
456 J. SPACECRAFT VOL. 8, NO. 5

Heat-Shield Ablation at Superorbital Re-Entry Velocities
E. P. BARTLETT* AND W. E. NicoLETf

Aerotherm Corporation, Mountain View, Calif.
AND

J. T. HowEj
NASA Ames Research Center, Moffett Field, Calif.

Solutions are presented for the ablation of various heat-shield materials subjected to super-
orbital re-entry conditions. Convective heating rates are determined by coupled solution
of the chemically-reacting boundary-layer equations and the surface ablation response, while
satisfying surface equilibrium and steady-state energy balances. Incident radiation, treated
parametrically, is permitted to pass unattenuated through the boundary layer. Emphasis
is paid to graphite and nylon-phenolic at flight velocities of 35,000-55,000 fps, and nose radius
RN is varied to cover the range from convection-dominated flows (small RN) to zero-convective-
heating flows (large RN). The results demonstrate that doubling of the total (convective plus
radiative) heating rate can produce a sixfold increase in ablation rate. Consequently, vehicle
sizing should be based upon ablation-rate rather than total-heating considerations. The RN
for minimum ablation depends strongly upon the assumed radiative flux to the surface as well
as upon the material and trajectory.
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Nomenclature

blowing parameter, mw/peueCM
blowing parameter, mw/peueCH0
heat-transfer coefficient; C#0 applies for a nonablating

wall at the ablation temperature
mass-transfer coefficient; Cuk for element k
reduction in incident radiation flux due to nonadiabatic

effects
gas static enthalpy, Btu/lb; hw at wall
altitude, kft
total enthalpy, Btu/lb
diffusional mass flux of element k, lb/sec-ft2

mass fraction of element k irrespective of molecular con-
figuration

surface ablation rate, lb/sec-ft2

pressure, atm
convective heat transfer, Btu/sec-ft2

radiation flux, Btu/sec ft2; qr&d) from an adiabatic layer
energy reradiated from the surface, Btu/sec-ft2

baseline incident radiation flux, Btu/sec-ft2

nose radius, ft
temperature, °R
boundary-layer edge velocity, fps
freestream velocity, fps
radiation cooling parameter
shock standoff distance, ft
frequency increment small compared to the span of a

molecular band system but large compared to an indi-
vidual band, ev

density ratio across bow shock
surface emittance
molecular band absorption coefficient obtained from

bandless model approximation, cm"1

detailed absorption coefficient of molecular band system,
calculated using the just-overlapping line approach,
cm"1

density, lb/ft3
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Subscripts
e = boundary-layer edge
k = element
0 = nonablating"
s = stagnation
v = virgin material
w = wall

Introduction

THE calculation of heat-shield ablation rate mw during
superorbital re-entry requires knowledge of the material

properties, the radiative and convective heating rates qr and
qa, the wall temperature Tw, the enthalpy of the gas at the wall
hw, the energy stored due to transient conduction, and the
pyrolysis gas rate. In order to avoid estimating any of these
quantities, it would be necessary to couple a radiation-
coupled viscous shock-layer procedure to a transient charring-
ablation conduction procedure. Some of the more important
requirements of such a computational procedure are that the
shock-layer species equations should be solved considering all
potentially important chemical reactions, a nongray radiation
model including line transitions and contributions from abla-
tion products, and surface equilibrium (or rate chemistry) and
energy and mass balances at the surface. Such a coupled
code does not exist, and if it did, it would be too expensive to
use in support of heat-shield design studies. Therefore, it is
necessary to perform a certain amount of decoupling and/or
to make idealizations and approximations to obtain the neces-
sary information. The problem has typically been decoupled
at the surface with attention being directed either to the
ablation problem or to the radiation-coupled shock-layer
problem.

