NASA Technical Memorandum 100673

DIRECT SIMULATION OF AFE FOREBODY AND WAKE
FLOW WITH THERMAL RADIATION

(BAS3-TN-100673) pIRECT
. IRECT SINGI
ECREBCDY AND WAKE FLGA 21ICN OF AFE
Y FLCH KITH | ¥89-1536
BALIATICK  (NaSE) 41 f TEEEEAL escL 208 1

Unclas
63/34 0183248

James N. Moss

Joseph M. Pfice

September 1988

NASA

National Aeronautics and
Space Administration

Langiey Research Center
Hampton, Virginia 23665-5225



DIRECT SIMULATION OF AFE FOREBODY AND WAKE FLOW
WITH THERMAL RADIATION
James N. Moss and Joseph M. Price

NASA Langley Research Center
Hampton, Virginia 23665-5225

Abstract

Calculated results for the flowfield structure and surface quantities
are presented for an axisymmetric representation of an aeroassist flight
experiment vehicle. The direct simulation Monte Carlo (DSMC) method is used
to perform t@e calculations, since the flow is highly nonequilibrium about
the vehicle during both the compression and expansion phases. The body
configuration is an elliptically blunt nose followed by a skirt with a
circular radius and an afterbody. Freestream conditions correspond to a
single point along the entry trajectory at an altitude of 90 km and a
velocity of 9.9 km/s. The calculations account for nonequilibrium in the
translational and internal modes, dissociation, ionization, and thermal
radiation. The degree of dissociation is large, but the maximum ionization
is only about 2 percent by mole fraction. The blunt forebody flow experi-
ences a high degree of thermal nonequilibrium in which the translational
temperature is generally greater than the internal temperature. However, as
the flow expands about the aerobrake skirt and afterbody, the internal
temperature is generally greater than the translational temperature.
Furthermore, the calculated results clearly show mass separation effects in
the wake with a preferential increase in the concentration of the light
(atomic) species relative to their values at the corner expansion on tbe

aerobrake skirt., Forebody heating is dominated by the convective



component, however, the stagnation point radiative heating under the
assumption of no absorption is about 12 percent of the convective value.

Afterbody heating is very small compared with forebody values.

Nomenclature

a major axls of ellipsoidal nose

b minor axis of ellipsoidal nose

P surface pressure

qc surface convective heat flux

qy surface radiative heat flux

Q radiative emission

R. corner (skirt) radius of curvature

Ry stagnation radius of curvature

s coordinate along body surface

U, freestream velocity

u velocity component tangent to body surface
\ velocity component normal to body surface
Xi mole fraction of species {1

X coordinate measured along body centerline
y coordinate measured normal to body centerline
n coordinate normal to body surface

A wavelength

P density

T shear stress

Subscripts

i ith species

w wall value

00 freestream value



Introduction

The potential economic benefit of a reusable aeroassisted orbital
transfer vehicle (AOTV) over its all-propulsive counterpart is such that
AOTV's are being actively studied1‘3\as a class of vehicles for providing
transporation between low-Earth orbit and various locations within the inner
solar system. Results of the studies show that the preferred vehicle concept
for these missions is one which has a low ballistic coefficient and features
a large, blunt lightweight aerobrake. On return from high-Earth orbit or the
Moon, the vehicles will enter the Earth's atmosphere with a velocity of
approximately 10 km/s, fly a roll-modulated trajectory with a perigee of 75
to 100 km, skip back out of the atmosphere, and rendezvous with a space
station after having achieved the velocity decrement required for capture
into low-Earth orbit.

Both the velocity and altitude for the atmospheric pass are sufficiently
high to produce a highly nonequilibrium flow environment where high-
temperature and low—-density gas effects will significantly impact the
aerodynamic and thermal loads. Since such an environment cannot be simulated
in ground~based test facilities, the ultimate design of the AOTV's will rely
heavily on numerical calculations.

