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Direct Simulation with Vibration-Dissociation Coupling

David B. Hash* and H. A. Hassant
North Carolina State University, Raleigh, North Carolina 27695

In the investigation of hypersonic rarefied flows, it is important to consider the effects of thermal nonequi-
librium en the dissociation rates. Because the vibrational mode requires a finite time to relax, vibrational energy
may not be available for dissociation immediately behind the shock. In this way, the dissociation of the preshock
species can be delayed for a significant portion of the hypersonic shock layer. The majority of implementations
of the direct simulation Monte Carlo (DSMC) method of Bird do not account for vibration-dissociation coupling.
Haas and Boyd have proposed the vibrationally favored dissociation (VFD) model to accomplish this task. Their
model made use of measurements of induction distance to determine model constants. A more general expression
has been derived that does not require any experimental input. The model is used to calculate one-dimensional
shock waves in nitrogen and the flow past a lunar transfer vehicle (LTV). For the conditions considered in the
simulation, the influence of vibration-dissociation coupling on heat transfer in the stagnation region of the LTV

can be important.

Nomenclature

mean thermal speed

relative velocity

dissociation energy

activation energy

collision energy

vibrational energy of dissociating molecule
distribution function

Hinshelwood distribution

Boltzmann constant

reaction rate coefficient

characteristic dimension

particle mass

number density

pressure

steric factor

relaxation probability

nose radius

surface coordinate

temperature

translational temperature

vibrational temperature

upstream velocity

mass fraction of atomic nitrogen
relaxation number

temperature exponent for Arrhenius expression
beta function

gamma function

symmetry factor

average vibrational energy removed during
dissociation

internal degrees of freedom (DOF)
vibrational DOF of dissociating molecule
inverse power law exponent
characteristic vibrational temperature
freestream mean free path
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reduced mass

collision frequency

radial coordinate

= total collision cross section
relaxation time

VFD exponent

degree of vibrational nonequilibrium
VHS exponent
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Introduction

HE shock layer on an aerobrake during its high altitude

pass will exhibit a significant region of thermal and chem-
ical nonequilibrium. During the thermal nonequilibrium por-
tion of the flow, the particles evolve from their preshock
ground state to a vibrationally excited nonequilibrium state.
Since vibrationally excited particles are much more likely to
dissociate, the dissociation process is delayed in the thermal
nonequilibrium region.

Much work has concentrated on determining the degree to
which vibrational nonequilibrium delays dissociation. The
coupled-vibration-dissociation-vibration (CVDV) model of
Marrone and Treanor! attempts to account for the preferential
removal of vibrational energy by dissociation with the Lan-
dau-Teller model of the simple harmonic oscillator. The CVDV
model showed that =, is

i=(/D)y=1 (1
A more recent investigation by Landrum and Candler® using
an anharmonic oscillator with a vibrational energy transfer
model developed by Schwartz et al.? (SSH theory) and mod-
ified by Keck and Carrier* showed that
#/D) = 1 @
Thus, most of the energy used in dissociation is vibrational
energy. These results show that the rate of dissociation is very
dependent on the vibrational state of the gas and that vibra-
tional nonequilibrium can significantly slow the dissociation
process.

Most of the above theories ignore the effects of rotation-
vibration coupling. This is consistent with assuming the total
energy to be a linear sum of individual energies. If this is
relaxed, then rotation-vibration coupling should be consid-
ered.

The DSMC method of Bird® has been very useful in the
investigation of rarefied gas flows. However, most of the cur-
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rent implementations of the method do not account for vi-
bration-dissociation coupling. This may produce inaccurate
solutions for flows of significant thermal nonequilibrium. Haas
and Boyd® have recently developed the vibrationally favored
dissociation (VFD) model in order to account for the cou-
pling. This is accomplished by choosing an expression for the
dissociation probability that is a function of the vibrational
energy

