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Calculation of Real-Gas Effects
on Blunt-Body Trim Angles
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The effect of vibrational excitation and dissociation at high temperatures on the trim angle of attack
of a blunt lifting body is calculated for a nonequilibrium flow regime in air using a computational fluid
dynamics technique. Air is considered to consist of five neutral species, O, N, NO, O2, and N2, and both
one- and two-temperature thermochemical nonequilibrium models are used in determining the ther-
modynamic state. A computer code, named CENS2H (Compressible Euier-Navier-Stokes Two-dimen-
sional Hypersonic), is developed by incorporating this model into an existing perfect-gas code named
CENS2D, which uses a lower-upper factorization based on the symmetric Gauss-Seidel sweeping tech-
nique. The code is applied to compute the forebody flow of a two-dimensional blunt body of the shape
of the Apollo Command Module at a finite angle of attack. The results show that the trim angle of attack
is smaller for a reacting gas than for a perfect gas. The calculated shift in the trim angle due to the real-
gas effect is of the same order as that seen during the Apollo flights. The one-temperature nonequilibrium
model yields the same trim angles as the two-temperature model, but the constant-? (= CP/C,} solution
that reproduces the shock standoff distance fails to reproduce the trim angle.

Nomenclature
A = Jacobian of the x or f component of the inviscid flux
A = first parameter in the Millikan and White's formula,

Eq. (1)
ai - coefficients in equilibrium-constant expression, Eq.

(7)
a/a = angle of attack
B = Jacobian of the y or 17 component of the inviscid flux
B — second parameter in the Millikan and White's

formula, Eq. (1)
C = rate constant, m3 mole""1 s"1

CD = drag coefficient
CL = lift coefficient
Cm = pitching moment coefficient around the reference

point
Cp = pressure coefficient
D^ = difference operator along 77
D% = difference operator along f
d = body diameter, m
E - energy per unit volume, J/m3

Ee = electronic excitation energy per unit volume, J/m3

Ev = vibrational energy per unit volume, J/m3

e = vertical e.g. offset, m
F = x or £ component of the inviscid flux
Fv = x or f component of the viscous flux
G = y or if] component of the inviscid flux
Gv = y or 77 component of the viscous flux
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H = Jacobian of the thermochemical source S
I = unit matrix
Ke = equilibrium constant
kf = forward (endothermic) reaction rate coefficient
kr = reverse (exothermic) reaction rate coefficient
n = pre-exponential power on temperature in rate

coefficient, Eq. (6)
HI = number density of species i, mole/m3

p — pressure, Pa or atm
Q = conserved variable
R = right-hand-side residual
S = thermochemical source term
s = exponent used in bridging between Landau-Teller

and diffusion formulas, Eq. (3)
T. = translational-rotational temperature, K
Ta = average temperature
Td = characteristic temperature of reaction, K, Eq. (6)
TV — vibrational-electronic temperature, K
t = time
u = x or f component of velocity
v = y or 77 component of velocity
We = strength of the chemical source for electronic energy,

J/(m3s)
W{ — strength of chemical source of species /, kg/(m3 s)
Wv = strength of chemical source for vibrational energy,

J/(m3s)
Wjj = rate of change of vibration energy of species / by the

collisions of species, 7, J/(mole-s)
x = horizontal coordinate, m
x = x coordinate of center of gravity, m
xmc = distance from stagnation point to the metacenter, m
y = vertical coordinate, m
a = angle of attack, deg
a, = trim angle of attack, deg
y = specific heat ratio in perfect gas
eei = electronic excitation energy of species i, J/mole
77 = curvilinear coordinate normal to body surface
£ = curvilinear coordinate along body surface
p = density, kg/m3

Pi = density of species /, kg/m3
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TC = elastic collision time
TL = vibrational relaxation time in Landau-Teller

expression given by Eq. (1)

Subscripts
c - elastic collisions
L = Landau-Teller model
r = thermochemical processes
s = shock wave

Introduction

SPURRED by the advances made in the space transportation
technology, efforts have begun in recent years to compute

the hypersonic flowfields around re-entry vehicles including
the thermochemical real-gas effects at the high temperatures
occurring within the shock layer (see, e.g., Ref. 1). The ef-
forts have been made to determine the effects of atomic ox-
ygen on the convective heat transfer rates on the catalytic and
noncatalytic walls, to determine the electron densities in the
shock layer,2 and to calculate the radiative heat transfer rates.3

There remains one aspect of the high-temperature real-gas
effects that has not yet been addressed, namely, the problem
of its effects on the aerodynamic characteristics of the hyper-
sonic vehicles. The rise in density due to the real-gas effects
causes the shock layers around a hypersonic vehicle to be thin-
ner than in a perfect gas. A thinner shock layer causes the
shock angle to be smaller than in the perfect-gas case. This
leads to a change in pressure distribution over the airframe,1

resulting in changes in lift, drag, and pitching moment. The
change in the pitching moment causes the trim angle of attack
to change. As the trim angle changes, the lift and drag at the
trim point also change, causing the flight path of the vehicle
to change.

