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Table 3 Representative pyrolysis product composition
from the degradation of a 40% (by weight) Nylon-60% (by

weight) phenolic resin ablative composite

Component Mass percent Mole percent
H2
CH4
C2H2

C2H4
C2H6
CeHe
C6H5OH
CO
CO2
H2O
N2
Carbon (solid)
Total

Element

C
H
N
O

Total

2.60
3.87
3.89
3.90
0.65
2.59

23.18
4.18
4.62
7.21
3.83

39.48
100.00

Mass percent

73.03
7.29
4.96

14.72

100.00

20.92
3.90
2.41
2.24
0.35
0.53
3.97
2.40
1.69
6.45
2.20

52.94

100.00
Mole percent

41.54
49.76

2.42
6.28

100.00

this is comparable to the value of 146 Btu/lb experimentally
measured by Sykes2 and within the accuracy of the computa-
tions taking the residue to be carbon.

In summary, the comparison between the experimentally
measured and computed heat of pyrolysis is within the accu-
racy of the data when a reasonably complete analysis of the
pyrolysis products is available, i.e., when the higher molecular
weight species such as phenol and other ring compounds from
the degradation of phenolic resin are included.

Restricted equilibrium analysis
Restricted equilibrium analyses were made14 for the deg-

radation of a 40% (by weight) nylon-60% (by weight)
phenolic resin composite using Eq. (1) as an additional con-
straint to free energy minimization calculations. The
computations were done for two decomposition temperatures
(600° and 700°C) because of the uncertainty involved in the
physical properties used to calculate the average temperature,
Tp. In addition, two different energy constraints ( — 228 and
— 390 Btu/lb of composite) were used because of uncertain-
ties in the heat of pyrolysis.

In Table 2 a comparison is given for the preceding cases
with chemical equilibrium and the experimental data of
Sykes.2 The computations and experiments show an order of
magnitude agreement with the low molecular weight species.
The agreement with the high molecular weight species of
phenol, toluene, benzene, etc., was rather poor. Changing
the energy constraint and the temperature did not cause any
dramatic changes in the computed compositions. In general,
restricted equilibrium provided an order of magnitude for the
composition of low molecular weight compound. It failed
to predict the composition of the higher molecular weight
component.

A Representative Pyrolysis Gas Composition
Accurate compositions of the pyrolysis products are re-

quired for computations of the energy absorbed by a heat
shield during entry. This is particularly true where radiation
heating is a significant portion of the energy transferred to
the surface of the ablator. The radiant energy transfer is
particularly sensitive to the ablation products distribution
in the shock layer. Thus based on the four methods discussed
in this Note a representative composition of the pyrolysis
products from the degradation of a 40% nylon-60% phenolic
resin composite was estimated. This composition is given
in Table 3, and it is consistent with the experimental data,

the heat of pyrolysis analysis, and the molecular structure.
It is also stoichiometrically consistent with the elemental
composition of the composite.
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ANUMBER of recent experimental investigations1"6

have considered the removal of surface char from the
stagnation region of phenolic-nylon specimens exposed to
high-temperature, arc-heated gas streams. The surface-
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Table 1 Average test-stream measurements

Condi-
tion

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Gas

N2
N2
N2
N2
N2
N2
N2
Air
Air
Air
Air
Air
Air
Air
N2/CO2
N2/CO2
N2/CO2
N2/CO2
N2/CO2
N2/C02
N2/C02

P.,
10-4atm

62
91
135
171
221
241
445
68
97
164
227
242
270
445
78
89
145
239
260
443
594

(tew,
Btu/
ft2-sec

97
157
102
192
385
289
283
89
174
112
395
294
196
289
102
155
108
270
96
285
569

5,
Btu/
Ib

4520
5720
2720
3090
7640
5580
4660
4400
6400
2690
6240
4840
3770
4740
5680
6730
2420
5000
3620
4910
6350

Hd,
Btu/
Ib
7690
10780
3800
4320
11530
7420
4850
8020
11170
3690
10290
7540
4450
5050
9920
11830
3420
7270
4070
5340
8970

recession velocities measured in air7 compared favorably with
the values calculated using the relation of Scala and Gilbert8

for diffusion-limited oxidation of graphite in air.
This note provides data on the ablative performance of

low-density phenolic nylon in an inert stream (N2), in simu-
lated air (0.80 N2, 0.20 02 by volume), and in a planetary
atmosphere (0.60 N2, 0.40 C02 by volume).

