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New Technique for Low-to-High Altitude Predictions of
Ablative Hypersonic Flowfields

Bilal A. Bhutta* and Clark H. Lewist
VRA, Inc., Blacksburg, Virginia 24063

A new coupled-chemistry PNS solution technique is developed for predicting finite-rate chemically reacting
flows over a wide range of Mach numbers and for altitudes ranging from sea level to 250 kft. New diagonalized,
two-step, and strongly implicit solution schemes are developed to efficiently and accurately solve the coupled
species conservation equations. Furthermore, a new quasisteady ablation model is developed for Teflon that
accounts for the material density variations. Numerical tests are conducted over the Mach number range of
6.89-20 and altitude range from sea level to 250 kft, and comparisons are made with available wind-tunnel and
flight data on surface heat-transfer rates. The results show that the new two-step solution scheme provides a
uniquely attractive combination of accuracy, stability, and computational efficiency over the entire range of
conditions tested. Furthermore, nonablating low-altitude calculations show that finite-rate chemistry effects are
still significant over a major portion of the shock layer. The classical Blottner-type linearization of the
production terms is unstable for low-altitude high-Reynolds-number conditions. The results of Teflon ablation
calculations show that, for the altitude range of 75-250 kft, the predicted surface ablation rates using our
quasisteady ablation model are within 10% of the predictions of Scala's correlation based on flight data.
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Nomenclature
mass fraction of /th species
specific heat at constant pressure
diffusion coefficient for the /th species with
respect to the j th species
mass fraction of eth element
static enthalpy
determinant of the transformation Jacobian
diffusion mass flux, (LejJL/Pr)(Ci))X.
backward reaction rate
equilibrium constant
forward reaction rate
thermal conductivity of /th species
binary Lewis number, p*Cp *£>//*/£*
log of the molar concentration of /th species,

number of grid points in the £ 2 direction
Mach number
molecular weight of /th species
surface ablation rate, (pw^/p^V^
molecular weight
%2tx%2,x + %2ty%2,y + ?2,z^2,z
total number of elements
total number of group 1 species
total number of chemical species
total number of chemical third bodies
iteration number
Prandtl number
static pressure
total wall heat-transfer rate
radial distance from body axis
local body radius
Reynolds number, (p*V*Rn*)/n*
nose radius
static temperature
freestream static temperature, Tw
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Superscripts
EQ
j
n
T

= contravariant velocity, u£jtX + v%j>y + w£/ jZ
- A: component of mass-averaged velocity
= total mass-averaged velocity
= y component of mass-averaged velocity
= z component of mass-averaged velocity
= coordinate along body axis
- y coordinate
=z coordinate
= MJRe*
= marching or stream wise coordinate
= coordinate measured from the body to the outer

bow shock
= crossflow coordinate
= mixture density
= under-relaxation factor
= production rate of the /th species

= amorphous Teflon
= /th chemical species or in-depth conditions
= solid Teflon
= wall quantity
= partial derivative
= freestream quantity

= equilibrium conditions
= index in ̂  direction
= index for iteration
- vector or matrix transpose
= dimensional quantity
= mixture property

35

Introduction

T HE baseline parabolized Navier-Stokes (PNS) scheme
used in this study has been developed by the authors over

the past several years1"12 and uses a uniquely accurate solution
scheme (free of any sublayer-type approximation10'11) along
with an iterative numerical technique based on a pseudo-un-
steady approach to the final steady-state solution. Although
even the scalar computational times for a typical decoy-type
re-entry calculation with this PNS scheme are very fast, signif-
icant headway has also been made to completely vectorize the
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solution scheme. Tests have shown that even without complete
vectorization, this nonequilibrium PNS scheme with a com-
plex Teflon-air chemical system is actually more than an order
of magnitude faster than a state-of-the-art finite difference
nonequilibrium boundary-layer code (NEBL code of Finson et
al.13). In fact, this comparison does not even include the
significant amount of additional time required by the bound-
ary-layer scheme to do the nonequilibrium edge conditions.
On the other hand, the nonequilibrium PNS scheme is not
only faster but also more accurate and consistent, and com-
plete second-order effects (displacement thickness, vorticity
interaction, and transverse and longitudinal curvature) are
included.

The main objective of this paper is to present a new PNS
technique for predicting chemically reacting re-entry flow-
fields over a wide range of altitudes ranging from sea level to
250 kft. For simplicity, the present study focuses on axisym-
metric flows; however, subsequent extensions to three-dimen-
sional flows and/or other chemical systems are also relatively
straightforward. The various results obtained thus far in this
study show that this nonequilibrium coupled-chemistry PNS
scheme can indeed provide a good combination of prediction
accuracy, simplicity, and computational speed.

In general, in this study, we have incorporated a general
nonequilibrium and near-equilibrium flow modeling capabil-
ity in our nonequilibrium PNS afterbody solution schemes.
The nonequilibrium solution scheme used is also stable in the
equilibrium (infinite reaction rate) and frozen (zero reaction
rate) limits. Typically, for equilibrium or near-equilibrium
flows, the species conservation equations become numerically
stiff and must be solved in a mutually coupled manner.14

Different workers have used different forms of this coupling.
Finson and Ameer15 used a temperature and species coupling,
whereas Li16 has shown that only a species coupling can also
be adequate to resolve the associated problem of numerical
stiffness. We believe that the temperature-species coupling can
be important in the blunt-body region, whereas the species
coupling will be adequate in the afterbody region. Indeed, the
results of this study do substantiate this approach.

In this study we have considered three types of numerical
solution schemes for solving the nonequilibrium species con-
servation equations: 1) a strongly implicit solution scheme,
2) a two-step solution scheme, and 3) a diagonalized solution
scheme. Furthermore, the present study focuses on clean-air
and ablative Teflon-air chemical systems. Several test cases
have been computed to demonstrate the feasibility and evalu-
ate the accuracy of the new strongly implicit as well as two-
step coupled-chemistry PNS solution schemes. The results
obtained are indeed quite encouraging and show that the new
two-step solution approach for solving the species conserva-
tion equations is very attractive because it not only avoids the
numerical stiffness problem but also is the most efficient in
terms of computational speed.

Teflon-Air Chemical Model
Teflon (C2F4) is a fluorocarbon polymer compound most

commonly used as a low-temperature ablator for heat-shield
applications and for the purpose of shock-layer electron
quenching. The oxidation and reduction chemistry of C2F4
is not very well understood. The possible species from the
oxidation, reduction, and ionization of a system composed of
F, C, N, and O can be numerous.17 Some of the species can be
identified as trace, whereas the reaction mechanisms of some
species are not even well understood. In this study, both
clean-air and Teflon-air gas mixtures are considered; however,
since the clean-air system is a subset of the Teflon-air system
discussed later, it is not addressed separately.

The present Teflon-air chemical model is based on the data
used by Bhutta and Lewis,5 Bhutta et al.,6 and Blottner et al.18

In this chemical model, Na and Na+ were included to simulate
the effects of sodium contamination on the ablation products.
The overall Teflon-air chemical system used consists of 23

Table 1 Forward reaction rate data

A> = CO?(r**C2r)*exp(-Clr/r)
Reaction
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(8)
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= COF2 + CF2
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= CF2
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= F
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4
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3
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.33E + 08
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.24E+14

.29E+11
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.30E+15

.OOE+11

.50E+18
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9
4
1
1
1
3
1
2
9
4
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.OOE + 03
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.OOE+10
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C\r

59400.0
113100.0
113100.0
75600.0
19700.0
37500.0
32400.0
64638.7
36850,0

129000.0
54105.1
42189.7
59187.5
59187.5
16997.8
5082.4

37695.0
215.0

6682.6
48130.6
27965.8
18474.7

0.0
40015.4
70930.0
87480.0

163300.0
59790.0
43240.0
19580.0
20980.00
18210.00
72390.00
69500.00
53200.00
6640.00

C2r

-1.00
-0.50
-1.50
-1.50

1.00
0.00
0.50

-2.54
0.50

-1.00
0.07

-0.70
1.46

-3.04
1.05
0.90

-6.36
-1.55

0.50
0.50
0.50
0.20
0.00
0.70

-1.00
1.00
0.75
0.50
0.00
1.50
2.00
1.00
2.00
1.00

-1.00
0.50

species (O, O2, N, N2, NO, C, C2, C3, CO, CO2, Na, F, F2,
CF2, CF4, COF2, C2F4, N0+, O-, 02-, Na+, F-, and e~) and
36 gas-phase reactions. The gas-phase reactions and associated
forward reaction rates are given in Table 1. The first seven of
these reactions are based on the seven-species nonequilibrium-
air work of Blottner et al.18 and Miner and Lewis19 and use the
reaction-rate data of Bortner.20 Reaction 8 of Table 1 is based
on the wake studies of Cresswell et al.21 The next 13 carbon-
related reactions (9-21) are based on the work of Blottner,22

and the subsequent 14 fluorocarbon reactions (22-35) are
based on the work of Cressweli et al.21 and Braun.23 The last
fluorocarbon reaction is based on the work of Modica.24 The
equilibrium constants (Kc) for these reactions were calculated
using curvefits of species partition functions collected by
Modica.24

