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U.S. Air Force Materials Laboratory
Wright-Patterson Air Force Base, Ohio

SUMMARY

The differential equations describing the thermochemical ablation-in-
depth process and the boundary layer transport processes which couple at
the ablative surface are presented. Physical interpretations of the relation-
ships are given along with the results of sensitivity analyses which pinpoint
the properties of importance in ablation performance predictions. Char
thermophysical properties are shown to have a considerable influence.
Based on this observation, comparisons and discussion of recent ablative
char thermal conductivity results are given for high-performance carbon-
phenolic and graphite-phenolic composites. Physical and chemical changes
in the chars which influence the thermal transport properties are sum-
marized and recommendations offered concerning the use of the informa-
tion in ablation predictions. Finally, the important thermal and aero-
dynamic forces which may lead to thermomechanical and thermostructural
erosion of the ablative are summarized.

INTRODUCTION

Analytical techniques for the prediction of thermochemical ablation per-
formance of ablative plastic composites under wide ranges of re-entry and

613



11:19 25 January 2011

Downl oaded At:

614 MERRILL L. MINGES

rocket nozzle environments have reached a high state of refinement. Per-
formance prediction analyses for monolithic graphitic and carbonaceous
matrix composites incorporating sophisticated treatment of thermochemical
and thermostructural effects are also available. Recent literature in the
general field repeatedly cites the requirement for highly accurate thermo-
dynamic, mechanical, and thermal transport property information in order
to properly determine ablation performance. In some instances, the sophis-
tication of the analytical prediction procedures has moved far ahead of
physical and chemical property availability required for full utilization of
the analyses. To cope with the nonavailability of important property in-
formation, a considerable number of investigators recently have exercised
the performance prediction analyses varying property input parameters
systematically to isolate those properties which exhibit high sensitivity in
ablative erosion prediction. ‘

The purpose of this paper is (a) to summarize in differential form the
equations employed for thermochemical ablation-in-depth analyses, citing
the important thermophysical properties which are required; (b) to com-
pare and discuss recently obtained ablative char transport property in-
formation; (¢) to summarize briefly the mechanical effects which lead to
thermomechanical-thermostructural erosion of ablatives in severe environ-
ments.

THERMOCHEMICAL ABLATION EQUATIONS

Differential Formulation

A summary of the basic differential equations used in thermochemical
ablation prediction is useful for several reasons: (a) It illustrates clearly the
important physical and chemical processes occurring during ablation and in
the transport of mass and energy across the boundary layer. (b) It indi-
cates simply the property information requirements. (c) It illustrates the
route of computer solution since these nonlinear shell-balance relationships
are solved without explicit integration using finite element procedures.

Figure 1 gives a physical and mathematical schematic of the important
processes involved. The most evident characteristic is the interaction of the
in-depth ablation processes with effects in the boundary layer. Physical
coupling between processes occurring in the boundary layer and within the
ablative composite is made at the char layer surface. This is true mathe-
matically also, the ablation in-depth analysis providing, among other things,
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Fig. 1. In-depth charring ablation coupled with aerodynamic environment.

the necessary boundary conditions for solution of the aerodynamic bound-
ary layer equations. The basic equations required in both regions are heat,
mass, and momentum balances, both total and for individual species in-
cluding allowance for homogeneous and heterogeneous chemical reaction.
As indicated in Fig. 1, the following heat and mass transport processes are
of first-order importance:
aT 3T heat conduction from char,
c (E) to ke (5{) 1 through pyrolysis zone into
the virgin composite

heat and mass transfer
mghg associated with transpiration
of the pyrolysis gases

mche heat and mass transfer due
to char removal

(qfad) net radiation heat interchange
“blowing” or mass and heat

(pVwhw injection into the boundary
layer
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heat and mass transfer across
peueCyAH the boundary layer resulting
from the enthalpy potential

diffusional heat and mass

transfer across the boundary
2 jihj layer resulting from the

concentration potential

In developing the equations describing the in-depth ablation process, the
thermally induced pyrolysis of the ablative is usually pictured simply as in

Eq. (1):
plastic composite =~ =  char + gas 1)

A most important consequence of this assumption is that when the heat
and mass balance equations are written across the pyrolysis zone, the ef-
fective properties of the zone are written as linear sums of virgin material
and char properties. For example, in the case of the density-heat capacity
product, the effective pyrolysis zone value is expressed simply as

pCp = &vpvCpy + (1 - &) pcCp, )]

where £y is the volume fraction of unpyrolyzed ablative composite. Simi-
larly, an equation of this form is written for the effective thermal conduc-
tivity. Using these effective property values, the energy balance equation
for the char-pyrolysis zone is written qualitatively in the following form:

net heat conduction energy removal from net storage and
into the region +{ the region due to = | generation of
mass transport energy in the region

3
In the axisymmetric cylindrical coordinate system, this equation can be
written in the following form using standard shell-balance techniques [1]:

a QT a T = g

conduction mass transfer
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_ oot %

=7 ,:BCP x * CpT at] 4)
sensible decomposition
enthalpy enthalpy

The time differentiation on the right is performed to split the product into
“storage” and “generation” terms.