The conventional approach1-2 has been to concentrate on
in-depth material response and a surface thermochemical
boundary condition,3 while employing correlations for qr and
approximating qa by nonablating heat-transfer coefficients
modified by blowing corrections. Obviously, this approach
does not permit detailed consideration of radiation-convection
coupling, but such effects can be treated approximately by
applying corrections based on correlations of partially de-
coupled solutions.
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Anderson's survey4 shows that radiation-coupled shock-
layer solutions generated during the last several years differ
mainly in the nature of the radiation properties models em-
ployed. Only the more recent studies5~9 are of practical in-
terest, since earlier studies used radiation properties models
which are now judged to be in substantial error. Typically,
these studies have either neglected mass addition or have
treated surface mass transfer parametrically (i.e., assigned in-
jection rates) without consideration of surface equilibrium or
a surface energy balance. Thus, while correlations of these
solutions are useful as input for decoupled ablation calcula-
tions such as those described in the previous paragraph, they
do not constitute ablation studies in themselves.

This paper presents solutions for the chemically-reacting
stagnation-point boundary layer fully coupled to a steady-
state ablation boundary condition. The incident qr is con-
sidered to pass through the boundary layer without altering
boundary-layer profiles directly; the boundary-layer profiles
are affected indirectly, however, through the pronounced
effect of the incident radiation on the surface energy balance
and, consequently, on mw. The surface is considered to be in
equilibrium with the gas adjacent to it; mw, qa, and Tw are
obtained during the course of the calculation, while the pyroly-
sis gas rate is a fixed fraction of mw and the storage term is
zero due to the steady-state approximation.

The steady-state assumption eliminates the need for cou-
pling to a finite-difference charring-ablation solution procedure.
Steady state tends to be a good approximation for the severe
flight conditions associated with interplanetary return veloci-
ties. Nevertheless, the results are correlated and presented
such that they can be used to perform transient ablation pre-
dictions when transient effects are deemed important.

The radiation flux incident to the surface is treated as a
parameter of the problem. Consequently, the results are in-
dependent of any radiation properties model, and new models
can be employed as they become available. The baseline
radiation heating rates (q^s) employed are based on solutions
for self-absorbing, isothermal adiabatic shock layers corrected
for radiation cooling using a correlation proposed by Olstad.10

These solutions were generated using a nongray radiation
model including lines.11 A second flux is taken to be qR/2 for
each condition considered. The use of this factor is con-
sistent with the results of studies2>4'12 which predict that inci-
dent heating rates can be reduced by a factor of two or more
by ablation products absorption.

Solutions are presented for a range of nose radii for graph-
ite, nylon-phenolic, the Apollo material, and teflon with
emphasis on the former two materials. Velocities of 35-55
kft/sec and altitudes of 190 and 220 kft are considered. Pro-
cedures are described by which these results can be used to
obtain ablation predictions for particular configurations and
trajectories. Finally, implications of the results with regard
to the sizing of re-entry heat shields are discussed.

Analytical Approach

In the absence of mechanical removal effects, the energy
balance at the wall can be expressed in the steady-state limit

Table 1 Material properties

as

mwhv — mwhw + qaw = 0 (1)

where hv and hw are the enthalpies of the undisturbed virgin
material and the gaseous mixture at the wall, qaw is the con-
vective heat transfer to the surface (conduction plus diffu-
sion), qrw is the radiative heat flux absorbed by the wall, and
^rerad is the energy reradiated from the wall. In the present
study qaw is obtained by solution of the boundary-layer equa-
tions with a coupled surface ablation boundary condition, and
Tw and the composition of the gas at the wall (and hence
#rerad and /&«,) are also obtained in the solution. The qrw is

Composition, wt %
Nylon-

Graphite phenolic

c
H
N
0

Surface absorptivity
Surface emittance
Heat of formation at 298°K, Btu/lb
Material density, lb/ft3

100.0

1.00
1.00
0

115

70.20
8.15
6.15

15.50
1.00
0.65

-1311
75

computed a priori and considered as input to the boundary-
layer solution.

