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Effect of Gas Composition on the Ablation Behavior

of a Charring Material

Nick S. Vosvopica* ANp RonaLp B. Pope*
< /’}7 ? NASA Ames Research Center, Moffetl Field, Calif.

The ablation behavior of a charring material was evaluated in high-velocity streams of arc-
heated air, nitrogen, and argon. The purpose of the investigation was to determine 1) whether
chemical reactions occur between the material and its environment, 2) whether the reactions
are homogeneous and/or heterogeneous, and 3) what the influence of the reactions is upon

the heating rate to the surface of the material.

The behavior of the material proved to be

highly sensitive to the composition of the test gas. For air, both heterogeneous and homo-
geneous reactions were found to occur, and the surface heating rates resulting from each type
of reaction were evalugted and compared to theory. In the case of homogeneous reactions,
experiment was highér than theory, whereas the opposite was true for the heterogeneous

reactions.
Nomenclature
D* = throat diameter
E = constant as defined in Eq. (A9)
H = enthalpy
ha = intrinsic heat capacity of pyrolysis
he = heat of combustion
K = mass fraction of oxygen
k = thermal conductivity
L = initial length of test sample
M = average molecular weight
m = mass
m = mass-loss rate
/22 = pressure
Goomb = heating rate resulting from chemical reactions
Goonv = hot-wall convective heating rate with transpiration,
\"q’hw
Gae = hot-wall convective heating rate without transpiration
¢i = net heating rate to gas-surface interface, geonv + Geomb +
Gr
Go = cold-wall convective heating rate without transpiration
Gr = radiative heating from boundary-layer gases to surface
Gr» = radiative heating from surface, eo7",*
R.« = effective nose radius
7H = surface temperature
t = time
u = gas velocity parallel to surface
v = gas velocity normal to surface
z = direction parallel to surface
Y = direction normal to surface
y = surface recession rate
a = exponent defined in Eq. (A9)
B = transpiration factor
A = change
5. = char thickness
€ = emissivity
p = density
o = Stefan-Boltzmann constant
¥ = q.conv/ (jhw
Subscripts
a = air
c = char
n = nitrogen
P = pyrolysis
t = total
v = vapor

Presented as Preprint 63-465 at the ATAA Conference on Phys-
ics of Entry into Planetary Atmospheres, Cambridge, Mass.,
August 26-28, 1963; revision received January 15, 1964.
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w = wall
© = freestream

Introduction

SIGNIFICANT problem in heat protection research

arises from the chemical interaction between an ablation
system and the boundary-layer flow. The stagnation re-
gion of a typical thermal protection system consisting of a
porous char layer, through which ablation gases are trans-
pired, is represented in Fig. 1. It is noted that the heating
environment may" be influenced by exothermic reactions
occurring at the high-temperature surface of the char and
in the boundary layer. The extent of these reactions is
strongly influenced by the diffusion rate of the chemically
active boundary-layer species to the reaction zones.

The effect of chemical reactions upon the behavior of a
pure material, such as graphite, has been studied exten-
sively.!® Only limited theories’® and experiments’-8 have
considered the chemical reactions between a charring material
and the boundary-layer species. From the available data,
it is not possible to deduce the type of reaction (homogeneous
and/or heterogeneous) or the amount of heat transferred to
the surface by the reaction. Accordingly, an experimental
program was undertaken to study the response of a charring
material in high-enthalpy streams of air, nitrogen, and argon
over a wide range of convective heating rates characteristic
of conditions encountered upon planetary entry. This paper
presents the preliminary results obtained to date and dis-
cusses these results in terms of the physics and chemistry
of the interaction between the charring material, its vapors,
and the boundary-layer gases.

Experimental Equipment

Facility

The tests were performed in the facility shown schemati-
cally in Fig. 2. Test gases of either air, nitrogen, or argon
were heated to high energy levels by a fully water-cooled
electric arc heater,®!2 which operates with thoriated tung-
sten electrodes and yields a gas with a low contamination
level. The heated gas was expanded from a plenum chamber
through a water-cooled, supersonic nozzle. Five different
nozzles were used, four of which were conical with exit
diameters of nominally 1, 2, 3, and 6 in., the fifth being a
contoured nozzle with a 4-in. exit. The throat diameter
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was 0.468 in. for all the nozzles. The supersonic stream was
discharged as a free jet into a vacuum chamber that was
evacuated by a steam-ejector vacuum system.