Pr~ E? (3

where ¢ is determined by matching simulated results to ex-
perimentally measured induction distances. They simulated
several relaxation zones behind different shock waves of ni-
trogen flows and then compared them to induction distance
measurements made by Hornung’ to determine ¢ for nitrogen
dissociation. Evidently, the relative size of the induction dis-
tance behind the bow shock measured in Ref. 7 is somewhat
dependent on the radius of the cylinder employed. In addi-
tion, establishing the size of the induction distance in ‘““which
no appreciable dissociation occurs” is somewhat subjective.
Finally, in situations where a number of dissociation reactions
proceed simultaneously, it is not clear how a measurement of
an induction distance can be used to determine the various
model constants required. As a result, a new approach is
developed that does not require any experimental input, i.e.,
it does not require any additional parameters beyond those
appearing in the Arrhenius factor.

Before introducing the present model, a brief description
of the DSMC technique is given. Secondly, the deficiencies
of the conventional reaction model, i.e., where vibration-
dissociation coupling is not considered, are described, and
initial attempts by Haas and Boyd® to model vibration-dis-
sociation coupling are discussed in more detail. Then, the
derivation of a new form for the reaction probability is given.
Next, density distributions are compared for one-dimensional
nitrogen shock cases for the conventional model, the VFD
model, and the present model. Finally, comparisons are made
between the conventional model and the present model for
the convective heat transfer rates on a lunar transfer vehicle
(LTV) being considered by NASA-Marshall.

Physical Models in DSMC

Instead of analyzing a mathematical model of the flow,
DSMC simulates the flow through the movement and collision
of computational particles. The flowfield is represented by
several thousand simulated particles, each representing a large
number of real particles. The movement and collision of these
particles are decoupled over a small time step, and the flow-
field is partitioned into several thousand cells in which the
collision process is executed.

Description of the collision process relies on three distinct
models: 1) selection of an interaction potential and a collision
probability; 2) the Larsen-Borgnakke Energy Partition method®;
and 3) the chemical reaction model. In all three models, a
probability of occurrence is determined and then compared
to a random fraction between 0—1. The phenomenon occurs
if the probability is larger than the random fraction. This is
the so-called acceptance-rejection method. The following dis-
cusses the latter two models because of their importance in
vibration-dissociation coupling. In order to properly account
for the coupling, the probabilities for internal energy ex-
change and reaction used in the acceptance-rejection method
must be accurately determined.

Internal Energy Exchange

The DSMC method attempts to accurately simulate energy
relaxation rates, and thus the degree of thermal nonequilib-
rium, through the use of the Larsen-Borgnakke Energy Par-
tition method to determine the postcollision partitioning of
energy between the translational and internal modes. Of course,

if both collision partners are monatomic, no partitioning oc-
curs. In the case where cither one or both particles are poly-
atomic, the collision energy must be partitioned. This method
is implemented by assuming that a fraction of collisions are
elastic. Of the fraction of collisions that are inelastic, all relax
rotationally and a fraction of these relax vibrationally. These
relaxation probabilities can be determined from measured
relaxation times. The relaxation time is a function of the local
flow properties and can be related to a relaxation number,
the number of collisions it takes for a particular mode to attain
equilibrium. Once this number is determined, the probability
of relaxation for each mode in a given collision can be com-
puted with the following expression:

P = (VZ) = (1/v7) “4)

If the probability is greater than a random fraction, then the
relaxation occurs in one collision whereby the postcollision
energies are sampled from equilibrium distributions. This is
nonphysical on a microscopic level since it takes many colli-
sions for a mode to relax, but the method satisfies detailed
balancing and gives correct macroscopic results for the relax-
ation rates.

As seen from the above, it is necessary to specify the re-
laxation numbers for the rotational and vibrational modes in
order to compute the relaxation probabilities. Traditionally,
DSMC uses a rotational relaxation number Z; on the order
of five. This means, on average, rotational relaxation occurs
for one in every five collisions. A more realistic expression
for the rotational relaxation number as a function of the trans-
lational temperature has been developed by Parker® where

- Zr
1+ (@2)(THT) + [(w¥4) + #|(T*IT,)

Zg ()

with Zj .. being chosen as 16 and T* as 91.5 K, suggested by
Boyd*® for nitrogen. The expression of Parker was imple-
mented for the one-dimensional nitrogen shock calculations,
but was excluded in the Lunar transfer vehicle (LTV) cal-
culations because of lack of suitable constants, Z .. and 7%,
for oxygen and nitric oxide. For the LTV calculations, a con-
stant rotational relaxation number of five was used for all
diatomic species.

