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A two-temperature, viscous shock-layer (VSL) technique to analyze low-density (slip) effects and
vibrational and electronic nonequilibrium for an 11-species airflow is presented. This formulation employs
recently developed physical models, detailed transport and thermodynamic properties, and body and
shock-slip conditions for multicomponent mixtures. Presently obtained results reproduce examined re-
entry flight data and numerical calculations with a good degree of accuracy over a wide range of con-
ditions, validating its use for the calculation of low-to-high density flows. Detailed stagnation-region
calculations along the trajectory of a proposed single-stage-to-orbit vehicle show significant vibrational
and electronic nonequilibrium and slip effects at the highest considered altitude of 85 km. The combined
effects of thermal nonequilibrium and slip lower the stagnation-point heating by about 24% at this
altitude. These effects are negligible on surface quantities at 55 km altitude. At this altitude, however,
the chemical nonequilibrium effects lower the stagnation heating obtained from chemical equilibrium
calculations by about 21% for the Shuttle-like surface. The results provided here demonstrate the use of
the VSL technique as a fast calculation procedure in a conceptual and preliminary design process, re-

quiring sensitivity analysis and rapid reanalysis.

Nomenclature M. = freestream Mach number
C = mass fraction of species i, pi/p M* = molecular weight of mixture, g/g-mole
4 £ (] %* — s . .
G, = frozen specific heat of mixture at constant M; = molecular weight of species /, g/g-mole
pressure, Cp,r + Cpoe N; = number of reacting species
o = translational-rotational specific heat of species i n = c27;<11nate measured normal to the body
' at constant pressure, C%,/C¥.. . " b density of sbecies i . s
Ci e = vibrational-electronic~electron specific heat of i = number er’:snz oL, Species & particles/cm
. species i at constant pressure, C%,/C¥.. p = pressure, p*/pzUz o wr e
Cl o = vibrational —electronic—electron specific heat of P = electron pressure, p#/p2U ,
species i at constant volume, C'*,/C q¥ = radiative wall heat transfer rate, W/cm
] vve ,00 - = 2
& = fraction of the vibrational energy loss in qf = total wall heat transfer rate, ¢7; + ag¥, W/ cm
dissociation g = convective wall heat transfer rate, g}/p2U%
D, = average vibrational energy per unit mass of R* = universal (molar) gas constant,
molecule i, which is created or destroyed at rate 1.987 cal/g-mole-K
w,, D¥U¥? Re., = freestream Reynolds number
D; = binary diffusion coefficient for species i and j, Rr = gas constant for species i, R*/M?, cal/g-K
D/l p¥) R} = nose radius, cm
Dy, = effective diffusion coefficient for species i in r = radius of the body surface, r*/R%
mixture, DE/(uX/p¥) s = coordinate measured along the body surface,
h = enthalpy of mixture = Ch, s*/RY .
h. = enthalpy of species i, Ay + Hoos T = translational —rotational temperature, T*/T %,
i s Thari ve,i _ 2
Puri = translational -rotational enthalpy of species i, T = freestream reference temperature, U2"/C}-
h¥JUX T% = reference temperature for thermodynamic
B = vibrational —electronic—electron enthalpy of relations, 298.15 K o
species i, h% JU%* T = vibrational-electronic—electron excitation
I = first ionization energy of species i, I}/U**M ¥ . temperature, T%/T%
Koow = frozen thermal conductivity of mixture, vz = freestream velocity, cm/s
K, + K, u = velocity component tangent to body surface,
k* = Boltzmann’s constant, 1.38066 X 10~ erg/K u*/Uz
k% = forward reaction-rate coefficient for v = Veloclty component normal to body surface,
reaction r, cm*”/mole-s Uz o
X; = mole fraction of species i
[ a = absorptance
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Ve, = collision frequency for electrons and heavy
particles in electronic—translational (¢—T') energy
relaxation, v¥/(U%/R})

p = density of mixture, p*/p%

o = density of species i, p¥/p%

p¥ = freestream density, g/cm’

g* = Stefan—Boltzmann constant,
5.67 X 107° erg/em*-K*-s

Subscripts

e = electronic mode; electrons

i,j, q = species indices

s = edge of Knudsen-layer value

sh = shock value

w = wall value

o = freestream value

Superscripts

i = species index

mol = molecule

s = edge of Knudsen-layer value

sh = shock value

w = wall value

* = dimensional quantity

o = freestream value

Introduction

URRENT and future plans for reusable transatmospheric

vehicles and space exploration missions' will require sus-
tained and maneuvering hypersonic flight at high altitudes
where thermochemical nonequilibrium in the flowfield around
a vehicle becomes significant. Lunar and other planetary mis-
sions will utilize the high-altitude atmosphere for aerobraking.
Single-stage-to-orbit'? (SSTO) and other next-generation trans-
atmospheric vehicles will also traverse through upper parts of
the Earth’s atmosphere. Because of insufficient molecular col-
lisions at high altitudes, chemical as well as thermal nonequi-
librium (TNE) conditions will prevail in the shock layer sur-
rounding such vehicles. Under thermal nonequilibrium condi-
tions, a single temperature cannot be used to characterize the
energy in translational, rotational, vibrational, and electronic
modes of the gas. Compared to the thermal equilibrium (TE)
state, the onset of ionization is enhanced and dissociation is
diminished® These thermal nonequilibrium effects compete
and may play a significant role in the total heating load ex-
perienced by the transatmospheric vehicles.