During the entry flights of both Apollo4'5 and Space Shuttle6

vehicles, the trim angle of attack changed appreciably in the
high Mach number (above 10) regime: a positive (nose-up)
pitching moment has developed. In Figs, la and Ib, the ge-
ometry of the Apollo Command Module5 is shown. As Fig.
la shows, the center of gravity, e.g., of the Apollo vehicle
was offset slightly from the centerline axis. Because of this
e.g. offset, the vehicle trimmed at a finite angle of attack. The
angle of attack was defined for the Apollo vehicle from the
apex of the body, as shown in Fig. la. Through the tests in
wind tunnels, which produced perfect-gas flows, the trim an-
gle of attack was determined as a function of the e.g. location.
According to the prediction, the vehicle should have trimmed
at an angle of attack a, between 151 and 159 deg, the exact
angle being different for each flight because the e.g. location
was different for each flight. The trim angles for the first three
of the Apollo flights (flights AS-202, Apollo 4, and Apollo 6)
are given in Refs. 4 and 5. The flight data showed that at was
generally larger than predicted; that is, the vehicles flew at
more nose-up attitudes, producing less lift. Figure 2 shows the
difference between the measured trim angles of attack and those
predicted from the wind-tunnel tests, Aar. As seen in the fig-
ure, Aa, was about 2 deg on the average in the hypersonic
flight range, reaching as much as 4 deg at a Mach number
of 30.

A nose-up pitching moment was produced also during the
entry flights of the Space Shuttle Orbiter; that is, the center of
pressure moved forward. The forward shift in the center of
pressure was consistent and reproducible and was larger at larger
Mach numbers.6

Several investigators considered the shift in the trim angle
to be caused by the high-temperature real-gas effects that would
be present in flight but not in the cold wind-tunnel flow.4'8
Others considered it to be caused by the low-density viscous
effects9 or by ablation.10

The trim angle of attack is an important aerodynamic pa-
rameter not only for the Apollo and Space Shuttle vehicles,
but also for all future hypersonic vehicles. For this reason, it

Flow
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Fig. 1 Geometry of the Apollo vehicle AS-202: a) center of grav-
ity; b) dimensions.

16 20 24
MACH NUMBER,

Fig. 2 Difference between the trim angles of attack during the
flights of AS-202, Apollo 4, and Apollo 6 and those predicted from
the wind-tunnel tests.

is highly desirable to be able to determine it computationally.
It is the purpose of the present work to explore whether such
a computation is feasible. In order to start with a relatively
simple problem, we limit our considerations to the suborbital
flight speeds, that is, speeds below about 8 km/s.

For this purpose, we have developed a new computer code
by combining an existing nonequilibrium thermochemical (two-
temperature) model with an existing perfect-gas computer code
named CENS2D (Compressible Euler-Navier-Stokes Two-Di-
mensional).11J2 The basic method of coupling thermochem-
istry with the fluid motion is the same as in the work of Shuen
and Yoon.13 The resulting code, named tentatively CENS2H
where H signifies Hypersonic, is applied to a flow around a
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two-dimensional body with the same profile as that of the Apollo
Command Module. The solutions are obtained for the fore-
body shock layer of this body. The lift, drag, and pitching
moment, and trim angle of attack are calculated from the pres-
sure distribution obtained from the computation. The results
show that the trim angle of attack changes due to the high-
temperature real-gas effects. The magnitude of the shift in the
trim angle is of the same order as that observed during the
flights of the Apollo vehicles. Trim angles are calculated also
with the conventional thermal-equilibrium, chemical-nonequi-
librium (one-temperature) model and the perfect-gas model,
and the results are compared with the thermochemical non-
equilibrium calculations.

Method of Calculation
Thermochemical Model
General Remarks

The high-temperature real-gas effects are calculated in the
present work using the two-temperature model developed in
Refs. 3, 14, and 15. According to the model, we assume that
the rotational mode is in equilibrium with the translational mode
and that the two modes are characterized by the translational-
rotational temperature T. We assume also that the electronic
excitation mode is in equilibrium with the vibrational mode
and that the two modes are characterized by the vibrational-
electronic temperature Tv. All three molecules, O2, N2, and
NO, are assumed to be at the same vibrational temperature.
The justification for the last assumption is given later.

In the suborbital flight-speed range, the only significant ion-
ization process is the associative ionization

The process transfers heavy particle translational energy into
the latent chemical energy of NO+. In the suborbital flight
range, the maximum molar concentration of NO+ so produced
is below 0.1%. Because of the relatively low energy involved
(2.8 eV), the magnitude of the energy so transferred is cor-
respondingly small compared with the total energy of the flow.
The slight decrease in the translational temperature due to the
NO+ formation has a relatively small effect on the chemical
reaction rates in the two-temperature model used because the
translational temperature appears in the rate coefficient expres-
sions under a square root in the model.3'14'15 The electrons in
such a small concentration do not affect the chemical reactions
producing N, O, or NO. (The effect of electronic excitation
usually associated with free electrons is accounted for in the
two-temperature model by assuming that the electronic exci-
tation is in equilibrium with the vibrational temperature.)
Therefore, we simplify the two-temperature model by ignoring
ionization processes altogether and assuming that air consists
of five neutral species, O, N, NO, O2, and N2.

