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Rotational Relaxation of N, Behind a Strong Shock Wave

Chul Park*
ELORET Corporation, Moffett Field, California 94035

Using an existing expression for the state-to-state rotational transition rate coefficients, which is derived from
the experimental data taken at temperatures equal to or below 1500 K, the master equation for rotational states is
integrated with time for N,. The postshock temperature considered is from 400 to 128,000 K. From the numerical
solutions of the master equation, the effective collision numbers and characteristic relaxation times are determined.
The results show that the effective collision number varies from about 4 at 400 K to about 700 at 128,000 K. The

product of the rotational relaxation time and pressure is determined to be 2.47 X 10~

471692 3¢y . 5. The calculated

rotational relaxation time is larger than the vibrational relaxation time at temperatures above 12,000 K, but is
believed to be only hypothetical there because vibration-rotation coupling will pull the temperatures of these two
modes together. The present model approximately reproduces the rotational temperature values measured in a
shock tube by Sharma and Gillespie and by Fujita et al. up to a postshock temperature of 90,000 K.

Nomenclature
E = energy level, cm™!
E, = vibrational energy per particle, erg
i, J = rotational quantum number
K(i,j) = i-to-j rotational transition rate coefficient, cm®/s
k = Boltzmann constant 1.3806 x 107!¢ erg/K
k@i, j) = K(, j) divided by elastic collision rate coefficient
m = mass of one N, molecule, g
n = number density, cm™>
n; = number density of state i, cm™>
ny = number density of species k, cm™>
)4 = pressure, dyne/cm? or atm
T = translational temperature, K
T, = rotational temperature, K
t = time,s
Z, = characteristic collision number based on initial slope
Z> = characteristic collision number based

on the e-folding point
Z; = characteristic collision number based on the
95%-approach point
z = running collision number
I = viscosity, poise
p@0) = normalized nonequilibrium population of state i
T = characteristic relaxation time, s
Subscripts
c = elastic collision
e = equilibrium
r = rotation
v = vibration
Introduction

HE phenomenon of rotational relaxation in a diatomic gas has
been described hitherto using the concept of effective, or char-
acteristic, collision numbers. The pioneering works by Parker' and
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Lordi and Mates? led to the effective collision number of the order
of 10. That is, within about 10 collisions the rotational mode is ex-
pected to equilibrate with the translational mode. Early experiments
at temperatures below 1500 K confirmed this finding.>* Numerous
refined theoretical studies have been carried out in recent years to
strengthen this finding (e.g., Ref. 5).

The limitation of the current state of knowledge of the subject is
described well in Refs. 6 and 7. An important limitation is on the
high-temperature behavior. The behavior of rotational relaxation in
the high-temperature environment was studied spectroscopically in
recent years by Sharma and Gillespie® and by Fujita et al.? If the ef-
fective rotational collision number were of the order of 10, then the
measured rotational temperature was expected to be that of the cal-
culated translational-rotational temperature at the points where the
measurements were made, which would have been above 10,000 K.
However, the measured rotational temperature was closer to the vi-
brational temperature of 5000 to 6000 K. Such a low rotational tem-
perature implies an effective collision number much larger than 10.

Furudate and Sawada!® observed that the shock stand-off dis-
tances for a sphere flying in a ballistic range are larger than those
calculated by the multitemperature model in which rotational tem-
perature is assumed to equilibrate instantly with the translational
temperature, at flight speeds between 2.4 and 4 km/s. Agreement
between the calculated and the measured shock standoff distance
was obtained when the finite-rate rotational relaxation is accounted
for using an effective rotational collision number much larger than
the conventional value.

A large shock standoff distance results from a large rotational
collision number because the latter implies that air behaves more
as a monatomic gas (of specific heat ratio of %) than as a diatomic
gas (of specific heat ratio %) immediately behind the shock wave.
For a lifting body with a finite angle of attack, this will produce a
relatively larger pressure in the forward region than in the rearward
region, leading to a nose-up pitching moment.