Several investigators’~® have analyzed flowfields with ther-
mochemical nonequilibrium by using the Navier—Stokes equa-
tions in conservative variables. Some results have also been
presented’ from a coupled radiation and Navier—Stokes cal-
culation. Reference 8 provides results from a coupled radiation
and viscous shock-layer calculation, mostly for the stagnation
streamline of spherical nose bodies.

References 3, 4, 6, and 7 have provided results from a two-
température model, whereas Refs. 5 and 8 have considered a
three-temperature model. In the two-temperature model, one
temperature T describes the distribution of heavy-particle
translational and rotational energies, and a second temperature
T,. describes the distribution of vibrational, electronic, and
electron translational energies. In the three-temperature model,
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nonequilibrium may exist between the vibrational energy and
the electronic and electron energy, and separate temperatures
are used to describe the distribution of energies in these two
modes. Since considerable uncertainty exists in the models
available for vibrational-electronic—electron energy relaxa-
tion, a two-temperature model appears reasonable. A two-tem-
perature analysis also allows for a computationally more trac-
table and efficient formulartion of reacting flows with thermal

‘nonequilibrium.

Results from a two-temperature viscous shock-layer for-
mulation for flows around a body are provided in Refs. 9 and
10. Both of these formulations, however, employ the thin
shock-layer assumption and are for vibrational nonequilibrium
only under the assumption of a small degree of ionization in
the shock layer. Also, both references have neglected chemi-
cal-vibrational coupling. That is, the effect of vibrational tem-
perature on the reaction rate constants is not accounted for.

Since the transport and thermodynamic properties, reaction
rates, various relaxation processes, and thermal radiation re-
quire various temperatures involved to evaluate them, it ap-
pears natural to formulate the energy equations in terms of
different temperatures rather than specific energy/specific en-
thalpy or total enthalpy. This formulation also saves consid-
erable computer time in avoiding a Newton—Raphson type it-
erative procedure of evaluating various temperatures from the
specific energy or enthalpy. For design-oriented optimization
techniques, requiring sensitivity analysis and rapid reanalysis,
a fast calculation procedure of the type presented here is desir-
able.

In the present work, two energy equations are solved for the
translational -rotational and vibrational-electronic—electron
temperatures. Air chemistry is modeled according to Ref. 11.
A modified Arrhenius expression is used for the forward- and
backward-rate coefficients as shown in Table 1 of Ref. 12.
Chemical-vibrational coupling is taken into account through
the preferential dissociation and recombination model pro-
posed by Park.”

Results obtained in the present study are compared with the
flight data and some of the existing numerical values for re-
entry flows under thermal nonequilibrium conditions. Detailed
calculations have been carried out for the nose region of a
proposed SSTO vehicle® along an assumed entry trajectory
given in Table 1. These calculations are intended to demon-
strate the use of the viscous shock-layer (VSL) technique as a
fast method to evaluate vibrational and electronic nonequilib-
rium along the trajectory of a flight vehicle. The inclusion of
body and shock-slip boundary conditions in the VSL method
makes it accurate with complete physics required for evalu-
ating the low-to-high density flowfields encountered along
such a trajectory.

Analysis

This section provides a brief description of the flow govern-
ing equations for a viscous compressible fluid in thermochem-
ical nonequilibrium. Also given are descriptions of the ther-
modynamic and transport properties, chemical kinetics model
with chemical-vibrational coupling, relaxation processes for
the vibrational—translational and electronic—electron—transla-
tional energies, and body and shock-slip boundary conditions.

Table 1 Trajectory conditions and effective body parameters for a proposed SSTO vehicle®

Time, Altitude, Uk, pX, p¥, T, g or Mach. Angle of
Case s km km/s kg/m® atm K Re.. 1/VRe no. attack
1 292 85 7.84 8.209 X 10°¢ 4.394 X 107 189 7,020 0.064 28.45 32.0
2 782 75 7.09 3.993 x 107% 2.357 x 107° 208 28,430 0.029 24.49 32.0
3 1,222 65 5.70 1.641 x 10™* 1.085 x 10™* 233 85,440 0.014 18.63 32.0
4 1,497 55 3.81 5.675 X 107* 4.192 x 107 261 180,220 0.008 11.77 32.0

“Equivalent 6 and R} are 32 deg and 1.38 m, respectively. Freestream mole fractions arexy, = 0.783 andxo, = 0.217.
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Flow Governing Equations

The viscous shock-layer equations are employed here for the
flowfield analysis. These equations are obtained from the full
Navier—Stokes equations by keeping terms up to second order
in the inverse square root of the Reynolds number in both
viscous and inviscid regions. This process results in one set of
equations, unlike the boundary-layer equations, uniformly
valid throughout the shock layer from moderately low to very
large Reynolds numbers. The full viscous shock-layer equa-
tions in a body-oriented coordinate system for a multicompo-
nent gas mixture in chemical nonequilibrium and thermal equi-
librium are provided in Ref. 14. For a mixture in chemical and
thermal nonequilibrium, the global continuity, tangential and
normal momentum equations, and the species continuity equa-
tions (for the 11 air species N, O, N,, O,, NO, N*, O, N7,
05, NO*, and €7) are the same as those given in Ref. 14. The
two energy equations for a two-temperature (translational-
rotational and vibrational-electronic—electron) model without
radiation and the equation of state are given here.