Global conservation of mass dictates that the sum of the den-
sities of the five species equals the global density p. In addi-
tion, we assume that the elemental ratio between oxygen and
nitrogen is conserved. This assumption would be rigorously
true if the flow were inviscid. Even in a viscous flow, it would
be true if the diffusion coefficients of the five species are such
that the net rates of elemental diffusion of the nitrogen and
oxygen are the same. The diffusion coefficients are known to
be approximately the same between the two atomic species and
among the three molecular species,16 and, therefore, the as-
sumption of elemental conservation is believed to be appro-
priate. Using these two relations, the density and number den-
sity of the five species are determined from the global density
p and the densities of O, N, and NO.

An atom contains energy in the form of translational motion
and electronic excitation. In a molecule, energy is contained
also in the form of rotational and vibrational excitation. In gen-
eral, it is not possible to assign any fixed amount of energy
into any single mode independent of the amounts of energy

contained in other modes because there can be coupling of
modes.17 For instance, the energy content in the rotational mode
changes as the vibrational mode becomes excited and vice versa.
Computing the flow accounting for this phenomenon is as yet
not possible. For this reason, the conventional mode-separable
energy assumption is used. According to this assumption, en-
ergy contained in one mode is unaffected by those contained
in the other modes. This assumption is believed to be valid
approximately at temperatures up to about 10,000 K.

Vibrational Model
At translational temperatures below about 5000 K, the vi-

brational relaxation times have been measured in the past for
the following six collision pairs: 1) N2-N2,18 2) O2-O2,18 3)
NO-NO,19 4) 02-0,20 5) N2-0,21 and 6) N2-NO.22 Millikan and
White18 show that, for most of these collision pairs, the vi-
brational relaxation time can be expressed by

vibrational relaxation time = exp(A!T~1/3 - B)/pc = TL. s (1)

where pc is the partial pressure of the colliding particles in
atmospheres. The values of A and B used in the present work
are listed in Table 1.

The average vibrational energy of a molecule /, e/, where i
= 1,2, and 3, designated by NO, O2, and N2, respectively,
is expressed by the harmonic oscillator model. At temperatures
above about 5000 K, the rate of vibrational relaxation w^ is
reduced by two phenomena: the collision limiting of the vi-
brational relaxation times, and diffusive nature of the vibra-
tional relaxation phenomenon. The collision-limiting phenom-
enon results from the fact that the vibrational relaxation time
cannot be shorter than the average time of collisions among
particles and is accounted for by replacing the Landau-Teller
vibrational relaxation time TL with the effective relaxation time
r given by3'14'15

r = TL + rc (2)

where rc is the average collision time. The expression for TC
is taken from Ref. 3. The diffusive nature of the vibrational
relaxation is accounted for by writing the vibrational relaxation
rate in the form3'14'15:

Ts - Tv

Ts - Tv:
(3)

Here, Ts and Tvs are the translational-rotational and vibrational-
electronic temperatures immediately behind the shock wave,
respectively. The quantity s is given by14'15

s = 3.5exp(-rs/5000)

The quantities Ts and s are assumed to be constant for a con-
stant j (the spatial index normal to the body).

Table 1 Vibrational relaxation time parameters A and B

Excited colliding
Molecule
NO
NO
NO
NO
NO
0,
02
02
O,
0,
N2
N2
N,
N2
N,

Species
0
N
NO
02
N2
O
N
NO
O,
N,
0
N
NO
O2
N2

A
40
120
40
120
120
40
60
120
120
160
60
160
160
160
220

B
21.0
21.5
20.0
21.5
21.5
21.0
19.0
21.5
21.5
23.0
19.0
23.0
23.0
23.0
25.0
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The rate of increase of vibrational energy per unit volume
of molecule / by collisions of all three species, Wh is the sum
of HjWjj over j, where nf is the number density of molecule z,
minus the rate of removal of vibrational energy by
dissociation3'14'15

where e/ is the average vibrational energy removed in the dis-
sociation of molecule i, and (dfl//dr)r signifies the net produc-
tion (production minus removal) rate of species nt by the ther-
mochemical processes. Following Refs. 3, 14, and 15, e, is
taken to be 80% of the dissociation energy of molecule /.