Test Models and Apparatus

A representative high-temperature charring composite
material was selected for the investigation. The particular
material was a low-density (36 Ib/ft*) phenolic-nylon material
composed, by weight, of 509, nylon, 259, phenolic resin, and
259, phenolic microballoons.

Two model configurations, a flat-faced cylinder and a
hemisphere-cylinder with afterbody test segments, were used
to obtain a wide range of convective heating rates. Sketches
of these models are shown in Fig. 3. The flat-faced models
had either a - or $-in. diam and were 0.4 in. long. These
models were supported by thin-walled stainless-steel tubing.
The diameter of the hemisphere-cylinder models was § in.;
the construction details and method of support are deseribed
in Ref. 9. ]

Cold-wall heating rates were measured with heat-sink,
transient-type, copper calorimeters having external dimen-
sions identical to the ablation models. Details of the
calorimeter design have been presented in Ref. 9. The
wall pressure at the stagnation region was measured with
a water-cooled, impact pressure tube, and a strain-gage-type
pressure cell with a pressure range of 0 to 3 psia. The
surface temperature of each ablating specimen was moni-
tored during the entire heating period with a commercial,
total-radiation pyrometer.

Test Conditions and Procedure

The energy level of the supersonic stream was changed by
varying the total input energy from approximately 40 to 80
kw at a constant reservoir pressure of § atm. The free-
stream enthalpy was determined first from measurements of
mass flow, electrical input energy, and heat losses to the arc
heater and nozzle, and second from the measurements of im-
pact pressure and heating rates used in conjunction with the
correlation developed by Fay and Riddell,'* which predicts
the convective heating rate to a blunt body for the case of a
laminar boundary layer in chemical equilibrium. Although
at the pressure levels of these tests the test stream was not
in chemical equilibrium,, '* the application of the second
technique for determining enthalpy has been shown to be
reliable’® when the surface of the calorimeter is a highly
catalytic material such as copper.!* The enthalpies deter-
mined by these two techniques were in good agreement and
varied from 4200 to 8500 Btu/Ib for air and nitrogen. The
enthalpy determined for argon was 3000 Btu/1b.

The test conditions, cold-wall heating rate, model pressure,
and stream enthalpy are summarized in Fig. 3. As indi-
cated, the cold-wall heating rates varying from 25 to 200 Btu/
ft2-sec were obtained with the flat-faced models in the conical
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nozzles. This wide range of convective heating rates at
comparable stream enthalpies was made possible by the use
of the various nozzles previously described. The heating
rates varying from 3 to 13 Btu/ft® sec were obtained with the
afterbody models in the 4-in. contoured nozzle. Thus, heat-
ing rates of approximately two orders of magnitude were
covered by this investigation. Since the afterbody pressures
were t00 low to be measured with the available instrumenta-
tion, they were calculated by the method of Ref. 14.

To provide satisfactory stream conditions over the length
of the test models, it was necessary to maintain a balance
between the nozzle wall pressure at the exit and the test
chamber pressure. This balance was provided by throttling
the steam-ejector system.

For the purpose of measuring the surface temperature, an
image of the test region of the specimen was focused onto the
pyrometer by means of a first surface mirror located at the
side of the nozzle (see Fig. 2). The mirror and a commercial
blackbody temperature source were used to calibrate the
pyrometer. The temperatures reported herein were not
corrected for emissivity effects, but the emissivity for this
type of charring material has been reported to range from
approximately 0.85 to 0.80. 5 1.1 Therefore, the true
temperature is only from 4 to 559 higher than the blackbody
temperature reported.