Total energy (temperature) equation:
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Vibrational—electronic—electron energy (temperature) equa-
tion:
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Equation of state:

R*
p= 2‘: P (M*C* ) T + p. (3a)
ize
where
R*
= T,
Pe= P, (M:"C,’,'fw) ve (3b)

In Egs. (1) and (2), j = 0 for planar flow and j = 1 for axi-
symmetric flow are to be employed.

A translational -rotational energy equation may be obtained
by subtracting Eq. (2) from Eq. (1). The resulting equation can
also be used in place of Eq. (1) for obtaining the transla-
tional-rotational temperature 7.

With vibrational and electronic nonequilibrium only (i.e., in
the absence of ionization), air consists of five neutral species.
For such a mixture, the total energy and vibrational energy
equations are obtained from Egs. (1) and (2) by deleting the
underlined terms in Eq. (2).

Thermodynamic Properties

For the two-temperature model, the specific enthalpy for
each species A, is obtained from

hi = (hs; + REJUS (4a)
where
*
h;’:.i = f ptr dT* + (Ahf )T* (4b)
Thy
T4
h¥; = f C,l;.kw dT* = ef; (4c)
Thy

In Eq. (4b), Cj%, is (7/2)R} for diatomic species and (5/2)R¥
for monatomic species. The vibrational-electronic—electron
portion of the specific heat Ci¥, in Eq. (4c) is calculated from''

Cix, = CXT%) — Ci, &)}

where C*(T%) is evaluated from the curve fits'"" for Ci* us-
ing T%. The frozen mixture properties C, and & are obtained
from the individual species properties by employing the rela-
tions given in Ref. 12.

Transport Properties
The mixture viscosity u is computed from''

2 x AP(T*) + x AP*(T%) }

j==e
N
Lﬁ @y %
o NE / [; HAHT) ©

where the modified collision integrals A{* and AP* are ob-
tained from Ref. 11 in terms of the curve-fitted collision in-
tegrals w{1{">* and 7w Q2% respectively,

The frozen thermal conductivity of the mixture for the trans-
lational and rotational energies of heavy particles X,, is com-
puted from the relation

K,=K + K, Q)]

where the translational K, and rotational K, components are
given in Refs. 11 and 12,

The frozen thermal conductivity of the mixture for the vi-
brational and electronic excitation energies and free electrons
K.. is obtained from the following expression:

K.=K,+ K, + K, (®)

where the vibrational K,, electronic K,,, and electron compo-
nents may be obtained from Ref. 11 or 12.

The diffusion mass flux of species i, J; is computed with
the assumption that the remainder of the species in the mixture
move with the same velocity or are stationary. For such cal-
cualallstions, an effective diffusion coefficient D,, can be defined
as™

D=1 —x) [ D, (5/Dy) 9a)
=1

Jw=i
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where

k* T
D, = (9.8692 X 1077

for diffusion between heavy particles and

D, = (9.8692 X 1077 K* —Tw 9
&f _( . ) /.L.tfc;’feo (1)* (T ) ( C)

for diffusion between electrons and heavy particles.

For ions, the ambipolar diffusion coefficient Dj, (which has
double the value of ionic diffusion coefficient) is introduced
because of ambipolar diffusion approximation, i.e.,

D, =2D,, (i = ions) (9d)
The effective diffusion coefficient for electrons is computed
using

D..=m¥ Y, D:fmx,./<2 %fx) (%)
A

i=ions i=ions

where m¥* is the mass of an electron, and N, is Avogadro’s
number.

Chemical Kinetics Model and Chemical-Vibrational Coupling

The chemical reactions with the appropriate rate-controlling
temperature for the forward- and backward-rate coefficients
are given in Table 1 of Ref. 12. The forward and backward
electron—impact ionization reactions and backward associative
ionization reactions are controlled by T,,. Other reactions are
governed only by the translational temperature. The backward-
rate coefficients given in Table 1 of Ref. 12 are used for tem-
peratures to 14,000 K (temperature range of their validity'").
For temperatures greater than 14,000 K, the backward-rate co-
efficients are evaluated by using

k¥ = kJ(T*) Koy (T*) (10)

where K., are the equilibrium constants obtained using the
atomic and molecular partition functions and are computed
from the curve fits of Ref. 11. To ensure a smooth transition
from low-to-high temperature range, the backward-rate coef-
ficients obtained from Table 1 and Eq. (10) are linearly aver-
aged over an overlap region of 4000 K between 10,000-
14,000 K.

