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Chemical Nonequilibrium Effects on Flowfields
for Aeroassisted Orbital Transfer Vehicles

Judy L. Shinn* and Jim J. Jonest
NASA Langley Research Center, Hampton, Virginia

Acceptable altitude and velocity ranges for the perigee of aeroassited orbital transfer venicles (AOTV) have
been determined for various values of the ballistic coefficient and lift-to-drag ratio. The chemical
nonequilibrium effect on the flowfield of a simple but representatively high-drag, blunt configuration was in-
vestigated for these perigee conditions, ranging 73-90 km in altitude and 8-9.3 km/s in velocity. The analysis was
performed using a two-dimensional viscous shock-layer code that had previously demonstrated good success in
predicting nonequilibrium heating on the Space Shuttle. The results indicate lower ratio of nonequilibrium/
equilibrium heating for the present AOTV perigee conditions than for the Shuttle flight conditions, due to higher
velocity. The trend for the degree of nonequilibrium with the effect of varying wall catalycity and configuration
was determined over the altitude range. Some implications for future design consideration are indicated.

Nomenclature
C/ = mass fraction of species /, p/ /p
Cp = frozen specific heat of mixture, ̂  C/Cp,/
/*/ = enthalpy of species /, hf/.Ut?
k*, = surf ace catalytic recombination rate
AT = thermal conductivity of mixture, K* /jit*ef C*t«,
M* = molecular weight of species /
« = coordinate measured normal to the body, n*/R^
Ns = number of reacting species
NLe = Lewis number, NLe = p*D* C* /K*
NPr =Prandtl number, NPr = ̂ C*/K*
qw = wall heat-transfer rate, <?J / (pi C/J,5)
^Jv = nose radius
5 = coordinate measured along the body surface,

r = temperature, r*/77ef
T^ef = reference temperature, C/J,2 / C*^
w = velocity component tangent to body surface,

= f reestream velocity
= catalytic recombination coefficient
= Reynolds number parameter, V/^f/
= viscosity of mixture, pt*/Atr*ef
= reference viscosity, JK* (7?ef)
= density of mixture, p*/p«

Mref
p
Superscripts

(*) = dimensional quantities
Subscripts

ref
= /th andy'th species
= reference value
= wall value
= f reestream value
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Abbreviations

ECW = equilibrium (or fully) catalytic wall
EQ = equilibrium
NCW = noncatalytic wall
NEQ = nonequilibrium

Introduction

VARIOUS studies have shown that a considerable saving
in fuel, and therefore an increase in pay load, is possible

if an orbital transfer vehicle (OTV) uses the Earth's at-
mosphere to reduce velocity in returning to low Earth orbit
from a higher energy orbit. It is possible also to alter the
inclination of the orbit during this maneuver. The history of
this concept is reviewed in Ref. 1. This use of the atmosphere
not for entry, but to modulate the vehicle orbit, is currently
referred to as aeroassist. The aeroassisted entry-exit maneuver
must necessarily be performed at an altitude high enough to
prevent the vehicle from being captured in the atmosphere and
making a complete entry, but the altitude must be low enough
to allow sufficient aerodynamic forces to accomplish the orbit
modulation. Depending on the vehicle's lift-to-drag ratio
(LID) and ballistic coefficient (fl = M/CDA), the altitude of
this perigee varies. For example, the aeromaneuvering orbit-
to-orbit Shuttle (AMOOS),1'4 with its relatively low LID and
relatively high j8, was required to descend deep into the at-
mosphere to an altitude of 50 km or so to achieve the
aeroassisted maneuver. Hence, an ablative heat shield was
required for AMOOS. On the other hand, the most recently
studied aeroassisted OTV concepts, such as the lifting brake1'5
and the inflatable ballute1'6'7 will permit the use of relatively
low-temperature material because, with their low LID and
low 0, the aerobraking maneuver can be carried out at a
higher altitude of approximately 80 km range.