One cause of uncertainty of rotational behavior at high temper-
ature has hitherto been the lack of knowledge of the state-to-state
transition rates for the rotational mode. Of all diatomic species,
N, is the most important species regarding rotational nonequilib-
rium at high temperatures because it constitutes ‘5—‘ of air by volume
and because O, tends to be fully dissociated at high temperatures.
Recently, several experimental data have been obtained on the ro-
tational transition rates of N, (Refs. 11-15). A detailed quantum
mechanical calculation of the state-to-state rotational transition has
also been made for N, (Ref. 16). It is now possible to predict the
rotational relaxation behavior of N, at fairly high temperatures by
extrapolating these existing data.

It is the purpose of the present work to derive the rotational re-
laxation parameters for N, from the existing data on state-to-state
rotational transition rates.
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Transition-Rate Coefficients

InFig. 1, the experimental data on the state-to-state transition-rate
coefficient for N, obtained by Sitz and Farrow'3 and Sharafutdinov
etal.'® and the quantum mechanical calculation by Huo and Green'!®
are plotted and compared with the expression proposed by Rahn and
Palmer,!!

K. i) = 1757 1010[1 + (1.5E,-/kT)/1.26i|

1+ L.5E;/kT

205 1.346 .
X T exp(—1.67AE/kT) cm’/s D

Here E; is the energy level for rotational quantum number i, and
AE is the difference in energy levels between the final state j and
the initial state i, where j >i. The expression is applicable only
when j — i is an even number: the odd-number jumps are quantum
mechanically forbidden. A fairly good agreement is seen among the
plotted values.

In Fig. 2, a similar comparison is made for the so-called total
rotational transition rate coefficients,

Total rotational transition rate coefficient = 2% ;K (i, j) 2)

obtained by Rahn and Palmer'' and Herring and South'* and the
theoretical value obtained by summing Eq. (1). The two sets of
experimental data agree closely at 300 K. As seen, the Rahn—Palmer
expression, Eq. (1), is satisfactory at temperatures at or above 300 K.
At temperatures below 300 K, the expression does not reproduce the
experimental data. Behind a strong shock wave, the flow temperature
is never below 300 K. Therefore, the discrepancy at low temperature
is irrelevant.

Under a Boltzmann distribution, the maximum contribution to the
total number density occurs at the quantum number (Ref. 17, p. 15)
imax = 0.74/(kT / B), where B is the rotational constant. To describe
the rotational excitation phenomenon accurately at high tempera-
tures, state-to-state rotational transition rate must be known to very
high quantum numbers, for example, to about 100 for 10,000 K and
200 for 40,000 K. (The highest quantum number for the ground
electronic state of N, is about 250.)

As seen in Fig. 2, the existing experimental data cover quantum
numbers of up to 30 and temperature of up to 1500 K. The theoretical
calculation by Huo and Green'® accounted for quantum numbers of
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Fig. 2 Comparison of the total rotational transition-rate coefficients
for N,.

up to 18 and temperature of 300 K. These restrictions on quantum
numbers and temperature imply that Eq. (1) is valid, in a strict sense,
only to 1500 K.

Itis unrealistic at this time to expect experimental measurement of
state-to-state rotational transition rates to a temperature much above
1500 K. Theoretical calculations accounting for quantum numbers
up to 100 or 200, and temperatures up to 40,000 K, still remain to
be done.

Therefore, Eq. (1) is used in the present work at temperatures far
exceeding 1500 K, that is, to 128,000 K. This bold extrapolation
is based on the observation that the values plotted in Figs. 1 and
2 behave smoothly at the higher limits of quantum numbers and
temperature. The validity of Eq. (1) at very high temperatures will
be tested by comparing the calculated rotational temperatures with
the experimental data obtained in a shock tube®? in the section titled
Comparison with Shock-Tube Experiment.

A question is raised by Fujita and Abe'® about the correct way of
extrapolating Eq. (1) to temperatures above 1500 K. The question
concerns the method of interpretation of the experiment by Rahn and
Palmer.!! Fujita and Abe'® proposed in effect that a factor (7/295)
be multiplied to Eq. (1). When this factor is multiplied to Eq. (1),
the resulting rotational relaxation rate at high temperatures becomes
nearly the same as or faster than at the room temperature, and cannot
reconcile with the experimental data of Sharma and Gillespie® or
Fujita et al.” Therefore, (T /295) was not multiplied to Eq. (1) in the
present work.