In general, an 11-species (N, O, N, O, NO, NO*, N*, 07,
N, OF, and e7) air model (with reactions 1-20 in Table 1 of
Ref. 12) is employed. However, for vibrational and electronic
nonequilibrium only, a five-species (N,, O,, N, O, and NO) air
model (with reactions 1 through 6), or for weakly ionized
flows, a seven-species (N,, O,, N, O, NO, NO*, and ¢7) air
model (with reactions 1-7 in Table 1 of Ref. 12) can be used.
To consider the effect of chemical—vibrational coupling,
Park’s model'*'® for preferential dissociation and recombina-
tion is used. In Park’s two-temperature model,' it is assumed
that the forward dissociation reactions are characterized by the
rate-controlling temperature T5:

T§=T* T (11a)

where the exponent g is defined (following the suggestion of
Hansen'’) as

q=0.1+ 0.4T%/T*) (11b)
The way the production terms (w,/p) are treated is very im-

portant to overcome the stiffness problems encountered near
chemical and thermal equilibrium conditions. The chemical

stiffness problem is addressed by following the approach of
Ref. 18. To overcome the thermal stiffness problem in the en-
ergy equations, the production term (w;/p) is expanded in a
series as

k

X (T —TY  (12a)

P Tue,Ci

k+ . & a .
ilp)l* = (wilp) + [;ﬁ(wf/p)]

where k denotes iteration number for which the solution is

known and
ap) ( pe> p
= =—{1-2]% (12b)
(aT P.Tve,Ci P T

The term =2 haw,, which appears in Eq. (1), is written as’®

D ki = vy + W,T (13)

i=1

and the term 2., AW, which appears in Eq. (2), is written

as
D hti = D, by + T D Fuaity  (142)

i=mol F=mol immol
where h.,,; and £,,,, are related to h,,; as follows:

k
———a”""') T T (14b)

k+1 _ A%
(hve.i) - (hve,t) + (BT,.,,

= [(hvet) C:WIT,:IC] + (vatTk+l) (14C)
h vel,i + (ﬁud,i)k Tf:l ( 14d)
and & is the iteration number. |

Vibrational Energy Reactive Source Term

The term 2. W,DA represents the vibrational energy lost/
gained because of dissociation/recombination of molecules.
The value of D, is generally taken as a fraction of the disso-
ciation energy D, of a molecule. Thus,

D, = é,D, (15)

where 0 < & < 0.5 and D, is given in Table 1 of Ref. 3. The
vibrational energy equations used in earlier work [Eq. (5) of
Ref. 9 and Eq. (78) of Ref. 19], did not contain this term.
However, recent work of Lee® included this term.

Electronic Energy Reactive Source Term

The electronic energy reactive source term 2., #,.1; ac-
counts for the electron energy loss because of electron-impact
ionization. Here, 7, is the net rate of such ionization (produc-
ing O* and N in reactions (17) and (18) for an 11-species air
model given in Table 1 of Ref. 12), and [, is the first ionization
energy of the species (provided in Table 1 of Ref. 3).

Translational - Vibrational Energy Exchange (Relaxation) Term

The expression for the translational - vibrational energy ex-
change term =, pWw,, is'>"

s—1

W(T ,,)] T-T.
iui = X
1;.)1 p p l—zmol [ Tsh - Tw,sh
(16a)
where
s = 3.5 exp(5000/T% (16b)
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The relaxation time of species i, 7;, in Eq. (16a) is given as
combination of the Landau-Teller type relaxation time ({73))
and the collision limited relaxation time 7,;, such that'

T=AT) + T an

where the definitions of (7;) and 7 used in this work are pro-
vided in Ref. 12.

The definition of 7 in Ref. 12 contains total number density
n* in place of the species number density used in Eq. (56) of
Ref. 3. This change corrects an error in this reference. Also,
the limiting collision cross section o} is assumed to be'®

o* = 1077(50,000/T*)* (18)
Translational-Electron Energy Exchange (Relaxation) Term
This term
1 < (v,
7“ _ e,
3 p(T — T.) (—) (192)
< Ye ) ; M;
Ize
with

v.; = vE/IULIRE) and M, = (M}IMX) (19b)

represents the energy transfer rate between the heavy particle
and electron translational modes. The expressions for the ef-
fective collision frequency for collisions between electrons and
neutrals and for Coulomb collisions between electrons and ions
are given in Ref. 3, and the same are used here.

Boundary Conditions

The body-slip boundary conditions used in this study are
those of Ref. 21. These boundary conditions for tangential ve-
locity u,, pressure p;, translational-rotational temperature T,
and species concentrations C; with higher-order slip effects are
provided in Ref. 12.

The body-slip value of the vibrational—electronic—electron
temperature is assumed to be equal to the translational-rota-
tional temperature value, i.e.,

T =T, (20)

The translational—rotational slip temperature with a radiative
equilibrium wall assumption is computed from

1 & aT
T, == $U | K, — + K.,
(Toewr Tk { o5 P [ on

aT Ns 174
X —=— > hlJ} 21

i=1
where REWT is the radiative equilibrium wall temperature).

