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ABSTRACT

An experimental study is described, the overall purpose of
which was to arrive at a mathematical model for future design
calculations which describes the chemical decomposition of
phenol-formaldehyde (PF) ablators.

In order to determine the mechanism of pyrolysis the ex-
perimental work was accomplished at isothermal conditions6 Data
were obtained over a range of temperatures from 382 - 666 C
(712-1199 F) for PF polymers, The effect of quartz fibers on
the decomposition of PF polymers was determined,. Also several
preliminary low temperature isotherms (316 and 388 °C) were

determined for epoxy-novolak resins,

Conclusions from the study as pertains to phenol-formalde-
hyde ablators are as follows:

1. Adsorption of water and air from the atmosphere by PF
polymers cannot be neglected since it can amount to as much as
11 w%., Such amount has an important effect on the weight loss
characteristics during the initial stages of decomposition,

2, In order to achieve maximum cross-linkage of the PF
polymer, the curing procedure is important, A thin-film com-
bination vacuum-heating curing procedure was found to give
satisfactory and reproducible results; chain-ending alcoholic-
OH was reduced to a minimum,

3. The degassing or outgassing of PF polymers over ex-
tended periods of time, observed by numerous investigators, is
due in a substantial mcasure to the above mentioned adsorbed
water and air and chain.ending alcoholic -OH groups.




4, For purposes of decomposition kinetics the PF polymer
structure may be visualized as,

OH

- CH,~
CHe 2 [Ccryd gy - (Cgy) - oM ]

(M2

5. A six-step decomposition model, including a single
desorption step and characterized by four rate constants, was
found to describe satisfactorily the breakdown or pyrolysis of
PF polymer. The model first visualizes breakout of phenolic-
CH from the structure, followed by breakout of the -CH, bridges
and then ring fragments. At low temperatures, phenolic-OH
fracture is fastest but at higher temperatures the -CHy break-
out becomes more rapid. Rate constants for the reactions
follow the Arrhenius equation, The threshold or incipient
reaction temperature is about 233°¢ (387 °F).

6. At low temperatures, reaction first occurs rapidly on
the surface of the solid (in the pores), but then becomes rate
limited by solid phase diffusion of the product species from
the bulk to the surface; the effect is quantitatively des-
cribed and characterized ty diffusivities of the expected mag-
nitude - this is probably the most significant discovery made
in the study.

At high temperatures, the transport effects are reduced by
higher diffusivity values.

7. Once the product species have diffused from the bulk
solid phase to the surface, transport is further limited by a
concentration buildup at the suvface, since there is insuffi-
cient sweep gas to keep the concentration at a low value,

8. At low temperatures the product species are Hy0, CO,
CO02, and a trace of Hy; attaining these molecula: configura-
tions by further reaction of OH, CHp, H in tue solid and gas
phases,

9, At high temperatures the same prnduct species appear
and in addition, CHy, C3Hg, monoaronatics and polyaroma-
tic appear; the latter gy fragmentation of the PF structure,

10. TGA curves can be computer calculated using the model
for different heating rates, water content, quartz content,
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and different temperature ranges. The calculated curves appear
to be excellent simulations of experimental data, )

11, Measurements of the physical characteristics of the PF
solids (undecomposed re~in and chars) indicate that the pores
are large and the surface area is small compared to catalyst
substances. Properties of the charred material are not sub-
stantially different than the undecomposed resin.

12, The addition of quartz fibers either during the curing
process or after curing to produce a mixture has little or no
chemicai effect on the decomposition., The addition can be
visualized as a dilution effect only,

Preliminary results on epoxy-novolak ablators indicate that,
water adsorption is much less than for PF polymers, and is not
a factor in the initial decomposition; and decomposition is
much faster and occurs at lower temperature than for PF poly-
mers,

[l o/ a I ] | —{ad 2 s hoh £ b o B b B
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I.

NOMENCLATURE

The following is a listing of the nomenclature, symbols,
ard dimensional units used in the subsequent sections of this

report.

Upper Case:

A, B, C, S, R
Args Apys Aay

Eai, E‘i’ E.i

To

Tr

Ts, Tcc, Tc, Tms

Symbolic designations for parts
of the polymer, equation (V-25)

Arrhenius constants for Ai,}ii,
Qi equations, min-1

Activation energies for Xi,}li,
Qi equations, cal/g. mole

Surface area of pores, cm

Concentration of "i" th compon-

ent, g. moles/cm3

Heat capacity, c.1l/gram
Diffusivity, cmzlsec
Permeability, cm2

Thickness of heat shield, cm
Molecular weight, grams/g. mole

gas constant; 1.987 cal/g. mgle
K; 82.06 atm-cm3/g. mole - K

Surface area of solid element,
o

Temperature, K

Initial temperature, °k

Threshold decomposition tempera

ture defined by equation (VI-1l1

also reaction zone temperature,

Temperature of surface, carboni

zing char, char, metal surface,
)

respectively, K

Volume, cm

Total pore volume, cm3/gram

Prpmaysispmm—— e L

cm

);
6K
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W Weight, gram
Wo Initial weight, gram
(NIWo) Dimensionless weight
(ﬁPF) Dimensionless weight of phenol-
Wo formaleehyde
Wox !E_) Eg ) Dimensionless weight of elemental
Wo J * \Wo ’ Wo oxygen, carbon, and hydrogen re-
8 8 8 spectively in the gas phase.
(“ash) Dimensionless weight of ash
Wo

Yoo ¥eo "RZO an Dimensionless weight of carbon,
el b 2) ’ carbon monoxide, carbon dioxide,

Wo Yo Wo Wo water, and hydrogen respectively.
W W ) Dimensionless weight of condensed
(wga)’ \.52R)’ ( agé) rings, light aromatic rings, light
hydrocarbon rings, respectively
X Co-ordinate, cm
Z Compressibility factor
R Heating Rate, dT/de , °C/min.
& Dimensionless pressure
Lower Case:
Cli Chemical activity of species "i",
dimensionless
d Mean pore diameter, d = 4V /S,
microns P
ki Kinetic rate constant for "i" th
reaction, g, moles/sec - cm
k Effective kinetic rate constant5
i k, = k j g. moles/sec - cm
i i J )
ks Thermal conductivity of the solid,
cal/sec-cm?
%4

cm - F

LR L - mawa [ I bl o B o B ]




u, W, X, ¥y, z, q

Greek Letters:

B; ).BZ »83 )

%

€
n;

Half thickness of solid element,
cm

Number of moles, total moles

Initial moles of resin

Initial moles of water in resin
Kinetic rate, g. moles/sec-cm

0
Temperature, C

Moles, in reaction material
balaxces

A = Ayt
Defined by equation (VIII-2)

Activity covefficient of "j" com-

ponent
Porosity

Diffusion attenuation, defined
by equation {VIII-6)

Time, min,

Dimensionless time

- . . -1
k V/no, reaction parameter, min

D/12-33020, diffusion parameter,
min-1

Conversion function, defined by
equation (VIII-3), (V-20), dimen-
sionless

Ideal conversion, if all solid
were on a surface, defined by
equation (V-7)

Total pressure, atm,

Density, skeletal density,

gram/cmﬁ




Bulk density, gramICm3

Gas density, P = MM /ZIRT,
3 8
gram/cm

Density of the solid, gram/cm3

Initial density of the ablation
material, gram/cm3

Dimensionless temperature, T/To

[J.g , diffusion time, dimension-
less

w , kinetic time, dimensionless

Defined by equation (VIII-2),
(v-59)

X/L, dimensionless



II. INTRODUCTION AND LITERATURE SURVEY

A, PURPOSE OF THE WORK:

The overall purpose of the study was to arrive at a mathe-
matical model for future design calculations, which describes ‘
the chemical decomposition of phenol-formaldehyde (PF) ablators.

At the outset, it is important to note that the experimen-"
tal approach was to study the decompositior uader. isothermal
conditions; ample justification exists for this' type of
approach when studyiang kinetics and mechani.as, and the ap-
proach has proved successful once again.

Specifically, it was desired to:

1) - develop a suitable kinetic model for the primary
decomposition of the polymer, including both chemical
and physical phenomena; describing the weight loss of
the solid and evolution of the gaseous species,

2) - determine the rate constants as a function of temper-
ature,

3) - determine the transport parameters involved,

4) - develop a uethod for calculating a variable tempera-

ture (TGA) decomposition curve for the solid,

5) - determine the changes in the physical characteristics
(density, pore volume, pore size, surface area,
permeability, etc,) of the solid phase.

6) - determine the effect of quartz fibers onm the degrada-
tion,
7) - conduct a preliminary decomposition of epoxy-novolak

(EPN) polymer.

B, THE ABLATION PHENOMENON:
. ba

Numerous reports and papers:hpv&ubeen,found in the litera-
ture which describe the ablation’ pheriomenon; good summaries are
given by three papers: Sutton (51), Scala (41), and McAllister
(33). Sutton's paper is outstanding for its experimental
evaluation of several ablative materials with various rein-
forcements under simulated hypervelocity conditions, Scala
presents mathematical models of each of the char regions and
combines them to obtain an approximate overall solution,
McAllister gives a very comprehensive description of ablation,



but the unique contribution is the collection of photomicro-
graphs of the char structure, The general consensus throughout
the literature is that an ablative material affords the best
heat protection, and a phenolic resin with a silica type mate-
rial used as reinforcement is an outstanding candidate for the -
best ablator,

During ablation, the ablator is normally pictured as being
divided into several zones. The first zone is the unreacted
material., The second zone, with which this investigation is at
present primarily concerned, is the reaction zone in which the
initial breakdown of the material is taking place, and the
products of which are a carbonaceous char and several types of
gases.

The third zone is the char zone from which the gas products
have been eliminated., Gases from the reaction zone pass

through the char zone on the way to the surface, but the temper-
ature is not high enough to cause further decomposition,

In the fourth zone, the temperature is high enough to de-
compose the gas molecules into smaller species and as a result
of this, carbon in the form of graphite is deposited on the
structure of the char. If a silica type reinforcement is used
a reaction b:tween silica and carbon to form silicon carbide is
possible in this zone. It is expected that this reaction
absorbs energy at approximately 5,000 Btu per pound of silicon
carbide formed.

At the surface, several things contribute to the loss of
material., Carbon may be burning or subliming, silicon carbide
may be subliming, or silica may be melting and flowing away
under the force of the air flow. 1If the surface is at the o
temperature of melting silica, %t will be approximately 1718 C;
subliming silicon carbide, 2200 C; subliming graphite, 3650 C,
Since the radiation of energy is proportional to the fourth
power of the absolute temperature, a graphite surface would
radiate about twenty times as much energy as a silica surface
having the same emissivity. The gas molecules are being in-
jected into the boundary layer; this reduces the energy flow
into the ablator, The flow of molten silica, or the deposition
of carbon may plug the pores of the char so that the gases can-
not escape, and as gas pressure builds up, the surface may be
"exploded" away. If the surface is not strong enough, it may
be torn away by air flow. It is obvious that some trade off
muat be made to determine the optimum surface conditions of
strength and composition, and this should be the object of some
future investigation.
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C. LITERATURE SURVEY:

1. Decomposition Data - Ablators:

Numerous reports and papers have been examined (see Part I
of this report) relating to ablation, A few reports are availa-
ble which present elemental analysis of char or products, but
only where molecular analysis of phenolic decomposition products
is given are the results of use in this study. Applicable data
can be found in three reports, Ouchi (38), Schmidt (43), and
Friedman (3 ).

Quchi (38) presents graphical results from pyrolysis of
several kinds of phenolic resins which can best be interpreted
as rates of production of each of the products at temperatures
from 200-1000"C, Actually, the results are the amount of mate-
rial generated over a 1009 temperature increment as analyzed by
a mass spectrometer or water absorption, Apparently nothing
with a mass number higher than that of CO2 could be analyzed.
Because of the graphical presentation large temperature incre-
ments between samples, and no analysis of mass numbers greater
than 44, the results are only qualitatively useful,

Schmidt (43) tabulates molecular analyses of pyrolytic
products which were summarized from several papers by Madorsky
and Straus of the National Bureau of Standards. The CTL 91-LD
phenolic was heated in an electric furnace. The time to heat
the material to the desired temperature was 2-5 minutes, and
the temperature was held for 5-30 minutes. The material vola-
tile at room temperature was analyzed by mass spectrometer,
Material which could not be identified made up 50-70% of the
products.

Friedmar (3 ) presents analyses of three fractions of the
products from arc furnace pyrolysis of CTL 91-LD glass rein-
forced phenolic resin and nylon-phenolic resin. The nylon-
phenolic results are not applicable to the problem, because it
is not possible to tell which and how much of the decomposition
products come from the nylon.O Only ghree fractions are analyzed,
volatile under vacuum at -195C, -78 C, and room temperature,
but this generally accounts for 85-907% of the weight loss. Re-
sults are tabulated as mole % averaged over several runs, and
analysis war made for components as heavy as CjQ aromatics., It
is interesting to note that about 6 mole % ammonia was found
in the phenolic products; this is thought to result from the
decomposition of an additive put in by the manufacturer.

Lee (26) pyrolyzed a phenclic novolak in a flask heated
with a geating mantle, and the material which was volatile be-
low 120°C was passed directly into a mass spectrometer, As
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would be expected with a novolak, more than 10 mole 7% of the
material identified was formaldehyde (see Section III-A).

Table I shows the fraction of the components in the pro-
ducts from different sources (based on the components which
wev2 identified), A comparison of the results from the dif-
ferent reports may not be justified because of the differences
of technique involved, Exposure time was a matter of seconds
for Friedman, minutes for the results in Schmidt, hours for
Ouchi and the time is not known for the results of Lee. The
temperatures appear to be comparable, but Friedman had a steep
temperature gradient across his sample, while Ouchi's tempera-
ture was changing throughout the run, Two of the reports deal
with CTL 91-LD phenolic, but Ouchi manufactured his own and
Lee used a material which is not very similar to the others,
The results of Ouchi must be integrated to compare with the
others.

The fact that Ouchi finds twice as much water as Friedman,
while Schmidt reports none, seems to indicate that Ouchi's
resin was not completely cured, and cross-linking with the
evolution of water occurred during the pyrolysis. The hydrogen
and carbon monoxide contents seem to be consistant, and except

for Friedman, so does the methane; however, if Friedman's
acetylene were converted to equivalent methane, the comparison

would be much more favorable. The other components are of less
importance. Except for the higher mass number products, the
results of Ouchi seem quite comparable to those from Friedman
or Schmidt. The product distribution shown in Table I empha-
sizes that the material used by Lee discourages quantitative
comparison with the others,

2. Mechanisms - Pyrolysis of PF Resins:

During the investigation of the open literature, two papers
were found which were concerned with the pyrolysis of phenol-
formaldehyde (PF) resins as possible models for the structure
of coal, The papers did not attempt to develop a kinetic
model, but some mechanisms were proposed based on the experi-
mental work of the authors, These mechanisms are given here
for completeness, although their value is doubtful since they
were not quantitatively confirmed,

Ouchi (38) deduces the following mechanisms of reaction:

1. 1Initial reactions of one of the forms,

2(-0H) —e= _0- + H20 (II-1)

\
-OH + -CH,- —w= —CH + Hy0 (1I-2)
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2, Assuming that the ring is resistant to heat, the methane is
formed from the methylene bridges and the following second-
ary reactions are proposed,

-CHZ- + HZO ~m= CO + 2H2 (II-3)
-cnz- + 112 e — CHA (11-4)
-Cuz- + -0- =CO + H2 (1I-5)
2(-CH2)—-C2H4 (1I-6)

CZH4 + n2~—-czn6 (II-7)

co + .o.—--co2 (1I-8)

In the second step, the benzene nuclei are bonding directly to
each other,

Wolfs (53) draws several interesting conclusions from a
study of the carbonization of severcl phenolic resins formed
with radioactive formaldehyde (temperature 400-600 C)., The
initial decomposition is a depolymerization by breaking the
methylene bridges, so that the average number of carbon atoms
per monomer unit is the same., Some monomer units become richer
in hydrogen and polymerize to form "tax". Other monomer units
loose bydrogen and go to form '"semi-coke'"., A secondary reac-
tion occurs when the semi-coke decomposes to volatile gases and
carbon. Radiocactivity indicates that the majority of the car-
bon in the volatile gases comes from the rings, while the
original bridge carbon stays in the solid,.