The first term in Eq. (4) involves the effective thermal conductivity, k,
of the char-pyrolysis zone which, as mentioned above, is conventionally
written in the form of Eq. (2) [6]. The k value is included within the dif-
ferential since it is a function of depth (r) into the ablating layer.

The second term in Eq. (4) involves the product of the total pyrolysis
gas mass flow rate, m, and its associated enthalpy. The mass balance or
continuity equation for the decomposing plastic relates this pyrolysis gas
flow rate to density change as in Eq. (5):

. 9
m=21rf;;(a—f>rdr )

Thermogravimetric analysis (TGA) data provide the necessary input to ex-
press the term in Arrhenius rate form. For phenolic resin where more
than one 9§pe of reaction may be involved in the decomposition, the re-
lationship would be of the form

%50 ;- 6)

where

apj _ p__\nj , -Ei/RT
gtel_pv (Pv-Pa) lAle

TGA data as weight loss as a function of temperature are converted to the
form of Eq. (6), by straightforward transformations of the data [3]. The
more refined analyses include heating rate effects in the TGA mass loss
data. The enthalpy of the gas, Hp, is the sum of the enthalpies of each
gas phase species generated as a result of the pyrolysis.
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The equation used is of the form

= . (T
Hg = 12 Ci fTO deT (7)

The remaining, time-differential terms of Eq. (4) account for the sen-
sible enthalpy associated with a time-varying temperature (energy storage)
and the production of heat from resin decomposition which is manifested
as a density change with time (energy generation).

The charring-in-depth relationship, Eq. (4), is coupled with the bound-
ary layer energy conservation equation and various mass conservation and
kinetics equations to effect solution of the ablation performance problem;
that is, prediction of surface recession, heat absorption capability, and
temperature-time profiles for orbital re-entry vehicle or propulsion com-
ponent environment,

The boundary layer energy equation that incorporates the terms shown
in Fig. 1 can be generally written as follows:

peUeCH (HR - hw) + peUeCM pX (Zle - le) hj

= (pv)w By + ke ( %})waf (q:m)net ®

The reduction of convective heat transfer to the ablative surface due to
pyrolysis gas injection or blowing is given by the term (pV) why,.

This factor is most often incorporated in the first term on the left of

Eq. (8) in the form of the blowing parameter, B’ = (pV)w/peueCy-

B’ is expressible as an exponential function of the mass injection rate,

n'xg, for laminar and turbulent multicomponent boundary layers (e.g., [4]).
The driving force for the heat flux convected across the boundary layer is
an enthalpy difference (Hy - hy), while the magnitude of the diffusional
transport is governed by AZ;, which is essentially an effective concentration
differential for the multicomponent boundary layer generalized to allow
for unequal mass diffusion coefficients [2, 5].

ii = peueCy (Zie - Ziw)
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The Stefan-Maxwell momentum balance relationships allow expression of
the Z; terms as functions of effective diffusion coefficients and species
concentrations in the multicomponent boundary layer [2, 6]. The re-
maining terms in Eq. (8) require no further elaboration, except to note
that surface char removal (m¢) may be induced by a variety of mechanical
and physical mechanisms which are discussed under thermomechanical
erosion below. The relative importance of the terms in Eq. (8) varies with
the vehicle environment and configuration. For example, radiative inter-
change is quite important for lifting-body systems, whereas for ballistic
systems the various char removal mechanisms may predominate,

Ablation Prediction Sensitivities

As noted above, the primary objective in developing and solving the
shell balances such as Egs. (4) and (8) is prediction of total erosion and
temperature-time histories of the regions immediately below the thermally
protective layer. Once the analytical solution sequence is developed it is
relatively easy to vary input properties selectively in determining the ex-
tent to which they influence erosion and temperature-time predictions.
Two such studies on widely different types of ablatives illustrate the gen-
eral results.

