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Explicit Thermochemical Nonequilibrium Algorithm
Applied to Compute Three-Dimensional Aeroassist
Flight Experiment Flowfields

Grant Palmer*
NASA Ames Research Center, Moffett Field, California 94035

This study presents a three-dimensional explicit, finite-difference, shock-capturing numerical algorithm ap-
plied to viscous hypersonic flows in thermochemical nonequilibrium. The algorithm employs a two-temperature
physical model. Equations governing the finite-rate chemical reactions are fully coupled to the gas dynamic
equations using a novel coupling technique. The new coupling method maintains stability in the explicit,
finite-rate formulation while allowing relatively large global time steps. The code uses flux-vector splitting to
difference the inviscid fluxes to second-order accuracy. Comparisons with experimental data and other numerical
computations verify the accuracy of the present method. The code is used to compute the three-dimensional
flowfield over the Aeroassist Flight Experiment vehicle at one of its trajectory points.

Nomenclature
Cs = mass fraction of species s
D, = binary diffusion coefficient
e = total energy per unit volume
e, = vibrational energy per unit volume
e, = vibrational energy per unit mass
F,G,H = inviscid flux vectors
80, 81 = degeneracy factors
h? = heat of formation of species s

hy = static enthalpy of species s

ks kp = forward and backward rate constants
K = equilibrium constant

M = molar mass

p = pressure

0o = vector of conservative variables

qy = vibrational heat conduction

R = universal gas constant

Re = Reynolds number, puCool/ o

Ky = viscous flux vector

T = translational temperature

T, = vibrational temperature

t = time

U,V,W = flow velocities in &,4,{ directions

Us, Vs, W, = diffusion velocities in £,1,{ directions
u,v,w = flow velocities in x,y,z directions
u,vs,wy = diffusion velocities in x,y,z directions
w = source term vector

w = chemical source term

X, = mole fraction

X,¥,2 = Cartesian coordinate directions

B = real-gas equation of state parameter
K = thermal conductivity

W = viscosity

Q = collision integral

P = density

g = collision diameter

01,0, = characteristic temperature of electronic excitation
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04 = characteristic temperature of dissociation
05 = characteristic temperature of vibration
£, = generalized coordinate directions

Introduction

HE Aeroassist Flight Experiment (AFE) vehicle, a major

element of NASA’s Civilian Space Technology Initiative,
is scheduled for launch in 1994, Released from the Space Shut-
tle, the AFE will pass through the Earth’s atmosphere and be
recovered by the Shuttle. The primary purposes of AFE are to
demonstrate the viability of aerobraking as a means of plan-
etary entry and to gather experimental data that will be used to
validate real-gas computational fluid dynamic (CFD) codes.

The AFE will travel in the Earth’s upper atmosphere at
velocities ranging from 7-10 km/s. At these conditions both
chemical and thermal nonequilibrium effects will be signifi-
cant. It is impossible to duplicate this flow regime in ground-
based test facilities. Design of the AFE will depend on numer-
ical techniques to approximate the aerodynamic and thermal
loads it will experience. Newly developed real-gas Navier
Stokes codes will be used along with older boundary-layer and
viscous shock-layer techniques to design the AFE heat shield as
well as the experiments that will be carried aboard the space-
craft.

This study outlines the development of a three-dimensional,
shock-capturing, fully coupled, finite-rate thermochemical
nonequilibrium algorithm. The code uses a two-temperature
physical model to compute the dissociation, ionization, and
the thermochemical nonequilibrium effects in the high temper-
ature region behind the bow shock. Numerical solutions gener-
ated with the code are compared against experimental and
computational data. A three-dimensional flowfield about the
AFE at one of its flight trajectory points is then calculated.

Governing Equations

The three-dimensional Navier-Stokes equations, including
species continuity equations, represent the conservation of
mass, momentum, and energy. The equations are usually
transformed into a generalized, body-oriented (£,7,{) coordi-
nate system. In the thin-layer simplification, only the {-deriva-
tive viscous terms are considered, where { is the direction
perpendicular to the body surface. Particularly for the three-
dimensional flow, the thin-layer assumption greatly simplifies
the formulation of the conservation equations in generalized
coordinates. The three-dimensional, thin-layer Navier-Stokes
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equations in generalized coordinates in vector form are
8t 8t  dy  dF Redr
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with
U=§u+Ev+Ew Us = &us + Evs + Ews

V = +n9,v + 1w Vi =l + 0yVs + 1 Ws

W=4Gu+§y+ 6w

K1=l/-(§}2:+§q;+§§)

W, = Gatg + §vs + $Ws
Ky = Vap(Sxue+ Gve+ W)
Ky=uu +vey + wew
The Jacobian is given by
J= [Xg(yﬁz(—y;zn) — %, (V2= eze) + Xl Ve 2y — yo20)| !

