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ABSTRACT

The occurrence of vibrational pumping in air under nonequilibrium conditions is investigated as this phenomenon is not considered in the
design of the current phenomenological models. It is shown that pumping can only happen during de-excitation and when the translational
temperature is below around 1000 K. O, is the molecule that would get pumped, and pumping will not occur when the initial equilibrium
temperature is greater than around 1200-1600 K due to the formation of enough O to extinguish pumping via the O,—O vibration—transla-
tion reaction. The limiting initial temperature can be increased to around 2000 K if a nonequilibrium initial condition is considered. In cases
where pumping does occur, constant—volume reactor simulations showed pumping of ~5%. Nozzle simulations representative of that in
hypersonic wind tunnels are conducted for an equilibrium temperature of 1100 K at the throat; pumping of up to around 10K (*1%) can be
observed. It can be suggested that constant—volume reactors generally overestimate the manifestation of thermochemical nonequilibrium-
associated phenomena and are a better zero-dimensional analogy for the relaxation process in flows with large length scales and no further
expansion after an initial rapid expansion. After examination of the uncertainties of the most important rates used in the simulations, one
may suggest that the current results correspond to the upper bound for the magnitude of pumping. It may be concluded that pumping is
unimportant for practical intents and purposes in nonequilibrium hypersonic flows, and phenomenological models need not be able to recre-
ate this phenomenon.
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I. INTRODUCTION

Hypersonic flight produces strong shock waves, which almost
instantaneously increase the flow’s translational (kinetic) and rota-
tional temperature, while the vibrational mode takes longer for excita-
tion." This results in air being in a nonequilibrium state, which will
relax toward equilibrium over some time. After that, a nonequilibrium
state may be produced again when the equilibrated flow undergoes a
rapid expansion (e.g., around a convex corner) where the translational
and rotational modes rapidly cool while the vibrational mode requires
more time for de-excitation. In the past decades, while nonequilibrium
under excitation conditions has been well studied, the reverse scenario
of nonequilibrium under de-excitation conditions has not been given
the appropriate attention.” The nonequilibrium de-excitation condi-
tion is important as it occurs in the expansion region around the
shoulder of an atmospheric entry vehicle, which influences the aero-
heating to the vehicle afterbody” as well as the pitching moment of the
vehicle. Nonequilibrium de-excitation also occurs in the flow cycle of
hypersonic wind tunnels, making it important for accurately charac-

terizing the test conditions.™

At speeds of around 1-2km/s (temperature around 1000—
2000K), vibrational nonequilibrium is important.” '' Under these
conditions during de-excitation, the intermode vibration—vibration—
translation (VVT) reaction O,(i;) + Ny(i,) < O,(f;)) + Ny(f),
where i; and i, are the initial vibrational quantum numbers of mole-
cules 1 and 2, respectively, and f; and f, are the final vibrational quan-
tum numbers of the respective molecules, may cause a particular
phenomenon known as “vibrational pumping” where the vibrational
energy of the two molecules, initially in equilibrium, diverges with one
increasing and the other decreasing. The occurrence of significant
vibrational pumping could influence the aeroheating and pitching
moment of atmospheric entry vehicles as well as the test condition in
hypersonic wind tunnels, as mentioned above. This could be a signifi-
cant problem because, as will be shown in Sec. II, pumping is not
considered in the formulation of the existing phenomenological mod-
els—which are currently important tools used to produce engineering
predictions of hypersonic thermochemical nonequilibrium flows
(including under de-excitation conditions)—resulting in erroneous
estimates of those key parameters if significant pumping happens.
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Therefore, it is of substantial interest to investigate whether significant
self-pumping can occur in air under nonequilibrium conditions rele-
vant to hypersonic flow.

Il. THEORY OF VIBRATIONAL PUMPING

To demonstrate the concept of vibrational pumping, let us first
consider the generic AB(i;) + AB(i,) < AB(f;) + AB(f,) intramode
VVT reaction, where AB is some molecule. The net reaction rate can
be written as

d[AB(i . .

AP — k. faB ()] [AB()] ~ K ABGIABG), (1)
where the square brackets denote the molar concentration of the spe-
cies, and kf and k, are the forward and reverse rate coefficients, respec-
tively. Applying detailed balancing via the use of the partition
functions'” and rearranging

dAB(ir)] _ (fw B

dt [AB(ir)][AB(3,)] 1)kf[AB(i1)][AB(iz)]» @

where T is the translational temperature, Kj is the Boltzmann constant,
and AE is the energy defect of the reaction [AE= Expy) + Eapgp)
— Eapg1) — Eapz)» where E is the energy of a vibrational level]. Defining

a vibrational temperature, Tf,l’iz‘fl‘fz, which gives the same ratio of the
population among the four states if the states were populated by a
Boltzmann distribution'’

[AB(i1)][AB(i,)] ®3)

and substituting into Eq. (2)

d[AB(iy)]

e (*(*> - l)kf[ABmMAB(iz)]. @

In Eq. (4), ks [AB(i;)], and [AB(i;)] are always positive values; d[Agt(i‘)]
is positive when the net rate is in the reverse direction; and AE is posi-
tive when the forward reaction increases the total vibrational energy of

AB. From inspection of Eq. (4), the reaction proceeds in the forward

direction when %—i (% - W) < 0 and vice versa for the reverse

direction. If AE> 0 and Til"izﬂ‘fz > T, then %f (% — W) > 0,

which means that the reaction proceeds in the reverse direction and
vibrational energy is removed—vibrational energy will only be gained

when Til‘iz‘fl‘fz < T. The same is obtained when considering AE < 0.
Therefore, although intramode vibration—vibration (VV) exchange
and anharmonicity are known to cause overpopulation of the interme-
diate and upper levels,'* intramode VVT reactions, just like vibratio-
nal-translation (VT) reactions, will always proceed such that the
aggregate change in vibrational energy is in the direction of
equilibrium.

