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Eqgs. (13) and (19), respectively. To the order of terms to be
retained here, they are found to be

A =0 (24a)
N S 24b
T2+ ) (240)

Using the asymptotic solutions thus obtained and the sur-
face condition, Eq. (12), as the boundary conditions for
D —oo and at D = 0, respectively, the differential equation,
Eq. (23), is now integrated to obtain the nondimensional
distribution function ®. It is then introduced into the inte-
grals, Egs. (9), to determine the flow properties N, U, and P
(or ©), where we expand them into a series of functions,
J.(D),(n=1,2,3,...), defined as

]

x" exp( —x2- ﬁ) dx 25)

Jn(D) = E D

0

All of the coefficients contained in the flow properties may be
determined numerically by applying the moment method,?
i.e., multiplying both sides of Eqgs. (9) by Di(/ =0, 1, 2,...)
and integrating them with respect to D from D = 0 to o gives
rise to simultaneous linear equations for those constants.

Drag of a Liquid Sphere

As a final solution, the drag of a liquid sphere is determined
by integrating the momentum flux® over the entire sphere
surface and found to be

2
D= DS<1 - § C - 3 KBI> (26)

where D; is the conventional Stokes drag given by
D = 6mpua 27)

Figure 2 shows dependence of the drag ratio D /D, on v with
K as a parameter. In this figure, increasing values of v indicate
that effects of the internal circulation decrease and that the
flow behavior essentially approaches that for a solid sphere. In
the case of K = 0, which implies the continuum flow, the drag
ratio is somewhat smaller than unity for small values of ~,
suggesting the effect of the internal circulation. The drag ratio
then approaches unity as the value of vy increases. For other
values of K, the rarefaction of the external flow effectively
diminishes the drag ratio, which is interpreted as the effect of
the velocity slip at the sphere surface. This rarefaction effect is
more pronounced for larger values of v as indicated in the case
of K =0.7.

Conclusions

The kinetic theory analysis was carried out to investigate the
slow flow of rarefied gas past a liquid spherical drop. The
linearized BGKW model of the Boltzmann equation was em-
ployed to solve the flow outside the sphere, and the analysis
was extended to the first order of the Knudsen number. The
circulating internal flow of liquid within the sphere was also
analyzed. As a result, it was found that the significant internal
circulation would occur when the viscosity of the external gas
and that of the internal liquid are comparable to each other in
magnitude. This results in reduction of the sphere drag from
the conventional Stokes drag. The rarefaction of the external
flow also has a decreasing effect on the drag by the order of
the Knudsen number, which is greater for larger values of the
viscosity ratio between the internal liquid and the external gas.
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Comparison of Chemical Kinetic Rate
Mechanisms for High-Temperature
Air, Including Electronic Energy
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Introduction

HE purpose of this work is to examine and compare the

behavior of several chemical kinetic models in high-tem-
perature air that are currently popular for modern high-tem-
perature flowfield analyses and also to examine the effect of
simultaneously assuming a finite equilibrium electronic en-
ergy. For this investigation a sample gas dynamic model is
used, namely, the inviscid, nonequilibrium chemically reacting
flowfield downstream of a normal shock wave in air. This
flow is calculated using both the Dunn and Kang and the Park
kinetic mechanisms. Local thermodynamic equilibrium is as-
sumed in all calculations. Comparisons are made between
results obtained from both models along with results obtained
from a hybrid model that applies Gupta’s curve fits for the
equilibrium constants of the reactions. Calculations are per-
formed with and without the inclusion of equilibrium elec-
tronic energy as part of the mixture enthalpy. Results show
that, although the different kinetic models tend toward the
same equilibrium condition far downstream, the rates of
chemical relaxation can vary widely between models. Also, the
addition of the electronic encrgy is shown to produce only
small changes in the flowfield properties and species mass
fractions.