3. Mechanisms - Pyrolysis of Poly-Aromatics:

It is to be expected that a review of the literature on the
pyrolysi. of polyaromatics should lead to conclusions applica-
ble to the aromatic ring structure of phenolic resins., A study
of the pyrolysis of mromatic and polyaromatic compounds should
lead to an understanding of the initial decomposition mechan-
isms of the resins, Outstanding in the literature is a series
of papers by Gieensfelder, Voge, and Good (16-18), which discuss
decomposition products and mechanisms,

a, Pertinent Papers and Reports:

Anderson (2 ) conducted a TGA, up to 525°C of poly-
benzyl, the basic structure of which is represented as follows:

~pme - - - e 1. -
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Comparison of the structure of polybenzyl with that of phenol-
formaldehyde indicates that the polybenzyl investigation should
have considerable bearing or a phenolic ablation study. Pro-
duct analysis is shown in Table II,

If there were no preference for the breaking of bridge
bonds, the product distribution relative to benzene should be:

Molar &iﬂiﬂ

Benzene
Toluene
Xylenes
3 Methyl-groups-per-ring
4 Methyl-groups-per-ring

LandiE SN WP A

Since the experimental ratio of toluene to benzene is 3 to 1,
the indication is that the bridge carbons are held preferen-
tially in the residue, This idea is reinforced by the fact
that 2, 3, or 4 methyl-groups-per-ring molecules are practi-
cally non-existent in the liquid product,



WT.% OF MOLAR
COMPONENT CHARGE RATIO
RESIDUE
CONDENSATE (IN PYROLYSIS TUBE) 28.60
VOLAT1LE LIQUID 4.00
BENZENE 0.85 1.0
TOLUENE 3.11 3.1
XYLENES 0.04

Lewis (27) sums up work with DTA, ESR (electron spin reson-
ance), IR, UV, and x-ray on the pyrolysis products of acenaph-
thylene to propose a mechanism for its carbonizatiou. the ESR
technique was applied to solutions in m-quinquephenyl or
biphenyl up to 300°C. The success of the investigation indi-
cates the importance of free radical mechanisms not only in the
carbonization of acenaphthylene, but also in the carbonization
of several other aromatic compounds previously observed. The
mechanism proposed is as follows:
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Equation (III-2) shows only the major changes, and free

radicals are the intermediate products, It is interesting to
note that lattice spacing for this synthetic graphite is
) o

3.370 A and that of natural Canadian graphite is 3,361 A,

Meyer (34) performed a pyrolysis of toluene or deuterated
toluene in an atmosphere of hydrogen or deuterium at 750°¢C.
The indication was that hydrogen atoms are much more strongly
fastened to the methyl groups than to the rings. The benzene,
methane, and toluene formed were examined by mass spectrometer
and IR. Conversion was about 2%,

Kinney (22) pyrolyzed benzene, naphthalene, anthracene,
chrysene, and pyrene in a tubular quartz reaction at 300-
1100°C at concentrations less than 5 mole % in nitrogea. Con-
tact tines were in the range of 1-50 seconds. Carbon forma-
tion is increased from the l-ring to 2-ring to the 3-ring
material, but the 4-ring materials drop off in carbon formation.
This is probably because of gecometrical consideration for the
condensation, Packing the reactor with coke increases the
carbon rate for all materials. Packing the reactor with quartz
chips increases the production of biphenyl from benzene.

Traces of acetylene are produced; a few wt% methane are formed;
up to 60 mole % hydrogen is released as H2 for 90 wt% conver-
sion of benzene to carbon. The following mechanism is proposed
for the condensation of benzene,

G*g—’_—-
SHENchalNs

Stehling (50) pyrolyzed several hydrocarbons,oeach diluted
with helium, at temperatures in the range 600-900 C, A cylin-
drical Vycor reactor was used, and contact time was in the
range 4-10 seconds (held constant for a material for runs over
the temperature range). Analytical results for acetylene
appeared independent of whether the reactor walls were clean,
polymer coated, or carbon coated, Other than carbon and hydro-
gen, benzere is the chief pyrolysis product of acetylene,
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reaching a peak of 25% of acetylene feed at 800°C; naphthalene
is about 5% (carbon basis); ethylenre 9%, methane 5%; uncon-
verted acetylene 23%. More hydrogen is produced from an
acetylene-benzene mixture than from the components pyrolyzed
separately under the same conditions., In the pyrolysis of
bengene decompositlon of benzene was not detectable until

800 C, and at 900°c only 437 of the benzene decomposed.

Stehling concludes that:

1. Carbon formation cannot, in general, result from a
mechanism of the type acetylenic —e aromatic —s carbou,

2. With high temperatures, and free radicals present, car-
bon formation is more likely to result from ring-opening and
fragmentation of aromatics than from condensation,

3. A methyl group substituted on the aromatic rings has
more cffect on decomposition than a second ring.

Kinney (23) pyrolyzed bengene, acetylene, and diacetylene,
0.1 mole % in helium, at 1200 C in a porcelain tube at contact
times up to 112 milliseconds. The major gas products for
benzene are acetylene, diacetylene, methane, and hydrogen (not
analyzed for) Extrapolation of the data toward zero contact
time implies « mechanism of initial decomposition of the form,

C H —=1C = CH + HC 2 C-C=CH+H, (II1-4)
But because at the shortest experimental contact time, & milli-
seconds, the mole % of acetylene is twice that of diacetylene,
the mechanism of Equation (III-5) may also be important. This
is emphasized by the fact

C6H6—4—~3 HC = CH (I1I-5)
that benzene was prepared quantitatively from acetylene nearly
a century ago; the reverse reaction for Equation (III-5).
After 4 milliseconds the diacetylene curve drops away much
faster than does the acetylene (benzene pyrolysis products).

Since acetylene is an important product of diacetylene and
vice-versa; and more than 90% of the diacetylene was pyrolyzed
in 112 milliseconds, but less than 25% of the acetylene was
pyrolyzed in the corresponding time period; the obvious con-
clusion is that the primary decomposition mechanism is the
formation of diacetylene, which then decomposes to carbon,

b, Eonclusions from Papers in the Literature:

Based on the results and mechanisms proposed in the
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foregoing papers, certain conclusions can be drawn, A possible
mechanism for the condensation of diacetylene is as follows,
and appears justified by the results of Kinney:

Since Stehling found that an olefinic-aromatic mixture had
a higher hydrogen production rate (and consequently a higher
carbon rate) than the sum of the separate rates, the use of an
aromatic structure for the neucleus of condensation seems jus-
tified, In summary, it appears that the pyrolysis of aromatics
to a graphite type carbon should follow two parallel mechanisms.
The first is typified by the condensation of beunzene, Equation
(III-3), and is dominant at low temperatures, 800-11000C, where
there is less tendency for the ring to crack; or at high densi-
ties, where condensed aromatics, stabilized by additional reso-
nant energy, form before the ring has a chance to break, Theo
second mechanism is dominant at high temperatures, above 1100 C,
where the ring breaks. The most likely path for the second
mechanism is the breaking of the benzene ring to form acetylene,
part of which immediately decomposes to form diacetylene and
Hy. The diacetylene then condenses around an uncracked benzene
neucleus, as shown in Equation (III-6). At the borderline,
1100 C region, both mechanisms may be active.

Below 800°C, benzene is relatively inert unless it is irra-
diated with light of wavelength less than 20 ,, , The near
infrared, which is the fundamental bond vibration region, 1is
approximately 2-20 u , and apparently strong radiation of the
proper frequency can so excite the C-C bonds in the benzene

ring that some of them break and acetylene is formed, This
gives a clue as to why the rings might break at high tempera-
ture, One possibility is that the radiation from the rcactor
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wall might be strong at the frequency corresponding to the
ring C-C stretch fundamental, but it is more likely that the
bond is simply thermally excited to the breaking point. As an
example of this, consider the change £rom 1000 °C, where Kinney
(1954) found ring condensation, to 1200°C, where Kinney (1960)
found ring cracking. Table III compares the fraction energy
change per degree of freedom for translatlon, LkT, and for vi-
bration hvo / exp (hvo/kT) 1. From 1000°C to 1200° C, the

C-C stretch increases 27% while the translation energy increas-
es only 16%., Since the C-C bond in the benzene ring is not a
single bond or a double bond, but something about halfway
between, at 1000°C, a C 1% C bond would have 0.786 x 10-13 ergs
energy and at 12000C 1.040 x 10-13 ergs, This does not neces-
sarily reflect the activation energy of bond breaking, but it
is interesting to note that at approximately the point where
ring breaking becomes significant, the vibrational energy of a
C 1% C bond becomes equal to the translational energy of one
degree of freedonm,

Since there are 6 C-C and 6 C-H bonds in a benzene mole-
cule (plus 18 other bonding and stretching vibrational modes),
while there are only 3 translational and 3 rotational degrees
of freedom, it can be seen that at high temperatures much more
of the energy goes into vibrational modes than translation and
rotation,

TABLE III

TRANSLATIONAL AND VIBRATIONAL ENERGIES

ENERGY/DEGREE OF FREEDON

800°c 1000°¢ 1200°%¢

TRANSLATION (%kT) 0.740x1o‘13erg 0.879x10" derg 1.019x10° 13

C-C STRETCHING

(AROMATIC, 989

cn™ 1) 0.480kT 0.543KkT 0.594kT
C-C STRETCHING

(AROMATIC, 1618

cm-l) 0.280kT 0.351kT 0.427kT
C-H STRETCHING

(AROMATIC, 3045

en™ 1y 0.045kT 0.081kT 0.120kT
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4, Kinetic Models Proposed Previously:

The only attempt at model development for the process
appears to be that of Friedman (14). Previous work by other
investigators indicated that the weight loss of a strictly
subliming polymer was of the expected first order forms,

‘ ——
- W=5kW

where "W" is the weight of material, and "k'" is the reaction
rate constant., In his early work, Friedman recognized that in
a charring ablation material, the filler and a portion of the
material would end up as char and would not be available for
reaction, It would therefore be more proper to write the pre-
vious equation as,

- W=k (W-W_)
where "W " is the final weight of the char. In his 1961 report,
. C \
Friedman recognizes that although no one knows in what form the
kinetic equations of decomposition should appear, it is very
unlikely that the overall or apparent equation would be of first

order. He therefore proposed that the overall recaction rate
would be of the form,

n
-(E ) ;(E _ Ee)
W W W
o (o] [0}
" 1t

where "Wo'" is the initial weight of material, and "n" is the
pseudo order of the overall reaction., 1IHe also recognrized that
the reaction rate constant would be of the Arrhenius form,

k = A exp (- OE/RT)

When evaluating the constants for a best fit of the results of
a thermogravimetric analysis of fiberglass reinforced phenol-
formaldehyde resin, A = 1018 hr;l, AE = 55,000 cal./g. mole,
and n = 5, were obtained. The final form of the overall kinetic
equation, with these values for the constants, gives very
reasonable reproduction of the data except for a very early
loss of about 5% which occurred up to about 400°cC. Incomplete
cross-linking in the original material probably caused the
initial loss as the cross-linkage was completed and water clim-
inated. A reaction order greater than three is virtually
unknown in reaction kinetics, and Friedman says that the appa-
rent fifth order probably results from a complex mechanism in
the solid state of the highly cross-linked material,

Because Friedman's model is the only kinetic model in the
literature, many investigators have used it in their overall
model, Howeve:, to make a significant improvement, it 1is
necessary to develop a kinetic model which describes the mole-
cular processes involved,
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III. CHARACTERIZATION OF THE ABLATION SUBSTANCE

A, STRUCTURE OF PHENOL-FORMALDEHYDE RESIN:

The literature indicates that the first step in the

reaction of phenol with formaldehyde is the formation of
phenol alcohols,

OH v}rn qr' e JLH
- ) Pl [ S PR S )L ~tA NIV
Cyeemp = o 5 (o 5 (Tt Ty e
* 1 *l
cHa cran Shalk
- o -

with the relative amounts of the mono-, di-, and tri-alcohols
determined by the relative amounts of phenol and formalde-

hyde initially present., The next step in the series is a
reaction such as,

QH I
i N I oA L. 777 CH-OH
k\./' i + \' - ~— ‘\\/IJ o ;\([‘J . + H:D

(T1-2)

which is repeated to form a linear chain of ring structures
connected by methylene bridges. In an acid catylized reaction,
there is also the possibility of forming a methyl ether bridge,

..
[

Q- 9‘ o~
(T1-3)
however, with strong heating later in the cure, the methyl

ether bridge decomposes to form a methylene bridge and a for-
maldehyde molecule. The linear polymer is fuseable and
soluble in organic solvents, but three dimensional configura-
tions of three bridges per ring are formed as the reactions
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progress and these formations are infuseable and insoluble,
The final stage might be visualized by the following two
dimensional representation of the three dimensional structure:

ol

“C“zfj'c“z -Q A L
E HO™S Y THO
Ha !
" :

LH:
, i
CH-
K
o %\WQH (u (r” 4)
-a%tfy{h:-wyh~;uz A in, - [
N S i
]
CHa CHn

| |

If an acid catalyst was used, then some of the methylene

bridges, -CH2 -, will be methylene ether bridges, -CHZ-O-CHZ-,

and only in an ideal case will there be three bridges on each
ring. Some of the rings will have two bridges and either an
alcohol group, -CH_ OH, or a hydrogen atom at the third position.
Experimental evidence concerning the basic structure of the
resin is reviewed by Cashwell ( 5).

B. CURING OF PHENOL-FORMALDEHYDE RESIN:

The "A" stage resin is made up essentially of the alco-
holic condensation products of phenol and formaldehyde and is
water soluble.

The "B" stage resin is made up of linear chains of alternat-
ing rings and methylene bridges and is fuseable and solvent
soluble,

The "C" stage resin is essentially all cross linked and is
infuseable and insoluble,

The stages are not clearly separated, but overlap so that
the "A" stage resin will have not only phenol alcohols, but
also some higher condensation products In the "B" stage, some
phenol alcohols will still be present, and an appreciable
amount of cross linked material may be present, From 3 to 6%
of the "C" stage resin may still be removed by extensive ex-
traction with acetone.

To obtain a resin which has the best thermal stability, it
is obvious that cross-linkage should be as extensive as possible,

HOUSTON RESEARCH INSTITUTE. INC.
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The phenol-formaldehyde used in this investigation is EA-466
Phyophen (90-087), furnished by Reichhold Chemicals, Inc,
(Carteret, New Jersey), which is a purple water solution of
phenol alcohols (A stage). The initial proportion is 1% moles
of formaldehyde to one mole of phenol, which is the correct
proportion for three bridges attached to each ring, plus a smali
amount of fixed alkali catalyst, Although this material 1is
chosen to give the most complete cross-linkage possible for
phenol-formaldehyde, three bridges per ring, the bridges may

not all form if the curing is not carried out properly. Some
measure of the extent of cross-linkage may be obtained by de-
termining the amount of '"alcoholic" hydroxide (-OH groups
attached to the methylene groups as opposed to being attached ;
directly to the ring). A titrametric method of determining i
alcoholic OH by acetylation with aceti: anhydride is described ‘
in Appendix A, If the resin is polymerized and cured at 150°F

for 12-24 hours, the solid material is relatively soft and the
alcoholic OH is approximately 15% by weight (this corresponds
roughly to one unformed bridge for each ring); but after "com-
plete" curing, the resin is very hard and the alcoholic OH is

less than 0,5% by weight, Since the complexity of the geomet-

ric structure prevents 100% cross-linkage, the alcoholic OH

can never be reduced to zero.