Now consider the generic AB(i;) + CD(i,) <+ AB(f;) + CD(f,)
intermode VVT reaction, where AB and CD are different molecules.
Applying the same derivation above

d[AB(iy)]

i - () 1>kf[AB(i1)HCD(i2)]a )

where

pubs.aip.org/aip/pof

[AB(1)][CD(i2)]

and AE=AE,; + AEcp with AEap=Eapgi) — Easgry and AEcp
=Ecpz) — Ecpiz) Inspecting Eq. (5), one can see that intermode
VVT reactions can also only proceed in the direction of overall equi-
librium. However, if AE,p and AE¢p are of different signs and both
molecules have either too much or too little vibrational energy (com-
pared with the translational mode), then the vibrational energy of one
of the molecules will be “pumped” further away from equilibrium,
while the reaction will still proceed in such a way that the total vibra-
tional energy moves toward equilibrium. For example, if AE < 0, AE

> 0 (which means AEcp < 0 and |AEcp|>|AEap|), and Ti“zfl‘ :
> T, then the right-hand side of Eq. (5) is negative and the reaction
proceeds in the forward direction, reducing the total vibrational energy
at the expense of “pumping” the vibrational energy of AB. This process
is illustrated in Fig. 1 by the solid arrows. If the vibrational energy of
AB is already in excess—likely given T3/ > T—then this mecha-
nism will cause it to further diverge from equilibrium. In this way, the
molecule with the smaller energy spacings gets pumped."”

The occurrence of the pumping discussed above is of concern as
current multi-temperature (reduced-order, phenomenological) models
for nonequilibrium hypersonic flows, which are often used for engi-
neering purposes, are not formulated to predict this phenomenon and,
consequently, cannot even qualitatively capture the behavior. The
most commonly used multi-temperature model is the two-
temperature model in which the vibrational modes are assumed to be
tightly coupled among the molecules where they are described by a
single vibrational temperature;'” this assumption may be valid in post-
shock (excitation) conditions." However, it is well recognized that,
under expanding flow (de-excitation) conditions, molecular vibra-
tional modes are in nonequilibrium with each other and have different
vibrational temperatures even without the occurrence of vibrational
pumping.”'® This led to the use of multi-vibrational temperature
models for expanding flows.”'®'” In these models, the VV energy
exchange between molecules AB and CD is governed by a simple
equation of the form'*

dev,AB} o eq
{ dt v = (emAB ev,AB) ) (7)

where o is a positive coefficient that depends on the collision probabil-
ity and collision number, e, 45 is the vibrational energy of AB, and
e,l, is the vibrational energy of AB assuming the vibrational modes

of AB and CD are in equilibrium and the total vibrational energy

(6)
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FIG. 1. Exchange pumping in a four-state system. Adapted from Ref. 12.
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among AB and CD is conserved. However, in this equation, energy
always transfers in a way that brings the vibrational modes closer
together. This is only true for ideal VV exchanges, where AE=0;'"” in
reality, AE # 0 resulting in pumping. Equation (7) would, consequently,
be inapplicable under conditions where pumping is dominant.

Vibrational pumping is well recognized by the gasdynamic laser
(GDL) community, which has successfully used it to engineer extremely
nonequilibrium conditions necessary for the operation of their
lasers.”” *> GDLs mostly operate with CO-N,—Ar or CO,—N,—He mix-
tures in which population inversion is created between two specific
vibrational states in CO or CO, which function as the lasing
medium.”” This population inversion is generated via vibrational
pumping by an expansion of the aforementioned mixtures in a nozzle
from some reservoir condition. Significant fundamental work has been
done to fully understand the mechanisms involved in this process.”
This provided the foundations to allow work done on tuning the tem-
perature, pressure, and species mole fractions of the reservoir, and the
contour of the nozzle to maximize the optical gain of the lasing
medium.” ** The tuning was mainly done via numerical means, with
the state-to-state (StS) approach being used to successfully model the
thermochemical kinetics.'**"*****” Laser beams with hundreds of kilo-
watts of power, operating for milliseconds, have been produced.”

I1l. METHODOLOGY

There are a few important differences in the style of the current
work, for applications in hypersonic flow to address the motivation
specified in Sec. I, compared with the style of the past work done on
vibrational pumping for GDL applications. First, the current work
focuses on the air mixture rather than the CO-N,—Ar or CO,—N,-He
mixtures, which have very different thermochemical kinetics. Second,
the current work is interested in the natural occurrence of pumping
rather than the engineering of this phenomenon to optimize optical
gain. Third, because it is shown that the total vibrational energy is a
much more important parameter than the vibrational population dis-
tribution in hypersonic flows,'” the vibrational pumping concerned in
this paper is the pumping of the total vibrational energy of a molecular
rather than the pumping of a particular vibrational level of a molecule,
which is more important for GDL applications.

In this paper, the competing processes are examined to assess the
possibility of vibrational pumping occurring naturally in nonequilib-
rium air for a general range of conditions. Then, constant—volume reac-
tor simulations are conducted at an equilibrium and a nonequilibrium
initial condition for a detailed examination of the vibrational relaxation
process and to quantify the extent of pumping. Finally, simulations of
nozzle expansions are conducted to discuss the possibility of vibrational
pumping in nozzle flows (which are important in hypersonic wind tun-
nels) as well as explain the interpretation of the zero-dimensional con-
stant—volume reactor results for real gasdynamic environments.

The governing equations for a constant—volume reactor are

dp

L)

e 7

dhy

—=0 8
0 ; 8)
dei_i;

ar— p’

. ) ) ) .
while the ones for a quasi-one-dimensional steady nozzle are' ™’

ARTICLE pubs.aip.org/aip/pof
dpuA
=0
dx ’
d
2 + pu@ =0,
dx dx )
dhy _
dx 7
dei _ Wy
dx  pu’

where t is the time, p is the mass density, u is the flow velocity, A is
the nozzle cross-sectional area, p is the pressure, hj is the total spe-
cific enthalpy, ¢ is the mass fraction, w is the mass production rate,
and the subscript i is the species index. These are systems of ordinary
differential equations (ODE), where the rate equations are coupled
to the hydrodynamic equations through the equation of state
(p = pRT, where R is the specific gas constant of the gas mixture and
T is the translational temperature) and the total enthalpy equation
(hg=e + RT + u?/2, where e is the specific internal energy of the
gas mixture that includes the translational, rotational, and vibra-
tional energies as well as the heat of formation”'). These ODE sys-
tems, which are stiff, are integrated using the Crank—Nicolson
method with the step size controlled by the criterion given in Refs.
32 and 33 to maintain numerical stability. With numerical stability
maintained, the solution of these stiff ODE systems is generally accu-
rate and reliable as any deviation from the correct solution will
immediately drive the numerical solution back toward the correct
solution.” In the following constant-volume reactor and nozzle
simulations presented in this paper, around 1000-2000 steps were
used to obtain the solution.