Contents

Over the past several years there has been much interest in
the design of high Mach number, high-altitude vehicles such as
the aeroassisted space transfer vehicle (ASTV). Under these
conditions, it is likely that the flowfield will be in local chem-
ical and thermal nonequilibrium and that a significant portion
of the heat transfer will come from radiative nonequilibrium.!
Since these nonequilibrium processes affect the performance
of the vehicle, it is important that they be investigated and that
the extent to which they dominate the flowfield be known.
Thus, many recent studies have focused on the computation of
such flowfields around complex geometries. Although these
studies are necessary and valuable, the complexity of the phys-
ical processes and numerical solution introduce much uncer-
tainty. The processes of molecular transport, chemical kinet-
ics, and radiative heating must be sufficiently understood and
modeled. In addition, numerical issues such as grid conver-
gence and temporal accuracy must also be considered. More-
over, because of the amount of computer time required, these
studies are generally performed at only a few design points in
the vehicle trajectory.
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To focus on the validity of various kinetic models currently
available, a simple gas dynamic model is used here, namely,
the nonequilibrium chemically reacting flowfield downstream
of normal shock waves. This flow has been calculated for
freestream Mach numbers ranging from M = 25 to 58 at alti-
tudes between 61 and 91 km.2 Data pertaining to the case of
M = 34 at 61 km altitude are presented herein. This data point
is selected because of the high temperatures occurring immedi-
ately behind the shock wave, which give rise to significant
electronic energy contribution. An 11-species air model is used
for the present calculation. Additionally, it is assumed that all
internal energy modes of the gaseous species are in equilibrium
with the translational mode. Therefore, only one temperature
is needed to characterize the energy of the system, and all of
the expressions for the energy modes can be obtained directly
from statistical thermodynamics.>* Note that the freestream
conditions selected for this work are fairly close to proposed
scenarios of Earth reentry of a manned Mars mission aero-
brake. However, the altitude is approximately 10 km lower to
maintain local thermodynamic equilibrium. Further, since the
flow is one dimensional, the governing equations reduce to a
set of first-order, nonlinear ordinary differential equations.
These equations, which can be stiff due to the chemistry, are
integrated in the downstream direction by specialized integra-
tion packages found in standard math libraries.

The requirement of including equilibrium electronic energy
in the evaluation of the enthalpy is first examined. For a
mixture, the enthalpy per unit mass can be expressed as

Ns
h= Eci h; 4))
i=1
where

h; =e; + RT 2)

and the index i refers to 1 of the 11 chemical species contained
in the mixture. The internal energy for diatomic molecules is
composed of four separate modes of energy plus the effective
zero point energy that is given by the heat of formation at
absolute zero:

hv;/kT

3
€; =5RT+RT+W;_—1RT

N (E(e,,/kr)gne -en/k

Ygne —on/kT r>RT+(Ahf)? 3

For atomic species, only the translational and electronic
modes of energy are present along with the heat of formation.
Thus the internal energy is given by Eq. (4):

Y(en/kT)gue ~en'*
Egne —en/kT

In both cases, e, is the energy per particle of the nth electronic
level. For low-temperature applications, only the translational
and rotational modes are excited. For temperatures above
approximately 800 K, the contribution of the vibrational en-
ergy to the total energy becomes important. The current ques-
tion is, at what temperature does the electronic energy become
significant?

To answer the present question, calculations were made
with and without the equilibrium electronic energy using the
same kinetic mechanism. In Fig. 1, the resulting temperature
distribution is plotted vs distance downstream from the shock
wave. Note the abscissa is plotted in logarithmic scale. For
both of these curves, the Dunn and Kang kinetic model was
used; however, for the solid curve the electronic energy is not

e = %RT + < T> RT + (AR?  (4)

included, whereas for the dashed curve, it was included.
Clearly, the significant contribution of the electronic energy is
in the reduction of temperatures in that portion of the reaction
zone where the temperatures are between 20,000 and 52,000 K.
In this region the difference in temperature predictions is
roughly 2000 K. Far downstream, however, where the gas
temperatures are much cooler, approximately 12,000 K, there
are negligible differences in the temperature prediction.

