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Ablation of Refrasil-Phenolic Nozzle Inserts in Solid
Propellant Exhausts

James R. WinurLv*
Douglas Aircraft Company, Inc., Santa Monica, Calif.

Two major problems encountered in the design of high-density, edge-grain inserts are 1)
the prediction of ablative behavior over a broad spectrum of propellant chemistry, and 2) the
correlation of results of subscale tests with ablation rates observed in full-scale motor firings.
Based on conventional heal-transfer theory and an equilibrium thermochemical analysis of
the decomposition process, an attempt is made to explain measured throat ablation rates in
terms of the various environmental and scaling parameters. The data used comprise results
of 56 full- and subscale nozzle firings and reflect a wide variety of motor operating conditions.
Preliminary analysis indicates that effective surface ablation temperature, and thus heat-
transfer rate, depends upon the extent of oxidation of the char residue by the external stream.
This conclusion is based on the apparent increase of calculated ablation temperatures accom-
panying increasing diffusion of water vapor to the insert surface. A mechanism is proposed
which would explain such behavior in terms of environmentally induced surface composition.
Although the concept is largely speculative, further investigation of surface oxidalion effects

seems warranted.

Nomenclature

mass concentration of 7th product, p;/p

specific heat of refrasil-phenolie, Btu/lb-°F

specific heat of exhaust gas mixture, Btu/lb-°F

specific heat of ‘refrasil-phenolic ablation products,
Btu/Ib-°F

= binary diffusion coefficient of exhaust product 7, ft2/sec

nozzle throat diameter, in. .

nondimensional oxidation parameter, h.Cuy, o/ Epwd

convective heat-transfer coefficient, Btu/ft>sec-°F

enthalpy of exhaust gas mixture, Btu/lb

recovery enthalpy of exhaust gas mixture, h + r(u.2/2),
Btu/lb

local heat-transfer potential, h, — h,, 5, Btu/lb

total heat-transfer potential, ., . —~ A, 5, Btu/lb
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A = nondimensional heat-transfer potential, H/H
k thermal conductivity of the exhaust gas mixture,
Btu/ft-sec-°F

i

Le; = Lewis number of ¢th product, pD:é,/k

m; = mass flux of exhaust product 7 normal to the surface,
Ib/ft2-sec

m,” = rate of oxidation of surface carbon, lb/ft>-sec

m.” = rate of appearance of surface carbon, b /fi2-sec

M = molecular weight

P, = chamber pressure, psi

P, = average chamber pressure, (1/t,)fP.dt

Pr = Prandtl number of the exhaust gas mixture, ¢,u/k

q = heat conduction variable, (k/¢,)(0H /dy), Btu/ft2-sec

q. = convective heat flux, h. H+/¢,, Btu/ft?-sec

go = convective heat flux to a nonablating surface, Btu/
ft2-sec

gr = netradiant heat flux, Btu/ft2sec

¢, = total heat flux, ¢. + ¢,, Btu/ft%sec

Qi1 = heatof ablation = Qp 4+ fedT, Btu/lb

@p = heat of decomposition, Btu/lb

r = turbulent recovery factor



338 J. R. WILHELM

R = universal gas constant, ft-Ib/lb-°R

t = time, sec

tq = equilibrium burning time, sec

T = static temperature, °R

Tsio. = temperature for complete decomposition of silica in
the presence of carbon, °F

Tsio.’ = vaporization temperature of silica, °F

u = z component of exhaust gas velocity, fps

v = y component of exhaust gas velocity, fps

z = coordinate parallel to surface, ft

X = mole fraction

y = coordinate normal to surface, ft

a = radiant absorptivity

] = surface regression rate (radial), fps

€ = radiant emissivity

u“ = viscosity of exhaust gas mixture, 1b/ft-sec

p = density of exhaust gas mixture = Z pi, b /ft3

4 = Stefan-Boltzmann constant, Btu/ft2-sec-°R*

w® = density of refrasil-phenolic, 1b/ft?

Subscripts

¢ = particle cloud

e = outer edge of boundary layer

0 = initial conditions

s = surface conditions

wv = water vapor

Introduction

WING to their widespread use in propulsion systems,
the ablative behavior of reinforced plastics, particularly
that of refrasil-phenolic, has long been the subject of research
activities at Douglas. The prediction of surface ablation
rates, however, although satisfactory for most design pur-
poses, has remained deficient in certain respects. In nozzle
applications the major difficulties have been 1) to correlate
ablative behavior over a wide range of propellant cheraistry,
and 2) to relate the results of subscale materials evaluation
tests with ablation rates observed in full-scale motor firings.
The study presented here was performed in the hope of re-
solving these problems.