In order to advance the technology for the AOTV vehicles, the National
Aeronautics and Space Administration has undertaken the Aeroassist Flight
Experiment3 (AFE). The AFE is a subscale vehicle [Fig. 1(a)] that will be
launched from the Space Shuttle, fly a representative aeroassist trajectory,
and be recovered by the Shuttle, Flight measurements will provide an oppor-
tunity for clarifying issues associated with a radiating nonequilibrium
flowfield where rarefaction effects will be present for a significant portion

of the atmospheric encounter.



Two numerical simulation approaches are being developed and applied to
the problem of calculating the flow about AFE and AOTV vehicles. One is the
continuum approach (Refs. 4-7 are representative of recent publications), and
the other is the particle approach as implemented through the direct
simulation Monte Carlo (DSMC) method (Refs. 8-13). 1In the present paper, the
DSMC method is applied to a single point along an AFE entry trajectory
corresponding to an altitude of 90 km and a velocity of 9.9 km/s. An
axisymmetric representation of the AFE vehicle is used to reduce the
computational effort. The upper rather than the lower portion of the AFE
vehicle is considered so that the most severe heating can hbe calculated for
the carrier panel (Fig. 1) which is shadowed by the aerobrake. The present
study is an extension of the work reported in Ref. 12, in that the AFE
vehicle afterbody is used rather than an arbitrary afterbody. Furthermore,
the cell grid and time steps used in the present study are much smaller than
those used in Ref. 12. Results for radiative and convective heating are
presented along both the bhlunt forebody and the afterbody carrier panel.
Also, details concerning the flowfield structure for an ll-species

dissociation and ionizing gas mixture are presented.

DSMC Method
The direct simulation Monte Carlo method involves the simultaneous
computation of the trajectories of some thousands of simulated molecules in
simulated physical space. The time parameter in the simulation may be
identified with real time, and the flow is always calculated as an unsteady
flow. The initial conditions do not depend on a prediction of the flowfield
but can be specified in terms of states, such as a uniform flow or a vacuum,

that permit exact specification. Any steady flow is the large time state of



the unsteady flow. There are no iterative procedures and no stability or
convergence problems. A computational grid is required only in physical
space, rather than phase space, and then only for the choice of collision
pairs and the sampling of flow properties. The boundary conditions are
specified in terms of the behavior of individual molecules, rather than the
molecular distribution function, and all procedures may be specified such
that the computation time is linearly dependent on the number of molecules.‘
Advantage may be taken of flow symmetries to reduce the number of dimensions
of the grid and the number of position coordinates that need to be stored for
each molecule, but the collisions are always calculated as three-dimensional
phenomena.
Gas Model

This section presents a brief summary of the models used to describe
molecular collisions, internal energy, chemical reaction, and thermal radia-
tion. The gas models for reacting alr included 1l chemical species, 41
chemical reactions, 35 electronic states or groups of states, and 26 bound-
bound radiative transitions for molecular band and atomic events. For a more
detailed description along with tabulated data, see Refs. 10 and 12.

The variable hard sphere (VHS) modell% was used for the
inter-molecular collisions. This is the simplest model that satisfies the
baslc requirement to model both the coefficient of viscosity and the
temperature dependence of this coefficient, The viscosity coefficient was
assumed to be proportional to the 0.7 power of temperature, and the molecular
diameters at a reference temperature of 288 K were 0.396, 0.407, 0.300,
0.300, and 0.400 om for 0, N3, O, N, and NO, respectively. Molecular
diameters for the ions were assumed to be the same as for the five