An StS model, described in detail in Refs. 15 and 35, is used in
the current work. Five species—N,, O,, N, O, and NO—are consid-
ered. The energies of the vibrational levels for N,, and O, used in
this work are obtained from the STELLAR database,”® and they are
determined by solving the radial Schrodinger equation with poten-
tial curves obtained from the Rydberg-Klynning-Rees method.””
There are 61 bound vibrational levels for N», 46 for O,, and 48 for
NO. Only the ground electronic state is considered. Along with the
VVT and VT reactions, the N5, O,, and NO dissociation/recombina-
tion reactions and the two Zel'dovich reactions are modeled. The
reactions modeled are summarized in Tables I and II. The state-
specific rates used originate from a combination of forced harmonic
oscillator (FHO) theory,38 quasi-classical trajectory (QCT) calcula-
tions,”” and the classic Landau—Teller (LT) model in StS form.”’ The
accuracy of these rates is examined in Refs. 15 and 35. The forward
and backward rates are related by detailed balance using the parti-
tion functions. Equilibration between translational and rotational
modes is assumed.

Consider a molecular species AB € {N,, O,} at a vibrational level
i, lzhe4 _resulting species production rate can be written generally
JpcvEnt

Wan(i) = MAB{ WasGi) b T {Masa) }

o)l o0

where
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TABLE I. The inelastic reactions considered in this work, where M e {NO, O, N}. {WAis(il) }VD — Z kvp(A,B,M — iy, M)X4XpXy
M

No. Reaction Model Ref. ~kup(il,M — A, B, M)X;, Xy (13)

1 Ny(ir) + Na(iz) < No(fy) + No(fy) FHO 5 for the dissociation/recombination reactions, and

2 O,(iy) + Os(iz) « O,(f;) + Ox(f2) FHO 35

3 O,(iy) + Na(iz) « O,(f;) + Ny(f) FHO 35 . Jo

4 NO(G) + N, < NO() + N, FHO 41 {Waii) by = D_ kex (NO(f), N/O — ir, O/N) Xno(p X/

5 NO() + 0, < NO(f) + O, FHO 41 =0

6 NO(G) + M < NO(f) + M LT 13, 40 —kex (i1, O/N — NO(f),N/O)X; Xo/ny ~ (14)

7 No(®) + N < No(f) + N QCT 42 for the NO exchange reactions. Here, A and B represent atomic spe-

8 0,(1) + O < 0x() + O QCT 39 cies, M is the molar mass, k is the reaction rate coefficient (calculated

9 N(i) + O «= Ny(f) + O LT 13, 40 from the FHO, QCT, or LT model depending on the reaction, as stated

10 0,(1) + N« Oy(f) + N LT 13, 40 in Tables I and II), and X is the molar concentration. From these, one

11 N,(i) + NO « N,(f) + NO LT 13, 40 can easily derive the species production rate for N, O, and NO(j, ).

12 O,(i) + NO « O,(f) + NO LT 13, 40 Containing 155 pseudo-species and more than 107 reactions, the
current StS model is computationally too expensive for implementa-
tion in multi-dimensional Navier—Stokes simulations and is, therefore,

inmax fimax fomax only used in constant-volume reactor and quasi-one-dimensional
{WA]'g(il) }VVT = Z Z Z kyvr(f,fo — i1,i2) X5 X, nozzle simulations in the present work. Nevertheless, such simulations
2=0 =0 £=0 are adequate for revealing important features of thermochemical non-
ft i equilibrium as demonstrated exemplary in Refs. 5, 48, and 49.
—kyyr(in, b — fi,£)X, X, (11)
) ) IV. RESULTS
for the molecule-molecule interactions In Secs. IV A-IV D, the competing reactions for pumping in non-
fumax equilibrium air are first examined. Afterward, constant-volume reac-
{WA[g(,-l) }VT = Z Z kyr(fi,M — iy, M)X; Xy tor simulations are conducted at, first, an equilibrium and, then, a
M fi=0 nonequilibrium initial condition. Finally, simulations of nozzle expan-
fi#n sions are presented.
—kVT(i17M _’fl,M)XilXM (12)
for the molecule-atom interactions and the molecule-molecule inter- A. Competing processes
actions where VVT reactions are not considered All transitions of O,(i;) + N,(i,) «— O,(f;) + N,(f,) can be cate-

gorized into two sets, A and B, where set A contains combinations of
iy, ip, £}, and £,, giving transitions satisfying (AEg,AEy;) > 0 and set B
TABLE Il. The dissociation/recombination and exchange reactions considered in contains the combinations satisfying (AEo,AEz) < 0. In other words,
this work, where M (NO, O, N} set A contains the transitions where the vibrational energy of O, and
N, change in the same direction (both increase or decrease) or one has

16:GZ:80 £202 18qWeAoN €0

No. Reaction Model Ref no change, while set B contains the transitions where they change in
1 N,(i) + N, 5 2N + N, FHO 41 opposite directions. Transitions in set A are essentially like VT reac-
P 0,(i) + 0, <> 20 + O, FHO 41 tions where no energy is exchanged among the vibrational modes,
3 N, (i) + O, < 2N + O, FHO 41 while transitions in set B all contain vibration—vibration (VV) energy
4 0,(i) + N, < 20 + N, FHO 41 exchange. Set A, along with the intramode VVT reactions, drives the
5 N,(i) + N < 3N QCT 4 vibrational mode toward equilibration with the translational mode.
6 O,(i) + O < 30 QCT 39 On the other hand, set B tends to pump the vibrational mode of one
2 : ) of the molecules away from equilibrium. Although set B contains tran-
7 NZ(T) +0<2N+0 Reathon > 1 sitions that pump O, as well as transitions that pump N,, the molecule
8 0,() + N <20 +N Reaction 6 15 that gets pumped overall would be O, due to its shallower vibrational
9 Ny(i) +NO < 2N + NO Reaction 1 13 well and smaller spacing between the vibrational levels.
10 O,(i) + NO <> 20 + NO Reaction 4 13 The occurrence of vibrational pumping is subjected to competi-
11 NO@H) + N, > N+O + N, FHO 41 tion among the rates and is, thus, condition-dependent. It is generally
12 NO@) + 0, =« N+0+ 0, FHO 41 known that vibrational pumping is most severe under conditions of
13 NOGl) + M < N+O+M (Reaction 11) x 20 13 high vibrational temperature and low translational temperature."* To
14 N,(i) + O «» NO(f) + N QCT 43 demonstrate this for the O,~N, VVT reaction, Fig. 2 is plotted show-
15 0,(i) + N < NO(H) + O QCT 44 ing the ratio of the O, vibrational energy source terms between sets B
and A, calculated as
Phys. Fluids 35, 066116 (2023); doi: 10.1063/5.0151461 35, 066116-4

