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Abstract

The nonequilibrium gasdynamics processes of importance to hypersonic aerobra-
king vehicles are reviewed. Recent improvements in understanding these phenomena
and in the detailed numerical modeling of these processes will be discussed. The paper
concludes by describing the extent to which these models have been incorporated inte
multidimensional computational fluid dynamics (CFD) computer codes.

Physical Gasdynamiecs
Processes in the aerobraking environment

The chemistry and radiation processes which determine the heat trans-
fer and aerodynamic force characteristics of aerobraking wvehicles have
been described in a series of excellent review papers [1—4]. Recently
these considerations were extended to include the specific flight environ-
ments of manned missions to Mars, which employ aerobraking in both the
Farth and the Martian atmospheres. Briefly, the one novel aspect of the
AOTYV f{light environment when compared to those encountered by previ-
ous reentry systems such as Apollo; Soyuz, or the Space Shuttle Orbiter
is the importance of nonequilibrium radiation in determining the heat trans-
fer. This arises from the fact that the aerobraking vehicles will accomplish
the required deceleration over a relatively long period of time (hundreds of
seconds at high altitudes (70—100 km), whereas the Apollo spacecraft ex-
perienced peak heating and deceleration over a much shiorter time (15 sec)
at lower altitudes. This resulted in a situation whereby convective heat
transfer dominated the thermal loads for Apollo. In contrast, the large phy-
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sical size of proposed aerobraking vehicles produces a thicker shock layer
and, therefore, greater radiative heat transfer rates to the body. At the same
time, the large size and lower air density results in lower convective heat
transfer to the aerobraking vehicles.

The effect of the new high altitude, long-duration flight regime on the
dominant heat transfer mechainsms is of vital concern in the planning and
design of aerobraking spacecraft. Since very little data from previous re-
entry vehicle programs is applicable to this new regime, a new design data
base and design tools must be developed. This involves a joint theoretical/
experimental endeavor. The theoretical aspect has two complementary
parts: 1) development of three-dimensional flow solvers which accurately
calculate the fluid dynamics and 2) development of realistic models of
physical gasdynamic processes in the flow which strongly affect the heat
transfer and pressure distributions. The physical gasdynamic processes in-
clude chemical reactions, vibrational excitation and dissociation, ionization,
electronic excitation, and radiation. A much improved level of understan-
ding of these phenomena has resulted from recent aerothermodynamics
research programs. This paper reviews several areas of this work; later, we
shall discuss the extent to which these results and new models have been
folded into state-of-the-art computer codes.

Park and his collaborators have made especially significant contribu-
tions in the development of new physical models of non-equilibrium ra-
diation. Their effort began with an attempt to understand why nonequilik-
rium radiation did not make a more noticeable contribution to the heat
transfer coefficient observed on the Apollo spacecraft. This led to the for-
mulation of theories for the collision-limiting and truncation mechanisms
which together reduced the radiative heat transfer in the Apollo flight
environment [2]. In the AOTV environment, however, the nonequilibrium
radiative heat flux is expected to be between 10 and 100 w/ecm?, which is
comparable to the convective heat transfer to such a vehicle. The magni-
tude of this heat load cannot be predicted by conventional equilibrium air
codes, hecause the basic characteristics of the radiation are governed by
the lack of thermal and chemical equilibrium among the excited gas
species.

Since radiation heat transfer is expected to be very important for
aerobraking vehicles, it is necessary to understand the essential elements
for accurate calculations of these processes. There are two primary sources
of radiation: atomic species and molecular species. The accurate calculation
of their respective contributions requires a fairly precise knowledge of both
the radiating species number densities and the radiative lifetimes of the
excited states. There are two basic approaches to the latter problem: expe-
rimental measurements and computational chemistry, in which the required
properties are calculated by solving Schrodinger’s equation for the exsited
state potential curves. This exciting new technique, which really became a
practical alternative only with the advent of the Cray-2 supercomputer,
has been used to determine a number of constants of importance to the
aerobraking environment.

