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Electron-vibration energy exchange models in nitrogen plasma flows

A. Bourdor and P. Vervisch
URA CNRS 230 CORIA, Universitte Rouen, 76821 Mont Saint Aignan Cedex, France
(Received 27 June 1996

This work presents an examination of the validity of the simple linear Landau-Teller-type model proposed
by Lee for the electron-vibration energy exchange term in nitrggefhermal Design of Aeroassisted Orbital
Transfer Vehiclesedited by H. F. NelsofAIAA, New York, 1985, Vol. 96, p. 3; inThermophysical Aspects
of Re-entry Flowsedited by J. N. Moss and C. D. Scé#IAA, New York, 1986), Vol. 103, p. 197. Plasma
flow conditions encountered in high enthalpy wind tunnels are considered. The time-dependent relaxation of
the vibrational energy of nitrogen due to electron inelastic collisions is calculated. The influence of the
anharmonicity of the molecule and of the initial vibrational temperafliyeis studied. With a harmonic
oscillator approximation, it is found that a linear Landau-Teller-type model is accurate to describe the vibra-
tional energy relaxation rate for electron temperatufgsn the range 3000 KT,<20 000 K. WhenT,
<T., our results show that the initial model proposed by Lee overestimates by a mean factor of 3 the
electron-vibration é-V) relaxation time. WheT,>T,, the relaxation time appears to depend on the initial
vibrational distribution. When the anharmonicity of nitrogen is taken into account, generally the relaxation rate
of the vibrational energy deviates from a linear rate equation. In this case, it appears much more difficult to
model accurately the-V energy exchange terrh'S1063-651X97)02904-9

PACS numbsdrs): 52.30—q

[. INTRODUCTION studying the feature of his analytical result, Lee proposed to
describe approximately the vibrational energy relaxation rate
The accurate modeling of high velocity plasma flows asby a Linear Landau-Teller-type rate equation of the f¢fh
encountered during the reentry of spatial vehicles requires
the validation of a large number of physical and chemical
models. Numerous validation studies have been carried out
in plasma flows generated in high enthalpy wind tunnels
where experimental data are available. However, significant
discrepancies remain between measurements and compu
tion results. Currently, different authof$,2] suggest that a

more accurate modeling of the vibrational energy relaxatioqhee_v relaxation time. This very simple model is generally

in the flow may improve significantly the agreement betWeer]mplemented in plasma flow codes whatever the vibrational

experiments and computations. Indeed, the vibrational eaxcitation of the studied flow. It is interesting to point out

dE, E*-E,
o= , M

Te

WﬁereEU is the vibrational energy per unit volumg; is the
equilibrium energy at the electron temperattigg and 7, is

temperaturgthrough, respectively, the translation-vibration
(T-V) and the electron-wbratlone(V)_ energy exchange [9,10], the e-V energy exchange term is generally simply
processelsbut also the chemical reactions in the flow. ForWritten as
theT-V energy exchange term, two models are very popular.
The first one is the linear Landau-Teller equati@hand the
other model, proposed by Paj], attempts to simulate the el N —€yn,
diffusive nature of vibrational relaxation. Lately, new models Qev=rn, — = 2
have been proposed to take into account the coupling be- Te
tween the vibrational relaxation and dissociation processes
[5]. On thee-V energy exchange term, the main work is thejn \w m~3, wherep,_ is the local density of Min the me-
theoretical one carried out by L§6,7]. This author studied di . 2 Lo .

e . ' ium, e, . is the local vibrational energy of Nper unit
the vibrational relaxation of a system of moleculesnsid- e o ;
ered as harmonic oscillatorsopulated in the ground state at Mass,€; y, is the vibrational energy which corresponds to
t=0 s which interchange energy with an electron heat batlthe equilibrium at the electron temperaturg, and 7, is the
having a constant temperatufig. Using a theoretical ap- e-V relaxation time in N. With this simple model, the-V
proach similar to the one developed for tfieV diffusion  energy exchange appears to be much more efficient than the
model[4,8], Lee derived an analytical expression of the vi- T-V one in numerous nitrogen plasma flow conditions and
brational energy relaxation rate duedev processes. Then, the local vibrational temperature of, required to be equal

to the local electron temperatufr0].
In this paper we question the accuracy of the simple
*Electronic address: Anne.Bourdon@coria.fr Landau-Teller-type model for th@.., term in the computa-

the computation of plasma flows containing Rholecules

1063-651X/97/564)/46348)/$10.00 55 4634 © 1997 The American Physical Society
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TABLE |. Constants in thee-V excitation rate coefficientisg:\v’(Te) for the O— v transitions for 3000 KT,=<20 000 K.

