead of 30 with the regular
nozzle. The effect of the straight channel is also demonstrated
in Fig. 3 with a CO-Ar mixture.

Clearly, the present inviscid, shock-free calculations repre-
sent an optimum that can only be approached experimentally
by a carefully contoured nozzle design with due allowance for
boundary-layer displacement. We note, however, that CO gas
laser experiments in a relatively low density, planar 15-deg
half-angle nozzle produce a supersonic near-isentropic core
that approximates the velocity/temperature distribution given
by the model.!?

Results

The following diatomic molecules are investigated. Unless
indicated otherwise, molecules are in their electronic ground
state: 12C160, 3CI160, CO(a’II), N,, NO(X?I), NO(B2I). Sim-
plified energy level diagrams for the CO and NO species are
given in Fig. 12. Ar is added in most mixtures. C and CO,
appear as reaction products; they can relax active molecules by
V-T transfer.

Both isotope separation and energy transfer laser applica-
tions involving excited electronic states (V-E, E-E, chemical
reactions) require that relatively high vibrational levels of CO
be populated. In most cases, we require a density of about
107N, for vibrational levels of CO from v =20 to 35, N,
being the number density of the vibrational ground state
v =0. Our optimized nozzle expansion will cause energy
transfer processes to give such high populations on the upper
vibrational levels.

Isotope Separation

The basic mechanism of the separation of 13C is the follow-
ing: a vibrational energy transfer occurs from 2CO to 3CO;
Figs. 7b and 7c¢ show the evolution of the average energy per
particle along the nozzle for the two isotopes. The energy is
clearly transferred from 2CO to *CO. This is again an exam-
ple of preferential transfer of vibrational energy favoring the
lower frequency, more closely spaced quantum levels of the
3CQ.57 The vibrational distributions of the two isotopes are
plotted in Figs. 8 and 9 for the case when N, and Ar are added
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to the mixture. The vibrational distribution of 3CO is pumped
more efficiently than the '2CO distribution. The natural abun-
dance of BCO is 1.1%; the percentage of 3CO in CO vs the
vibrational state is plotted in Fig. 10. There is a preferential
excitation in 1*CO for some states occurring in the mixture; the
maximum is at v = 10, *CO representing about 8% of CO in
the state v = 10. The best case is obtained by using an opti-
mized nozzle; the straight channel is located 20 cm after the
throat.

An enrichment product can be obtained by considering the
following reactions, which take place all along the expansion:

COX'Z*, v) + CO—-CO, + C
CO(@*1l, w) + CO—-CO, + C

The reactants are either >CO or 13CO, and the products are
2C, BC, 2C0,, or 3CO,. From earlier experiments,!® the
channel forming *CO, seems to be the most probable. We are
presently introducing these chemical reactions and energy
transfer into the first excited electronic state, CO(a°Il), in the
code (see the following subsections). The model can be com-
pared with experiments in which the CO, that was produced
during the expansion is removed with a liquid nitrogen trap,
and the actual enrichment in 3CO, is analyzed.?0:2!
" The effective activation energy of the preceding reactions is
about 6 eV, which represents a vibrational level of about
v =25 for CO(X'T), or a low-lying vibrational level of
CO(e>M). Thus, it is necessary to transfer as much energy as
possible to *CO in order to provide the required activation
energy. It seems that if we can provide a fair density of
BCO(v >20), a high enrichment can be reached. The limit
v >20 is somewhat uncertain since the rate constants of the
chemical reaction and of the electronic transfer from CO(X'I)
to CO(a>T]) are not well known. Further experiments that are
presently underway should enable assessment of an efficient
separation of 3C when compared with the results of this
study. ‘
Monitoring the amount of C and CO, produced, we have
observed that only a small amount of these products are
formed during the expansion. If we calculate the ratio of the
density of CO, produced to the total density of CO, we find
CO,/CO between 102 and 10~%, depending on the conditions
we have considered. The yield of the chemical reactions is
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therefore very low; since the pressure of CO does not generally
exceed 200 Torr at the end of the expansion, it is unlikely that
such a process could be practically used for isotope separa-
tion, unless one can use a very long straight channel and
operate the supersonic expansion for several seconds. Never-
theless, short duration supersonic expansion experiments have
been conducted and substantial *C enrichment fractions re-
ported,22! but yields are presumably small.