Boundary-Layer Solution Procedure

The boundary-layer solutions were generated using a de-
tailed numerical solution procedure13-14 which is capable in
the limit of yielding exact solutions to the equations which are
solved.§ Enough nodes are employed herein that numerical
inaccuracies probably seldom exceed 1% in quantities of engi-
neering interest. The boundary layer is considered to be in
equilibrium, the evaluation of the chemical state being fully
coupled with the governing conservation equations with
nominally 30-40 species given consideration. The thermo-
dynamic properties for the species considered are computed
from curve fits17 of JANAF and other reliable data. Mixture
viscosity and thermal conductivity are computed from ap-
proximate relations of the Wilke type.17-18 (Species viscosity '
and diffusion coefficient data used in these relations are sum-
marized in Ref. 17.) Diffusive fluxes are calculated consider-
ing equal binary diffusion coefficients employing the concept
of an effective diffusion coefficient.3'17

The ablating surface is considered to be in equilibrium with
the boundary-layer gases adjacent to it for all materials except
teflon, for which a rate law relating mw to Tw is employed.
The wall boundary condition is completed by consideration of
elemental mass balances and a steady-state energy balance.
The compositions, surface absorptivities and emittances,
heats of formation, and densities employed for graphite and
nylon-phenolic are presented in Table 1. The properties
employed for teflon and the Apollo material are presented in
Ref. 19.

A novel numerical solution procedure, termed an "integral-
matrix" approach,13-14 has proven to be economical and to
have excellent convergence characteristics even for the highly-
blown, chemically-reacting, ablation-coupled boundary layers
of the present study. It utilizes general Newton-Raphson
iteration to solve the set of nonlinear algebraic equations
which results from the use of quadratic spline interpolation
functions and the use of integration across the boundary layer
with step weighting functions. Convergence is controlled by
an elaborate damping scheme which restricts the size of cor-
rections permitted for the current iteration.

Even for massive blowing, the boundary-layer equations
are solved all the way to the wall, thus circumventing the
need for matching of an inviscid inner layer and a viscous
outer layer, for example. For very large blowing rates, an
isothermal layer of ablation products, while not assumed, is
predicted to exist adjacent to the wall, as illustrated in Fig. 1

§ This procedure has been automated to apply to a general
class of problems. While the present study is limited to the
stagnation-point chemically-reacting boundary layer with as-
sumed equal diffusion coefficients, the procedure applies to the
nonsimilar laminar/turbulent multicomponent boundary
layer.14-15 Solutions have also been obtained with a coupled
transient charring ablation wall boundary condition15'16 and while
considering coupled radiation absorption (including ablation
products) using a nongray radiation model (including lines).16
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Fig. 1 Typical boundary-layer profiles over the Apollo
material for a very high ablation rate.

The isothermal layer of ablation products is roughly the same
thickness as the mixing layer in this particular problem and
consists of primarily CO, H2, H, and Si with some C2H, C3H,
C2H2, and C4H. In the mixing region, the dominant species
become H, CO, C, and N2 with the appearance of some C2, CN,
and HCN. Finally, as the boundary-layer edge is ap-
proached, the ablation products disappear and dissociated
partially ionized air prevails.

Whereas some solutions for blown-off boundary layers such
as the above example were obtained during the course of the
study, ablation rates under these conditions were typically
calculated directly from Eq. (1) with qaw = 0 and grerad and

hw calculated from the material sublimation temperature and
composition.

Baseline Radiation Calculation

The baseline radiation calculations were performed in four
steps. Initially, the standoff distance and thermodynamic
state of the shock layer were obtained while requiring it to be
adiabatic. Then, the radiation properties and transport
models of Nicolet11 were employed to obtain adiabatic layer
fluxes. Finally, the correlations of Olstad10 were used to cor-
rect the adiabatic layer fluxes to account for radiation cooling.

The thermodynamic states across the layer were taken equal
to those just behind the bow shock wave, in accordance with
the strong-shock-wave approximation. These were calcu-
lated for the flight conditions of interest by solution of the
jump conditions subject to the requirements of chemical
equilibrium.20 The standoff distance follows immediately
from the relation

d = RNe/[l + (Se/3)1/2] (2)
which is accurate for spheres in the strong-shock limit.21

Representative values of the standoff distances and thermo-
dynamic states used in the present study are presented in
Table 2.