Pittman and Brewer [7] studied the recession and spatial temperature
histories of a moderate-density epoxy silica composite varying the follow-
ing properties systematically: char thermal conductivity, virgin material
thermal conductivity, virgin material Specific heat, heat of pyrolysis,
temperature of pyrolysis, and pyrolysis gas specific heat. The experi-
mental test conditions were fairly mild: subsonic, atmospheric pressure
flow with an enthalpy of 3000 Btu/lb and a heating rate of 150 Btu/ft>
sec. The results of the study showed that the virgin material and char
conductivity and the pyrolysis gas specific heat affect thermal response
to a greater extent than the other properties listed above. A similar study,
though purely analytical in nature, was performed by Hillberg considering
a high-density phenolic/carbon under turbulent flow conditions on the
heat shield portion of a ballistic re-entry vehicle [8]. Of the 39 thermal
and mechanical properties considered, six were found to be particularly
important in the prediction of thermochemical ablation. These were:
char thermal conductivity, virgin material thermal conductivity, char heat
capacity, virgin material heat capacity, char density, and virgin material
density. The sensitivity was consistent over a fairly wide range of re-
entry vehicle ballistic coefficients. The results for the case of the char
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properties are shown in Fig. 2. Increasing the char conductivity above the
assumed nominal value would increase heat flux to the pyrolysis zone and
also tend to decrease char surface temperature, thus decreasing reradiative
heat transfer from the ablative. Both effects tend to decrease ablation ef-
ficiency. Decreasing density below the nominal value increases the char
permeability and effectively decreases the amount of material available for
decomposition; again ablation efficiency is reduced. Increasing the heat
capacity above the nominal value has a beneficial influence on ablation
performance since, on a unit weight or heat shield cross-section basis, the
magnitude of the sensible enthalpy contribution increases.

1.4+

I, 31
€

Cpc

T T
0 .0 2.0 3.0
PROPERTY VALUE/NOMINAL VALUE

Fig. 2. Influence of thermal property variations on thermochemical
ablation predictions.

In another study, Hiester and Clark [9] note that mass loss rate in-
creases with char density, which is inconsistent with the above conclusion.
It was shown by these authors that the mass loss rate increased with heat-
ing rate and stagnation pressure. Since it is expected that char density is
also higher at increased heating rates, they conclude that mass loss rate
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increases with char density. This does not appear to be a proper conclu-
sion, however, since in the context of this particular study the mass loss
rate and the char density were dependent variables, with stagnation pres-
sure and heating rate or enthalpy potential being the independent correla-
tion parameters. Rather than expressing a direct dependence of mass loss
rate on char density, these authors are indicating that both char density
and mass loss increase with heating rate.

Even though these studies considered widely different applications of
ablatives which were themselves of distinctly different character, a com-
mon conclusion was drawn as to the considerable importance on perform-
ance of char and virgin material thermal properties. This result is not
surprising in light of the important ablative processes sketched in Fig. 1
and discussed in connection with Egs. (4) and (8).

The following section discusses ablative char thermal transport prop-
erties, considering the results of recent work in the area. This particular
subject is emphasized in this paper since it is not discussed in detail by
other authors in this collection of papers.

UNPYROLYZED COMPOSITE AND CHAR THERMAL PROPERTIES

Unpyrolyzed Composites

For the unpyrolyzed ablative composite, the dependence of thermal con-
ductivity on reinforcement orientation is particularly important. Heat shield
geometry, manufacturing constraints, and particularly ablation performance
require large reinforcement orientation angles relative to the principal axes
of the heat shield surfaces. The effect of orientation in the case of abla-
tion performance for high-density carbon-phenolic composites has been
studied extensively [10]. The orientation influence is particularly impor-
tant under high-stagnation pressure-high-shear conditions in the radius and
inverted chevron configurations. These configurations represent widely dif-
ferent reinforcement orientations with respect to the external surface of the
tip and heat shield.

Thermal conductivity variations with layup are shown in Fig. 3 for the
carbon-phenolic and graphite-phenolic composites described in Table 1. In
addition to the considerable influence of layup angle, a high-conductivity
reinforcement such as graphite tends to increase the composite conductiv-
ity. Since the resins used always have a very low conductivity relative to
the reinforcement, decreasing resin percentage also increases the
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Fig. 3. Thermal conductivity of unpyrolyzed laminates.

conductivity, For a given composite there is also some disagreement in re-
ported conductivity values from different investigators. All these typical

effects are seen in Fig. 3.

Theoretically the thermal conductivity of an anisotropic composite
varies with reinforcement orientation according to Eq. (9) [11]:

(-]
Kg = Keo® + (ko®— koo®) cos?0 = ko [1+ Koo® -1)sin=o] ©)
0
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Table 1. Compositional Characteristics of Typical
High-Density Phenolic Resin Composites

Composite density,

Designation Resin, % Reinforcement 1b/ft3

MX-4926 SC-1008 (34) CCA-1 carbon 90.6

FM-5014 CTL-91-LD (33) WCA graphite 90.0

SoRI test (A) SC-1008 (30) 899
WCB graphite

Laminate (B) SC-1008 (50) 86.1

This form of angular dependence arises from the fact that the heat flux
and grad T vectors do not maintain their orthogonal relationship in an
anisotropic material, Schaefer and Dahm [12] have assigned a lesser in-
fluence of orientation angle on the thermal conductivity by assuming a
sin 6 dependence rather than a sin? § dependence. The recent data of
Clayton et al. [14] indicate that for the virgin composite the relation-
ship of Eq. (9) most nearly correlates the experimental measurements
particularly in the low-angle range of practical interest.

