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Code Calibration Program in Support of the
Aeroassist Flight Experiment

Peter A. Gnoffo*
NASA Langley Research Center, Hampton, Virginia 23665

The code calibration program for the Langley Aerothermodynamic Upwind Relaxation Algorithm (LAURA)
is reviewed with the emphasis directed toward support of the Aeroassist Flight Experiment (AFE). The flight
project is designed to obtain data that will be used in the validation of computational fluid dynamic approxima-
tion methods. Comparisons between experimental data and numerical simulation focus on perfect-gas tests over
a scale model of the AFE and on flight and ground tests that challenge some aspect of the thermochemical
nonequilibrium model. In the first case, the gas model is simple, but the grid-related problems of defining the
real vehicle are present. In the second case, the vehicle geometries are simple, but thermochemical processes must
be modeled correctly to compare with the experimental data. These comparisons are described as calibration
runs because they test elements of the numerical simulation, but no single data set adequately simulates the
full-scale AFE flight conditions. Comparisons between computation and experiment over a broad range of data
sets show generally good agreement, though some aspects of the numerical model require further development.
Recent developments in a computational singular perturbation procedure, used to identify critical reactions in
the chemical kinetic model, are also discussed.

Nomenclature
CH = heat-transfer coefficient
CH.FR = theoretical reference heat-transfer coefficient
Cp = pressure coefficient
Cr = leading factor of expression for reaction rate

coefficient
cs = mass fraction species s
Ds = effective diffusion coefficient for species s
E = total energy per unit mass of mixture
ev = vibrational-electronic energy per unit mass of gas

mixture
F = fringe number
g = inviscid component of flux vector relative to cell

face
H = total enthalpy per unit mass of mixture
h = viscous component of flux vector relative to cell

face
hs = enthalpy per unit mass of species s
hv,s — vibrational-electronic enthalpy per unit mass of

species s
kf>r - forward reaction rate coefficient for reaction r
L = geometric path length of interferogram
Ne = electron number density
nx, ny, nz = components of unit vector normal to finite-volume

cell face
p = pressure
6rad = radiative energy transfer rate
q = heat-transfer rate
q = vector of conserved variables
R = radius of model
s = arc length
T = translational-rotational temperature
Tv - vibrational-electron-electronic excitation

temperature
Td = rate controlling temperature for dissociative

reactions
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t = time
U = velocity component in direction normal to finite-

volume cell face
Fa, = freestream velocity
w5 = mass production rate of species s per unit volume
vyy = vibrational-electronic energy source term
x,y,z = Cartesian coordinates
ys = mole fraction of species s
a. = angle of attack
d - forward difference in time, shock standoff

distance
TJ = frozen thermal conductivity for translational and

rotational energy of heavy particles
7jv = frozen thermal conductivity for vibrational-

electronic energy
X = wavelength of light in interferogram
/>t = mixture viscosity
p = mixture density
ps = density of species s
a = cell face area
T = shear stress
u = vector of source terms
Q = cell volume

Subscripts
e = electron
I,J,K = indices of cell centers in rectangularly ordered

space
ijtk - indices of cell walls in rectangularly ordered space
L = dummy index for a cell center
/ = dummy index for a cell wall
n = direction normal to cell face
r = reaction r
ref = reference quantity
5- = species s
V = vibrational-electronic
oo = freestream

Introduction

THE Aeroassist Flight Experiment1 (AFE) is a project de-
signed to obtain critical flight data that will be used in the

validation of computational fluid dynamic (CFD) approx-
imation methods. These CFD codes require flight data for
validation because of the complexity of the important physical
processes that must be modeled to accurately predict aerody-
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namic forces and convective and radiative heating for planned
aeroassisted space transfer vehicles (ASTV). Typical ASTV
trajectories use aerobraking and aeromaneuvering to circular-
ize high energy entries from geosynchronous Earth orbit, from
the moon, or the Mars with entry velocities ranging from 10 to
15 km/s.2 Most of the aeroassisted maneuver takes place in the
upper atmosphere with typical perigees occurring at altitudes
between 60-80 km. The flow regimes range from free molecu-
lar to continuum, and nonequilibrium processes are critically
important in the definition of the shock layer and base flow
surrounding the brake surface and payload of an ASTV.
Conventional, ground-based hypersonic facilities (i.e., wind
tunnels, ballistic ranges, shock tunnels, and arc jets) provide
important data used in the code calibration process but are
unable to simultaneously simulate the appropriate energies
and length scales encountered in full-scale ASTV flowfields.
In contrast, the AFE, a heavily instrumented, blunt, raked
elliptic cone with a 14-ft maximum diameter, will be launched
from low Earth orbit into the atmosphere to simulate a return
from geosynchronous orbit, retrieving critical validation data.
(Definitions of the terms "validation" and "calibration" are
somewhat subjective. Here, calibration refers to comparison
of CFD prediction with experimental data that include some
elements of the intended application domain, whereas valida-
tion refers to comparison of CFD prediction with experimen-
tal data that include sufficient critical elements of the intended
application domain to challenge the simulation.)