Vibration-to-Electronic Energy Transfer

Processes similar to the ones discussed earlier occur when
considering V-E transfer lasers. In such lasers, a highly vibra-
tionally excited donor molecule transfers its energy in colli-
sions to the electronic mode of a second, acceptor species.?:23
The electronic configuration of the acceptor species is selected
to obtain possible population inversion and subsequent laser
gain on a visible or near-ultraviolet radiative transition. In
order to achieve the energy transfer from CO(v) to an accep-
tor electronic state lying above 6 eV, CO(v >25) has to be
significantly populated. This constraint is not required when
designing a CO gas dynamic laser since, in this case, one looks
for a partial population inversion on lower vibrational levels.

At present, CO is chosen as a possible donor species, and
the code is being run including the low-lying electronic energy
states of CO. The details of the V-E transfer rate model used
to couple the electronic states are given in the Appendix. Rates
for transfer between CO(X'L*) and both CO(e°I) and
CO(4 1) have been developed and compared with data from
available experiments.!3-2*

As discussed, a mixture of CO, N,, and Ar is used to
enhance the V-E transfer from CO(X'Z*) to CO(¢’I). An
optimized nozzle is used in the calculations, estimating the
shape of the effective nozzle. The length of the 15-deg half-an-
gle expansion is 15 cm, measured from the throat. A straight
channel of 85 cm length follows the expansion. Higher elec-
tronic states are not considered in this model since it has been
shown that the vibrational levels of the ground state
CO(X!L*) above v = 35 are not excited, and therefore only
CO(e’Tl) is energetically accessible. Calculations were made
for a 10% CO-10%N,-80% Ar mixture, with stagnation condi-
tions T, = 2000 K and P, = 100 atm. Since state-resolved data
for the V-V and V-T rates for the excited electronic state ¢3IT
in CO are unknown, the rate for the vth vibrational level of
the excited state is presently assumed to be equal to the rate for
the corresponding vth level of the CO ground state.

As described in the Appendix, the rate constant for the V-E
transfer is a function of a resonance parameter Cyg and a
pre-exponential factor Syg®. We have chosen Cyg = 13.58 X
10-2 to get the optimum of the transfer at resonance, where
the energy defect between the two states is minimum. Syg°, the
amplitude of the transfer, is adjusted from 10~ (gas kinetic)
to 10714 ¢cm3/s. At the same time, the formation of C and CO,
is studied (see preceding reactions); the specific rate constant
for these chemical reactions is &y (see Appendix), which varies
between 10~ 15 and 1017 cm?/s. We have neglected back reac-
tion rate processes; for the relatively small amounts of CO
reacted, however, we can realistically study the amount of CO
dissociated and the influence of the chemistry on the V-E
transfer.

Figure 11 shows the vibrational state populations calculated
with this model, for a 15-deg half-angle expansion of 15 cm
length, followed by an 85-cm straight section, to A/
A*=16.5, M =5.5, P=151.2 Torr, and T =197 K. We
have chosen the V-E coupling parameter of Sy’ =5 x 1013
cm?/s, and Sy ko = 100. This implies a V-E transfer rate
approximately equal to the gas-kinetic collision rate and a
chemical reaction approximately 100 times slower than the
V-E transfer. This choice of parameters approximately repro-
duces previously observed coupling between the two electronic
states.!*3® Figure 11 shows the influence on the X'T * vibra-
tional population distribution of the V-E transfer into the @11
state. The largé dimple beginning near v = 28 is due to this
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coupling; states near v = 28 are close to resonance for the V-E
transfer from X'E£+ to ¢’II. Qualitatively similar effects on
V-V pumped CO(X'E*, v) distributions have been measured
experimentally in electric discharges by Farrenq and
Rossetti.’* The coupling becomes very weak as Syg? is de-
creased below 5 x 10~ cm3/s.

Electronic-to-Electronic Energy Transfer

To model a CO-NO energy transfer laser, we have to study
the transfer occurring between the electronic states of CO and
NO (E-E transfer). A strong uv emission was reported in a
previous study,3® while CO was excited in a CO-NO mixture.
The simplified model we have used in our calculations is as
follows:

CO(X'E*, v>27) + NOX2)—CO(X'T+, 0)
+ NO(BL, 0)
CO(a’M, w) + NO(XI)—CO(X'E+, 0) + NO(BI, 0)

The two first electronic levels of CO transfer their energy to an
excited electronic state of NO. This process is shown on the
potential curves in Fig. 12.