The tests, conducted in the Hyperthermal Tunnel of the
University of Texas at Austin, include model stagnation pres-
sures from 0.006 to 0.06 atm with stagnation enthalpies from
3000 to 12,000 Btu/lb. The 80-kw dc, continuous flow,
plasma arc-tunnel can provide either a 1.5-in. or 3.0-in.-
diam stream of a two-component gas at a nominal Mach num-
ber of 3. The data, averaged over all the runs of a nominal
flow condition, are presented in Table 1. Included is the
model stagnation pressure P8, the cold-wall stagnation-
point heat-transfer rate qcw, the average total enthalpy at the
nozzle exit H, and the centerline enthalpy Hci. These
average values were usually within 3% of the extreme values
associated with a nominal condition.

The models were machined from low-density phenolic
nylon, which was 50% (by weight) powdered nylon, 25%
phenolic resin, and 25% phenolic microballoons, and had a
nominal density of 35.0 lb/ft3 (the densities of individual
model cores varied from 33.7 to 36.8 lb/ft3). The model
configuration was a l.OO-in.-diam, flat-faced cylinder with a
0.50-in.-diam concentric core. The interface velocities were
calculated with a linear least-squares-curve fit of the experi-
mental interface-location histories. The total mass-loss
rate mt and the pyrolysis mass-loss rate rhp were computed
in a similar manner. Table 2 shows that mp > mt for each
test condition; this behavior is referred to as quasi-steady-
state ablation, as opposed to steady-state ablation where
nip = mt.

Several additional mass-loss rates were computed. The
char-removal rate was calculated using the surface velocity
and the average char density:

= pcVs (1)
The char-production rate was calculated as the product of the
char/pyrolysis interface velocity and the average char density:

mcp = pcVc (2)
The average char density was 15.3 lb/ft3, with extreme values
of 13.4 and 17.5 lb/ft3. There was a tendency for the longer

chars to have a slightly higher density. This may be an
indication of coking, i.e., deposition of carbon in the char
matrix due to reactions of the pyrolysis gases as they perco-
late to the surface.

The vapor-production rate mvp was calculated by two
methods. From the definition that the total mass-loss rate
rht is the sum of mvp and mcr, we have

mvp = mt — rhcr (3)
and from the definition that the pyrolysis mass-loss rate is
the sum of the vapor-production rate and char-production
rate,

mvp == mp — mcp (4)

These two methods of calculating mvp are generally in
good agreement (Table 2).

Analysis and Discussion of Results

Surface recession of a charring ablator can result from sub-
limation, shrinkage, shear stress, reactions with boundary-
layer species (from the test stream), and reactions with the
pyrolysis gases. According to Lundell,2 sublimation of
phenolic-nylon char does not occur in a vacuum until a
temperature of 5550 °R is reached and at even higher tem-
peratures at higher pressures. Therefore, sublimation was
not considered to occur for the present conditions. Aerody-
namic shearing effects were assumed negligibly small, since
the model cores were in a stagnation region and even the cor-
ners of the concentric sleeve (where shear stresses would be
greatest) remained sharp during the run.

Tests in nitrogen

The surface recession velocities (TVs) and char/pyrolysis
interface velocities (TVs) observed in nitrogen, and for radia-
tive heating in a vacuum, are plotted vs Ts in Fig. 1. Al-
though the Ps

7s differed by a factor of two, the Fs's at 4400°R
are approximately equal for the two points from the present
program. Thus, it is concluded that the Vs in nitrogen de-
pends only on Ts. The curves faired through the present
data merely indicate the relation between Vs and Ts. The
surface recessions observed in the "inert" nitrogen environ-
ment are attributed to shrinkage and surface reactions with
pyrolysis gases.

Table 2 Loss rates, 10 ~5 Ib/ft2-sec

Condi-
tion

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

rht

592
741
570
687
1204
1111
938
714
851
746
1758
1176
1255
1603
915
959
731
1050
1091
1473
1499

rhp

780
936
704C
968
1730
1551
1357
876
1025
885
1977
1479
1538
1898
1124C
1224
822
1221
1271C
1756
2059

rhcr

81
89
118
124
210
182
185
179
200
303
350
343
349
539
132
179
179
259
243
427
471

rhcp

239
350
262
402
707
641
606
297
488
387
565
621
603
874
416
456
277
496
487
785
880

m,/

511
652
452
563
994
929
753
535
651
443
1412
833
906
1064
783
780
552
791
848
1046
1028

mvj>

541
586
442
566
1023
910
751
579
537
498
1408
858
935
1024
708
768
545
725
784
971
1179