The other aspect of this problem — that of computing excited state
number densities — usually involves the solution of a set of equations
which describe the collisional and radiative transitions that add to and
subtract from the energy levels of interest in each species. The most
comprehensive approach to this problem involves the solution of the Ma-
ster Fquation of chemical physics. However, in practice this approach is
too unwieldy, and simplified analytical approaches are desired. Such appro-
aches were developed by Schwartz, Slawsky, and Herzfeld (SSH theory)
in the 1950’s and by Landau and Teller in the 1930’s. Their well-known
models are simple to use, but unfortunately they hlave been shown to be
inaccurate at the high temperatures associated with the aerobraking flight
environment. Lee conducted a systematic revision of this work in 1984—85
and produced some simple but significantly improved modifications to the
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Landau — Teller theory [6—7]. Park has made further refinements to
these models, and he has introduced the two-temperature model of vibra-
tional and electronic excitation, which has been incorporated into his
NEQAIR and STRAP/SPRAP codes [2]. NEQAIR is used to calculate the
radiation heat transfer properties for a prescribed set of gas species at a
given temperature, while STRAP and SPRAP perform a 1D integration
along a streamline to calculate this radiation in a shock tube experiment
or at a stagnation point.

An important question in the formulation of these models is the na-
ture of the coupling between vibrational excitation and dissociation. The
degree of dissociation has a strong effect on both the heat transfer to a
vehicle and its aerodynamic force coefficients, and the amount of radiation
from the gas is quite sensitive to its vibrational state. IFor these reasons,
the chemistry model used in a computational aerothermodynamics code
must accurately describe the effect of the vibrational state on the dissocia-
tion rate. In this research area, some exciting new results have recently
been obtained; these promise to clarify some mysteries which have lingered
since the 1950’s. A number of models of this coupling process were deve-
loped in the 1959—63 time frame by workers at the AVCO and Calspan
laboratories in the United States. However, none of these theories were
able to predict the observed result that vibrational nonequilibrium signifi-
cantly inhibits the dissociation rate. Park’s two-temperature model is an
attempt to predict the slower dissociation rates from a semi-empirical ba-
sis. The average temperature used in this model involves the product of
the vibrational and translational temperatures, the first raised (o an ar-
bitrary power (less than one) and the second raised to one minus that
power.

Recently attempts have been made to provide a sound theoretical basis
for Park’s semi-empirical model by solving a set of Master Equations nume-
rically using transition rates calculated from SSH theory and also by
using an approach based on Direct Simulation Monte-Carlo techniques.
Using the former approach, Sharma, et al. predicted the existence of a
bottleneck in the exchange rates among nitrogen molecules which results
in a bimodal distribution of vibrational energy among the levels [8].
However, Olynick, et al. found no such behavior when they performed a
DSMC analysis of the same problem [9]. More recently, Landrum and
Candler repeated the analysis of Sharma, et al., using a nearly identical
methodology, but allowing for vibrational-translational relaxation due to
collisions with atoms and also for a variable inverse range parameter [10].
The latter quantity has an especially strong effect on vibrational exchange
rates. The goal of this work is to develop a physically based model of the
dissociation process which is simple enough to use for engineering purpo-
ses in CFD codes with thermochemical nonequilibrium.

An important capability which complements available experimental
results is afforded by the impact of Cray 2-class supercomputers on com-
putational chemistry, and the maturing of this discipline as a predictive
tool for complex molecular configurations. This discipline involves the
solution of Schrodinger’s equation to calculate the chiemical and radiative
properties of atoms and molecules. Cooper, et al. have described the appli-
cation of this discipline to species and problems of interest for aerobraking
vehicles [1, 5]. Briefly, these applications include the calculation of ra-
diative intensity factors, high-temperature gas transport properties, and
rate constants for atomic and molecular excitation, ionization, and chemi-
cal reactions. This approach is especially valuable at high temperatures
which cannot be achieved in laboratory test facilities and for radical and
ionic species which are difficult to produce in quantities sufficient for
measurements under these conditions. One payoff of this effort has becn
the computation of new energy partition functions for high temperature
air; these have been incorporated in the NONFQ code of Whiting and
Park [4]. A number of computational chemistry analyses driven by the
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requirements of aerobraking mission applications are currently in progress
or planned for the future. These include calculations of thg rate constant
for the exchange reaction N+ O; - NO+ O, analyses of vibrational exci-
tation and dissociation in N, and determination of improved values for
rate constants for dissociation reactions involving CO and COs.