Flight at entry speeds in this altitude range is known to be
characterized by nonequilibrium flow in the shock layer.
Reference 8, for instance, shows that the Shuttle flowfield
through this altitude range is quite far from that predicted by
assuming chemical equilibrium. When a nonequilibrium,
dissociatively reacting viscous shock-layer code was adapted
to the Shuttle surface catalycity, the predicted convective
heating rate was in good agreement with the STS-2 flight
data.8 In addition, the results8 revealed that the heating
reduction due to the use of the relatively noncatalytic tiles was
quite significant, by as much as 50% for the high-altitude
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range. Although the configuration for a future OTV has not
been determined yet, a parametric study for heating reduction
due to nonequilibrium chemistry is expected to be beneficial
to the OTV design studies.9

The present investigation uses the same nonequilibrium, as
well as equilibrium, viscous shock-layer analysis employed in
Ref. 8 for the aeroassisted OTV (AOTV) perigee conditions.
To provide a range of condition for the analysis, a family of
trajectories near perigee was generated for a range of values
of LID and 0. Since the intent of this study was not to
evaluate a specific OTV configuration, but to examine the
nonequilibrium flowfield and surface effect for a represen-
tatively blunt configuration, a 45 deg half-angle hyperboloid
with 2.5 m nose radius was chosen for the flowfield analysis.
Comparison between calculated results from equilibrium and
nonequilibrium chemistry was made for the convective
heating distribution and shock-layer profiles. For the
nonequilibrium chemistry, the surface heating reduction was
examined by varying the surface catalycity across the altitude
range. The effect of varying half-angle and nose radius on
nonequilibrium heating reduction was also examined.

Analysis
Governing Equations and Boundary Conditions

The viscous shock-layer equations are obtained from the
steady-state Navier-Stokes equations by keeping terms up to
second order in the inverse square root of the Reynolds
number e.10 Consequently, the viscous shock-layer solution,
which uses one set of equations for both the inviscid and
viscous regions, is superior to the conventional inviscid plus
boundary-layer solution in that no approximate procedure is
needed to account for entropy-layer swallowing and viscous-
inviscid interaction. The viscous shock-layer equations for
both equilibrium and nonequilibrium multicomponent gas
mixture was developed in Ref. 11 and used in Ref. 8 without
mass injection. In the present study, the same equations for a
blunt axisymmetric body at zero angle of attack reported in
Ref. 8 are used and, therefore, not repeated here.

The boundary conditions at the shock are calculated by
using the Rankine-Hugoniot relations. At the wall, the no-slip
and no-temperature-jump boundary conditions are used. For
the nonequilibrium flow, the wall species concentration is
dictated by the catalytic recombination rate &* in the
following expression:

where kw>i=kli/U^ is a nondimensionalized recombination
rate. The catalytic recombination coefficient (or catalytic
efficiency) 7, is related to /:*; by

dC,
dn (1)

(2)

The total heat transferred to the wall due to conduction and
diffusion is

Fig. 1 Near-perigee trajectories for AOTV with various LID and 0.

Chemical Kinetics, Thermodynamic, and Transport Properties
The details of the chemical kinetics, thermodynamic, and

transport properties used in this study are given in Refs. 8 and
11. Because the enthalpy conditions considered in this study
are somewhat higher than in Ref. 8, the thermodynamic
properties of each species are extended to higher temperatures
with the same method12'13 of polynomial curve fit applied to
the tabulated data of Browne.14'15

Method of Solution
Davis10 presented an implicit finite difference solution to

the viscous shock-layer equations for stagnation and
downstream flow. Moss11 applied this method of solution to
reacting multicomponent mixtures. The present method of
solution is identical to that of Refs. 8 and 11 and, therefore, is
not presented.

Limitations of Present Analysis
Although the present method requires much less computing

time when compared to the explicit, time-dependent Navier-
Stokes solution, it does have some shortcomings. Because
those terms higher than second order are dropped from the
equation, the solution becomes less accurate as the Reynolds
number is decreased. Anderson and Moss16 have shown that
the solution is within 15% of accuracy in the stagnation
region at a Reynolds number of 90. Furthermore, the
thickening of shock wave for low Reynolds number flow can
be approximated only by shock-slip boundary conditions.