As can be deduced from the A and B values given in Table
1, the vibrational relaxation times differ greatly among various
collision pairs at temperatures below about 5000 K. At higher
temperatures, the relaxation times are determined mostly by
the elastic collision time rc, which is common to all collision
pairs. Therefore, in the region immediately behind the shock
wave where temperature is very high, vibrational excitation of
N2 and O2 tends to occur at nearly the same rate. In the region
away from the shock wave where the temperature is relatively
low but NO exists in a substantial concentration, the vibration-
to-vibration energy transfers between N2 and NO and between
O2 and NO tend to bring the vibrational temperatures of the
three molecules together. This gives the justification for the
two-temperature model used.

Electronic Excitation Model
In a flow where the vibrational-electronic temperature is of

the order of 10,000 K or less, only those electronic states that
are within about 2 eV above the ground state become signif-
icantly excited. Out of the five species under consideration,
only three species, O, N, and O2, contain electronic states within
this energy range. Only these states are included in the cal-
culation of the electronic excitation energy. We express the
average electronic excitation energy per particle for species by
eei (see, e.g., Ref. 23, for the expression for eei). The rate of
change of electronic excitation energy of species / is given by

(4)

where (drii/di), signifies the rate of change of the number den-
sity of the species n{ by the thermochemical phenomena.

Chemical Reaction Model
The rates of reactions in un-ionized air have been measured

by many investigators in the past at temperatures below about
5000 K (see, e.g., Refs. 24-26). At the two-temperature en-
vironment where Tv is significantly different from T, the chem-
ical reaction rates are affected by Tv as well as T.21 Following
Refs. 3, 14, and 15, the rate coefficients are assumed to be a
function of an average temperature Ta, which is a geometrical
average between T and Tv

(5)

It is customary to express a rate coefficient of an endothermic
reaction, referred to commonly as a forward rate &/, in terms
of the rate constant C and the pre-exponential power n in the
form

kf=CT"exp(-Td/T)

where Td is the characteristic temperature of reaction (reaction
energy divided by the Boltzmann constant). According to the
two-temperature model, T must be replaced by Ta:

The rate parameters C and n used in the present work are sum-
marized in Table 2.

The reverse (exothermic) rates are calculated from the for-
ward rates using the assumption that the two rates are related
by the equilibrium constant evaluated at Ta, that is,

kr = kf/Ke(Ta)

The equilibrium constant Ke is calculated through the detailed
calculation using the atomic and molecular constants and is
expressed in the form14

Ke = exp[<z,z ajz + a4/z2] (7)

where z = TV 10, 000. The numerical values of af are given in
Table 3.

For the purpose of comparison, calculations have been made
also with these reaction rate parameters altered. The constant
C in Eq. (6) and the vibrational relaxation rates I/TL and I/
TC are multiplied by 10~3, 10~2, 0.03, 0.1, 0.3, 3, 10, 30, and
100 for all reactions in Table 2 for this purpose. By multiply-
ing C and the two 1/r by 100, we are forcing the flow to be
nearly in thermal and chemical equilibrium. This case will be
referred to hereafter as the equilibrium case. In addition, we
calculated the cases where the C values are varied while keep-
ing the 1/r values at 100 times those in Table 1. In these
cases, the vibrational-electronic temperature Tv becomes nearly
equal to the translational-rotational temperature T, and the gas
properties will resemble those of the thermal-equilibrium (i.e.,
one-temperature) flow. These cases will be called the one-tem-
perature nonequilibrium cases. The cases where the rate pa-
rameters are multiplied by 10~3 will be called the frozen-flow
cases.

In addition, calculations have been made for the perfect gas
with a y value varying between 1.15 and 1 .4 using the perfect-
gas code CENS2D mentioned earlier. All of these calculated
cases are summarized in Table 4.

Method of Computation
Computational Fluid Dynamics Equations

The computational fluid dynamics (CFD) equations for the
finite rate chemically reacting flows are well known. In a two-
dimensional flow, they can be written in the Cartesian coor-
dinates (;c,j) in the form

dQ
—
dt

d
—
dx

d
—
dy

The Q vector in the present work is

p
pu
pv
E

Ev + Ee

Pi
P2

(8)

\ #>

Here, E is the internal energy, and p,, p2, and p3 are the den-
sities of the species O, N, and NO, respectively. The corre-
sponding fluxes F, G, Fv, and Gv are well known and, there-
fore, are not written here (see Ref. 28). In evaluating the viscous
fluxes Fv and Gt,, the viscous tensors are evaluated in both x
and y directions; that is, a full Navier-Stokes evaluation is made.
The source production term is given by
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Table 2

No. Reaction
1
2
3
4
5
6
7
8
9

10
11
12

O2 + O2 -» O + O
O2 + O — » O + O +
O2 + N2 -* O + O
O2 + N — > O ' + O 4
O2 + NO -» O + O
N2 + O -» NO + N
NO + O -» O2 + N
N2 + O — » N + N +
N2 + N-*N + N +
N2 + NO -» N + N
N2 + O2 -* N + N -
N2 + N2 -» N + N -

Reaction rate parameters in Eq.