The procedure for testing in each nozzle was first to meas-
ure cold-wall heating rates and pressures over the range of
stream enthalpies, then to expose a number of ablation models
to identical stream conditions for various times, and finally
to repeat the cold-wall measurements. After each ablation
model was weighed and its initial length determined, it was
located at the center line of the stream behind a protective
shield. When the test chamber had been evacuated, the
arc was initiated, the stream was stabilized, and the shield
was quickly removed. The arc was extinguished at a pre-
determined time, following which the model was removed and
weighed and its length measured.

Results and Discussion

Experimental Results

Typical variations of the surface temperature 7', and
change in mass Am are compared for air (half-filled symbols)
and nitrogen (open symbols) streams in Figs. 4a and 4b.
Different symbols indicate tests of varying duration. It is
noted that, at both heating rates, the gas composition had a
sizable effect upon both the surface temperature and the
change in mass. Furthermore, the good agreement between
the temperature histories measured in air for various exposure
times indicates that stream conditions were repeatable.

The temperature data for all of the test conditions are
shown in Fig. 5 as a function of total stream enthalpy. (The
value plotted is the arithmetic mean of the temperatures for
the longest and shortest test periods used in determining
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Fig. 3 Test conditions and models.

the mass-loss rate.) Sets of data are plotted for four differ-
ent model wall pressures. For each pressure level, the effect
of gas composition is clearly demonstrated. These differ-
ences cannot be explained by differences in cold-wall heating
rates, since, as shown in Fig. 3, the cold-wall heating rates
at comparable enthalpy and pressure were identical. These
results, therefore, show that exothermic chemical reactions
occurred between the air and the injected gases and/or the
char surface.

Having established the importance of gas composition on
the surface temperature of the material, let us now consider
the mass-loss measurements. These consisted of the total
mass-loss rate and its two components: char removal{ and
the vapors produced by pyrolysis. These results are pre-
sented in Fig. 6. It will be noted that the total mass-loss
rate and its two components were always greater in air than
in nitrogen. This was true at all pressure levels. Once
again the effect of gas composition upon the measurements is
attributable to chemical reactions rather than to heating-
rate differences.

There are two points of interest with respect to char
mass-loss rates. One is that these rates were about an order
of magnitude less than the corresponding total rate, and the
other is that the rates in nitrogen were appreciable.

The two types of measurements—surface temperature and
mass-loss rate— have demonstrated significant effects of gas
composition on the response of the material. These effects
have been attributed to chemical reactions. The nature
of these reactions and the resulting surface heating are con-
sidered in the following section.

Determination of Reaction Zones and Heating

First, we will examine in detail the data on char mass-loss
rate to determine whether or not chemical reactions influence
the char removal. These data, which have been normalized
by the square root of the wall pressure divided by the effective
nose radius,” have been plotted in Fig. 7 as a function of wall
temperature.f This form of presentation is appropriate
when the reaction of the surface with the environment is
controlled primarily by diffusion of oxygen to the surface.
Available information? indicates that, at temperatures below
2000°R, the surface recession of graphite is limited by the
reaction rate kinetics, whereas between 2000° and 5000°R
the process is diffusion rate-limited. At temperatures in
excess of 5000°R, Scala and Gilbert'® have recently shown
that the surface recession of graphite is a strong function of
temperature as well as pressure because of the importance

i The char mass-loss rate was determined from measurements
of the recession rate y and the char density, which was found to
be 12 =& 1 lb/ft2 for all test conditions.