The vibrational relaxation number is also computed as a
function of the flow properties. The relaxation number can
be easily determined if the collision frequency and the relax-
ation time are known. Thus, in this work, the Millikan and
White'! expression is used to determine the vibrational re-
laxation time 7, for any species and is given by

T, = TL + Tes (6)

where
7. = (1/P)exp[A(T ~** — 0.015u') — 18.42]
A =116 x 103p12Q%3 (7

7., = (/c,, o,n)

m,s

Cms = V(8kTITm,), o

- = 10 21(50,000/T)?, m? (8)
In the above equation, u is the reduced mass of the collision
partners; c,,,, m,, and n, are the average thermal velocity,
mass, and number density of species s, respectively; and ©,
is the characteristic temperature of the vibrational mode of
the diatomic species. 7, is a correction factor suggested by
Park!? as a limit, since the Millikan and White'! formula gives
unrealistically small relaxation times for high temperatures.
In most cases, Park’s correction is not needed because the
vibrational relaxation number is not allowed to be less than
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the rotational relaxation number. Thus, the vibrational re-
laxation number, Z, can be determined where

Zy, = vT, )

The above method accurately simulates the vibrational relax-
ation of the gas in the shock layer. However, the effect of
vibrational nonequilibrium on the dissociation of the gas must
be accounted for in the chemical reaction model.

Chemical Reaction Model

The purpose of this model is to accurately simulate reaction
rates. This is accomplished through the determination of steric
factors or probabilities of reaction. The steric factor is chosen
so that, at equilibrium, it reproduces an Arrhenius form for
the reaction rate coefficient where

k; = AT exp(—E,/kT) (10)

From the definition of the reaction rate coefficient in the case
of dissociation

k= I | prE) d(E) (ay
with
1 E\ E,
&) = 77 =% ¥ kT (k_T> cxp <_H‘)
2
w = S (12)

{is the average internal DOF that contribute to the reaction,
and 7 is the exponent for the inverse power law interaction
potential. 8 is the symmetry factor which is 1 for unlike mol-
ecules and 2 for like molecules. For the variable-hard-sphere
(VHS) model??

EE=¢J@—MP2—@%q<%9 (13)

The function for the steric factor is not unique, in that
kinetic theory does not provide an exact expression. Thus, a
shape has to be assumed that meets certain physical con-
straints. First, it is required that the steric factor be zero at
the threshold (E, = D) and when the energy of collision is
large (E, — ). Thus, Bird assumes the form of the steric
factor to be the following:

Pr = B(E. — D)"E?, E.>D

c

0, otherwise (14)

where B, m, and n are determined so that at equilibrium the
expression for k, matches Eq. (10). The value of m must be
positive so that Pr = 0 at the threshold, and the sum of m
and n must be negative so that Pr approaches zero as E,
becomes large. The resulting expression for the conventional
model can be written as follows:

pr — SV mul8A T - o+ 2)
"7 k2~ KT TR — T + a +3)
X (E’C _ D)§+"+1/2E‘;"{_1 (15)

If the energy of collision is greater than the activation en-
ergy, Pr is calculated. In the implementation of the accep-
tance-rejection method, the steric factor is compared to a
random fraction varying between 0—1. If Pr is larger than the
random fraction, then the reaction occurs.

As seen from the above, the steric factor is not explicitly
dependent on the vibrational energy. However, the expres-
sion does not rule out a contribution of the vibrational modes
to {.