C, m2/mole • s
<- o2

f N2
• N
+ NO

O
• N
+ NO

1- 02
1-N2

2.0
1
2.
1
2,
1
2.
3
3,
7,
7,
7,

.0

.0

.0

.0

.8

.2

.0

.0

.0

.0

.0

x
x
X
X
x
x
X
x
X
x
x
X

Table 3 Coefficients af in Eq. (7)

No.
1-5
6
7
8-12

0.55388 16.27551
0.97646 0.89043
0.004815 -1.7443
1.53510 15.4216

<2

1.77630 -6.5720
0.74572 -3.9642

-1.2227 -0.95824
1.2993 -11.4940

fl5

0.031445
0.007123

-0.045545
-0.006980

1015

1016

1015

1016

1015

108

103

1016

1016

1015

1015

1015

n
-1.5
-1.5
-1.5
-1.5
-1.5

0.0
1.0

-1.6
-1.6
-1.6
-1.6
-1.6

of accuracy or
curate

(6)
Tdt K
59,500
59,500
59,500
59,500
59,500
76,000
19,000

113,200
113,200
113,200
113,200
113,200

stability

Reference
24
24
24
Est
Est
25
26
Est
24
Est
Est
24

chosen. The first-order (in time) ac-
lower-upper symmetric Gauss-Seidel

plicit factorization scheme1 ! 'IZ can be written

where

LD~ 1U8Q = -Ar x R

(LU-SGS) im-
as

(10)

Table 4 Calculated cases and results

Designation
Std-1
Std-2
Std-3
Std-4
Froz-1
Froz-2
Froz-3
Froz-4
Equil
1-Ta
1-Tb
Slow-1
Slow-2
Slow-3
Slow-4
Fast-1
Fast-2
Fast-3
Perfect- 1
Perfect-2
Perfect-3
Perfect-4

Rate
parameters

xl
xl
xl
xl
xlO"3

xlO"3

xlO"3

xlO"3

xlOO
xl
xO.l
xO.Ol
X0.03
xO.l
xO.3
x3
xlO
X30

y = 1.15
y = 1.20
y = 1.30
y = 1.40

a / a,
deg

0
10
20
30
0

10
20
30
20
20
20
20
20
20
20
20
20
20
20
20
20
20

CL

0
-0.206
-0.384
-0.505

0
-0.207
-0.394
-0.534
-0.383
-0.387
-0.385
-0.391
-0.387
-0.385
-0.383
-0.384
-0.384
-0.383
-0.398
-0.401
-0.400
-0.497

CD

.570

.532

.415

.228

.521

.486

.392

.236

.440

.433

.392

.394

.389

.392

.400

.428

.433

.438

.466

.451

.421

.398

cm
0

-0.04016
-0.07679
-0.10690

0
-0.03365
-0.06575
-0.09390
-0.08272
-0.07864
-0.07150
-0.06808
-0.06915
-0.07158
-0.07407
-0.07941
-0.08084
-0.08224
-0.07748
-0.07278
-0.06680
-0.06425

x m
n/a

1.328
1.318
1.298
n/a

1.318
1.313
1.297
1.318
1.315
1.317
1.314
1.316
1.317
1.317
1.316
1.317
1.317
1.302
1.303
1.303
1.304

\

' 0
0
0
0

wv + we

W2

W3

(9)

This system of equations is then converted into a curvilinear
coordinate system in f and 17. Let A and B be the Jacobian
matrices of the inviscid flux vectors in the £-17 coordinates, D%
and D^ the difference operators that approximate d/d£ and d/
drj, and 8Q the correction. Then, the unfactored linearized im-
plicit scheme can be written as

D^B - H)]8Q

- Fv) + D,(G - Gv) + S]

where H = dS/dQ, and j8 is 1 or l/2 depending on the order

L =

D =1

D~B+ - A~ - B~ - H)

+ B+ - A~ - B~)

+ D+B- + A+ + B+)

and R is the right-hand-side (RHS) residual:

R = - Fv) -GV) (11)

Here, DJ and D~ are the backward difference operators and
D| and D* are the forward difference operators. We use the
central difference operators to the unsplit inviscid fluxes on
the RHS and the approximate Jacobian matrices on the left-
hand side (LHS) to obtain a hybrid LU-SGS scheme. By set-
ting Af to infinity, we obtain a Newton iteration form. The
Jacobian matrices are approximately constructed to obtain di-
agonal dominance. Designating the matrices with non-negative
and nonpositive eigenvalues with the superscripts " + " and " - ",
respectively, the resulting matrices have a form

where

= l/2[A ± p(A)7]

p(A) = K max[|A(A)|] (12)

Here, A(A) represents the eigenvalues of the Jacobian matrix
A, and K is an arbitrary constant that is >1.

To suppress the tendency for odd and even point decou-
pling, and to prevent unphysical oscillations near discontinu-
ities, a flux-limited dissipation model is incorporated in the
present calculation.11 The details are given in Ref. 28.