1 As indicated in Fig. 3, the pressure was varied over a wide
range; however, only two model radii were employed, and, hence,
additional tests with larger models are required in order to estab-
lish the dependence of 7. on Rett.
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of C-N reactions at elevated temperatures. To Metermine,
in fact, if there were chemical reactions occurring between
the nitrogen and char for the particular conditions of these
tests, a number of models were exposed to the chemically
inert stream of argon. The resulting data points are shown
by the filled symbols on the figure. Good agreement of these
points for argon with the data points for nitrogen show that
the nitrogen was chemically inert. This result is in good
agreement with the work of Zinman, who reported the rates
of reaction between carbon and nitrogen to be very slow at
temperatures below 5000°R. Mass-loss rate of char for
these two gases is, perhaps, attributable to a combination of
mechanical and thermal stresses rather than to chemical
erosion. An alternate mechanism for this removal of char
in the inert atmospheres, chemical reactions between the
pyrolyzed gases and the char, has been suggested by John
Parker of Ames. In contrast to the results obtained in the
chemically inert streams, it is noted that the results in air
are higher by as much as a factor of 3, indicating that chemical
reaction occurred at the surface in the air environment.
With the amount of char removal by combustion estab-
lished, and assuming a reasonable value of the heat of com-
bustion, one is in a position to estimate the heat input due
to surface combustion. A comparison of these calculated
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values with values obtained for the total combustion heating
will indicate whether reactions occurred solely at the surface
or also in the gas phase. Such a comparison is provided by
Fig. 8. The upper three curves identify values of total com-
bustion heating. These values were determined from the
measurements obtained by the heat-balance procedure
described in the Appendix. The three lower curves are
values of surface reaction heating. They are the result of
multiplying the difference in rates of char mass loss for air
and nitrogen by the heat of combustion of the char, which
was assumed to be 4000 Btu/lb. Both sets of values, that
is, total and surface reactions, have been normalized by the
corresponding net convective-heating rate. Thus it is seen
that the ratio of total combustion heating to the net con-
vective heating varies from a value of unity to about 1.5,
depending upon the pressure. In contrast, the ratio of sur-
face reaction heating to net convective heating ranges from
about 0.3 to 0.6. Thus, the surface reaction heating ac-
counts for only about one-third of the total combustion
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heating. The remainder is attributed to gas-phase-reaction
heating.

Comparison of Experiment and Theory

Having established that both types of reactions occur and
that both are appreciable fractions of the net convective
heating, it is of interest to determine how well available
theory agrees with experiment. Figures 9 and 10 provide
comparison of experiment and theory for surface and gas-
phase-reaction heating, respectively.

In the case of the diffusion-limited surface-reaction heating,
the theory used is that of Scala? for the interaction between
solid graphite and hypersonic stream, where quantitative
answers are obtained from a numerical solution of the non-
linear differential equations. The theoretical values are
identified by the solid line in Fig. 9. The experimental
values, shown by the dotted line, were obtained from the
data shown previously in Fig. 7. It is noted that the theo-
retical values are one and a half times the experimental
values over the full range of wall {temperatures.

A possible explanation for the difference between the pre-
dicted and measured values is that a basic difference exists
between the actual physical process occurring in the experi-
ment and the physical model assumed for the ablation of
graphite. Theory assumes that the gases injected into the
boundary layer are principally CO and CO,, which result
from chemical reactions between the surface of the graphite
and the hypersonic stream. However, for a charring mate-
rial, light-weight gases are produced by pyrolysis beneath the
surface. These gases, some of which are chemically active
(e.g., the hydrocarbons CH,, C.Ho,, as well as H, Hs, and CO),
are subsequently diffused through the char layer and injected
into the boundary layer, where, as has been demonstrated,
they react with the oxygen diffusing toward the surface.
Thus, the unreacted oxygen at the surface which is available
for reaction with char is less than that which would be avail-
able if the surface were nonporous graphite.

Figure 10 compares theory and experiment for the homo-
geneous reactions. The curve identified as theory was de-
rived from the work of two groups: Hartnett and Eckert?
and Cohen, Bromberg, and Lipkis.* Both groups used the
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similarity between the diffusion of mass and the transport of
energy and obtained the identical result that the effect of
combustion is to add a constant term to the boundary-layer
enthalpy potential. The increase in the heat flux to the sur-
face due to gas-phase combustion above the value for injec-
tion of inert vapors is given by

q.comb.v/ll’aqhw,a = I{ILC/AII

where K is the mass fraction of oxygen in the freestream and
he is the heat of combustion for the combustible per pound
of oxygen. The reaction of hydrogen with oxygen was
used to evaluate this quantity, which is plotted in Fig. 10.
Other reactions between the possible carbon-hydrogen
vapor mixtures give lower values for the heat of combustion,
which, in turn, would give lower estimates of the combustion
heating rates. The experimental values shown on Fig. 10
were obtained from data shown previously in Fig. 8 and
represent the difference between the total combustion heat-
ing and the surface reaction heating. The shaded band
in the upper portion of the figure represents the maximum
possible combustion heating. In the calculation of these
values, all of the oxygen that enters the shock layer was
assumed to be consumed in reaction. The range in values
arises from the range of test pressures, which, in turn, led
to various values of freestream density. It should also be
noted that, for this range, the ratio of combustible products
to available oxygen always exceeded the stoichiometric ratio.