The code calibration program for the Langley Aerothermo-
dynamic Upwind Relaxation Algorithm (LAURA)3'7 is re-
viewed herein, with emphasis directed toward support of the
AFE in the near term and ASTV design in the long term.
LAURA is an upwind-biased, point-implicit relaxation al-
gorithm for obtaining the numerical solution to the governing
equations for three-dimensional, viscous, hypersonic flows in
chemical and thermal nonequilibrium. The algorithm is
derived using a finite-volume formulation in which the invis-
cid components of flux across cell walls are described with
Roe's averaging8 and Harten's entropy fix9 with second-order
corrections based on Yee's symmetric total variation diminish-
ing scheme.10'11 Because of the point-implicit relaxation strat-
egy, the algorithm remains stable at large Courant numbers
without the necessity of solving large, block tridiagonal sys-
tems. More detailed information concerning the algorithm
may be found in Refs. 5-7.

Predictions for pressure distributions and surface heating
coefficients compare well with experimental data12'13 for Mach
10 flow over an AFE wind-tunnel model. Predictions for the
hypersonic flow of air in chemical and thermal nonequi-
librium (velocity = 8917 m/s, altitude = 78 km) over the full-
scale AFE configuration obtained on a multidomain grid are
discussed. Comparisons with other calibration data, including
the Fire II14 and RAM-C15 flight experiments and nonequi-
librium flow over a sphere16 and cylinder,17 are also presented.
Recent developments in a computational singular perturbation
(CSP) procedure,18"20 which can be used to identify critical

reactions and to simplify the chemical kinetic model, are re-
viewed.

Conservation Equations
All of the equations and variables in this section have been

described in Ref. 6. A brief review of the equation set is
presented for the reader's convenience. The modeled system
includes continuity equations for 11 species, three momentum
equations, and two energy equations describing the conserva-
tion of vibrational-electronic and total energies. Species 1-5
are the neutral components of air consisting of N,O,N2,O2,
and NO. Species 6-10 are the ions corresponding to species
1-5, in which one electron has been removed. Species 11 are
the free electrons. The vibrational and electronic energies of
all species are assumed to be in equilibrium at temperature Tv.
The translational and rotational energies of all species are
assumed to be in equilibrium at temperature T. Justification
for these assumptions, which constitute a two-temperature
model for thermal nonequilibrium, is discussed in Refs. 5 and
21.

The inviscid, viscous, and source-term contributions to the
complete conservation laws are considered separately for con-
venience. Let g define the inviscid terms, h the viscous terms,
and u the source terms. The finite-volume formulation of the
conservation laws follows.
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The first element of the vectors defined in Eqs. (2-5) de-
scribes the species conservation; the next three elements de-
scribe x, y, and z momentum conservation; the fourth element
describes total energy conservation; and the fifth element de-
scribes vibrational-electronic energy conservation. The reac-
tive source terms for the species conservation equations are
denoted by w5. The radiative energy transport term Qrad may
be treated as a source term in the energy equation, though its
effects are not considered in the present analysis. Finally, the
vibrational-electronic energy source term wy accounts for the
mechanisms by which vibrational or electronic energy is lost or
gained from collisions among particles in the cell. These mech-
anisms include 1) the energy exchange (relaxation) between
vibrational and translational modes due to collisions within
the cell; 2) the vibrational energy lost or gained due to molec-
ular depletion (dissociation) or production (recombination) in
the cell; 3) the electronic-translational energy exchange due to
elastic collisions between electrons and heavy particles; 4) the
energy loss due to electron impact ionization; 5) the rate of
energy loss due to radiation caused by electronic transitions;
and 6) a term related to the work done on electrons by an
electric field induced by the electron pressure gradient minus
the flow work due to electron pressure. The electron pressure
flow work is normally considered part of the electronic en-
thalpy in the inviscid (convective) portion of the flux balance.
Moving the electron pressure from the convective term to the
source term simplifies the expression of Jacobian eigenvalues
and eigenvectors of the inviscid flux vector.

Results and Discussion
The comparisons between experimental data and numerical

simulation presented herein focus on perfect-gas wind-tunnel
tests over a scale model of the AFE and on both flight and
ground tests that challenge some aspect of the thermochemical
nonequilibrium model. In the first case, the gas model is
simple, but the grid-related problems of defining the real
vehicle (with the exception of some protuberances in the base
region) are present. In the second case, the vehicle geometries
are simple, but nonequilibrium processes must be modeled
correctly in order to compare with the experimental data.
These comparisons are described as calibration runs because
they test elements of the numerical simulation, but no single
data set adequately simulates the full-scale AFE flight condi-
tions. In the absence of validation-quality data, these calibra-
tion data sets provide necessary, but not sufficient, check-
points in the code validation process for aeroassisted space
transfer vehicle applications.

Other important elements of the code validation process are
code-to-code comparisons and numerical tests to check for
globally conserved quantities and the effects of numerical
parameters and grids on the numerical solution. Some exam-
ples of these tests are also discussed. More extensive discussion
of such tests can be found in Refs. 3, 5, 7, 22, and 23.