The flow is assumed to be laminar throughout. The viscosity
is assumed to be proportional to the 0.72 power of T. The
thermal conductivity is calculated from the viscosity value as-
suming that the frozen Prandtl number is 0.72. The species-
averaged diffusion coefficient13 is used instead of the rigorous
multicomponent diffusion coefficient. The species-averaged
diffusion coefficient is deduced from the viscosity assuming
the frozen Schmidt number to be 0.72. The conductivity of the
vibrational-electronic energy is calculated from the diffusion
coefficients of the molecular species.

Flowfield
The computing technique developed in the present work is

applied to solve the two-dimensional flowfield over a blunt
body whose profile is the same as that of the forebody portion
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of the Apollo Command Module. The computing grid is gen-
erated algebraically. In the r/ direction, the spacing at the wall
is 10% of that of the average value. The body profile is sym-
metric with respect to the horizontal axis, y - 0, and has an
overall radius of 1.955 m. The stagnation region of the body
is a circle of 4.694-m radius. The rest of the forebody is formed
by an ellipse whose major and minor axes are 1.627 and 0.564
m, respectively. The afterbody is taken for this calculation to
be a straight line starting at x = 0.6930 m. The forebody is
defined as the region x < 0.6930 m. The number of the com-
puting nodes are taken to be 69 in the streamwise (£) and 79
in the crosswise (17) directions, to a total of 5451 computing
points. Lift, drag, and pitching moment are calculated from
the pressure distribution over the forebody region, neglecting
viscous wall shear. Viscous shear is neglected because it con-
tributes negligibly to the overall forces and moments in the
environment of concern. The contribution of the base region
is neglected for the same reason. Moreover, there is a serious
doubt as to whether this code, or any other code for that mat-
ter, can calculate the base flow accurately. The pitching mo-
ment is calculated around the reference point x = 0.6930, y
= 0 m. The body diameter d is taken to be the reference length
in the calculation of these coefficients. The wall is assumed
to be noncatalytic to all chemical reactions. The surface of the
Apollo vehicle was ablating and was neither a catalytic nor a
noncatalytic wall. The assumption of the noncatalytic wall was
used here merely for simplificaton. Since the wall catalyticity
has virtually no connection to the pressure distribution, the
assumption is inconsequential. Both the translational-rota-
tional temperature T and the vibrational-electronic temperature
TV are assumed to be 1500 K at the wall.

A uniform supersonic flow at an angle of attack a in the
range from 0 to 30 deg is assumed to flow over this body. The
calculation is initiated with the uniform flow as the starting
solution. The density, velocity, and temperature of the free-
stream flow are taken to be 2.164 x 10~5 kg/m3, 6958 m/s,
and 300 K, respectively. The density is that at an altitude of
78 km. The Mach number of this flow is 20. The Reynolds
number is 1 x 104/m in the freestream (based on the viscosity
of the freestream flow). The angle of attack is defined in the
computation by the conventional method; that is, it is the angle
between the direction of the wind vector (oncoming flow) and
the horizontal axis. The generated lift is negative, that is, it is
pointed downward. The angle of attack defined in computation
is related to that in the Apollo convention (Fig. la) by

computational a/a = 180 deg — Apollo a/a (13)

•"»" 1-T Noneq
——- Equilibrium

1000. 2000. 3000. 4000. 5000.
Iteration Number

Fig. 3 Convergence history showing the root-mean-square re-
sidual against the iteration number for the one- and two-temper-
ature nonequilibrium flows, frozen flow, and equilibrium flow.
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Fig. 4 Convergence history of the pitching moment coefficient
Cm shown against the iteration number for the one- and two-tem-
perature nonequilibrium flows, frozen flow, and equilibrium flow.

Results
General Features of the Solutions

The computation was made in a CRAY Y-MP computer.
Each iteration required 0.273 s with the CENS2H code. The
per-point computing speed is 5.0 x 10~5 s/iteration step/node
point. With the perfect-gas code, CENS2D, each iteration step
required 0.111 s, or 41% of the reacting case.

In Fig. 3, the convergence histories for the standard two-
temperature case (designated Std-3 in Table 4), the one-tem-
perature case (designated 1-Ta), and the equilibrium case are
compared with that of the frozen-flow case. In the figure, the
abscissa are the iteration numbers and the ordinates are the
root-mean-square of the residual R given by Eq. (11). The fig-
ure shows that the residue decreases by nearly three orders of
magnitude within 5000 iterations.

In Fig. 4, the convergence history of the calculated values
of the pitching moment coefficient Cm around the reference
point is compared among the same four cases. As seen here,
pitching moment reaches an asymptotic limiting value at the
point where the residual has fallen by three orders of magnitude.