A related transfer is likely to occur from vibrationally ex-
cited levels of the electronic ground state of NO itself to
NO(A42E+) and to NO(B).!2 The band emission from these
excited NO electronic states is the well-known v band for the
system NO(A 2L +)-NO(XII) and the 8 band for the system
NO(B)-NO(X?M). We will only consider the 8 band in the
following calculations. It is necessary to achieve a high density
of CO(X'L+, v>27) and CO(¢’Il) if one wants to excite a
fair amount of NO(BXI) in order to create a population
inversion between NO(BAI) and NO(X ™).

The mixture is 10%CO-10%N,-80%Ar. The stagnation
conditions are T, = 2000 K and P, = 100 atm. The length of
the 15-deg half-angle expansion is 15 cm; the straight channel
is 85 cm long. At 80 cm from the throat, in the constant area
channel, NO is injected in the mixture; the mixing is assumed
to be instantaneous. Such an assumption implies that we have
the maximum amount of NO in the mixture as soon as the gas
reaches the mixing zone; this can be considered as the worst
case since NO is a very effective quencher. The mixing zone is
20 cm long; the population of each component of the mixture
is monitored at the end of the mixing zone.

The detailed mechanism and rate constants for the reactions
producing NO(B™I) are not known. The global parameter Pgg
(see Appendix) is therefore varied from 10~! to 10~% The
amount of NO injected is 10% of the CO density. In order to
study the possibility of a laser effect the small signal gain is
calculated for the transition NO(B4I, v =0, J)—NO(XI,
v =8, J + 1), which corresponds to the largest Franck-Con-
don factor, or the most probable radiative transition. Stan-
dard expressions for Doppler-broadened gain’® are used. The
calculations show a population inversion between NO(B 1)
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Fig. 12 CO and NO energy levels.
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Fig. 13 CO/NO V-E/E-E transfer laser; small signal gain for NO-3
at 200 K: NO(BL, v =0, J)~-NOXM, v =8, J + 1).

and NO(X?II); the temperature achieved in the gas is 200 K.
The gain (in cm ™) is plotted vs the rotational quantum num-
ber J for several values of the transition probability Pgg in Fig.
13. The gain curves remain about the same for Pgg>10-3,
showing the maximum gain that can be obtained under these
conditions. It is likely that the gain is about 103 for
P> 1074 The wavelength of the transition is 0.323 ym in the
uv range.

Conclusions

A new vibrationally nonequilibrium code has been devel-
oped, which includes vibrational-state-specific population bal-
ances, the influence of excited electronic states, and some
chemical reaction channels for compressible flows of mixtures
of diatomic gases. Recent theoretical and experimental rate
data on vibration-to-vibration, vibration-to-electronic, and
electronic-to-electronic energy transfer processes have been
reviewed and used in the model. Calculations for isotopic
mixtures of CO molecules, V-E, and E-E energy transfer in
CO and NO are discussed in detail.

The code has been successfully applied to the design of a
CO-NO energy transfer laser and can be used with other
donor-acceptor pairs such as NF-IF, N,-NO, or other systems.
Uncertainties remain in the model regarding some of the
mechanisms involved and some of the transfer rate constants.
Although the theoretical calculations show the feasibility of
such lasers, validation by experiment is necessary; new pro-
cesses and unexpected mechanisms can arise due to the
complexity of the electronic structures of the systems we are
studying.

Appendix: Summary of Rate Expressions

We introduce n;, = p;,/m;, the number density of the pri-
mary species /, in vibrational state v, in part/cc; n;., = p;,/
m; the number density of the secondary species j in vibrational
state w, in part/cc; n; = ?n,-,v the total numbér density of
species 7, in part/cc; and nr = En; the total number density of
the mixture. We have

p=Y piy+ X pm = pny
iv m

and

Xy =n;,/nr
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Vibration-Translation Term
The VT term of Eq. (2) is written as

VT! = ¥ mi{P}* Win,, 4 — exp(— AE; /kT)n,, ]
J

- P}p¥~'[n;, —exp(— AE! "' /kT)n;, 11}
where PV~ lis the rate constant (in cm?/s) of the V-T transi-
tion:

X0) + X;~Xi(v = ) + X;

X;(v) refers to species / in vibrational state v. The rate con-
stant can be expressed as follows!341:
Ppv-1 =
ij

PS(T)' v vv—l()\vv—l
1—xv

ei

F is a function given by*

FN=%-[3—e " "N.e "
1AET

‘9
w1l _ n=3/2, i,
N 2 T ke

where AF is the energy difference between the products and
the reactants in the V-T transition; ©; = Acw,;/k is the vibra-
tional characteristic temperature of species i; O; =
167p;ic2w3l*/k is in Kelvin®# where py; is the reduced mass,
c the speed of light, and / = 0. 2A the range parameter. The
ratio ©,,/0? is given in Table Al.