Because of the effect on ballistic performance, ablation in
the throat region of a rocket nozzle constitutes a particularly
important design consideration. For this reason, the present
investigation was confined entirely to the ablation of throat
inserts. The analysis should apply, however, to the ablative
behavior of refrasil-phenolic at almost any location within
the motor system.

Insert Ablation Data

The data utilized in this study comprise results of 56 static
firings including subscale tests as well as tests of actual, full-
scale motors. In most cases, identical propellant formula-
tions were employed in both the 13- X 20-in. subscale motors
as were fired in full-scale tests. Thus, the so-called ‘‘scaling”
effects could be investigated. The various propellants in-
cluded polysulfide, nitrile, petrin-acrylate, and polybutadiene
acrylic acid (PBAA), fuel systems utilizing ammonium per-

FULL-SCALE MOTOR FIRING

SUB SCALE MOTOR FIRING

PRESSURE BUILD-UP
TAIL-OFF

EQUILIBRIUM TIME-———

t t2 t3

Fig. 1 Typical pressure-time traces.
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chlorate as an oxidizer.
tents varied from 2 to 189.

All of the nozzles were of conical design with 30° and 15°
entrance- and exit-cone half-angles, respectively. Initial
throat diameters for the large motors varied from 10 to 11
in. as compared with diameters of approximately 1 in. in the
geometrically similar, subscale nozzles. The throat inserts
were constructed of high-pressure molded, edge-grain lamin-
ates containing 25 wt 9% phenolic resin and 75 wt 9
refrasil fiber. Edge-grain refrasil-phenolic, backed by phe-
nolic-impregnated Fiberglas cloth, was employed as the
entrance- and exit-cone liner materlal

Initial and final throat diameters were taken as the average
of three measurements made at 120° intervals around the
circumference of the insert. By employing equilibrium
burning times as defined in Fig. 1, average radial ablation
rates during the equilibrium interval were computed. Be-
cause of the highly regressive nature of most subscale pressure
histories (Fig. 1), tailoff losses can be neglected. In many
full-scale firings, however, approximately 10 to 159 of the
total surface ablation is estimated to have oceurred during
the tailoff period. The effect was more pronounced in the
full-scale tests because of the high pressures at the start of
tailoff (more neufral pressure profiles) and generally shorter
firing durations. Correcting for tailoff losses involved a
certain amount of iteration since ablation is a function of
heat-flux rate, and thus surface temperature and surface
temperature calculations, as will be seen later, were, in turn,
based on ablation rate.

Aluminum-additive weight con-

Heat-Transfer Calculations

Convective Heat Transfer

Calculations were first made to determine heating rates
at the nozzle throat. Convective heat-transfer coefficients,
based on Mayer’s turbulent boundary-layer analysis,! were
computed as a function of chamber pressure. For the nearly
linear pressure histories observed in these firings, an effective
heat-flux rate ¢. based on average chamber pressure P, yields
an excellent approximation to the total convective heat input
integrated over the equilibrium burning time, i.e.,

— f2
N Y 1)
q 1
From equilibrium thermochemical calculations, exhaust
composition and molecular weights were obtained for each
of the propellant formulations. Corresponding ideal-gas
properties were based on an assumed specific heat ratio of
1.2. Because of uncertainties in evaluating certain heats. of
formation, however, total temperatures, as a funection of
pressure, were based on quotations by the respective pro-
pellant manufacturers. The resultant heat-flux rates were
then corrected for turbulent mass-transfer effects by means

of the empirical expression proposed by Arne?:

¢./q = 1 — 0.364%28 + 0.0649A41.682 —
0.00778 42483 4 0.00007 43-2B* (2)
where
A =& 4/6, B = wiHr/qq

For values of (wSHy/q) < 0.5, the last three terms can
be dropped. Assuming the specific heats of ablation and
exhaust products to be approximately equal, Eq. (2) then
reduces to

qc/qco =1- 0-360-’5[‘17'/%0 (3)

The convective heat-flux rates calculated from Eq. (3)
are presented in Table 1.