For the present nonequilibrium calculations, the thermody-
namic properties (enthalpy and specific-heat data) of the air
species (O, O2, NO, NO+, N, and N2) were obtained from the
thermodynamic data of Browne.25'27 For the 23-species Teflon-
air chemical system, the thermodynamic properties for the
carbon species (C, C2, C3, CO, and CO2) were obtained from
Blottner et al.18 The thermodynamic data for the remaining
species (Na, Na+, O~, O2~, CF2, CF4, F, F2, F~, C2F4, and
COF2) are based on the data used by Bhutta and Lewis.5

The viscosity data for O, O2, NO, NO+, N, N2, C, C2, C3,
CO, and CO2 are based on the data used by Blottner et al.18

The viscosity data for the remaining species (Na, Na+, O~,
O2~, CF2, CF4, F, F2, F-, C2F4, and COF2) are based on the
data used by Bhutta and Lewis5 and Bhutta et al.6 The thermal
conductivity of the individual species is calculated from the
Eucken semiempirical formula, and the viscosity and thermal
conductivity of the mixture are calculated using Wilke's semi-
empirical relations.
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Table 2 Thermal conductivity curvefits for air species

Species C/a

N2 -0.33734053E-01
O2 -0.46498024E-01
NO -0.34769636E-01
0 0.13789297E-01
N -0.89982103E-03
NO+ - 0.289781 17E + 00
a&i [ki(m W/m - K)\ = C, + (Af «£
Kelvin.

0.12824953E + 01 -0.29808637E + 01
0. 14800828E + 01 - 0.36461 138E + 01
0.13217918E + 01 -0.31735793E + 01
0.51425073E + 00 0.5381445 IE + 00
0.79150022E + 00 -0.857 1825 IE + 00
0.82323298E + 01 - 0.50167470E + 02

\nT + Bi) fa T where T is the temperature in

The diffusion model used in the present study was limited to
binary diffusion. For the Teflon-air calculations, the binary
diffusion coefficients were specified using a constant binary
Lewis number of 1.4. However, for the clean-air (O, N, NO,
NO+, O2, and N2) calculations, we also used Blottner et al.'s
curvefits of the binary diffusion coefficients18 to investigate
the effects of variable binary Lewis number. Furthermore, in
the case of clean-air calculations, we also studied the impact of
the Eucken approximation for the species thermal conductiv-
ity. To improve these data, we curvefit the thermal conductiv-
ity calculations of Uribe et al.28 for N2, O2, and NO and the
calculations of Biolsi29 for N, O, and NO+ with a quadratic
least-square fit in the log-log plane. The resulting curvefits
(Table 2) represent the respective data of Uribe et al.28 and
Biolsi29 to an accuracy of ± 2%.

Solution Scheme
The coordinate system used for the present axisymmetric

afterbody PNS scheme is a general curvilinear coordinate
system (£lf £2, £3). The £1 coordinate is along the body and is
also the marching direction, the axis-normal £2 coordinate
stretches from the body to the outer bow shock, and the £3
coordinate is the circumferential coordinate measured from
the windward pitch plane to the leeward pitch plane. Also, a
body-fixed orthogonal (Cartesian) coordinate system is chosen
such that the origin of the Cartesian coordinate system is at
the tip of the blunt nose, and the x axis is aligned with the axis
of the body. It should be noted that, although the £3 coordi-
nate appears in this discussion, the final formulation uses the
axisymmetric nature of the flow to do the exact crossflow
derivatives along the windward (£3 = 0) streamline.

Governing Equations
We choose our vector of flowfield unknowns to be

q = [p, pu, pw, pT,p]T (1)

Following the approach of Viviand30 and Peyert and Vivi-
and,31 the three-dimensional Navier-Stokes equations are
transformed into the general curvilinear coordinate system
(£,). These three-dimensional Navier-Stokes equations are el-
liptic in £1, £2» and £3 directions. After neglecting the viscous
dissipation effects in the £1 direction and making use of the
axisymmetric nature of the flowfield, we obtain the following
vectorial form of the axisymmetric PNS equations:

(2a)

where e = M^/Re*, and it is assumed that the freestream
behaves like a perfect gas.

These five equations representing the differential conserva-
tion of mass, momentum, and energy are mathematically
closed by using the equation of state for the particular gas
model being used. In the case of finite-rate chemically reacting
air, the gas is assumed to be a mixture of perfect gases and the
equation of state is given by

where m = y^m^/mi is the nondimensional mixture molecu-
lar weight. It should be noted that, unlike our previous
nonequilibrium PNS calculations, *~6 the energy equation for
the present study is written in terms of the conservation of
total enthalpy. _

The mixture thermodynamic properties (such as m, k, Cp,
JJL, Pr, etc.) require a knowledge of the species concentrations
(C/) that is obtained from the species conservation equations.32

These equations are first transformed into the (£1, £2, £3)
coordinate system, and the resulting equations are parabolized
by neglecting diffusion effects in the £ t direction. Further-
more, for axisymmetric flows there are no crossflow (£3) spe-
cies convection and dissipation effects (C/^3 = C/f$3$3 = 0). The
final axisymmetric parabolized species conservation equations
are written as

(3)- e[(iiLeim2kk/JPr)Cit^2 = cb,

where i = 1, 2, 3, . . . , NS.

Numerical Solution Scheme
The system of equations represented by Eqs. (2) and (3) is

closed through a knowledge of the thermodynamic and trans-
port properties of the mixture; namely, CP9 k, m, JJL, Pr, and
Le. The overall nonequilibrium PNS problem represented by
these equations is well posed; however, the number of un-
knowns involved is very large (i.e., p, put pv, pw, pT, p, ~CP,
k, m, JJL, Pr, Q, C2, C3, . . . , CNS). However, for many
practical problems, the coupling between the JMd mechanics
(p, pu, pv, pw, pT, and/?) and the chemistry (Cp, m, k, fi, Pr,
Q, C2, . . . , C/s/s) is not very strong, and we can decouple the
overall nonequilibrium PNS problem into 1) a fluid mechanics
problem and 2) a chemistry problem.1'6 During each iteration
at a given marching step, we first solve the fluid mechanics
problem [Eqs. (2a-2b)], and then we solve the chemistry prob-
lem [Eq. (3)] based on the solution to the fluid mechanics
problem. With this updated chemistry, the fluid mechanics
problem is solved once again, and the cycle is repeated until
acceptable convergence is achieved.

1) Solution of the Fluid Mechanics Problem
The solution scheme used for the fluid mechanics problem is

very similar to our approach of Refs. 1-6 and 12. However,
briefly speaking, it is assumed that the solution at the "« + 1"

t t+dt

Gas Mixture i

Pwvwh«
rx Ablating
i Surface

^Mixing/
Burning Zone

Amorphous
Surface Teflon

p - pT/m = 0 (2b)

Ps

Fig. 1 Schematic description of quasisteady surface ablation and
energy balance.
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level is close to the solution at the n th iteration. By expanding
the solution around the nth iteration, using two-point stream-
wise differencing, and fourth-order axis-normal numerical
diffusion effects,12 we can write Eqs. (2a-2b) as

(4a)

where the intermediate (unsmooth) solution vector12 (\J+ 1»ll+ 1)
is given by

(4b)

After the iterative process of Eqs. (4a) and (4b) converges, the
final (smooth) solution vector12 (qj+l) is obtained from

1 - [0, 0, 0, 0, (4c)

The matrices y4o, ^4i, A2, and A/2 are called the Jacobian
matrices,5'12 o> is an under-relaxation factor that has values
between 0 and I,12 and X6 is the sixth element of the vector x-

Since the fourth-order axis-normal dissipation effects intro-
duced through Eq. (4c) act only on the pressure field, they do
not degrade the wall heat-transfer and skin-friction predic-
tions.12 Furthermore, to damp and control the growth of any
streamwise numerical oscillations, small amounts of second-
order streamwise numerical dissipation effects are also added
to the governing equations.12 Based on a simple damping
model, we choose the streamwise diffusion effects to be of
the form12

(5)

where the subscript b represents first-order backward-differ-
enced approximation. The appropriate values of o> are be-
tween 0 and 1, and its form is chosen such that o>— 1 as A£i—-0
and co-*0 when A£i is sufficiently large. Thus, the numerical
accuracy of a large step-size solution is not compromised.

en
lit-
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2) Solution of the Chemistry Problem
Using the solution of the fluid mechanics problem [Eqs. (2)

and (4)], first the thermodynamic and transport properties of
the reacting gas mixture are determined. This information is
then used to solve the coupled species equations that assume
that in all there are NE elements and NS total species. The
NSth species is always chosen to be the electrons, which have
negligible mass, and, thus, Ce- = 0. Although there are NS
species, only NS — 1 species mass fractions need to be deter-
mined. In general, the NS — 1 species are split into two user-
specified groups of NM and NE species, where NM + NE =
NS - 1. For simplicity, let us refer to the group containing the
NE species as group 1 and the group containing NM species as
group 2. The purpose is to try to include in group 1 not only
the most dominant species but also to select these NE species
such that all available elements are represented. The remaining
NM species are left in the other group (group 2). The reason
behind this grouping is to obtain the NM number of relatively
less dominant species from the corresponding species conser-
vation equations (second-order partial differential equations),
whereas the concentrations of the dominant species are deter-
mined from the NE number of algebraic relations representing
the conservation of elemental mass. In this manner the final
species concentration distributions are better behaved and are
less prone to numerical errors and oscillations.