Boundary conditions for a noncatalytic and a fully catalytic
wall are specified by Eqgs. (22) and (23), respectively,

ac\ _
().~ @

Cf = [Ci(p.\" Ts)]eq . (23a)

i.e., the mass fractions are calculated to be the equilibrium
(thermal and chemical) values at the slip temperature and pres-
sure. For the case of no injection and a highly cooled surface,
Eq. (23a) simplifies to

Ci=Ci (23b)

The shock-slip boundary conditions employed for variables
Usns Usns Pany and Ciq, for a two-temperature model are similar
to those given in Refs. 22 and 23 for one-temperature (thermal
equilibrium) formulation. The boundary conditions used for
the two energy equations are obtained in Ref. 12.

No-slip boundary conditions at the body and shock are ob-
tained in the limit of & approaching zero, and by replacing the
subscript and superscript s by w in the slip conditions given
here and in Ref. 12. With zero slip (¢ = 0), Eq. (33) of Ref.
12 gives the usual frozen-flow approximation, which assumes
the flow to be frozen at the freestream composition behind the
shock. Also, simplification of Eq. (35a) in Ref. 12 for no-slip
condition gives T, = T., which implies that the vibrational—
electronic—electron temperature behind the shock is equal to
the freestream temperature.

The boundary conditions given in Ref. 12 are valid for a
one-temperature (thermal equilibrium) model also with the as-
sumption of T, = T.

Method of Solution

The overall method for the solution of VSL equations with
thermochemical nonequilibrium and slip conditions is similar
to that described in Refs. 23—25. This method is a spatial-
marching, implicit, finite difference technique, which includes
coupling of the global continuity and normal momentum equa-
tions. The solution with thermal and chemical nonequilibrium,
and body and shock slip at a given body station m is deter-
mined in the following manner:

1) Make an initial guess for all shock and profile quantities.

2) Compute slip quantities at shock and body.

3) Solve species concentration equations for C; first, and
then solve the vibrational-electronic—electron energy equation
for T, total energy equation for translational-rotational tem-
perature 7, and equation of state for p in this sequence.

4) Compute thermodynamic and transport properties using
T and T.,,.

5) Solve the s-momentum equation for u, continuity equa-
tion for ng, continuity and n-momentum equations simulta-
neously for v and p, and equation of state for p.

6) Repeat steps 1-5 until convergence is obtained for all of
the flowfield variables at each point of the finite difference
grid. A flow-chart for the solution sequence outlined here is
given in Ref. 12. The converged solution at body station m is
used as an initial guess to march the solution downstream for
a global (streamwise) sweep. Typically, three or four global
sweeps are needed to obtain a converged shock shape (and a
globally converged solution).

A normal grid with 101 points is clustered both at the body
surface and shock to capture large gradients in the nonequi-
librium flow properties there. The minimum grid spacing An
in the normal direction is of the order of 10~* for obtaining a
grid-independent solution with the variable ¢ value of 0.01.
The grid is changed in inverse proportion to the density for a
different altitude condition. In the streamwise direction, a grid
spacing As of 0.1 is used generally. The CPU time required is
0.009 s/grid-point/iteration on Cray Y-MP8E machine at the
NASA Langley computer center for an 11-species flowfield
calculation with thermochemical nonequilibrium. With thermal
equilibrium, this value decreases by about 20%, whereas with
the inclusion of surface and shock-slip, this value increases by
about 30%. The computer memory requirement is about 380
kilowords with 64-bit precision. These computer resource
(CPU time for converged solutions and memory) requirements
are about an order of magnitude smaller than those for the
Navier—-Stokes Langley aerothermodynamic upwind relaxa-
tion algorithm (LAURA) calculations® for an axisymmetric
body at 0-deg angle of attack.

Results and Discussion

Numerical results, obtained from the solution of the viscous
shock-layer equations for air in thermochemical nonequilib-
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rium, are discussed in this section. Results presented here in-
clude comparisons with some of the flight experiments and
existing calculations for re-entry flows under thermal non-
equilibrium conditions. For thermal equilibrium conditions, the
parent VSL code has been compared extensively with the flight
and wind-tunnel data."**** Results are also obtained for the
nose region of a proposed SSTO vehicle’ along an assumed
entry trajectory. First, a brief discussion of the modeling of
vibrational energy source term and its influence on numerical
predictions is provided.