Published under an exclusive license by AIP Publishing


pubs.aip.org/aip/phf

Physics of Fluids

2500 102
4
g 1
%2000 100 o<
o o o
g 515
§ 1500 10° 3 &
T U |9
c =TS
kel 1
T 1000 107"
S
=

500 1072

500 1000 1500 2000 2500
Translational temperature, K

FIG. 2. The ratio of the O, vibrational energy source terms between sets A and B
of the O,—N, VVT reaction at different vibrational and translational temperatures.
The vibrational population is assumed to be Boltzmann distributed at the given
vibrational temperature.

i,max .
;) Eo, (i) {WOz<i) }orN2 VVT,B
== (15)

i,max

;,;0 Eo, (i) {Wdz(f> }osz2 VVT A

deoz—N,,B

deoz —N>.A

at different vibrational and translational temperatures. From the fig-
ure, one can see that set B dominates, by more than two orders of
magnitude, over set A when the translational temperature is low and
the vibrational temperature is high. The converse is observed at high
translational temperature and low vibrational temperature, where set
A dominates over set B by more than two orders of magnitude. The
figure also shows that the ratio is a negative value throughout, con-
firming that O, is the molecule being pumped away from equilibrium
by set B, and set A and set B are competing processes in the O, vibra-
tional energy transfer. The ratio is independent of pressure because
both set A and set B are second-order reactions and the numerator
and denominator in Eq. (15) both scale equally with pressure.

Based on the above result, it may seem that the vibrational pump-
ing of O, is most likely to occur when the vibrational temperature is
high and the translational temperature is low. However, set B not only
competes with set A but also competes with the O,—O, intramode
VVT reaction as well as the O,—O VT reaction. The inclusion of the
0,—0O VT reaction as being a competitor may seem somewhat surpris-
ing given dissociation is often considered negligible at the current tem-
perature range of interest and O would be in very small amounts.”
However, it is shown, '[heoreticallyso‘31 and experimentally,52 ** that
the O,—O VT reaction is extremely efficient at low translational tem-
peratures, and trace amounts of O can influence the vibrational relaxa-
tion process significantly. This is further demonstrated in Fig. 3, which
shows, at three different translational temperatures, the ratio of the O,
vibrational energy source terms between set B (the pumping process)
and the three equilibrating processes—O,—N, VVT set A, 0,-O,
VVT, and O,—O VT—for an equilibrium five-species air composition,
calculated using Cantera,” equilibrated at the given vibrational tem-
perature and defined pressure. Here, the numerator and denominator
are also all second-order reactions which means they scale equally
with pressure, and, hence, the pressure dependency shown in the
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FIG. 3. The ratio of the O, vibrational energy source terms between set B and the
three equilibrating processes at translational temperatures of (a) 500K, (b) 700K,
and (c) 1000K for an equilibrium air composition equilibrated at the given vibra-
tional temperature and defined pressure. The vibrational population is assumed to
be Boltzmann distributed at the given vibrational temperature.
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FIG. 4. Relaxation in a constant-volume reactor with the translational and vibra-
tional temperatures initially at 700 and 2000 K, respectively, and the pressure ini-
tially at 14 kPa. The chemical composition of the five-species simulation is initially
in equilibrium with the initial pressure and vibrational temperature.

figure comes entirely from the pressure dependency of the O mole
fraction. One can see that, at all three translational temperatures, an O
mole fraction of just 1077, occurring at a temperature of around
1200-1400 K depending on the pressure, is enough to start influencing
the ratio of the O, vibrational energy source terms due to the contribu-
tion from the OO VT reaction, which is calculated in this work
using the accurate QCT rates computed by Ref. 39, which compares
well with the other sources reported in the literature as shown in Ref.
50. Beyond this temperature and corresponding O mole fraction, the
ratio rapidly goes toward zero as the O,—O VT reaction completely
dominates the O, vibrational energy transfer. As the O mole fraction
gets to around 1077 occurring at a temperature of around
1500-2000 K depending on the pressure, the ratio is essentially zero,
which indicates negligible contribution from set B.
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The influence of small quantities of O is further demonstrated in
Fig. 4, which shows the vibrational relaxation in a zero-dimensional
constant-volume reactor, obtained by solving the ODE system given by
Eq. (8) via marching to t = 1 s, using the five-species air model described
in Sec. 11T and a two-species air model, which consists of only O, and
N, at a fixed mole fraction (N,:0.78 and 0,:0.22) reacting via the
0,-0,, N,-N,, and O,-N, VVT reactions. This simulation physically
corresponds to the time evolution of the gas in a stationary adiabatic
container of fixed volume, assuming the gas in the container is spatially
uniform throughout. The translational and vibrational temperatures are
initially at 700 and 2000K, respectively; the pressure is initially at
14 kPa, and the chemical composition of the five-species simulation is
initially in equilibrium with the initial pressure and vibrational tempera-
ture. The vibrational temperature shown in Fig. 4 is the average vibra-
tional temperature, obtained by solving the following equation for Ty,

15,3556

AB:

Viax(AB)

Eyg,
Eap exp [ — :
Viax(AB) Pas, B ;0 AB, EXP < kBTv,AB>

=0 PaB b Vimgs(AB) EABV
VZ:; P ( kg Tv,AB)
where the energy of the nonequilibrium vibrational distribution equals
the energy of a Boltzmann equilibrium vibrational distribution at the
vibrational temperature Ty, 4. Figure 4 shows that the inclusion of O
dramatically increases the O, vibrational relaxation rate. This is due to
the O,—O VT reaction as shown in Fig. 5(a), which completely over-
whelms the other reactions. The O mole fraction is essentially frozen
throughout the vibrational relaxation of O,, and recombination only
begins after the vibrational mode of O, achieves equilibrium with the
translational mode as shown in Fig. 6. The vibrational relaxation of N,
is, to a lesser extent, also made faster by the presence of O due to the
N,—O VT reaction, which is also quite efficient at low translational

temperatures as shown in Ref. 50. If no O exists, substantial vibrational
pumping of O, can occur at this condition as shown in Fig. 4, where

;. (16)
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FIG. 5. The O, vibrational energy source terms from different reactions in the (a) five-species and (b) two-species simulations.
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FIG. 6. The translational and O, vibrational temperatures along with the O mole
fraction from the five-species simulation of the constant-volume reactor in Fig. 4.

the vibrational temperature of O, increases to almost 2500 from
2000K, as the O,~N, VVT set B reaction initially dominates the vibra-
tional energy transfer with its main competitor being the O,~O, VVT
reaction as shown in Fig. 5(b).