Having identified the various values of gas-phase combus-
tion heating, it is of interest to compare their relative magni-
tudes. It is observed that the experimental values are 2 to
5 times higher than the theory; however, the experimental
values are considerably below the limiting values of com-
bustion heating.

The possible reasons for these differences are the assump-
tions used in the theory. In order to make this highly com-
plex problem more tractable, certain simplifying assumptions
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were made in the theory. These are that the reactions are
limited by diffusion, the diffusion coefficients of all species
are equal, the frozen Lewis and Prandtl numbers are equal
to unity, the reactions occur at a sharp flame front, the loca-
tion of the flame front is determined by the dimensionless
release rate, and the release rate was low. Cohen, Brom-
berg, and Lipkis* have pointed out that, when the release
rate increases beyond a limiting value, the laminar boundary-
layer equations become invalid, and the listed assumptions
are no longer applicable. Examination of the release rates
for both air and nitrogen in this investigation showed them
to be large (see Fig. 11). Therefore, it is probable that these
large values of release rates account for the disagreement
between theory and experiment.

It is of interest, at this point, to cite Barber’s measurements
of heating rate with transpiration of foreign gases obtained
in an arc-heated stream® and compare his results to the data
shown in Fig. 10. Barber found the customary reduction
of heating rate when inert gases, such as helium, were in-
jected at the stagnation region of the model. However,
when chemically active hydrogen was injected into the
boundary layer, the heat-transfer rate was greater than that
measured for the noninjection case. This additional heat-
ing of the surface was attributed to the exothermic, homo-
geneous reactions occurring between the hydrogen and the
boundary-layer species. (The model surface was water-
cooled copper, which precluded any possibility of hetero-
geneous surface reactions.) The magnitude of the experi-
mental combustion heating determined by Barber was com-
pared to the theory of Hartnett and Eckert and also found
to be higher.

Concluding Remarks

An investigation of the ablation behavior of a typical
charring material conducted in arc-heated streams of air,
nitrogen, and argon has indicated that, at a given freestream
condition, the surface temperature and total mass-loss rate
are highly sensitive to the composition of the test gas. The
differences observed between results obtained in nitrogen
and air are attributed to exothermic chemical reactions oc-
curring between the air boundary-layer species and the
surface of the material and/or the injected vapors.

It is demonstrated that the char mass-loss rate measure-
ments in argon and nitrogen are comparable, which suggests
that the nitrogen is chemically inert and the mechanism of
char removal for these gases is mechanical or thermal erosion.
The corresponding rates obtained in air were higher; hence,
it is concluded that heterogeneous combustion occurred.

The total heating due to chemical reactions was evaluated
empirically and found to be comparable in magnitude to the
net convective heating rate and higher than that which could
be accounted for by surface combustion alone. The differ-
ence, which represents gas-phase combustion heating, was
compared to the theoretical predictions of Hartnett and
Eckert and of Cohen, Bromberg, and Lipkis. Both theories
underestimated the gaseous combustion heating by a signifi-
cant amount, possibly because the similarity relationships
used in the theories were not valid for the large mass injection
rates encountered in the experiment.

The preliminary results of this investigation indicated
that the chemical composition of various planetary at-
mospheres can be expected {o influence the response of
materials under hypersonic heating conditions. Similar
studies performed for gas mixtures that more closely re-
semble the model atmospheres of Venus and Mars would be
desirable for the design of thermal protection systems for
entry into these planetary atmospheres. In addition to the
gross surface responses of the material reported herein, meas-
urements such as spectrographic surveys of the boundary
layer and determination of internal material response are
desirable. Such information would provide a more detailed
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description of the basic ablation phenomena, including a
definition of the injected vapor species and their molecular
weights, the location of the chemical reaction plane in the
boundary layer, and an understanding of thermal-degrada-
tion mechanism.