Energy Exchange in Dissociation and Its Effect
on Flowfield Calculations

As mentioned earlier, the vibrational energy source term
Diemot WiD; (With D; = é,D,) in Eq. (2) represents the vibrational
energy lost or gained because of molecular dissociation or re-
combination. References 3 and 20 have modeled this term with
0 < & = 1. A large value of ¢, (=0.8) tends to substantially
lower the vibrational temperature behind the shock where dis-
sociation occurs, and substantially raises the vibrational tem-
perature in the boundary layer where recombination occurs.’
On the other hand, employing ¢, = 0 results in the persistence
of considerable thermal nonequilibrium in the cooler, high-
density regions closer to a body surface (see Fig. 6 of Ref.
12). For the case considered in that figure with radiative
equilibrium wall temperature, a value of &, = 0.25 gives trans-
lational and vibrational temperatures that are consistent with
the thermally equilibrated value as shown in Fig. 1 of this
article. The translational and vibrational temperature profiles
of this figure are qualitatively similar to those of Fig. 7 in Ref.
9. The differences between the two results are because of dif-
ferent values of ¢; used and differences in the chemistry mod-
els (Ref. 11 vs Ref. 16 of Ref. 9) employed. Further, the effect
of vibrational temperature on reaction rate constants is not ac-
counted for in Refs. 9 and 10. Stagnation-point values of the
presently computed wall heat flux are 158.4 and 156.2 W/cm®
for thermal equilibrium and nonequilibrium cases with radia-
tive equilibrium surface temperatures of 1322 and 1318 K,
respectively. These are approximately the same as those shown
in Fig. 5 of Ref. 26. Clearly, the effect of thermal nonequi-
librium (shown in Fig. 7 of Ref. 12) is negligible on convective
heating for this case.

Comparison with RAM-C Flight Experiment

The first comparison of the predicted values with the flight
data is made with those obtained from the RAM-C II vehicle.
This was one of the three radio attenuation measurement test
vehicles®” ™ for the investigation of flowfield plasma near re-
entry velocity (~7.6 km/s) conditions. The vehicle was a 9-deg
spherically blunted cone with a nose radius of 0.1524 m and
had a total length of 1.295 m. It was instrumented to measure
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Fig. 1 Stagnation-point temperature profiles with and without
thermal equilibrium.

electron number density across the shock layer. Microwave
reflectometers were used to measure the peak values of elec-
tron number densities at four axial locations, whereas a lang-
muir probe rake (extending across the shock layer at the base
of the cone) measured electron number density profiles. Cal-
culations have been performed at three altitudes of 61, 71, and
80.8 km to compare with the data. Freestream conditions for
these altitudes are tabulated in Ref. 12. The vehicle surface is
assumed to be fully catalytic at a fixed temperature of
1000 K, whereas the calculations of Candler and Mac-
Cormack”® employed a noncatalytic wall boundary condition at
a constant temperature of 1500 K. Their boundary condition
moves the peak number density prediction close to the wall.*
Present calculations employ an 11-species chemical model for
air. Experimental data and computed values for peak electron
number density along the axis of the RAM-C II vehicle are
shown in Fig. 2. Presently computed and the LAURA values®
(at 71 km altitude) compare quite well with data. Comparison
of the predicted electron number density profiles across the
shock layer with experimental values is shown in Fig. 3. Pres-
ent predictions are in good agreement with data, whereas the
LAURA values® are somewhat higher near the surface at 80.8
km altitude. Present calculations include body and shock-slip
boundary conditions and, similar to LAURA, are based on a
two-temperature (2-T') formulation. One-temperature (1-7") and
zero body- and shock-slip calculations of Dunn and Kang®
give higher values at 80.8 km altitude and lower values at 71
km altitude as compared to the data. Clearly, the present pre-
dictions with slip boundary conditions and thermal nonequi-
librium flowfield model are in better agreement with data as
compared to the calculations of Refs. 30 and 31. There are
slight differences in the chemical kinetic models used and the
values of the energy loss fraction &, employed here and in Ref.
30. A value of & = 0.25 is used in Eq. (12), whereas Ref. 30
has employed D, = h,,, in place of Eq. (12). The effect of
employing different values of &, on energy exchange in dis-
sociation is discussed earlier. Comparisons of Figs. 2 and 3
show that the accuracy of the electron density predictions ob-
tained from the present two-temperature formulation with body
and shock-slip boundary conditions are quite good.

Comparison with FIRE II Flight Data

The FIRE II vehicle was instrumented® to measure total
heating rates (convective plus absorbed radiative), radiative in-
tensity in the 0.2—6.2 eV range, and spectral radiation in the
2-4 eV interval. Only the stagnation-point measurements are
used for comparison with the present predictions. The fore-
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Fig. 2 Comparison of predicted peak electron density with ex-
perimental data for RAM-C II vehicle.
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Fig. 3 Predicted and experimental profiles of electron density
across the shock layer of RAM-C II vehicle.