Results and Discussion
Laminar convective heating and shock-layer profiles along

a representatively blunt body of a 45 deg half-angle hyper-
boloid with 2.5 m nose radius are presented for a range of
acceptable AOTV perigee conditions. The results are obtained
from both equilibrium and nonequilibrium viscous shock-
layer analyses. The wall temperatures are assumed to be at the
radiative equilibrium wall condition with an assumed value of
0.9 for surface emissivity. The nonequilibrium results are
calculated using the same dissociative, chemical kinetics that
proved8 to be adequate for predicting the Shuttle flight
heating data. However, because of higher enthalpy conditions
given for this study, additional investigation including
ionization should be considered in the future. For the present
nonequilibrium results, the effect of varying surface
catalycity, nose radius, half-angle, and vehicle speed on
heating reduction are presented, along with comparison of
equilibrium and nonequilibrium, equilibrium catalytic wall
results.

Freestream Conditions
A family of near-perigee trajectories for AOTV with

various values of LID (0.25-1.25) and 0 (25-200) are
presented in Fig. 1. These trajectories are obtained from the
two-dimensional equations of motion with zero inclination
angle. To maintain the perigee altitude, the vehicle uses
positive or negative lift until the correct velocity decrement
has been achieved by drag, then uses lift-up to exit the at-
mosphere. The degradation of LID due to high-altitude
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viscous effect, as discussed in Ref. 1, has been taken into
account in obtaining the trajectories. As can be seen from Fig.
1, the vehicle with the highest value of 0 and lowest value of
LID has the lowest perigee altitude. It also appears that the
value of 0 has the dominant effect on the perigee altitudes.

For the following results, the 73-90 km perigee altitude and
the 8-9.3 km/s vehicle speed as shown in Fig. 1 have been
considered. The corresponding freestream quantities, such as
density and temperature, have been obtained from the 1976
U.S. Standard Atmosphere.17

Effect of Chemistry and Surf ace Catalycity
The calculated heat-transfer distributions along the body

length for the vehicle speed of 8.65 km/s, using both
equilibrium and nonequilibrium chemistry are shown in Fig.
2a and 2b for 90 and 77 km altitude, respectively. For the
nonequilibrium chemistry, the surface catalytic efficiency 7
for both oxygen and nitrogen were varied from 0, 0.01, 0.05,
and 0.1 to 1. These constant 7 values were chosen strictly for
the purpose of a parametric study. (Values of 7 = 0.01 or less
are more representative of glassy surfaces at re-entry wall
temperatures, while 7 = 0.1 or more would apply to metallic
surfaces.) As was expected, the heating distribution increases
with increasing 7, but the ratio of increase is quite different
for these two altitudes. Moreover, the equilibrium results are
higher than the nonequilibrium/equilibrium catalytic wall
results by more than 20%. This large difference is not too
surprising when one compares the shock-layer profiles for the
two types of chemistry used. Figure 3 shows the comparison
in temperature, velocity, and species concentration, with an
alarmingly large difference in the temperature and atomic
nitrogen profile. It should be noted that Figs. 3a and 3b also
reveal the existence of a very thick viscous region within the
shock layer for all the body locations. The implication of this
phenomenon to the choice of analytical methods have been
discussed previously.8
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Fig. 2 Heat-transfer distributions on a 45 deg hyperboloid with
different chemistry and surface conditions (R*N = 2.5 m, U^ = 8.65
km/s): a) altitude = 90 km, b) altitude = 77 km.

It was mentioned earlier that the difference in heating
between equilibrium and nonequilibrium, equilibrium
catalytic wall results for the vehicle speed of 8.65 km/s is
about 20% or more, which is far greater than experienced in
the previous8 Shuttle heating analysis. To examine whether
the present higher enthalpy condition is a contributing factor
for this large difference, comparison is made for several
values of velocity. Figures 4a and 4b show the ratio
QW.EQ/QW, ECW along the body length for the 77 and 90 km
altitudes, respectively. It is evident that as the velocity in-
creases this ratio increases further away from unity. Fur-
thermore, this ratio is greater for the case of 90 km altitude
than 77 km, for the reason that the difference in flowfield
between these two types of chemistry becomes more severe as
the flow becomes more frozen.