Vibration-Dissociation Steric Factors

Recently, Haas and Boyd® examined vibration-dissociation
coupling and developed the vibrationally favored dissociation
(VFD) model. For the case of an anharmonic oscillator

_ G, Dr
k=75 fo ., Pre(E) f(E) dE dE,

E, =D -E,

E=E - E, (16)

g(E,) is the Hinshelwood distribution given by

€/2)—1
1 E\“ E,
8(E) = T(L/2)kT (ﬁ) exp <_kT> (17)

Haas and Boyd propose that the steric factor should have the
following form:

Pr = Q(E — EYE'E?, E>E

0, otherwise (18)

The additional term, E¢, produces a steric factor which in-
creases with vibrational energy. Therefore, the effects of vi-
brational nonequilibrium can be represented through ¢. The
exponent ¢ was treated as a free parameter to be determined
from experimental measurements of induction distances. Ob-
viously, theoretical treatments may be used to determine such
parameters. It is not clear whether ¢ is reaction- and/or spe-
cies-dependent, and it is not obvious how one would use the
results of an experiment similar to that of Hornung for air or
another gas mixture. In addition, the maximum of the function
for a given E, is

Prog = QU=Li/G + DITIG + DIXD = E)VES  (19)
Upon close examination, since the sum of i and j must be less
than zero, the maxima of the steric factor is unbounded as
E, approaches D. This violates the requirement that Pr should
be less than one.

Haas and Boyd® developed a different expression for the
unbounded simple harmonic oscillator. The resulting expres-
sion is characterized by a Pr,,,, that remains bounded as E,
— D. Because in a classical setting E, cannot exceed D, the
following considerations will be restricted to the bounded
anharmonic oscillator.

The present investigation provides a more general steric
factor expression which can be derived for VFD without hav-
ing to appeal to experiment. Moreover, the approach can be
employed for a gas mixture in the presence of any number of
dissociation reactions. For this approach, the steric factor is
chosen as

Pr = Q(E — E,YE/(D — EE?, E>E,
0, otherwise
= —(+]) (20)

Using the above expression, it can be shown that for a given
E

v

Proa = QU=[i/G + DIIG + PHVIE? eay)
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Steric Factor
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Fig. 1 Steric factor for dissociation of oxygen.

Since Pr is bounded by unity, ¢ is evaluated by that value
that yields Pr_,, = 1 when E, = D. The above procedure is
adopted for each reaction resulting in dissociation. The re-
maining coefficients in Eq. (20) are determined in such a way
as to reproduce the experimentally measured rates at equi-
librium, and are given as

i=0+a+ (/2 +}

JEw-0-1
p=3—-a- - (02)
§VmulRA

Q B o’refkaDdH-({U/Z)Jﬂb[(2 - w)kTref]w
y L = HIE.R)
IR - o)I'G + DRl + 1, ¢ + (£./2)]

With i, j, and Q determined, ¢ follows from Eq. (21) with
E, =D and Pr,,, = 1.0.

Because the parameters in the Arrhenius rate expression
are assumed given, there is no assurance that Eq. (21) will
give a positive value for ¢. Moreover, even if one accepts a
zero value for ¢, which will still yield an expression that favors
dissociation from higher vibrational states, there is no assur-
ance that Pr_,. will be less than or equal to one. A case in
point is the O, dissociation reaction of Park and Menes.?
Figure 1 is a plot of the steric factor for the O, + O — 30
reaction with ¢ = 0. As seen from the figure, Pr,,,, can exceed
1. In a situation like this, either an expression different from
that given in Eq. (20) is necessary, or a different Arrhenius
rate expression should be selected. Thus, use of the more
recent rate of data of Park et al.!® yield a value of ¢ which
is positive and Pr = 1.

(22)

One-Dimensional Nitrogen Shock Calculations

In order to determine the VFD exponent, Haas and Boyd®
computed several relaxation zones behind different shock waves
and adjusted the value of ¢ until the calculations matched
the experimental measurements of induction distances by
Hornung. In this experiment, induction lengths were mea-
sured from interferograms of hypersonic flows of nitrogen
around a blunt body. For the VFD anharmonic model, a value
between 2-3 is suggested for ¢ for nitrogen flows. Haas and
Boyd begin their calculations immediately behind the shock,
assuming the translational and rotational modes are in equi-
librium at the temperature calculated by Hornung” and that
the vibrational temperature is 300 K. The present work sim-
ulates normal shock waves using upstream conditions given
in Ref. 7 and assumes an upstream temperature of 300 K.