A detailed (rather than multistep) properties model11 was
employed which includes individual contributions from mole-
cular band systems, continuum transitions, and atomic and
ionic lines. The contribution from each of the molecular sy-
stems is calculated using the bandless model, viz.

fiv = [ft* i>,'vdv]/bv (3)
which retains the essential features of the band system while
significantly reducing the amount of data required for its
characterization. The ̂  values for the molecular band sys-
tems are taken from Woodward,22 Biberman and Mnatsa-
kanyan,23 and other reliable sources. The 1 + , 2+, and
Birge-Hopfield band systems are used for N2; the Schumann-
Runge for 02; the 7, /3, 5 and e for NO; and the 1- for N2

+.
Contributions are included for the continuum transitions

associated with photodissociation (02), photoionization (NO,
N, 0, N+ and 0+), photodetachment (0~) and free-free
(N+ — e and 0+ — e). No N~ contribution was included,IT
but since N~ radiates in the optically thin region of the spec-
trum, its contribution could be added after the fact, if desired.

Finally, contributions were included for the high lines**
(N,0), the high series (N,0) and for each of 118 low lying
lines (N, 0, N+, 0+). Lorentz and Doppler line shapes were
allowed with the (half) half width calculation including the
Stark, resonance, and Doppler effects. At a particular fre-
quency, the line contribution was approximated by summing
over only the nearby lines and neglecting the distant ones in
accordance with the line group approximation. This pro-

Table 2 Shock layer conditions

I0~4 I0~3 ID'2 ID'1

ADIABATIC HEATING RATE /(p^/Z)

Fig. 2 Radiation cooling factor.

Altitude,
kft

220
220
220
190
190
190

Flight
velocity,

fps

35,000
45,000
55,000
35,000
45,000
55,000

State properties
p.,
atm

0.1357
0.2253
0.3368
0.4151
0.6890
1.0299

#.,
Btu/lb

24,376
40,318
60,234
24,368
40,302
60,209

T.,
°R

18,758
22,906
26,947
19,740
24,489
28,977

f The magnitude of the N~ contribution (if any) is quite un-
certain.

** The high lines have upper principal quantum numbers of 8
or greater. The high series have lower principal quantum num-
bers of 4 or greater.
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cedure simplifies the calculation while retaining the essential
features of line overlapping.

The radiation transport model11 considers the nongray,
self-absorbing flux associated with a plane-parallel slab. The
resulting transport integrals have been simplified slightly by
employing the exponential approximation, but are otherwise
completely general. The transport integrals are evaluated
numerically with careful attention to the selection of nodal
points (in frequency and space) and interpolation functions
to insure that high accuracy is maintained.

The adiabatic layer fluxes were calculated for the three
velocities and two altitudes shown in Table 2 for body radii
ranging from 0.001 to 20 ft. A representative selection of the
results is presented in Table 3. The contributions from the
continuum (including molecular band systems) and from the
lines are also shown in Table 3. The line contributions domi-
nate the total flux for the smallest RN shown, but the line and
continuum contributions are of roughly equal importance for
the largest RN.

The radiation cooling factors of Olstad, presented in Fig. 2
as functions of the radiation cooling parameter F == qr&d/
(pcoFco3/2), were used to obtain the corrected baseline fluxes
qR given in Fig. 3.

Results

Solutions were obtained for graphite, nylon-phenolic, the
Apollo material, and teflon, for the baseline qR (see Fig. 3) and
for qR/2', solutions were obtained over large ranges of RN from
convection-dominated (small RN) to radiation-dominated
flows. In the present paper only the graphite and nylon-
phenolic ablation-rate results and correlations of qaw are pre-
sented in detail. A comprehensive presentation of results for
all four materials, including Tw and hw, can be found in Ref . 19.

10 20

Fig. 3 Reference incident radiation heating rates.

case (35 kft/sec) to the most severe case (55 kft/sec). At the
higher altitude, the range of RN for minimal mw is much
broader, especially for nylon-phenolic at 35 kft/sec and graph-
ite at 45 kft/sec. In these cases the minimum apparently
occurs for RN >20 ft, whereas for the higher entry velocities
considered, the optimum RN ranges from 1.5 to 0.4 ft.