For the case of pyrolyzed ablative chars, Clayton et al. [14] found
that the sin @ relationship fit the experimental data better (within 15-
30%) than the sin® @ prediction. However, for partially pyrolyzed,
low-temperature char (1600°R), the sin 6 prediction fit the experimental
data better (within about 10%).

Ablative Chars

Char thermophysical properties are required to at least 5S00°R since
surface regions of the pyrolyzed ablative are heated into this range. Be-
cause the chars have varying degrees of porosity, radiation transport can
contribute significantly to the overall transfer of heat through the char at
high temperature. This predominance of radiative transport at high tem-
peratures leads to rapidly increasing conductivity in this range. At lower
temperatures the char conductivity is influenced by the type of rein-
forcement, its volume percentage, and orientation. The wide range of
char conductivity values observed for nylon-phenolic, graphite-phenolic,
and carbon-phenolic is indicated in Fig. 4. Generally, the higher
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Fig. 4. Ablative char thermal conductivity.

conductivity values are for chars with 90° reinforcement orientation while
the lower regions of the property band are for 0° laminations. It is noted
that the strong influence of reinforcement orientation extends to high tem-
peratures even though the solid-conduction contribution is low, indicating
that void area configuaration significantly influences the magnitude of
radiative transport. ‘
In general, for any given reinforcement orientation and char structure,
the conductivity temperature dependence is given by Eq. (10):
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(kc)g = A-BT + CT" (10)

The linear solid conduction term coefficient, B, is negative, reflecting the
fact that the solid conductivity of graphitic materials drops with tempera-
ture; the T™ term reflects the expected temperature dependency of the
radiation contribution with n varying between 2.0 and 3.0. A number of
authors have discussed in detail the calculation of thermal conductivity in
such radiation-transmitting media. Wechsler and Glaser [17, 18], Minges
[19], and Purcell and Rolinski [20] have analyzed fibrous systems com-
posed of graphite, carbide, and refractory oxide materials and have sum-
marized the analyses available in treating conductive and radiative heat
transfer. More specifically, Pyron and Pears {21] and Nagler [16] have
discussed the thermal conduction processes for phenolic-nylon chars, the
conductivity of which is summarized in Fig. 4. For carbon-phenolic chars,
equations for thermal conductivity as a function of temperature are dis-
cussed by Engelke et al. [22]. These authors, as well as the literature
cited in their papers, give a comprehensive review of the methods for
analyzing combined conductive, convective, and radiative heat transport
in porous media. These papers should be consulted in estimating quan-
titatively the parameters of Eq. (10). The key problem though, in
practical applications, is that the physical and chemical structure of the
char which is the basis for evaluating the constants in Eq. (10) is either
unknown or is changing rapidly with heating.

Thus, of greater relevance for re-entry and rocket nozzle applications
is consideration of thermal conductivity variations with changes in ther-
mal history. Above about 500-700°F, pyrolysis of the composite begins,
the pyrolysis rate being dependent on how rapidly the temperature is
increasing. After a char is formed at high temperature, changes in
structure and consequently in properties may occur as a result of struc-
tural ordering. The manner in which these several effects influence the
conductivity of the char is indicated schematically in Fig. 5. At lower
temperatures the change in density as pyrolysis proceeds exexts a pre-
dominant influence on the conductivity, decreasing it in proportion to
the density decrease. Clearly, the lower the heating rate the more
complete the degradation and the greater the density decrease at any
given temperature level. At high temperatures the curves may be re-
versed. This is because the char graphitization and structural ordering
processes, which produce greatly increased conductivity, are favored by
the lower heating rate. These heating curves are not retraced on cool-
down since the changes in char structure produced by high-temperature
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exposure are highly irreversible. The expected cooling curve conductivity
is indicated by the dashed lines. The lesser slope of the cooling curve for
the char experiencing a high heating rate is due to additional structural
ordering occurring during the cool-down cycle, maintaining the conduc-
tivity at a higher level.

STABLE
VIRG]
OMP,

400 800 2000 3000 4000 5000
TEMPERATURE, °R

Fig. 5. Effects of heating rate on char conductivity.