In general the coupled-species solution for the chemistry
problem consists of the following main steps:

1) Obtain the element mass fractions (Ee) of all elements at
each grid point using the element conservation equations.

2) Set up NE algebraic equations representing the conserva-
tion of elemental mass at each grid point.

3) Set up NM differential equations representing the con-
servation of mass of the NM species included in group 2.

4) Solve the NE + NM equations simultaneously to obtain
the species mass fractions at each grid point.

These steps are discussed in the following sections in more
detail.

Solution of the Element Conservation Equations
The parabolized axisymmetric element conservation equa-

tions are almost identical in form to the species conservation
equation [Eq. (3)], except that they do not contain any pro-
duction terms. These parabolized element conservation equa-
tions can be written as

+ [(pU2/J)Ee],t2 - e[(jiLem2kk/JPr)Ee>hlh = 0
(6)

where e = 1, 2, 3, . . . , NE. It should be noted that these
equations are mutually uncoupled and numerically the most
effective way of solving these element conservation equations
is to solve for all but the most dominant element species from
the NE — 1 element conservation equations, and the element
mass fraction of the last (NEtti) element is then obtained from
the constraint

NE

The boundary conditions for the element conservation
equations [Eq. (6)] consist of specified element mass fractions
at the shock [(Ee)shock = (£*)<»]. The wall boundary conditions
for these elemental conservation equations are, however,
slightly more complicated. In the case of a nonablating wall,
the elemental composition at the wall is simply (Ee)w = (Ee)^.
However, in the case of an ablating wall, the wall boundary
conditions consist of convection of elements away from the
wall and diffusion of elements toward the wall. This convec-
tion-diffusion boundary condition is in fact a first-order dif-
ferential equation written as

Fig. 2 Grid-refinement effects on the predictions of wall heat-trans-
fer rate for case 1. (PU2/J)Ee - e(iiLem2kk/JPr)Ee^ = (7)
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where (Ee)~ is the elemental mass fraction of the injectant,
and m is the surface ablation rate.

species conservation equation [Eq. (3)] in the following vecto-
rial form:

Element Mass Constraints
Once the element conservation equations have been solved

to give the element mass fractions at each grid point, the local
species must satisfy the NE number of constraints defining the
conservation of atomic mass. The constraint conditions are
algebraic relations that imply that at any grid point the num-
ber of atoms of element e in all species must add up to its local
value dictated by the element conservation equations.

In terms of mass fractions, these constraint conditions can
be written as

(8)

where (ae)i is the number of atoms of element e in species /, Ae
is the atomic weight of element e, and M/ is the molecular
weight of species i.

Supppse w§ define the vector of element mass fractions as e,
the vector of species mass fractions for group 1 species as Ci,
and the vector of species mass fractions for group 2 species as
c2; then

e =

= «(ci, c2) (15)

where w is a vector containing the production terms for the
group 2 species (c2)f These species production terms can be
linearized around the previous iteration as

(16)& • A/2

Thus, using Eq. (16) we can write the species production terms
in terms of only A/2 as

- A/2

(17)

Now, using Eq. (17) we can linearize each component of the
species conservation equation [Eq. (15)] around the previous
iteration. Using two-point backward-differenced approxima-
tion for the stream wise derivative, we can write

C2 = [C2_i, C2_ (9)

where Ci _ i, C\ _ 2, • • • » C\-NE are the NE number of species
in group 1 , and C2 _ i, C2 _ 2, • • • » C2 - NM are the NM number
of species in group 2.

Using this notation, we can rewrite the element mass con-
straints of Eq. (8) as

A:=l
2-k= nm(10)

This is a vectorial equation that can be written at the n + 1
iteration as

Similarly, we can write

l(pU2/J)c2]»£ l =

and

[Z>2" -

(18a)

(18b)

(18c)

(11)

The changes in species mass fractions (ACi_7, AC2_fr) are
numerically not the most desirable variables to solve for be-
cause during the iterations the solution changes can be nega-
tive and, thus, the mass fractions of trace species can tempo-
rarily become negative. This would not only be % nonphysical
situation but also, more importantly, it can cause fatal compu-
tational errors. To avoid such computational difficulties, the
dependent variables are transformed from species mass frac-
tions (Cf) to the log 9f moles of these species per unit volume
(Lt), where

(12)

and i = l, 2, 3, . . . , NS. Thus, we can linearize Eq. (11)
around the previous iteration, and using vector notation we
can write them as

Using Eq. (13), we can now express A/i in terms of A/2 as

(14)

Solution of the Species Conservation Equations
For the NM species (c2) in group 2, we can also rewrite the
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Fig. 3 Gas-model effects on the predictions of wall heat-transfer rate
for case 1.
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Using Eqs. (17) and (18), we can write the species conservation
equations for the group 2 species [Eq. (15)] in the following
block-matrix form

- A/2 - A/2],l

- w - b2}n = bn (19)

Equation (19) represents a block tridiagonal system of equa-
tions in the £2 direction. It should be noted that in Eq. (19) all
of the matrices except the the matrix B2 are diagonal in form,
and the mutual coupling of the species equations is solely due
to this matrix. This block-matrix system of equations can now
be solved using the following solution approaches involving
various levels of approximations about the nature of solution
coupling between the various species.

1) Diagonalized Solution Scheme
This solution scheme assumes that the local production of a

particular species is dominated by the local concentration of
that species. This is typically a good approximation under
nonequilibrium flow conditions and is a very poor approxi-
mation under equilibrium or near-equilibrium flow condi-
tions. For this scheme, all off-diagonal terms of the matrix B2
in Eq. (17) are neglected, and thus all matrices in Eq. (19)
become diagonal. Consequently, each equation represented by
Eq. (19) can now be solved uncoupled from all others using a
simple scalar tridiagonal solver. Except for the exact form of
the dependence of the production term of a particular species
on the local concentration of that species [Eq. (17)], this
approach is very similar to the classical uncoupled solution
approach (Blottner,22 Davis,33 Moss,34 Miner and Lewis,19

Bhutta and Lewis,1'5 and Bhutta et al.2'6) and, thus, will suffer
from similar stiffness problems under equilibrium and near-
equilibrium conditions.

2) Strongly Implicit Solution Scheme
This solution approach assumes that the local production of

each species can be affected by all species involved in reacting

Mach=6.89
12.84°/7°
Bicone

Rn=0.151"
Laminar

0.60 1.20 1.80 2.40

with that species and, thus, retains the complete full-matrix
form of matrix B2 in Eq. (17). Thus, by using two-point
backward-differenced approximations for the £1 derivatives,
central-differenced approximations for the £2 and £3 deriva-
tives, and using £ as the grid index in the £2 direction, we can
write Eq. (19) as

At - (A/2)£_ \ + Br (20)

Fig. 4 Effects of thermal conductivity data on mixture properties at
the body end for case 1.

This block-tridiagonal system of equations can now be solved
using the appropriate species boundary conditions at the wall
((= 1) and at the shock (£= LMAX). This block-matrix solu-
tion approach properly accounts for the mutual coupling of all
species and, thus, avoids the problems of numerical stiffness.