Finally, an example of a flowfield simulation over the full-
scale AFE at flight conditions including the effects of thermo-
chemical nonequilibrium is presented. These simulations have
been used within the AFE project, in conjunction with other
analyses, for heat shield design, aerodynamic coefficient pre-
diction, and the placement and tuning of various experiments.
This simulation is also used to test a CSP analysis18'20 of one
of the chemical kinetic models. CSP can be used to identify
critical elementary reactions and to simplify the kinetic model.

Identification of critical reactions is important because reac-
tion rate expressions are generally extrapolated to high tem-
peratures without benefit of experimental confirmation. Com-
putational chemistry may be used to derive the high,
multitemperature functional form of the reaction rate expres-
sions, but such analyses require on the order of one human
year for a single reaction. CSP can be used in association with
the techniques of computational chemistry to insure that hu-
man and computational resources are focused on the most
critical reactions.

Aeroassist Flight Experiment—Wind Tunnel
Mach number contours over an AFE model including the

sting for Mach 10 flow and a. = — 5 deg are shown in Fig. 1.
The Reynolds number for this case is 159,000 based on a
model diameter of 9.322 cm. The four-domain grid used for
this case is presented in Fig. 2. The grid is composed of 39
transverse by 24 circumferential by 64 normal cells over the

Fig. 1 Mach number contours in the plane of symmetry of the
Aeroassist Flight Experiment (AFE) model, including sting, at Mach
10 and Reynolds number of 1.59 x 105.

Fig. 2 Multidomain grid defining the surface and plane of symmetry
for AFE test case. The domains are approximately divided into fore-
body, outer wake, shear layer behind the shoulder, and inner wake
core surrounding the sting.
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forebody, 31 transverse by 24 circumferential by 32 normal
cells over the outer base flow, 31 transverse by 24 circumferen-
tial by 19 normal cells over the midbase flow region behind the
aerobrake, and 26 transverse by 24 circumferential by 21
normal cells over the inner base flow region surrounding the
sting. The flow is from top to bottom in the figure. Grid
adaption is used over the forebody to align the grid with the
captured bow shock. The contours clearly illustrate the sharp,
captured bow shock, the captured shock on the wind side of
the cylindrical sting, and the free-shear layers emanating be-
hind the circular shoulder of the aerobrake. The multidomain
structure facilitates the placement of grid resources to resolve
these flow features. However, the free-shear layer behind the
left shoulder of the aerobrake turns sharply toward the after-
body, and the present grid appears somewhat coarse in the
direction normal to the shear layer.

Comparisons with experimental data12 for pressure and heat
transfer are shown in Fig. 3 on the forebody. Differences
between numerical predictions and experiments are generally

D Experiment ]
——-LAURA }

"H, FR

Fig. 3 Comparisons between prediction and experimental data12 for
pressure and heating over the AFE at Mach 10 and a = 0 deg.

Vet

iment

s / L
1.0

Fig. 4 Comparison between prediction (laminar) and experimental
data13 for heating on sting supporting the AFE model in Mach 10 test
case for a = 0 deg.

o Experiment
—— LAURA (refined grid)
----- LAURA (base grid)
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Fig. 5 Comparison between prediction (laminar) and experimental
data13 for heating on sting supporting the AFE model in Mach 10 test
case for a = — 5 deg.

very small and within experimental accuracy, except for the
heat transfer in the stagnation region. These differences are
believed to be caused by both the varying truncation error
behavior as the coordinate singularity in approached from
different directions and the predominance of near-zero-valued
eigenvalues in the upwind-biased algorithm. There is evidence
that the problem is exacerbated by extreme coordinate stretch-
ing in the direction normal to the body.

Comparisons with experimental data13 for heat transfer on
the sting are shown in Fig. 4 for a = 0 deg and in Fig. 5 for
a = — 5 deg. The comparisons are within experimental accu-
racy (±8%) on the wind side, except in the intermediate
vicinity of the peak heating point where the free-shear layer
impacts the sting. The peak heating region is somewhat broad-
ened and may be indicative of the grid spacing described
earlier. A grid refinement was implemented to study the possi-
ble contributions of grid-induced errors to the magnitude of
the sting heating in the a = — 5 deg case. The number of cells
was doubled in the normal direction for all four domains. A
slight reduction in predicted heating level is observed, and the
prediction is in excellent agreement with the experimental
data. The shear layer turning angle can be overpredicted if the
grid in the vicinity of the separation point is too coarse. This
behavior is believed to be caused by the additional, grid-in-
duced, numerical viscosity, which appears to delay separation,
and is consistent with earlier observations using another nu-
merical method in Ref. 24. The accurate prediction of free-
shear layer turning angles is important in the design of full-
scale aeroassisted space transfer vehicles in order to position
the payload in a relatively benign region of the base flow.