"Several authors have discussed different aspects of the effects outlined
in Fig. 5. For example, Brazel et al. [23] discuss the generally observed
characteristic that char conductivity decreases as heating rate increases and
time-at-temperature decreases. They note a factor of 1.8 decrease in char
conductivity measured under transient as compared with steady-state con-
ditions. A further decrease below even the transient value of about 20%
was predicted in correlating ablator performance under re-entry conditions.
Nagler [16] concludes for the case of nylon-phenolic that laboratory-
measured char conductivities appear conservative for atmospheric entry or
one-shot propulsion devices; that is, the laboratory values are higher than
those anticipated for such applications (Fig. 2 of [16]). Engelke et al.
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[22] observed that furnace chars experiencing comparatively long-time soak
at high temperatures had consistently higher conductivities than char pro-
duced from the same materials with short-time plasma arc exposure even
though the maximum exposure temperatures were about the same. As
mentioned above, during resin pyrolysis the conductivity is decreasing, with
the drop in density being strongly heat rate dependent. The magnitude of
the effect was estimated quantitatively by Clayton et al. [14] in discussion
of results on MX-4926 carbon-phenolic char. At a maximum char tempera-
ture of 2000°R, the final char density was 71.7 for a rocket nozzle after
cool-down. During steady-state ablation the density was 77.4. Under
rocket nozzle start-up conditions when the heating rates are high, the char
region at 2000°R had a density of 81.7. Under even more severe peak
heating conditions for the same material undergoing re-entry, the density
was estimated to be 87.4—very near that of the unpyrolyzed composite.
Thus, depending on heating rate, the density at any given temperature
level can vary by 18%, between 71.7 and 87.4.

This discussion indicates that for most re-entry and rocket nozzle abla-
tive thermal protection applications the designs may be too conservative
because the high-temperature char conductivity values are based on steady-
state measurement results which are consistently high. If the in-flight
ablative chars and the unpyrolyzed laminate have lower conductivity, the
thermochemical erosion will be lower because the char layer will be thin-
ner for a given temperature drop, the insulative character of the substrate
also being better. The question then becomes: What are the ranges of
char conductivity which can be applied for these short-time conditions
which still assure design confidence? Examples of recent char data ob-
tained under Air Force Materials Laboratory-sponsored effort are dis-
cussed below in elaborating on this point.

A recent program, carried out by the Boeing Company and Battelle
Memorial Institute, examined carbon-phenolic and graphite-phenolic
materials. The work was begun by studying the basic physical character-
istics of ablative chars obtained from posttest hardware components.
Rocket nozzle components were chosen for study based on two factors:
ready availability of full-scale hardware tested under realistic conditions,
and applicability of the rocket nozzle results via the more general analyt-
ical ablation-in-depth models to the re-entry case.

Nozzle segments were recovered from test firings of 120-in. solid-
propellent boosters with carbon-phenolic and graphite-phenolic thermal
protection components. The carbon-phenolic composite was Fiberite
MX4926 from a Thompson-Ramo-Wooldridge oblique tape-wrapped
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nozzle used in the Aerojet-General Corporation 120-SS-1 motor. The
graphite-phenolic composite was an H. I. Thompson rosette-molded nozzle

from a solid booster.

Table 2. Char Characterization Procedures

Experimental technique Characterization parameter
Photomicroscopy Gross structure

(reflection and transmission) phase distribution
Gas pyconometer
Mercury porosimeter Density and density
X-ray transmission profiles
Helium TGA Degree of pyrolysis
Elemental analysis Major constituents

(C and H)

X-ray diffraction Degree of graphitization

and structural ordering

A full sequence of char characterization procedures, listed in Table 2,
was used. The results of this extensive characterization lead to the defini-
tion of three distinct char zones between the char surface and the virgin
material region. These are summarized in Table 3.

Table 3. Carbon-Phenolic Char Zone Definition

Zone Distinguishing features Temperature range, °R
I Mature char 3400-5000
Extensive graphitization
II Mature char 2400-3400
No graphitization
i Incomplete pyrolysis 1600-2400
Virgin Room temperature 500-1000

Structure
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Fig. 6. Char density distribution: predicted and measured.

A graphic indication of cooling cycle history on char characteristics is
given in Fig. 6. The char zones after nozzle cool-down are shown along
with the predicted and measured char density distributions. The analytical
predictions were performed by Aerotherm Corporation, Palo Alto, Cali-
fornia. At nozzle shutdowyp there is a steep density gradient across the
pyrolysis zone. However, during cool-down the pyrolysis zone existing
during active ablation has been completely converted to mature char.
Stated in another fashion this thermal history-heat rate effect implies that
a char structure representing a certain maximum temperature during active
ablation (high heating rates), say 2500°F, would correspond to a char struc-
ture experiencing only a maximum temperature of 1200°F coupled with a
very low heating rate. This is because the short-time high-heating-rate
exposure has the same effect on final char density as a long-time low-
heating-rate exposure. This experimental observation of Fig. 6 is consistent
with the heat rate effect on thermal conductivity discussed in connection
with Fig. 5. That is, as the heating rate decreases the decrease in density
at any given temperature is greater.