The equation set consists of s species mass equations, a total
mass equation, three momentum equations, a total energy
equation, and a vibrational energy equation. By definition, the
sum of the species densities is equal to the total density. Some
methods leave one species density out of the equation set and
solve for it by subtracting the remaining species densities from
the total density. This concentrates any numerical errors in the
species .that is omitted. In this study, all the species densities
are solved. The resulting mass fractions are scaled so as to
equal one insuring that the sum of the species densities equals
the total density. This process spreads any numerical error
among all the species.

A general gas in thermal nonequilibrium would be charac-
terized by a translational, rotational, and electron temperature
as well as a vibrational temperature for each diatomic and
polyatomic species present. To simplify this model, the trans-
lational and rotational temperatures are assumed to equili-
brate quickly. Further, one vibrational temperature character-
izes the vibrational state of all diatomic and polyatomic
species, and the electron temperature is equal to this vibra-
tional temperature. Therefore, this two-temperature model!
consists of one translational and one vibrational temperature.
Two energy equations, total and vibrational, must be solved.

An equation relating the total energy and translational tem-
perature is

e= l.SRTEﬁ +RTE]\L; +e + e
s s m s

+ Vap(u? + v+ w?) + Y osh) 2
N

The first two terms are the energy of translation and rotation.
The vibrational energy is related to the vibrational temperature
by the equation for a harmonic oscillator

osR 0,5
e 3
&=L, et @)

The summation I, in Eqgs. (2) and (3) signifies that only
molecules are considered in evaluating rotational and vibra-
tional energy. A Boltzmann distribution is assumed of elec-
tronic states characterized by the vibrational temperature 7.
Of the seven species considered, the energy of electronic excita-
tion is significant only for atomic nitrogen, atomic oxygen,
and diatomic oxygen. It is given by the expression

. E PSR 01g1e—91/Tv +02g29—92/Tv
! = e
e E M, g0+g1e—91/Tv +g2e—02/Tv

“

The pressure can be related to the other global conservation
quantities by the relation

p=B=1e~ V2o +v*+w?) ®)

The quantity 8 is used in the flux splitting. Its determination
will be discussed in a subsequent section.
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Energy Exchange Mechanism and Heat Conduction

The rate of energy exchange between the vibrational and
translational modes is taken from Park’
_ e\:‘;(T)_evs S5t

Tvs

Tshk - Tv
Tshk - Tvshk

6

Qr-v,

This is a modified form of the Landau-Teller formulation. The
quantity eX(T) is the vibrational energy evaluated using the
translational temperature. The postshock translational and
vibrational temperatures are Ty and T,g. The postshock
vibrational temperature is taken to be the freestream tempera-
ture.? The relaxation time 7,4 is the sum of the Landau-Teller
relaxation time and a collision limited relaxation time that
corrects for the fact that the Landau-Teller relaxation rate is
unrealistically high at high temperatures.! The quantity within
the brackets in Eq. (6) is an empirical bridging function that
accounts for the diffusive nature of the energy exchange that
occurs at high vibrational temperatures.
An expression for the vibrational heat conduction in the x
direction is
_ a2,
Qyx = — K I @)

with similar expressions for g,, and g,,. This is similar to the
expression of energy transport from Vincenti and Kruger.3

Transport Properties
Calculating multicomponent diffusion is a complicated and
computationally intensive process. As a simplification, the bi-
nary diffusion model was used in this study. The diffusion
mass flux of species s can be expressed by*

—p(1=c;) de,
E ﬁ ax

j#sDSj

®

psls =

with similar expressions for p;v, and psw,. The velocity in Eq.
(8) is in units of cm/s. The binary diffusion coefficient for
each species pair can be calculated from*

TS M+ M,

D;; = 0.0026280
i 2MM;

®

2 1,1)%
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A close approximation to the values obtained from Eq. (9)
can be obtained from a curve fit using the expression

ATE
Dsj =

(10)

where p in Eqs. (9) and (10) is the pressure in atmospheres. The
parameters A and B were chosen to match the diffusion coef-
ficient from Eq. (9) at temperatures of 200 and 10,000 K and
showed close agreement over the entire temperature range.
Values of A and B for the seven species are listed in Table 1.