v a b c d f

1 —2.8583 8.5312 57.845 —11.224 1.9710
2 —2.0860 9.0375 30.029 —5.9229 2.0870
3 —1.6909 8.3733 16.104 —3.2660 2.1450
4 —1.0249 3.7722 11.157 —2.2943 2.1450
5 —0.8552 4,1914 6.1267 —1.2874 2.3188
6 —0.6079 3.2742 3.5527 —0.7564 2.5500
7 —0.2871 1.5159 1.8277 —0.3861 2.6900
8 —0.1304 0.6479 0.8857 —0.1870 2.8400
9 —0.052 0.3169 0.2218 —0.0485 3.1300
10 —0.0196 0.1242 0.0862 —0.0188 3.3620

tion of nonequilibrium plasma flows containing, Nnol- retical values agree fairly well with experimental data. For

ecules. We focus on supersonic or hypersonic plasma flowthe present work, we have used the experimental Gran-
encountered in wind tunnels where the measured electrosition cross sections derived by Allah9] up tov=13. The
temperature may be up to about 20 000 K in the fl[@w11] correspondingg-V excitation rate coefficienﬂsSjUV(Te) have

and down to 2000 K at the vicinity of blunt bodigk2]. The  been obtained by numerical integration of the cross sections
characteristic vibrational temperature of these flows is genever a Maxwellian distribution function for the electrons.
erally much more difficult to measure but remains betweerThese rate coefficients can be fitted to the simple expression
2000 and 20 000 K. We propose a study of gy term

based on the numerical solution of the master equations for kg:U\/(Te)zlo—w(a/XJr b+ cx+ dx2)x~3%exp( — f/x)

the vibrational level populations of NN First, we compare %)

our results with those initially obtained by Lee when all the

molgcules are initially in thejr ground.sta'te. Then, we discusg, 3 571, wherex=T,(K)/10 000 K and the constants are
the influence of the_V|brat|onaI excitation of the, khol- given in Table | for Ev<10 and 3000 KT,<20 000 K.
ecules on the modeling of th@,.y term. In each case, the Taqe rate coefficient values decrease witapproximately
influence of the anharmonicity of Ns studied. ask§Y(Te)~2k&Y, 1(Te). The associated deexcitation rates
k&¥(Te) have been derived using the detailed balance rela-
Il. METHOD OF CALCULATION tionships. Due to the lack of accurate experimental informa-
tion on excitation cross sections from a vibrational level
w0, Capitelli and Dilonardd20] have assumed that rate
With a harmonic oscillator approximation, 34 vibrational coefficients of thew#0—v>w transitions are equal to
levels lie under the dissociation limit. However, this approxi-those of the 8-v —w transitions. However, since the reso-
mation is too rough for nitrogen and we have followed thenant excitation process exists only for low-lying levels, dif-
approach proposed by Dmitrieva and co-workft8,14),  ferent authord16,21 have shown that the excitation cross
who considered a N-N potential which has the correcisections calculated for a few=0—v>w transitions de-
asymptotic behavior when the interatomic distance increasegrease asv increases. For the purpose of the present study,
In this case, 65 excited vibrational levels lie under the dissothe cross sections for all transitions are required. Then we
ciation limit. have used an analytical expression of ¥ cross sections
between excited levelR2]:

A. Vibrational model for N ,

B. Vibrational kinetics

We neglect the influence of dissociation and recombina- o(ve=v+n)=0(0-n)(1+0.09) ", 5
tion processes and consider only vibrational excitation and
deexcitation processes by electron impact: which is in fairly good agreement with current theoretical

results[16,21].
No(w)+e—Ny(v>w)+e. 3

For an electron incident energy lower than 4 eV, ¢hi, C. Master equations

vibrational excitation process is dominated by the well The studied system is a collection of Molecules which
known 2.3 e\/zl'lg resonance. That is, the incident electron isstart att=0 s to interchange energy with an electron heat
captured in the neighborhood of the targetriblecule, thus  bath having a constant temperatufg. Due to e-V pro-
forming a temporary B ion [15,16. This resonance has cesses, the rate of change of the number density of a vibra-
been studied extensively theoretically and experimentally fotional levelv of N,, denotedN, (m~3), is given by

the O—v transitions[17-19. The associated cross sections
are dominated by a series of narrow peaks separated by just
a few tenths of an electron volt which correspond to the w:O[
positions of the N~ vibrational states. On the whole, theo- W

dN, T .
St =Ne 2 [KEN(TING K UTIN,],  (6)

%
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FIG. 1. Comparison ofe-V relaxation times. Solid line, FIG. 2. With a harmonic oscillator approximation, the influence
PeTeLee [ 7.9]; dashed line, Eq8) with the cross sections derived by of T, on the deviations from a Landau-Teller-type rate equation for
Allan [19]; dot-dashed linepe7ec. the initial condition studied by Lee. Thin dashed lifg=2000 K;

thin dot-dashed lineT,=3000 K; thin dotted lineT,=6000 K; thin
wheren, (m_s) is the electron number density ang,,, is solid line, T,=8000 K; thick dotted lineT,=10 000 K; thick dot-
the number of excited vibrational levels,,,=33 in the dashed lineT.=20 000 K; thick dashed lin€f=30 000 K.
harmonic case and,,,=65 in the anharmonic caseWe

note Ny=XN, the total N number density. The system of |axation time obtained near 7000 K may be attributed to the
differential equations has been integrated numerically in USstrong resonance between the electron and vibrational
ing LSODE [23], a routine specifically designed to solve stiff y6qes. In Fig. 1, we note that the relaxation time calculated

ordinary differential equations. In each set of calculations, ., Eq. (8) and more accurate experimental cross sections

we keepTe, ne, andN, constant. Considering the energy of 19] remains very close to the one initially proposed by Lee
the levelw=0 as reference, the vibrational energy of the[ l y nitiatly prop y '

studied system is given by
B. Numerical study of the e-V energy exchange term

Umax

E,= > Nyew, (7) We consider the same initial condition as the one studied

w=t by Lee: att=0 s, all N, molecules are populated in the
ground state. This situation may represent a plasma flow in
dhe vicinity of a shock wave around a blunt body. In this
case, the vibrational energy is zerotatO s and increases
with time up to the valu€E} which corresponds to the vi-
brational energy of the system of molecules in Boltzmann
equilibrium atT,. On the contrandE,/dt is maximum at
t=0 s and decreases down to zero at the final equilibrium. If
the relaxation of the vibrational energy follows a Landau-
A. Analytical results proposed by Lee Teller-type relaxation, the cuneE,/dt=f(E,) is a straight
line and its slope is inversely proportional to the relaxation
time 7,.

where g, is the energy of the vibrational level. The nu-
merical approach used in this paper allows us to follow th
temporal relaxation oflE,/dt, E,, and of vibrational level
populations.

Ill. STUDY OF THE VALIDITY OF THE MODEL
PROPOSED BY LEE

To implement the simple model proposed by Lee in flow
codes Eqg. (2)], the only need is to determine tleeV relax-