Appendix: Evaluation of Total Heating Due to
Chemical Reactions

The total heating rate due to chemical reactions can be
determined empirically by performing an energy balance
at the ablating surface for both air and nitrogen. For the
air tests, the energy balance at the stagpation point for
steady-state ablation§ is

qi = Qcoml).l + (]conv + 47 = (Irr + [kc(aT/aY)]w (,\1)

where

Gi = total input heating

(Fapmbye = total combustion heating rate consisting
of both heating at the char surface
Jeomb,e and combustion heating in the
boundary layer ¢eomb, »

Goony = hot-wall conveclive heating rate with
mass injection, Y

Gy = radiative heating from the hot gases
surrounding the body, which was
negligible for the present test because
of the small size of the body

rr = reradiated energy, which may be ex-

pressed as ea T,
[k.(dT/0Y)], = heat conducted into the material

The energy balance at the surface for air can now be written
as

wq.hw + Qcomb,t = EUTw4 el [kc(aT/ay)]u (‘Az)

For the inert stream of nitrogen, geoms,: = 0, and the energy
equation reduces to

Y = €0Twt + [k (0T/0Y)]. (A3)

The difference of Egs. (A2) and (A3) gives the following
equation for Geomn, &

q‘comb,t = 11/1.(};.“,,,. 3 "pa(]hw,a + eaa"l'w,a4 o qu'Tw,n4 +
[k(@T/0Y)]w,a — [k.(OT/OY)]0n (A4)

where the subscripts n and a denote tests performed in nitro-
gen and air streams, respectively.

Comparable terms evaluated in air and nitrogen at a given
wall temperature will now be considered. If the surface
emissivity is assumed to be equal in both test gases, the re-
radiated energy terms are equivalent. The conduction terms
[k.(0T/0Y)]. are assumed to be equal on the basis of the
following argument. Since energy conducted into the
material is used in the decomposition process and in heating
the product gases, one concludes that the vapor injection
rate is a function of the heat conducted into the material.
For the one-dimensional, steady-state, heat-conduction proc-
ess this funetion can be represented by the equation

tiy = flk(0T/0Y)]w =~ fl(ke/8:)(T'w — Tp)]  (AD)

Now if the quantities k./6. and 7, are independent of gas
composition, then the mass injection rate of vapor will, in
turn, be independent of gas composition and solely a fune-
tion of wall temperature. This is shown to be the case by
the correlation presented in Fig. 12. The difference in the
energy balance between test gases of air and nitrogen at a

§ Measurements of the external response of the material (i.e.,
the surface temperature was shown to reach an asymptotic value
and the mass loss was found to vary linearly with time) indicate
that a quasi-steady-state ablation had been established.
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Fig. 11 Ratio of heat transfer with and without mass
injection as a function of dimensionless injection rate.

given surface temperature thus reduces to

q.comb,l‘Tw = ('pn(]hw,u = ‘paqhw,a) ITw (¢\6)
The ratio of the total combustion heating to the net con-
vective heating is obtained by dividing Eq. (A6) by ¥afuw,a:

Qcomb,l 'y (‘pn//‘l/n)(]hw,n ol q}m,u
waqmr,n q.hw,a

(A7)

The foregoing equation shows that the evaluation of the com-
bustion heating rate requires a knowledge of the hot-wall
heating rates and of ¥, and ¥,. The hot-wall heating rates
were deduced from measurements of cold-wall heating rate,
wall temperatures, and stream enthalpy. The determina-
tion of the parameter ¢, deseribed below, was based on con-
siderations of linear and second-order correlaticns and on
values deduced from the present data obtained in nitrogen.