MAY-JUNE 1965

Radiation Heat Transfer

The corresponding radiant heat-flux rates were calculated
according to the analysis of Ref. 3. The incident flux from
the gas-particle eloud is first determined. Since, in alumin-
ized propellant exhausts, the radiant contribution of the gas

Table 1 Insert ablation data

Propellant ~ Heat fluxes, .
and P, Btu/ft*sec 5
conditions psia qc q¢ mil/sec
2¢, Al-Polysulfide (PSA)

ds = 1.0in. 409 248 280 2.1
Te = 4780°F 481 278 310 3.2
Xew = 0.367 498 289 321 2.9
423 247 279 3.6
438 258 290 3.5
528 305 337 5.1
506 289 321 4.8
516 294 326 2.6
405 242 275 3.4
490 283 315 2.2
434 256 288 3.5

20, Al-Polysulfide (PSB)

dy = 1.01n. 665 434 468 3.8
Te = 4890°F 690 447 481 4.3
Ko = 0.379 675 440 474 3.9
668 436 470 5.0
735 470 504 4.5
669 436 470 3.9
680 443 477 3.8
688 446 480 4.0
dx = 10.51n. 584 258 346 6.5
598 264 352 7.0
565 252 340 6.6
567 252 340 5.9
590 260 348 6.9
545 245 333 5.8
129 Al-nitrile (NA)
dx = 1.01n. 607 502 643 12.3
7. = 5190°F 562 471 612 12.0
New = 0.140 530 449 590 11.9
553 464 605 13.2
548 440 581 13.3
dx = 10.51n. 760 417 566 12.9
815 442 A9l 12 .4
877 476 625 13.4
129, Al-nitrile (NB)
de« = 10.51in. 996 548 696 17.3
T, = 5200°F 925 513 661 17 .4
X = 0.147 950 525 673 15.7
936 518 666 15.4
1012 554 702 15.6
920 510 658 14.7
1050 575 723 16.2
169, Al- (PBAA)
polybutadiene
acrylic acid
ds« = 1.0in. 703 700 880 18.2
T. = 5290°F 700 700 830 19.8
Xy = 0.093 605 621 801 17.9
709 705 885 19.7
dx = 10.5in. 905 601 785 19.6
990 644 929 23.0
938 618 802 19.7
398 591 775 18.5
743 501 685 15.6
989 644 828 15.6
923 606 790 20.7
997 647 831 18.5
189, Al-Petrin (PA)
acrylate
dx = 1.01n. 446 735 1147 27.8
T. = 6260°F 457 746 1158 28.4
Xus = 0.167 452 744 1156 27.0
461 755 1167 29.3
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Fig. 2 Heat transfer at rocket nozzle throat.

phase is usually small compared with that of the ALO; par-
ticle cloud, gas-phase radiation has been neglected. The
incident flux can therefore be written as

¢.' = eoT? 4)

where the effective emissivity of the particle cloud e, is com-
puted as a function of local pressure and temperature, particle
concentration, and nozzle geometry. Calculated emission
was found to approach blackbody conditions in most of these
exhaust environments. Also, with the exception of the low
aluminum-content polysulfides, there was no appreeiable
difference in the magnitude of radiation between subscale
and full-scale nozzles.

To determine the net radiant flux at the throat, the radiant
interchange with adjacent nozzle surfaces (Fig. 2) must be
taken into account. Employing conventional engineering
analysis, the net radiant flux to the surface, considering ab-
sorption and reflection by the particle cloud, is found to be

¢ = (ae,0T* — aecT /1 — (1 — a)(l — ay)] (5)

If it is further assumed that surface and cloud absorptivi-
ties are equal to their respective cmissivities, Eq. (5) becomes

¢ = leeso(TA — TH/[1 — (1 — e)(1l — &)] (6)

In evaluating Eq. (6), a constant surface emissivity e of 0.8
is assumed.

The total heat flux ¢, at the surface is then taken as the
sum of the net radiant heat-transfer rate and the convective
heat-transfer rate corrected for mass-transfer effeets, i.e.,

qe =G + ¢ (7

But until surface temperatures are specified, the heat-
transfer rates cannot be determined. For purposes of com-
parison, heat-flux values given in Table 1 are based on an
assumed surface temperature of 4000°F.