When Eq. (1) is used to temperatures above 1500 K, one imme-
diate question arises as to what is the effect of rotation-to-vibration
energy transfer on rotational relaxation. There are as yet no data,
theoretical or experimental, on this quantity. However, one expects
that the transitions between the rotational and vibrational modes will
occur efficiently through the so-called resonance exchange, if the
energy gaps in the rotational level structure closely matched those in
the vibrational level structure. Examination of the two energy level
structures reveals that such a close energy level match exists at many
level combinations. Another mechanism is a concerted rotational-
vibrational energy transfer, that is, two N, molecules undergo-
ing simultaneous rotational and vibrational excitation/deexcitation.
Such fast rotation-to-vibration exchange will occur at high temper-
atures where the high vibrational and rotational levels are populated
significantly.

Vibrational relaxation phenomenon is well known and can be
described by the Landau—Teller equation. In reality, vibrational



excitation of a molecule by the collisions with other molecules
occurs partly by the transfer of translational energy of the collid-
ing molecules, 1.5k, and partly by the transfer of rotational en-
ergy of the colliding molecules, k7. By representing the fractional
contribution of the rotation-to-vibration energy transfer to the total
(translation + rotation-to-vibration) energy transfer by f, one can
rewrite the Landau-Teller equation into the form:

dEv Eve - Ev Eve(Tr) - Ev Eve(T) - Ev
-4 = =f +1-pH=—""" )
t T, Ty Ty

where t, is the characteristic vibrational relaxation time and E\.(7,)
and E,.(T) are the equilibrium values of vibrational energy evalu-
ated at rotational temperature 7, and at the translational temperature
T, respectively. Equation (3) reduces to the conventional Landau—
Teller equation when 7, =T for any arbitrary value of f. If the
probability of rotation-to-vibration energy transfer in a collision is
the same as that of translation-to-vibration energy transfer, then f
becomes f =kT/(kT +1.5kT) =0.4.

The characteristic vibrational relaxation time 7, for N, can be
expressed using the correlation formula of Millikan and White'® at
temperatures of up to about 8000 K. At higher temperatures, one
must account for the fact that the relaxation rate is limited by the
rate of elastic collisions, that is, the so-called collision-limiting cor-
rection must be made.?’ Thus, the 7, in the second term of Eq. (3)
should be replaced in general by the sum of the Millikan—White
value tyw and the collision-limiting value z.. However, for the 7, in
the first term of Eq. (3), one observes that, according to the exper-
imental data of Refs. 8 and 9, vibration-to-rotation energy transfer
occurs much faster than vibration-to-translation energy transfer at
very high temperatures (presumably because of the fast rotation-
to-vibration energy transfer mechanisms cited above). Therefore,
adding t. to Tyw is not warranted in the first term of Eq. (3). The
rate equation for vibration should thus read

dEv Eve(Tr) - Ev Eve(T) - Ev
— =04 + 0.6 (4a)
dr ™MW ™mw + T

The numerical value of 7. in this three-temperature (translation, vi-
bration, and rotation) description becomes different from that used
in the two-temperature (translation-rotation and vibration) descrip-
tion. To conserve total energy, the rate expression for rotation should
be written

d(kT,) kT —kT, E, — Ev(T,
&T) _ +04 1) (4b)

dr T ™MW

The rotational relaxation time t, is being determined in the present
work.

Integration of Master Equation
The master equation for the rotational state i is

1 dl’l,‘
n dr

=X;K(j,i)n; — Z; K3, jn;

By dividing both sides by the equilibrium number density of state
i, nie, and introducing the normalized nonequilibrium population

p ()
p(i) = ni/ni &)

and invoking the detailed balance relationship between the forward
and reverse transitions, one obtains (Ref. 17, p. 100)

1 dp(i)
n dt

=X K3 Ple(j) — p)] (6

The effective collision number z is the ratio between the real time
t and the elastic collision time ¢.. The elastic collision time is defined
customarily using viscosity i (e.g., see Ref. 7) by

te = (w/4)(u/nkT) s (M
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Viscosity is expressible in general in terms of the collision integral
for energy transfer Q22 as