3) Two-Step Solution Scheme
This solution approach is a very attractive compromise be-

tween the coupling characteristics of the block-matrix solution
scheme (2) and the efficiency characteristics of the diagonal-
ized (uncoupled) solution scheme (1). In this approach, it is
assumed that 1) the spatial coupling of a species at a grid point
is predominantly dictated by only the concentration of that
species at the neighboring grid points and 2) the mutual cou-
pling of the species at a grid point is predominantly dictated by
the species concentrations at that grid point. Thus we devise a
two-step procedure in which the first solution step accounts
for the spatial coupling of each species, and the second step
accounts for the local mutual coupling of the species. The first
step in this two-step procedure consists of a diagonalized
solution scheme, and the resulting solution is called an inter-
mediate solution. Using this intermediate solution in Eq. (19),
the off-diagonal terms (representing the spatial coupling ef-
fects) are estimated, and the resulting system of equations is
reduced to a simple point-matrix solution. Furthermore, this
procedure is highly vectorizable because the matrix inversion
at each grid point can be done in a single vector loop over all
grid points. Numerical experience shows that this additional
matrix inversion only takes approximately 15% more time
than the diagonalized scheme; however, since it retains the
mutual coupling of the species at a grid point [Eq. (17)], it also
avoids the numerical stiffness problems under equilibrium and
near-equilibrium flow conditions. It is worth noting that un-
der the nonequilibrium limit the first step of this two-step
procedure is dominant and sufficient, whereas in the equi-
librium limit the second step of this two-step procedure is
dominant and represents a point-by-point application of the
law of mass action.

The final system of equations representing the species con-
servation equations can now be solved using the appropriate
species boundary conditions at the wall ((= 1) and at the
shock (£= LMAX). Once the A/2 vector has been obtained at
all of the grid points, the corresponding A/t vector is readily
obtained using Eq. (14). The important thing to note in this
solution is that, unlike a full matrix solution of the species
conservation equations that involves inverting and iterating on
matrices of NS x NS size, the present solution scheme oper-
ates and iterates on matrices that are primarily NM x NM in
size. This smaller size of the matrices is not only computation-
ally more efficient, but also the overall iterative process is
much faster to converge.

Although the iterations are done in terms of the logarithm
of the molar concentrations, the actual computations are still
done in terms of the species mass fractions (ci, c2). Thus, after
each iteration a decoding procedure is required to convert the
changes in the log of the molar concentrations to the corre-
sponding changes in the mass fractions. It is also important to
note that, although the logarithm of the molar concentration
is a better variable to iterate on because of its nonnegative
character, due to its exponential nature, sometimes during the
iterations it can attain unrealistically large values. The follow-
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ing decoding strategy helps circumvent these problems of non-
negativity as well as exponential growth:

= (Cf if AL;+I

if ALf+ 1 (21)AC/14"1

where / = 1, 2, . . . 9 NS.

Additional Numerical Considerations
In this study we have used our fully implicit shock-fitting

scheme3'6'12 that was modified to treat frozen as well as equi-
librium shock-crossing conditions. In this scheme the bow
shock location is iteratively predicted as the solution marches
down the body. This shock-fitting scheme uses a general curvi-
linear coordinate system and can treat various gas models
(perfect gas or equilibrium air or nonequilibrium air) accu-
rately and in a unified manner.

Furthermore, it should be noted that the terms on the right-
hand side of Eq. (4a) are the governing differential equation
corresponding to the fluid mechanics problem written at the
nth iteration level and goes to zero in the limit of convergence.
Under these near-convergence conditions, the exact form of
the left-hand implicit terms is not very important because it
only affects the convergence path of the solution.1-12 Conse-
quently, we do not update the Jacobian matrices beyond the
first iteration. With this (pseudo-unsteady) approach, the time
for each iteration after the first iteration (n = 2, 3, . . .) is only
10% of the time taken by the first iteration.

The problem represented by the governing axisymmetric
PNS equations is a split-boundary-value problem; i.e., the
equations are hyperbolic parabolic in the £1 direction and
elliptic in the £2 direction. Thus, to solve the problem com-
pletely, we need initial conditions to be specified at the start of
the marching procedure and boundary conditions to be speci-
fied at the wall and at the outer bow shock. The initial condi-
tions to start the present axisymmetric PNS scheme were ob-
tained from compatible axisymmetric blunt-body viscous
shock-layer (VSL) schemes,35'36 and the shock boundary con-
ditions were imposed using the implicit shock-fitting approach
mentioned earlier.

The flowfield boundary conditions at the wall consist of
1) equation of state of the gas [p — pT/m = 0], 2) no-slip
condition for u velocity component [pw =0], 3) specified
surface ablation rate [pw = /ill, 4) specified wall temperature
l(pT) = pTw]9 and 5) zero pressure derivative in the £2 direction
[p£2 = Q\. The corresponding wall boundary conditions for
the coupled-species conservation equations [Eq. (3)] consist of
either 1) a fully catalytic wall [C/ = C/00], or 2) an equilibrium-
catalytic wall [C, = CfQ(pw, Tw)], where i = 1, 2, . . . , NS.

New Quasisteady Ablation Model for Teflon
Teflon (DuPont trade name) is a tetrafluoroethylene poly-

mer that is widely used as a low-temperature ablator for
re-entry applications. This section provides a brief description
of a completely quasisteady surface ablation model for
Teflon. This model only requires the assumption of quasi-
steady conditions and accounts for the different densities of
Teflon in crystalline and amorphous states. The various as-
pects of this surface ablation model are described in the fol-
lowing sections.

Quasisteady Assumption
The assumption of quasisteady conditions implies that the

temperature distribution inside the material relative to the
moving surface does not change with time. This is schemati-
cally shown in Fig. 1, where the coordinate s is directed into
the material and s = Si(t) is the amount of surface recession at
any given time t. This quasisteady assumption means that
during a differential time interval dt, the surface at s = Si(t)9
the amorphous-crystalline interface at s = s2(t), and the in-
depth material interface at s = s$(t) move by the same dif-

ferential increment ds (see Fig. 1). Furthermore, the quasi-
steady assumption also implies that the surface as well as all of
the other material interfaces move at a constant rate; i.e.,
s = ds/dt = dsi/dt = ds2/dt = ds^/dt = const.

Variable Material Density
As shown in Fig. 1, the temperature within the ablating

Teflon layer varies with depth. The three distinct regions of
this temperature distribution are 1) in-depth solid Teflon with
T=Th 2) solid (crystalline) Teflon layer with Tt<T < Tm,
and 3) amorphous (gel) Teflon layer with Tm < T < Tw (where
Tj is the in-depth temperature, Tm is Teflon's melting
temperature, and Tw is the wall temperature). The density of
surface (amorphous) Teflon is quite different from the density
of in-depth (crystalline) Teflon, and if we denote the density
of the surface material by ps and that of the in-depth material
by p/, then based on the work of Holzknecht37 and Arai38 we
can express these densities as

Ps = 2.07 - 7.00 X 10~4rw (g/cm3)

Pi = 2.119 + 7.92 x 10-4r/ - 2.105 X 10-67? (g/cm3)

where 7^ and Tt are in Kelvin.

(22)

Conservation of Mass at the Ablating Surface
Let us denote the density of the gaseous mixture at the wall

(after mixing and burning) by pw and the gas-phase convection
velocity by vw. If ds/dt is the surface recession rate and ps is
the surface material density given by Eq. (32), then the
conservation of mass at the surface gives the surface ablation
rate (tti) as

dsm = Pwvw = p* -r (23)

Surface Energy Balance
With the quasisteady ablation model, relative to the moving

surface, things do not change with time. Thus, at any time we
can draw a control volume such that it moves along with the
receding surface and includes the entire ablating surface layer.
Briefly speaking, the lower surface of this control volume
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Fig. 5 Comparison of predicted wall heat-transfer rate for case 2.
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(denoted by B) is aligned with the start of the in-depth
material with density p/ and specific enthalpy /*/. The upper
surface of this control volume (denoted by A) is aligned with
the gas-phase interface that is adjacent to the receding surface.
The mixing and burning of the Teflon monomer with air is
assumed to occur in the infinitesimally thin layer between the
surface and the gas-phase interface adjacent to it. It should be
noted that the lower surface (B) of this control volume is
taken sufficiently in-depth such that at any instant at this
surface T = 7} and dT/ds = 0. Thus, there is no conduction
heat loss across the lower surface (B) of the moving control
volume.

The energy balance across the control volume gives

Rate of energy
leaving surface A

Qc + Qd + P\vVwhw —
(convection) (diffusion) (mass transfer)

Rate of energy
entering surface B

ds (24)
Pi^thi

(in-depth material)

where hw is the specific enthalpy of the gaseous mixture at the
wall and /?/ is the specific enthalpy of the in-depth solid Teflon.

Using Eq. (23), we can write Eq. (24) as

&• (25)

Thus, the quasisteady surface ablation rate (m) for Teflon
becomes

[hw -i (26)

All of the quantities on the right-hand side of this expression
are either directly known or can be determined from the
flowfield solution. The determination of the specific enthalpy
of in-depth solid Teflon (hf) with a consistent datum (refer-
ence) is very important and requires an accurate accounting of
the physics of the Teflon surface ablation process.
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Fig. 6 Comparison of predicted wall heat-transfer rate for case 3.