Table 1 Diffusion coefficients

Species pair A B
N;—O; 1.338e-05 1.682
N—O 2.480e-05 1.682
N—NO 1.874€-05 1.684
N—N2 1.979¢-05 1.673
N—O; 1.914¢-05 1.682
0O—NO 1.655e-05 1.696
O0—Ny 1.866¢-05 1.678
0—-0» 1.705e-05 1.695
NO—NO+ 1.129¢-05 1.705

NO—N;
NO—O»

1.321e-05 1.684
1.176e-05 1.70
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A considerable simplification to Eq. (8) can be achieved if
the diffusion coefficient is assumed constant. This is accept-
able if the constituents of the gas are of similar molecular
weight and have similar values of ¢ and Q:)* Electrons have
a much lower molecular mass than any of the other con-
stituents, but the mole fractions of electrons are considered
low enough in the flows considered in this work to be ne-
glected. Equation (8) becomes®

—l—cs D_afﬁ

Uy = —
Pstls = =P 1 x. " ox

(11)

where D is some average value of the diffusion coefficients.
The viscosity of a gas mixture can be calculated using
Wilke’s mixing rule$

p=y ——H—— (12)

1
s _— X .
1+ X, Ej;és jd)Sj
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V| 1+=
M;
where p, is the viscosity of a pure gas. The mixture thermal
conductivity can be expressed in a similar fashion’

with

Psj = (13)

Ks
= 14
“= X 1065 (14)

§ ——— . .
1+ X, j#std’S/

Chemical Model
The chemical reactions considered in this study were

Ny=2N+ M
0, +M=20+M
NO+M=0+N+M
NO+O=N+ 0,
O+ N,=N+ NO
N+O=NO*t +e~ (15)

The impacting body M in the first three reactions can be any
one of the species. The chemical model therefore consists of
seven species and 24 reactions. For a sample reaction®

AB+M=A+B+M

the rate of change of the molar density of AB is

d[AB
S kB + b LalBIM) (16)

The forward and backward reaction rates are of the form

k(1)

kA(T)= C;Te /T ky(T) =
AT) rie o(T) Kol

an

The first three reactions in Eq. (15) are heavy-particle im-
pact dissociation reactions. The forward rate is dependent on
the vibrational excitation of the diatomic molecule and the
kinetic energy of the impacting particle. The temperature that
governs the forward reaction rate is taken to be the geometric
average of the translational and vibrational temperatures'
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VTT,. The reverse reaction is dependent on the relative veloc-
ities of the impacting particles and is governed only by the
translational temperature.

Reactions four and five are exchange reactions among neu-
tral species. The forward and backward rates are assumed to
be governed only by the relative velocities of the impacting
particles and hence only on the translational temperature. The
forward rate of reaction six will also only depend on the trans-
lational temperature, but the reverse rate will depend on the
vibrational temperature of NO™* and the translational temper-
ature of the electron both of which in the two-temperature
model are equal to the vibrational temperature 7, .

The equilibrium constants were found using the equation®

Keo(T) = exp(A + A2z + A3z + Auz3 + Asz?) (18)

where

z = 10,000/T

Spatial Differencing

The differencing used in the present algorithm is attributed
to Van Leer.® The technique splits and differences the inviscid
fluxes according to the direction of signal propagation. The
mass fluxes are continuously differentiable through a sonic
point. For supersonic regions, there is no splitting. The entire
flux is either forward or backward differenced according to the
flow direction. For subsonic flow, the fluxes are split into
forward and backward components. A generalized three-di-
mensional Van Leer split flux vector is given by

F+,G*,H* =Kef*

2c2+2(B—Dac —(B—Di*  u?+vi+w?

sound speed but yields consistent split flux vectors. Second-
order accurate spatial differencing is desirable for proper reso-
lution of the boundary layer. First-order differencing is neces-
sary in regions of strong gradients, such as a shock, to
eliminate oscillations that could cause the solution to go un-
stable. A transition operator that smoothly switches from sec-
ond- to first-order accuracy or vice versa was developed in a
previous study.!?