= (5/16)(VwmkT /Q*?) poise ®)
Therefore the collision number becomes
t 416 nkTQ(“)[
t(‘ - T 5 A/ amkT

Taken from Ref. 21, Q22 is expressed as

Collision number = z =

®

9(2,2) —=5.974 x 10—15 T—0.0203l’nT+0.0683 CIIlz

At 300 K where this expression is not expected to be very accurate,
the error in viscosity is only about 4%. The elastic collision rate K,
is

K.=1/t.n = (4/7)(kT /1) cm®s™! (10)

By dividing the two sides of Eq. (6) by the elastic collision rate,
Eq. (10), and defining the normalized rate coefficient k(i, j) as

k@, j) =K, j)/K. an
one obtains the normalized form of master equation as
dp (@) o ,
= X;k0, Ple(j) — p )] (12)

dz

Immediately behind a strong shock wave, p (i) is calculable from
the Boltzmann distribution corresponding to the preshock tempera-
ture. By integrating Eq. (12) with z, one obtains the rotational state
distribution as a function of collision number z. Equation (12) does
not enforce the mass conservation relation explicitly at each inte-
grating steps, that is, the requirement that the sum of all states equals
the given number density, which must remain unchanged: as the in-
tegration progresses, the total mass slowly deviates from the initial
value because of the accumulation of truncation errors. Therefore,
after each step of integration the calculated p (i) values are modified
to conserve mass by distributing the incurred error proportionately
to their values.

By multiplying p(i) with the energy level of the state i and
summing over all i, one obtains the rotational energy content. The
temperature that gives the rotational energy so calculated under a
Boltzmann distribution is defined as the rotational temperture of
the nonequilibrium distribution. That is, the rotational temperature
adopted in the present work is the so-called energy-representative
temperature. In the calculations, the starting rotational temperature
is assumed to be 300 K, except for a few test cases made at higher
temperatures (see the following).

The solution of the master equation (12) depends on the transla-
tional temperature 7', which is in general a function of time. Two
hypothetical cases are considered for this model calculation, isother-
mal and adiabatic, as was done in other works (e.g., see Ref. 6). In
the isothermal case, T remains unchanged during integration. In the
adiabatic case, the sum of the translational and rotational energies
remains unchanged. Vibration is neglected for this model calcula-
tion.

Results

In Fig. 3, the rotational temperature obtained by integrating the
master equation is shown for the isothermal case of postshock tem-
perature 7 = 8000 K. The calculated rotational temperature values
are compared with those obtained by integrating the Landau—Teller
equation:

a7, T -T,

= 13
& 7 (13)

Three characteristic rotational collision numbers Z;, Z,, and Z; are
identified in the figure from the results of master equation integra-
tion. They are as follows:

1) Z, =the collision number at which 7, would equal 7T if the
slope of increase of 7, remains fixed at the initial value (initial slope
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Table 1 Characteristic rotational collision numbers Z1, Z,, and Z3
calculated by integrating master equation for fixed postshock
translational bath temperatures 7

T Z)8 Z5® Z3®
400 371 4.20 19.6
1,000 8.72 9.85 492
2,000 17.3 19.7 102
4,000 35.1 40.1 213
8,000 712 81.6 440
16,000 (144) (165) (834)
32,000 (288) 77 (1100)
64,000 (635) (409) (1460)
128,000 (1810) (682) (2350)

4The Z values at temperatures above 8000 K are in parentheses to indicate that they
are hypothetical; see text.
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Fig. 3 Comparison between the master equation integration and
Landau-Teller equation for the isothermal case.

collision number). The initial slope is determined here arbitrarily
from the z value at which T — T, is 90% of the T — T,q, that is,
where 7, has made 10% of the total change. (Theoretically it should
be evaluated at a point infinitesimally close to the shock wave. How-
ever, doing so introduces a numerical error. See a later discussion
in this section.)

2) Z,=the collision number at which 7 — 7, becomes
1/e=0.3679 of the value immediately behind the shock wave
(e-folding collision number).