Char conductivity from this work and comparisons with results of
other investigators are illustrated in Fig. 7 for the MX-4926 carbon-
phenolic and in Fig. 8 for the FM-5014 graphite-phenolic. These compari-
sons are discussed in the following paragraphs.
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Fig. 7. Thermal conductivity of carbon-phenolic (MX-4926) ablative chars
paralle]l to lamination.

Engelke et al. [22] have observed that the conductivity of a char
material is reproducible with temperature cycling as long as the tempera-
ture at which the char was originally produced is not exceeded. Thus, a
2800° char” will follow the dotted curve shown in Fig. 7 as long as the
2800°R upper temperature point, which was the furnace preparation tem-
perature, is not exceeded. Similar curves could be generated for chars or-
iginally produced at other temperatures. The high-temperature terminal
points of these curves define the dotted “boxing™ curve or locus shown in
Fig. 7. The boxing curve thus represents the char conductivity which
would be expected on initial heating if a virgin MX-4926 composite were
charred at an infinitely slow heating rate. It is concluded by these authors
that the conductivity of any char with a given heat stabilization tempera-
ture will be “boxed in” above the dotted locus curve. The relationship of
the Zone I, II, and III char data with respect to the dotted locus curve is
also shown in this figure. These furnace-stabilized char results confirm the
general validity of the locus curve idea. The Zone III data fall below the
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extrapolation between the dotted boxing curve and the unpyrolyzed com-
posite data (V), as would be expected because unpyrolyzed resin exists in
this zone. The agreement of these sets of data is striking considering that
they were obtained on different lots of material, the chars were produced
by different methods, and the property values were determined by differ-
ent measurement techniques.

Shaefer and Dahm [12] have inferred char thermal conductivity values
which exist during active ablation in a rocket nozzle test by varying the
conductivity parameter in an analytical ablation-in-depth analysis until the
predicted time-temperature histories matched those observed experimentally.
The result for 90° orientation MX-4926 char is indicated in Fig. 7. As ex-
pected, the inferred conductivity for this case (average heating rate of
about 50°R/sec) falls well below the dotted curve representing heat rate
insensitivity. The transient data from General Electric [23] representing
the more severe re-entry heating conditions for a similar material fall well
below even the nozzle firing transient data.

Similar, recently obtained char conductivity results for the FM-5014
graphite phenolic are shown in Fig. & along with the inferred conductivity
curve of Schaefer and Dahm for this material. These authors again varied
the nozzle char conductivity until the predicted temperature-time profiles
matched those observed experimentally. The data of Fig. 8 differ from
those of Fig. 7 in several respects. First, because the reinforcement is
graphitic, the data for the FM-5014 are all consistently higher. Second,
the change in conductivity level in moving from Zone III to II to I is
gradual, the three conductivity curves nearly falling on a smooth line.
Although a boxing or locus curve was not available on this material, the
form of the data suggests that it would lie nearly along the curve through
the three char zone results. The data inferred from the high heating rate
nozzle firing correlating follow the pattern suggested and discussed for
Fig. 5. That is, higher conductivity than in the low heating rate case is
observed at low temperatures due to different pyrolysis rates and higher
conductivity at the maximum temperatures reached. The fact that the
nozzle firing curve crosses the other curves at temperatures higher than
that for the MX4926 carbon-phenolic is expected since the effect of high-
temperature exposure on char structure is less with the graphitized rein-
forcement.

In summary, the results of the above studies together with observations
made recently at Washington University in connection with high-
temperature char permeability determinations [24, 25] lead to the follow-
ing important characteristics:
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Fig. 8. Thermal conductivity of graphite-phenolic (FM-5014) ablative chars
parallel to lamination.

1. In the range where there is pyrolysis of the resinous matrix material
occurring (up to about 1600°F), the conductivity is influenced mainly by
the density change accompanying the decomposition. The drastic chemical
changes in the pyrolysis have small influence on the conductivity. As in-
dicated in Fig. 6, it is in the pyrolysis zone where the density is changing
most rapidly. Fer any given temperature level existing in the ablative, the
composite pyrolysis is extremely heat rate-sensitive.

2. Structural ordering and graphitization of the pyrolysis residue and
ungraphitized reinforcement become significant in the 2000-3000°R range.
Because the rate of ordering appears to be rapid, the extent of crystallinity
development is dependent primarily on maximum exposure temperature
and only secondarily on time at temperature. The ordering processes ap-
pear to be essentially complete when temperatures of about 4000°R are
reached.