Mechanisms of Ablation

Thermochemical Processes

The ablation model assumed in this analysis is illustrated
in Fig. 3. Initially, the phenolic resin undergoes thermal
breakdown or pyrolysis in the approximate temperature
range of 400° to 1000°F. The pyrolysis products are then
assumed to diffuse to the surface through, and in thermal
equilibrium with, the resulting char layer. Subsequent re-
duction of the silica fiber by carbonaceous residue can then
proceed according to the following heterogeneous mechanisms:

C + 8i0, = 8i0 + CO ®
20 + 80, & 8i + 2C0 9
3C + 8i0, = 8iC + 2C0 (10)

The importance of carbon-silica system chemistry in the
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Fig. 3 Ablation schematie, phenolic-refrasil.

ablation of silica-reinforced resins is well established. Beecher
and Rosensweig,? for example, found these reactions to pro-
ceed rapidly, even at temperatures below 3000°F. More
recent experimental results® offer additional support to these
findings. The main problem, then, is to determine which
carbon-silica interactions predominate under rocket nozzle
throat conditions.

At low temperatures, equilibrium calculations®~" show reac-
tions (9) and (10) to be of major importance. But at tem-
peratures above 3000°F, and at high pressures, the equilib-
rium mole fractions of Si and-SiC become very small com-
pared with that of Si0. Unlike the usual treatment of the
carbon-silica system in ablation studies, the analysis em-
ployed here considers equilibrium conditions to be approached
only within a thin reaction zone near the surface, ie., in a
region where temperatures are of the order of 3500°F and
higher. With this constraint, the theoretical decomposition
of the carbon-silica system proceeds primarily through the
equimolar reaction of Eq. (8). The important consequence
of this is that an excess of carbon is theoretically available
for the reduction of silica; an excess of silica would be pre-
dicteds if equilibrium conditions were assumed to prevail
throughout the char layer. As will be seen later, the analyti-
cal Tesults are supported in part by the carbonaceous char-
acter of postfired insert surfaces and the apparent absence of
subsurface SiC formation.

Thermochemical caleulations were performed to examine
the over-all decomposition process as a function of tem-
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= = = SILICA (LIQUID)

LOCAL PRESSURE

>

Z W 60 ATM — | Fig. 4 Equilibrium

£ 20 ATM decomposition of
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perature and pressure. Within the reaction zone (Fig. 3),
equilibrium was assumed to prevail between all possible de-
composition products and their respective phases. Although
the carbon-silica interaction in a flowing exhaust environ-
ment would by definition be a nonequilibrium process, reac-
tion rates at the anticipated surface temperature levels may
be sufficiently high so that equilibrium conditions are actually
approached. Since the reaction zone is imagined to consist
of small carbon particles entrained in a silica melt layer,
the area available for reaction would be quite large; this
would also contribute to rapid reaction rates. Initially at
least, no consideration is taken of interactions with the ex-
ternal exhaust stream. ;

For the gram-atom ratios corresponding to 75% refrasil/
259, phenolic resin

C7.53H6.04012.24Si5.62

approximately 5 mole % of carbon (Fig. 4) would remain
upon total reduction of the silica. Such excess carbon would
then be removed by shear forces or consumed in subsequent
reactions with the ablation products and/or the external gas
stream.

Abrasion and Shear Removal

Based on two-phase flow calculations employing an analysis
similar to that of Ref. 8, abrasion of an insert caused by par-
ticle impact could proceed to only a minor extent. For
aluminum oxide particles in the size range characteristic of
solid-propellant combustion (1 to 10 u), particle trajectories
in the throat region were found to coincide almost exactly
with the direction of the exhaust-gas streamlines. Thus,
transport of particles to the surface would be a result of ran-
dom fluctuation rather than direct impingement. Except
for the possible formation of a low-viscosity alumina-silicate,
the importance of alumina-surface interaction is discounted.

The magnitude of silica melt-layer shear losses was in-
vestigated over a wide range of motor operating conditions.
These calculations, employing a steady-state solution? based
on the melting ablation theory of Hidalgo,? indicate that the
mass flow along the surface would be quite small compared
with total ablation rates. Thus, carbon particles entrained
in the melt layer would not be subject to an appreciable rate
of flow removal: As will be pointed out in later discussion,
the consumption of carbon residue appears a much more
probable consequence of oxidation by the external stream.
For the time being, then, the material system is assumed con-
strained to regress because of purely thermochemical means.

Ablation Parameters

Heat-Flux Rates

Under conditions of high heat-flux rate, the ablation of re-
frasil-phenolic is assumed to reach steady state almost
instantly. The ablation rate § should, therefore, vary with
total heat flux according to the steady-state energy balance

6 = q/w@a (11)

The relationship between observed ablation rates and total
heat flux, assuming a fixed surface temperature of 4000°F,
is shown in Fig. 5. Except for the behavior of the polysul-
fide (PS) data, the correlation is reasonably good. The results
of the polysulfide-B (PSB) firings (Fig. 5) were particularly puz-
zling. TFull-scale throat inserts appear to have sustained 40%
higher ablation than the subscale inserts, which were ex-
posed to less severe heat-transfer conditions. Although
analysis of PSB insert surface deposits revealed incomplete
combustion of aluminum, the estimated reduction in theo-
retical flame temperature could not begin to explain the dis-
parity in ablation rates. Further analysis of the ablation
process was therefore undertaken.
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suming a fixed surface temperature of 4000°F.