Sphere—Ballistic Range
The hypersonic flow over a 1.27-cm-diam sphere in air at

Mach number 15.3 (V^ = 5280 m/s, T* = 293 K, /?«, - 664
Pa) is calculated and compared with the experimental data for
the shock shape of Lobb16 and the calculations of Candler25

using a six-temperature model. The present calculations are
made under the assumptions of thermochemical nonequi-
librium using a two-temperature model, thermal equilibrium
and chemical nonequilibrium, and thermochemical equi-
librium. Only seven species were considered in this case in
order to be more consistent with Candler's calculations. All of
the calculations involving different types of equilibria are
made with the same code. The equilibrium calculations are, in
fact, approximations to a true equilibrium condition, achieved
by increasing the chemical kinetic reaction rate coefficients by
a factor of 1 x 106 and by decreasing the characteristic thermal
relaxation times by a factor of 1 x 106.

Shock shape calculations are in good agreement with exper-
imental data in Fig. 6. Clearly, both thermal and chemical
nonequilibrium must be modeled to agree with the experimen-
tal data for the shock shape. The current predictions of the
shock shape are approximately 8% below the Candler predic-
tions in the stagnation region and approximately 3% above
near the outflow boundary.

Temperature distributions across the shock layer at the stag-
nation streamline are presented in Fig. 7. Peak translational-
rotational temperature behind the shock increases in the pres-
ence of chemical and thermochemical nonequilibrium. This
behavior is due to the finite accommodation time required for
the cascading of translational-rotational energies into the vi-
brational modes and into the dissociative reactions. The pre-
sent predictions for translational-rotational and vibrational-
electronic temperatures all converge to a single curve in the
boundary layer. Chemical nonequilibrium across the shock
layer at the stagnation streamline is illustrated in the predic-
tions of NO mass fraction CNO as shown in Fig. 8. The produc-
tion of NO is primarily a function of the translational-rota-
tional temperature T. Consequently, the distribution of CNO
shows the highest peak in the thermochemical nonequilibrium
prediction, in which the translational-rotational temperature
distribution is the highest. The rather flat distribution of CNO
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Fig. 6 Nondimensional shock standoff distance vs nondimensional
arc length for hypersonic flow over a sphere. Comparisons are made
with experimental data of Lobb16 and calculations of Candler.25
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Fig. 7 Temperature distributions across shock layer under assump-
tions of thermochemical nonequilibrium, thermal equilibrium and
chemical nonequilibrium, and thermochemical equilibrium.

under conditions of thermochemical equilibrium is indicative
of the flat temperature distribution across the inviscid portion
of the shock layer. The increase in CNO in the boundary layer
highlights the importance of three-body recombination, which
becomes significant as the equilibrium state is approached.
The peak value of CNO in the captured shock corresponds to
local conditions within the shock transition zone. The grid is
too coarse and the Navier-Stokes equations are inadequate to
accurately predict flow quantities within the captured shock.

The near-equilibrium calculation is subject to instabilities
associated with the stiffness of the governing equations. Start-
ing from a converged chemical nonequilibrium solution, the
error norm for this case quickly dropped eight orders of

.25 r

i i ' Candler }Tnermo " chemical nonequilibrium

Z7-ZCandler }Cnemical nonequilibrium

——LAURA - Thermo - chemical equilibrium

'NO

Fig. 8 Mass fraction distribution of NO across shock layer under
assumptions of thermochemical nonequilibrium, thermal equilibrium
and chemical nonequilibrium, and thermochemical equilibrium.
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M = 6'14

^ = 12000
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Fig. 9 Calculated and experimental17 fringe patterns over cylinder in
partially dissociated nitrogen obtained in shock tunnel using chemical
kinetic model of Park.

magnitude in 1000 iterations, but suddenly jumped three or-
ders of magnitude, at which point the error norm thrashed
about a constant level. A check for elemental mass fraction
along the stagnation streamline, which should be constant for
this case, revealed a 12% maximum error in oxygen fraction in
the boundary layer, near the local maximum value for CNO.
Mass fraction conservation above the boundary layer was
good, with average errors in oxygen fraction less than 1%, and
the postshock values of temperature and species mass fraction
are in good agreement with equilibrium, normal shock theory.

Cylinder—Shock Tunnel
The flow around a 5.08-cm-diam cylinder in high tempera-

ture, partially dissociated nitrogen was computed, and fringe
patterns are compared to the interferograms obtained by Hor-
nung.17 Freestream conditions for this case are V00 = 5.59
km/s, Too = 1833 K, cN2 = 0.927, and CN = 0.073. The fringe
number F is determined by the expression

F = ApL(l
4160X (6)
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where X is the wavelength and L is the geometrical path, taken
here as the cylinder length equal to 0.1524 m (6 in.). No
attempt was made to account for changes in the geometric
path through the shock envelope due to three-dimensional
effects at the edge of the cylinder. Calculated and experimen-
tal fringe patterns in which the chemical kinetic model is due
to Park, as described in Ref. 5, are compared in Fig. 9. A
recent revision of this data set (Park, private communication
of lecture notes) was also tested, and the associated computa-
tion is compared to experiment in Fig. 10. The reactions in
question are given by

The forward (endothermic) reaction rate coefficient for reac-
tion r is given by

LAURA, Park Model 2

-113,200

Experiment, Hornung

(7)

= 6.14

^rz 12000

T = 1833 °K

Fig. 10 Calculated and experimental17 fringe patterns over cylinder
in partially dissiociated nitrogen obtained in shock tunnel using re-
vised chemical kinetic model of Park.
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Fig. 11 Stagnation-point, convective, heating predictions compared
to experimental data for the Fire II flight test14 during early period in
which radiative heating levels were small and thermochemical
nonequilibrium effects were significant.

where Cr\ = 3.7 x 1021 and Cr2 = 1.6 x 1022 in the original model
and Crl = 7.0x 1021 and Cr2 = 3.0x 1022 in the revised model.
In all cases, Td = (TTv)l/2 is used as the rate-controlling tem-
perature for dissociative reactions.