1 Calculated using Eq. (3).
& Calculated using Eq. (4).
c Calculated using pmVp (where pm is the density of the virgin material,

Vp the velocity of the pyrolysis/virgin material interface).
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Tests in air and in
In streams of air and of N2/C02, combustion with gases

present in the boundary layer constitutes a principal cause of
surface recession for a phenolic-nylon char. Since the pheno-
lic-nylon char is principally carbon,9 the data are compared
with the theoretical relation of Scala and Gilbert.8 The
present range of test conditions, i.e., Ps > 0.006 atm and 3000
< Ts < 5000°R, falls within the diffusion-controlled regime
for the combustion of graphite in air. Scala and Gilbert de-
veloped the following expression for the diffusion-limited oxi-
dation rate of graphite in air:

riiG = 0.00635CPs/#eff)°-5 (5)

where Ren is the effective nose radius of the model. Assum-
ing the char removal at the surface of the ablative material
can be approximated by the graphite model, the surface
velocity Vs may be calculated using the expression

Vs = (0.00635/pc)(Ps/#eff)°-5

= 0.000415(P./Reff)°-5 (6)

The Vs measurements of the current program and of
Lundell et al.4 are compared in Fig. 2 with the values pre-
dicted by Eq. (6). For the present tests, the effective nose
radius was assumed to be 2.9 Rb, where Rb is the model body
radius. The surface-recession velocities in N2/C02 were
slightly less than those observed in air and significantly higher
than those observed in the "inert" N2 environment. Thus,
the data indicate significant amounts of oxygen can be re-
leased from the dissociation of the C02, as much as 40% 0
and 02 by volume in equilibrium.10 For the air and the N2/
C02 streams, Vs <x Ps°-5. Thus, the combustion of the char
in these two environments was assumed to be diffusion-
limited. In Fig. 3 the char-removal parameter, mcr(Ren/
Ps)°-5 (which represents the surface velocity with the theore-
tical pressure dependence removed) is plotted vs Ts. In-
cluded in the upper part are air data from Ref. 1 and a line
representing the diffusion-limited theory of Scala and Gilbert,
for which the surface-removal parameter is independent of tem-
perature. No dependence on Ts is observed for the air data,
but the measurements in N2/C02 depend slightly on Ts, pos-
sibly due to increased reactivity between C02 and C to form
CO at elevated temperatures.

For a char-forming ablation material, the Vs caused by
oxidation would be expected to be less than that for a
graphite model, since ablation vapors (i.e., pyrolysis gases and
surface reaction products) reduce the amount of oxygen
diffusing to the surface by physical blockage and by chemical
consumption in gas-phase reactions. The surface velocities
measured in air and in N2/C02 streams and presented in Figs.
2 and 3 are comparable to the theoretical values for oxidation
of graphite. However, these Vs measurements include con-
tributions caused by shrinkage and surface removal because
of reactions with the pyrolysis gases. The results of the
nitrogen tests show that these two factors produce a surface
velocity which is 30% of the char-interface velocity. As-

A AIR
O

DATA OF REF. 4

EQ. (6)

P s/Reff (ATM/FT)

Fig. 2 Comparison of surface velocities.

suming the same relative inert effects are present in the other
environments, the increment of surface velocity due to oxida-
tion AFS may be approximated by

S = V8 - 0.37C (7)

The corresponding char-oxidation rate is then given as

Amcr = pcA7s = PC (Vs - 0.37C) (8)
The char-oxidation parameter, determined using Eq. (8)

with the degradation measurements obtained in air and in
N2/C02 streams, is plotted vs Ts in the lower part of Fig. 3.
The ratio of the vapor-injection rate to the char-oxidation
rate, mvp/Amcr, is indicated for each data point. It can be
seen from the data that the char-oxidation parameter de-
creases as mvp/Ariicr increases. Therefore, riicr for the char-
forming ablation material depends not only upon Ps but also
the pyrolysis-gas injection rate both for air and for N2/C02

"t 002
•E

I I I

O A
A

A AIR , CURRENT PROGRAM
O N2:C02, CURRENT P R O G R A M
^ DATA OF REF. I

-J——I——I——I I

THEORY FOR CHAR REMOVAL WITH BLOCKAGE AND -
GAS-PHASE COMBUSTION (REF. 5)

-THEORY FOR CHAR REMOVAL WITH BLOCKAGE ONLY
(REF. 5}

4000
T S ( °R)

Fig. 3 Comparison of char-removal parameter; bottom,
effect of pyrolysis gas injection on the char-oxidation

parameter.
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streams. Thus, the data clearly indicate the effects of pyroly-
sis-gas injection, i.e., blockage and consumption of boundary-
layer oxygen in gas-phase chemical reactions.