Estimate of In-Depth Specific Enthalpy of Solid Teflon
Teflon (polytetrafluoroethylene) is a product of tetrafluoro-

ethylene polymerization, possessing the chain (C2F4)n with a
high degree of symmetry.39 When subjected to intensive heat-
ing, depolymerization reaction of the Teflon polymer occurs.
A good description of this depolymerization process has been
given by Clark,40 Holzknecht,37 and Arai.38 The data and
descriptions given by these authors are quite similar; however,
in what follows we will mostly use the notation and terminol-
ogy used by Clark.40 Briefly speaking, Teflon remains a white
(partially crystalline) solid as long as its temperature
is below 1080°R.40 At this temperature (Tm), crystalline
Teflon goes through a phase change process that is very simi-
lar to melting (thus, commonly called the melting point). This
phase change is accompanied by a heat absorption of 25.2
Btu/lbm that is called either the heat of transition (H^37-40 or,
more appropriately, the latent heat of fusion (A/f/).41 Above
this melting temperature (Tm)9 Teflon is clear and amorphous
and behaves like a gel.40 At temperatures well above Tm, the
Teflon polymer gel depolymerizes into a monomer that has a
very high vapor pressure and, thus, flashes directly into va-
por.40 We will call this temperature the ablation temperature
(Ta) and assume that it is independently known (the litera-
ture42 shows that this ablation temperature can vary over a
range from 1400 to 2200°R). As far as Teflon's heat of de-
polymerization (A//p) is concerned ^ the lumped depolymeriza-
tion and vaporization process absorbs approximately 750 Btu/
Ibm of energy.39'40 Although some studies38'40 also include a
temperature dependence of AHP to account for the partial
depolymerization effects, we believe that for the present wall-
ablation model this is an unnecessary refinement.

Let us denote the net heat absorbed to change from solid
(crystalline) Teflon at the in-depth temperature (7/) to the
gaseous monomer C2F4 at the ablation temperature (Ta) as
AHc-g. Then the expression for AHc-g in appropriate units
becomes •i:;:

(27)
where subscript cis used for crystalline and subscript a is used
for amorphous phases.

The specific enthalpy of gaseous monomer C2F4 at the abla-
tion temperature is obtained from the data of Browne and
Miller.43 Let us denote this gaseous monomer enthalpy as hf
and the enthalpy of in-depth solid Teflon (at T = Tf) as ht.
Then, by definition,

(28)

where AHC _ g is defined in Eq. (27) and the in-depth tempera-
ture (7/) is assumed to be 540°R (300 K). In this manner, we
can calculate the specific enthalpy of in-depth Teflon (/*/)
consistent with the datum used by Browne28'30 in describing
the specific enthalpy data of the various gaseous species in-
volved in the reacting Teflon-air mixture.

Results and Discussion
Several test cases were considered to evaluate the present

coupled-chemistry PNS scheme. Some important results of
these calculations are summarized in the following sections.

Validation of the Equilibrium Limit of the Chemical System
To test the stability of our coupled-chemistry PNS scheme

under true chemical equilibrium conditions, we did the cou-
pled-matrix chemistry solution for the conditions of infinite
rate. In this case the convection and diffusion terms in the
coupled-chemistry solution drop out and one is left with a
point matrix solution representing the equilibrium equations
of the law of mass action.
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Table 3a Equilibrium composition for clean air

Temperature,
K Method3

2000

4000

6000

G-B
CPL
G-B
CPL
G-B
CPL

Species mass fractions1*
02

0.22868
0.22827
0.00072
0.00072
0.00000
0.00000

N2
0.76176
0.76139
0.75369
0.75337
0.15124
0.15126

NO
0.00788
0.00866
0.00678
0.00804
0.00046
0.00064

NO +

0.00000

0.00002

0.00069

N
0.00000
0.00000
0.00831
0.00831
0.61399
0.61356

0
0.00168
0.00167
0.23023
0.22955
0.23431
0.23385

The two methods used are G-B, Gordon and McBride,44 and CPL, present coupled-matrix solution
scheme.
bThese species mass fractions are for an elemental composition of O - 0.23456 and N = 0.76544 and a
pressure of 0.01 atm.

Table 3b Equilibrium composition for Teflon-air mixture

Species mass fractions15 for various
fuel-to-mixture ratios, %

Species Methoda 10 20 50 80 100
N2

02

NO

CF4

COF2

CO

CO2

F

C

G-B
CPL
G-B
CPL
G-B
CPL
G-B
CPL
G-B
CPL
G-B
CPL
G-B
CPL
G-B
CPL
G-B

CPL

0.68888
0.68888
0.17910
0.17909
0.00003
0.00003
0.06756
0.06767
0.03064
0.03047
<EPS

<E-11
0.03374
0.03384
0.00000
<E-06
0.00000

<E-70

0.61234
0.61234
0.12365
0.12365
0.00002
0.00002
0.13512
0.13535
0.06129
0.06095
<EPS

<E- 11
0.06757
0.06769
0.00000
<E-06
0.00000

<E-70

0.38272
0.38272
<EPS

<E-20
<EPS

<E-15
0.37173
0.37211
0.10233
0.10178
0.07473
0.07473
0.06848
0.06866
0.00000
<E-11
0.00000

<E-38

0.15309
0.15309
<EPS

<E-44
<EPS

<E-27
0.69409
0.70128
0.01476
0.01487
0.07490
0.08213
0.00076
<E-11
<EPS

<E-14
0.06241
(solid)

0.06049
(C3)

——
——
——
——
——
——

0.87990
0.87538

——
——
——
——
——
——

<EPS
<E-13
0.12009
(solid)

0.11946
(C3)

aThe two methods used are G-B, Gordon and McBride,44 and CPL, present
coupled-matrix solution scheme.
bThese species mass fractions are for a pressure of 0.06805 atm and a tempera-
ture of 1000 K; EPS implies that the mole fraction was less that 5.0E - 06.

Nonablating (Clean-Air) Case
Table 3a shows our predictions of this coupled-matrix solu-

tion for a pressure of 0.01 atm and temperatures of 2000,
4000, and 6000 K. The corresponding predictions of the equi-
librium composition using the free-energy minimization tech-
nique of Gordon and McBride44 are also shown in this table.
As we can see from these results, the present coupled-matrix
solution scheme can indeed accurately predict the limiting case
of equilibrium chemically reacting flows. The slight differ-
ences in some concentrations are primarily due to some differ-
ences in the rate data used in our chemistry model and the data
used by Gordon and McBride.

Ablating (Teflon-Air) Case
Table 3b shows our predictions of this coupled-matrix solu-

tion for the case of varying amounts of Teflon ablation prod-
ucts (fuel-to-mixture ratio). In this case calculations of equi-
librium mixtures were done for a pressure of 0.06805 atm at a
temperature of 1000 K with 10, 20, 50, 80, and 100% fuel-to-
mixture ratios. The corresponding predictions of the equi-
librium composition using the free-energy minimization tech-
nique of Gordon and McBride44 are also shown in this table.
For the Gordon and McBride calculations, it should be noted
that species with mole fractions less than 5 x 10~6 were auto-

matically identified as trace and, thus, not considered. As we
can see from these results, the present coupled-matrix solution
scheme and the corresponding chemical model (reactions and
species) used can indeed accurately predict the limiting case of
equilibrium chemically reacting Teflon-air mixtures obtained
using a free-energy minimization technique. The slight differ-
ences in some concentrations are again primarily due to some
differences in the rate data used in our chemistry model and
the data used by Gordon and McBride. Another important
difference between the present calculations and the Gordon
and McBride predictions for fuel-rich conditions is that the
present predictions are strictly for a single-phase gas mixture,
whereas the Gordon and McBride scheme can treat solid car-
bon (a two-phase system). At high fuel-to-mixture ratios
(>50%), the Gordon-McBride predictions include large
amounts of unburnt solid carbon (Table 3b), whereas the
present gas model produces almost equal amounts of gaseous
carbon (C3).

Validation of the Finite-Rate Calculations (Cases 1 and 2)
Case 1:12.84/7 Deg Bicone Calculations

The straight bicone configuration used in these comparisons
was tested in the NASA Langley Expansion Tube Facility.45

Present numerical predictions have been compared with the
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5° Sphere Cone
Rn*1 inch
Laminar
7-Species Air

Finite Rate
Equilibrium
Perfect-Gas

l.E+0
T/TINF

l.E+1 l.E+2

Fig. 7 Comparison of predicted temperature profiles at the body end
for case 3 at sea level.
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Table 4 Computing times for cases 1 and 2

Case
la
Ib
Ic
Id
le
If
2a
2b

Altitude,
kft
120
120
120
120
120
120

——
——

Mach
no.