corresponding neutral species., For the electron, the effective elastic



diameter is generally assumed to be less than that of the atoms and
molecules. A reference diameter of 0.l nm was chosen for the present study.
For the rotational and vibrational energy modes, the
Borgnakke—Larsen15 model is used. The essential feature of this model is
that a fraction of the collisions are regarded as completely inelastic, and
for these, new values of the translational and internal energies are sampled
from the distributions of these quantities that are appropriate to an
equilibrium gas. The remainder of the molecular collisions are regarded as
elastic. The fraction of inelastic collisions can be chosen to match the
real gas relaxation rate. For this study, constant relaxation collision
numbers of 5 and 50 were used for the rotational and vibrational modes,
respectively. The effective number of degrees of freedom in the partially
excited vibrational states is calculated from the harmonic oscillator theory.
The procedures for the nonequilibrium chemical reactions are extensions
of the elementary collision theory of chemical physics. The binary reaction
rate is obtained as the product of the collision rate for collisions with
energy in excess of the activation energy and the probability of reaction or
steric factor. A form of the collision theory16 that is consistent with
the VHS model has been used to convert these temperature-dependent rate
coefficients of continuum theory into collisional-energy-dependent steric
factors. The reactive cross section is the product of the steric factor and
the elastic cross section. The chemical reactions considered in this study
consisted of 41 reactions for 11 species, and the data are listed in Ref. 10.
Accompanying the partial ionization of a gas are electronic excitation
and thermal radiation. Radiation from bound-bound transitions between elec-
tronic states can be significant in 10-km/s flows. The procedures used for

calculating the population of electronic states are analogous to the



Borgnakke-Larsen model that has proved successful for the rotational and
vibrational degrees of freedom. For a specified fraction of the collisions,
the electronic states are sampled from the equilibrium distribution appro-
priate to the effective temperature based on the sum of the relative
translational energy and the electronic energy of the molecules in the
collision. (Note that this temperature is defined on the basis of the
relative energy for the single collision pair.) The specified fraction is
related to the ratio of the cross section for electronic state excitation to
the elastic cross section. Separate fractions are specified for collisions
of each species with neutrals, ions, and electrons, (See Ref., 10 for a
tabulation of the fraction of collisions that lead to electronic excitation
and the rationale for the selection of the fractions.) Unlike the procedures
for the rotational and vibrational modes 1in which each molecule is assigned a
single energy or state, each molecule is assigned a distribution over all the
avalilable electronic states. This overcomes the computational problems
associated with radiation from sparsely populated states.

The molecular band system is the same as that employed by Park!’ and
involves the electronic states of molecular oxygen, neutral and ionized
nitrogen, and nitric oxide. Radiation from six molecular hand transitioans
is included in the simulation with a specified mean time t.» spontaneous
emission for each radiating state. The actual time to emission is
exponentially distributed about this mean time.

Because the number of electronic states and radiative transitions 1is
large for the atomic species, both the electronic states and radiative tran-
sitions are combined to form a manageable number of groups. Eight groups of
electronic states are used for both atomic oxygen and atomic nitrogen

(Ref. 10)., The radiative transitions are grouped into seven groups for



atomic oxygen and thirteen groups for atomic nitrogen. (Ref. 10 tabulates
specific data concerning the electronic state and radiative transitions.)

The radiation absorption model currently implemented in the DSMC
simulation is one in which the photon will be absorbed only hy atoms or
molecules in the end state of the transition that produced the photon. If
the number density of absorbing molecules in ng and the absorption cross
section is ug, the probability of absorption of a photon traversing a
length AL while moving through a cell is

AR ngog.

Each time a radiation even occurs, the orientation is chosen such that all
directions are equally possible, and the trajectory of the photon is followed
until it is absorbed in the flow, is absorbed at the surface, or exits from

the flow. In the present application, absorption is assumed to be zero.

Conditions for Calculations

The freestream conditions for an altitude of 90 km are listed in Table 1
along with selected freestream parameters. The freestream mole fractions
were 0.209, 0.787, and 0.003 for oxygen, nitrogen, and atomic oxygen, re-
spectively. The surface temperature is assumed constant at 1000 K on the
forebody of the aerobrake and constant at 300 X for all surfaces In the
shadow of the aerobrake. Also, the surface is assumed to be diffuse with
full thermal accommodation and to promote recombination of atoms, ions, and
electrons. Recombination probabilities appropriate for the Shuttle thermal
protection tiles were imposed for atom recombination, and the ions and
electrons are assumed to be fully recombined at the surface.