body configuration for the FIRE II vehicle was a truncated
hemispherical shape with a small corner radius. The vehicle
heat shield consisted of three beryllium layers. For the present
study, equivalent hemispherical nose radii**** of 0.747, 0.656,
and 0.600 m were used for the three heat shield layers. The
freestream conditions are tabulated in Refs. 12 and 33. A com-
parison of the computed total heat flux with FIRE II data® is
shown in Fig. 4. The VSL + Langley optimized radiative
nonequilibrium (LORAN) uncoupled values are from Table 5
of Ref. 12. In this table, the VSL convective heating results
have been obtained by the present method, whereas the un-
coupled LORAN radiative heating values are taken from Ref.
7. LORAN is a nonequilibrium radiative heating prediction
method® and treats the radiation spectrum in moderate detail,
accounting for all mechanisms of importance. The LAURA
convective heating values are also obtained in Ref. 7. Except
for the flight time of 1645 s, there is a very good agreement
of the presently predicted VSL results + LORAN values (of
Ref. 7) with data, especially for the earlier flight times when
thermal nonequilibrium is more significant. The LAURA +
LORAN uncoupled results are consistently lower than the
flight and VSL + LORAN values, except for later flight times
(1651 s and beyond). At the peak computational heating point
(1643 s), the LAURA + LORAN values are lower by about
20% as compared to the flight data and VSL + LORAN val-
ues. As mentioned earlier, the differences in the VSL and
LAURA convective heating rates are because of the differ-
ences in physical models employed. The two methods use dif-
ferent chemical kinetics models, values for &,, degrees of vi-
brational and electronic excitations (i.e., partial or full) in the
thermal conductivity calculations, and curve-fits for the colli-
sion integrals for transport properties. Since VSL is a rapid
calculation procedure, present VSL results contain more detailed
flowfield physics (without significantly increasing the computa-
tional time) as compared to the LAURA results of Ref. 7.

Stagnation-Region Flowfield Analysis and Heating Rates
for a SSTO Vehicle Trajectory

A detailed flowfield analysis of the stagnation region of a
proposed SSTO vehicle® has been carried out with the two-
temperature viscous shock-layer technique presented here. The
flowfield structure and surface heating rates along the SSTO
vehicle windward centerline plane have been obtained by seek-
ing solutions over the matching hyperboloid at zero incidence
(see Fig. 5). This modeling is possible only for the nose region
because, unlike the Shuttle,*® the SSTO vehicle (whose nose
region is shown in Fig. 5) does not have a flat bottom surface.
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Fig. 4 Comparison of predicted stagnation-point total wall heat
flux with data from FIRE II,
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Fig. 5 Coordinate system of the matching hyperboloid for nose
region of a proposed SSTO vehicle at 32-deg angle of attack.

However, the windward-side surface in the windward center-
line plane does have a smoothly decreasing slope, which es-
sentially becomes constant over the aft portion of the vehicle.
The half-angle 6 of the equivalent hyperboloid employed is 32
deg, with an R} of 1.38 m. Calculations have been performed
at four points in the trajectory near the peak heating point (at
65 km altitude) using the freestream conditions given in Table
1. The catalytic recombination coefficient ¥ values used for
the vehicle surface (assumed to be similar to that of a shuttle)
are

Fw = 0.007 exp(—2219/T%), 950K < T¥ < 1670 K  (24a)
Yo = 8 exp(—8600/T%), 1000 K < T* < 1650 K  (24b)

and the surface is considered to be at radiative equilibrium
wall temperature (T fgwr). Equation (24) for the surface recom-
bination coefficients has been established from flight heat-flux
measurements (obtained from the early Shuttle flight test mis-
sions), by employing a procedure similar to that of Ref. 37.
Equation (24), however, has been obtained after making cor-
rections, changes, and a grid resolution study with a recently
developed partially coupled viscous shock-layer code.”

The first set of calculations is done at 65 km altitude to
evaluate the effect of the model used for the vibrational energy
reactive source term. Similar to the results given in Fig. 7 of
Ref. 12, a value of & = 0.25 in the vibrational energy source
term gives translational and vibrational temperatures consistent
with the thermally equilibrated value as shown in Fig. 6.

Selected stagnation-point results at four altitudes for the
freestream conditions given in Table 1 are provided in Table
2. The tabulated values include shock and surface quantities
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Table 2 Selected stagnation-point results for a proposed SSTO vehicle

p&, atm T K pkipk
Body and Body and
Altitude. No slip Body and shock-slip No slip shock-slip No slip shock-slip
km TE TNE TE TNE TE TNE TE TNE TE TNE TE TNE
85 4491 X 107  4.146 X 107 4525 X 107 4,164 X 107> 19,078 29,896 14,874 25,179 10.086 5.943 10.836 6.066
5 1775 X 107*  1.649 X 1072 ® ® 16,472 24,499 ° ® 9.491 5.931 ® °
65° 4.645 X 107> 4379 X 107 b ST 11,867 15,928 ’ » 8392  5.895 ° i
55 7.086 X 107> 6.764 X 1072 ° b 5,872 7,264 b ® 7479 5771 ® b
p¥ atm T¥ewr, K q%, Wiem®
85 4797 X 107 4,732 X 107 4,017 X 10™* 4.130 X 107 1,394 1,314 1,368 1,300 19.352 15263 17933 14.637
75 1.908 X 107 1.898 X 107 ® e 1,604 1,584 ® ° 33.976 32.256 ° ®
65" 5.043 X 107 5.031 X 107? 4 ° 1,609 1,606 ° ® 34383 34.062 ® ®
55 7725 X 107 7.704 X 1072 ® ® 1,310 1,309 ® o 15.108 15.055 ° °
®Peak heating altitude. “Slip effects negligible.
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Fig. 6 Stagnation-point temperature profiles for thermal equilib-
rium and nonequilibrium conditions (with ¢, = 0.25), 30 x103
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Fig. 7 Thermochemical nonequilibrivtm and equilibrium stag-
nation heating for a proposed SSTO vehicle.