Initial and Boundary Conditions

The numerical solutions were all impulsively started, i.e.,
initially the flow was freestream everywhere. Freestream val-
ues were maintained along the supersonic inflow boundary.
The outflow boundary was also assumed to be supersonic, and
zeroth-order extrapolation from the interior was used. The
no-slip condition and zero normal pressure gradient were im-
posed on the wall. However, the solution progressed more
rapidly if a normal momentum wall boundary condition was
employed during the first several hundred steps. The wall was
assumed to be noncatalytic.

Along the singular line extending from the nose outward, a
simple extrapolation/averaging boundary condition was used.
This is not a numerically rigorous boundary condition and
caused some problems in the stagnation region of the three-
dimensional flowfield. This boundary condition worked best if
there was no cross flow through the singular line.

1

1’;—;(12c—a)+u

kL
KB(:I:ZC ) +v (19)

ks
—(x£2c—n)+
B(:n:c w+w

where
K=vkZ+ k2 + k2
for F=*:

L

ki=%¢,ka=§,ks=§; e = :I:4c

p(mxc)y a=U/K
for G=:
ki=noky=mny,ky=n. e = *4% (axcy* a=V/K
for H=:

ki=toh=tha=f e =+, (xc}  @=W/K

The density in the flux vectors is scaled by the Jacobian, and
¢ is defined by

c=~(Bp/p) (20
This form is similar to the ideal gas equation for sound

§Deed v_vith 8 replacing the ratio of specific heats y. The veloc-
1ty ¢ given in Eq. (20) is not in general the nonequilibrium

#-1 2

Chemistry Coupling

The algorithm described in this study is fully coupled, mean-
ing the species and global conservation equations are solved
simultaneously. The inclusion of species conservation equa-
tions with chemical source terms has two effects; it greatly
increases the size and complexity of the matrices to be filled
and inverted if an implicit method is used and it makes the
equation set “‘stiff”” if an explicit method is employed.

The order of the implicit matrices increases as the square of
the number of equations solved. For fully coupled, three-
dimensional, implicit algorithms, this can mean memory re-
quirements larger than possible for all but the largest super-
computers to provide. This has forced many using implicit
techniques>!12 to use Gauss-Seidel, point-implicit, or semi-
implicit techniques. Even with these methods, three-dimen-
sional, fully coupled, implicit codes tend to be large and com-
plex, and developing or modifying them can be an arduous
task.

Stiffness in explicit fully coupled codes arises from the fact
that the source terms in the species continuity equations can
sometimes be large relative to the other flux terms. Small time
steps are required to keep the solution stable and to prevent
nonphysical species densities from occurring. The advantage
of the explicit formulation lies in its simplicity. The code is
significantly easier to develop and modify. Explicit codes are
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ideally suited for patched grid systems over complex shapes
such as the AFE. Explicit codes also require substantially less
memory.

In a previous study,? a technique was developed that over-
came the stiffness problem with the explicit finite-rate formu-
lation. Relating change in mass fraction to change in species
density

8(ps) = 6(c;p) = ¢50p + P8¢ 1)
or

8ps — &
do, = Ls — GO0 pc 8¢ 2)

the procedure is as follows.

1) Obtain the changes in species density dp, by solving the
species conservation equations. The species mass fluxes are
split exactly as the global mass flux except p, is used instead
of p.

2) Calculate the changes in species mass fraction 8¢, using
Eq. (22). The changes in mass fraction are used instead of §p;
because by definition mass fraction is always between zero and
one. Note that for consistency in Eq. (22), the p in the denom-
inator is the updated value p”*!= p” + 6p obtained from solv-
ing the conservation of global density equation, and the ¢, in
the numerator is ¢ .

3) Find the maximum ¢, and if its magnitude is greater
than a prescribed tolerance, scale the changes in mass frac-
tions.

ocs

ocy =
s |6cmaxl

stol 23)

The value ro/ is the maximum amount any species mass frac-
tion is permitted to change per time step. A typical value of tol
is 0.01. This scaling also preserves the relative magnitudes of
the changes in mass fractions éc¢;.