1. N, is considered as a harmonic oscillator

ation time. Lee proposed an analytical expression of the form
Ne =0\ 1P [ oy ) -t Figure 2 presents the time evolution®E,/dt as a func-
TeLee™ | 5 1-ex T, f Ko, v"dv ®  tion of E, for different electron temperatures. We normal-
ized E, by the equilibrium energye; and dE,/dt by its
in s, whereé, is the characteristic vibrational temperature of value att=0 s, then the results of Fig. 2 are independent of
the molecule. This relaxation time is independent of the mon, and N, and depend only off,. We note that the com-
lecular number density but depends ng and T.. Using  puted vibrational energy relaxation rate can be considered to
Slinker and Ali cross sectiong®4], Lee [7] calculated the be linear with a relative discrepancy lower than 30% for
e-V relaxation time in N. As the lattter depends on,, 3000 K<T.=<20 000 K. In fact, the deviations observed for
Candler[9] has curve fitp.7e e Where p, is the electron low electron temperatures were expected since the vibra-
partial pressure in atmospheres. Results are given in Fig. lonal excitation of N occurs only when the incident elec-
for 3000 K<T,.=<20 000 K. We note that the relaxation time trons are energetic enough. But, Fig. 2 also shows that a
is the smallest at aboi,=7000 K and increases rapidly on linear model is inaccurate at high electron temperatures. This
either side of this electron temperature. The very small reconfirms that the linear model is only an approximation of
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TABLE II. Constants in thee-V relaxation timer, for 3000
K=<T,=<20 000 K.

Te range(K) A B C
3000-7000 5.019 —38.625 64.219
7000-20 000 2.448 —18.704 25.635

where 7 is in secondsp, is in atmospheres, and the con-
stants are given in Table Il for 3000=KT,=<20 000 K. It is
interesting to note that up tB,=20 000 K, thew#0—uv>w
transitions have a very small influence on the calculated
. : value of 7,.. As a conclusion, when &t=0 s, all N, mol-

04 0.6 . ecules are populated in the ground state, the present study

e /D shows that for 3000 KT,=<20 000 K, the simple model
viTo proposed by Le¢Egs. (1) and (8)] gives the right order of

magnitude of thee-V energy exchange term but underesti-

FIG. 3. Temporal relaxation of the vibrational level populations mates it by an average factor of 3.
for T,=8000 K with, att=0 s, all the N molecules populated in
the ground state. The number density is normalized by the num- 2. Influence of the anharmonicity of N

ber density on the ground state agydby the dissociation enerdy, . . .
of N,. The timet is normalized byr .. calculated aff ,=8000 K. We carry out the same computations as in the preceding

Closed symbols correspond to the harmonic oscillator approxima§ecuon In taklng into account the anharmonicity of the N
tion; open symbols correspond to the anharmonic oscillator ap[n_olecule. In F_'g' 3, fOﬂ—¢=8OOO K, we r_10te that the r_elax-
proximation. Triangles, t=10 27y circles, t=10 1ry ce; ation of low-lying Ievels_ is the same as in the harmonic case.
squarest= 74 .. The solid line corresponds to the final Boltzmann ON the contrary, the highly excited levels relax much more
distribution atT,. This equilibrium is reached at=7.27, .o in the  Slowly in the anharmonic case. This results from the decrease
harmonic case and &t 13637, .. in the anharmonic case. of thew+# 0— v >w transition cross sections asincreases.
Then, even if in the anharmonic case, the energy gaps be-
the analytical solution derived by Lee with a classical ap-tween high vibrational levels are smaller than in the har-
proximation (valid at high electron temperaturedn fact,  monic case, the inefficiency of transitions between these vi-
Fig. 2 seems to indicate that the simple linear model is validhrational levels results in a longer time to reach the final
only in the temperature range where &/ relaxation time  equilibrium. However, as the contribution to the vibrational
derived by Lee is the smalle§T,~7000 K). For example, energy is weighted toward the most populated vibrational
for T,=8000 K, Fig. 3 shows the time evolution of the popu- levels, the influence of the anharmonicity of bh the vibra-
lation N, of each vibrational level as a function of its vibra- tional energy relaxation will be significant only at high elec-
tional energye, . We normalizeN, by the number density on  tron temperature$when the high vibrational level popula-
the ground state ang}, by the dissociation energy, of N,.  tions become no longer negligible For example, at
When the vibrational levels are populated according to a,=20 000 K, Fig. 4 shows the variations of the normalized
Boltzmann distribution, the slope of the distribution is linearvibrational energy relaxation rate
and is inversely proportional to the vibrational temperature
T, . We have also normalized the.time.b&e.e calculat.ed at dE"  dE, 7oiee
T.=8000 K, then the results obtained in Fig. 3 are indepen- —_—=—
dent ofn, andN, and depend only oit.. As expected, we dt dt E
note that lower levels relax quicker than higher ones. During
the relaxation, the vibrational distribution remains differentas a function of the normalized vibrational energy
from a Boltzmann distribution, even for low vibrational lev-
els. This result points out that the linear Landau-Teller-type . E
relaxation rate observed in Fig. 2 fd=8000 K is not the S (11)
result of the relaxation of a particular vibrational distribution. v
Finally, for 3000 K=<T.<20 000 K, we have linearized - . . .
our computeddE, /dt=f(E,) curves and we have used the In thls flgure, we consider harmonic and anharmonlg ap-
slopes to derive new-V relaxation time values as a function Proximations butin both cases we use Ejr the anharmonic
of T,. Figure 1 compares this-V relaxation time(denoted eqU|I_|br|um_ energy which IS slightly hlghef than th‘? har-
7.0 with the one initially proposed by Le@enotedreco). monic equilibrium energy. Figure 4 con_flrms that de.vlap_ons
We note thatr, varies as a function of, in the same way from the results.obtalneq_ln.the harmonic case are S|gr_1|f|cant
aS oL ee UL 7. remains smaller thamg . in the whole tem- only near thg final equilibrium, Whe_n.the high vibrational
perature range. The smallest discrepancy is about a factor Vel populations are no longer negligible. Then, the results
2.5 atT,=5000 K and increases on either side of this tem-obtained in the preceding section for a harmonic oscillator