Both cases are in reasonably good agreement with the exper-
imental data. Neither is an exact match. The differences in the
fringe patterns due to changes in the kinetic model are appar-
ent in the stagnation region, and the revised model may be
slightly better agreement with the data in this region. How-
ever, some shifting in fringe patterns can also be induced using
different interpretations of the variation of L across the shock
layer. Consequently, this comparison should be considered
more of a qualitative check of the thermochemical model and
not used to deduce reaction rate coefficients.

The calculated shock shape is in excellent agreement with
the experimental data. A thermal equilibrium, chemical
nonequilibrium case was run by reducing the characteristics
time for vibrational relaxation by a factor of 105. The change
in shock standoff distance at the stagnation streamline was
less than 5% as compared to the thermochemical nonequi-
librium case. This result is in contradiction with the earlier
calculations of Candler,25 which showed a 50% reduction
in shock standoff distance under the assumption of thermal
equilibrium.

Fire II Stagnation Point Heating—Flight Data
Fire II flight data14 consist of measured total heating rates

(convective plus absorbed radiative), radiative intensity in the
0.2-6.2 eV range, and spectral radiation in the 2.0-4.0 eV
range. Only the stagnation point measurements are examined
in the present set of results. The vehicle was constructed with
a layered heatshield consisting of three beryllium layers. The
vehicle had a truncated, hemispherical shape with a small
corner radius. The calculations were performed at three points
during the early data period on the first heatshield, which is
characterized by low radiation and significant thermochemical
nonequilibrium. A fully catalytic wall boundary condition is
assumed. An equivalent sphere geometry was defined as in
Refs. 26-28 with a nose radius of 0.747 m. The freestream
velocity equals 11.3 km/s, and the altitude range covered by
this early data period was between 84.6-67.05 km. The calcu-
lated convective heating rates from LAURA are compared to
the equilibrium viscous shock-layer results of Ref. 28 and to
the experimental data in Fig. 11. The predictions are in excel-
lent agreement with the total heating data at the earliest data
point, at which time there was no significant radiative heating.
A crude approximation to the actual convective heating rate is
deduced from measured quantities by subtracting the mea-
sured radiative heating in the 0.2-6.2 eV range from the mea-
sured total heating. This approximation ignores radiation out-
side of the measured range and does not account for the actual
absorbtivity of the beryllium heatshield. The inferred experi-
mental convective heating is in good agreement with the
LAURA predictions, but this agreement is of dubious signifi-
cance at the later data period (t = 1637.5 s). Of greater signif-
icance is the convergence of the equilibrium and nonequi-
librium predictions at the lower altitudes using two different
approaches that provide independent checks of the predicted
convective heating.

RAM-C III Electron Number Densities—Flight Data
A series of flight tests conducted on a 9-deg, spherically

capped cone to measure electron number density across the
shock layer are described in Refs. 15 and 29. Microwave
reflectometers were used to measure the peak values of elec-
tron number densities in the shock layer at several locations
along the cone. A Langmuir probe rake that extended across
the shock layer at the base of the cone measured electron
number density profiles. A schematic of the vehicle and exper-
iment locations is shown in Fig. 12.
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Fig. 12 Schematic of RAM-C test vehicle and location of experi-
ments.
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Fig. 13 Experimental and numerical profiles of electron number
density across shock layer of RAM-C III vehicle. Comparisons
are also made with calculations of Kang et al.15 and Candler and
MacCormack.31

Comparisons were made with the data at three trajectory
points (80.8, 76.3, and 71.0 km) at a freestream velocity equal
to 7.65 km/s. Experimental and numerical data for electron
number density profiles across the shock layer at the base are
shown in Fig. 13. Experimental and numerical data for peak
electron number density along the shock layer are compared in
Fig. 14. The LAURA predictions were implemented using two
different chemical kinetic models, as described in Ref. 5. The
profile shapes given by the Dunn and Kang chemical kinetic
model appear to be in better qualitative agreement with the
experimental profiles than the Park model, though both pre-
dictions are in poor quantitative agreement with experiment.
Predictions are somewhat low at the highest altitude (80.8 km)
but are progressively higher than experiment as altitude is
decreased. Both predicted profile shapes drop off as the cap-
tured shock is approached; the tendency is, however, more
severe with the Park model. It is believed that this rapid drop
in number density is a consequence of empirical and numerical
phenomena. First, ionization is a strong function of TV in the
two-temperature model. Because Tv tends to be low behind
the captured shock, ionization may be inhibited if the empiri-
cal dependence is too strong. Second, numerical dissipation of
electrons across the captured shock can be significant if the
grid is too coarse. This behavior is discussed in more detail in
Ref. 5.