The calculations are carried out for the conventional reaction

model, the VFD model (¢ = 2.5), and the present model.

Haas and Boyd did not present any results using the Anhar-

monic VFD model. As a result, all calculations presented in

this article have been carried out by the authors. The con-

ditions for the cases considered are given in Table 1.
Dissociation reactions considered are:

1. N, + N, N, + N+ N 23)
2. N, + N»>N+N+ N

The rates of Appleton et al.'” and Flagan and Appleton'® are
used for these calculations. Table 2 presents the rate constants
and model exponents.

The only difference between the models is the expression
for the steric factor. Figures 2—4 show the variation of the
steric factor with vibrational energy for reaction 2. The steric
factor that reproduces Appleton’s rates at equilibrium, in the

Table 1 Case conditions

Case u.., km/s Y~ p.. X 10%, kg/m? T.,K
1 5.6 0.07 5.0 300
2 8.8 0.65 1.8 300

Table 2 Reaction set for one-dimensional nitrogen
shock calculations

Reaction A o Dik dvrp ¢

1 6.14 x 10-° -1.6 113,070 2.5 5.14
2 2.76 x 10~% -1.6 113,070 2.5 2.45
Units of A are m®-particle ~*+s™".
1.00 -
N,+ N — 3N
075 |
Sy
2
[2]
o N
L o5
Q Increasing E
= gE,
2
N
0.25
0.00 [r%
0.0 0.5 1.0 1.5 2.0
E/D

Fig. 2 Steric factor for conventional model (Appleton’s rate).

1.00 -
N,+N—3N
075
S
2
(2]
g N
":; o.sot .
2 Increasing E,
2
/2]
025}
0.00 == —
0.0 05 1.0 15 2.0

E/D
Fig. 3 Steric factor for VFD model.
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1.50
0,+0 30
"‘";v';-— e ————
125 ""I,//
e
T
g 1.00
(]
"'6 075 |
.E |\
L d
o 050} .
Increasing E,
0.25
0.00 Il L . ] —
0.0 0.5 1.0 1.5 2.0 2.5 3.0
E/D
Fig. 4 Steric factor for new model.
9.0
8.0 - M"" e e PRI X ]
7.0 E f.,n’* T et e
6.0 -
8
S s0f .
a —+—— Conventional Model

—— VFD Model
——Present Model

0.0 1 L )
0.0 0.5 1.0 1.5

Distance, mm

Fig. 5 Density distributions for case 1.

--e—--Conventional Model
—v—-\FD Model
—=— Present Model

0 1 1 1 1
0.0 1.0 2.0 3.0 4.0

Distance, mm
Fig. 6 Density distributions for case 2.

absence of vibration-dissociation coupling, is given in Fig. 2.
For this reaction, { was chosen, assuming that only half of
the rotational DOF contribute to the reaction. The resulting
steric factor does not have the correct physical behavior at
the threshold. This can easily be corrected by adjusting the
value of « in Table 2 to a value slightly higher than —1.6, or
by assuming a larger contribution from the rotational modes.
Figure 3 shows that the anharmonic VFD model is unbounded
when E, = D. The present model corrects the problem with
the VFD model and helps to diminish the problem with the
conventional model without having to adjust the equilibrium
rate parameters. The figures show the main feature of the
vibration-dissociation steric factors; the maximum of the steric
factor increases with vibrational energy. Thus, molecules in
higher vibrational states have a higher probability for disso-
ciation. Because it takes a finite time for a molecule in the
ground state to be excited to a high vibrational level, a delay
of dissociation will invariably result from using an expression
similar to that given by Eq. (20).

Figures 5 and 6 give the density distributions for all the
models for cases 1 and 2, respectively. Both the VFD model

and the present model lag behind the conventional model.
Since dissociation does not occur as quickly, the rate of change
of the density is slower behind the shock for the vibrational
nonequilibrium dissociation models. Moreover, the results for
the present model compare very well to the VFD model.