Because of the possibility that the alcoholic OH analysis
was indicating phenolic OH (hydroxide group attached directly
to the ring) as well, the question arose as whether the 0.57%

OH value resulted only because the extreme curing conditions
had actually caused decomposition and loss of the phenolic OH
(normally greater than 15% by weight). The question can be
resolved by infrared spectroscopy. Figure 1 shows a spectro-
gram of a thin film of resin cured under relatively mild condi-
tions, and a large adsorption peak occurs at the characteristic
frequency for OH stretching, approximately 3300 ¥/ . When the
same film is subjected to additional curing under the more
adverse conditions, substantially no change appears in the OH
adsorption peak, This establishes that the alcoholic OH analy-
sis does not include phenolic OH and that the phenolic OH is
not lost under the most extreme conditions of curing which were
used., Figure 1 also indicates the vibrational modes which have
been assigned to the more important vibrational adsorption
peaks,

It is very difficult to form a uniform resin film of the
proper thickness to have the required degree of transparency,
and when such a film is formed, it is very delicate, A method
which is more practical with respect to physical manipulation
involves grinding the solid material to a fine powder, mixing
with potassium bromide, and pressing in a hydraulic press to
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form a pellet (described in more detail in Appendix A). The
spectrogram of such a pellet is shown in Figure 2, The quality
of the pellet spectrogram is almost as good as that of the
film, but the practicality of the pellet technique justifies
its use, particularly for the study of charred material,

Elemental analysis (described in Appendix A) is a method
of obtaining the amounts of carbon and hydrogen in a sample
directly and the amount of oxygen by difference. In prirciple,
the comparison of the elemental analysis with the theoretical
values calculated from the structural formula should give an
indication of the degree of cure, but in a practical case, di-
rect comparison of numerical values is not helpful until the
cure is advanced as far as it can go, For relatively uncured
material, the comparison should be made by means of a character-
ization plot, such as that given for phenol-formaldehyde in
Figure 3. The apex of all the lines corresponds to the theo-
retical analysis of the resin; the lines to the right of this
point correspond to decomposition of the resin and loss of the
molecules with which the lines are labeled; this type of plot
can be used to study the pyrolysis if the products are few and
simple, The lines to the left correspond to adsorption (ab-
sorption, chemisorption) of the indicated molecules on the
cured resin, and in the case of the uncured resin, the H20 line
corresponds to H and alcoholic OH which would be formed (and
removed) as the cure progresses, In actual case this is found
to be true, the analysis of the mildly cured resin falls along
the H20 line; and as the cure progresses, the analysis moves
toward the theoretical point.

It is now possible to define the criteria for completely
cured resin,

a, Elemental analysis to correspond to the theoretical
structure, and

b, Alcoholic OH equal to zero.

Because of the random distribution in the geometrical struc-
ture, complete cross-linkage can not be achieved, The best
alcoholic OH which could be obtained during this investigation
was 0,43 weight %, and this could be reached only after curing
under vacuum, The average elemental analysis of the resin
{(on an ash free basis) is: «carbon 78,09 w% (80.32); hydrogen
5.47 wkh (5.40); oxygen 16.44 w% (14,28), The values in the
parentheses are the *theoretical values based on the structure
shown by Equation (IIl1-4). The ash content is 2,60 w%.

This investigation has determined the following curing cvycle
to be adequate. Ihe water solution of the resin is pored into

HOUSTON RESEARCH INSTITUTE, INC.
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2 shallow containhr to form a thin liquid film., This is heated
at 310-330°F for 1/2 - 1 hours. The thin film of solid which
results is crushed, then ground to pass through a 60 mesh
screen, The fine particles are heated under vacuum (1-3 mm Hg
absolute) at 350- 400°F for about 24 hours or uatil the elemen-
tal analysis and the alcoholic OH analysis no longer improve,

C. WATER AND AIR ADSORPTION BY CURED PHENOL-FORMALDEHYDE
POLYMER:

At an early stage of this investigation, it was found that
the experimental results from the pyrolysis determinations were
not consistent with what was expected. The difficulty was
traced to the ability of the cured resin to adsorb appreciable
amounts of water and/or air, A quantitative investigation of
the magnitude of the phenomenon was attempted, and the results
are as shown in Table IV, The freshly dried material was ex-
posed at room temperature to an atmosphere saturated with water
vapor for the indicated time, and the weight gain was noted.
Dry sand exposed under the same conditions showed no gain in
weight., Some of the samples were heated in an ordinary labora-
tory oven, and it was found that quantitative desorption could
be accomplished in one hour at 212 F. A sample exposed at room
temperature and an average relative humidity of 56% for 5 hours
gained 7.68 weight % (dry basis).

A typical char was approximated by mixing together equal
parts of pyrolysis residue from 25 min.,, 60 min., and 16%
hours runs at 497 C. The weight gain was found to be 15.49
wt. % (dry basis) at 715 min. exposure to 100% relative humid-
ity at room temperature; 15.90% at 1250 min., and 16.28% at
2155 min.

Future work should include a more detailed investigation
of the adsorption phenomenon, but because of time limitations
this investigation could only attempt to minimize the effect,
The technique found to be most effective is to place the
freshly dried resin in a small bottle having a rubber stopper
and a teflon stopcock. Samples are removed through the stop-

cock, and between samples, the bottle is stored in a desiccator.

While in use, the resin is frequently re-dried under vacuum,
but between dryings, the adsorbed material builds up on the
resin surface. In one case, where the exposure to atmosphere
is thought to be more extensive than usual, the resin lost 2,12
wt, % (dry basis) on being vacuum dried. Because of the diffi-
culty of maintaining the resin free of all adsorbed materials,
it was decided to keep the material as uniform and consistent
as possible and allow for adsorbed material by the kinetic
model (see Section V),

HOUSTON RESEARCH INSTITUTE, INC.
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TABLE IV

WATER ADSORPTION-DESORPTICN ON
PHENOL-FORMALDEHYDE RESIN

Minutes Exposed % Adsorbed* at 100% % Desorbed* in
to Humidity Relative Humidity+ 1 Hour @ 212°F
20 1.43 1.43
40 2.97 2.97
50 3.21 3.28
120 5.70 5.64
450 10.55
640 10.30
700 10.72
770 11,02 11.05
1320 11.00
1320 10.95

* Weight % based on dry resin
+ Room Temperature

As part of the elemental analysis, the Karl Fisher appara-
tus (Section IV-C) is used to determine moisture in the resin
and in the chars., The moisture varies with the amount of
exposure to the atmosphere and the degree of humidity., For
the resin, the maximum value found was 0.43 wt. %, but 0.21% is
a more typical value. The chars sometimes have moistures as
high as 2.5%, but usually stay in the range of 0.3-1.0%.

D, PRELIMINARY CHARACTERIZATION OF THE EPOXY-NOVOLAK:

The epoxy-novolak used in this investigation is 40.9 wZ%
epoxy-novolak, 43.5 w% polysebacic anhydride, 7.3 w% 4-vinyl-
cyclohexene dioxide, and 7.7 w% methyl NADIC anhydride, all
co-polymerized together, with 0.5 w% catalyst, tridimethyl
amino methyl phenol, in the form of a dark yellow, glassy slab.
The slab was machined along one edge, and the resulting shav-
ings were ground to pass through a 60 mesh screen, then vacuum
dried at 1 mm Hg absolute pressure and 240 F for about 16
hours,

The elemental aunalysis on a dry, ash free basis for the ~
epoxy is: carbon 69.5 wt, % (69.3); hydrogen 8.23% (7.26);
and oxygen 22,3% (23.5); where the values in parentheses are
the theoretical values calculated from the composition. The
ash content is 0.18 w%, A characterization plot for the epoxy-
novolak is given in Figure 4, but is not as useful as for the
phenolic, because the structure can not be defined. Each of

HOUSTON RESEARCH INSTITUTE. INC.



e T 37055

T

T T

30 -

©
o
i

L0Td NOILVZIVILOVIVHO AVIOAON-XX0dIT - % JYNDIL

06

oun

08

09

= -

RS

v o

N

sy

\'1°/

L]

NAY

L

+ o

-,

HiM

01

ct



- 31 -

the antydrides can polymerize with each of the epoxy compounds,
thus giving four different types of linkage, each of some un-
known amount. In addition, there is no elimination of mole-
cules during curing of the epoxy as there is with water from
the phenolic, so that the curing can not be followed by elemen-
tal analysis. The assumption is made that the curing is
complete as received,

The epoxy is much less adsorptive than the phenolic, as
indicated by the epoxy adsorption values in Table V; phenolic
material has a great many hydroxide groups and these tend to
hydrogen-bond to water and possibly also to oxygen and nitrogen,
The epoxy has only trace amounts of hydroxide from the catalyst,
and consequently adsorption due only to the surface effects,
which are much less than the hydrogen-bonding effects. The net
result is that after the pyrolysis runs of the epoxy-novolak
were completed, the unused material would desorb only 0.37 wt.

% under vacuum (3 cm Hg abs.) at 240°F for 21 hours. 1In addi-
tion, the moisture by the Karl Fisher analysis never exceeded
0.11%.

TABLE V
____ WATER ADSORPTION ON EPOXY-NOVOLAK RESIN
Exposure Relative Humidity Weight % Gain¥*
Time (Room Temperature) (Dry Basis)
25 min, 80.3% 0.74
7% Hrs. 100% 0,84

* No additional gain was observed for additional exposure
time,

Shavings of epoxy machined from a slab and ground up were
a chalk white, loose, flakey powder, This powder darkened to
a very light tan after vacuum drying. After pyrolysis at
569 F, the epoxy residue turued & straw color and formed a
loose cake which could be easily broken up to the original tex-
ture. After pyrolysis at 7300F, the epoxy residue formed a
dark brown cake of more tenacity, but which could still be
broken up without much effort to form a powder of finer texture
than the original.
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IV, EXPERIMENTAL INVESTIGATION

A, REVIEW OF EQUIPMENT IN LITERATURE:

An evaluation of some of the techniques and equipment
which have been used to more accurately define the ablation
phenomenon of plastic materials indicates that the equipment
can be divided into three broad categories: 1) Chemical
Kinetic Equipment, 2) Physical Property Equipment, and 3) Re-
entry Simulation Equipment.

The chemical kinetic equipment is used to investigate the
nature of the chemical reactions involved in the degradation
of ablation materials (i.e. determination of orders of reac-
tion, activation energies, heats of reaction, chemical species
-formed, etc,). There has been very little detailed work in
this area,

The physical property equipment is used to produce detailed
information on the properties of the virgin materials and the
chars formed during ablation, The equipment is divided into
two general categories: 1) Thermal Properties Equipment (i.e.
heat capacity, thermal conductivity, thermal diffusivity, etc.),
2) Basic Physical Property Equipment (i.e. density, surface
area, pore size distribution, structural properties, ectc.)

The information is required to adequately define the heat and
material balances and physical configuration of the mass during
the ablation process,

Simulation equipment is used to reproduce or simulate as
near as possible the actual conditions that are experienced
during re-eatry. By far, this is the largest group of experi-
mental equipment which exists today. Simulation has been very
necessary to provide quick approximations of designs for space-
craft heat shields, but the work is virtually useless when
making a detailed kinetic study. Therefore, an evaluation of
this equiprent has not been made.

The purpose of the literature review was tc determine the
experience and equipment developed by others on chemical kine-
tic studies of ablation. From such information aund our
experience in reaction kinetic studies, a kinetics apparatus
design was evolved.

The literature survey has revealed approximately nine basic
methods of determining the reaction kinetic parameters of
ablative systems, They are as follows:

1. Xenon Flash Lamp Pyrolysis

2. Transpiration Cracking in Char
3. Thermogravimetric Analysis, TGA

HOUSTON RESEARCH INSTITUTE, INC.
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Differential Thermal Analysis, DTA
Isothermal Furnace Pyrolysis

. Commercial Aerograph Pyrolyzer

. Radio Frequency Apparatus

. Electron Spin Resonance

. Fluid Bed Pyrolysis

O OO ~NON

Certain general articles presented by D, L, Schmidt (42-
44), Nelson (37), and Schwartz (45, 46) indicate that most if
not all of the basic methods which are currently being used
are included in the above list,

1. Kinetics Equipment

a. Xenon Flash Lamp Pyrolysis: This is one of the

relatively newer techniques for investigating pyrolysis of plas-
tics and has been described by Nelson (37) of Bell Telephone

Laboratories; Martin (30), Rudkin (40), and Lincoln (28) of the
U. S. Naval Radiological Defense Laboratory; Friedman (7, 32) of
General Electric Space Sciences Labaratory; and Wacks (52) of

National Bureau of Standards, The :.echnique can be very valua-
ble when determining reaction kinetic data over periods of one
second to one millisecond, It has been used by Wacks, Fried-

man, and Martin in conjunction with either a time-of-flight
mass spectrometer or a two-stage gas-liquid partition chromato-
graph to identify the pyrolysis products of ablative plastics,
The system is apparently easy to calibrate for energy input
(cal/cm2) from calorimetric data on graphite or silver. This
can be converted to rate of heat input by knowing the area of
exposure and exposure time, Herein lies some of the problems
of use., 1) The electrical circuit must be carefully designed
and calibrated to produce a uniform, usable light pulse. 2)

To reach very high temperatures the sample must be very finely
divided - and a determination of the area exposed must be made.
3) With ablative materials, the change in chemical species

and their unknown reaction rates make it extremely difficult

to determine the temperature of reaction,

The technique has been used very successfully to determine
the heat capacity, thermal conductivity, and thermal diffusi-
vity of materials up to their decomposition temperature, and
has been especially valuable in the field of ceramics at high
temperatures., It was concluded that this technique was not
ideally suited to the chemical kinetic study being contemplated.

It should be noted that the two analysis techniques dis-
cussed later (i.e. TOF or a conventional mass spectrometer and
GLPC) can be used on any type of kinetics apparatus,

b. Transpiration Cracking in Chars: This apparatus
was developed by the General Electric Space Sciences Laboratcry
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(49) and is used to study the secondary reactions that occur

in the char layer of an ablating plastic, (i.e. methane
cracking down to pyrolytic graphite and hydrogeun). In basic
principle, the method can be very useful in studying secondary
pyrolysis reactions, but has numerous operating problems, Pre-
liminary results indicated a very efficient cracking of the
primary products, which was to be expected from ge.cral kinetic
theory and what 1is known about thermal cracking of hydrocarbons.

¢. Thermogravimetric Analysis (TGA): This is one of
the most widely used kinetics apparatus., Its utility .has bhecen
described by Schmidt (43) and has been discussed in detail by
Coffman (6), Kotlensky (24), and Boguist (3). The method
vields loss of weight data versus temperature profile data,
During analysis, plastic samples are heated at a preselected
rate of temperature rise (i.,e. 3-6 C/min,) through and beyond
their decomposition temperaturcs. Extensive use has been wade
of the Chevanard Thermobalance,

The technique is not suited for detailed kinetic
studies because the temperature is varying with time, kinetic
equations are complex even for isothermal data; consequently,
the technique can not be used for mechanism studies. Isother-
mal gravimetric studies, on the other hand, are ideally
suited for detailed kinetic studies. To complete the kinetic
data required, some type of pyrolysis product analysis would
have to be made,

d. Differential Thermal Analysis (DTA): This tech-
nique has been used quite extensively to determine the in-
cipient reaction temperatures for ablative plastics. Schmidt
(43), Boquist (3), and Mason (31) describe its use.