Single-temperature, shock-fitted viscous shock-layer (VSL)
methods show much better agreement with the experimental

101V

• LAURA, Park model

------ LAURA, Dunn and Kang model

_._._._. VSL, Thompson

Open symbol - Reflectometer measurement

Closed symbol - Langmuir probe

Ne, cm"

Altitude

0 1.0 1.2 1.4
x, m

Fig. 14 Experimental and numerical distributions of peak values of
electron number densities within the shock layer along the RAM-C III
vehicle. Comparisons are also made with calculations of Thompson
using a VSL code derived from Ref. 30.

Fig. 15 Multidomain grid defining the plane of symmetry for AFE
flight case. The domains are approximately divided into forebody,
outer wake, shear layer behind the shoulder, and inner wake core.

data than the present method. For example, the results of
Kang et al.15 are in substantially better agreement with experi-
ment than the LAURA results. This method assumes species
are frozen across the fitted shock, and postshock temperatures
are considerably higher under this assumption. Thompson's
results (private communication) are based on VSL code30 that
uses shock slip boundary conditions to further improve both
profile shapes and peak number density values (see Fig. 14) as
compared to experiment. The only other multitemperature
shock-capturing method compared with this data set is that of
Candler and MacCormack,31 as shown in Fig. 13. This method
used a noncatalytic wall boundary condition, which moves the
peak number density prediction to the wall. The other calcula-
tions used fully catalytic wall boundary conditions. Much
work remains to be done with regard to the thermochemical
nonequilibrium simulations of electron number density pro-
files utilizing multitemperature shock-capturing methods. The
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first task is to perform a more rigorous grid refinement study
for this case.

AFE—Flight Simulation
The four-domain grid used for the investigation of hyper-

sonic flow over the AFE in both chemical and thermal
nonequilibrium at 8917 m/s and 78 km altitude is shown in
Fig. 15. All 11 species are included in this calculation. The
multidomain grid allows for better resolution of the free-shear
layer coming off the shoulder as compared with the resolution
that can be achieved using a single-domain structured grid.
The forebody shape is composed of an elliptic nose, a raked
elliptic cone, and a circular shoulder. The afterbody carrier
vehicle is a hexagonal cross section block. Grid lines on the
surface are shown in subsequent figures.

Contours for translational temperature, vibrational temper-
ature, Mach number, and electron number density are shown
in Figs. 16-19. These contour lines, which are monochrome
versions of a color-coded figure, serve to qualitatively define
the flow structure. Note that contour lines continue smoothly
over domain boundaries. The gaps between domains are an
artifact of the cell-centered structure of the data sets. The
boundaries of the domains coincide, but there is a gap between
cell centers.

The flow is from top to bottom in the figures. Both the bow
shock wave and the free-shear layer structure are well defined
in these figures. Also observe that the vibrational temperature
and electron number density tend to stay frozen in the shear
layer coming off the shoulder of the vehicle. Peak transla-
tional temperature is approximately 22,000 K in a thermal
relaxation zone, which encompasses nearly one-fourth of the
shock-layer thickness. Peak vibrational temperature in this
region is approximately 10,000 K. In contrast, the vibrational
temperature in much of the wake core is approximately 4000
K, whereas the translational temperature is below 2000 K. The
domain of the wake core is shown in Fig. 18, which illustrates
the extent of the subsonic region. Note that the lower left
corner of the hexagonal carrier juts into the subsonic portion
of the free-shear layer. Present calculations show enhanced
convective heating at this point relative to typical heating
levels elsewhere on the carrier.

Fig. 16 Translational temperature contours of flow over AFE at Fig. 18 Mach number contours showing the subsonic region for flow
8917 m/s and 78 km altitude. over AFE at 8917 m/s and 78 km altitude.

Fig. 17 Vibrational temperature contours for flow over AFE at 8917 Fig. 19 Electron number density contours for flow over AFE at 8917
m/s and 78 km altitude. m/s and 78 km altitude.
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Fig. 20 Contour plot of Knudsen number in the plane of symmetry
of AFE flight case corresponding to Foo = 9.326 km/s,
Poo = 4.293 X 10 ~ 5 kg/m3, and Too = 200 K at an altitude of 75.2 km
and a - — 5 deg. The maximum value exceeds 1.0 immediately be-
hind the expansion corner.
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Fig. 22 Temperature profile predictions across stagnation streamline
with three different grids for axisymmetric AFE.
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Fig. 21 Temperature profile predictions across stagnation streamline
for noncontinuum, direct simulation Monte Carlo algorithm, and
continuum LAURA algorithm.