3) Z3 = the collision number at which T — T, becomes 0.05 of the
value immediately behind the shock wave (95% approach collision
number).

The quantity Z; characterizes the early phase of rotational relax-
ation. In the past, Z; was used commonly to represent the rotational
relaxation time (e.g., see Refs. 6 and 7), even though Z, is associated
more closely with the rate of energy transfer. If rotational relaxation
occurs according to the Landau—Teller equation, rotational temper-
ature will vary following an exponential function in z, and so Z; and
Z, become the same, and therefore, the choice of Z; over Z, be-
comes immaterial. However, as will be shown, Z, is different from
Z, in the present work.

The quantity Z; characterizes the later phase of rotational relax-
ation. In a Landau-Teller relaxation, Z; becomes 2.996 x Z,. The
quantity Zj is calculated here in order to show that the later phase
of rotational relaxation is also different from that described by the
Landau-Teller equation.

The calculated three Z values are presented in Table 1. As men-
tioned, the starting postshock rotational temperature was assumed to
be 300 K. However, calculations made at different starting rotational
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temperatures produced no discernible difference in the calculated
Z1, Z», and Z5 values.

Asseenin Table 1 and Fig. 3, Z, is smaller than Z,, signifying that
initially rotational relaxation is faster than that under Landau—Teller
relaxation. Table 1 shows that Z5 is larger than 2.996Z,, signifying
that, in the later phase, rotational relaxation is slower than that under
Landau-Teller relaxation.

At temperatures above about 12,000 K, the rotational collision
numbers become only hypothetical. This is because, at 12,000 K,
the rotational relaxation time and vibrational relaxation time be-
come approximately equal, as will be shown later. Also, at that
temperature, the vibration-rotation energy exchange will begin to
occur efficiently because the high vibrational and rotational levels
are significantly excited. As aresult, at temperatures above 12,000 K
rotational temperature will equilibrate with vibrational temperature,
and rotational relaxation will become indistinguisable from vibra-
tional relaxation. At this time, it is impossible to determine the
relaxation rate of the combined vibration-rotation mode because,
among others, the additive collision-limiting time 7. is not known.
However, the rotational collision numbers above 12,000 K will still
be meaningful very early in the excitation process where the high
levels are not excited.

Though not shown, the solutions of master equation can be repro-
duced more closely by the Landau—Teller equation in the tempera-
ture regime from 2000 to 16,000 K by replacing Z, in Eq. (13) by

7y = Z\(T — T,0)/(T — T)1** (14)
where T, is the rotational temperature immediately behind the
shock wave. This expression correctly describes the early phase
of relaxation, and slows down the rate of approach to equilibrium at
large times to agree approximately with the master-equation solu-
tion. The form of this expression is the same as that for vibrational
relaxation and is attributable to the so-called diffusive nature of
the ladder-climbing process [that the maser equation, Eq. (12), is
reducible to a diffusion equation, see Ref. 17, pp. 108-111].

The e-folding Z, Z,, which characterizes the energy transfer rate
between the translational and rotational modes best among the three
Z, is shown in Fig. 4 and compared with the works of others.!~’
As seen in Fig. 4, at temperatures below 500 K the present work
tends to underestimate the collision number slightly. The effective
collision number values at temperatures above 12,000 K are shown
with a dashed line to indicate that they are only hypothetical; the
calculated rotational relaxation time becomes longer than the known
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vibrational relaxation time, which is not possible because of the
coupling between the rotational and vibrational modes.

The main feature of Fig. 4 is that the effective collision number
from the present work increases steadily with temperature, while
the other works asymptote to a value less than about 20. Three
possible causes can be cited for this difference. The first is the factor
(295/T)'** in Eq. (1), which is based on the observed decrease of
measured state-to-state transition rates with temperature (see Fig. 2).

Secondly, the energy gap AE in Eq. (1) becomes large for large
rotational quantum numbers. At high temperatures, the contribution
to the energy-representative temperature adopted in the present work
comes mostly from the high rotational quantum number states. The
large AE for high rotational levels reduces K (i, j) for these levels.
This is a quantum-mechanical effect and is not accounted for in the
classical treatments used in Refs. 1 and 2.