The AFE vehicle is composed of three basic components: the aerobrake,

the carrier vehicle, and the main propulsion unit [Fig. 1(a)}. The aerobrake



is a blunt elliptic cone raked off at the base and fitted with a skirt-type
afterbody. Therefore, the vehicle is a three-dimensional configuration and
has an effective diameter of about 4 m, The present calculations are for an
axisymmetric representation of the upper portion of the AFE to examine the
maximum heating to the carrier and to reduce the computational effort even
though general three-dimensional DSMC codesl3 are currently being applied

to the actual AFE configuration at higher altitude conditions. For the
axisymmetric calculations, the geometry shown in Fig, 1(b) was used.

The computational domain for the DSMC simulation is shown in Fig. 2
where the outermost boundary is sufficiently displaced from the vehicle so as
to capture the flowfield disturbance generated by the vehicle. The outflow
boundary downstream of the vehicle is treated as a vacuum boundary. The
computational domain in subdivided into 23 regions, and each region is
further subdivided into computational cells. (Cells are quadrilaterals.)

The computational time step and the physical scaling relation (relates the
number of simulated molecules to the actual number of physical molecules) are
prescribed independently for each region to achieve an adequate number of
modeled molecules per cell (order of 10) and to ensure that the computational
time step be less than the molecular mean transit time in each cell. The
scaling relation and the time. step were constrained to preserve flux
continuity at the region boundaries. In addition, the cell size was selected
such that the dimension normal to the body was less than the local mean free
path length (minimum cell dimensions ranged from 2.5 x 1072 to .20 m). A
total of 2561 czlls was used in the simulation, and the number of simulated

molecules was 63,000,



Results and Discussion

The flowfield structure and surface quantities resulting from a DSMC
simulation are highlighted to demonstrate the change in these quantities as
the flow expands from the stagnation region of the aerobrake to the skirt
section and finally to the carrier panel which is shadowed by the aerobrake.
The first section reviews existing calculations for the 90-km case con-
trasting the continuum and DSMC results. This is followed by a review of the
present calculation for the flowfield structure by indicating the extent of
thermal and chemical nonequilibrium and the region within the flowfield where
radiation emission dominates., Finally, the surface quantities in terms of
heating rate, pressure, and shear are presented.

Existing Results for 90-km Case

The AFE entry condition at 90 km has hbeen examined in several recent
studies.%»6,11,12 Results of Ref, 1l for a 5-species dissoclating air
model show that the local Knudsen number, where the characteristic length 1is
based on the density gradient normal to the body, is greater than 0.1 in the
region near the surface and throughout the shock wave region. Recall that
the Navier-Stokes equations are valid!l8 only as long as the Chapman-Enskog
theory for the transport properties is valid and that this condition 1s

satisfied if the local Knudsen number based on macroscropic gradients is

small compared with unity (about 7.1 or less). This condition suggests that
the modeling of the flow at 90 km, even along the stagnation streamline,
using the Navier-Stokes (NS) equations is deficient for this problem.
Evidence of this is suggested in Ref. 5 where stagnation profile quantities
obtained using viscous—shock-layer (VSL) and NS (shock capturing) calcu-
lations are compared with the DSMC results of Refs, 11 and 12. The

comparisons show major differences in density and composition profiles. For
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example, near the center of the shock wave, the density calculated with the
NS model [(Ref. 5, Fig. 10(a)] is about a factor of two greater than the DSMC
results, and these differences persist throughout most of the flow domain.
The fact that the NS value for the density is higher indicates that the ratio
of specific heats should be smaller. Yet the amount of dissociation is less
than the DSMC calculation. The problems with this NS calculation are its
inability to describe the shock wave structure under hypersonic conditions
(Ref. 19), and also the inconsistency in obtaining the thermodynamic
properties for the individual chemical species from curve fits based on the
assumption of local thermodynamic equilibrium. Since the population of
internal states (rotional, vibrational, and electronic) in a Mach 36 shock
wave is quite different from that based on the calculated temperatures of
Ref. 5, the ratio of specific heat would be too low and hence the density too
high. As for the surface heating, the NS value was 58 percent of the DSMC
value for the 90-km entry condition,