The AFE flowfield was computed using a steady, laminar,
thin-layer approximation in three dimensions. This approxi-
mation yields the Navier-Stokes equations minus the cross-
derivative viscous terms in computational space. Also, com-
puted Knudsen numbers in the base flow (i.e., the ratio of
mean free path to local characteristic length) are as large as 1.0
in the low-density region immediately behind the shoulder.
The local characteristic length is equal to p / 1 Vp I and gives an
approximation of the length scale over which significant
changes in the flowfield are accommodated. The continuum
approximation begins to break down when the Knudsen num-
ber is of order 1 or larger. A representative Knudsen number
contour plot in the plane of symmetry is shown in Fig. 20. This
case corresponds to freestream conditions given by V^ = 9.326
km/s, POO = 4.293 x 10~5 kg/m3, and T^ = 200 K at an altitude
of 75.2 km and 0;= —5 deg. A recently computed case earlier
in the simulated AFE trajectory at a higher altitude
(Foo = 9.863 km/s, POO = 5.682 x!0~6 kg/m6, and Too =189 K at
an altitude of 87.3 km and a. = 0 deg) revealed order 1 Kundsen
numbers in the captured shock and a larger region of order 1
values behind the corners of the aerobrake. Simulation errors

0.6

Mole
Fraction

0.4

Difference

0.020

Fig. 23 Mole fraction profile and absolute mole fraction difference
for the major constituent species near the stagnation streamline ob-
tained using the full chemical kinetic model of Dunn and Rang and a
simplified model defined by computational singular perturbation
(CSP) for AFE flight case defined in Fig. 20.

due to the limitations of the present equation set in these
isolated areas of large Knudsen numbers require more study.
One element of this study follows.
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Comparisons with Direct Simulation Monte Carlo
An axisymmetric approximation to the AFE was used to

compare computed results using LAURA and a direct simula-
tion Monte Carlo (DSMC) algorithm.32 The DMSC code uses
a kinetic-theory-based particle simulation approach to hyper-
sonic, rarefied-flow analysis. As with any approximation
scheme, the DSMC approach is also subject to physical model-
ing errors, particularly with regard to the description of react-
ing gases. However, the DSMC method is better at describing
low-density flows, and it requires no a priori assumptions
concerning the evaluation of dissipative phenomena as re-
quired in the Navier-Stokes approximation.

Comparisons of predicted temperatures across the shock
layer of the axisymmetric AFE from LAURA using the Dunn
and Kang chemical kinetic model and DSMC are presented in
Fig. 21. The DSMC results show separate translational, rota-
tional, and vibrational temperatures, whereas the LAURA
results assume the two-temperature approximation. The peak
translational-rotational temperature from the LAURA predic-
tion falls between the translational and rotational peaks of the
DSMC prediction. Shock standoff distance, as judged by the
location of the peak translational temperature, is in good
agreement between the two methods. The thickness of the
shock transition zone is in fair agreement as judged by the
temperature profiles. However, this agreement may be mis-
leading. More extensive comparisons presented in Ref. 5 re-
veal thicker shock transition zones as measured by the species
mole fraction profiles. Also, at higher altitudes, the Navier-
Stokes predictions show sharper, narrower profiles across the
shock transition zone as compared to DSMC.

The thickness of the computed shock transition zone can
also be affected by grid resolution across the captured shock.
The effects of grid resolution are illustrated in Fig. 22 for
translational temperature profiles across the stagnation
streamline. Grids 1 and 2 are made up of 64 cells, which are
exponentially stretched from the body to the inflow boundary
ahead of the shock. Grid 1 has a minimum cell size at the wall
equal to the 2.872x 10~6 m and an average cell size through
the shock transition zone equal to 1 .5x lO~ 2 m. Grid 2 has a
minimum cell size at the wall equal to 1 .05xlO~ 4 m and an
average cell size through the shock transition zone equal to
8.Ox 10~3 m. Grid 3 is made up of 128 exponentially stretched
cells with a minimum cell size at the wall equal to5.12x!20~5

m and an average cell size through the shock transition zone
equal t o4 .0x lO~ 5 m. The ratio of mean free path to cell size
(cell Knudsen number) based on conditions at the beginning of
the shock transition zone equals 0.193 for grid 1, 0.363 for
grid 2, and 0.725 for grid 3. The actual distribution of mesh
points across the shock layer is indicated by the symbol loca-
tion in Fig. 22.

Figure 22 shows a sharper, higher peak in the translational
temperature as the grid is refined across the captured shock.
This trend is similar to one obtained in Ref. 33 in a simulation
of the effects of a relatively coarse grid resolution of reacting
flow crossing a normal shock through the use of artificial
viscosity. The thickness of the peak (thermal and chemical
relaxation zone) for grid 3 is approximately equal to the
DSMC results in Fig. 21. Further refinement would probably
sharpen the peak a little more, but it is not clear that cell
averages taken over a dimension less than the local mean free
path would be physically meaningful. More details of the grid
refinement study are also presented in Ref. 5.