Determining model constants by matching experimental
measurements may not always be an option. For larger bodies,
Hornung' did not observe an induction distance because of
the scale of the experiment. Thus, if the induction distance
depends on the scale of the experiment, then it is not a reliable
procedure for determining model constants. The present model
provides an easy way to incorporate vibration-dissociation
coupling into DSMC.

Axisymmetric Calculations for an LTV Aerobrake

Calculations are carried out for an LTV aerobrake to de-
termine the effect of the new steric factor on the heat transfer
rates in comparison to the conventional model. A typical point
in this vehicle’s trajectory during its return to Earth is at 100
km with a velocity of 7.95 km/s. The LTV under consideration
by NASA-Marshall is a 70 deg, spherically blunt cone, with
a R, of 3.048 m and a base of 13.7 m. The Knudsen number
A/lis 1.3 if [ is the boundary layer thickness and 0.043 if / is
the nose radius. This set of conditions characterizes a flow
which is well within the transitional flow regime. Figure 7
shows the grid used for the computations.

The following reactions are used in this investigation:

DO, + 0—->20 + O
2)0, + N—»20 + N

o0
zott+t+++
cozzz

L
Zgg

where M is any other species present. Table 3 gives the rate
constants and ¢ if applicable.

L]
150 X 30 Al
e
L
""'z”ll; 1
!

Fig. 7 Grid employed for 70-deg blunt cone with R, = 3.048 m.
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Table 3 Reaction set for LTV calculations

Reaction A o E./k ¢

1 1.38 x 10-1° -1.0 59,370 0.0

1.38 x 10-1° -1.0 59,370 0.0
3 4.58 x 101 -1.0 59,370 0.206
4 4.58 x 10— -1.0 59,370 1.162
5 4.58 x 10-1 -1.0 59,370 1.204
6 1.32 x 10-® -1.5 75,550 0.719
7 1.32 x 10-® —-1.5 75,550 0.812
8 6.59 x 10~ -1.5 75,550 11.34
9 1.32 x 103 -1.5 75,550 0.331
10 6.59 x 10-1© -1.5 75,550 11.62
11 1.85 x 10-8 -1.6 113,000 3.044
12 1.85 x 10-8 -1.6 113,000 3.235
13 6.17 x 10—* —-1.6 113,000 8.01
14 6.17 x 10~° —-1.6 113,000 8.091
15 6.17 x 10~? -1.6 113,000 5.249
16 3.6 x 10-2 1.29 19,700 —_—
17 5.3 x 10-7 0.1 37,500 —_—
18 5.2 x 10-2 1.29 3,600 —_—
19 2.02 x 10-17 0.1 0 —_—
20 8.3 x 10-% -0.5 0 —_—
21 3.0 x 10~ -0.5 0 —_—
22 6.4 x 10-% -1.5 0 —_—
23 2.79 x 10-% -1.5 0 —_—

1.0
0.9
- 0.8
0.7
0.6
05
0.4
0.3
0.2
0.1
0.0

g

Fig. 8 Degree of vibrational nonequilibrium for the conventional
model.

The dissociation rates, with the exception of the dissociation
of NO, are from Park and Menes.'® The rates for the disso-
ciation of NO, the exchange reactions, and the recombination
reactions are from Vincenti and Krueger.?° The steric factors
for exchange and recombination reactions in the new model
are determined using the conventional method. The Park and
Menes rates are widely used in DSMC simulations. Thus, we
had to balance this fact with the fact that ¢ had to be set
equal to zero for the O, + O and the O, + N reactions. We
decided to live with the inconsistency instead of using a dif-
ferent set of reactions, because of the smaller frequency of
such reactions for the conditions under consideration. It should
be noted that use of Park et al. rates for O, + O and O, +
N reactions results in values of ¢ which are 0.1 and 0.163,
respectively.