perature. Our results can be fitted to the simple expression2PProximation can be used for, ven for electron tempera-
tures up to 20 000 K as long as the system is far from the

1091 0( PeTed) =Al10g10(Te) 12+ B 10g14(Te) +C, (9  final Boltzmann equilibrium aT,,. We have also represented

(10
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FIG. 4. ForT,=20 000 K, the influence of the vibrational model . I .

of N, on the variations ol E"/dt as a function oE". Dot-dashed FIG. 5. Temporal relaxation of the vibrational level populations
v v* _ . _ _ .

line, harmonic oscillator approximation; solid line, anharmonic os-for Te_SOO_O K W'th_’ att_—O §.T,=4000 K.N, , ¢, , and the timd
cillator approximation; dashed line, Lee’s model. are normalized as in Fig. 3. Closed symbols correspond to the har-

monic oscillator approximation; open symbols correspond to the

. . . . anharmonic oscillator approximation. Trianglet=10" 17 ee;
the curve obtained in using the expression proposed by I‘e%ircles,t: TeLee; SQuarest=107q c.. Solid lines correspond to the

This model appears to underestimate by a factor of ke initial and final Boltzmann distributions. The final equilibrium is

energy transfer for short times and to overestimate it near thg,;ched at= 10,5700 in the harmonic case and &t 3900r, o in
final equilibrium.

the anharmonic case.

IV. INELUENCE OF THE INITIAL VIBRATIONAL ence on the time necessary to reaqh the final equilibrium. For
DISTRIBUTION different electron temperatures, Fig. 6 shows that the value
of T, att=0 s seems to have only a slight influence on the
In this section we propose to study the influence of arvibrational energy relaxation. This point is very interesting
initial vibrational excitation of N on thee-V energy ex- since it indicates that results obtained in the reference excit-
change term for 3000 KT.<20 000 K. In this paper we ing condition(with att=0 s, all N, molecules populated in
consider only situations where the vibrational distribution atthe ground stajecan be used to describe accurately more
t=0 s is characterized by a vibrational temperafliife Two  general exciting conditions. Namely, for flow conditions
cases have to be considered, depending on the relative valuetiere 3000 KsT,<20 000 K andT,<T,, if N, is consid-
of T, and T.. In the following, we denote the case where
T.>T,, an exciting condition, and the case wha&e>T,, a
relaxing condition. In exciting conditions with very low val- 4 — T 1 T 1
ues of T, , the population is mainly on the ground state at
t=0 s and then the situation is the same as the reference ones
considered in the preceding section. For plasma flows en-
countered in high enthalpy wind tunnels, an exciting condi-
tion corresponds to a shock around a blunt b 1] and a
relaxing condition corresponds to the expanding part of the
plasma flow[10,11] and to the boundary layer over a blunt
body [12]. In order to make direct comparisons with the
results obtained in the preceding section, we will show in
detail the results obtained for the intermediate value
T.=8000 K.