Consider next the results obtained with the incident radi-
ation heating reduced to qR/2. At very small RN, the total
heat flux is convection-dominated, and the reduction in qrw has
little effect, but at large RN) the incident radiation dominates,

Ablation Rates

Figures 4 and 5 present mw vs log RN for graphite and nylon-
phenolic, respectively (at different flight velocities), for two
altitudes, and for qR and qR/2. The results for the baseline
heating rate qR are representative of solutions which neglect
the effect of ablation-products absorption on qrw, while the
qR/2 results might be considered as representative of solutions
which include this effect.

The solutions for qR show fairly pronounced minima in mw
at the lower altitude (190 kft) for all flight velocities and ma-
terials considered. These minima tend to become more
sharply defined and to occur at smaller RN as mw is increased
due either to a higher Vm or a less efficient ablator (graphite
being the most efficient). For nylon-phenolic, the RN for
minimum mw decreases from 5.0 to 0.12 ft as mw is increased
from 0.012 to 0.23 lb/sec-ft2 in going from the least severe

Table 3 Radiative fluxes from an adiabatic shock layer

RN,
ft

Radiation fluxes, Btu/sec-ft2

ft Continuum Line Total

= 220 kft, Foo = 35,000 fps

0.01
10.0

0.01
10.0

0.01
10.0

0.01
10. d

0.000441
0.441

/*oo =

0.000409
0.409

hm =

0.000459
0.459

ha =
0.000430
0.430

0.3
103.5

220 kft, Foo =

10.6
5,712

190 kft, Fco =

1.7
449

190 kft, Foo =

85.5
24,220

1.7
87.1

55,000 fps

50.0
3,563

35,000 fps

8.4
409

55,000 fps

294.1
12,890

2.0
190.6

60.6
9,275

10.1
858

379.6
37,110

10 20
R N , f t

Fig. 4 Graphite ablation rates.
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10 20

Fig. 5 Nylon-phenolic ablation rates.

so that mw oc qrw [see Eq. (1)]. This is demonstrated by the
results for nylon-phenolic at 55 kft/sec and 190 kft (Fig. 5c);
at RN = 2 ft, the reduction of the incident radiation heating
from qR to qR/2 reduces the mw nearly proportionately, from
0.693 to 0.325 lb/sec-ft2.

At intermediate RN, the effect on mw of decreasing qrw can
be nearly monotonic between these two limiting cases. As an
example, this happens for the flight conditions and material
just cited. However, in several cases the reduction of qrw by
a factor of two yields a much more substantial decrease in mw.
For example, a sixfold reduction in mw is obtained for graphite
at 45 kft/sec, 190 kft, and RN of 10 ft (Fig. 4a) and nylon-
phenolic at 35 kft/sec, 190 kft and RN of 20 ft (Fig. 5a). This
latter situation occurs when the reduction in qrw is such as to
produce a sizable increase in the fraction of the total heating
rate which is reradiated from the surface.

In either event, halving qrw tends to decrease the minimum
tfiw, by a factor ranging from 0.70 for nylon-phenolic at 55 kft/
sec and 220 kft to 0.40 for graphite at 45 kft/sec and 190 kft.
Moreover, the reduction in qrw from qR to qR/2 causes the

minimum mw to occur at a larger RN, by a factor ranging from
2.0 for nylon-phenolic at 55 kft/sec and 190 kft to 6.7 for
graphite at 55 kft/sec and 220 kft, and produces near-minimum
ablation over a much wider range of RN.

Considering the nylon-phenolic results for 190 kft altitude,
qR) and Vm's of 35, 45, and 55 kft/sec, it is apparent that any
RN from 1 in. to 20 ft or more is satisfactory for the 35 kft/sec
condition, but that an RN larger than a few inches yields a 3-
to 5-fold increase in mw at the 55 kft/sec condition. For
<?fl/2, an RN larger than a few inches yields only a 2- to 3-fold
increase in mw at Vm = 55 kft/sec. The significance of RN
will be discussed further in an example calculation for a repre-
sentative 50 kft/sec re-entry trajectory.

Heating Rates

Figure 6a shows that, for the four materials considered for
a given flight condition, the convective heating rate is reduced
to zero for RN's slightly larger than those for minimum ablation
(e.g., for nylon-phenolic, qaw is reduced to zero at RN = 0.5
ft, while minimum mw occurs for RN between 0.3 and 0.4 ft—
see Fig. 5b). The qaw to a nonablating wall also is shown in
Fig. 6a for comparison. It is apparent that qaw for a given
RN is reduced most for teflon and least for graphite due to the
higher and lower mw's, respectively.