Another important comparsion for AFF conditions can be made by comparing
the VSL (Ref. 5) and DSMC (Ref. 12) stagnation-point convective heating rate
values., The stagnation streamline solutions reported in Ref. 12 were
mistakenly reported as being made for a finite catalytic surface. They were
actually made for a noncatalytic surface, and this error is carried over in
the comparisons of Ref. 5. Once the correction is made, we find that the
DSMC and VSL calculations agree the best at perigee conditions (VSL low by
about 8 percent) and experience increasing differences with increasing
altitude (VSL low by about 40 percent at 90 km). Qualitatively, this is the
type of behavior one would expect due to the low-density and high-temperature

effects giving rise to a highly nonequilibrium flow.
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Flowfield Structure

Figure 3 displays selected contours of the local density, expressed as a
ratio to the freestream value, for the forebody and near wsake region., The
density variation is In excess of three orders of magnitude. 1In the
stagnation region, the compression combined with a relatively cool wall
produces a maximum density that is 155 times the freestream value. Because
of the expansion about the elliptically blunt nose, the density adjacent to
the surface decreases to 112 times the freestream in the last cell on the
nose, and then with the vary rapid expansion on the skirt, to a value of 9.5
in the last cell on the skirt. Along the carrier panel, the density is only
a small fraction of the freestream value.

Variation of flow properities in the body normal () direction is
presented in Figs., 4 through 6 (density and velocity in Fig. 4, translational
and internal temperature in Fig. 5, and species mole fractions in Fig. 6)
where each figure presents data at three body stations: part (a) along the
stagnation streamline, part (b) along the last column of cells above the
skirt section, and part (c) above the carrier panel at an x location of
0.8 m.

Along the stagnation streamline, the various profiles show no evidence
of a distinct shock wave, only a gradual merging of the shock wave and shock
layer. The translational temperature [Fig. 5(a)] peaks at about 40,000 K
while the internal temperature (defined in terms of the rotational and
vibrational energies and the number of internal degrees of freedom) has a
peak value of about 17,000 K, Thermal nonequilibrium is evident throughout
the flowfield. As the flow expands about the skirt [Fig. 5(b)] and on to the
carrier panel [Fig. 5(c¢)], the translational temperature decreases by almost

a factor of four, whereas the peak internal temperature decreases to about 60
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percent of its peak stagnation value. Over both the skirt and carrier panel,
a substantial portion of the flowfield has a higher internal temperature than
the corresponding translational value. Even though the density and
temperature decrease substantially as the flow expands on to the skirt [Fig.
4(b) and 5(b)], the gas remains highly dissociated as is indicated in Fig. 6
where the mole fraction profiles for only the electron and neutral species
are shown. The electron concentration is 2 percent or less. For the region
immediately above the surface, the gas composition is primarily three
species: atomic and molecular nitrogen and atomic oxygen. The dominant
species is atomic nitrogen with a mole fraction value of approximately 0.6,
As the gas expands from the skirt corner [Fig 6(b)] over the carrier panel,
mass separation effects are evident where concentration of heavy species

(N7) decreases in relation to the light (atomic species).

Figures 7(a) through 7(c) show the radiative emission profiles along
body normals at the same three body locations. The peak value at each of the
three body stations occurs near the location where the internal temperature
is a maximum. In contrast to the results of Ref. 6, the maximum ftotal
radiation emission occurs along the stagnation streamline and then decreases
substantially downstream of the stagnation region. 1In fact, the variation fis
so large that a tangent slab approximation (an approximation often used in
calculating the surface radiative heating, but not used in the present
calculation) would probably introduce significant errors, particularly on the
skirt and carrier panel. Beyond the skirt corner expansion, the emission
decreases rapidly with increasing distance downstream of the corner. Also,
the emission is confined to a region that is radially above the corner.