Normalized time derivative

0 PR R N N S
0 0.2 04 0.6 0.8 1

Normalized vibrational energy, E, "

A. Exciting condition
1. N, is considered as a harmonic oscillator

Figure 5 shows the time evolution of the vibrational level g1 6. with a harmonic oscillator approximation, the influence
populations fofT,=8000 K andT,=4000 K att=0s. Asin o the initial value ofT, (<T,) on the vibrational energy relax-
the preceding sections, the low vibrational levels relaXation. Thin lines correspond t,=8000 K and thick lines corre-
quicker than high ones. In this case, a time-dependent vibrapond toT,=20 000 K. Solid lines, at=0 s, all N, molecules are
tional temperature appears to characterize the relaxation @bpulated in the ground state; dotted linesta0 s, T,=TJ/4;
low vibrational levels. In comparison with Fig. 3, we note dashed lines, at=0 s, T,=T./2; dot-dashed lines, at=0 s,
that the initial vibrational distribution has a negligible influ- T,=3T./4.
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T, =20 000K

[\

[ery

Normalized time derivative of E,,

0 1 1 b : 1 - n 1 n N .'v_vvnn-“
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1
Normalized vibrational energy, Evn
g, /Dy
FIG. 7. With an anharmonic oscillator approximation, the influ- ) - )
ence of the initial value off, (<T,) on the vibrational energy FIG. 8. Temporal relaxation of the vibrational level populations
relaxation. See Fig. 6 for notations. for T,=8000 K with, att=0s,T,=20 000 K.N,, €, , and the time

t are normalized as in Fig. 3. Closed symbols correspond to the
ered as a harmonic oscillator, Eq$) and(9) can be used to harmonic oscillator approximation; open symbols correspond to the

anharmonic oscillator approximation. Triangles g, 101 ;
model accurately the-V energy exchange term. . ) pp ) 9 P Telee
circles, t=r7gee; Squares, t=1071, ; triangles down, t

=107,0e. Solid lines correspond to the initial and final Boltz-
mann distributions. The final equilibrium is reached &t8.77¢ e

We carry out the same computations as in the precedintj the harmonic case and &t 931r, ¢ in the anharmonic case.
section in taking into account the anharmonicity of. Nn ) ) )
Fig. 5, as already observed, high vibrational levels relaote that throughout the relaxation, the time evolution of low
more slowly in the anharmonic case than in the harmonidvibrational levels is characterized by a time-dependent vibra-
case. We note that an initial vibrational distribution increasedional temperature. As in the exciting condition, it is inter-
significantly the time necessary to reach the final equilibriun€sting to note that the initial vibrational distribution has a
in comparison with the reference conditiéfig. 3). For the neghglb_le influence on the time necessary to reach the final
same conditions as in Fig. 6, Fig. 7 represents the variation@duilibrium. ForT,=8000 K and different values of, at
of dE"/dt as a function oE " with the anharmonic oscillator t=0 S, Fig. 9 depicts the variations dE/dt as a function
approximation. In this case too, the computed curves for th&f Ey. First, this figure shows that the vibrational energy
different vibrational temperatures remain very close to thoséelaxation rate can be described by a linear rate equation.
obtained in considering &t=0 s all N, molecules populated
in the ground state. The deviations observed wheandT,