DIA studies arec performed by comparing the tem-
peratures of an inert reference substance (aluminum oxide, etc,.)
with that of an ablative plastic as the temperature is pro-
grammed on a continuous rise through and beyond the decomposi-
tion temperatures, Its major value is in defining the zones of
temperature which require detailed kinetic study, The results
of DTA experiment also indicate whether the reaction is
exothermic or endothermic which in itself gives a clue to the
type of mechanism involved at any particular temperature.

e, Isothermal Furnace Pyrolysis: This technique has
been developed and used by Madorsky (29) of the National Bureau
of Standards and the General Electric Spacc Sciences Laboratory
(49), Schmidt (43) describes the details of some of this work.

Isothermal furnace pyrolysis provides one of the
best bases for design of a kinetics apparatus. In kinetics
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it i{s important, that the temperature of the reaction be held
constant, that the temperature throughout the sample be the
same, and that the exact value of the temperature be known,

The degree of temperature control and the relatively large heat
sink of the electrical furnace make it suitable to fulfill the

above conditions,

Combination of a thermobalance (tungsten-spring or
electronic) and an electrical furnace would provide weight loss
versus time information under isothermal pyrolytic conditions,
This information along with component analysis can be used to
derive Arhennius-type plots and calculate activation energies

of decomposition,

f, Commercial Aerograph Pyrolyzer with Hydrogen Flame
Analyzer-JPL: This commercial pyrolyzer utilizes a glowing
platinum coil to pyrolyze plastic samples. 1Its use has been
described by Johnson (2)) of ithe Jet Propulsion Laboratory. Its
chief disadvantage is the lack of temperature control or method
for measuring the temperature. Johnson (21) has used a very
sensitive hydrogen flame ionization detector in conjunction
with a Perkin-Elmer Chromatograph to identify pyrolysis products.
He has indicated the presence of large numbers of pyrolysis
products (40 to 50 for polystyrene pyrolysis),

The hydrogen flame detector, of course, will not
indicate the presence of hydrogen, which is a distinct disad-
vantage since hydrogen may be an important product liberated by
the condensation mechanisms of phenolic structures.

g. Radio Frequency Apparatus: This technique was
developed to study the chemical reactivity effect of atomic-
nitrogen with plastics in a non-hyperthermal environment, The
system, as described by Mathews (10, 32), Lapple (25), and
Mixer (35), simulates the hot gaseous air plasma which is high-
ly reactive due to its dissociation into atomic species, The
method is highly specialized and would find little use in basic
in-depth kinetic studies of ablating plastics. Its value is
primarily as a source of ionized species for special atmospher-
ic studies and surface effect studies.

h. Electron Spin Resonance Apparatus: This technique
has been used quite extensively by Singer and Co-workers (48)
of tlte National Carbon Company to study the thermal decomposi-
tion reactions of organic compounds. The major advantage of
the system is that it permits identification of radical inter-
mediates formed during pyrolysis and allows the tracing of the
mechanisms of the reactions involved. 1Its use to date has been
limited to pure organic compounds; therefore, it is difficult
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to judge what kind of potential value the technique has for
determining the mechanisms of pyrolysis of ablative plastics,.
The complications presented by the polymers, either houso-
geneous or heteroge.eous, could be formidable.

i. Fluid Bed Pyrolysis: This technique as described
by Coffman (6 ) of the General Electric Company can be used
only on thermoset resins, Thermoplastic polymers or thermoset-
ting resins will not fluidize under high temperatures. One of
its major advantages 1is the uniform and efficient mixing and
heat transfer that is realized experimentally. One of the
major disadvantages is the initial time response of the system,
It is very difficult to bring the system to a desired tempera-
ture rapidly and adjust the fluidization at the same time,
Another disadvantage is the time and care required in preparing

the resin powder for use. For the most satisfactory fluidiza-
tion the powder must be smaller than 200 but larger than 325
mesh sieve size (approx. .09mm avg., diameter). Even at this

size a relatively large quantity of fluidization gas (helium)
is required which makes subsequent analysis of the pyrolysis
products difficult,

The method has some advantages, but also has some
serious operational disadvantages which limit its usefulness,

2. Physical Propert Zquipment

Equirment to determine the physical properties of
ablative plastics and tleir chars has not been discussed to
any great extent in the literature, Probably the main reason
for this is that equipment developed for use in other fields
(i.e. refractory metals, ceramics, etc.) can be adapted for
use in this field,.

There are two basic areas in which physicai property
equipment are required (i.e. Thermal Property and Basic Physi-
cal Property Equipment); of the two, the thermal property
equipment is of primary interest, There are six basic types
of physical property equipment discussed in the literature:

Heat Capacity Apparatus - SRI
Thermal Conductivity Apparatus - SRI
Thermal Diffusivity Apparatus
Mercury Porosimeter

Nitrogen Sorbtometer

Char Layer Pressure Drop Apparatus

MmO 0 o m

Of these, only the heat capacity, thermal conductivity,
and thermal diffusivity apparatii are of primary intercst, The
mercury porosimeter and nitrogen sorbtometer are standard,
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commercial units which require no further discussion, The char
layer pressure drop apparatus, developed to study spallation

of charring ablators is not of primary intere2st and will not be
discussed further.

a, Hcecat Capacity Apparatus: An apparatus for this
type of measurement to 5000 F on refractory materials is des-
cribed by Howse (19) of the Southern Research Institute, Use
is made of a tube-type graphite furnace for heating the mate-
rials and an ice calorimeter for heat capacity determinations.
This relatively simple system could be applied to any material
that is inert at the maximum temperature of the determination,
Therefore porous chars could be crushed and compacted for heat
capacity measurements of the solid residue, and the effect of
various gases taken into account theoretically by knowing the
porosity of the original char and the heat capacity of the
gases,

b. Thermal Conductivity: There are two basic methods
of determining the thermal conductivity of an inert materieal.
The equilibrium method is described @y ‘lowse (19) and the

transient method by Nagler (36) of the Jet Propulsion Labora-
tory. The equilibrium method is by far the simplest and most
economical method, therefore the discussion will be limited to
the former.

A simple, well insulated, electrically heated sys-
tem is used by Howse and coworkers (19). There are no particu-
lar advantages or disadvantages to the experimental technique
used, The system is set up to provide measurement of the
variables which define the thermal conductivity (i.e. Q = k
A[}T/Z&X) from Fourier's Equation, ’

¢c. Thermal Diffusivity Apparatus: There are two dis-
tinct techniques which have been advanced for measuring the
thermal diffusivity of materials. They are based on the same
principle of the transient heat flow equation which defines the
thermal diffusivity asQ = k/CPFL where k = thermal conducti-
vity, P’= density, anc Cp = heat capacity,

Farmer (11) of the Nonmetallic Materials Laboratory
describes the usc¢ of a1 arc imagiag furnace as the source of a
uniform radiant heat flux whercas Jenkins (20) of the U, S,
Naval Radiological Defense Lal oratory uses the Xenon flash lamp
to accomplish the same thing but in a shorter period of time,
The flash method tends to ninimize heat losses because of the
short period of mecasurement, but has the Jisadvaantage of rais-
ing the front surface temperature to very high values, and makes
it difficult to define an "effective temperature'" for a measure-
ment,
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3. Analytical Equipment

Because of the importance of product analysis tec a
kinetic study, the more important analytical equipment and
techniques were examined. X-ray and electron spin resonance
are useful in deciding on mechanisms of reactions, but these
techniques do not lend themselves to quantitative analysis,
Therefore, they will not be considered further in this section,

Standard laboratory techniques can give important

analytical information., Passing the pyrolysis gas through an
absorption bulb filled with a drying agent will give the amount
of water in the gas as the increcsed weight of the bulb, Simi-

larly, carbon dioxide can be determined by another bulb filled
with ascarite.

Another us "ul technique is the combustion of solid
material (such as ..rgiu ablator or pyrolysis residue) in pare
oxygen, From subsequent anzlysis of the combustion products,
the amount of carbon, hydrogen, and nitrogen which was in the
original material can be determined. The amount of oxygen in
the material must be determined by difference.

In principle, any type of analytical equipment could
be uvsed in conjunction with any type of pyrolytic equipment to
make a kinetic study., In practice, it is found that the com-
binations used are rather restricted, not only because a type
of equipment may not be suited for a particular type of mate-
rial, but also because most investigators like to use directly
coupled equipment. This imposes another restriction on Loth
analysis and pyrolysis equipment in that the interface must be
reasonably convenient,

Gas chromatography has found wide use in the analysis
of pyrolysis products of ablative materials, It is possible to
make quantitative determinations of compositions not only of
that fraction of the products which are gases under normal
conditions, but also for components of the liquid fragtlon
which have an appreciable vapor pressure below 250° C, (the max-
imum operating temperature for most chromatograph columns).

The chromatograph does not require a large sample of material,
and time required for aualysis can usually be made conveniently
short, A marked disad—rantage is the necessity of calibrating
each type of fractionating column to be used to obtain the re-
sidence time which is characteristic of each of the components
expected in the sample, Another disadvantage is that a tyr- of
column which can distinguish between member. of one class of
compounds, such as alcohols, will usually lumnp together indis-
tinguishably the members of other classes, such as light gases
or hydrocarbons, The last disadvantage can usually be overconme
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by analyzing several identical samples on different columns,
or by a series staging of different kinds of columns.

Infrared spectrophotometry has been surprisingly
limited in application in the literature, although this may be
because a good spectrophotometer plus accessories costs about

ten times as much as & good chromatograph. It is possible to
obtain spectrograms for the solid residue of pyrolysis as well
as the gas and liquid products. [he solid material is usually

ground with KBr and the resulting mixture pressed into a pel-
let., Complex gas or liquid mixtures cannot be readily analyzed,
but simple mixtures can be analyzed quantitatively.

IRS is outstanding for qualitative analysis. A com-
pound may be identified exactly by comparing its spectrogran
with those of pure materials until a match is found, but a
skilled interpreter of spectrograms can identify a compound by
its chavacteristic adsorption peaks even though he does not
have a known spectrogram for counparison. This is especially
useful when a chromatograph column cannot be calibrated with
known substances; the unknown sample is injected into the chro-
matograph and adsorbed in the column, and as each fraction is
desorbed from the column, it is collected and identified by
obtaining its spect_.ogram.

An interesting study of the oxidative degradation of
phenolic material has been made by Conley (8 ) using IRS. This
was accomplished by forming a thin film of resin on a sodium
chloride window (transparent to IR) and then curing the resin
in place. A very similar technique could be used if the win-
dow and film combination can stand the thermal stresses
involved at the higher teanperatures necessary for non-oxidative
decomposition (2000C maximum for oxidative and 400 C minimum
for non-oxi“ative degradation).

l"ass> spectrometers, both conventional &and time-of-
flight, have found extensive use for the analysis of pyrnlysis
products, eveu though a good mass spectrometer mav have an
initial cost of more than 30 times that of a good chromato-
graph, The fast response of a M.S. (some can make a mass scan
every 100 m*cro-sec.) make it imperative for the study of the
very fast reactions. In general, pyrolysis reactions can be
controlled at temperatures where . he recaction rate is slow
enough that IR or chromatography car be used for product analy-
sis., It seems likely that i.. most cases where M.S. was usea,
it was used only because it was available aud not because it
was the best method of analysis.

A strong disadvantage of M,S. is that the apparatus
must be calibrated to obtain u frequent spectrum for even fairly
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simple molecules. The pattern of cracking depends on sample
temperature; and since some mass spectrometers are constructed
in a fashion that the sample temperature is not adjusted be-
fore a mass spectrum is obtained, it is often necessary to
obtain the characteristic mass spectrum of each molecule at
several temperatures before an analysis can be completed. When
two molecules have the same mass number, int rference occurs,
and they can be distinguished only by their cracking patterns,.

4. Conclusions From the Litcrature Concerning Experimental
Kinetic Equipment

By far the best piece of analytical equipment to accom-
plish the required objectives is a gas chromatograph. An
infrared spectrophotometer is not well suited for quantitative
analysis of a complex mixture, although it is very usecful for
qualitative analysis. A mnass spectrometer is much more expen-
sive and has the advantage only of very fast analysis, but the
pyrolysis rate can be controlled by the temperature so that
speed of analysis is not critical. The literature indicates
that the number of important decomposition products is small
enough to allow satisfactory calibration of the chromatograph
colunns with known compounds or mixtures. In any experimental
investigation, it is important that the temperature throughout
the sample be the same, and to know the exact value of the
temperature., These requirements eliminate all flash techni-
ques (including arc imaging), the Aerograph, and radio frequen-
cy induction heating. The fluid bed apparatus has such a large
throughput of gas that the decomposition gases are diluted
beyond the range convenient for analysis. The pyrolysis equip-
ment therefore appears to be limited to some type of electrical
furnace. In any apparatus where the temperature is changing,
no matter how uniformly there is always a temperature lag fiom
the furnace to the sample and from tle outer portion of the
sample to the inner portions. Even when both sample and fur-
nace are small, and the furnace temperature is known very
accurately, as in TGA or DTA, the error in temperature may be
significant in a kinetic study. Therefore, it is importaut
for experimental reasons, as well as for reasons in kinetic
theo>ry, that the electrical furnace be operated isothermally.

B. OPERATION OF KINETIC EQUIPMENT:

A flow diagram of the kinetics equipment is presented as
Figure 5, and a photograph of the operational configuration
before unitizing appears as Figure 6, The object of the
kinetics equipment is to accomplish pyrolysis in a tube fur-
nace and analysis by chromatograph. The furnace and chroma-
tograph themselves are described in Appendix E, where
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descriptions of other major components occur,

Before a run can be made, the various components must be
turned on and allowed to warm up. The recorder requires only
a few minutes for its electronics to stabilize, but the
chromatograph electronics require 1/2 to 1 hour. The temperasa
ture controller on the thermal conductivity detector oven is
normally left activated, and the TCD oven is maintained at
300°C, except during extended shut-downs. The carrier gas 1is
left flowing at a few cc. per minute all the time, but before
an analysis is made, the carrier rate is adjusted, and bal-
anced at 120 cc. per minute through each of the chromatograph
columns, using the bubble flow meter temporarily attached to
the TCD vents., Both nitrogen and helium are available as
carriers, although helium is normally used for greater sensi-
tivity in the TCD, The dual flames of the flame ionization
detector must be ignited and allowed to reach thermal stabil-
ity; this requires only a few minutes, The proper restricuiors
(hypodermic needles) are selected and attached to the vents.,of
the TCD so that proper sensitivity in the FID can be maintained,
The TPC on the column oven can be programmed and, therefore,
has very quick response for heating, but 1/4 to 1/2 hour is
required to cool the coluwmn oven from the high final tempera-
ture to the low initial temperature for the next analysis,

The temperature indicating controller on the pyrolysis
furnace is left on all the time, and the furnace temperature
is held constant, but whei the temperature is changed to run a
different isotherm, several hours may be required to reach
thermal equilibrium at the new temperatire., The indicator of
the TIC is not sufficiently precise to obtain the temperature
of pyrolysis, and it represents the temperature of the furnace,
not of thke pyrolysis tube. The pyrolysis temperature is de-
termined by the emf from a thermocouple inserted in the tube,
measured with a precision potentiometer. The temperature is
taken before and after a run and only minor variation is
observed. Temperatures could be taken during a run but no
significant difference occurs, The sweep gas rate is adjusted
to exactly 40 ml, pe minute by a precision needle valve and
is measured by a hubble flow meter, Both nitrogen and helium
are available, but the sweep gas and carrier gas should be the
same so that the swecenpn will not show up during the chromato-
graphic analysis,

When the proper parameters have been preset and equilibrium
established, the run can be started, A sample of about 1/4
gram of material is weighed by means of an analytical balance
into a boat formed from steel shim stock. The configuration of
the boat can be seen in Figure 7. The boat is placed into the
cool end of the furnace tube, and the end of the tube is sealed
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with a soft rubber stopper through which passes a stainless
steel push rod., The tube is evacuated to 1 mm, Hg or less to
remove any oxygen present, and then flooded with the sweep gas.
The adsorption tubes are removed and the initial weights ob-
tained with an analytical balance. The adsorption tubes are
replaced, the gas sampling valve positioned properly, the
carrier gas is allowed to pass into the gas collection bottle,
and the timer for the gas collection is started. The sample
and boat are pushed to the center of the furnace tube, the
push rod is withdrawn, and the pyrolysis timer is started., The
push rod must be of non-magnetic material or the boat may be
inadvertently pulled back or tipped over, After the required
period of pyrolysis has elapsed, the boat is hooked by the
push rod and pulled back into the cool zone of the tube, and
the pyrolysis timer is stopped, With practice, the boat may
be hooked blindly, but it is safer to open the top of the fur-
nace as in Figure 7, so that the boat is visible and there is
less chance for an accident, While the furnace is open, the
temperature will drop, but this is so slight that the control
temperature can be recovered within a few minutes after clos-_
ing. The sweep gas is allowed to flow into the gas collection
bottle for 10 minutes after the sample is removed from the hot
zone to be sure that all of the pyrolysis products are removed
from the tube, and the gas collection timer is stopped. When
the sample boat has cooled, it is removed from the cool end of
the tube and weighed on an analytical balance to determine the
amount of residue or char remaining. The adsorption tubes are
weighed to determine how much tar, water, and carbon dioxide
were formed during pyrolysis.