Figures 5a and 5b show the calculated T and Tv for the stan-
dard two-temperature nonequilibrium case. The peak value of
TV is below 8500 K, whereas the peak value for T is nearly

a)

Fig. 5 Flow temperatures, in degrees K, in the standard
two-temperature nonequilibrium case (Std-3 in Table 2): a)
translational-rotational temperature; b) vibrational-electronic
temperature.
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20,000 K. Thus, a strong two-temperature thermal nonequi-
librium environment is seen to exist for the calculated case.

In Figs. 6a and 6b, the calculated mass percentages of ni-
trogen and nitric oxide are shown for the standard two-tem-
perature nonequilibrium case, respectively. As shown here, the
flow is significant in chemical nonequilibrium throughout the
shock layer.

In Figs. 7a and 7b, the shapes of the shock waves are shown
for the frozen flow, one- and two-temperature nonequilibrium
flows, and the equilibrium flow. In Fig. 7a, the two non-
equilibrium cases are calculated with the standard rate coef-
ficients (Std-3 and 1-Ta). In Fig. 7b, they are calculated with
the rates 1/10 those of the standard values (Slow-2 and 1-Tb).
As seen here, the shock shapes are, in general, discernibly
different among the four cases. For the cases shown in Fig.
7b, the one-temperature nonequilibrium model results in a shock
standoff distance substantially smaller than that obtained by
the two-temperature nonequilibrium model. Though not shown
here, the shock shape for the perfect-gas case with y = 1.2 is
nearly the same as for the standard two-temperature nonequi-

Fig. 6 Mass percentages in the two-temperature nonequilibrium
case: a) atomic nitrogen; b) nitric oxide.

Wall
Frozen Flow
2-T Noneq
1-TNoneq
Equilibrium

3.

2.

1.

0.

-1.

-2. -1. 0. 1. -2. -1. 0. 1.
x, meters x, meters

Fig. 7 Shock shapes for two- and one-temperature nonequilib-
rium flows, frozen flow, and equilibrium flow: a) standard rate
coefficients (Std-3 and 1-Ta); b) rate coefficients 1/10 the stan-
dard values (Slow-2 and 1-Tb). (Though not shown, the perfect
gas with y = 1.2 results in nearly the same shock shape as the
standard two-temperature case.)

librium case. (The shock standoff distance for y = 1.2 is very
slightly smaller than for the two-temperature nonequilibrium
case.)

In Fig. 8, the pressure coefficient Cp is compared among
several solutions in the range Cp > 1.5. In the figure, the ab-
scissa are the distance along the wall measured from the lower
(windward side) frustrum edge (x = 0.6930, y = -1.955 m).
The figure shows that pressure is the greatest for the equilibri-
um case. The-peak pressure for the case of y = 1.2 is nearly
the same as that of the standard two-temperature nonequilib-
rium case. However, the pressure difference between the y —
1.2 and the nonequilibrium cases is greater at larger distances.
This fact is bound to impact the relative magnitudes of the trim
angles between the two solutions, as will become apparent later.

In Fig. 9, a similar comparison is made among the three
solutions of the two-temperature reaction model with different
rate coefficients, the frozen-flow case, and the one-tempera-
ture nonequilibrium case. As seen here, there is a monotonic
deviation from the frozen-flow solution as the rate coefficients
are increased. The one-temperature model results in a pressure
distribution substantially different from that for the two-tem-
perature model for the same given rate parameters; the one-
temperature solution results in nearly the same pressure dis-
tribution as the two-temperature solution with three times the
rate constants. It is expected that the one-temperature model
assumes an instant equilibration of vibrational temperature with
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Fig. 8 Pressure coefficients along the wall for the frozen flow,
the perfect gas with y = CP/CV =1.2, the two-temperature non-
equilibrium flow, and the equilibrium flow.
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Fig. 9 Pressure coefficients along the wall for the frozen flow,
one-temperature nonequilibrium flow, and the two-temperature
nonequilibrium flow with different rate constants.
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the translational temperature and, therefore, the vibrational
temperatures in the one-temperature model are always higher
than those of the two-temperature model. The higher vibra-
tional temperature leads to the high chemical reaction rates.

Trim Angle of Attack
The calculated values of the pitching moment coefficient Cm

around the reference point are listed in Table 4. As the table
shows, Cm is approximately proportional to the angle of attack.
The pitching moment derivative dCm/da is about -0.2 be-
tween the angles of attack of 10 and 30 deg, signifying that
the body is statically stable in this range of angle of attack
(provided the e.g. is placed at the reference point).

From the pitching moment coefficent Cm and the lift and
drag coefficients CL and CD, one can construct the resultant
force line, the direction and location of which represent those
of the resultant force vector. At a finite angle of attack, this
force line intersects the axis of the body. This intersection point
has an important meaning in the stability of the vehicle and
was named a metacenter.29 The locations of the metacenter,
measured from the stagnation point xmc are also listed in Table
4. As seen in the table, ;cmc is relatively insensitive to angle of
attack.