Also mentioned earlier, when the surface catalytic ef-
ficiency 7 is varied, the ratio of increase in heating is quite
different for the two different altitudes considered in Fig. 2.
Hence, some information for a trend established across the
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Fig. 3 Shock-layer profile at body locations for a 45 deg hyperboloid
(/?/v = 2.5 m, altitude = 90 km, U^ =8.65 km/s): a) temperature, b)
velocity, c) species mass fraction.
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altitude range should be desirable for design purposes. Figure
5 shows the heating ratio to the fully catalytic value as a
function of altitude for various 7 values and body locations.
The minimum for 7 = 0, which indicates the highest degree of
nonequilibrium (at the wall), occurs at an altitude of 81 km.
However, as 7 increases, the minimum seems to shift away
toward a higher altitude. This shifting effect can be explained
by the fact that the term (kWiipN/NLefjLe2)Ci in Eq. (1)
contains both kW>1and p.

To further understand and substantiate the result that the
highest degree of nonequilibrium at the wall occurs at an
altitude of 81 km, Figs. 6 and 7 are introduced. Figure 6
reveals that the maximum dissociation of nitrogen (at the
wall) occurs at the same altitude, with oxygen fully
dissociated. Also, the nitrogen mass fraction is shown to
exceed the oxygen mass fraction. Hence, with the dissociation
energy of nitrogen being almost twice that of oxygen,
selection of the thermal protection system (TPS) surface
should emphasize the small catalytic efficiency of nitrogen
rather than oxygen. Figure 7 illustrates the processes that
result in the largest CN at the wall for 81 km. The temperature
profiles in Fig. 7a indicate that the lower the altitude, the
faster the temperature decreases from the shock value toward
the wall and hence faster dissociation. Figure 7b shows the
same trend for the nitrogen dissociation with the lowest
altitude of 73 km maintaining the highest nitrogen mass
fraction for most of the outer portion of the shock layer.
Then, the faster recombination process takes place in the
boundary layer for 73 km altitude that results in lower CN at
the wall than for the case of 81 km.

Effect of Configuration Change
The results obtained thus far are for a 45 deg hyperboloid

with 2.5 m nose radius. Since the present study is not aimed at
a specific OTV configuration, the effect of change in nose
radius and half-angle are examined. Figure 8 shows the ratio
of noncatalytic heating to the fully catalytic value through the
altitude range for 2.5 and 1.25 m nose radii at'two body
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Fig. 5 Ratio of heating to the fully catalytic value as a function of
altitude for several y values and body locations (R^ =2.5 m, 45 deg
hyperboloid, U*. =8.65 km/s).
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Fig. 6 Atomic species mass fraction at the wall as a function of
altitude (noncatalytic wall condition, Rfr - 2.5 m, 45 deg hyperboloid,
£/i =8.65 km/s).
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Fig. 4 Ratio of equilibrium heating distribution to nonequilibrium,
equilibrium catalytic wall value for different velocities (/?Jy = 2.5 m,
45 deg hyperboloid): a) altitude = 77 km, b) altitude = 90 km.
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Fig. 7 Comparison of shock layer profile at stagnation point for
different altitudes (noncatalytic wall condition, R% = 2.5 m, 45 deg
hyperboloid, £7^=8.65 km/s): a) temperature, b) nitrogen mass
fraction.
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Fig. 10 Effect of velocity on noncatalytic to fully catalytic heating
ratio distribution (R*N = 2.5 m, 45 deg hyperboloid).
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Fig. 8 Effect of nose radius on noncatalytic to fully catalytic heating
ratio as a function of altitude (45 deg hyperboloid, £/£, =8.65 km/s):
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Fig. 9 Effect of body half-angle on noncatalytic to fully catalytic
heating ratio distribution (R*N = 2.5 m, 45 deg hyperboloid, £/i = 8.65
km, altitude = 84 km).