A linear correlation for ¥ has resulted from a number of
experimental and theoretical stagnation region studies?'—%3
and is given by

Y =1 — (Bi.AH/qe) (A8)

where 7, is the mass flux of the vapors from the surface, AH
is the enthalpy potential across a nontranspiration-cooled
boundary layer, and B is the transpiration factor. The
transpiration factor was also determined in these same studies
and has the general form

B = E(M/M,)> (A9)

where M., and M, are the molecular weights of the freestream
gas and injected vapors, respectively, and £ and « are em-
pirical constants. Values of £ and « are reported as 0.60 <
E <0.72and 0.25 < a < 04,2172

Determining the molecular weight of the injected vapors
is the first problem one is faced with when analyzing trans-
piration cooling effects. For a relatively simple subliming
material, such as teflon, the possible vapor preducts of de-
composition are few, and it is generally estimated that the
product is the C,Fy monomer.?; 2 The problem is not
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Fig. 12  Variation of vapor injection rate with wall
temperature.
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well defined when one is considering a highly complex, cross-
linked plastic material such as the phenolic nylon composite
used in this investigation. The molecular weight of the
injectants was estimated by first using an approximate
chemical composition of the phenolic nylon material, second,
evaluating the structure of the char as being carbonaceous
with the density as heretofore determined, and third, ex-
amining the possible combinations of the resulting carbon-
hydrogen-oxygen-nitrogen mixture. It was found that the
molecular weight could feasibly range from 9 to 21, depend-
ing upon the amounts of each gaseous product formed (N,
H,, H:0, CO, C,H,, CHy, and NH;). These calculations are
in substantial agreement with the analytical predictions of
the injectant molecular weight for a 509, nylon 509, phenolic
composition presented in Ref. 24. The parameter § was
calculated from Eq. (A9) for molecular weights of 9, 15, and
21,and £ = 0.6 and & = 0.26. The variations of ¢ with the
dimensionless release rate 7,AH /s, for each value of M,
was then determined from Eq. (A8) and are indicated in
Fig. 11 as dashed lines.

The data points shown in the same figure were determined
from the measurements obtained in nitrogen by using the
energy balance, Eq. (A3), which was written in the form

€T, + [k.(0T/dY)].
Qhw
where the heat-conduction term was related to the mass in-

jeetion of vapors in the manner suggested by the correlation
of Fig. 12:

Y = (A10)

[ke(T/0Y)]w = mhuha (A11)

The quantity A4, which is the amount of heat required to
produce 1 1b of vapor, was assumed to be 1000 Btu/lb. To
account for the loss of material from the sides of the model,
tests were conducted with cored models. It was found that
the stagnation-region injection rate was approximately 0.7
of the values shown in Fig. 6c.

A second-order approximation for ¢, developed by Swann
and Pittman® for charring ablators, was then calculated for
a vapor molecular weight of 15 and is indicated by the heavy
solid line in Fig. 11. This particular molecular weight was
chosen because it resulted in the best agreement between the
theory and the experiment. This correlation was used for
both air and nitrogen in determining the combustion heating
rate from Eq. (A7).

The foregoing analysis, in particular Eq. (A5), may be
applied to the experimental results only if the heat-conduction
process within the test models is, in fact, one-dimensional.
One might question the validity of such an assumption when
the data are obtained with small-scale models where two-
dimensional heat transfer might arise as a result of non-
uniform heating of the test model, especially at the sides.
However, in view of the following observations, it is con-
cluded that such effects, if they exist, are small and thus do
not seriously influence the ablation behavior of the test
models at the stagnation point. First, the cold-wall heating
distribution over the blunted test configuration has been
shown to be relatively flat out to the corner region. Second,
the effect of corner rounding on stagnation-region heating
was investigated in separate tests of heat-transfer models
having various corner radii and was found to be second order.
Third, a post-run inspection of the ablation models, which
had been encapsulated in epoxy and thin-sectioned, showed
that the char thickness and decomposition along the sides
of the models were minimal when compared to the stagna-
tion-region values. Furthermore, the char formed at the
sides, in contrast to the stagnation-region char, was found to
be electrically nonconducting, and thus the char thermal
conductivity is likely to be lower on the afterbody. Fourth
the char was uniform in thickness along most cf the face,
which implies that heating conditions were constant over the
face.

AND R. B. POPE
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