The latter are of special importance for aerobraking in the Martian
atmosphere. In a recent review of chemical kinetic problems for future
NASA missions, Park concluded that the present experimental data base
for thermochemical rate parameters is inadequate for accurate modeling
[4]. This situation offers additional opportunities for computational chemi-
stry to provide needed rate data. In addition to the processes listed above,
these reactions include dissociation of Co and Ny, three-body neutral ex-
change processes involving CN, the associative ionization process C+ O

CO* + e, the charge exchange reaction CO*+C - CO+C*, and all
reactions involving NCO. Until these issues are resolved, there is an uncer-
tainty associated with all Martian aerobraking calculations, which is diffi-
cult to quantify.

Navier — Stokes Equation Solvers

Several computer codes have been developed in the U. S. to solve the
Navier — Stokes equations coupled with the equations of mnonequilibrium
gasdynamics. These include the LAURA and NEQ2L programs. First de-
veloped in 1984—85 by Gunoffo, the LAURA code appears to be the most
mature of the Navier — Stokes solvers which incorporate the fluid physics
important for aerobraking applications [11]. LAURA is an upwind-biased,
point-implicit relaxation algorithm. It employs a finite-volume formulation
to solve the Navier — Stokes equations in three dimensions for viscous
hypersonic flows in thermal and chemical nonequilibrium. The point-impli-
cit strategy involves the implicit treatment of variables at each cell center
for the advanced iteration level. The latest available data from neighbor
cells are used in the evaluation of the left-hand side of the equalions.
Hence, only a single level of storage is required. The inviscid components
of flux across the cell boundaries are evaluated with Roe's averaging and
Harten’s entropy fix together with limiters derived from Yee's symmetric
total variation diminishing (TVD) scheme. The point-implicit relaxation
strategy enables the LAURA code to remain stable at large Courant num-
bers without the need to solve large block tridiagonal systems, while the
special treatment of the flux vector components enhances t(he robustness
of the solution in the presence of shock waves.

One of the principal modifications to the LAURA code from its ori-
ginal equilibrium air version was the addition of a model of nonequilibrium
gasdynamics phenomena. The code currently includes continuity equations
for 11 spesies: Ny, O, NO, N, O, N*, 0+, N, 05, NO*, and e~. A number
of kinetics models for thermal, vibrational, and electronic nonequilibrium
have been implemented in LAURA, including Park’s 1987 two-temperature
model, Park’s 1991 update of this model, and the 1973 Dunn — Kang mo-
del of collisional plasma processes. Thiz code also allows for variable wall
catalycity. The basic LAURA code consists of approximately 15,000 lines
of FORTRAN. When the LORAN radiation model is coupled to LAURA,
the length increases to 22,000 lines. New thermodynamic and transport
properties derived by Gupta and Yos were recently added to LAURA. The-
se are considered good up to 30,000 K. In principle, LAURA can solve the
Navier — Stokes equations for the flow field abcut any 3D blunt body. Ho-
wever, in practice some limitations associated with computer architecture
add complications. For example, the largest allowed memory queue for the
Cray YMP is 8 million words. Since a 3D Navier — Stokes solution could
require at least 20 million words of storage, some jobs cannot be run
without new approaches to memory management. Gnoffo is presently in-
vestigating a macro-tasking version of LAURA, in which one processor
does the radiation calculations while another solves the fluid dynarmics.
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The coupled solution would ke reached via asynchronous relaxation, which
could also allow for netyorking.