During the course of the pyrolysis, the product gases are
being swept through the adsorption tubes. The first adsorp-
tion tube contains only pyrex wool and is used as a trap for
low volatility organic material of a tarry nature, To help
prevent premature condensation of the tar, the exhaust end of
the furnace tube and the side arm of the tar trap can be
wrapped with heating tapes., To aid in condensing the tar in
the trap, the adsorption tube can be immersed in a water bath,
but the bath can not be so cold as to condense the water in
the product gas; room temperature has been found to be a
satisiactory tcmperature. The second tube is filled with
anhydrous magnesium perchlorate to adsorb the water produced
by pyrolysis. The third tube contains ascarite to adsorb the
carbon dioxide produced by pyrolysis. From the adsorption
tubes, the remaining pyrolysis gas flows through the gas sam-
pling valve and into the gas collection bottle, where it dis-
places a brine solution, If a run of weight loss only is
desired, the gas bypasses the adsorption tubes and exhaust
dircctly into a vent,
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The gas sample valve is designed so that in one position,
the sample gas passes into the valve through the sample loop
and out of the valve, while the chromatograph carrier gas
passes into the valve, then into the chromatograph. 1In the
other position, the sample gas passes straight through and the
carrier gas passes through the sample loop before it enters
the chromatograph. This allows the addition of a completely
reproducible amount of gas each time, and the sample loops are
replacable with sizes from 1/4 ml, to 25 ml, In principle,
the gas exiting from the last adsorption bulb could be passed
through the sample loop on the way to the gas collection bot-
tle, and several times during the run, a sample could be sent
directly into the chromatograph. In practice, this is not too
successful, because the cycle time for running samples through
the chromatograph is comparable with the average length of a
pyrolysis run. However, it is hoped that proper choice of
chromatographic parameters would reduce the cycle time to the
point where this type of run would be practical.

The pyrolysis gas should not be allowed to sit very long
before an analysis is made because the gas will be slightly
soluble in the brine. The brine receiver bottle is lifted
above the liquid level in the gas collection bottle, and some
of the pyrolysis gas is displaced into the GS valve and through
the sample loop. When the loop is thoroughly flushed, the GS
valve is switched, the gas sample flows into the chromatograph,
and the temperature program on the column oven is started The
program used is from 50°C to 275°C at the rate of 16°C per min-
ute, The columns used are 6 ft. of 1/4 inch tubing packed with
60-100 mesh molecular sieve 5A, As each gas fraction reaches
the end of the column, it is split, with the major portion
going to the less sensitive TCD., During the run, the detector
outputs must be continuously monitored and the attenuation con-
trols adjusted to maintain the peaks of the chromatogram
between 50-100% of full scale on the recorder chart. As each
peak emerges, it is marked with its attenuation value. The
mathematical area is the chart area multiplied by the attenua-
tion factor multiplied by the dilution factor. The dilution
factor is the sweep gas flow rate multiplied by the total gas
collection time divided by the size of the sample loop. Each
peak is related to the mass of the material for the peak by
multiplying by the calibration factor. The calibration factor
for each substance is determined by adding a known amount of
material to the chromatograph and dividing the mass by the
resulting chart area for the peak and dividing by the attenua-
tion factor for the peak,

Gas analysis and weight loss runs were made at temperatures
from 712°F to 1199°F and at times up to 80 minutes which
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resulted in weight loss values up to nearly 407% for phegol-
forgaldehyde. For epoxy-novolak, runs were made at 569 F and
730°F at times up to 60 minutes and weight loss values went up
to nearly 70% by weight,

C. OPERATION OF AUXILIARY EQUIPMENT:

The vacuum desorption apparatus is shown in Figure 8 and
is described in more detail in Appendix E. The operation is
very simple., A sample is weighed, if necessary, and placed in
the vacuum oven, The oven is turned on and the temperature
control set at an appropriate range., The valve between the
oven and the atmosphere is closed off., The valve to the vacuum
manifold is opened and the vacuum pump started., The oven door
must be held closed until sufficient vacuum is built up to hold
it closed. When the required vacuum is attained the oven-
manifold valve 1is closed and the vacuum pump is shut off, Usu-
ally the amount of desorption is small enough so that the
vacuum will be maintained for an extended period, but a fresh
vacuum should be drawn at the end of the desorption period to
remove any desorbed gases, and in extreme cases, it may be
necegsary to continuously evacuate the oven, At the end of a
desorption run, the oven's valve to the atmosphere is opened
to release the vacuum, and the sample is placed in a desicca-
tor to cool before weighing. If the desorption treatment is
the end step of a curing cycle, then after the required time,
the oven is switched off and the resin is left inside to cool
under vacuum,

The Karl Fisher apparatus is shown in Figure 9 and is des-
cribed in detail in Appendix E. The associated calculations
are described in Appendix A, The electronics do not require a
warm up period and are ready to go as soon as the switch is
turned on, The run starts with sufficient methanol in the
beaker to cover the metal parts of the electrodes; at this
point the meter reads about 10 milliamps, While the methanol
is stirred by the magnetic stirrer, the Karl Fisher reagent is
added from the automatic burette in 1/2 ml, portions., As each
portion is added, the meter flicks over to 100 and drops rapid-
ly back to the original reading. The drop becomes slower as
the end point is approached, and the end point is taken as the
titration for which the meter first requires 10 sec., to return
to the original reading, During the titration the methanol
solution goes from colorless to yellow to light orange. The
color change has been used to determine the end point, but in
this case, the use of an insoluble solid sample interferes with
the visibility of the color change. After the blank end point
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FIGURE 8 - VACUIIM DESORPTION APPARATUS
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is rcached, the weighed solid sample is added tuv the beaker,

and with stirring, additional KF reagent is added to reach the
end point again, The water content of the sample is calculated
from the amount of reagent added after the sample {Appendix A).

The Winslow Mercury Porosimeter, pictured in Figure 17, is
a standard piece of equipment manufactured by American Instru-
ments Co., Inc, Specifications are given in Appendix E., De-
tailed theory and ope:rating procedures are given in company
literature supplied with the equipment, Derivations by which
surface area and permeability can be calcvrlated from the pore
diameter disctribution data have been made, and calcnlatious are
performed by computer program HRI65R003, listed in aprnendix C.
The w ‘ghed sample is placed in the penetrometer whi.a is a
glass oulb with a graduated stem. The penetrometer is placed
in the filling device, stem down, and the filling device is
evacuated to 2C0 microns of Hg abs~lute., The stopcotk is
opened and mercury is forced into the filling device by atmos-
pheric pressure until the lower part of the penetrometer stem
is covered., Pressure is then slowly raised to 5 psia (as close
as possible and recorded exactly) and mercury is forced up the
stem and into the penetrometer bulb., The excess mercury is
drained away. The pressure is increased to atmospheric in
stages and the stem reauaing recorded at each stage. As the
pressure goes up the mercury is forced into smaller and smaller
pores, so thst the s.em reading represents :"he total pore vol-
ume of pores from infinite diameter down to D(microns) = 175,/
P(psia), where P has been corrected for the mercury head in the
stem. When atmospheric pressure has been reached, the penetro-
meter is transferred to the high pressure contai.er and the
pressure increased until readings have been obtained up to
15,000 psig.

=



FIGURE 10

WINSLOW MERCURY POROSIMETER
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V. KINETIC MODEL

It is desired to formulate a mathematical model for the
degradation of the solid polymer (a porous solid) in terms of
the chemical reactions and the transport phenomena involved.
Ideally, if the solid were completely contained on a surface
then the product species would pass immediately into the gas
phase and react further. Actually, the amount of surface area
might be low and a substantial amount of mass would be within
the bulk solid phase, where transport to the nearcest surface
would be a factor,

In any kinetic study two points of view are possible:
mathematic description in terms of, 1) disappearance of the
reactants, and 2) appearance of the product species. In the
case involved here, the disappearance of the solid is of prime
importance since it determines the basic energy utilization;
on the other hand, the subsequent transpiration effects are
dependent upon the product species and secondary reactions
which occur.

Our primary concern in this report is the description of
the initial solid phase degradation -- the chemical aand physi-

cal processes iavolved,

A, Chenmical Reactions in the Solid Phase:

Consider the necessary equations for a chemical reaction
in a solid phase which produces a species which diffuses to the
nearest surface and is then carried away by a sweep gas; the
one-dimensional geometry can be visualized as shown in Figure
11, Assume a siwple first order chemical reaction of A-=B in
the solid element 8V, and diffusion of B in the x-direction
only. The material balance equation for component B is given

by,

Mols B into &V Mols B produced Mols B out of
by diffusion + in §V by reaction - SV by diffu-
{in d8 o de sion in d6

Change of mols of
@ in §V in dO (v-1)

—Edﬁ.(ace) d§ + r,d98veDdA (act) de = (an,j d9
X/ EX €€/ n (v-2)
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Skeletal density
Q= 1.24-1.26-‘-:-23

_Pore Volume
V =0.69-0.73
P 3
cm” /g

Average Pore
Diameter d =
10-30 microns

“k\ Pore Wall
8V
]
T o X
i
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FIGURE 11 - VISUALIZATION OF THE POROUS SOLID
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giving,
(B.CB - -’_ (é__'_i\ _rP. =0
\ex?* DEV\2E,/ D

since (”g/V}=Ca then,

For the reaction involved,

A —e— B

7140“% %

-}: kVAy = KWV Nag- )
N Nay/

(V-3)

(V-4)

(V-5)

(V-6)*
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which upon integration gives,

t.o /_\ / ) filo 8 - { -“’.>‘.€‘
\l <

> E—- r‘l'\r\} b

(v-7)
Also,
/ ne, / —Xf
=/ —— = —— ‘-
CE \V /' \’ K‘ L
(v-8)
and
| ana . ")\e
Va= =Cp = ke
B \v 36/
(v-8)
Substituting (§) into (4) gives,
/Clue IIPC&I__’EETXG
\an - 5\68/ D
(v-9)
mols ) - _Sec mols . __( Sec mols )
(vol cmd Kcm2 vol sec’ cmé sec vol

Equation (9) is the differential equation to be solved; the
boundary conditions are,

i) region, N<¥L;

ii) when 9 = 0, C, = 0, in the entire region, X = O~={;

iii) the sweep gas rate is sufficiently high to make,
Cg =0, at, x =%, £>0,

* A dot over a symbol indicates its time derivative.
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B. Solution of the Mass Diffusion Equation:
We note a solution given for equation (V-9) by Carslaw
and Jaeger (4) , p. 132, eq. 14):
gﬂ> Cos X A/‘“)’1 e
|
(mo Cos 1T VDK .
- () St 08
AL
§ I) 4 Cos (L 'X )
(L6iH) [ (ane) 5D
IS L
(V-10)
and,
v (ac ) (3 n X 0) » )“l RL
?\-Ko 30“1‘;‘\)%\0
-(n+d) a
—'L:EZLQS‘ X
N )" e %in ('Lnn’('il)
1 | - r.+T7TTD
g
(v-11)
At X =2 , .
-n-D"T"Ch
o0 4L
v (505) AN (0" Sin (1n+1{ )
Nh, \o¥/ x=0 L [T Mckeich I i
n-o 4L~
- AV - 1y
i%) o A9 J{a“(i A)

(v-12)
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The transport of B across the boundary at X = will be given
by,

: —DS< )x y

(V-13)

now,

V=3s(1i . -
72( ) '(‘Wg) | )

(V-14)

Then,

r.\ = -Dclbs 1 p ';._ -2\9 l']_k\'/q'q
B - S 0 e wa | Q s | ———
V [12 <v) - ta (D ]
S A
vV Vs [2 -n(57) s *°”(D _
_ -/[1DNA , o8
) (’212 0 [}""’vﬁ-dc)\a tan L‘X:}
(XE@%‘ . Gzt b
> Nhg O

(V-15)
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s

\’
lﬂ. :g_i - <... g. .)9
Torm, Jdn, ’lDJ:g%'L [4 7 tand € ]Ae
11

PO
¢ (= -
TS ,“ tanax) (1-€ )

(L n+ ;rr 08\

41‘)} )
?‘D \’).n+|)'L B ("nn)'lnﬂ)

437N

tan O C 9.3__121#:-QQ)
f ( X B E (an+ )= [,_('n u’zn-’-]

0 4X
(V-16)

For convenience the following parameters are defined:

Dimensionless

Diffusion (1&)9 = ps* pre=p e

Dimensionless
Kinetic Time,

Reaction-Diffusion
Parameter, az

Tm

I

H = diffusion parameter

_/_5_\_/_) k ;40

\nAo
= reaction parameter

17 b0 \_
.El C‘ )<k3‘;10) Tm

)9 20
T«

i

(V-17)



Equation (V-7) can be introduced into (V-16) giving,

-(ane St rr"’m)

£ fi-l+tna\ & -8 °°( N
(l |+&d_._§_)>& ;12 '&m)mGwLﬁN_D
G- 2g]

0
(V-18)
From equation (V-7) and V-17) we note that,
[} - .fr. - o}
S&‘ (\-e >‘e)z (I-e k) =(|-C’ a Tm)
(v-7)
and (V-18) becomes
.22 18 tan - ot T |
b 6B S (-2 (e - ™)
(v-19)
Let
5 tan\,  -A*Tm
’I‘[ﬁ}"'*(“ 7 - >]
o

= Diffusion Attenuation (v-20)
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Then,
Iy

I ¢

F-"_‘

=g Yk YQ(K'T")

(v-21)

Now consider under certain limiting conditions; equation

(V-20) can be simplified as follows, fer Q (os,

ey (V-22)
” e ‘l oQ - ”
o~ =t 4 m)+ : ot L e-m‘*m)
B —'-—t’-e [P - — ‘-
I
a"[ 96 -5 -atra
:—: D (l < 4 ) (l m)
- | Eaiited - i 7 -
)
_at ( - tn T Tm)
NS — {C -3
N

(v-23)

If ¢ and Tm are small, a further simplification results.

”~

. -1!‘ '-
ot ) i L hm (T4
ERRl B R e (-——a‘)
3 4 3 4

(X<05 ; Tm<0.5)
(V-24)

A plot of the computer calculated values of'q , by equation
(V-20) is presented by Figure 12,

e 1t
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C. Possible Polymer Reactions:

Our present picture of the "cured" polymer substance is
that there exists:

a) - a residual amount of adsorbed water, gases (02 & N2),
and unlinked alcoholic -OH groups (which are released
as water when the substance is decomposed, SR—e= R +

3);

b) - a basic polymer structure made up of individual units,
which can be visualized as,

[CHa) sy, = (CGHy) » OM

A B *C

(v-25)

c) - a residual amount of mineral "ash" (from the catalyst,
polymer impurities, etc.).