locations. It is seen that, as the nose radius decreases to half,
the curve for the heating ratio shift toward a lower altitude,
with the minimum of the curve shifting from 81 to 77 km.
These two minimums, which are of the same heating ratio, are
indicated by an open circle and a square with corresponding
tabulated freestream densities in Fig. 8a. It is then im-
mediately clear that as the nose radius is halved, the density is
doubled to maintain the same degree of nonequilibrium. Two
other examples for the corresponding locations on these two
curves are given with a different shade in Fig. 8a. It appears
that the product of density and nose radius stays rather
constant within each of the three cases, similar to the well-
known "binary scaling" law.

It is expected that as the nose radius increases, the
minimum of the heating ratio will shift toward higher
altitudes. This result should have good implication for using
large, high-drag configurations at very high altitudes.

The effect of the varying body half-angle on the
nonequilibrium heating reduction along the body length is
shown in Fig. 9. The nose radius remained constant, while the
body half-angle of the hyperboloid varies from 20 to 55 deg.
The results indicate very little or no change in the degree of
nonequilibrium for the forebody and about 15% change at a
body location of s* /R^ = 4.
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Fig. 11 Maximum perigee heating as a function of altitude for
various chemistry and surface conditions (s*/R^ = 0, £/£, = 9.3 km/s,
45 deg hyperboloid, R*N = 2.5 m).

Effect of Vehicle Speed
The results obtained thus far for the effect of surface

catalycity, nose radius, and half-angle on nonequilibrium
heating reduction are for a medium speed of 8.65 km/s. To
cover the total spectrum of the perigee conditions in Fig. 1,
the effects of varying vehicle speed on nonequilibrium heating
reduction are examined. Figure 10 shows the noncatalytic
heating ratio to the fully catalytic value along the body length
for 84 and 90 km altitude, with the velocity varying 8-9.3
km/s. It is seen that the higher the velocity, the higher the
degree of nonequilibrium throughout the body length. Also, it
was found earlier that the calculated equilibrium heating
becomes much higher than the nonequilibrium, fully catalytic
wall result as the velocity increases. Therefore, the ratio of
nonequilibrium, noncatalytic heating to the equilibrium value
will be even small for higher velocities. The maximum
stagnation heating (along the perigee) with different chemistry
and surface conditions are shown in Fig. 11 for the altitude
range considered in this study.

Conclusion
A parametric study has been obtained for the non-

equilibrium flowfield and surface effects on a representatively
blunt body, a hyperboloid, at typical AOTV perigee con-
ditions. The results were calculated using a viscous shock-
layer code that had previously demonstrated good success in
predicting nonequilibrium heating for Shuttle flight data.
Several parameters, such as catalytic efficiency, nose radius,
and body half-angle were varied and the following con-
clusions are obtained:

1) Due to higher velocity for AOTV than Space Shuttle, the
flowfield for AOTV's are of higher degree of nonequilibrium
with substantial nitrogen dissociation. Hence, the selection of
a TPS surface with small nitrogen recombination rate will be
more beneficial than a selection based on the oxygen rate.
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Furthermore, the equilibrium heating results are much higher
than the nonequilibrium, fully catalytic results.

2) The highest degree of nonequilibrium is found at 81 km
for 2.5 m nose radius; however, as the surface becomes
slightly catalytic, the largest heating reduction shifts toward
higher altitude.

3) When the nose radius varies, the altitude at which the
same degree of nonequilibrium occurs changes accordingly,
so that the product of density and nose radius remain almost
constant. This result should have good implication for using a
large, high-drag configuration at very high altitude.

4) As the half-angle varies between 20-55 deg, little change
in nonequilibrium heating reduction is observed.

Although the present study for AOTV uses the same
dissociation chemistry as in the previous Shuttle analysis,
future investigation including ionization should be con-
sidered.
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