In the rate constant expression, P,-?(T) is a coefficient that
allows fitting to experimental relaxation time data. It is ex-

pressed as

PiT) =

(A = x)KT

{(ryp) - F5° - [1 — exp(—

0:,/7)1}

Here, the Boltzmann constant & is in erg/K. 7p is the vibra-
tional relaxation time in atm.us and is given by

En(Tijp) = A,'j + BUT_ & + C‘,jT_z/3

Ay, By, and Cj; are chosen to fit the experimental data (see

Table Al).

Vibration-Vibration Term

The VV term, including only the single quantum transitions,

is written as

Wmax
VV; =

i w=0

Y X Q5 Iy

—exp(—AE}"/kT)n ;4 1l

=1
- Ql})wvw + l[ni,vnj,w

vv—l
Q W

X)) + X0 — =X -

D+ X;(w)

—exp(—AE} ™ WY/ kTN, 10y 511}

is the rate constant (in cm?/s) of the V-V transition:
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The rate constant is the sum of two terms, the first being the
contribution of the short-range interactions, and the second
the contributions of the long-range forces due to dipole-dipole
interaction.*!¥>-%5 The rate constant has the following expres-
sion'3:
v,V — 1
Gy —

. =ZU[va;1 +vaA1 ]e—(AE/ZkT)

Uw

kT
Zy =40} |5
\ 2py

where Z;; is the collision number and 1ro is the cross section.
The short-range contribution is given by
v Fov- 1 ()\v V- l

Uw Yw,w —

Sv,v— 1 _ SOT

Yw 1w I—Xe,‘VI—xej

F(\), N\, and AE have the same definitions as used in the

preceding discussion.
AE2>
b;T
SO, LS

The long-range contribution is given by
Lo/ gyv—1\2 w—1Lw\2
L) =_U<g110><gj 1,0 exp| —
w~-1w T gi B gj B
7> Lij» and by; are empirical parameters matched to experi-
mental data (see Table Al). by is in erg?/K and

44,45

,”‘1>2 a+1 [?|v(a+2-2v)(a;+4-2v)
g, a;+3-2v ai(a; +3—-v)

<g.w— 1,w>2 a1 2[w(a,— +2-2w)(a +4 - 2w)]
g0 a+3-2w aila; +3-w)

where a; = 1/x,; and a; = 1/x,; are the reciprocals of the an-
harmonicity factors.

Vibration-Electronic Term
The collision-induced V-E terms are retained only here:

Wmax

VE =nr . X

J#Eiw=0
where S} is the rate constant (in cm?/s) for the collision
induced vibration-to-electronic transition:

Sy {nw + nyy expl—(E} — E})/kT]}

XMW+ X-X;(w)+X

where X;(v) and X;(w) are two electronic manifolds of the
same species. Their vibrational states are v and w, respec-
tively. It is assumed that collisions can induce the transition
from X;(v) to X;(w) when the energies of these molecules are
very close. Such resonance occurs between CO(X'I) and
CO(a31) when the vibrational states of each electronic mani-
fold are, respectively, v =27 and w = 0. The rate constant is
modeled with a Gaussian function of the energy defect; the
width and the maximum of the Gaussian rate are empirical
parameters.3®