As an elementary model, we propose the following reactions
taking place in the thermal decomposition process:

1) - release of the adsorbed water, gases, and alcoholic
-0OH, which can be represented by,

ko

SR —a== R + 8§

(s) (8) (V-26)

(s)

2) - breakoff of the -OH and -CH, groups from the polymer

unit by,

! ki
ABIC ) == AB(,y Oy (V-27)
: k2
AB C( ) —= G,y * Al (V-28)
1 ks
ABsy T Py T A (v-29)
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BEC(s) —— B(s) + C(g) (v-30)

3) - breakout of larger fragments, especially at higher
temperatures, from the ring, by

k

5 '
ABC —- A + B + C -
(s) (8) (8) (2) (V-30a)
4) - reaction in the gas phase of the fragments evolved.

For the weight loss by decomposition of the solid, the
following equations apply.

(SR) = -k Vg (V-31)
(ABC) = (k) F ky + kDY O, (V-32)
(AB) = Vi) Qupe - kg Byp) (V-33)
(BC) = V(&0 - k, 00) (V-34)

Also for the gas species evolved,

0 e
il

. KV Qg (V-35) g
c = V(k; + ko) O, .+ k, VO, (V-36) ¢
A = V(k, + kj) Qupec * K3V QAB (V-37)
é(g) = kV O, (V-38)

By material balance,

k
SRy T Syt Ry &
(nggo~¥) . v

kl
ABC(S) e li— AB(S) + C(g)

(nABCo'x) X X
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2
ABC(S) —— BC(S) + A(g)
(nAB(\‘x'y) Y y
k3
AB —=— B,y O+ A(g)
(x-u) u (u + vy)
kA
BC ——— B(S) + C(g)
(y-nm) (q + u) (y + x)
ks
ABC = Ayt By Gy
(nABCO-x-y-z) (z +u+y) =z (z + N + x)

8:0 e:6 MW (Approx.)

SR(s) NoRo Ogpo v 130
S(s) 0 w 112
R(g) 0 W 18
ABC(S) "B Co Dapco  X-~Y-2 112
AB(s) 0 X-u 95
C(g) 0 x +p + oz 17
BC 0 y-n 91

(s)
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+ u +
A(g) 0 z u y 21
&(s) 0 h +u 14
BQ&) 0 z 74

Pr¢s) ~ "ABCo %" "o, because z is small

n = w + x +y + 3z +h +u

I(g)

From cquation (V-31),

——

rio

-

i C

'(k’s‘ w) 9
anzz waNse (f.s.:‘ .ﬂ.’.l.f) W
« | — C
s () .

(V-39)
From equation (V-32),
-[v.n3V
dnAs. L \(f.A?.;) (nhb»:)_ (‘ﬁ}%)e
de N bs ,‘13 ’ rAO
(V-40)%*
From equation (V-33)
-l -5y
dNhae 3 V v ' . (—F—-|.g )6
+ - Nae = (*‘f" Naz. = &,V &
48 Yi0 o
integrating gives,
: -kavo - %125 V6
(ma) ( L, )( "%1"6‘ ro
s e -e
no ‘t‘,y_s’Ls
(V-41)
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From equation (V-34),
- kll%\( e
¢ Vv L. ( )
dne + ks Nge = —l! Nage = L.V @ "o
d8 No No

integration gives,

(H§C)=( ko ) (e rio -c No
No \‘”»5-.“'4

(v-42)
From equation (V-38),
- ‘-u'.'g"\of:
dNe g Vﬂ;&; Y ( Yio ]
— 3T kg ™ = vog
4e Mo ®
- Liy3\8 c
Ne ld _ v5 s ks ¢
s ——— - - —— (t-.‘ - —— ';\Ls
rio s ks (V-43)

D. Oxygen Evolved into the Gas Phase:

The total oxygen evolved into the gas phase assuming a
surface reaction with no diffusion attenuation, and assuming

k1 = k4 and k2 = k3, is given by,

L) e [
Wox = 16C + 16R * (V-44)
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nsv _2
NARC . ‘o
= (k‘ t e) . * K, —---ﬂo _...._o
- e o
"k"L':VB ¢ ky R ‘no -c
e " +( ! e
) ".5 Kits T xy
-ko\VB
Neno T
¥ ko lio
- V8
)
- 'OV (k,kq_) (e _'Fly_'o e
= kg € <+ s
- koVO
ﬂsao) '%
H‘O( No
koVe - ;1 VO
: Ng 29 no- | kiky Vo
y—q—?i ) ko( ) ks
ey No

\

(V-45)
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- koV@ 8 VD
Wox\ |6V Ng.0 0 30 by ke r k&%
(——- = — | ko ™ | ¢ a8 + | e 40
Wo 9 Wo No . 25 Jo

N\ _
\'
P
WOI\ - 16 ho Ne2o \ X
(Wo/g_(Wo>[ No E0+lfk_5)£| +F'§m.=.:| : (V-46)
ko

When the temperature is low k, Z 0 and,

o (e, (1),

(V-47)

Including the diffusion effect,

\74%5)3 (%, - (6

(V-48)
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E. Carbon Evolved into the Gas Phase:

(Assuming k1 = k4; k2 - k3)
given by,

s ) e

We =7 (1) A +

,:u-

We ) [3 3
("'E")=,‘z' ko teg) + Gks] Qaec +7 ka Qap

- - gnve =k - kiis VO
=]e Ao 3 gk (e‘r\%g_e—m—'
! 1 kpg-ka)
-kis V8
s vors -2 1xk) R
T ks ST i
- ky V8
k‘kq_ _%_D—
+= e
k|5

We 1Yo (5 3k &1) | (
) = kng + kg -— | -2
(V‘O)&a Wo [ n > T oks T %5/ ks
-k \/9

Golle )]

k‘ k‘_

(i\l_c_) _(lano u.); + 18 No (kﬁSLg -u.s)
Wo/a “\WoA K5/31 Wo kg &ns

o) (228, (5B b s

k = k, + k

=k Tk 25 = Ky * kg

15 1 5

The total carbon (C)

)

PR ——. s K

(V-49)

12 s pmr Ao ¢

(V-50)*

(v-51)
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When the temperature is low k5 = 0 and,

(Vv-52)
F, Hydrogen Evolved into the Gas Phase:
The total hydrogen (H) is given by (assuming k., = k,,
—— 1 4
k, = k,),
2 3
[ » [ J [ ] »
WH = 2(1)R + 3(l1)A + 2(1)B(g) + 1(1)C (V-53)
W\
) Leolsa + (ki 3uq +4ks) Qpng +3 ke dpg + b Qg

kit3kq+d4keg - -
| t kig ks

= ’lLo(nsa")c. ° +( ? Slirn k-.hm)

(V-54)

L
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k, Ve
W= )

Xz VO

(

No

wo

k!z;-’

)€

Nove
No

K

When the temperature is low, ks

(%)

J

No

T eve——
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Wo
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G. Total Weight Loss:

Obviously,

(-2)-

TSI

Kz 3k,
T;; 0 k,¢s ga * 53 {onr ]
(V-55)
= 0, and
) { + { + 3 € j]
(V-56)

the total weight loss is the sum of the total
oxygen, carbon, and hydrogen evolved into the gas phase, and
is given by the sum of equations, (V-46), (V-51), (V-55),

) - (32), - (%),

o)

~("7) #as

17 N
“+ ( 2
° W

-

V/u)
Wo

3

(V-57)

ks

‘1285

)

ol B
)+ (2
[} \\V/o k"-

kos

(v-58)
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(V-59)

18 Nero /I7no) (2!?10)
) ( ) ° +\ W o é'-‘h W o én
(V-60)

An additional material balance equation is useful in the
calculations,

MWo = Wapeo * Waeh + Wgue

(6=0)
Wa b W p
= \A/Ag(o (' “+ 2 + "-—'2'0—)
Awrco \JAE\J
W
No Warco Wagco

(v-61)



VI. ANALYSIS OF THE DATA

A, WEIGHT LOSS DATA:

An overall view of the decomposition rate process can
be obtained from the weight loss function, (1 - W/W,). Fig-
ure 13 presents the weight loss isotherms as a function of
time over a range of 720°F to 1200°F. 1In making any mech-
anism study, it is imperative to '"slow down'" the reactions
to rates such that the individual phenomena csn be observed.
In this study, for phenol-formaldehyde polymer, a tempera-
ture of 3832°C (720°F) was a good threshold level. Six
additional weight loss isotherms were obtained at higher
temneratures, and at two particular temperatures, 498°C
and 605°C, complete analyses including product species,
were obtained. The material balanced curves and data are
presented as Figures 14, 15, and 16, at 382°C, 498°C and
605°C, respectively. The detailed data for all runs are
presented in Appendix B (Tables B-1 through B-14).

Obvicus'y, the mechanism of weight loss must be the
composite effect of breakup of the chemical structure of the
polymer; i.e., the sum of the individual reactiomns involved.
The fact emerges from the data that the oxygen is first to

come out of the polymer [c.f° (ggx) and (%g) at 382°CJ o

The effect of quartz fibers on the decomposition of PF
polymer was determined at 382°C and appears to be negligible;
28.8 w% quart: fibers were a) individually cured with the
PF polymer and b) admixed with the cured polymer, the weight
loss cvrves are presented in Figure 17. To illustrate that
the effect is primarily dilution, a normalized curve is also
plotted in Figure 17.

As part of the study preliminary isotherms were deter-
mined for the epoxy-novolak polymer described previously.
The first isotherm was obtained at 388°C (730°F), but the E
weight loss in 15 minutes was found to be almost 50 w%.
Lower temperatures were tried, and an isotherm obtained at
316°C (569°F) was more directly comparable to the PF polymer
at 382°C, Figure 18 presents the results, and Figure 19
presents a preliminary marerial balanced set of curves.
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B. SOLID PHASE PROPERTY CHANGES:

The physical characteristics of the solid are important
in understanding a) the solid reaction volume and b) the
trensport of the decomposition species to the surface. The
pr.perties of porosity, bulk density, skeletal density, pore
volume, surface area, permeability as a function of weight
loss, and the surface area and permeability distributions
as a function of the pore volume for a given sample, were . n
measured by means of a Winslow mercury porosiometer and an
analytical balance. The detailed data are presented in
Appendix B (Tables B-16 to B-40) and a summary of the perti-
nent values is given by Table B-15. A plot of the skeletal
density, pore volume, surface area, average pore diameter,
and permeability as a function of the weight loss is pre-
sented in Figure 20.

' The skeletal density, p of the undecomposed resin is
approximately 1.24-1.f§’g./cm3 and that of the char about
the same. Statistically it appears that the density may
increase slightly as the char becomes 30-407 decomposed,
approaching the value for natural graphite.

The pore volume, V, of the resin is 0.69-0.73 cm3/g.
and appears to remain approximately constant as decomposi-
tion progresses, perhaps increasing somewhat in the later
stages. o

The surface area, S, for the resin is approximately
2400 cm2/g., a rather low value compared to catalyst sub-
stances (500 - 1000 m?/g.), and as decomposition progresses
the surface area appears to remain fairly constant; however
there is considerable scatter in the data.

4v
P
S
about 12 microns, characteri:ing the pores as macro-pores
rather than micro-pores, and consistent with the slight in-
crease in pore volume in the later stages of decomposition;
the average pore diameter appears to increase to 20-30 wi-
crons.

The average pore diameter, d = for the resin is

The permeability, K, for the resin is approximately
0.5-2 x 10-Y cm4 and appears to increase in the later stages.

The pore size distribution for the resin and three chars
at different stages of decomposition is presented by Figure
21. The majority of the pores are in the range of 10-80
microns diameter, shifting to the large end of this range as
decomposition occurs, which should also increase the permea-
bility.
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c. DISAPPEARANCE OF OXYGEN AND CAR3ON FROM THE SOLID:

Insofar as the deturmination of the mechanism of
decomposition is concerned, it appears that the oxygen
disappearance from the solid, which occurs the most rapidly,
would be the simplest approach, since oxygen cccurs in only
one group, phenolic-OH, (c.f. carbon which can come from
numerous locations in the structure). If the polymer were
completely cured and free of adsorbed water, etc., the oxy-
gen content would be (16/112 - 0.143); however, analysis
indicates some residual phenolic-OH (about 0.47%) and also
some residual adsorbed water and air., Table VI presents a
material balance of the C-1 resin with the appropriate para-

meters calculated and indicates (w°x/Wo)8 ¥ 0.1627 (including
adsorbed nitrogen). The (wox/WO)s isotherms are presented
in Figure 22.

Consider the oxygen evolution into the gas phase; at
low temperatures equation V-48 is applicable,

e e
? (V-48)

("\:,:")9 = 0.0243 %, +o.:3ss(\t,7 -'q.)

Figure 22 presents (Wox/WO)s at three temperatures, 382°C

(720°F), 498°C (928°F) and 605°C (1121°F), and indicates a
very rapid initial rise; interpreted as rapid release of the
adsorbed water, fixed gases and residual alcoholic-OH. Con-
sequently o reaches unity almost instantaneously. Initially
reaction occurs on the solid surface and,

Lim [Wox
00 (w° )3 0.0243 + 0.135% &’

A= ei %{'-‘m ,;«W:JL-o.oz43) }

0.355 ]

A, = -“ﬁ-(.“_“_:)

Ne P (VI-1)
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using the data at 382°C, A, , can be calculated,

e A, min)
3.0 0.0425
5.0 0.0410
7.0 0.0224

13,0 0.0160

Obviously the reaction is '"slowing down", which is inter-
preted as the diffusion attenuation effect. Figure 23 pre-
sents a plot of & , &, , and (gf—g) vse 6 , and it appears
that (E?-£) is the same form as v , predicted by the theo-
retical development. M derived in Chapter 5-B assumes no

buildup of product species at the surface; i.e., the sweep
gas rate is sufficient to prevent buildup. However, in the

actual case since the surface occurs in pores a concentration
will build up at the surface and consequently slow down mass
transfer into the bulk gas phase. The actual g.-data does j
not extend beyond 100 mins., but qualitatively the effect {s
illustrated in Figure 23. :

Figure 24 presents the curves for the carbon loss into
the gas phase at 382, 498, and 605°C, and by the proposed
model is the sum of the two reactions (characterized by kj
and ks) involving breakout of the -CH2 bridges and the Cgz-ring,

v g e e n

ABC £ Be(s) + Alg) (v-28)
Aibic K2~ Alg) + B(g) +C(g) (V-30) §

The loss of total carbon into the gas phase is given by, ;

ey (R ) + (W) 2w

(V-51)
at 382°C the equation becomes,
Wc ° ° f
(Wo')f 0.1899 (&1 “'h) + 0.05514( E,m ‘Y\m)
(A,=0.0120 ;0¢,=18,00; A5=0,0084 34z 10.00) (VI-2) ;

HOUSTON RESEARCH INSTITUTE, INC.
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at 498°¢C,
( Jc) 0,088 <E, Yh) "“"7"/2,1:;“'1.%)
WQ 3 \ l :

(X,=1,244 ;0= 10,72, A5=00728 5 a;3=1,200)

(VI-3)
at 605°c¢C,
We) . 3307 g + 0.07%14 )
Vio 3“ 8= Yh ! an& YL1$
(X;=30,10; (L7 6,00; Xg=0,5442; Ol 0,259) (VI-4)

Note from the above equations and the values of the parameters
(2\s and OC°s ) that both the bridge and ring removal reactions
increase rapidly with temperature (A; = 0.0120 —e 30.1; A5 =
0.0054 — 0,5440). On the other hand, the transport effect
decreases with temperature (;= 18.0 —~6.00; cC 3 = 10.0
0.250); actually the diffusivities increase, but (= 1/,1\’2
decreases.