Assuming that dCm/da and xmc are independent of a, one
can determine the trim angle of attack at for a given e.g. lo-
cation. Denoting the coordinates of the e.g. by x and e (see
Fig. 1), the trim angle of attack can be shown to be

02at = a —e,
where

( C \
— I, 02 = tan'1
CD/ Umc ~ X,

Thus, the trim angle is a function of the e.g. location. For the
flight AS-202 of the Apollo vehicle (see Fig. 1), the e.g. lo-
cation is calculated to be x = 1.077 m and e = 0.135 m.
However, these values cannot be used directly in the present
work because, unlike the Apollo vehicle, which was axisym-
metric, the present calculation is made for a two-dimensional
body. Therefore, calculations are made assuming an arbitrary
fixed x value of 1 m, and the e value varying arbitrarily.

The trim angles of attack at calculated by this method are
plotted in Fig. 10 for e = 0.030 and 0.035 m. As Fig. 10
shows, the trim angle of attack decreases as the rate constant
increases. Between the largest and the smallest rate coeffi-

32.

30.

s2"'
T3

-£26.

I 24.

22.

20.
10'° 10" 10'1 10U 10 ' 10'

Rate Multiplication Factor

Fig. 10 Trim angle of attack calculated by the one- and two-
temperature nonequilibrium models with different reaction rate
constants. (The rate multiplication factor of 1 designates the rate
constant values given in Table 2.)

cients shown in the figure, there is a difference of more than
5 deg in the trim angle. The two curves are identical and are
only displaced vertically. Thus, the magnitude of the shift in
trim angle is independent of the e value chosen, at least within
the calculated range. Since the angle of attack defined here is
the opposite of that in Apollo [see Eq. (13)], the trend seen
in this figure is the same as that during the Apollo flight shown
in Fig. 2. The calculated extent of the shift in the trim angle
is also of the same order as that observed during the Apollo
flight. Interestingly, the trim angles for the one-temperature
nonequilibrium model are nearly identical to those for the two-
temperature model. This is surprising, considering that the shock
shapes are sustantially different between the two models (see
Fig. 7).

In Fig. 11, the trim angles calculated by the perfect-gas model
are shown as a function of y. For y = 1.4, the trim angle is
slightly larger than that of the frozen flow (rate multiplied by
10~3) shown in Fig. 10, as expected. As y is decreased, the
trim angle decreases. For the y = 1.2 case, which approxi-
mately reproduces the shock standoff distance (Fig. 7) and the
peak pressure of the two-temperature nonequilibrium case (see
Fig. 8), the trim angle is nearly 3 deg greater than that for the
nonequilibrium case. Thus, one sees that the trim angle in a
nonequilibrium flow cannot be reproduced by a perfect-gas
calculation with an effective y, even when that correctly re-
produces the shock standoff distance. This phenomenon is at-
tributable to the fact that the pressure difference between the
y = 1.2 and the nonequilibrium cases is larger at larger dis-
tances along the wall surface, as seen in Fig. 8.

Discussion
The present results indicate that the computing technique de-

veloped for the two-temperature reacting flow in the present
work converges satisfactorily for a typical problem in two di-
mensions. The technique can be applied to computing pitching
moments and trim angles to obtain results that are sufficiently
consistent and reproducible for the purpose of comparing with
the experimental data. This provides an encouragement to ex-
tend the technique to the three-dimensional flowfields.

The present results show also that the pitching moments and
trim angles of attack are indeed affected by chemical reactions.
The direction and the extent of the difference in the trim angle
of attack between the perfect-gas and the reacting-gas cases
calculated in the present work are the same and of the same
order as those observed during the Apollo entry flights. This
confirms the assessment by the earlier investigators4'8 that the
trim shift was caused by the high-temperature real-gas effects.
The one-temperature and the two-temperature nonequilibrium
models give nearly the same trim angles. The perfect-gas, con-
stant-y solutions that reproduce the shock standoff distances

32.
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26.

I 24.

22.

20.
1.15 1.20 1.25 1.30 1.35 1.40

Gamma - Cp/Cv
Fig. 11 Trim angle of attack calculated by the perfect-gas model
with different y.
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of the nonequilibrium flow do not reproduce the trim angles
of the nonequilibrium flow.

Conclusions
A thermochemical nonequilibrium flow expected at subor-

bital hypersonic flight speeds over a blunt body can be cal-
culated using a technique based on the two-temperature model
and lower-upper symmetric Gauss-Seidel sweeping technique.
The technique converges and yields useful results for two-di-
mensional flows. When this technique is applied to a two-di-
mensional flow over an Apollo-shaped blunt body, the trim
angle of attack is seen to decrease as the chemical reaction
rates are increased. The calculated extent of the shift in the
trim angle is of the same order as those observed during the
flights of the Apollo vehicles. The one- and the two-temper-
ature nonequilibrium models yield the same trim angles, but
the perfect-gas, constant-y solutions do not give the same trim
angles as the nonequilibrium solutions even when they yield
the same shock standoff distances.
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