The LAURA code has been used in an extensive series of validation
studies which encompass a wide body of ground and flight test data [11].
The ground test data include wind tunnel tests of an aerobraking configu-
ration, ballistic range data for a sphere at M —15.3, and shibck tunnel
data for a cylinder in partially dissociated nitrogen at 5.59 km/sec. The
flight data included both the FIRE II and RAM-C 111 experiments. Al-
though the code results were generally in good agreement with test data,
the one quantity with which LAURA experienced some difficulty was the
electron density profile measured on RAM-C III. The Dunn — Kang che-
mical kinetic model appeared (o give better qualitative agreement with the
experiment than did the Park two-temperature model. However, both ver-
sions are considered to be in poor quantitative agreement with experiment.
In fact, single-temperature shock-fitted viscous shock layer calculations
are in better agreement for the electron density profile on RAM-C III.
This suggests that the thermochemical nonequilibrium models require mo-
dification.

Candler’s NEGQ2D code was developed originally with MacCormack at
Stanford -University, and subsequently modified in collaboration with Park
[12]. This code was developed to solve the Navier — Stokes equations in
two dimensions using a physical model which contains most of the reac-
ting chemical species important in the aerobraking regime. (The code in-
cludes constitutive relations for Ny, Og, N, O, NO, NO*, and e—; fifteen
differential equations are solved simultaneously.) Candler's method allo-
wed - for full coupling between the chemistry and fluid dynamics. The ra-
diative power emitted by thie gas between 0.2 and 1.5 wm is computed by
coupling the converged results with Park’'s NFQAIR algorithm. This ap-
proach assumes that the amount of radiative emission is small compared
to the total energy content of the gas, so that the radiative heat loss is
not coupled to the flowfield calculation (the tangent-slab approximation).
The fully coupled chemistry-fluid dynamics equation set is solved using
the implicit Gauss — Soidel line relaxation technique proposed by MacCor-
mack. This reduces the size of the full block matrix which must be stored
and solved with the implicit method. The flux vectors are treated in an
implicit manner and differenced using flux splitting; the chemical and
thermal source vector is also treated implicitly. This implicit treatment
allows the use of large time steps. The effects of adding the stiff chlmi-
cal reaction equations were illustrated Ly an increase in convergence time
of the Gauss — Seidel algorithm. For a perfect gas, convergence was achie-
ved in 100 iterations. For a simplified chemistry model with five species
this inecreased to H00—700 iterations, and 100 additional iterations were
required with the seven-species model.

Validation of the NEQ2D code has consisted of comparisons with
RAM-C II flight data and with DSMC calculations of AFE heat transfer
characteristics. RAM-C II was selected as the most appropriate flight test
example because of the absence of ablation products. Calculations were
performed for several flight conditions with a 1030-point grid. The success
of this code in predicting the measured electron density distribution is
open to some question. Although Candler has stated in two publications
that the agreement with experiment is «good», examination of the curves
reveals that they exhlibit greatly differing slope behaviors. Gnoffo attribu-
tes this to the use of a noncatalytic wall boundary condition for electron-
ion recombination. This causes the computed peak in the electron density
distribution to occur near the wall, whereas the experimental data indicate
that this peak is near the shock. Candler concludes that these results sug-
gest inadequacies in the models of translation-vibration and electron-vibra-
tion exchange processes. His modeling of an aerobraking configuration also
raised questions about the nature »f the boundary condition for wall cata-
lyzity. The NFEQ2D code predicted a stagnation point convective heating
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value which was 40 % lower than the value calculated by Moss, et al. with
thie G2 DSMC code. This discrepancy points to the need for a good under-
standing of the nature of this process for materials of interest for the ther-
mal protection system. As we have noted, the NEQ2D code has not been
extended to three dimensions, so it is probably unwise to compare its pre-
dictions directly to a 3D Navier — Stokes solver such as LAURA.
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II. K. Tpervsaros