Figure 25 illustrates how well the model satisfied the

(wc/wo)g and (l-w/Wo) data at 605°C. It is interesting to

note in equation (V-58) for (l'w/WO) that the maximum value
of the weight loss can be obtained by setting &,, & , &, ,

and Eg,;,, equal to unity, then,

IBnSZO) (177’1::)11 2|no ( )\ ) ('bno) -
- v /W - ' 1 il $125
( ‘/ O)max ( V\O WO Xls \No \ X VJO

(VI1-5)

HOUSTON RESEARCH INSTITUTE, INC.
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Values are,

t °C (l-w/WO)Max.
382 0.3916
498 0.23902
605 0.3720
800 0.3580
1000 0.3533

D. RATE AND TRANSPORT CONSTANTS:

In the mathematical model proposed (equations V-406, V-51,
V-55, and V-58) there are four reaction rate constants k,, kjp,
ko and kg, and three diffusivities, D;, Dy, and Dy ivolved,
k, is large, even at low temperatures, and since it is a sur-
face reaction, ho = 0. For mathematical convenience, \'s,
the reaction parameters, can be used instcad of k's since they
differ only by constants,

Mo
o (24

P

(VI-5)

and similarly u's, the diffusion parameters can be used in-
stead of D's,

}q E(Eleﬂpz)

(VI-6)

As is well known, reaction rate constants can be represented

by several temperature function forms, the simplest of which is
the Arrhenius equation,

kL:Ae 'Ek./RT

("LMg}x (AM_g) e -t ki/RT

A=Ax € -EAL/RT (VI-7)

HOUSTON RESEARCH INSTITUTE, INC.



Also, Shewmon (47) indicates that solid phase diffusivi-
ties can be represented by the same type of temperature
function,

-BEx./RT

(D;8%) = (B5'RY) e‘E'«L/RT

-EkiL/RT
Mi=Auie (VI-8)

iz
We note by equation (V-17) Lhat,Ci;:(lLCMA) ; by substitut-
ing (VI-7) and (VI-8),

'
-Eai/RT )
Ax, € -Exi/RT

o, = - = A, €
I AIMLe!M-/RT VoY

(VI-9)

For purposes of calculations the most convenient parameters to
work with will be the A's and Ol's.

Using the model all isotherms were processed by computer
program HRI65R002 (see Appendix C and Appendix D) to determine
the "best fit" of the data and the values of the reaction rate
parameters Xl, 12 and Aﬁ, and the transport parameters, 4 i,
« 9 andX3. The experimental values of the constants are pre-
sented in Tables VII and VIII; all "fits" were within an average
deviation of 5%, except at the lower temperatures where diffu-
sion is rate controlling.

Plots of the A's, & 's and D's are presented in Figures
26, 27 and 28, Least-squares fits of the experimental A's and
o 's were made and the Arrhenius parameters A's and E's are
presented in Table IX. It is interesting to note the magni-
tudes of the diffusivities; e.g., Dy, the diffusivity of the
CHZ - species is shown in Figure 27 and is the range of 10-1
to 10-8 cm2/sec which is directly comparable to values reported
in the literature and summarized in Table B-41 in Appendix B,
Also, we note that the activation energy for the diffusion pro-
cess is reasonable,

E/“L 2Ex ~lEq,
=23965-7(-369)= 5103 K cals./g mole

HOUSTON RESEARCH INSTITUTE, iNC.
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TABLE IX - TEMPERATURE FUNCTION
FOR A's AND s

PARAMETERS

—EnL/RT
AL:A)\Le (VI—?)
’E-;L/RT
Oz Ax;e€
(VI-9)
Ay (min”b) Ex (K.Cals./g. mole)
(estimate) 3 0.1700 x 10’ 12.65
A1 0.13568 x 10% 13.379
1, 0.24058 x 1012 39. 648
A 0.84331 x 10° 24.824
A (dimensionless) E, (K.Cals./g. mole)

X, 0.015442
o, 0.23829
Ay 0.51945 x 107>

-9.481
-5.690

-18.891

It is interesting to note that a "chemical decomposition
threshold temperature or incipient reaction temperature, T,"
Using equation (V-58),

can be ' calculated from the data obtained.
at low temperatures and9 = 0,

-E L
(gaﬁ/wa)_-\vmx. nad R
de T Wo T W,

HOUSTON RESEARCH INSTITUTE, INC.

(V1-10)
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and arbitrarily defining the threshold of chemical rcaction as
the temperature at which 0.01% weight loss occurs per minute,

i.e.(filﬂlxgl) = 0.0001, then,
46

n

Tr= 24 (

= Wy
(2.2
TN

1

Q_L_’_Ve)
Fae

o

(VI-11)

Substituting in values gives,

T = 506°% = 233°C = 387°F

HOUSTON RESEARCH INSTITUTE, INC
]



VII.

Figures 29,
distributions at 382,

temperatures the products are Hj0,
additional hydrocarbon species appear as

At high temperatures,

PF PYROLYSIS GAS SPECIES

30 and 31 presentothe product gas species
498 and 605°C and indicate that at low

CO, CO2, with traces of H2.

a result of breakout of aromatic rings and their subsequent

decomposition to lighter species,.

It must be remembered that

we also see in the gaseous products the results of secondary

reactions (and further) in the gas phase.

The overall sequence ;

might be visualized as indicated in Figure 32,

More specifically,
tinent:

1. The absence of light aromatics,

the following considerations are per-

condensed ring pro-

ducts, and Hy in low temperature runs (382°C) indicates that
water is the only product formed initially in substantial quan-
tities and that a few bridges are also severed aud further

react producing CO and CO,.

This is very likely because elimi-

nation of water between the neighboring OH and CHy groups can

proceed with ease,

2. The appearance of light aromatics and condensed ring

structures

in pyrolysis products at higher temperatures indi-

cates fragmentation of the PF resiu,

3. The mechanism by which CO,

CO2 and H2 are formed can

be illustrated by the following sequence of reactions:

H20

2 OH
OH + O

CH2 + HO2

CH300 + CH2

CH300H

CH + O
CHO + H_O
2

Co + H20

—= OR + H

-—"HZO + 0

HO2

CH300

CHBOOH + CH

GO + 2H2 + 0 -

CHO §

———

—

—l

00
—-"CH3
'-"CO:Z + H2 }

T R S

4. Amongst the light hydrocarbons CH4, CoHg and C3Hg,

methane is likely to be the result of two mechanisms while

HOUSTON RESEARCH INSTITUTE, INC.

T R
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and only traces of light

or light aromatics,

(No trace of Hp, condensed ring structures,
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propane and ethane are primarily due to thermal cracking of

ring structures (fragments) as indicated in the following
sequence of reactions,

CH2 + Hz — CH‘&

Methylene bridge

+ 11H2 — 6 CH4
’
4
- + 8H - 3c,n
2 26
H™A
\
- -— % ->
HH 7H2 2C3H8

5. Toluene and Xylene found in the reaction products are
probably due to ring fragments detaching from the resin with
one or two CH2 groups intact and reacting further with hydro-

gen,
c':HZ 2112 QCHs
H H

Toluene
! ! 21
H H
Xylene

From the product species produced it is evident that a num-
ber of simultaneous reactions are involved in the pyrolysis
process. As a preliminary procedure, attention was focused on
the water gas shift reaction and eqiilibrium constants were
calculated from the kinetic data and compared with the values

HOUSTON RESEARCH INSTITUTE INC
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calculated from free energy of formation data, The results are
presented as follows:

CO + H,0 === CcO0, + H

2 2 2
Temp. 498°C Temp. 605°C
] []
§pn No, K(a) K (b) K(C) Run No, K(a) K (b) K(c)
60 0 1.45 5.728 55  0.660 1.80 3.304
61 0 0.647 53 0,095 1,31
59 0 0.478 49 0.101 1,25
62 0 0.688 54 0.121 1,67
63 0 0. 645 58 0.086 0.735
64 0 0.638 51 0.102 0.815

5° 0.154 0.950
57 0.144 0.865
52 0.086 0.425
56 0.151 0.528

(a) Equilibrium constant, using Hy analysis
(b) Equilibrium constant, using total hydrogen

(c¢) Equilibrium constant from thermodynamic data

The constants K and K' were both lower than the thermodynamic
value, and were off by an order of magnitude at low tempera-
tures and at higher temperature by a factor of 5, Values of K
and K' are consistent (though small); the deviation may be due
to the Hz analysis which is not very accurate by the chromato-
graph using helium as sweep gas.

Table X compares gaseous species reported in the literature
with a typical gas analysis from this investigation, selected
to correspond as closely as possible to the pyrolysis condi-
tions of the literature data, The values from Lee include a
congiderable amount of aldehydes, primarily formaldehyde, as
would be expected from an acid catalyzed novoliak (see Section
III). An additional problem is that there is no indication of
the total amount of material lost, and each product is reported

as a fraction of the total products identified; because of this,

comparison can be made only on a basis of relative amounts,

HOUSTON RESEARCH INSTITUTE. INC
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The values from Madorsky are expected to be more compara-
ble to the present work because temperatare, time, and weight
loss correspond closely, even though the material is not
exactly the same, The acetone and propanol is thought to come
from a solvent used when the material was polymerized, Most of
the other entries compare reasonably well with this work.

[Tl - g ol FCE~> ™ | 1ICTITHIT 17~



VIII. CALCULATIONAL MODEL

As indicated previously, the purpose of the model is to
permit better design calculations by providing a more realis-
tic description of the decomposition phenvmena occurring.

The mechanism of ablation can be visualized as follows,
(refer to Figure 33). Once heat has started to flow inward
from the external surface raising the temperature of the
ablator from T, to T_., the threshold or incipient reaction
temperature, and after certain time has elapsed, the ablator
layer may be visualized as consisting of four zones: a) a
carbonized char zone, b) a char zone, ¢) a reaction zone, and
d) a virgin material zone, The extent, temperature profile
and physical characteristics of zones a, b, and ¢ obviously
change with time,.

The purpose of the study described in this report is to
provide a better understanding and develop a mathematical

model for the pyrolysis occurring in zone ¢, the reaction zone.

As mentioned previously, primary attentis>n in this work was
focused on the solid decomposition reactions and not on the
subsequent secondary reactions of :he prcduct species.

I, order to use the mathematical model for the desired
calculations, a set of working equations is given in the fol-
lowing section.



0 Xo
N L X
N |
Ablator B
Surface |
i
e ?
Heat }
A
Ts(65) ¢ ¢ Tcc ¢ Tc ¢ Ir ¢ Tms(5)
|
1
|
(Carbonizing Char) | (Char) | React-' (VM) (Metal)
N ing E
Mate- !
rial
Gases é
~outlil- —
(a) (b) (c¢) (d)
N\g

Ts> Tced> Tc> Tr> Tms

FIGURE 33 - VISUALIZATION OF THE ABLATION PROCESS
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where, A=A, + Ag S SPE 3 ST W Mgz A+ N+,

Bi= EL(T.) -, o)

(VIII 3)
however, [}Io':o]
)\, ‘4/2
.= S SR S TR = Y oc;:( L) (VI1I-4)
Ti=XA.8 ; - /u. ™
o . ’TK&
ETul=(-e ) . (VIII-5)
-anat et >
oo 4
- SO 8 - e
r\:(d“rm..)i ?} . (lﬂ+l)2TT2 '
N0 (Zﬂ+” (—Zaz——*-.
2
( t,amq.;\‘(\‘ -% V)
TR ) (VIII-6)
'Ek./RT
N=Axi e (VIII-7)
-Eu; /RT

o.=Ag e (VIII-8)
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B. CALCULATED TGA CURVE:

It is now possible by means of the working equations and
for an assumed heating rate (dT/d® ) = R to calculate a weight
loss curve for a changing temperature situation (simulated TGA
curve).

By equation (VIII-1)

w = dre.T)

then

d(lN,—)= [——E’(W/\Nfij do + [____am/w,,)} 4T
\W, Rz T o1 o

and

d (W, 3 (W, Mo TN/ W)
R R
T e

“de T

de

(VIII-9)
The derivatives can be obtained from the working equations and

lead to the equation for the partial derivative with respect
to time,

2] [ )ea(38) velzE] - e L)

oe V.P;: o8 T T o T NS T
(VIII-10)
where, Lnsra No Aq 1ine N\, No
Co= y Grem s CsT i C3= o= @i
WO V‘O kzs Wa 7» 13 Weo

(VIII-10a)
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and,
o ~(1ns P Y
(éfa.) = e-?k'\ tand -1, € __ 4 i
o8/, ) x .

1t 1t l
n:o (2n+.) %—[{ZV‘H—&) % -(I\]
(VIII-106)
and the partial derivative with respect to temperature,

‘a(W/wg] “Wo | [spl (3N . d4(c) oF,
= = | (St 2 !
[@9 s \h,,;["(ST/*C‘(GT“;"dT *C‘(e‘r);

£, J_QC_Q + C;<§. &’25>5 + é"; A'AC3>—I

aT 3T aT |
(VIII-11)
where,
d Ty o ; 3L; Hok:
_‘_) - oe ( A) an L1 20(1.(_-4) - K Ex: Z
dT /g d T oK ; AT/, RT? !
_’rk

) Eo. [ ) _ tean o(;]
RT? (COS o(,;)‘ -

(VIII-1la)
and for i = 0, 1, 2, 5:
dT -~ RT

(VI1I-11b)

(VIII-1lc)
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The definition of Zlis given by,

) 2 -
[ Gana) T T
o0 |
Voo V- e e
. -2 w‘j ¥ T “
Ly é‘é (;m+n)*4—[,u:.|) -;—of‘}
(VIII-114d)
2
o
and, ans)t — T,
o0 4 ’
(6&) i &
3Tl 4T & s @ e 7
3 e h=o [\2r7+l) - - OQ;J
Y
p
-(2n+ 0 IF T,
oo ,_ ]
+ -ﬁ..L_. B bR .
Z \~ Tfl ! e - ¢
: (2v10|.-—- \2'1*5) -
(VIII-1lle)
where for i = 0, 1, 2, 5:
J/“A _ X; El‘ - 2Eo("
dT ~ o RT?
(VIII-11f£)
but for i = 125:
(J/"ls‘ ! {) EA.+12 Elz + A* EA; .- ‘-)- Al?.; Eoi‘l
dT T & R T¢ )
(VIII-1lg)
Also needed for (VIII-11),
JC, - 17 Ny Ay x."[ EA;" E%:]
4T We }25 RT?
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dCz _ 21 No Alkf[ El‘—Exf]
F B Wo A% s RT?

|
i
|
46 | _’lz[i.’?;+ii.‘ie.+_.'_ if.a]
dT Wo d 8 d 16 d
(VIII-11f)
where,

dA, - )‘1 ()‘oEX.+ l.S‘EA;"XIIExz‘
dT T N, RT?

N A, [ E., +E), A Ex + NE HAc D, x,Eh+>rE»,,]
) ) - RT: X . -

Aas 7\025 RT? 125 RT Aas
dA, | <7\25x2*57\555‘[>_’ >~A"’5>‘:,:‘<)‘.Ex.">\aixl"'X:EX;)
dT 7 A RT? * s RT>

X‘ XQ [{ E)H"‘ E)1>-.< X' El‘ + szll + Af EA{>—( X, EA‘ + )\..r Ex;)}

T Ne has RT3 N R T2 g RT3
and,
ds; d x,+3x,+4x,> d ( 31,%)_ d ( X, Az )
aT crr( N IR ANE STV A W
where,
i( >\,+3x2+47\,> MBI NE, 4 Es )
dT L PY; - Aas RT?

CRELRELY) (IR I Ex)

Ao R T2 3
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d (3)@,)_ 3N, x2[<E,\,+ EMD 2 Q\.Ex."‘ N B+ A Ex;)]
dT\ Nag /7 W RT? Nias R T*

d ( NN, \ _ A g [(Ex E:x)>‘_ ().Ex.* NES + XIE>!>

dT A\ Ryg Apg/ Aas >\m: RT* Nias RT?