Surface Distributions

Figures 8 and 9 present the calculated radiative and convective heating

distributions, respectively, along the aerobrake and carrier panel., In
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concert with the radiative emission, the surface radiative heating is a
maximum in the stagnation region and decreases along the aerobrake., The
radiative heat flux to the skirt §s only 10 percent of the stagnation value.
For the carrier panel, the radiative flux is about 1 percent of the stag-
nation value. For the aerobrake, Fig. 8 presents both the total radiative
flux distribution and that resulting from bound-bound transitions where the
wavelength is greater than 0.2 u. The present calculation with no absorption
shows that a significant fraction (62 percent in the stagnation region and 24
percent on the skirt) of the aerobrake heating originates at the shorter
wavelengths., If radiation absorption were included, then the contribution of
the shorter wavelength radiation would decrease, since the gas is almost
transparent to the longer wavelength radiation, but there is significant
absorption of the ultraviolet radiation. This effect has been previouslylO
demonstrated with the absorption model currently implemented in the DSMC
method.. |

The present calculation for radiative heating differs from the
preliminary axisymmetric results reported in Ref. 12 in several respects.
First, the magnitude of the stagnation radiative heating is about two times
that reported in Ref. 12. Also, the present calculation shows a significant
decrease in heating with increasing distance from the stagnation region,
whereas the previous values remained approximately constant. Three dif-
ferences between the previous ;nd current calculations exist. First, the
axisymmetric calculation reported in Ref. 12 used a constant absorption cross
section of 5.0 x 1027 m2Z, The present calculation used a value of
zero. Inclusion of absorption causes a larger reduction in the stagnation

region than on the skirt. The second and third differences were that the

current calculation used a much smaller cell size and time step. Of more
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importance for the radiation calculation is the time step, because the time
step was about two orders of magnitude smaller such that it was comparable to
the smallest mean radiation lifetime.

In the stagnation region, for example, most of the radiation to the
surface is due to atomic nitrogen (67 percent from atomic nitrogen, 26
percent from molecular bands, and 7 percent from atomic oxygen). 1In the
region where the radiation emission is a maximum, atomic nitrogen has a mole
fraction of about 0.,55.

Figure 9 presents the convective heating distribution on the aerobrake
and carrier panel. The calculation shows that the convective heating
decreases gradually from a maximum at the stagnation point on the elliptical
nose and then decreases significantly as the flow accelerates about the
circular skirt, This trend is consistent with previous DSMC
calculationsl!l but differs from those reported in Ref. 6, where the maximum
heating occurred on the elliptic nose, but downstream of the stagnation
point. The magnitude of the heating on the carrier panel is small,
increasing from about 1 percent of the stagnation-point value at the
carrier—aerobrake juncture to about 5 percent at the most downstream
location.

Figures 10 and 1! present the corresponding surface pressurc and skin
friction distributions, respectively, for the aerobrake. The pressure
distribution has the same qualitative behavior as the convective heating

distribution. The skin friction is a maximum on the circular skirt,

Concluding Remarks

Through the use of the NSMC method, flowfield structure and surface

quantities about an axisymmetric representation of the AFE vehicle have bheen
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calculated for entry conditions at 90 km. Results of the calculation which
include the effects of ionization and thermal radiation show the following:
(1) Convective heating is dominant, yet thermal radiation is
significant.
(2) For zero absorption, a significant portion of the surface radiative
flux is due to ultraviolet radiation.
(3) The carrier panel heating rates are small with values ranging from
1 to 5 percent of the corresponding stagnation-point value.
(4) The flow is highly nonequilibrium with mass separation effects

evident in the wake region.
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Table 1. Freestream Conditions and Parameters

Parameter

Value

Velocity, km/s « . &+ & « « & .

Temperature, K , .

Density, kg/m3 e o o o e e o

Molecular weight, kg/kg-mol .

Mean free path, m
Mach number . ., .
Speed ratio . . .
Reynolds numher .

Knudsen number . .

. e . . 9.89
. e« . . 188
3.418 x 10-6
.+ . 28,811
.« . . 0.016
e« . . 35.86
.« . . 30.01
.« . . 6390%
e o o » 0,007%

*Characteristic length = 2.3
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