Figures 8 and 9 shows contours of the degree of vibrational
nonequilibrium for the LTV under consideration. This is
measured with the parameter () where

Q=1-(T,/T) (24)

Nonequilibrium will correspond to values of €} closc to one,
and equilibrium corresponds to values close to zero. In the
figures, the dark regions are in thermal equilibrium and the
gray regions are in thermal nonequilibrium. It is observed
that the present model gives an increased region of non-

g

35

30 -
N e Present Model

2sF Conventional Model

2.0 -

q,, W/em®

0.0k L 1 L I j
0.0 0.5 1.0 1.5 2.0 25

Fig. 10 Heat transfer rate along surface.

equilibrium with a larger departure from equilibrium. Since
dissociation is an important mechanism of internal energy
exchange and relaxation, the delay of this mechanism results
in a larger equilibrium departure.

Figure 10 shows the heat transfer rates to the surface of
the LTV for the two methods. The catalytic recombination
coefficient is assumed to be 2%. The present model, which
accounts for the effects of vibrational nonequilibrium, results
in reduced dissociation and thus a larger heat transfer rate in
the stagnation region. Differences in the heat transfer rate
disappear away from the stagnation point because of the re-
duced vibrational nonequilibrium. The reason for this can be
seen from Figs. 8 and 9 where equilibrium in both is achieved
away from the stagnation region. Thus, if the peak heating
of the aerobrake were to occur at a point in its trajectory for
which significant thermal nonequilibrium was present, the
design of the aerobrake should take into account vibration-
dissociation coupling. This is because such coupling can have
a significant effect on the heat transfer rates.

Concluding Remarks

Vibration-dissociation coupling has a significant effect on
postshock properties. The present model provides a means
to account for this coupling. The dissociation steric factor is
bounded as the vibrational energy approaches the dissociation
limit, can be used for gas mixtures, and does not appeal to
experiment for determination of model exponents.

Vibration-dissociation coupling was seen to have a some-
what important effect on the stagnation region heat transfer
rates to the surface of an LTV. The vibrational nonequilib-
rium delays the dissociation process such that less energy is
removed by dissociation and more encrgy is imparted to the
surface. Thus, modeling of vibration-dissociation is necessary
to produce accurate estimations for stagnation region heat
transfer rates for aerobrakes encountering flows characterized
by thermal nonequilibrium.



686 HASH AND HASSAN: VIBRATION-DISSOCIATION COUPLING

Acknowledgments

This work is supported in part by a National Science Foun-
dation Graduate Fellowship, NASA’s Cooperative Agree-
ment NCCI-112, the Hypersonic Aerodynamic Program Grant
NAGW-1022 funded jointly by NASA, AFOSR, and ONR,
and the Mars Mission Research Center funded by NASA
Grant NAGW-1331. The authors would like to acknowledge
many helpful discussions with Graeme Bird.

References

'Marrone, P. V., and Treanor, C. E., “Chemical Relaxation with
Preferential Dissociation from Excited Vibrational Levels,” Physics
of Fluids, Vol. 6, No. 9, 1963, pp. 1215-1221.

*Landrum, D, and Candler, G., “Vibration-Dissociation Coupling
in Nonequilibrium Flows,” AIAA Paper 91-0466, Jan. 1991.

3Schwartz, R. N., Slawsky, Z. J., and Herzfeld, K. F., “Calculation
of Vibrational Relaxation Times in Gases,” Journal of Chemical Physics,
Vol. 20, No. 10, 1952, pp. 1591-1599.

“Keck, J., and Carrier, G., “Diffusion Theory of Nonequilibrium
Dissociation and Recombination,” Journal of Chemical Physics, Vol.
43, No. 7, 1965, pp. 2284-2298.

Bird, G. A., Molecular Gas Dynamics, Clarendon Press, Oxford,
England, UK, 1976.

“Haas, B. L., and Boyd, I. D., “Models for Vibrationally-Favored
Dissociation Applicable to a Particle Simulation,” AIAA Paper 91-
0774, Jan. 1991.

"Hornung, H. G., “Induction Time for Nitrogen Dissociation,”
Journal of Chemical Physics, Vol. 56, No. 6, 1972, pp. 3172, 3173.