Heats of Ablation

The theoretical heats of ablation Q. for refrasil-phenolic
(Fig. 6) were computed according to the procedures previ-
ously outlined. These values represent the energy input
required to bring the system (including all of the products
and their respective phases) to thermochemical equilibrium
at a given temperature level. As such, heats of ablation
include both internal and sensible energy absorption, i.e.,

Qs = Qo + 71 cdT (12)
The discontinuities in the curves of Fig. 6 correspond to the
disappearance of the silica, and subsequently of carbon, as
illustrated in Fig. 4. Although these calculations do not
consider equilibria between ablation and exhaust products,
heats of ablation have been modified (as shown in Fig. 6)
to account for the heat ahsorption associated with complete
oxidation of excess carbon by water vapor.

It should be noted that for fully decomposing material,
heats of ablation increase only slightly with rising surface
temperature. Thus, according to Eq. (11), ablation rates
should become very nearly proportional to total heat-flux
rate.

Surface Ablation Temperature

Calculated surface temperature

The concept associated with the availability of excess car-
bon suggests two possible extremes of surface ablation tem-
perature.  In the presence of excess carbon, decomposition
of the silica fiber was found from equilibrium calculations
(Fig. 4) to be essentially complete at reaction temperatures
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Fig. 7 Environmental effect on sarface composition.

Tsio,® below 3800°F. Because of aerodynamic shear
stresses, any residual carbon layer would be quite thin; sur-
face temperatures, thercfore, would also be of the order of
3800°F or less. Conversely, if the environment were suffi-
ciently reactive, diffusion of oxidizing species to the surface
could result in sufficient consumption of carbon to produce a
surface layer composed largely of silica. In this event,
surface temperatures would tend to approach the vaporiza-
tion temperature of silica Tsio.", which, for the conditions
considered here, would approach boundary-layer recovery
temperatures. The transition of surface structure between
these extremes is illustrated schematically in Fig. 7.

To explore the relationship between surface behavior and
environmental conditions (assuming one exists), ablation
temperatures were calculated for each motor firing. As
shown in Fig. 8, these values were obtained by plotting heats
of ablation Q4 from Eq. (11) and from equilibrium ecalcula-
tions as a function of temperature. Apparent surface tem-
peratures were then found from the intersection of the two
curves. As should be evident from Fig. 5, temperatures
calculated in this manner from the polysulfide-A (PSA) and
PSB motor firing data were significantly higher than those cor-
responding to the more highly aluminized fuel systems.

Surface oxidation analysis

Parallel studies in the field of graphite oxidation!® show
water vapor to be the principal oxidizing constituent in solid-
propellant exhaust gas systems. To investigate possible
oxidation effects, the equations expressing the transport of
water vapor were thercfore developed.

Assuming Fick’s law 1s valid for a multicomponent mix-
ture, the molecular rate of diffusion of water vapor through
the boundary layer may be expressed as

M = —pD uo(OC 0/ dy) (13)

Since thermal and pressure-gradient diffusion effects have
been neglected, Eq. (13) is assumed to represent the total
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diffusion of water vapor in the laminar region near the surface.
Introducing the heat conduction term

q = (k/c,)(0H/oy) (14)

and noting from Reynolds’ analogy that C = C(H), Eq. (13)
may be rewritten as

thwy = ~(pDurly/ k) (¢/Hr) (dC.0s/dH) (15)

As in laminar boundary-layer analysis, the Prandtl and
Lewis numbers are taken equal to one (Pr = Le; = 1), and
all of the exhaust species are assumed to have equal gas:
phase diffusion coefficients. Then, from Eq. (15)

Under these conditions it also follows that stagnation
enthalpy and species concentrations are linearly related
throughout the boundary layer. Since the nonradiative
heat transfer at the surface ¢, is predominantly caused by
-conduction through the laminar sublayer

s = (k/ép) (bH/by)s = h, HT/EP a7

the rate of transport of water vapor to the surface is finally
written as

W, s = (e Ep) (ACn/AH) = (he/2p)Cluo (18)
where
va = va, e — va, s (19)

In Eq. (18), the convective heat-transfer coefficient #, has been
modified through Eq. (2) to account for mass-transfer effects.