19.25
19.25
19.25
19.25
19.25
19.25
6.89
6.89

Data
useda

U-B
U-B
U-B
EUK
U-B
U-B
U-B
EUK

Gas
modelb

2-S
2-S
2-S
2-S

Diag
S-I
2-S
2-S

DXMAX,
Rn 1
0.5
0.5
0.1
0.5
0.5
0.5
1.0
1.0

Grid,c
V3xN2xNl

X 100 X 77
X 150 X 77
X 100 X 309
X 100 X 77
X 100 X 77
X 100 X 77
X 100 X 1389
X 100 X 1389

Time, sd

39
71

111
37
38
41

315
300

aU-B = Uribe et al.28 and Biolsi29 thermal conductivity data with variable binary Lewis number,
EUK = Eucken thermal conductivity approximation with a constant binary Lewis number of 1.4.
b2-S = two-step, Diag = diagonalized, S-I = strongly implicit.
CN1, N2, and N3 are the number of grid points in the streamwise, axis-normal, and crossflow
directions, respectively.
d Computing times on Cray Y-MP with CFT77 compiler and autovectorization.

Table 5 Freestream conditions for cases 1 and 2

Cases
Quantity

W-T/Flighta

Mach number
Altitude, kft
Pressure, psf
Temperature, °R
Wall-temperature range, °R
Flow type
Nose radius, in.

W-T
6.89
——

45.57
2887.2

545-700
laminar
0.151

Flight
19.25
120.00
9.585
435.6

650-860
laminar
0.114

W-T = wind-tunnel conditions, Flight = flight conditions.

available experimental data on the surface heat-transfer rates
and also with our earlier equilibrium-air and perfect-gas pre-
dictions for these conditions.12 The test configuration corre-
sponds to a 12.84/7 deg bicone with a 0.151-in. nose radius
(Rn), an \S.\4Rn long forecone, and an overall body length
of 3l.S$Rn. The freestream conditions for this case are given
in Table 4 and correspond to the Mach 6.89 flow at zero angle
of attack. The clean air flow conditions were assumed to be
fully laminar, and fully catalytic wall boundary conditions
were used.

As expected, the predictions of the three nonequilibrium
coupled-chemistry solution schemes used (diagonalized, two-
step, and strongly implicit) were identical for all cases, and
thus results are shown only for the two-step scheme. The
effects of axis-normal and axial grid refinement are shown in
Fig. 2, which shows that the heat-transfer predictions using
DXMAX of 0.5Rn and 0.1 Rn differed by less than 1%. This
clearly suggests that DXMAX = Q.SRn is indeed an adequate
choice for resolving various geometry and flowfield features.
The axis-normal grid refinement shows no difference between
the 100- and 150-point predictions. These grid refinement
studies not only show the fine-grid and small-step-size capabil-
ities of our PNS scheme but also show that the present predic-
tions are effectively grid independent.

According to Miller et al.,45 the uncertainty in the heat-
transfer data is about ±15%. In the forecone region the
present nonequilibrium predictions and the data are in excel-
lent agreement (Fig. 2). In the aftcone region the predictions
are approximately 15% lower than the data but are still within
the data uncertainty (Fig. 2). Under these conditions, the
perfect-gas model underpredicts12 the surface heating rates by
as much as 40% in the forecone region and by approximately
25% in the aftcone region (Fig. 3). The present predictions
agree with the previous computational results of Miller et al.45

and Bhutta and Lewis12 in being lower than the data in the
aftcone region.

Figure 3 also shows the effects of transport property data on
the predicted surface heat-transfer rates. The mixture Prandtl

number (Pr) and mixture thermal conductivity (k) profiles at
the body end using the Eucken formula and our thermal-con-
ductivity curvefits are shown in Fig. 4. This figure shows that
in the outer region the Eucken formula underpredicts the
mixture thermal conductivity by as much as 17% and, conse-
quently, overpredicts the mixture Prandtl number by as much
as 14%. These are significant changes that affect the overall
temperature profiles and, thus, the surface heat-transfer rates
by as much as 10% (Fig. 3). An important conclusion drawn
from these results is that in resolving differences of the order
of 10% in the predicted heat-transfer rate, the impact of
the transport property data on nonequilibrium flowfield cal-
culations cannot be neglected. Furthermore, the effects of
diffusion modeling on nonequilibrium-air flowfield calcula-
tions seem to be insignificant compared with the overall ef-
fects of the species thermal conductivity data. The Cray Y-MP
computing times and grids used for these cases are shown in
Table 4. These times show that, in general, changing the grid
size in the axial and axis-normal directions has almost a pro-
portional effect on the final computing times.
Case 2: Laminar Re-Entry-F Calculations

The data46 from the Re-entry-F flight experiment (1968)
have been recently made available. This flight experiment
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Alt.=0 kft, Mach=20
5° Sphere Cone
Rn=1 inch
Laminar
7-Species Air

x=25 Rn

—- Equilibrium
— Finite-Rate
— Finite-Rate 25

25

0.21 0.28

Fig. 8 Comparison of predicted species concentration profiles at the
body end for case 3 at sea level.
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involved the accurate measurement of surface heating rates on
a long, slender conical re-entry vehicle (RV) under laminar,
transitional, and turbulent flow conditions.46 The particular
RV consisted of a 5-deg half-angle sphere-cone with an overall
length of 13 ft and an initial nose radius of 0.1 in. In this case
we only considered the laminar, zero angle-of-attack data at
120 kft and assumed the wall to be fully catalytic. Equi-
librium-air calculations for these conditions have been done
by Thompson et al'.47 using a viscous shock layer scheme and
by Bhutta and Lewis12 using a PNS scheme. The freestream
conditions for this case are shown in Table 5. The Mach
number at this altitude was 19.25 and the Rn was 0.114 in.46'47

In this case the grids used consisted of 100 points between
body and the shock and DXMAX = IRn. Our earlier study12

has shown that for this case this grid size is quite adequate for
accurately resolving the flowfield as well as near-wall gradi-
ents.

The predicted axial distributions of surface heat-transfer
rate for these calculations are shown in Fig. 5, which shows
that the present nonequilibrium-air predictions are in close
agreement with the flight data. In general, the results show
that the nonequilibrium-air predictions are approximately 5%
lower than the equilibrium-air predictions.12 However, these
differences are less than some of the variations in observed
data, indicating that the predictions are probably well within
the data uncertainty bounds. Figure 5 also shows that the
improved species thermal conductivity data affects the pre-
dicted surface heat-transfer rate by approximately 5% and
improves the agreement with the flight data. The computing
times for this case are summarized in Table 4 along with the
grid size used.

Five-Deg Sphere-Cone Calculations Without Surface Ablation (Case 3)
To investigate the stability, accuracy, and computational

efficiency of our coupled-chemistry nonequilibrium PNS
scheme, we studied the Mach 20 flow over a 5-deg sphere-cone
vehicle for an altitude range of zero to 250 kft. The vehicle
considered was 25 in. long with a 1-in. nose radius. The wall
temperature was assumed to be fixed at 2000°R, and only
laminar conditions were considered. Calculations were done at
altitudes of 0, 10, 25, 50, 100, 150, and 250 kft with a seven-

Table 6 Computing times for various case 3 calculations

Alt.=0 kft
Mach=20
5° Sphere

Cone
Rn=1 inch
Laminar*

Chemical
Production

A Chemical
Consumption
Streamwise
Convection
Axis-normal
Convection

0.80 1 00 1.50
RELflTIVE EFFECT

2.00

Computing timesa»b

Case
3a
3b
3c
3d
3e
3f
3g

Altitude,
kft
250
150
100
50
25
10
0

2-S,c
s
13
16
23
19
19
19
19

Diag,c
s
13
15
24
22
32
44
48

S-I,C BLT,C
s s
14 13
17 13
24 ——
20 ——
20 ——
20 ——
20 ——

EQ,C
s
5
4
4
4
4
4
4

PG,C
s
4
3
3
3
3
3
3

Computing times on Cray Y-MP with CFT77 compiler and autovectorization.
bThese solutions use the thermal conductivity data of Uribe et al-.28 and Biolsi29

with a variable binary Lewis number and 100 points between the body and the
shock.
C2-S = two-step, Diag = diagonalized, S-I = strongly implicit, BLT = Blottner-
type linearization of production terms, EQ = equilibrium-air, PG = perfect gas.