Included in the lower part of Fig. 3 are the theoretical cor-
relations for the char-removal parameter in air for a low-
density phenolic-nylon composite as presented in Wake-
field et al.5 Theoretical relations were obtained assuming 1)
an analytical model with diffusion blockage, but without
gas-phase chemical reactions; and 2) a model which included
the influence of chemical reactions between the pyrolysis
gases and the stream species in addition to the blockage effect.
To perform these calculations for a particular case, the ele-
mental compositions of the stream, pyrolysis gases, and sur-
face char were specified to match the experimental program of
Ref. 5. ' The data from the present program, which exhibit
the expected variation with mvp/Amcr, fall beween the char-
removal rates predicted using the two theoretical correlation
models. The lack of better quantitative agreement with the
theory for a reactive pyrolysis gas is attributed to differences
in materials and in the flow conditions of the present tests
and those of Ref. 5.

Comparative performance in the three environments

The external degradation parameter, i.e., surface recession,
indicates that air is the most severe environment, followed
closely by N2/C02, with inert N2 the least severe. The rate
of internal degradation of a phenolic-nylon material depends
only upon the in-depth temperature profile. As discussed by
Parker and Winkler,11 the degradation process itself is anaero-
bic and independent of the mode of heating. Further, except
possibly at very high stagnation pressures and low heating
rates, the pyrolysis gas flow prevents the boundary-layer gases
from penetrating the surface due to the very high pressures
generated in the decomposition zone. However, the composi-
tion of the external environment is an important factor in the
internal degradation process, since the chemical reactions at
the surface and in the boundary layer determine the thick-
ness of char layer and, to some degree, the surface tempera-
ture. Since the temperature at the char/pyrolysis interface
depends on the degradation properties of the material and is
usually assumed to be a constant, the thermal gradient (and,
hence, the rate at which energy is supplied to the pyrolysis
zone) across the char is dependent upon the composition of
the external environment.

If one considers the data from those tests with comparable
flow conditions, one finds an effect of gas composition. For
tests with different gas compositions to be considered as
comparable flow conditions, it was necessary that Hcz and
Ps be approximately equal. Using these criteria, conditions
1 and 8, 3 and 10, 12 and 18, and 7, 14, and 20 provide ma-
terial performance data at comparable conditions.

The internal interface velocities in air were generally about
30% higher than those in N2 and about 15% higher than those
in N2/C02, even though the surface temperatures in air were
only slightly higher (100-170°F) than in N2. The surface
temperatures in the N2/C02 mixture were similar to those ob-
served in the other two streams. Further analysis of the
data indicates that the differences between the internal de-
gradation rates measured in air and those measured in nitro-
gen streams become more pronounced with increasing stagna-
tion pressure. This dependence on pressure is believed to re-
flect the effects of surface combustion. First, the exothermic
surface combustion increases heating to the surface and, since
the increased char removal results in a thinner char cap, the
thermal gradient across the char cap is larger. Both factors
contribute to a higher rate of conduction of energy across the
char layer to supply the degradation process.
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Thermal Curvature Time Constants of
Thin-Walled Tubular Spacecraft Booms

F. R. VlGNERON*
Communications Research Center, Department of

Communications, Ottawa, Canada

SEVERAL "time constants" associated with thin-walled
tubular spacecraft booms have arisen in astrodynamics

applications: one for average temperature rise after the boom
emerges from shadow into sun, another associated with ther-
mal flutter, another associated with the establishment of ther-
mal curvature resulting from a solar step function input, and,
as will be seen, yet another associated with thermal curvature
resulting from a periodically varying input such as is experi-
enced by a boom rotating end over end in the ecliptic plane.
These constants are interrelated, but they all have different
quantitative values; this Note addresses the latter two, which
are important to the development of theories of solar-induced
despin of the Alouette and ISIS satellites.1-2 In developing a
solar despin theory, Etkin and Hughes hypothesized that solar
induced curvature would be governed by a first-order linear
equation of the form,

(l/T)K(x,t) = f(x,t) (D

where KT(x,t) is the thermally induced curvature, x is the
length coordinate of the boom, t is time, f(x,t) is an external
radiation input, and T is a thermal time constant. No partic-
ular restrictions were placed on the range of application of the
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