4) Update the mass fractions.

Ml = ¢ + bcy 24
5) Update the species densities.
pn+1 _ n+1pn+l (25)
s 5

This under-relaxation process limits the rate at which the
gas can dissociate and ionize and prevents wild swings in mass
fractions and temperature. The gas gradually and stably re-
laxes to its steady-state composition and temperature. The
effect of the scaling can also be thought of as reducing the
chemistry time step while maintaining a high global time step.
The explicit code can be run at global time steps corresponding
to Courant numbers of 0.5 to 0.9, comparable to those possi-
ble with a perfect gas code.

The value of the under-relaxation parameter tol is somewhat
arbitrary, but there is an upper limit. If 7o/ is set too high in the
initial stages of a flow solution, the chemical state of the gas
oscillates, and the solution never converges. If to/ is set too
low, the dissociation of the gas is excessively restricted, and
more steps are required to reach steady state.

The updated species densities are used in an iterative process
to compute the translational and vibrational temperatures of
the gas. The vibrational temperature is obtained from Eq. (3)
using the vibrational energy obtained from solving the vibra-
tional energy conservation equation, and the translational
temperature is calculated using Eq. (2). Once the temperatures
are determined, pressure is calculated using the equation
p =pRT. Finally, the quantity 8 can be found by

p

=1+
g e — Vap(u?+v24+w?)

(26)
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Code Validation

A series of test cases were identified to compare results
generated by the present code against experimental and numer-
ical data. The experimental results include ballistic range and
flight data. In the first test case, the numerical comparisons are
made with results produced by Candler.2!* Candler used a
two-dimensional, fully coupled, implicit code with a more so-
phisticated multitemperature chemical model. It included the
seven species used in this study but considered a translational
and electron temperature and a separate vibrational tempera-
ture for each of the four diatomic species. Candler’s multitem-
perature code takes significantly more CPU time to produce a
solution than the explicit code presented in this work and has
not been extended to three dimensions but has compared well
against a variety of experimental data. Comparisons against
Candler’s results around axisymmetric bodies should provide
a good test of the accuracy of the present work.

Case A: RAMC 1I Flight Experiment

The first case duplicated the RAMC II flight experiment.
The RAMC II vehicle was a 15-cm, nose radius, 9 deg, half-
angle cone with an overall length of 130 cm. Peak electron
density along the body was inferred from measurements taken
at several altitudes along its trajectory.!* For both Candler’s
calculations and the present work, the wall temperature was
held fixed at 1500 K.

Figure 1 shows results for the RAMC 1II vehicle at 61 km
traveling at Mach 23.9. Figure la compares stagnation line
values of temperature computed by Candler and those by the
present work. The values of translational temperature and
shock standoff distance are very similar between the two meth-
ods. The four vibrational temperatures computed by Candler
were close to one another. The 7T, for molecular nitrogen is
shown in Fig. 1a. The vibrational temperature computed using
the two-temperature model lies between the vibrational and
electron temperatures computed by the multitemperature
model as would be expected. -

Figure 1b shows values of density normalized by the free-
stream density along the stagnation line. The densities pre-
dicted by the two codes are coincident. Figure 1¢ shows species
distributions along the stagnation line. Freestream mass frac-
tions for N, and O, used in the present work were 0.7656 and
0.2344, respectively, corresponding to freestream mole frac-
tions of 0.7885 and 0.2115. Candler used slightly different
freestream mass fractions.

The calculated species distributions are similar. There are
some differences at the wall, which may be attributed to differ-
ent grid spacing near the wall or to different levels of boundary
layer dissipation inherent in the two schemes. The amount of
dissociation of N, and O, is dictated by the geometric mean
temperature v T7,. A two-temperature model will in general
predict a lower vibrational temperature than the case where the
vibrational and electron temperatures are considered sepa-
rately. Because of this one would expect a greater amount of
nitrogen dissociation to be predicted by Candler. This effect is
seen in Fig. 1c.