Table 7 Effects of number of species on computing times

Computing timesa>b

Number of species, Aft
Clean air, NS = 1
Teflon-air, 'NS = 23

Altitude,
ft
50
50

2-S,c
s
19
41

Diag,c
s

22
47

S-I,C
s
20

156

Computing times on Cray Y-MP with CFT77 compiler and autovectorization.
bThese solutions use the thermal conductivity data of Uribe et al.28 and Biolsi29

with a variable binary Lewis number and 100 points between the body and the
shock. No surface blowing.
C2-S = two-step, Diag = diagonalized, S-I = strongly implicit.

Table 8 Computing times for various case 4 calculations

Computing timesa

Case
4a
4b
4c
4d

Altitude,
kft
250
150
100
75

Grid,b
Nl X N2
56 X 100
56 X 100
64 X 100
66x100

DXMAX,
Rn
0.5
0.5
0.5
0.5

CPU,C
s
93

103
145
141

Fig. 9 Analysis of the species conservation equation of NO at the
body end for case 3 at sea level.

aThese solutions use the thermal conductivity data of Uribe et al.28 and Biolsi29

with a variable binary Lewis number and the two-step solution scheme. Wall
ablation is modeled using our coupled quasisteady ablation model.
bN\ and N2 are the number of axial and axis-normal grid points, respectively.
0 Computing times on Cray Y-MP with CFT77 compiler and autovectorization.

species nonequilibrium-air gas model using the diagonalized,
two-step, and strongly implicit solution schemes. Nonequi-
librium-air calculations using the classical Blottner-type lin-
earization of production terms were also attempted to access
its stability characteristics. At all of these altitudes, additional
calculations were also done using equilibrium-air and perfect-
gas models.

For altitudes higher that 100 kft the PNS starting solutions
were generated using a nonequilibrium VSL scheme, and the
nonequilibrium afterbody calculations were done using a
frozen shock crossing along with fully catalytic wall boundary
conditions. For altitudes < 100 kft the nose flowfield was
assumed to be in equilibrium. In this case the PNS starting
solutions were generated using an equilibrium-air VSL blunt-
body scheme, and the subsequent nonequilibrium afterbody
calculations were done using an equilibrium shock-crossing
and equilibrium-catalytic wall boundary conditions. For alti-
tudes < 50 kft the PNS solutions were done using 100 as well
as 150 points between the body and the shock, whereas for
altitudes >50 kft only 100-point solutions were done. Com-
parison of these 100- and 150-point results showed that the
wall heat-transfer predictions differed by less that 2%.
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Table 6 shows the various solutions performed using differ-
ent gas models and solution schemes over the altitude range
from 0 to 250 kft and gives a summary of the grids used and
the computing times required. This table, in fact, also shows
some of the important results of this study. First of all it was
observed that the classical Blottner-type18 linearization of the
production terms was only stable under high-altitude (>100
kft) nonequilibrium conditions. At 100 kft, it was unstable in
the blunt-body region and was only marginally stable in the
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Alt.=50 kft
Mach=20
5° Sphere Cone
Rn=1 inch
Laminar
7-Species Air

150 points

x=25 Rn

Finite Rate
Equilibrium
Perfect Gas

l.E+0
T/TINF

l.E+2

Fig. 10 Comparison of predicted temperature profiles at the body
end for case 3 at 50 kft.

afterbody region. For altitudes lower than 100 kft, the Blott-
ner-type18 linearization was completely unstable.

On the other hand, the present coupled-chemistry formula-
tion was stable over the entire altitude range from 0 to 250 kft.
However, the observed stability characteristics of the three
solution schemes tested were quite different. The convergence
characteristics of the diagonalized formulation were quite sen-
sitive to altitude variations, whereas the two-step and strongly
implicit formulations had a more uniform behavior. At the
highest altitude tested (250 kft), the diagonalized scheme was
the most efficient, taking approximately 2% less computing
time than the two-step and approximately 10% less time than
the strongly implicit schemes. However, at the lowest altitude
tested (sea level) the diagonalized scheme took approximately
2.5 times the computing times for the two-step and strongly
implicit schemes. This is quite understandable because under
high-altitude nonequilibrium conditions the mutual species
coupling effects are relatively less important, and the resulting
species conservation equations are very strongly diagonally
dominant. But under low-altitude near-equilibrium condi-
tions, the mutual species coupling effects (representing the
off-diagonal coupling of the species conservation equations)
are very important, and thus the diagonalized scheme is no
longer strongly convergent and requires several more itera-
tions to converge.

Although Table 6 shows that the two-step and strongly
implicit schemes took nearly the same amount of computing
time, it is only true because the number of species involved is
small. In general, we expect the computing times for the
two-step scheme to increase almost linearly with the number
of species, whereas the computing time for the strongly im-
plicit scheme will increase almost quadratically with the num-
ber of species. For ablative re-entry flowfields, the number of
species is typically very large so that the difference between the
computing time requirements of the two-step and strongly
implicit schemes can be quite large. For example, Table 7
shows the corresponding computing times at 50 kft conditions
using a 7-species nonequilibrium-air and a 23-species Teflon-
air gas model. The surface is assumed to be nonablating so
that the only difference between the two calculations is the
number of chemical species, which increases by more than a

Alt.=100 kft
Mach=20
5° Sphere Cone
Rn=1 inch
Laminar
7-Species Air

l.E+0
T/TINF

Fig. 11 Comparison of predicted temperature profiles at the body
end for case 3 at 100 kft.

Alt.=150 kft
Mach=20
5° Sphere Cone
Rn=1 inch
Laminar
7-Species Air

——— Finite Rate
—o— Finite Rate

(Blottner-type)-
——— Equilibrium
——— Perfeet-Gas

100 points

x=25 Rn

\
l.E+0
T/TINF

l.E+1

Fig. 12 Comparison of predicted temperature profiles at the body
end for case 3 at 150 kft.
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factor of 3 in going from the clean-air to the Teflon-air case.
For the two-step scheme, the required computing times in-
crease by a factor of 2, whereas in the strongly implicit case
the required computing times increase by a factor of 8. These
results clearly show that the present two-step scheme not only
provides numerical stability comparable to the strongly im-
plicit scheme and far superior to the stability characteristics of
either the diagonalized scheme or a classical Blottner-type21

linearization of the species production terms (Table 6), but it
is also computationally the most efficient (Table 7), especially
when the number of chemical species involved is large.

Figure 6 shows the surface heat-transfer rate for the
nonequilibrium-air, equilibrium-air, and perfect-gas models at
0, 50, 100, 150, and 250 kft. For the sea level case, the
equilibrium-air predictions are approximately 5% lower than
the nonequilibrium-air predictions, whereas the perfect-gas
predictions are approximately 20% lower (Fig. 6). The corre-
sponding temperature profiles at the body end are compared
in Fig. 7 and show that predictions of the equilibrium-air and
nonequilibrium-air calculations are in close agreement,
whereas the perfect-gas shock-layer temperatures are approx-
imately 15% higher. The shock-layer thickness predicted by
the equilibrium-air and nonequilibrium-air calculations are
almost identical, whereas the perfect-gas model predicts a
14% thicker shock layer.

Although the surface heat-transfer rate (Fig. 6) and temper-
ature profile (Fig. 7) predictions of the equilibrium-air and
nonequilibrium-air gas models at sea level are quite close,
there are some interesting features of the species profiles that
are different. The O, NO, and O2 mass-fraction profiles at the
body end for the equilibrium and nonequilibrium calculations
at sea level are shown in Fig. 8. This figure shows that the
equilibrium and finite-rate predictions are almost identical in
the initial 25% of the shock-layer region near the wall. In
25-75% of the shock-layer region there are significant differ-
ences in the equilibrium and finite-rate predictions, with the
finite-rate calculations predicting higher concentrations of O
and NO and lower concentrations of O2. In the remaining
25% of the shock layer, the equilibrium and finite-rate predic-
tions are almost identical and consist of primarily O2 and N2.
For a clearer understanding of these results, we analyzed the
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Fig. 13 Comparison of predicted temperature profiles at the body
end for case 3 at 250 kft.

Fig. 14 Comparison of predicted surface ablation rate for case 4.

conservation equations for NO in detail across the shock
layer. At each grid point, this species conservation equation
was split into 1) the stream wise convections terms, 2) the
axis-normal species convection terms, 3) the species diffusion
terms, 4) the local production due to chemical reactions, and
5) the local consumption due to chemical reactions.