Assuming the rate of oxidation of carbon m,’ to be essen-
tially diffusion-controlled at surface temperature levels, it
follows from Eq. (18) that

M, = MhCos, 8/ Muw & (20)

where the factor 0 represents the fraction of surface area covered
by carbon. It should be noted that Eg. (20) is simply an
application of the well-known Lewis relation of elementary
mass-transfer theory.!!

Consistent with the preceding equilibrium analysis, the
internal carbon-silica reaction is assumed: to proceed at an
infinite rate. The rate of appearance of carbon at the sur-
face m,’” would, therefore, be proportional to the surface
ablation rate, i.e.,

7" = const;(wg) (21)

which is, in turn, a function of local heat-transfer conditions.

If the rate of appearance of carbon exceeds the rate at which
it can be oxidized, a residue would tend to develop at the
surface, its thickness limited by the combined effects of
oxidation and shear removal. In the environments con-
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sidered here, however, such an accumulation of surface
carbon seems unlikely in light of the high rates of oxidation
of graphite under similar conditions. High-density, graphite
blast-tube liners,'® for example, eroded from 3.5 to 4.0 mil/sec
in 179, Al/PBAA exhaust exposure. Although the refrasil
inserts regressed at four times this rate, the mass fraction of
carbon involved would have been considerably less than
0.14 1b/1b material ablated. In more oxidizing exhaust
systems the probability of a build-up of surface carbon is
even less. Shearing effects have, therefore, been neglected,
and the rate of oxidation of carbon is assumed equal to its
rate of appearance. Thus, from Egs. (20) and (21)

8f = const, (22)
where
I = he Cun, o/ Cpod (23)

Assuming that the ablating surface consists of alternate
regions of excess carbon and excess silica, the effective surface
temperature T's is simply the weighted average of the local
temperatures corresponding to these extremes of surface
composition, i.e.,

TS = 0Tsi03R + (1 - G)TSioz" (24)

Solving Eq. (24), the fractional area of the surface covered
by carbon 8 is found numerically equal to the temperature
ratio ‘

¢ = (Tsioy” — Ts)/(Tsio) — Tsio®) (25)

Since reaction temperatures Tsio,” and Tgio.” are rela-

tively insensitive to pressure, the surface ablation tempera-
ture T, becomes, according to Eq. (22), a linear function of
the nondimensional oxidation parameter f.

Environmental correlation

An attempt was made to correlate surface ablation tem-
perature in terms of the oxidation parameter f. Since cal-
culated surface temperatures are also based on ablation rates,
an artificial sensitivity would emerge between these tempera-
tures and the corresponding parameters. To alleviate this
effect, oxidation parameters have been evaluated in terms of
the average ablation rate for each group of motor firings.
Also, since the data from the highly aluminized propellant
firings are clustered over a narrow range of oxidation potential,
a logarithmic presentation has been included. Variations
in calculated temperature, obscured in the display of Fig. 9,
become apparent in Fig. 10.

As seen in Fig. 9, surface temperatures appear to increase
more or less linearly with the nondimensional parameter f.
This increase suggests the gradual development of a con-
tinuous silica melt layer as the exhaust products become
progressively more oxidizing. Of particular interest are the
PSB data points. The apparent disparity in ablative be-
havior between full- and subscale motor tests now seems ex-
plainable in terms of relative oxidation potential. Because
of higher heat-transfer coefficients, and hence higher rates
of diffusion of water vapor, the PSB subsecale oxidation
parameters are several times greater than those corresponding
to the full-scale case. As a result, heat-flux rates would
actually have been lower in the subscale firings because of
attendantly higher surface ablation temperatures.

Within most sets of test data, motor operating conditions
varied over too limited a range to observe a variation of sur-
face temperature solely as a function of convective heat-
transfer coeflicient. The PSA firings, however, constitute
somewhat of an exception, average chamber pressures having
varied from 409 to 528 psi. For this group of data, a dis-
tinct increase in surface temperature is seen to accompany
increased convective coefficients.  Going from one pro-
pellant chemistry to the next, however, surface temperatures
tend to decrease with increasing heat flux since the hotter
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(more aluminized) exhaust environments are generally less
oxidizing.