with thermal equilibrium and nonequilibrium and without slip
for altitudes of 55, 65, 75, and 85 km. For 85 km altitude,
various values with body and shock-slip are also obtained. At
75 km altitude, the effects of body and shock-slip on various
quantities are negligible and, therefore, the lower altitude cases
were not run with the slip boundary conditions. Further, except
for the altitude of 85 km, the effect of thermal nonequilibrium
is more noticeable on shock than wall quantities and decreases
with decreasing altitude. At an altitude of 85 km, the effect of
thermal nonequilibrium is to lower the wall heat flux by about
21% without slip and 23% with slip effects as compared to

Fig. 8 Effect of slip and TNE on temperature profiles. s = a) 0.0
and b) 2.0.

the respective thermal equilibrium values. The effect of slip is
to decrease the wall heat flux by about 7% with thermal equi-
librium and 4% with thermal nonequilibrium relative to the
corresponding no-slip values. Obviously, at 85 km altitude,
thermal nonequilibrium effects are more important than the
slip effects for wall heat flux calculations. The combined ef-
fects of thermal nonequilibrium and slip conditions lowers the
heating by about 24% as compared to the no-slip thermal equi-
librium value at this altitude. Some observations from the de-
sign standpoint can be made regarding the thermal protection
system (TPS) for the nose-cap, based on the surface temper-
atures provided in Table 2. The stagnation-point radiative equi-
librium wall temperature exceeds 1600 K at the peak-heating
altitude of 65 km. Temperatures greater than 1600 K are out-
side® the multiuse limits of ceramic TPS with reaction-cured
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glass (RCG) coatings [characterized by recombination coeffi-
cient values of Eqs. (24a) and (24b)], but within the limits of
reinforced carbon—-carbon (RCC)/advanced carbon-carbon
(ACC), which are materials typically used in the construction
of a vehicle nose-cap thermal protection system.

Figure 7 summarizes the surface heating results of Table 2.
Also included in this figure are the thermochemical equilib-
rium (one-temperature) results obtained by the method of Ref.
39. These values are generally -considered as upper limits of
surface heat flux for heat shield design purposes. As can be
seen from this figure, chemical nonequilibrium persists even
at an altitude of 55 km. For this altitude, the nonequilibrium
heating (for a Shuttle-like surface) is about 21% lower than
the chemical equilibrium value.

The temperature profiles at the stagnation point (s = 0) and
two nose radii (s = 2.0) downstream, with and without body-
and shock-slip and thermal nonequilibrium, are presented in
Figs. 8a and 8b. In general, the slip and thermal nonequilib-
rium effects are maximum at the stagnation point (see Fig. 8a),
and diminish downstream as shown in Fig. 8b. Detailed spe-
cies profiles at the stagnation point and downstream are given
in Ref. 12. The effect of slip and thermal nonequilibrium on
species profiles is similar to that observed in the temperature
profiles. Further, with thermal nonequilibrium, a higher level
of dissociation and ionization is seen because of the larger
weighting of the translational temperature [which is higher
than the thermally equilibrated value], in the dissociation tem-
perature equation [Eq. (11)].

Conclusions

A two-temperature VSL technique is presented for analyzing

an 11-species airflow with thermochemical nonequilibrium.
The present formulation employs recently developed physical
models, detailed transport and thermodynamic properties, and
body and shock-slip boundary conditions (required for the
low-density flows associated with thermal nonequilibrium) for
multicomponent mixtures.

Results obtained with the present method reproduce exam-
ined re-entry flight data with a good degree of accuracy over
a wide range of conditions, validating its use for the calcula-
tion of low-to-high density flows. These results also agree
fairly well with the existing calculations.

Detailed stagnation-region flowfield calculations have been
carried out at four altitudes of 55, 65, 75, and 85 km along
the trajectory of a proposed SSTO vehicle. Of these four al-
titudes considered, thermal nonequilibrium (with significant vi-
brational and electronic nonequilibrium components) and slip
effects are important only at 85 km altitude, where the stag-
nation-point heating is about 40% of the peak-heating value
of ~34 W/cm?® at 65 km altitude. The combined effects of ther-
mal nonequilibrium and slip conditions lower the heating by
about 24%. The effect of slip is negligible for altitudes lower
than 75 km, whereas the effect of thermal nonequilibrium on
surface quantities becomes negligible at 55 km altitude. At this
altitude, however, the chemical nonequilibrium effects lower
the stagnation heating obtained from chemical equilibrium cal-
culations by about 21% for the Shuttle-like surface. These re-
sults demonstrate the use of VSL technique as a quick method
with minimum computer resource (memory and computational
time) requirements to evaluate slip effects and vibrational and
electronic nonequilibrium along the trajectory of a flight ve-
hicle. This capability is very desirable in a conceptual or pre-
liminary design process, requiring analysis of many trajectory
points.
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