Figure 6b shows total heating rates for the same flight con-
dition. It can be seen by comparing these results with the cor-
responding results in Figs. 4 and 5 that the total heating rate
tends to have a less pronounced minimum with RN, and that
minimum ablation occurs at a slightly larger RN (e.g., the
minimum ablation for nylon-phenolic occurs for RN between
0.3 and 0.4 ft, while the minimum total heating occurs for RN
between 0.2 -and 0.3 ft. The reason for this latter behavior is
that Tw (and, hence, grerad and hw) continue to rise as RN is
increased beyond that for minimum total heating [see Eq.a)].

A significant result is that reradiation can be very im-
portant or relatively unimportant depending upon the par-
ticular material and flight condition. This has already
been mentioned as the reason for strikingly different abla-
tion behavior when qrw is reduced by a factor of two. For
example, in the case of nylon-phenolic at 190 kft altitude
and incident radiation qR, 16% or less of the incident total
heating is reradiated at 55 kft/sec; 29% at 45 kft/sec; and
75% at 35 kft/sec, respectively. This fraction is increased
to 97% for the high-altitude, low-Fco case. Thus, surface
emittance (taken to be 0.65 for nylon-phenolic) is a very
important material property for 35 kft/sec entry, but be-
comes of increasingly less significance as Vm is increased.

Surface Temperature

Predicted TVs range from 6100 to 7400°R for graphite,
4600, to 6000°R for nylon-phenolic and the Apollo material,
and 1740 to 2060°R for teflon. It should be kept in mind
that the surface material may not be capable of surviving to
these high temperatures, especially in the case of graphite, in
which case actual mw's could be considerably higher than those
predicted in the present study, which considered only thermo-
chemical ablation effects and neglected the possibility of bulk
material failure.

Transfer-Coefficient Correlations

It is useful to seek a correlation of the convective heat- and
mass-transfer results so as to eliminate the need for further
boundary-layer solutions in future studies. Convective heat-
transfer rates qaw and diffusive mass fluxes jkw are often ex-
pressed in terms of heat- and mass-transfer coefficients,3 re-
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spectively, defined bytt

fI = qaJ(He - hw) (4)

(5)

where Ki is the mass fraction of element k irrespective of
molecular configuration. These coefficients normalized by
peUeCfiQ (the heat-transfer coefficient to a nonablating wall
at the ablation temperature) are presented in Fig. 7 in terms
of the conventional parameter BQ' — mw/peueCHQ. The
peUeCuQ values were obtained by a series of stagnation-point
air solutions and are presented in Ref. 19.

Figure 7 contains the results of all of the boundary-layer
solutions generated during the course of this study (each data
point corresponding to one or more boundary-layer solutions)
except for those results for BQ' > 3.0, for which peueCM and
peUeCu are essentially zero. They thus represent solutions
for wide ranges of total enthalpy (24,000 to 60,000 Btu/lb)
and pressure (0.2 to 1.1 atm), as well as RN, TW) ratios of con-
vective to radiative heating rates, and the like. In view of
this, the transfer coefficients correlate extremely well, the
deviation of peueCH or peueCM for any given boundary-layer
solution from the single-curve correlation for that material
seldom exceeding 0.5% of peueCHQ.

The molecular weights of the gas mixture adjacent to the
wall range between 84 and 98 for teflon, 28 and 30 for graphite,
22 and 17 for the Apollo material, and 22 and 14 for nylon-
phenolic, with the second figure in each case being representa-
tive of very large blowing rates where the wall gas is prin-
cipally injectant with little air dilution. The CM/CHQ ratios
vary monotonically with the injectant molecular weight.
The CH/CHQ behavior is not as well ordered, but fortunately
the effect of molecular weight is relatively small: a single
curve could be drawn which would represent all of the solu-
tions with the exception of teflon within 2% of peueCHQ.
Therefore, one would probably not be too far wrong if he were
to guess the transfer-coefficient behavior for another material
such as carbon-phenolic on the basis of injectant molecular
weight or molecular weight of the wall gas.