A certain degree of nonlinearity is evident in Figs. 9 and
10. A detailed discussion of the point distributions will not
be attempted, however, since the precise form of these dis-
tributions has been observed to vary depending upon the
methods of evaluating exhaust properties, heats of ablation,
and surface regression rates. The broad qualitative aspects
of the correlation persist regardless of the exact analytical
techniques employed.

Analysis of Surface Composition

A semiquantitative analysis of the surface composition of
postfired inserts is presented in Table 2. The object of
this analysis was to detect any variation in surface composi-
tion which might be related to exhaust environmental condi-
tions. To obtain specimens characteristic of composition ex-
actly at the surface, replications of a few hundred microns thick-
ness would be required. As a preliminary analysis, how-
ever, specimens were obtained by circumferentially grinding
the insert surfaces to a depth of approximately 0.1 mm.
Measurements were confined to samples removed from the
throat regions of four subscale nozzles, which had been ex-
posed to the propellant systems indicated in the first footnote
to Table 2.

The results of the spectrographic analysis revealed an ex-
tensive deposition of propellant exhaust products. By com-

Table 2 Insert surface composition

Element Specimen®
or
compound 1 2 3 4
Spectrographic
analysis, wt %,
Al 8-12 9-13 8-12 14-16
Si 6-9 6-9 7-10 9-11
Fe 0.5-1.0 0.2-0.6 0.4-0.9 1-2
Cr 1.0-1.5 0.6-1.1 0.06-0.11 0.06-0.11
Mg 1.5-2.5 0.15-0.26 0.15-0.25 0.75-1.25
Cu 0.01 1-2 0.01 0.01
Ti 0.2-0.5 0.2-0.5 0.2-0.5 0.2-0.5
Ca, 0.15 0.15 0.15 0.6-1.0
B 0.01 0.01 0.01 0.01
Mn 0.01 0.01
X-ray diffraction
results®
Al P L.
a — AlO; S P P P
L — AlgOs S S S
Kstimated®
composition,
wt %
Al 10.00
AlQO; S 20.80 18.90 28.30
Si(0.) 16.10 16.10 18.25 21.50
Fe(:0;) 1.07 0.57 0.93 2.14
Cr(:03) 1.10 1.25 0.12 0.12
Mg (0) 3.32 0.34 0.33 0.16
Cu (0) 0.01 1.88 0.01 0.01
Ti(Os) 0.58 0.58 0.58 0.58
Ca (0) 0.21 0.21 0.21 0.21
B (20s) 0.03 0.03 0.03 0.03
Mn (O) 0.01
cé 50.00 50.00 50.00 50.00
82.43 91.76 89.36 104 .97

2 Specimens reflect exposure to the following propellant systems: 1) 2%
Al/polysulfide; 2) 12%, Al/nitrile; 3) 15% Al/composite double base; and
4) 169, Al/PBAA.

b P =primary and S = secondary.

¢ Based largely on spectrographic data; parentheses denote assumed oxide
compounds.

@ Based on copper electrode measurements.
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paring the data with propellant constituents, it could be defi-
nitely established that such deposition had taken place.
The high percentages of Fe, Cu, Cr, and Mg, for example,
correspond to the presence or absence of such constituents as
ferrocene, copper chromite, and magnesium oxide in the
individual propellant matrices. Whether such deposition
occurred during equilibrium burning, during motor tailoff,
and/or during residual burning at atmospheric pressure is
not known.

One interesting result of the x-ray diffraction measurements
was the discovery of free aluminum in the polysulfide-fired
sample. This is a clear indication of incomplete combustion
and would partially explain the correspondingly low ablation
rates. In the other surface samples, x-ray diffraction detected
only « and ¢ aluminum oxide. Except for a faint indica-
tion of 8 quartz, no silica was observed. Since silicon metal
was identified spectrographically (Table 2), surface silica is
probably present in the amorphous form. This does not
preclude the possibility that silica is being reduced to free
Si in the presence of carbon. Additional chemical analysis
would be required, however, to distinguish between amor-
phous silica and free Si. Although silicon carbide is clearly
visible in the upstream (high-pressure) region of the nozzle
entrance cones, none was detected by x-ray diffraction at
the throat location. Small percentages may actually be
present, however, since erystalline compounds in amounts less
than 5%, of sample weight are often imperceptible by diffrac-
tion measurement. Likewise, the presence of oxides, car-
bides, and nitrides of the other metallic elements would also
be obscured.