Third and most importantly, at high temperatures the rates of the
reverse transitions, that is, the deexcitation transition rates, become
nearly equal to the forward transition rates. At high temperatures,
the Boltzmann factor between the lower and upper states of a transi-
tion, which specifies the ratio between the forward and reverse rates,
becomes nearly unity. Therefore the net excitation rates (the differ-
ence between the forward and reverse rates) become substantially
smaller than the sum of all forward rates. This depression of net
transition rates can be accounted for correctly only by performing
a master equation integration such as that made here. In the master
equation (12) this phenomenon appears in the form of p (i) and p ()
becoming nearly equal to each other. In other works, this aspect has
not been accounted for, at least for the high-temperature regime
treated here. For instance, the theoretical collision times of Temkin
et al.,’ shown in Fig. 4, as interpreted by Wysong and Wadsworth,’
are derived using the same state-to-state transition rate values as the
present work, and yet are smaller than the present results at high
temperatures because that work did not resort to master equation
integration.

At the beginning of relaxation, theoretically this behavior should
be absent. Therefore, the Z; value calculated in the present work
should be the same as the collision number values obtained by others
neglecting this phenomenon. In the present work, the Z; value was
calculated from the z and 7, values at the point where 7, has gone
10% of the overall change T' — T,(. By this time, the said depression
of net transition rates has already taken place.

Landau-Teller calculation is made using Z, as the effective Z
value for the adiabatic case for the postshock translational temper-
ature of 8000 K. The result is shown in Fig. 5 and compared with
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Fig. 5 Comparison between the master equation integration and
Landau-Teller equation for the adiabatic case.
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the master equation solution. The two solutions agree fairly well.
Though not shown, Z), Eq. (14), results in a slightly better agree-
ment. But the degree of improvement was not deemed worthy of its
general use.

InFig. 6, the normalized nonequilibrium population p (i) is shown
for the isothermal case of Fig. 3. The diffusion-like behavior of p,
alluded to earlier, can be seen here. At large collision numbers, the
p values become nearly constant at low i. This effect depresses
the magnitude of Eq. (12) and thereby the overall rate of rotational
relaxation, as alluded to earlier also.

The macroscopic rotational relaxation time 7, is obtained by mul-
tiplying Z, by 7. given by Eq. (7):

T = Zz[c (15)
By multiplying t, by pressure, one obtains the characteristic rota-
tional relaxation rate parameter t, p, which is independent of pres-
sure. The parameter is shown in Fig. 7. A close fit to the calculated
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pt, is found to be
pr, = 2.46 x 10747192 atm-s (16)

The corresponding pt, values of Millikan and White for vibra-
tion are shown for comparison for three different collision-limiting
cross-section values. As seen in the figure, at temperatures below
about 12,000 K, rotational relaxation is faster than vibrational re-
laxation. However, at higher temperatures, rotational relaxation is
slower than vibrational relaxation. In reality, at high temperatures
exchange of rotational and vibrational energies will occur almost as
a resonant phenomenon. Therefore, rotational temperature will ap-
proach vibrational temperature, and the relaxation of the two modes
will become indistinguishable. To indicate this behavior, the pt
values above 12,000 K are shown with a dash curve connecting the
points.

Comparison with Shock-Tube Experiments

In addition to Eqgs. (4a) and (4b), which describe the interactions
between rotation and vibration and between translation and rotation,
two more parameters must be specified to apply the present model to
a high-temperature environment. First, the effect of dissociation on
rotational energy, the so-called energy feedback phenomenon, must
be accounted for, because dissociation occurs through rotational
ladder climbing as well as vibrational ladder climbing. Following
Eq. (3.42c¢) of Ref. 17, which is for the vibrational mode, 30% of
the dissociation energy of N, is assumed to be removed from the
rotational mode during dissociation.