Figure 9 shows these terms (scaled with respect to the maxi-
mum term) across the shock-layer at the body end that shows
that for these calculations the initial 25% of the shock-layer
region near the wall is dominated by a balance between the
chemical production and consumption terms; i.e., the flow is
indeed in chemical equilibrium. In the subsequent 25-50% of
the shock-layer region, the shock-layer temperature drops (see
Fig. 7), and the chemical production/consumption terms
rapidly become small whereas the species convection terms
rapidly increase in importance. It is exactly this region where
the effects of finite-rate chemistry are important, and the flow
is not in equilibrium as shown by the species profiles in Fig. 8.
In the remaining portion of the shock layer leading up to the
shock, the chemical production/consumption effects are in-
significant compared with the convection/diffusion effects,
and thus the flow is frozen. In this case the temperature
behind the shock is approximately 575 K, at which tempera-
ture the equilibrium limit is the same as the frozen limit
consisting primarily of O2 and N2. This explains why the
predicted nonequilibrium-air and equilibrium-air species pro-
files agree in the near-wall region, differ in the intermediate
region away from the wall, and again start to agree in the
outer region behind the shock. To further confirm these ef-
fects of finite-rate chemistry, we artificially increased the for-
ward and backward reaction rates by a factor of 1025 to
simulate the infinite-rate (equilibrium) limit. Figure 8 also
shows the subsequent predictions of the species concentrations
across the layer and shows that in the infinite-rate limit the
nonequilibrium-air and equilibrium-air predictions indeed be-
come identical. Thus, the observed differences between the
equilibrium-air and nonequilibrium-air predictions of Fig. 8
are indeed due to the finite-rate chemistry effects.

The nonequilibrium-air, equilibrium-air, and perfect-gas
predictions of the temperature profiles at 50 and 100 kft are
shown in Figs. 10 and 11. In both cases the surface heat-trans-
fer predictions of the equilibrium-air and nonequilibrium-air
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gas models are within 5% of each other, whereas the perfect-
gas predictions are approximately 20% lower (see Fig. 6). The
temperature profiles show that the nonequilibrium-air and
equilibrium-air predictions agree better in the near-wall region
and the region behind the shock, whereas in between they
differ from each other, reflecting the effects of npiiequi-
librium (finite-rate) chemistry. The corresponding tempera-
ture profiles across the shock-layer for the higher altitudes of
150 and 250 kft are shown in Figs. 12 and 13. In this case
comparisons were also made with the corresponding predic-
tions of our earlier nonequilibrium-air PNS scheme using
Le = 1.4 and a Blottner-type18 linearization of the species
production, and the agreement was found to be very good
under these nonequilibrium conditions. In general, these re-
sults show that at high altitudes the nonequilibrium predic-
tions tend to approach the perfect-gas predictions (Figs. 12
and 13), whereas at low altitudes they tend to approach the
equilibrium-air predictions (Figs. 10 and 11).

Five-Deg Sphere-Cone Calculations with Surface Ablation (Case 4)
The 5-deg sphere-cone configuration of case 3 was also

studied with an ablating Teflon surface model for the after-
body region. In this case the forebody (x <5Rn) was assumed
to be nonablating whereas the afterbody (x>5Rn) was as-
sumed to have an ablating Teflon surface. Teflon surface-ab-
lation effects were modeled using our quasisteady model that
was coupled to the local flowfield calculation's. Only laminar
flow conditions were considered, and calculations were done
for altitudes of 250, 150, 100, and 75 kft. The freestream
Mach number w§s assumed to be 20, and the wall temperature
was kept fixed at 2000°R.

In this case only 100 points were used between the body and
the shock along with a DXMAX of O.SRn. For the 150 and
250 kft conditions, the initial starting solutions were generated
using a nonequilibrium VSL scheme, and the afterbody solu-
tions were done using a frozen shock crossing. The wall
boundary conditions were assumed to be fully catalytic for the
nonablating region and equilibrium-catalytic for the ablating
afterbody region. For the 75 and 100 kft cases, the initial
starting solutions were generated using an equilibrium-air VSL
scheme, and the afterbody solutions used equilibrium shock
crossing and equilibrium-catalytic wall boundary conditions
for the ablating as well as the nonablating regions.

In this case we also used the laminar Q* model of Scala48 to
predict the Teflon surface-ablation rates to be expected at
these altitudes. This is an empirical correlation that was devel-
oped from available data on various types of re-entry configu-
rations. This correlation uses the no-blowing cold-wall heat-
transfer rate along with the wall pressure to predict the local
ablation rate.48'49 We used our no-blowing perfect-gas PNS
calculations of case 3 to obtain these quantities and, thus, the
expected axial distribution of the Teflon surface-ablation rate.

The final converged Teflon surface-ablation rates at each
marching step using our coupled-chemistry scheme and our
quasisteady Teflon ablation model are shown in Fig. 14. This
figure also includes the corresponding predictions of the lami-
nar Q* correlation of Scala48 and Brant.49 These results show
that, for all the altitudes considered, the present quasisteady
ablation predictions are within 10% of the predictions of the
laminar Q* model. This is exceptionally good agreement and
not only is a measure of the accuracy of our new quasisteady
Teflon-ablation model but also reflects the accuracy of the
associated wall heat-transfer and flowfield predictions for the
complex finite-rate chemically reacting Teflon-air model.

For these cases with ablation, the onset of ablation at x = 5
Rn is accompanied by the sudden development of large near-
wall gradients of the ablation products that initially increase
rapidly because the concentrations of the ablation products at
the wall increases. Consequently, the diffusion heat transfer
to the surface increases, which causes the predicted surface-

ablation rate to increase (Fig. 14). However, as we move
further downstream, the direct effects of surface ablation
(blowing) become more pronounced, and thus the total wall
heat-transfer rate and the associated surface-ablation rate de-
crease (Fig. 14).

For the 75 and 100 kft cases, there are significant surface
ablation effects and the mass-fraction of fuel (C, F, and Na)
at the wall is more than 60%. In general, the distributions
across the layer are quite smooth, with the Teflon-air mixture
becoming rapidly lean as we move awa^ from the wall.

For these calculations only the two-step solution scheme
was used, and the corresponding computing times are shown
in Table 8. Compared with the sample nonablating Teflon-air
calculation at 50 kft (Table 7), we see that the required com-
puting times for the cases with ablation are on the average 3.5
times more. This is primarily because the axial step sizes used
are about 1.5 times smaller, and the number of iterations per
marching step is approximately a factor of 2 larger than the
corresponding nonablating case. In this study no attempt was
made to optimize the iteration strategy (underrelaxation, ini-
tial guess, etc.) for the ablating cases to reduce the number of
iterations required. However, appropriate strategies can easily
be developed to further reduce the number of iterations and,
thus, substantially reduce the overall computing time required.

Conclusions
A new coupled-chemistry PNS scheme has been developed

to study hypersonic re-entry flows over the entire range of
frozen, nonequilibrium, near-equilibrium, and equilibrium
chemically reacting flows over multiconic RVs with nonablat-
ing and ablating Teflon surfaces. This coupled solution
scheme can use either a strongly implicit or a two-step solution
approach, and the technique has been used to study the hyper-
sonic flow over various configurations over a Mach number
range of 6.89-20 and for the entire altitude range from sea
level to 250 kft. The results of this study substantiate the
following comments:

1) Based on the axisymmetric PNS scheme of Bhutta and
Lewis,1'12 a new coupled-chemistry PNS solution scheme has
been developed that is stable over the entire range of frozen,
nonequilibrium, near-equilibrium, and equilibrium flow con-
ditions. The basic PNS scheme used is unconditionally time-
like in the subsonic as well as the supersonic flow regions and
does not require the use of any sublayer approximation.

2) The results of the various test cases considered show that
the new strongly implicit, two-step, and diagonalized coupled-
chemistry PNS schemes developed in this study are indeed stable
under nonequilibrium as well as equilibrium flow conditions.

3) In the nonequilibrium limit, the flowfield and chemistry
predictions of the new coupled-chemistry scheme are in excel-
lent agreement with our existing uncoupled nonequilibrium
PNS scheme. In the equilibrium limit, the flowfield and chem-
istry predictions of this coupled-chemistry scheme are in
excellent agreement with the predictions of our existing equi-
librium-air PNS scheme.

4) The low-altitude high-Mach-number flowfield calcula-
tions show that in the afterbody only the near-wall region is in
equilibrium, whereas the remaining shock-layer region shows
significant effects of finite-rate chemistry.

5) In general, the results show that the new two-step cou-
pled-chemistry solution scheme for the species conservation
equations provides a unique combination of efficiency, accu-
racy, and numerical stability over the entire range of equi-
librium, near-equilibrium, and nonequilibrium flows involv-
ing complex chemical systems.

6) The results of this study indicate that reliable, accurate,
and efficient nonequilibrium PNS afterbody schemes can be
developed to predict hypersonic reentry flowfields over BRV/
MaRV/Decoy configurations with complex chemistry and sur-
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face ablation effects over the entire altitude range of sea level
to 250 kft.
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