The peak electron number density along the body is plotted
in Fig. 1d. There is enough uncertainty in the experimental
data to say that both codes do a reasonable job predicting the
peak electron density. One difference between the computed
and experimental results is that the noncatalytic boundary con-
dition causes the computed peak electron number density to
occur at the wall while the experimental profiles show the peak
near the shock. The computed electron number densities near
shock were 30 to 40% lower than the experimental values.
However, the fact that the two different computational meth-
ods can produce similar results over different grids is encour-
aging.

Case B: Shock Detachment on Spheres

The next case involved comparison against measured shock
detachment distances on spheres performed at the U.S. Naval
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Fig. 1 RAMC II vehicle at 61 km, stagnation line values: a) temperatures; b) normalized density; c) species mass fractions, N2 and Oz; and d)

peak electron number density.

Ordnance Laboratory.!’ The sphere diameter was 0.5 in., the
ambient air pressure was 10-mm Hg, and the freestream tem-
perature was 293 K. Computations were done at two velocities,
14,000 and 18,000 fps using the two-temperature code and a
one-temperature chemical nonequilibrium code presented pre-
viously.!¢ Figure 2 shows normalized density plots produced
by the two codes for the 18,000 fps case that indicate the
computed shock standoff. Included on the plot is the experi-
mentally determined standoff distance with the range of error
estimated by Lobb."” The numerical results indicate the one-
and two-temperature codes predicted very similar shock stand-
offs slightly higher than the experimental values. That the
codes predicted similar standoffs is reasonable because at these
flight conditions thermal nonequilibrium effects would be ex-
pected to be small.

A sensitivity study was undertaken to determine whether the
value of the parameter 7o/ influences the final solution or the
convergence rate. Flow was computed over the RAMC II vehi-
cle at Mach 23.9 and 61-km altitude. Three values of to/ were
used ranging from 0.01-0.0001. The same time step was used
for each calculation. Virtually no differences in the final solu-
tion were apparent when different values of ¢of are used indi-
cating that the value of the parameter o/ does not influence
the final solution.

There was a difference in the rate of convergence between
the f0/ =0.0001 case and the other two. A smaller value of ro/
means the species mass fractions can change less per time step,
and the gas dissociates more slowly. When the value of tol is
too small, the shock overexpands off the body and must con-

NORMALIZED DENSITY

0 .02 .04 .06 .08 .10 12 14 16

Fig. 2 Shock standoff distance comparison, Mach 15.96, v = 18,000
fps.

tract in before a steady state can be reached. In effect, the
chemistry lags the fluid dynamics at the beginning of a flow
solution. If ol is too small, more time steps are required to
complete a solution which is wasteful of CPU time. For the
RAMC II 61-km case with o/ =0.0001, the shock actually hit
the outer edge of the grid after 1600 steps and then later moved
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back in to its proper steady-state location. An additional 600
time steps were required before the solution coincided with the
other two cases. In general, it is recommended that fo/ be set
as high as possible. A suggested value is 0.01.

The residuals normally drop about three orders of magni-
tude and then approach an asymptotic limit. The chemistry
coupling appears to introduce a low-level oscillation in the

a)'
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flow solution, which prevents convergence to machine zero.
An examination of the solutions when this point is reached
reveals that the shock location is fixed, and thermodynamic
quantities examined at various grid points change by only
small amounts. The solutions are converged in the sense that

O EXPERIMENT, KRUSE

5.080 MACH
0.00 deg ALPHA
85x23x 85 GRID

b)

Fig. 3 Shock shape comparison, AFE model at Mach 5.08: a) ballistic range shadowgraph, Kruse and b) experimental and computed shock

shapes.
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AFE Vehicle at 77.8 Km
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Fig. 5 Translational temperature contours, AFE vehicle at 77.8 km.

they are no longer changing, and comparisons against experi-
mental and computational data indicate that the present
method accurately computes hypersonic flows.

Results for the AFE

Ballistic range experiments using a 1.775-in.-diam scale
model of the AFE were conducted by Bob Kruse at NASA
Ames. The maximum Mach number attained was 5.08. The
scale model had a hemisphere attached to its back representing
a rocket engine that will be jettisoned before the aerobrake
maneuver. Bow shock wave shapes were compared between
the experimental shadowgraph shown in Fig. 3a and a numer-
ical computation of the flowfield.

Figure 3b shows computed normalized density contours.
Superimposed on these are circles representing the location of
the bow shock from the shadowgraph. The experimental and
computational bow shock locations are nearly identical.