Computational Singular Perturbation Simplification of the Chemical
Kinetic Model

CSP18"20 was used to simplify the Dunn and Kang chemical
kinetic model used in the calculation of the forebody AFE
flowfield at 75.2 km described earlier. The Dunn and Kang
model34 consists of 26 reaction pairs (52 forward and back-
ward reactions). This full set is identified as model 1 in Fig. 23.
Data for Ty 7>, and the 11 species number densities at seven
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Fig. 24 Percent difference of number densities for AFE flight case as
computed using the complete chemical kinetic model of Dunn and
Kang and a simplified model defined by CSP. Percent difference is
measured with respect to the complete model.

points distributed across the shock layer near the stagnation
streamline were used to define a participation index for each
of the 52 elementary reactions using CSP. The participation
index provides a measure of the dependence of species number
density evolution on an individual reaction. Reactions with a
participation index less than 0.2 at the seven test locations
were eliminated from the model. The reduced model, identi-
fied as model 2 in Fig. 23, consists of 27 reactions.

Figure 23 shows the mole fraction profile across the shock
layer and the absolute value of the mole fraction difference
between the two models for the predominant species in
the shock layer. Figure 24 shows the associated percent dif-
ference of the predicted number density relative to model 1.
The two models are in very good agreement. In Fig. 23 the
largest difference in mole fraction in any of the species is less
than 0.04. The percent differences in Fig. 24 tend to be large
(greater than 20%) in high gradient regions. These differences
may be attributed as much to numerical dissipation in high
gradient regions as to differences in the chemical kinetic
models.

The major benefit of CSP is to define alternatives and
equivalent representations of the chemical kinetic model,
which identify partial equilibrium relationships and remove
the potential problems associated with stiff systems of equa-
tions. LAURA is not yet set up to utilize the alternative
representations defined by CSP. However, the good compari-
sons between the full and reduced model calculations, as based
on the participation index of the CSP analysis, provide practi-
cal verification of the validity of CSP for AFE flowfield
applications.

Concluding Remarks
The code calibration program for the Langley Aerother-

modynamic Upwind Relaxation Algorithm (LAURA) is
reviewed, with emphasis directed toward support of the
Aeroassist Flight Experiment (AFE). The flight project is de-
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signed to obtain data that will be used in the validation of
computational fluid dynamic approximation methods. Com-
parisons between experimental data and numerical solution
focus on perfect-gas tests over a scale model of the AFE and
on flight and ground tests that challenge some aspect of the
thermochemical nonequilibrium model. In the first case, the
gas model is simple, but the grid-related problems of defining
the real vehicle are present. In the second case, the vehicle
geometries are simple, but thermochemical processes must be
modeled correctly in order to compare with the experimental
data. These comparisons are described as calibration runs
because they test elements of the numerical solution, but no
single data set adequately simulates the full-scale AFE flight
conditions.

Perfect-gas flow predictions featured comparisons to exper-
imental data for pressures and heating on the forebody of the
AFE and on sting heating. Comparisons are generally very
good. Problems with grid singularity induced truncation er-
rors create some difficulties in stagnation region heating pre-
dictions. The multidomain grid facilitates the placement of
grid resources to resolve the free-shear layer coming off the
corner of the aerobrake. The agreement with experimental
data for sting heating is good and demonstrates the ability of
the code to predict shear layer turning angles. The accurate
prediction of free-shear layer turning angles is important in
the design of full-scale aeroassisted space transfer vehicles in
order to position the payload in a relatively benign region of
the base flow.

Aspects of the thermochemical nonequilibrium model are
challenged by two ground-based tests in a ballistic range and a
shock tunnel. Experimental data for shock shape are in good
agreement with the present calculations in the first test. Inter-
ferograms appear to be in reasonably good qualitative agree-
ment in the second case. Sample calculations involving varia-
tions in the thermochemical nonequilibrium model reveal the
magnitude of the contributions of various aspects of the
model. Code-to-code comparisons are also used in the verifi-
cation of the present computations.

Flight-test data consitute the final calibration data set. Pre-
dictions in stagnation point convective heating are in very
good agreement with the Fire II data set, taken early in the
trajectory when radiative heating was low and thermochemical
nonequilibrium effects were significant. Comparisons to the
RAM-C III data set for electron number density in the shock
layer of a 9-deg spherically blunted cone are poor. In general,
fitted shock analysis techniques are in better agreement with
the experimental data. Differences may be a function of the
empirical dependence of the ionization reactions on the vibra-
tional-electronic temperature Tv and on excessive dissipation
across the captured shock.

An example of flowfield simulation over the full-scale AFE
is discussed. The importance of thermal nonequilibrium in the
flowfield is highlighted. Limitations of the simulation caused
by the magnitude of the Knudsen number in isolated regions
of the flow are also discussed, though no quantitative assess-
ment of the simulation can be offered at this time. Some of the
limitations are addressed in comparisons with a direct simula-
tion Monte Carlo, kinetic-theory-based flow simulation and in
a grid refinement study.

This simulation is also used to test a computational singular
perturbation (CSP) analysis of one of the chemical kinetic
models. CSP can be used to identify critical elementary reac-
tions and to simplify the kinetic model. Identification of criti-
cal reactions is important because reaction rate expressions are
generally extrapolated to high temperatures without benefit of
experimental confirmation. Computational chemistry may be
used to derive the high, multitemperature functional form of
the reaction rate expressions, but such analyses require on the
order of one human year for a single reaction. CSP can be
used in association with the techniques of computational
chemistry to insure that human and computational resources
are focused on the most critical reactions.
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