3. Above about 3000°R there is densification of the char structure
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due to the pyrolytic deposition of graphite from cracking of the pyrolysis
gases as they percolate into the maximum temperature regions of the char.
This deposition of a high-conductivity component increases the char con-
ductivity significantly, particularly in the case where the original reinforce-
ment is not graphitized (MX4926).

4. High-temperature soak in the range of 3400-4400°R for times up to
about 1 hr produces uniform graphitization of an ablative char. Pore size,
which is in the range of 5-20u, increases slightly while the size distribution
about the mean decreases; however, the effect of heat soak on pore size
is small.

5. Radiation transport becomes significant above 2400°R and is not
strongly influenced by char thermal history since pore size and distribution
stabilize rapidly. As with any composite in which radiation transport is
important, the conductivity becomes a function of temperature gradient as
well as temperature level. In general, the higher the gradient the higher
the effective conductivity.

THERMOMECHANICAL EFFECTS

In system applications of current interest, the erosion of an ablating
surface by other than thermochemical means may be important. For
completeness, a brief summary of these mechanically induced processes
is given below. Properties of an ablative composite and the chars pro-
duced from it other than those discussed above become important when
considering processes which may lead to mechanical erosion of the sur-
face. Thermal expansion, tensile, shear, and compressive strengths of the
char are important in thermomechanical erosion. Mechanical erosion can
contribute significantly to total ablative recession. Above stagnation pres-
sures of 20 atm, surface material removed mechanically can equal that re-
moved through thermochemical ablation. At 70 atm up to 2/3 or more
of the total recession can result from mechanical effects. Thus, in such
environments the thermochemical ablation predictions fall well below
the observed total recession curves.

The forces acting on an ablative under severe conditions originate in
at least two ways: aerodynamically induced stresses or thermally in-
duced stresses. Specifically, the following are important: (a) momentum
transport across the boundary layer producing surface shear; (b) flow
field impressed pressure and surface pressure gradients in the flow direc-
tion, particularly in the stagnation region; (c) pyrolysis gas mass
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transport-induced radial pressure gradients through the thickness of the
ablative; and (d) normal (radial) and tangential (hoop) stresses in the
ablating layer induced by high-local-temperature gradients. These effects
are summarized schematically in Fig. 9, with typical magnitudes given in
Table 4.

dT/dr @

1. Aerodynamic Pressure 4., Aerodynamic Shear
Stress

2, Pressure Gradient 5. Thermal Stresses
Shear

3. Pyrolysis Gas Pressure 6. Acceleration Forces

Fig. 9. Thermally and aerodynamically induced forces acting on an
ablative.

For example, if a quantitative determination of thermally induced
stresses due to high-temperature gradients is undertaken, there is an im-
mediate requirement for extensive mechanical and thermal property inform-
ation. This approach was used recently by Schneider et al. [26]. For
their particular continuum analysis of the char, thermal expansion, tensile
ultimate, and compressive strengths were of prime importance in predicting
the extent of thermal stress-induced mechanical erosion. The considerable
uncertainties in these data limited the usefulness of the calculations to
some extent. Some recent attempts to obtain “transient ablation” mech-
anical property data are described by Welsh and Ching[27] using carbon-
phenolic and graphite phenolic materials. Their specimens were heated and
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Table 4. Magnitudes of Thermomechanical Effects

Effect Magnitude Effect Magnitude
Aerodynamic pressure 2000 psi Aerodynamic 400 Ib/ft2
stresses shear
Surface pressure 500 atm/in.  Thermal grad- 10,000°R/in.,
gradient ients, thermal 800-12,000
stresses psi
Pyrolysis gas
pressure 50 psi Accelerations 150g

charred over 10- to 18-sec time intervals to temperatures of about 5300°R.
Based on the limited data obtained, it was not possible to conclude that
heating rate had a significant effect on tensile strength of the charred
ablative, although the strength data were much higher than those quoted
by Schneider et al. [26].

A fundamentally different approach in analysis of thermomechanical ef-
fects was used by Bishop and DiCristina [28], who considered the influ-
ences of surface shear resulting from momentum transport across the
boundary layer, the shear forces generated within the char layer due to the
surface pressure gradient in the flow direction, and the pyrolysis gas flow
pressure. Experimental data in the form of the time dependence of spall-
ation were obtained in high-pressure ablation tests in the wave superheater,
Cornell Aeronautical Laboratory. Using computer analysis of in-depth
thermochemical ablation, these authors related this time parameter to
ablation depth and calculated a maximum char thickness which could be
sustained for a given shear condition. Preliminary calculations indicated
that this pressure gradient shear at the sonic point of a sphere cone was
as high as 3500 Ib/ft*, while the aerodynamic surface shear from boundary
layer momentum transport was about 275 1b/ft?.