Prediction Procedures

The present results can be used to generate predictions for
mw'$ by one of the following three methods:

1) A rapid estimate of mw's can be obtained directly from
Fig. 4 or 5 using either qR or qR/2, or using the reader's prefer-
ence for qrw (corrected for ablation-products absorption, if de-
sired), in which case it is necessary to interpolate between the
qR and qR/2 results. Jt

2) Detailed solution to the energy balance, Eq. (1), can be
obtained to yield accurate estimates of mw and Tw using the
transfer-coefficient correlations of Fig. 7, again for any desired
incident radiation heating model. Two additional pieces of
information are required, however, namely E' = mw/peueCM
and hw -as functions of Tw and P. These have been generated
as part of the coupled boundary-layer solutions reported in
this paper and are presented in Ref. 19. This information
can also be generated with a surface thermochemical ablation
program such as that described in Refs. 3 and 16. This latter
approach has been done for graphite and nylon-phenolic for
pressures of 0.1 and 1.0 atm and the results are presented in
Table 4. An iterative solution of the surface energy balance
can be performed by hand,19 or machine calculations can be

tt The peUeCMk are all equal in the present solutions since dif-
fusion coefficients are considered equal for all species.

J t When considering nonspherical nose caps, the abscissa RN
of Figs. 4 and 5 should be interpreted as the "effective nose
radius" of convective heating,24 and the incident radiation heat-
ing should be calculated for the actual shock standoff distance.

= 45,000 ft/sec
h = 190 kft
RADIATION = qR

10 20

Fig. 6 Convective and total heating rates for various
ablation materials.

performed for transient as well as steady-state conditions
using computer codes described in Ref. 16.

3) Method 2 above could be used to generate a compre-
hensive set of mw design charts for a particular radiation
model. A particularly convenient form would be mw vs Vm
with altitude as a parameter for various RN'S of potential
interest. These charts could then be applied directly to a
specific trajectory with a much higher degree of accuracy than
is possible with the present Figs. 4 and 5 and much more
rapidly than by direct use of Method 2 above.

Application of Method 2

The hand iteration procedure was applied to the Apollo
material§§ subjected to the representative 50 kft/sec trajec-
tory shown in Fig. 8a; mw histories for RN's of 0.1, 1.0, and
10.0 ft are presented in Fig. 8b for incident radiation heating
rates qR> Of the three cases considered, the intermediate RN

APOLLO MATERIAL
NYLON PHENOLIC
GRAPHITE
TEFLON

Fig. 7 Heat- and mass-transfer coefficient correlations.

§§ It is shown in Ref. 19 that the mass ablation rates for the
Apollo material are slightly higher than those predicted for
nylon-phenolic.
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Table 4 Blowing parameters and wall gas enthalpies

NOSE ABLATED DEPTH, in
RADIUS, FOR RADIATION HEATING

ft qR q R / 2
— 10.0 5.1 2.3
— 1.0 2.8 2.2
— O.I 6.2 5.9

200
TIME, sec

300 400

Fig. 8 Apollo material ablation for representative 50,000
fps trajectory.

is seen to yield the best ablation performance. The reason is
evident from Fig. 8b: an increase of RN to 10.0 ft yields a
severe penalty in mw near peak heating with little benefit from
reduced convective heating during the constant-altitude
phase, whereas a decrease of RN to 0.1 ft yields a severe pen-
alty in mw due to increased qa during the constant-altitude
phase with little benefit from the decreased qr at peak heating.

This result is intended to illustrate the use of the procedure,
and should not be used to draw general conclusions regarding
vehicle sizing for two reasons. First, sizing depends strongly
on the specific trajectory and ablation material, and second,
it is highly dependent upon the radiation model which is em-
ployed. For example, if the Ref. 2 correlation for the reduc-
tion in qR due to ablation-products absorption is applied to
the trajectory of Fig. 8a, an entirely different conclusion re-
sults. In particular, absorption by the ablation products re-
duces the peak mw by 63%, 50% and 12% for RN's of 10, 1,
and 0.1 ft, respectively, and the ablated depths for the entire
trajectory are decreased by 55%, 21% and 5%. Conse-
quently, the ablated depth for RN = 10 ft is reduced to
roughly the same value as for RN = 1 ft. Obviously, the ex-
tent to which qR is reduced by ablation products absorption
can be very important in sizing superorbital re-entry vehicles.