The influence of the O,—O VT reaction is further evident when
examining the vibrational population distribution of O,. As shown in
Fig. 7, without the O,—O VT reaction, the distribution is a Treanor dis-
tribution where the lower level population is approximately Boltzmann
distributed at around the average vibrational temperature, while the
intermediate and upper levels have a population inversion. Such a
quasi-steady distribution forms due to the VV energy exchanges (both
intramode and intermode) and anharmonicity in the vibrational energy
levels as examined in detail in Refs. 14, 23, and 57. With the presence of
the O,—O VT reaction, the population inversion in the upper levels dis-
appears and a Boltzmann distribution at around the translational tem-
perature is formed in its place as the upper vibrational levels are known
to be in close communication with the translational mode due to the
fast VT rates there because of the small spacing between the levels.”**
Subsequently, the resulting distribution function is in the shape of 1

10°
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c 2
i) N _
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8 10710 vo,
o
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N
©
€
o ——5 species
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0 2 4 6

Vibrational energy, eV

FIG. 7. The normalized O, vibrational population distribution in the simulation of
the constant-volume reactor in Fig. 4 when T, 0, = 1100K and T, 0, = 1900 K.
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which, like the Treanor distribution, is a well-understood distribution
examined in detail in Refs. 29 and 59, and it is formed early and main-
tained as quasi-steady during the relaxation process.

B. Equilibrium initial condition (constant-volume
reactor)

Overall, Fig. 3 indicates that there is only a small and limited
region of conditions that can produce O, pumping to any degree. For
the case of the translational temperature being 500 and 700 K, vibra-
tional pumping can occur when the vibrational temperature is higher
than the translational temperature but below around 1200-1600 K
(depending on the pressure). However, for the case of the translational
temperature being 1000K, vibrational pumping will basically not
occur at all because the equilibrating contributions from the 0,0,
VVT and O,-N, VVT set A reactions quench the pumping contribu-
tion from the O,—N, VVT set B reaction enough before even the onset
of the O,—O VT reaction as indicated by the ratio of the source terms
in Fig. 3(c).

Therefore, a zero-dimensional constant—volume reactor simula-
tion is conducted, by solving the ODE system given by Eq. (8), at a
condition where vibrational pumping is expected—an initial transla-
tional temperature of 700K and an initial vibrational temperature of
1100 K with the chemical composition initially equilibrated with the
vibrational temperature and a pressure of 40 kPa. Marchingto t=1s
from the aforementioned initial condition, the time evolution of the
gas in the container is shown in Fig. 8(a), assuming the fixed volume
of gas is spatially uniform throughout. One can see that vibrational
pumping is observed where the O, vibrational temperature initially
increases by up to around 50 K (=5%). The amount of O is so small
(mole fraction ~ 10~°) that there is no difference between the five-
species and two-species results. Looking at the O, vibrational energy
source terms shown in Fig. 8(b), the main participants are the O,—O,
VVT and O,-N, VVT set B reactions. The O,—N, VVT set B reaction
initially wins over the O,~O, VVT reaction resulting in pumping. As
discussed in Ref. 29, energy flows up the vibrational ladder from the
lower levels during pumping. This is evident in Fig. 9, which shows
the normalized population of O, when looking at how the distribution
changes between t=0 to t=30ms. As the intermediate and upper
levels get populated, the pumping contribution weakens while the
equilibrating O,—O, VVT reaction strengthens as shown in Fig. 8(a).
A peak in vibrational temperature is then reached, at around
20-30ms, after which the vibrational temperature decreases toward
equilibrium. The relaxation toward equilibrium occurs essentially via
quasi-steady Treanor distributions, as shown in Fig. 9, indicating the
prominence of the VV energy exchanges as discussed in Ref. 57.

As Fig. 8(b) shows that the main participants are the O,~O,
VVT and O,-N, VVT set B reactions, it is of interest to examine
which particular transitions in these sets of reactions are the most
important contributors to the transfer of energy in and out of the O,
vibrational mode. Hence, Fig. 10 is created showing the contribution
of each transition at different times during the relaxation. The O(1)
+ N,(0) <+ O,(0) + N,(1) transition is found to be the most dominant
O,-N, VVT set B transition, accounting for more than 70% of the
total contribution from O,-Nj, set B. The O,(1) + O,(0) < O,(0)
+ 0,(0) transition is found to be the main O,~0, VVT transition
responsible for energy transfer, accounting for more than 60% of the
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FIG. 8. Relaxation in a p = 0.13 kg/m® constant-volume reactor with the translational and vibrational temperatures initially at 700 and 1100 K, respectively. The temperatures

and O, vibrational energy contributions are shown in (a) and (b), respectively.

total contribution from O,-O, VVT. The dominance of these two
reactions is maintained throughout the relaxation.

As mentioned earlier and shown in Fig. 8(a), pumping increases
the vibrational temperature of O, by up to around 50 K in the current
simulation. Based on the result in Fig. 10, the magnitude of this
increase depends strongly on the accuracy of the rates of O(1)
+ Nz(O) — 02(0) + Nz(l) and 02(1) + 02(0) > 02(0) + 02(0) used
in the simulation. Therefore, comparisons of the FHO rates used in
the current simulation with QCT and semi-classical (SC) theoretical
results as well as experimental measurements are presented in Fig. 11.
For the O,(1) + 0,(0) < 0,(0) + O,(0) transition, the FHO rate
agrees well with the SC and experimental results from low to high tem-
peratures. On the other hand, for the O,(1) + N,(0) <= 0,(0) + N,(1)
transition, large discrepancies exist between the experimental

10%¢
c
9
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e -==t=1ms
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FIG. 9. Normalized O, vibrational population at various times in the simulation in
Fig. 8.

measurements and the theoretical (QCT and SC) calculations at lower
temperatures, with the FHO results agreeing very closely with the
experimental measurements. At translational temperatures below
1000 K, which is the case for the conditions simulated in this paper,
the FHO and experimental rates differ from the QCT and SC rates by
more than five orders of magnitude. Interpreting the FHO rate as
being the upper bound of the uncertainty of the actual O,(1) + N,(0)
— 0,(0) + Ny(1) rate, one may suggest that the current simulation
already gives the upper bound for the magnitude of vibrational pump-
ing which, being less than 50 K (x5%), is quite small.