Since the chemical reaction rates are exponential functions
of temperature, one might ask how this difference of tempera-
ture in the reaction zone affects the species mass fractions. In
Fig. 2, a comparison of the mass fraction profiles for the
neutral molecular species is given. Note that as the flow ap-
proaches equilibrium, in the downstream portion of the relax-
ation zone, the concentrations of these species are noticeably
greater for the case where the electronic energy has been
included. Although this is consistent with the preceding result,
in that including the electronic energy makes less energy avail-
able for dissociation, it is interesting that the effects on mass
fractions lag behind those that occur for the temperature. This
delay is present in the mass fraction profiles for all species in
the mixture.

Comparisons of the predictions made by several popular
kinetic mechanisms were also explored in this study. In partic-
ular, the flowfield obtained from the Dunn and Kang rate
mechanism® was compared with that obtained from both
Park’s 1987 mechanism® and the updated 1991 model.”® The
Dunn and Kang model was derived specifically as a one-tem-
perature model. Rate constants for both the forward and

x10* ——r e ——r :

ax104 ___ Dunn—Kang _

g

e i i
-g o - — — Dunn—Kang with 4
‘Z equilibrium electronic energy

£ I i
T axioth e

0 " 1 I
1073 1074 1073 1072
x (m)

Fig. 1 Comparison of temperature distribution behind a M = 33.70,
h = 60.96 normal shock wave for calculations containing electronic
energy contributions.
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calculations containing electronic energy contributions.
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backward reactions are given in modified Arrhenius form. In
contrast, the Park models were modified for thermodynamic
nonequilibrium and are commonly referred to as ‘‘two-tem-
perature’’ models. In this study, the Park models are used for
thermodynamic equilibrium by assuming that the translational
and vibrational temperatures are equivalent. The forward rate
constants are again given by the Arrhenius equations. The
backward rates, however, are obtained from a curve fit for the
equilibrium constants using the well-known relation

kp === &)

Additionally, calculations were performed with a hybrid
model that combines the Dunn and Kang forward rates with
the backward rates obtained from Eq. (5) and the curve fits of
Gupta et al.? for the equilibrium constants. Those fits were
determined using 18 data points between 500 and 60,000 K and
are more accurate than Park’s fits at temperatures above
12,000 K.

Typical results of these comparisons are summarized in
Figs. 3 and 4. In Fig. 3, the temperature distribution down-
stream from the normal shock wave is given as calculated by
the four different models that include both of Parks,5% the
Dunn and Kang model, and the hybrid Dunn-Kang/Gupta
mechanism. The largest discrepancy in the prediction of the
relaxation zone occurs between the Park® and the Dunn and
Kang models. The newer models, Park® and the hybrid model,
tend to bridge the gap between the extreme predictions of the
relaxation zone location. Note that there is very good agree-
ment in the equilibrium value of the predicted temperatures
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Fig. 3 Comparison of temperature distribution behind a M = 33.70,
h = 60.96 normal shock wave for various kinetic models.
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Fig.4 Comparison of the electron number density behind a
M = 33.70, h = 60.96 normal shock wave for various kinetic models.
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downstream of the normal shock wave as predicted by the
Park® and Dunn-Kang/Gupta mechanisms. This is probably
the result of the improved curve fits for the equilibrium con-
stants that were employed in these newer models. In Fig. 4, the
logarithm of the electron number density is plotted vs distance
downstream of the shock wave. Again, it is particularly evi-
dent that the Dunn and Kang model predicts the quickest
reaction rate with the electron number density reaching a
plateau more than one millimeter ahead of the location as
predicted by Park.® As with the temperature profiles, the
relaxation zones for the Park® and hybrid models are located
between the two extremes. Thus the use of these newer models
reduces the discrepancy in the flowfield predictions. However,
the reader is cautioned that there may be some question as to
the validity of the hybrid model. In particular, there is some
current conjecture as to the validity of mixing and matching
parts of reaction mechanisms. Finally, the purpose of the
present work is to examine the discrepancy between various
kinetic models; no conclusion can be made as to which model
is the most correct without having some definitive experimen-
tal data with which to compare. Such data are lacking at
present.
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Effects in Strained Diffusion Flames
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Introduction

HE study of the structure of laminar diffusion flames is
relevant to a number of combustion problems, such as
flat flames established between opposing reactant jets and
curved flames stabilized above porous spheres or cylinders.! In
addition, laminar flame elements have been incorporated in
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