ONMPEJTEJIEHUE TEILIOIIOXBOJA K IIOTOKRY
B KAHAJIE C IICEBJOCKAYKOM

ITopgson Temna 3a cYeT rOpeHES TOIUIABA B KAHAJE CO CBEPX3BYKOBOIl CKOPOCTLIO
TI0TOKa NPHEBOAHMT K €ro TOPMO;keHWI0. Bo3EmKalomas rasoguHaMHIeCKass CTPYKTypa Xa-
PaKkTepHA OJA NCeBJOCKAUYKAa W CYU[eCTBEHHO HCOMHOPONHA MO cedeHW:o xaHasga. Hammawme
rOpeHAS M MaJjasg JJIUTCILHOCTH YKCIeDHUMENTa Iie IO3BOJAIT MOJIYYNTh MOAPOOHYI0 WH-
dopManuio o0 mapamerpax rtedeHms. Hawmboznee mocTynHble NMaHHEE B 3TOH CATyaIMy —
H3MEpDeHUs CTATHYECKOrO [aBjieHHMsA Ha CTeHKe KaHAJNa, KOTOphle HCIONL3YIOTCA IS
onpefieieHAS TOJHOTH CrOPaHMA MJIHM KOJMYECTBA TelJla, IOXBENEHHOI0O K TIOTOKY.

IIpaMenenre OAHOMEDHON METOMHKH B psjie CAydaeB MOKeT NPUBECTH K JOJYIeHHUK
HeHU3WIeCKOro pe3yJabTaTa, KOrja IOJHOTA CrOpPAaHUA TpeBsIINaeT exlmumuy. IIpenioxeH-
HBIH MeTOJ{ OCHOBAaH A 3aKOHOMEPHOCTAX H3MeHeHMA Kod(PHIMeHTa HEOTHOPOXHOCTH,
KOTOPBIA BBOIMTCSH M3 YyCIOBHA OJHOMEPIIOr0 NpeAcTaBJeHHs ypaBHEHMH COXpaBeHHA (HAM-
Ifynbca W HEpa’pbIBHOCTH). Vcmosab3yeTcss pasHWOA MAABIEHUH IJs M30TePMHAYECKOTO Te-
TeNds W ¢ TEIUIONOBOMOM, TPEHHE M TEIJIO0OTBOX B CTEHKY YIHTHIBAIOTCA. IIpmBeneHbI NpH-
Mephl NpAMeHeHHWs K HW3BECTHBIM B JIATEpaType 9YKCIHEepHMEHTAaM ¢ TOpeHHeM BOAOpOAa

I KepocHHAa.

TopMoeHne CBEPX3BYKOBOTO IIOTOKA ¢ IIEPEXOMOM K JO3BYKOBOMY Te-
YCHHUIO COIIPOBOMKAAETCHS BO3HHKHOBEHHEM CJIOMKHOM BOJHOBON CTPYKTYDH,
NTOJIyYHBIICH Ha3BaHMe NCeBHocKayKa. Takasg cWTyanma xapaKTepHa s MHO-
rUX rasofmHaMmdecKnx ycTpoiicTs. OQHO W3 MEPBHIX HMCCIAETOBAHUH B DTOM
Hanpasaenun — pabora [1]. OTMernm, 4To Npwm ropeHME B KaHaje CO CBEpX-
3BYKOBOH CKOPOCTHIO IMOTOKA TaK:ie BO3MOKHA PEaTH3anusA CTPYKTYPHI IICeB-
AOCKAgKa.

Herpynmo mokasaTh, 4TO HpW BO3HAKHOBEHHMH IICEBIOCKavKa B KaHAiIe
MOCTOAHHOTO CeYeHNs I afnabaTHuecKoro ciyias OFHOMepHbie yPaBHEHH:
COXPaHeHns BHITOTHAITCA TOJNBKO [IA CeUeHME B Havale M B KOHIE ICERNTO-
cxagra (cm., manpmmep, [2]). B mpomemyTOYHBIX CceTeHHAX, eCNI B Kade-
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