Special copper electrode tests were employed to establish
weight fractions of uncombined carbon in the surface speci-
mens. In each case, the concentration of carbon was re-
ported to be approximately 509. But in the pyrolysis of
phenolic resin, only 509, of the resin by weight remains as
carbonaceous residue. Barring reactions between the re-
frasil fiber and adjacent carbon, the char matrix for an initial
composition of 75-25 refrasil-phenolic should contain no more
than 14.3 wt 9, of carbon. Together with the low meas-
ured silica content, a 509, carbon content suggests the pro-
duction of excess carbon as predicted by the equilibrium
calculations. Whether this carbon is a product of resin
pyrolysis, or merely a layer of soot deposited during residual
burning at atmospheric pressure, has not been established.

The estimated compositions in the lower part of Table 2
assume that iron, chromium, magnesium, etc., are present
in the form of high-boiling-point oxides. For specimen 1,
considerably less of the total sample weight appears accounted
for than in the case of specimens 2, 3, and 4. This is prob-
ably so because all of the aluminum has been treated as
though it appeared only in the free metallic state, whereas
x-ray diffraction indicates that a certain fraction, at least,
exists as o aluminum oxide.
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Discussion and Conclusions

Despite the apparent correlation exhibited in Figs. 9
and 10, the details of the oxidation concept remain largely
speculative. Progressive inaccuracies in heat-transfer theory,
for example, might have produced the ostensible variation
in ablation temperature. Change in surface emission char-
acteristics, rather than in actual temperature level, may be
the more important consequence of a varying surface com-
position. On the other hand, assuming that such a tem-
perature variation occurs, other mechanisms may be respon-
sible. It is conceivable, for instance, that as the environ-
ment becomes more oxidizing, increased energy release, and
not variation in surface composition per se, causes surface
temperatures to increase. This does not seem likely, how-
ever, since the predominant reaction is assumed to be the
oxidation of carbon by water vapor; this is an endothermic
process and would tend to lower surface temperatures.

Perhaps the most reasonable alternative to the oxidation
concept is one which involves the rate of formation of SiC.
In the analysis employed in this study, decomposition of the
carbon-silica system is theoretically confined to temperature
levels at which the equilibrium production of SiC is negligible.
Thus, the concentration of carbon available to the reaction
in Eq. (8) is theoretically undepleted through prior con-
sumption in the reaction in Eq. (10). But if Eq. (10)
actually proceeds to any finite extent, the availability of car-
bon to the reaction in Eq. (8) would be reduced accordingly.
Since the extent of SiC formation would depend on the over-
all ablation rate, i.e., on the residence time of carbon and
silica molecules in the temperature regime most favorable
to its production, lower ablation rates would tend to produce
glassier surface layers. Such a mechanism would be in ac-
cordance with the apparent trend of the test data. Unfor-
tunately, the kinetic data necessary to further analyze such
effects are not presently available.

In analyzing the transport of water vapor to the insert
surface, a very cursory mathematical treatment has been
employed. But until the importance of oxidation effects can
be more firmly established, a highly refined analysis does not
seem warranted. Moreover, the assumption of diffusion-
controlled oxidation, although consistent with the usual
treatment of graphite behavior under similar conditions, is in
itself debatable. The assumption of diffusion control be-
comes more plausible, perhaps, if the limiting step is imagined
to be the transport of water vapor within the carbon-silica
melt layer. Since this entire concept involves a competition
between silica and external water vapor for the available
carbon atoms, the penetration of the reaction zone by water
vapor might actually be viewed as a condition essential to the
proposed ablation modecl. Such penctration could oceur
through turbulent transport of adsorbed water vapor within
the melt layer or by diffusion of water vapor into the voids
created by the escaping resin pyrolysis products. The
postulation of such transport phenomena is supported both
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by the observed porosity of the melt layer® as well as from
a consideration of the extent to which internal reaction pro-
ceeds in the oxidation of high-density graphite.1®

Examination of insert surface specimens revealed extensive
exhaust deposition. Since these deposits may have occurred
during residual burning, little can be inferred about the na-
ture of the surface during steady-state ablation. Measure-
ments of this kind would be better suited to surfaces exposed
to simple bipropellant systems (e.g., hydrogen-oxygen)
conducted under carefully controlled conditions. To this
end, a series of subscale nozzle firings are to be conducted.
This program will employ a liquid and/or gaseous propellant
system operating at representative pressure and temperature
levels. The ablative behavior of refrasil-phenolic throat
inserts will then be investigated over a much wider range of
oxidizing potential than was inherent in the solid propellant
test conditions reported here. Particular effort will be di-
rected at determining the temperature and physiochemical
characteristics of the ablating surface.
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