02—N2 VVT set B
e O,(1) +N,(0) < 0,(0) + N,(1)
02-N2 VVT set B total
> 0,-0, WT
> 0,(1) +0,(0) < 0,(0) + 0,(0)
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FIG. 10. The O, vibrational energy contributions showing the contribution of each
transition in the O,—N, B and 0,0, VVT reaction sets.
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FIG. 11. Reaction rate coefficients of (a) O(1) + O(0) <> 02(0) + 02(0) and (b) Ox(1) + Na(0) <> 02(0) + Ny(1). In (a), “SC 1,” “SC 2" and “SC 3" are from Refs. 60,61,
and 62, respectively, while “Experiment” is from Ref. 63. In (b), “QCT" is from Ref. 64, “SC” is from Ref. 65, and experiment is from Ref. 66.

The reason behind the discrepancies seen in Fig. 11(b) remains
unclear. The discrepancy between the SC result and the experimental
result, which was obtained in the 1960s, is particularly interesting.
Because the SC method is currently the highest fidelity way of theoreti-
cally calculating these rates, it has been suggested that significant dis-
crepancies between SC and older experimental results may indicate
errors in the experimental result.”” However, more detailed analysis
may be necessary to confirm this idea. Hence, it remains unknown
which exactly are the correct rates in Fig. 11(b).

C. Nonequilibrium initial condition (constant-volume
reactor)

The work presented so far all assume a thermochemical equilib-
rium condition before an instantaneous drop in translational
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C
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o
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2
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T =2200K |- --Tyn
i ni 2
107"® : :
0 1000 2000 3000

Vibrational temperature, K

(a)

temperature which is then followed by nonequilibrium de-excitation
occurring at a finite rate. However, in reality, it does not always have
to be the case that a thermochemical equilibrium condition exists ini-
tially since the flow can get expanded before it achieves thermochemi-
cal equilibrium after the excitation event. Since the vibrational
relaxation time scale is known to be smaller than the chemical reaction
time scale,”” there is a possibility of creating a pre-expansion condition
with a high vibrational temperature but a low enough O mole fraction
such that vibrational pumping occurs after the expansion.

To examine the possibility of this special scenario, excitation sim-
ulations are performed in constant—volume reactors at three different
initial translational temperatures. The results are shown in Fig. 12(a)
examining the vibrational excitation relative to the formation of O.
When the initial translational temperature is 2200 K, one can see that
the vibrational temperature reaches around 2000 K when the O mole

10°
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9 51
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o
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g d
10|
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FIG. 12. The O mole fraction vs vibrational temperature profile during excitation in a constant-volume reactor at (a) three different initial translational temperatures (T;,) and a
density of 0.12kg/m?, and (b) three different densities and Ti,; = 2200 K. The initial vibrational temperatures are 295K in all cases.

Phys. Fluids 35, 066116 (2023); doi: 10.1063/5.0151461
Published under an exclusive license by AIP Publishing

35, 066116-9

16:GZ:80 £202 18qWeAoN €0


pubs.aip.org/aip/phf

Physics of Fluids

fraction is only around 10®. However, at the higher initial tempera-
tures, the formation of O becomes significantly faster. Therefore, one
may conclude that to generate the nonequilibrium state with the mini-
mum amount of O at some vibrational temperature, the initial transla-
tional temperature has to be the minimum possible that can generate
the vibrational temperature. For example, an initial translational tem-
perature of 2200 K is just enough to generate a vibrational temperature
of 2000 K with the O mole fraction being as low as 10~°, Therefore, an
O mole fraction of 10~% is the minimum nonequilibrium value that
can be attained at a vibrational temperature of 2000 K, which is much
smaller than the equilibrium value of around 10™* (at a density of
0.12kg/m?). Figure 12(a) also shows that, although large nonequilib-
rium between the vibrational and chemical modes is observed, the O,
and N, vibrational modes are essentially equilibrated during the exci-
tations in the temperature range shown, which is consistent
with experimental observations in post-shock flows." Furthermore,
Fig. 12(b) indicates that the O mole fraction vs O, vibrational temper-
ature curve for excitation has essentially no pressure dependency. This
is because the VVT and VT reactions are second-order reactions, and
the chemical nonequilibrium during the vibrational excitation is domi-
nated by the dissociation reaction (rather than the recombination reac-
tion, which only becomes important as the relaxation approaches
chemical equilibrium after thermal equilibration), which is also a
second-order reaction. Therefore, all the relevant rates get scaled
equally with pressure.

As shown in Fig. 3, an O mole fraction of 10~ is low enough to
prevent significant influence from the O,~O VT reaction and allow
for vibrational pumping. Therefore, using the nonequilibrium condi-
tion at this time instance from the excitation simulation as the initial
condition in a de-excitation simulation, the results are shown in Fig.
13. From Fig. 13(a), one can see that vibrational pumping is indeed
observed. Also observed is further dissociation, despite the low transla-
tional temperature, which occurs during the first 102 s because the O
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- _TV’02 -- -TV’02 frozen chem.
..... Tv,N2 _._._TV‘N2 frozen chem.
2500
x ¢-’ - \\
@ 2000 pememmememem= 2D Yy
pud el 1}
2 O mole fraction N
© 1500 - TRy
0] N0
Q ) ‘.‘
€ 1000
RS s
500 "
10°° 10°

Time, s

(@)

ARTICLE pubs.aip.org/aip/pof

mole fraction is initially in nonequilibrium and too low relative to the
O, vibrational temperature; this is a phenomenon earlier recognized
in Ref. 4. The O mole fraction gets to more than 10, which is enough
to make the O,—O VT reaction significant, as shown in Fig. 13(b). The
vibrational mode of O, gets pumped to a temperature of around
2100 K (pumping of ~5%), which is about 200K (~10%) lower than
that which would have been seen if no further formation of O
occurred (frozen chemistry) as shown in Fig. 13(a). Looking at the O,
vibrational population distribution shown in Fig. 14(a), one can see
that the distribution initially has an underpopulation in the upper lev-
els which is typically seen in excitation conditions.”” Pumping then
causes the population in the intermediate and upper levels to increase
as can be seen when comparing the results at 0, 1, and 10ms.
However, a Treanor distribution never forms due to the formation of
significant amounts of O, which activates the O,—O VT reaction.
Without additional production of O, a Treanor distribution would
form, as shown in Fig. 14(b) for the frozen chemistry simulation, with
population inversion in the intermediate and upper levels. As men-
tioned earlier, the O,—O VT reaction helps equilibrate the upper levels
with the translational mode and prevents a population inversion in the
upper levels. Eventually, by 20 ms, the Y distribution is attained and
the relaxation proceeds via this distribution.