2. Influence of the anharmonicity of N

are close to each other increase with temperature as the high 0 1 T I '

vibrational level populations become no longer negligible. o [ X,

These deviations are the result of the slow relaxation of the s -1| \“\\ B

high vibrational level populations. They point out the diffi- £ BN

culty of determining accurately the-V energy exchange & -2 AN 7]

term near the final equilibrium. Finally, wheR,<T,, we § i \\

note that the results obtained with harmonic or anharmonic o -3~ TNONIN N

oscillator approximations remain close to each other. Then, g \\’ \\

conclusions drawn in Sec. Il B 2 are also valid for a more 7§ -4 AN T

general exciting condition and an anharmonic oscillator ap- = . . \\

proximation. E 5k N N

Z i \‘\ \‘\
B. Relaxing condition s
‘ 9 1 15 2 2.5 3 3.5

WhenT,>T,, the vibrational energy at=0 s is higher Normalized vibrational energy, E,0

thanE} , the vibrational energy corresponding to the equi-
librium at T,. Then during the simulatiordE,/dt is nega-

tive and increases with time up to zero at the final equilib- ™G 9. With a harmonic oscillator approximation, the influence
rium of the initial value ofT, (>T,) on the vibrational energy of relax-

ation atT,=8000 K. Solid line, att=0 s, T,=10 000 K; dotted
. . . . line, at t=0 s, T,=20000 K; dot-dashed lines, at=0 s
1. N, is considered as a harmonic oscillator ' v ' ' '
_ 2! I ) ) ! I_ ) T,=30000 K. The dashed line represents the Landau-Teller relax-
Figure 8 shows the time evolution of vibrational level ation of the vibrational energy calculated with theV relaxation
populations forT,=8000 K andT,=20 000 K att=0 s. We time .. (see Fig. 1 corresponding t&@.=8000 K.
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FIG. 11. With an anharmonic oscillator approximation, the in-
fluence of the initial value o, (>T,) on the vibrational energy
relaxation afT,=8000 K. See Fig. 9 for notations.

FIG. 10. With a harmonic oscillator approximation, the influ-
ence of the initial value off, (>T,) on thee-V relaxation time.
Thick solid line,peTeee; thin solid line,p.7. (se€ Fig. 1, dashed
line, at t=0 s, T,=T,+2000 K; dotted line, att=0 s,
T,=Te+5000 K; dot-dashed line, &t=0 s, T, =T,+10 000 K. from a linear rate equation and the lower is &4/ energy

exchange term. It is important to note that we have obtained

Second it points out that the relaxation timg (which is the same Cha_rgctenstl(_:s fpr different vaIugsTQf—Te. For
inversely proportional to the slopeepends o, . For 3000 r(_elaxmg.condmons, this figure clearly _pomts out that the
K<T,=<20 000 K, we have obtained the same characteristic§/MPI€ linear model proposed by Lee is unadapted. Then,
for different values ofT,— T, and Fig. 10 presents the de- unfortunately, it appears impossible to _extend to the anhar—
rived e-V relaxation time. As the value df, — T, increases, monic case the mterespng results obtained in the preceding
we note that the minimum of the curve is translated toward$ection for the harmonic case.

lower electron temperatures. Fog<<7000 K, thee-V relax-
ation time appears to be shorter in relaxing conditions than in
exciting conditions. The discrepancy with the initial value ]
proposed by Lee increases with— T, and may exceed one A numerical study of the-V energy exchange has been
order of magnitude. FGF,>7000 K, thee-V relaxation time p_erformed in nitrogen in order to examine the validity of the
is shorter in exciting conditions than in relaxing conditionsSimple Landau-Teller-type model proposed by Lee. The ac-
and the discrepancy with the initial value proposed by Leefuracy of the present results depends on the set\bfcross
decreases a$,— T, increases. It is interesting to note that sections. For 8:v >0 transitions, the cross sections are now

the computece-V relaxation time is nearly the same if the fairly well known. For thew#0—uv>w transitions, the
rate coefficients of thev# 0— v >w transitions are assumed Main data are theoretical and indicate that the cross sections