This analysis illustrates the apparent importance of aerodynamic pres-
sure gradient-induced shear as compared with surface shear. It is im-
portant to note also that this is a phenomenological approach that does
not require basic physical property data input in the analysis except as
used in the associated thermochemical ablation computer program. How-
ever, this form of analysis is partially empirical, and systematic variations
of important aerodynamic and vehicle configuration parameters will be
required before generalization of the approach is established.
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It is felt that phenomenological approaches such as that of Bishop and
DiCristina to the mechanical erosion and spallation problem offer consid-
erable promise in developing near-term prediction procedures for thermo-
mechanical ablation. The nonavailability of necessary property informa-
tion of the right type tends to limit the usefulness of more basic stress
analyses of this problem. It is still most difficult to produce char materials
with a given range of structure (e.g., density and porosity distribution) and
composition (e.g., graphitization) for subsequent use in mechanical and
thermal property measurements which are quantitatively traceable to active
ablation conditions. Besides the limitations of furnace pyrolysis or plasma-
arc generation of chars for test that were discussed earlier, it has been found
that char structure is very much component geometry-sensitive. This is due
primarily to the unique structural restraints imposed on the ablative in a
nose tip or rocket nozzle component during flight. Plasma-arc specimens
have proved of limited use in property measurement programs for this
reason and also because it is difficult to retrieve high-quality specimens
from the high-pressure test environments of interest. Thus, particularly in
the case of mechanical properties, the type of information generated must
be very closely coupled with the requirements of the particular thermo-
mechanical analysis being used.

CONCLUSIONS

The analysis and prediction of thermochemical ablation is fairly well in
hand at present, the advancements in the area being in the nature of im-
provements in the available analyses. Nonsimilar boundary layer solutions
which allow for massive species injection, refinement of important input
property information such as char thermal conductivity, and rate-sensitive
pyrolysis data are examples of recent advances.

Concerning use of char conductivity information with ablation-in-depth
analyses, the following guidelines are offered:

1. In the resin pyrolysis range (up to about 1600°R), the change in
char conductivity is proportional to the change in total composite density
as expressed via rate-dependent TGA data.

2. For re-entry and one-shot rocket nozzle applications, the heat-rate-
independent or “boxing” conductivity curve represents the upper limit of
the conductivity range that need be considered during the heating portion
of the exposure. Heat-rate-dependent data inferred from rocket nozzle
and re-entry materials performance correlations can be used as a guide in
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determining how far below this locus curve one can drop for specific ap-
plications.

3. If lower-temperature char data are available, such as those from
Zones III or 11, they can be extrapolated with the low-temperature slope
across the boxing curve for re-entry or one-shot propulsion applications
where heating rates are relatively high and the char has not had previous
high-temperature exposure.

4. For cool-down data the slope of the conductivity curve should be
the average between the adjacent mature char curves. For example, re-
ferring to Fig. 7, if the maximum temperature experienced by a given char
were 3100°R, the cooling curve slope would be the average between the
Zone I and Zone II curves which bracket this 3100°R maximum temper-
ature.

5. Important physical and chemical changes occurring in the char on
initial heating are as summarized earlier.

The quantitative prediction of aerodynamically and thermomechanically
induced surface erosion has not yet reached the state of refinement char-
acterizing thermochemical analyses. A variety of forces summarized
earlier become of predominant importance during different portions of an
exposure cycle; thus, proper coupling between thermochemical and thermo-
mechanical processes is complex. In the near future the empirical or
phenomenological approaches to the analyses of mechanical erosion ap-
pear to offer more promise than fundamental continuum analyses because
they do not rely on extensive mechanical property input information.

NOMENCLATURE

Aj pre-exponential constant

Cy heat transfer coefficient

¢i gas phase species concentrations, 1b/ft>
Cp mass transfer coefficient

Cp heat capacity, Btu/lb-°F

E{ activation energy, Btu/lb

h  gas phase enthalpy, Btu/lb

H  total enthalpy, Btu/lb

j diffusional mass flux, lb/hr-ft?

k  thermal conductivity, Btu-in./hr-ft?- °F
m  mass flux, Ib/hr

ni reaction order
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DNV MNNESE O

heat flux, Btu/hr-ft?

radial coordinate, in.

time, hr

temperature, °R

fluid velocity, ft/sec

velocity normal to surface, ft/sec
effective concentration, 1b/ft3

volume fraction unpyrolyzed composite
density, 1b/ft?

shear stress, 1b/ft?

angular position, spherical coordinates, deg

Subscripts

£<®m~meo

char

boundary layer edge
gas phase

species “i”

recovery

unpyrolyzed or virgin composite

wall
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