Second, the translational-rotational temperature controlling
chemical reaction rates must be defined. The effective translational-
rotational temperature 7 is defined here to be the energy-averaged
temperature:

(15 2k =atomk + 2.5 2k =m01eculenk)kT

= Zr—an L5k T + Zg — motecuteik T a7

The present rotational nonequilibrium model is tested first against
the experimental data obtained by Sharma and Gillespie.® For that
shock-tube experiment, the ambient pressure was 1 torr, and shock
velocity was 6200 m/s. The translational temperature behind the
shock wave prior to excitation of rotational or vibrational modes or
chemical reaction was 24,540 K.

The collision-limiting crosssection for vibrational excitation is
varied to bring about agreement with the measured vibrational tem-
perature. The value so chosen was 1077(50,000/7)> cm?. The
exponent for the diffusion correction, the so-called s, was calcu-
lated using Eq. (3.55) of Ref. 17. All other parameters are those in
Ref. 17.

In Fig. 8, the results of the calculation are shown and compared
with the experimental data. The experimental values are those deter-
mined from the second positive system of N,. The values determines
by the first negative system of N are not used because the excita-
tion mechanisms for molecular ions are believed to be different from
those of neutral molecules. As seen here, a fairly good agreement
is seen between the rotational temperature calculated by the present
model and the measured value.

Next, comparison is made between the present model and the ex-
perimental data by Fujita et al.’ The ambient pressure was 0.3 torr,
and shock velocity was 11.9 km/s for this case. The postshock trans-
lational temperature was 90,040 K. The same collision limiting cross
section used for the Sharma and Gillespie’s case was used here. The
comparison is shown in Fig. 9. To within about 20%, the present
model reproduces the measured rotational temperature.

Discussion

As just seen, even though the present model was derived from the
experimental and theoretical data on state-to-state rotational transi-
tions obtained at temperatures equal to or below 1500 K, it seems
to be valid to a post-shock temperature of 90,000 K. From Figs. 8
and 9, it is apparent that the conventional two-temperature model as-
suming the rotational temperature to be the same as the translational
temperature is grossly in error at high temperatures.
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L B Sharma and Gillespie (1991), rotational
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Fig. 8 Comparison between the present method and the shock-tube
data of Sharma and Gillespie.’
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Fig. 9 Comparison between the present method and the shock-tube
data of Fujita et al.?

In the experiment of Sharma and Gillespie shown in Fig. 8, the
measured rotational temperature seems to be sufficiently high to
possibly induce vibration-rotation coupling. However, in the ex-
periment by Fujita et al. shown in Fig. 9, the observed rotational
temperture is definitely too low for the vibration-rotation coupling
to occur. Therefore, for this case the low rotational temperature must
be attributed to the slow rotational relaxation at high translational
temperatures.

As mentioned in the section titled Transition-Rate Coefficients, a
question was raised by Fujita and Abe'® as to whether the state-to-
state transition rate coefficient given by Eq. (1) should be multiplied
by (T/295). If the multiplication is made, the rotational relaxation
parameter pt will not increase with temperature. In Ref. 22, cou-
pled rotational-vibrational relaxation behavior of H, was studied
theoretically. For this case, there was no uncertainty involving the
factor (7/295). According to that study, pt for H, increases about
10-fold between T' = 1000 and 5000 K. In the present work, pt for
N, increases about 15-fold between these two temperatures, in a



reasonable agreement with the H, case. This agreement lends sup-
port to the present work over the work in Ref. 18.

Conclusions

Using the expression of Rahn and Palmer for the state-to-state
rotational transition-rate coefficients, which was derived from the
experimental data taken at temperatures equal to or below 1500 K,
the rotational relaxation time parameter for N, behind a strong shock
wave is derived as 2.47 x 10714712 atm - 5, over the temperature
range from 400 to 128,000 K. The effective collision number cor-
responding to this expression is less than 10 at temperatures below
1500 K, in agreement with the earlier works of others, and increases
with temperature. At temperatures above 12,000 K, the calculated
relaxation time is longer than the vibrational relaxation time, which
is considered hypothetical because vibration-rotation coupling will
force these two modes to relax together. The present model approx-
imately reproduces the rotational temperatures measured in shock
tubes, up to a postshock temperature of 90,000 K. The temperature
dependence of the present relaxation parameter is in a reasonable
agreement with that for H, determined theoretically.
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