The O, vibration—dissociation (VD) reactions O,(i) + O, < 20
+ O, and O,(i) + N, < 20 + N, play an important role in the work
presented in this subsection; these two VD reactions, with O, and N,
being the collision partners, are the main routes to generate O in the
conditions considered here. So, a discussion on the accuracy of the
rates used for these reactions is necessary. The rate coefficients for
these reactions, taken from the STELLAR database,”' were calculated
using the FHO theory. These FHO rates were compared in Refs. 5, 36,
and 68 against QCT and experimental results, and differences of up to
around 1-2 orders of magnitude were observed, indicating some
uncertainty here. More precisely, Refs. 5 and 68 showed that these

---0,WT O,-NVT
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02—N2 VVT set B --e--NO exchange
—0,-0vT
——0,-NOVT
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%108
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FIG. 13. The (a) temperature and mole fraction profile and (b) O, vibrational energy source terms for de-excitation from a nonequilibrium initial condition. This nonequilib-
rium initial condition is taken from the excitation simulation in Fig. 12 with T;;; =2200K and p =0.12 kg/m3 at a point in time where T, 0, = 1953.8 K and O mole fraction

is 3.8 x 1078,
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FIG. 14. Normalized O, vibrational population at various times in the (a) full and (b) frozen simulations in Fig. 13(a).

FHO dissociation rates were consistently lower than the experimental
and QCT values. Then, if these FHO dissociation rates may be consid-
ered as being the lower bound, one may suggest that the degree of
pumping shown in this subsection represents the upper bound because
the lower dissociation rate lessens the formation of O, which allows for
alarger degree of pumping.

So, the upper bound of pumping is only around 5% in both the
equilibrium and nonequilibrium initial condition cases (presented in
Secs. IV B and IV C, respectively). Because these initial conditions are
selected based on Fig. 3 to lie within the region where the O,-N, VVT
set B (pumping) reaction is most dominant, and the uncertainty of the
kinetic rates used in the simulations is shown to significantly favor
pumping, one may consider the computed 5% to be a general upper
bound for pumping. Consequently, it may be suggested that pumping
is unimportant for practical intents and purposes, and there is no sig-
nificant need to have multi-temperature models be able to qualitatively
recreate this phenomenon. Although the pumping from O,-N, VVT
set B is still a significant contributor to the O, vibrational energy trans-
fer throughout the relaxation in both cases, as shown in Figs. 8(b) and
13(b), and, consequently, influences the relaxation profile, this is not
of significant concern as the numerous rates and parameters in the
multi-temperature models can generally be tuned to adequately repro-
duce the same relaxation profile given the qualitative features can be
captured first.®””" Hence, while it would be impossible for multi-
temperature models to capture the 5% pumping portion in the relaxa-
tion profile because the governing equations describe the vibrational
relaxation as always moving toward equilibrium, appropriate parame-
ter tuning should allow these models to quantitatively recreate the
reminder of the relaxation profile to a sufficient extent.

D. Nozzle simulations

For completeness, it is now of interest to extend the con-
stant-volume reactor results to actual gasdynamic situations. So, noz-
zle flows are examined in this subsection. The flow in nozzles usually

originates from a thermochemical equilibrium state at the throat.”
Therefore, it is of interest to relate the situation in Sec. IV B, where the
flow is initially in equilibrium (rather than the situation in Sec. IV C
where the flow is initially in nonequilibrium) to nozzle flows. Quasi-
one-dimensional nozzle simulations are performed for a 6° half-angle
conical nozzle with a 30-mm-diameter throat, representative of hyper-
sonic wind tunnel nozzles.”” Larger angles do exist on the nozzle of
propulsion devices because of the need to keep the nozzle length to a
minimum, but the chemical composition of the flow in these nozzles
is some combustion product and not air (the subject of the current
work). As shown in Fig. 15, the simulation begins from the throat and
then marches downstream in solving the ODE system given by Eq.
(9), which solves an underexpanded nozzle (hypersonic wind tunnel
nozzles always operate at underexpanded conditions). The throat is in
equilibrium at a temperature of 1100 K—the initial equilibrium tem-
perature from which pumping is shown to occur in Sec. IV B—and a
velocity of 690m/s giving a sonic condition. Three different throat
pressures are tested—10% 107, and 10® Pa—representative of practical
hypersonic wind tunnel operating conditions.”’

Space marching a distance of 0.23 m, the results are shown in
Figs. 16(a), 16(c), and 16(e). In all cases, one can see that significant
deviation forms between the vibrational modes and translational
mode, with the deviation forming later with increasing throat pressure,

30 mm
T=1100 K
p = 108/107/108 Pa
u=690m/s -

FIG. 15. Schematic diagram of the nozzle simulation.
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FIG. 16. The temperatures and O, vibrational energy source terms anng7a 6° half-angle conical nozzle with a 30-mm-diameter throat. The throat, at position x=0 m, is in

equilibrium at a temperature of 1100K and pressure of (a) 10°Pa, ( Pa and (e

10B Pa. The zoomed-in view of the O, vibrational temperature and total O, vibrational

energy source term is shown in (b), (d), and (f) for throat pressures of10 107, and 108 Pa, respectively.

as expected in nozzle flows.”” This same trend could also be achieved
by varying the nozzle expansion angle, when considering the ratio of
the characteristic fluidic and chemical time scales (Damkohler num-
ber), with the nonequilibrium forming later with decreasing angle.
When a significant degree of nonequilibrium has formed between the
translational mode and O, vibrational mode, the pumping contribu-
tion from O,-N, set B overcomes the equilibrating contributions

(mainly from O,~O, VVT) and the total source term becomes posi-
tive; this happens at around x = 0.013 m, x=10.028 m, and x=0.085
m in the 10% 107, and 10° Pa conditions, respectively. Pumping can
then be observed as the O, vibrational temperature increases; this can
be seen in the zoomed-in view shown in Figs. 16(b), 16(d), and 16(f).
The rate of increase in the O, vibrational temperature (with respect to
distance) decreases as the flow expands downstream and the source
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FIG. 17. Normalized O, vibrational population at various positions in the (a) 10° Pa, (b) 107 Pa, and (c) 108 Pa nozzle simulations shown in Fig. 16.

term gets smaller while the flow freezes. Signs of pumping are also
observed in the population distribution, shown in Fig. 17, with energy
flowing up the vibrational ladder causing an increased population of the
intermediate and upper levels. As shown in Figs. 16(b), 16(d), and 16(f),
pumping of around 3K (20.3%) can be observed in the 10°Pa condi-
tion, and pumping of around 10K (~1%) can be observed in the 10
and 10°Pa conditions; all are less than the pumping of almost 50 K
(~25%) seen in the equivalent constant—volume reactor in Sec. I'V B.