The three-dimensional explicit code was then applied to the
AFE vehicle at a trajectory point where the AFE is at an
altitude of 77.8 km traveling at 8914 m/s. A 85%23 x 85 grid
constructed in three patches was used for the computation.

A constant temperature of 1650 K was imposed on the AFE
forebody as a wall boundary condition. This temperature was
chosen to compare results against previous computations. The
temperature on the back of the AFE was held fixed at 750 K.
In the skirt region, the wall temperature was blended from 750
to 1650 K.

Figures 4a-4d show data near the forebody singular line.
Compared against the present results are those from Gnoffo et
al.!! using a point-implicit method and a direct-simulation
Monte Carlo (DSMC) solution from Moss et al.!” Neither
Gnoffo et al. or Moss et al. performed a three-dimensional
calculation but instead used an axisymmetric approximation to
the AFE. They also used eleven species, the seven species con-
sidered in the present work plus four additional positive ions.

The computed translational and vibrational temperatures
near the stagnation streamline are plotted in Fig. 4a. The three
methods predict similar shock standoffs. The magnitude of the
peak translational temperature is different, but the peak trans-
lational temperature is strongly influenced by the grid resolu-
tion in the peak region. A smaller grid spacing tends to give a
higher peak temperature. The peak vibrational temperature
predicted by the present explicit code occurs closer to the body
than either the point-implicit or DSMC calculations, but in
general the temperature distributions near the stagnation
streamline predicted by the three methods are quite similar.

The next two figures show species mole fraction distribu-
tions near the stagnation streamline for N and O. The general
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features of the curves are identical. There is a closer agreement
between the point-implicit and DSMC computations, but both
these calculations used the same chemical model. Taking into
account the differences in methodology, species considered,
and grids used, the agreement between the three calculations is
encouraging.

Translational temperature contours are displayed in Fig 5.
The highest temperatures exist in the bow shock near the fore-
body stagnation streamline. Temperature declines as the flow
expands around the body, and in and behind the skirt area the
temperature is quite low. In the subsonic base flow region
between the shear layers, the temperature increases with the
highest temperature in the area where the shear layers meet.
Separation vortices and a large region of reverse flow, pro-
nounced three-dimensional effects, are evident in the base re-
gion of the AFE. One of the effects of the reverse flow in the
base region is the appearance of higher temperatures in the
bottom half of the afterbody. The reverse current takes hot gas
from the interior of the base flow area and directs it to the back
of the AFE. This can be seen in the temperature contour plot.

As the flow expands around the lip of the AFE, the chemical
composition freezes. A large region of strong nonequilibrium
is evident in the expansion region behind the shoulder. The
temperature in this area is low, between 1000 and 2000 K, but
the amount of dissociation remains high. This indicates that
the gas does not recombine as would be expected at such a low
temperature and remains very much out of equilibrium. The
physics and fluid dynamics in the base region appear to be
quite complex. Accurately computing the base flow will prove
a formidable challenge.

The AFE flowfield solution using the vectorized version of
the code required about 15,000 iterations and consumed 45 h
of CPU time on a Cray-2 supercomputer. The code’s effi-
ciency was approximately 6.5 x 10~ s/point/iteration.

Concluding Remarks

The explicit code described in this study was simple to con-
struct and has proven its ability to accurately compute flows in
thermochemical nonequilibrium. The code was easily modified
to handle complex geometries. The benefits of the explicit
formulation are particularly evident when patched grid sys-
tems such as those used in the AFE calculations are employed.

The algorithm accurately computes hypersonic flow as dem-
onstrated by the comparisons against experimental and numer-
ical data. The value of the scaling quantity fo/ does not affect
the final solution and if the value is high enough, does not
affect the convergence rate of the solution. The solutions gen-
erated by the code exhibit very little grid sensitivity.

The code was successfully applied to the AFE vehicle at a
flight trajectory point. Results were in close agreement with
those calculated by others using two different methods. The
fact that three different calculations yielded similar results
generates confidence in the accuracy of the solution. An exam-
ination of the base flow region indicates areas of recirculation
and reverse flow that significantly affect the thermodynamic
state and chemical composition of the gas. The flowfield com-
putations described in this work will be used in the design of
the experiments to be carried aboard the AFE.
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