Shw — SO AE 2 _£
i T VE exp CVEOJe exp 2kT

Table 1 Parameters used in the V-T and V-V rate models

Species Ajk Bjy Cjx O/ 6 S% LY bjx Reference
CO-CO —15.23 280.5 —549.6  45.6 x 10-92 1.64 X 1079 1.614 7.78 x 10-31 13,31
CO-Ny. —7.934 147.7 0 3.295 x 10-02 7.006 x 10-98 1,897 x 10-02 3.69x 10-30 32,36
N2-N» —12.539 258.9 —390.9 18.495 x 10-92 9.37 x 10-98 0 1 31,33,37
CO-Ar 10.38 0 0 1.335x 10-03 —_— — — 13
N2-Ar —15.62 168.95 0 1.335 x 10—03 —_— —_— —_— 34
CO-H; —-4.71 62.87 0 3.4175 x 10-02 —_ — —_— 35
NO-NO 3.451 —26.182 0 48.78 x 1002 2.428 x 10-05 0 1 12
NO-CO —0.658 13.274 0 47.19 X 10-92 3.37 x 1006 0 1 38-40
NO-N2 6.4338 0 0 3.525 x 10-02 1.55x 10-08 0 1 38-40
NO-Ar 10.38 0 0 1.335 x 10~03 E— — —_— This work
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The vibrational spectroscopic constant w, is taken to be the
larger of the constants for the two electronic states involved.
The adjustable parameters are SOz and Cyg. In the case of

CO(X'L)—CO(A 1) and NO(X2IT)— NO(B2II) transfers, val-
ues of these parameters were obtained by fitting kinetic rate
models to V-V up-pumping experiments in optical cells.'2:13-2
For the case of CO(X!Z)— CO(a’Il), there are no comparable
data, although indication of the coupling has been seen in the
experiments of Farrenq and Rossetti.!* The range of validity
of the preceding resonance model remains to be determined in
detailed state-resolved experiments. In Table A2, the value of
these parameters are indicated.

Electronic-Electronic Term
The E-E transfer terms are written as

EEco@in,w = — KEERCO@m,wiNoCem)
EEcouz+,0 = Keelfcoesmw + Peowriz+ v = 28) INowm
EECO(XIE +v=28) = —Kepllcoxiz+ v= 28)7INO(x 2Im)
EEno@a,0 = — EEnowzm = EEcowxis + 0

The rate constant for the electronic-electronic processes kgg is
expressed as follows:

kee = Pgg - Zco-nNo

Py is the probability of transfer and Zgg _ no is the collision
number. This number represents the number of collisions
between CO and NO during 1 s in 1 cm3. Pgg is then the
percentage of collisions needed for the reaction to proceed.
Py is treated as a parameter in the calculations, as discussed
in the text. One can calculate Zeg .. no (in cm3/s)

T
— -10
Zco-no = 3.10 [300

Spontaneous Radiative Decay Term
The spontaneous radiative transfer term is written as

SRD} = X [A! " “ iy sy ~ AP "0y,
u

The rates for the spontaneous radiative decay A have been
calculated with the Einstein coefficients for radiative transi-
tions between vibrational levels within the same electronic
state and with the Franck-Condon factors for the radiative
transitions between vibrational levels of different electronic
states.26

Chemical Reactions Rate Model
We consider the reaction of CO during the expansion in the
nozzle. The reactants can be CO isotopes in the two first
electronic states, CO(X'Z) or CO(¢°M). The reaction is the
following: .
CO®) + COw)—CO,+ C

The activation energy of this reaction is E, =6 V.
The chemical terms are written as

CHMc = CHMco, = Y, k) nco vNco,w
v, W

CHMco,, = CHMco,w = — k) lcoyHco,w

The rate model?’ is the following:

T E, 2
Kl = ko | 1~ =
w=ko 300< Eco,v+Eco,w>

Table 2 Parameters used in the V-E rate model

Transitions CvE SO Reference
CO(XZ +)-CO(a’IT) 13.58 x 10792 5.0x 10-%3  This work
CO(X'E +)-CO4 1) 5.49x 10-92 9,94 x 10-13 13
NO(X2II)-NO(B) 8.0x 1002 3.938x 10-10 12

where E¢o,, is the energy of CO(v) and ky is an adjustable
parameter. kg = 0 when Eco,, + Eco,w < E,. The value of &g is
presently being inferred from experiments.’®?® In the present
calculation, the value ko =5 x 107! cm3/s is used.

Spectroscopic Constants3®
1

All of the spectroscopic constants are expressed in cm~!,
The spectroscopic constants have been determined by mass
scaling of the constants of 2CO for *CO.

Parameters Used in the Rate Expressions

The parameters used in the expression of the V-T and V-V
rates are indicated in Table Al. The rate constants involving
BCO are taken to be the same as for 2CO. For studying the
effect of H, in the mixture, the V-T rate N,-H, is assumed to
be the same as for H,-CO; Hj; is considered as a diluent and is
not vibrationally active. We take n-H; in the model (the
normal mixture ratio of o-H, and p-H,).
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