It is of interest to relate the above nozzle results to relevant works
(experimental and numerical) in the literature. To the best knowledge
of the authors, measurement of the O, vibrational temperature in the
air in a nozzle flow has never been done before. Even if such measure-
ments exist, it would almost certainly be associated with an uncer-
tainty that is too large (around +5%-20% as exemplified in Refs. 73
and 74) to allow for any convincing observation of pumping which, as
shown in the current work, is small. Therefore, no experimental works
are available for any meaningful comparison. More relevant numerical
works can be found in Refs. 5 and 49, which contains quasi-one-
dimensional StS nozzle simulations for air. No mention of vibrational
pumping of O, was made in any of these works, which likely means
this phenomenon did not manifest to any significant extent. This is
therefore consistent with the current results.

As discussed in Ref. 48, important qualitative differences exist
between a constant—volume reactor and some real (one-dimensional
or multi-dimensional) gasdynamic scenario:

(1) A constant—volume reactor assumes an infinitely fast expansion
process that instantaneously produces a significantly nonequi-
librium state before subsequent relaxation while, in reality, the
expansion is generally more gradual.

(2) No further expansion occurs during the relaxation process in a
constant-volume reactor, whereas, for the particular case of
nozzle flows, expansion occurs throughout, including after a
significant degree of nonequilibrium is achieved.

(3) Length scale is irrelevant in a constant-volume reactor, while
length scale plays an important role in reality for determining
the extent of the thermochemical relaxation that can be
observed.

The above differences have nothing unique to do with the multi-
dimensionality of flow and, thus, apply to both one-dimensional and
multi-dimensional flows. Nevertheless, it is acknowledged that the
multi-dimensionality of flow may, somehow, directly produce further
distinctions from constant—volume reactors in terms of the thermo-
chemical relaxation, but these would likely be subtler and more quanti-
tative compared with the obvious qualitative differences listed above.
In addition, the uncertainty of the kinetic rates used in the current
simulations, examined in detail in Secs. IV B and C, is likely much
more important than the simplification of the flowfield in terms of
influencing the thermochemical relaxation process.

As discussed in Ref. 48, due to the differences listed above, zero-
dimensional constant-volume reactors generally overestimate the
manifestation of thermochemical nonequilibrium-associated phenom-
ena when compared with equivalent one-dimensional and multi-
dimensional flows. Thus, this along with the aforementioned fact that
the kinetic rates used in the current simulations significantly favor
pumping means the 5% upper bound for pumping, determined in
Secs. IV B and C under zero-dimensional conditions, covers real gas-
dynamic scenarios. The second and third differences above are partic-
ularly important and are mainly why less pumping is observed in the
nozzle compared with the equivalent constant—volume reactor.
Consequently, as a corollary of these two differences, it can be sug-
gested that constant-volume reactors are a better zero-dimensional
analogy for the relaxation process in flows with large length scales and
no further expansion after an initial rapid expansion. Examples of this
include the flow along large distances downstream in the wake of an
atmospheric entry vehicle, outside of the recirculating region, after the
rapid expansion around the shoulder, and the flow along large distan-
ces in the acceleration tube of large-scale expansion tunnels’' (a type
of hypersonic wind tunnel) after the rapid unsteady expansion origi-
nating from the secondary diaphragm rupture. The results in Sec. [V B
can correspond to the common scenario in hypersonic flight where
the flow achieves thermochemical equilibrium behind a shock before
expansion over a convex corner. On the other hand, the results in Sec.
IV C are more uncommon in flight as the relaxation process shown
there may only occur on certain streamlines in the flow over a
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hypersonic flight vehicle of a certain size flying at a certain attitude
and velocity.

V. CONCLUSIONS

The occurrence of vibrational pumping in air under nonequilib-
rium conditions is investigated because this phenomenon is not con-
sidered in the formulation of the current phenomenological models.
The competing processes in nonequilibrium air are examined to assess
the possibility of self-pumping occurring for a general range of condi-
tions. It is shown that O,, rather than N, is the molecule that would
get pumped due to its shallower vibrational well and smaller spacing
between the vibrational levels. Pumping can only happen during de-
excitation and when the translational temperature is below around
1000 K. Pumping will not occur when the initial equilibrium tempera-
ture is greater than around 1200-1600 K (depending on the pressure)
due to the formation of enough O to quench pumping via the O,—O
vibration—translation reaction. The limiting initial temperature can be
increased to around 2000K if a nonequilibrium initial condition is
considered that has an O mole fraction significantly less than the equi-
librium value. In cases where pumping does occur, constant-volume
reactor simulations showed pumping of around 5%. Relaxation occurs
via the Treanor distribution in the O, vibrational population when the
0,-O VT reaction is irrelevant. The O,—O VT reaction promotes
equilibration of the upper levels with the translational mode and, thus,
relaxation occurs via the 1 distribution when the O,~O VT reaction is
prominent. To consider real gasdynamic environments, quasi-one-
dimensional nozzle simulations representative of hypersonic wind
tunnel nozzle flows are conducted for pressures of 10%, 107, and 10% Pa
at the throat with an equilibrium temperature of 1100 K. Pumping of
around 3K (x0.3%) can be observed in the 10°Pa condition, and
pumping of around 10 K (=1%) can be observed in the 10” and 10° Pa
conditions. Freezing, which is expected given the short length scale of
nozzles and the fact that nozzle flows continue to expand after pump-
ing starts, limits the degree of pumping seen in the nozzle flows. It can
be suggested that constant—volume reactors generally overestimate the
manifestation of thermochemical nonequilibrium-associated phenom-
ena, when compared with practical flow scenarios, and are a better
zero-dimensional analogy for the relaxation process in flows with large
length scales and no further expansion after an initial rapid expansion,
such as in the wake of atmospheric entry vehicles and the acceleration
tube of large-scale expansion tunnels. After examination of the uncer-
tainties of the most important rates used in the simulations, which are
the O,(1) 4 N,(0) <= O,(0) + N»(1) VV and Ox(1) + O,(0) <= 0,(0)
+ O5(0) VT rates as well as the O,(i) + O, < 20 + O, and O,(i)
+ N, <> 20 4 N, VD rates when a nonequilibrium initial condition is
considered, one may suggest that the current results correspond to the
upper bound for the magnitude of pumping. It may be concluded that
pumping is unimportant for practical intents and purposes in non-
equilibrium hypersonic flows, and there is no significant need to have
phenomenological models be able to recreate this phenomenon.
Nevertheless, knowledge of this would have been impossible without
the work presented in this paper.
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