®Borgnakke, C. and Larsen, P. S., “Statistical Collision Model for
Monte Carlo Simulations of Gas Mixtures,” Journal of Computational
Physics, Vol. 18, No. 4, 1975, pp. 405-420.

“Parker, J. G., “Rotational and Vibrational Relaxation in Dia-

tomic Gases,” Physics of Fluids, Vol. 2, No. 4, 1959, pp. 449-462.
WBoyd, I. D., “Rotational-Translational Energy Transfer in Rare-
fied Nonequilibrium Flows,” Physics of Fluids A, Vol. 2, No. 3, 1990,
pp. 447-452. '
tMillikan, R. C., and White, D. R., “Systematics of Vibrational
Relaxation,” Journal of Chemical Physics, Vol. 39, No. 12, 1963, pp.
3209-3213.

12park, C., “Assessment of a Two-Temperature Kinetic Model for
Dissociating and Weakly Ionizing Nitrogen,” Journal of Thermo-
physics and Heat Transfer, Vol. 2, Jan. 1988, pp. 8-16.

BBird, G. A., Monte Carlo Simulation in an Engineering Context,
Vol. 74, Progress in Astronautics and Aeronautics, AIAA, New York,
1981, pp. 239-255.

“Hinshelwood, C. N., The Kinetics of Chemical Change, Clar-
endon Press, Oxford, England, UK, 1976.

sPark, C., and Menes, G. P., “Odd Nitrogen Production by Me-
teoroids,” Journal of Geophysical Research, Vol. 83, No. C8, 1978,
pp. 4029-4035.

16park, C., Howe, J. T., Jaffe, R. L., and Candler, G. V., “Chem-
ical-Kinetic Problems of Future NASA Missions,” AIAA Paper 91-
0464, Jan. 1991.

7 Appleton, J. P., Steinberg, M., and Liquornik, D. S., “Shock-
Tube Study of Nitrogen Dissociation Using Vacuum-Ultraviolet Light
Absorption,” Journal of Chemical Physics, Vol. 48, Jan. 1968, pp.
599-608.

¥Flagan, R. L., and Appleton, J. P., “Excitation Mechanisms of
Nitrogen First-Positive and First-Negative Radiation at High Tem-
perature,” Journal of Chemical Physics, Vol. 56, Feb. 1972, pp. 1163—
1173.

“Hornung, H. G., “Nonequilibrium Dissociating Nitrogen Flow
over Spheres and Circular Cylinders,” Journal of Fluid Mechanics,
Vol. 53, Pt. 1, 1972, pp. 149-176.

2Vincenti, W. G., and Kruger, C. H., Introduction to Physical
Gas Dynamics, Wiley, New York, 1965.

Recommended Reading from the AIAA Education Series

beeeeeeees Re-Entry Aerodynamics oeriiindd

Wilbur L. Hankey

Hankey addresses the kinetic theory of gases and the prediction of
vehicle trajectories during re-entry, including a description of the Earth’s
atmosphere. He discusses the fundamentals of hypersonic aerodynamics as
they are used in estimating the aerodynamic characteristics of re-entry
configurations, re-entry heat transfer for both lifting (Space Shuttle) and
ballistic (Apollo) configurations, thermal protection systems, and the
application of high temperature materials in design.

1988, 144 pp, illus, Hardback e ISBN 0-930403-33-9
AIAA Members $43.95 « Nonmembers $54.95
Order #: 33-9 (830)

Place your order today! Call 1-800/682-AIAA

JAIAA.

American Institute of Aeronautics and Astronautics
Publications Customer Service, 9 Jay Gould Ct., P.O. Box 753, Waldorf, MD 20604
Phone 301/645-5643, Dept. 415, FAX 301/843-0159

Sales Tax; CA residents, 8.25%; DC, 6%. For shipping and handling add $4.75 for 1-4 books (call
for rates for higher quantities). Orders under $50.00 must be prepaid. Please allow 4 weeks for
delivery. Prices are subject to change without notice. Returns will be accepted within 15 days.