to be equal to those of the-v —w transitions[20]. decrease aw increases. For the purpose of the present study,
an approximate analytical expression has been used for all
thew# 0—uv >w transition cross sections. To investigate the
sensitivity of the results to thee-V cross sections for
We carry out the same computations as in the preceding#0—uv>w transitions, we have also carried out all the
section in taking into account the anharmonicity of.Nn  calculations of the present study in assuming that the rate
Fig. 8, as expected, we note that the relaxation of high vicoefficients of thew#0—v>w transitions are equal to
brational levels is slower than in the harmonic case. It ishose of the 8-v —w transitions[20]. In fact, the choice of
interesting to note that the time necessary to reach the findhee-V cross sections has appeared to influence only slightly
equilibrium is nearly the same as the one corresponding tthe computed relaxation of the vibrational energy. Further
the reference exciting conditioifrig. 3) but is much shorter theoretical and experimental work would be of great interest
than the one corresponding to a more realistic exciting conto establish an accurate setestv cross sections for all tran-
dition (Fig. 5. Near the final equilibrium, an inversion of sitions.
population occurs due to the strong anharmonicity ef N When N, is considered as a harmonic oscillator, our com-
is important to note that this inversion of population is the-putations have revealed that a linear Landau-Teller-type rate
oretical since we have not considered any dissociation oequation is accurate to describe the relaxation rate of vibra-
recombination processes. However, as the populations dfonal energy for 3000 KT.=<20 000 K. For the theoretical
very high vibrational levels remain far smaller than those ofinitial situation studied by Legat t=0 s, all N, molecules
low vibrational levels, this effect has no influence on theare populated in the ground statee have shown that the
relaxation of the vibrational energy. Figure 11 is the same asharacteristic relaxation time proposed by this author turned
Fig. 9 but in the anharmonic case. The higher the value obut to be overestimated by an average factor of 3. In this
T,, the more the vibrational energy relaxation rate deviatesase, we propose an analytical expression ofet\é relax-

V. CONCLUSION

2. Influence of the anharmonicity of N
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ation time[Eq. (9)]. In order to consider general flow condi- a Landau-Teller-type rate equation. Then it appears much
tions, we have studied the influence of the vibrational distri-more difficult to model accurately th®..,, term in relaxing
bution on theQ..,, term modeling for 3000 KT,<20 000 conditions than in exciting conditions. Furthermore, the
K. We have considered only situations where the initial vi-present study of relaxing conditions has been limited to con-
brational distribution is characterized by a vibrational tem-ditions where a time-dependent vibrational temperature char-
peratureT,, . It is found that results obtained, in considering acterizes the low vibrational level distribution. In more gen-
att=0 s, all N, molecules populated in the ground state areeral cases, larger deviations from a linear Landau-Teller-type
accurate to describe exciting conditions,&T,). In relax-  rate equation may be expected.
ing conditions ,>T,), we have observed that tleeV re- However, it is interesting to note that the present study
laxation time depends on the initial vibrational temperaturehas confirmed the order of magnitude of taevV energy
For T,<7000 K, thee-V relaxation time appears to be exchange term obtained by Lee and then the very high effi-
shorter in relaxing conditions than in exciting conditions andciency of thee-V coupling in nitrogen. Hence in partially
the discrepancy increases Bs decreases. FOF,>7000 K, ionized nitrogen flowgwhere the electron number density is
the e-V relaxation time appears to be shorter in excitinghigh enough, it validates the existence of the local equilib-
conditions than in relaxing conditions and the discrepancyium T,=T,. However, in weakly ionized nitrogen flows,
increases withr . the present study has clearly put forward that the very simple
When the anharmonicity of Nis taken into account we model proposed by Lee should be implemented with care in
have pointed out the difficulty of modeling th@..,, term  flow codes and might either overestimate or underestimate
near the final equilibrium at the electron temperaflige In  the e-V energy exchange term.
exciting conditions and for 3000 KT.<20 000 K, we have Finally, the present results have to be considered as a first
observed that results obtained in the harmonic case are accstep towards a model for threeV coupling that will represent
rate enough to times near the initial condition of the simula-a balance between the ease of implementation in a computa-
tion. For relaxing conditions and for 3000sKT <20 000 K, tional fluid dynamics method and an accurate description of
the relaxation of vibrational energy generally does not followthe e-V coupling physics.
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