Summary
Results are given for the chemically-reacting stagnation-

point boundary layer fully coupled to a steady-state surface
ablation boundary condition. The boundary-layer profiles are
considered to be unaltered by absorption of radiation by the
ablation products; however, they are strongly affected in-
directly by the high surface mass-transfer rates produced by
the radiation heating. Incident radiation heating is treated
parametrically, the baseline values being calculated using a
nongray radiation model including lines. Procedures are out-
lined which utilize the results to estimate ablation rates for
any trajectory, nose geometry, and incident radiation model,
which can be corrected for radiation cooling and ablation-
products absorption.

It is seen that vehicle sizing is strongly dependent upon
the particular material, trajectory, and net radiation flux to
the surface. In particular, the extent to which the ablation
products reduce the incident convective and radiative heating

Tw,
°R

P = 0.1 atm

B'

hw,
Btu
IF

Tw,
°R

P = 1.0 atm

B'

hw,
Btu
Ib

Graphite
3600
4500
5400
5850
6300
6449
6570
6663
6701
6730
6741
6747

0.1764
0.1765
0.1839
0.2304
0.5624
1.000
2.000
5.000
10.00
30.00
100.00

00

276
554
918
1540
4238
6349
8842
11324
12450
13321
13652
13799

3600
4500
5400
5850
6300
6750
7200
7342
7393
7431
7446
7453

0.1764
0.1764
0.1782
0.1867
0.2289
0.4273
1.823
5.000
10.00
30.00
100.0

oo

276
553
855
1090
1664
3478
8736
11562
12705
13592
13931
14082

Nylon-phenolic
3600
4500
5400
5631
5700
5723
5739
5745
5748

0.3095
0.3458
0.7036
2.000
5.000
10.00
30.00
100.0

oo

457
1058
3399
6273
8096
8924
9569
9817
9927

3600
4500
5400
5850
5978
6007
6027
6035
6038

0.3095
0.3450
0.5220
1.519
5.000
10.00
30.00
100.0

oo

450
948
2141
4730
6876
7580
8128
8339
8433

is of paramount importance. Correlations for the former
which are based on the present boundary-layer solutions are
presented which permit accurate representation of convective
heating all the way to boundary-layer blowoff. Some results
for the latter can be found in the literature, but much more
work needs to be done in this area before firm conclusions can
be made regarding vehicle sizing.

Finally, the results demonstrate that vehicle sizing should
be based on ablation rate rather than total heating (incident
radiation plus convection) such as is normally done, because
an increase in total heating by a factor of two can produce a
six-fold increase in ablation rate due to the relatively smaller
fraction of energy which can be reradiated.
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An Evaluation of Ablation Mechanisms for
the Apollo Heat Shield Material
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Theoretical ablation solutions for the Apollo heat shield material are compared with data
obtained in an arc-plasma tunnel. Some of the more important parameters considered are
pyrolysis gas reactivity with the boundary-layer gases, changes in surface elemental composi-
tion due to in-depth coking reactions, mechanical removal of candidate surface species, loss
of pyrolysis gas through fissures which are seen experimentally to develop in the chars, and
surface thermochemistry including silica-carbon reactions. Chemical ablation theory is satis-
factory at moderately high surface temperatures if it is assumed that the pyrolysis gases are
not effective in blocking the convective heat transfer. At lower surface temperatures, it is
necessary to employ a rate law for the mechanical removal of silica in the char material.

Nomenclature

EC = char recession rate normalized by peueCM
BQ ~ pyrolysis gas rate normalized by peueCM
P = pressure
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S

Tp,Tw

X

pc,pg

= linear surface recession rate

— fail temperature and surface temperature

= mole fraction

= densities of char and pyrolysis gas

= mass-transfer coefficient

Subscript

= condensed phase (on chemical element or mole-
cule)