(7\2 E);*’ >‘5' EM’)]
N,¢ RT>

In order to illustrate the effect of various parameters on
the TGA curves calculations have been made for:

a. D1fferent heating rates, R = 1°C./min., 3°C./min., and
6°C. /min. ; curves shown on Figure 34,

b. Different water adsorptions, 0. w%, 2.74 w% and 11.4
wh; curves shown on Figure 35,

c. Different quartz contents, 0, w’%, 10, w%, 28.8 w%, and
40. w%; curves shown on Figure 30.

In general, the same amount of weight can be lost for a
short time period at a high temperature as for a longer time
period at a lower temperature., The net effect is that the
curves, although very similar to each other, appear to be dis-
placed toward higher temperatures at higher heating rates, or

toward lower temperatures at lower heating rates., Considera-
tion on this basis tends to give a false impression of the
situation. When it is realized that in Flgure 34, the line for

R = 6 C/mln. reaches 1000°C at 150 minutes; 3°C/min. at 300
min,; and 1 °C/min. at 900 min,; a truer perspective can be ob-
tained, and it is obvious that the curves for lower leating
rates arec displaced toward lower temperatures because the mate-
rial spends so much more time at lower temperatures.

The different water content curves of Figure 35 are casily
1nterpreted The water is released very quickly between 100-
125°C and after thst the curves are displaced to lower W/Wo by
the amount of the original water fraction., The implication is
that adsorbed water will not stay in the heat shield long
enough to be of any real value during ablation,

—————
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Figure 36 presents a very simple picture of the effect of
quartz content, The velue of (1. - W/Wo) is directly propor-
tional to (1. - quartz iraction) for any value of time (tempera-
ture) so long as the heating rate is constant,

Although Figures 34, 35, 36 were obtained using time_ incre-
ments of 1 minute, some calculations were made using [} = 0,2
min.,, but the results did not change appreciably from those of
the 1 min., increments,

These results appear to be quite consistent with those
reported by Friedman (l4) or Farmer (12).

C. 1IN SITU DECOMPOSITION:

In the reaction zone of Figure 33, the degradation of the
polymer material follows the pattern described previously, and
we can now focus attention on the equations that must be solved
in order to describe the actual ablation process in a protect-
ive layer,

Consider a slice element of the layer and assume a one
dimensional flow process.

A

—

d(heat)in-———* - d(heat)out

d(mass)out-q——_.‘ e d(mass)in
X X + dX

The equation for total heat transfer, based on flow of the

product gases through the porous char at a given instant of
time can be written as,

( ks eT) T 9T _(_l_(_ Poer)<CcP:) P oT
Chs L/ IX 00 Moo Ca R
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Cp /> ToCp Pl ™~ d @

(VIII-12)
Ay .

where d o d is defined by equation (VIII-9) from the rela-
tion @ * @/ 61 and © 7 is the total re-entry time. The first
two terms are the usual Fourier differential equation for heat
transfer, in dimensionless form; the third term is the heat
loss due to mass flow through the element; and the fourth term
is the contribution due to reaction and mass loss within the
element. The density of the gas, f’g = M/ZRT. The parameters
kg, Cpg, and £ ¢ are properties of the solid, The permeability
of the solid, K, is the sum of contributions from all types of
gas flow, The parameters M, Cp, MM , and Z are properties of
the gas dependent on composition; for Cp and M , the property
is the sum of the weight fraction of each component times the
property of the pure component- yor M and Z, the mole fracticn
is used. The sum of the energies of all reactions is represent-
ed by A Hg. All of the foregoing properties are to be evaluated
at the proper temperature, T; the proper time, & ; and total
pressure,qr ; for the displacement from the surface, X, Dimen-
sionless variables used are“T = T/To;&’ = W /Py; X = X/L; where
To is the initial temperature of the material, P, is a refer-
ence pressure of one atmosphere, and L is the thickness of the
heat shield. The initial density of the ablation material is
P sy, and R is the gas constant.

The corresponding mass flow differential equation can be
written as,

G R AR AR S F S O

(VIII-13)

The differential equations for heat and mass transfer must
be solved simultaneously by numerical methods, using appro-
priate boundary conditions, in order to obtain the temperature
profile through the reaction zone asfter each of the selected
time increments,
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APPENDIX A

EXPERIMENTAL PROCEDURES

The following are the procedures for the supplementary
analyses. The ocperations of the major pieces of equipment .re
described in Section IV,

1. Elemental Apalysis:

The cquipment required consists of a combustion furnace
with a fused silica or vycor glass tube, combustion boats, push
rod, flow indicator, and two adsorption tubes, The reagents
required are cupric oxide (wire form), dehydrite (magnesium
perchlorate, granular), ascarite (or carbasorb) 14 mesh, and
pure dry oxygen,

Before starting a series of analyses after an extensive
shut-down, a pre-conditioning routine must be followed. The
furnace tube is packed with cupric oxide for about four inches
at the exhaust end, One adsorption tube is filled with dehy-
drite and connected to the exhaust of the furnace tube; the
other adsorption tube is filled with ascarite and connected to
the exhaust of the first adsorption tube, The furnace is heat-
ed to 800°C and an empty boat is pushed into the furnace.
Oxygen is allowed to pass through the furnace tube and through
the adsorption tubes for 4 to 5 hours, or until the adsorption
tubes attain constant weight.

A run is made by weighing 300-500 milligrams of sample in
a pre-conditioned boat and adding about 1/2 gram of cupric
oxide to cover the sample. The oxygen flow is adjusted to 300-
400 cc./min, The ads. tubes are removed, wiped thoroughly with
lint free adsorbent paper, and weighed., The tubes are re-con-
nected, dehydrite to the furnace tube, ascarite to the dehy-
drite, and the boat with sample is pushed to the center of the
furnace tube, Pass oxygen through the tubes for 15 minutes,
remove the adsorption tubes and let them cool at room tempera-
ture for 15 minutes. Remove the bnrat from the furnace tube and
clean the cupric oxide from the boat, After the adsorption
tubes are cool, they are wiped and weighed again, The gain of
weight by the dehydrite tube represents the water generated by
burning the resin, and the gain of the ascarite tube is carbon
dioxide,

Elemental analysis is calculated on a dry ash free basis
by,

%“Cc = 0.2729 wt, of ?92
F wt, of sample

T A T YIRS P21
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9H = 0.1119 wt. of HZO % moisture in resin
° F wt, of sample 10U
and,
% 0 = 100~ %C - Z%H
where,
Foo= i % ash in resin % moisture in sample
100(W/Wo) 100

These equations hold whether the sample is undecomposed resin
or a char, and whether the sample is phenolic or epoxy.

Loss of individual elements can be calculated from the
cresults of the elemental analysis by,

We %C in resin %C in char

Wo - 100 8 - 100 (B)

Eﬂ _ %H in resin (A) %1 in char (B)

Wo 100 - 100

Wox _ %0 in resin %0 in char

Vo 100 (8) - 100 (B)

where,
A = [1 % ash in resin ) % moisture in resin
- 100 100

B = W _ % ash in resin % moisture in char

Wo 100 - 100

2., Ash determinatiorn:

The equipment required consists of a muffle furnace, a
fused silica or vycor glass crucible with 1id, aud a burette,
The reagents required are standard HCL soln, and phenolphtha-
lein indicator.

Before making a run, the crucible must be heated in a
muffle furnace at 800°C until it attains a constant weight,
One gram of resin is weighed into the crucible and covered
with the 1id. The crucible is placed in a muffle furmace at
400°C for 1/2 hour; the lid is removed and the furnace temp-
erature is raised to 800 C for one hour, or until constant
weight is attained,.

% ash = weight of residue x 100
s weight of sample

i e
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I1f a fixed alkali catalyst is used in the polymerization of
the resin (as is the case for the phenol-formaldehyde used in
this investigation), it is necessary to determine the alkali
content of the ash, The ash is leached out by boiling with dis-
tilled water for 1-2 hours. The washings are titrated with 1 N
HCL to a nhenolphthalein end point, Alkali is calculated as
Na20.

o . fmls., of 1 N HCL)(3.10)
s Nazo weight of sample

3. Karl Fisher analysis for moisture:

The equipment required is described in detail in Appendix E.
The reagents required are stabilized Karl Fisher reagent, Karl
Fisher diluent, methanol and sodium tartrate dihydrate, reagent
grade. Thc reagent is diluted approximately 1:4 with the dilu-
ent. The resulting diluted reagent is standardized by titrat-
ing a weighed amount of sodium tartrate dihydrate in methauol,
using the technique of operation described in Section IV-B,
The calibration factor is calculated by,

C = (mg. sodium tartrate) x 0,.1566
F ml. KF reagent
When the unknown sample is ¢ itrated, the moisture content

is calculated by,

CF x (ml, KF reagent)
(grams of sample) x 10

AHZO =

4, Alcoholic hydroxide determination:

The equipment required consists of a 125 ml. flask with
ground glass joint and matching reflux condenser, hot plate or
heating mantle to fit the flask, thermometer, 10 ml, pipette,
and burctte. Reagents required are pyridine, acetic anhydride,
fused sodium acetate and standardized sodium hydroxide soln,
and phenolphthalein indicator (all ACS or AR quality). A
stock reagent is prepared from one volume of acetic anhydride
to 19 volumes of pyridine,

A 0.25 gram sample is weighed into the flask. The pipette
is used to add 10 ml of the stock reagent to the flack., Approxi-
mately 2 gm. sodium acetate is added, and the reaction mass is
refluxed for 10 hours at 100°C. Aiter acetylation, 30-50 ml,
of COp2 - free distilled water is used to wash down the wall of
the condenser into the flask. The solution is titrated with
standard sodium hydroxide to the phenolphthalein end point.

[U————— e
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Simultaneously a blank is run which consists of the same
reagents and treatment, but without a sample being added to
the flask.

1.701(titre for blank-titre for sample)(Normality of NaOH)
sample weight

%Z0H =



APPENDIX B

EXPERIMENTAL DATA

The following tables contain data pertinent to
this report. Tables B-1 to B-40 contain experi-
mental data obtained by this i:vestigation.

Data in Table B-41 was obtained from the litera-
ture for comparison purposes.
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TABLE B-1: THERMAL DECOMPOSITION DATA, 378°C
(712°F), PHENOL-FORMALDEHYDE ABLATOR C-1

Run X7 X8 X9 X10 X1l
T‘?;in') 5.00 10.0 20.0 30.0 80.0
(W/W,) 0.948 0.9645 0.932 0.926 0.908
(1-W/Wo) 0.052 0.055 0.068 0.074 0.092

TABLE B-2: 387°C (729°F)

Run 4 5 6 7 X2 X3
Time 5.00 5.00 5.00  10.0 10.0 15.0
(wmins)
(W/W,) 0.941 0.937 0.942 0.932 0.934 0.931
(1-W/W,) 0.059 0.063 0.058 0.068 0.066 0.069
m“w
. L e e e — -
Run 8 9 X4 X5 X1l
Time
(mins) 15.0 20.0 20.0 20.0 25.0
(W/W,) 0.927 0.925 0.926 0.923  0.920
(1-W/Wo) 0.073 0.075 0.074 0.077 0.080
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THERMAL DECOMPOSITION DATA,

382°C

(720°F), PHENOL-FORMALDEHYDE ABLATOR C-1

Run 41 36 42
Ti?:inl) 3.0 5.0 7.0
(W/W,) 0.953 0.946 0.931
(1-W/Wg) 0.047" 0.054 0.061
(“uzo/“o) 0.025 0.024 0.027
- kwco/wo) 0.005 0.0061 0.0069
("coz/"o) 0.021 0.020 0.020
Wpyy /W) 2.05 3.3 3.7
CHy' "o x10-3 x10=5 x10=3
(0.051) (0.0501) (0.0539)
(GA) (EA) (GA) (EA) (GA) (EA)
(Wg/Wo) 0.0078 0.0240 0.0081 0.005 0.0085 0.007
(Wox/Wg) 0.0404 0.0197 0.0494 0.0439  0.0440 0.0695
(Wy/Wg) 0.0028 0.0016 0.0027 0.0037 0.030 --
(Wg/W) 0.793 0.820 0.831
(Woy /W) 0.151 0.126 0.100
(Wy/W) 0.056 0.054 0.070
Total (w°“) 0.1804 0.1597 0.1654 0.1589 0.1345 0.1600
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TABLE B-3 (CONTINUED)

Run 44 43 37
T‘?;in.) 13.0 10.0 15.0
(W/Wg) 0,932 0.935 0.931
(1-Ww/W,) 0.068 0.065 0.069
(W o/¥o) 0.0340 0.0310 0.0340
2
(Voo /Wo) 0.0062 0.006¢ 0.0065
(Wcoz/wo) 0.0220 0.0220 0.0270
(W, /W) 4.5 3.8 5.7
. CHa'To x10-5 x10- x10-5
wn
- ——
o (0.0622) (0..0594) (0.0675)
(GA) (EA) (Ga) (EA) (GA) (EA)
(W /W) 0.0087 0.0087 0.0430 0,0102 0.0160
(Wgy/VWg) 0.0497 0.0473 - 0.0522 0,0467
(Wy/Wg) 0.0038 0.0034 0.0028 0.0038 0.0046
”~
E (We/W) -- 0.7880 0.821
]
25 (Woyu/W) -- 0.1565 0.125
& - -
a< (Wy/W) -- 0.0555 0.054

W
Total ( wﬂf ) - 0.1893 0.1652
(]
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L - o — o A

Run 45 38 39
e ras) 20,0 25,0 50,0 -
(W/Wy) 0.925 0.924 0.911
(1-W/W,) 0.075 0.076 0.089
(WHo0/Wo) 0.039 0.0390 0.0510
(Weg/Wo) -- 0.0068 0.0060
Wep . /W 0.020 0.0250 0.0250
(Weo ,/Wo)
(WCH /W ) - - 608 809
~ W0 x10-5 x10-3
wn
<
2 (0.0708) (0.0820)
(EA) (GA) (EA) (GA) (EA)
(We/Wo) 0.005 0.0097 0.0150 0.0094 0.0290
(Woy/Wo) 0.0706 0.0569 0.0538 0.0671 0.0534
(Wi/V,) -- 0.0043 0,0049 0.0057 0.0035
S(We/W) 0.839 0.828 0.825
5]
A & (W, /W) 0.100 0.054 0.119
e
gg(wu/w) 0.061 0.118 0.056
wox
Total (7—) 0.1605 0.105¢ 0.1725 0.1676

(o)
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TABLE B-3 (CONTINUED)

<384‘Ci

Run 40 47 46
Time
(mins) 90,0 3.0 29.0 _
(W/w,) 0.901 0,951 0.924
(1-W/Wy) 0,099 0.049 0.076
(wﬂzo/wo) 0.0540 0.0260 0.0400
(Weo/Wg) 0.0081 0.0063 0.0086
(Wcoz/Wo) 0.0260 0.0200 0.0250
(W /W) 10.5 2.5 7.2
. CHg o x10-5 x10-5 x10-3
(/7]
<
e (0.0881) (0.0523) (0.0836)
(GA) (EA) (GA) (EA) - (GA) (EA)
(WC/WO) 000106 0.0250 0.0080 - - 0.0105 0.020
(W /W) 0.0716 0,0653 0.,0412 0.0687 0.0587 0.0516
(Wy/Wo) 0.0060 0.0061 0.0029 - 0.0045 0.0028
~~
B (W /W) 0.838 0.843 0.823
[
(Mo /W) 0.108 0.099 0.121
= -]
2(wﬁlw) 0,054 0.058 0.056

wox
Total (=)
L

0.1661 0,1598

0.1328 00,1603

0.1672 0,1604
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TABLE B-4: THERMAL DECOMPOSITION DATA, 436°C
(819°F), PHENOL- FORMALDEHYDE ABLATOR C-1
Run 65 66 67 68 69 70
Time 2.0 5.0 10.0 20.0 41.0 90.0
(mins)

(W/W,) 0.905 0.885 0.867 0.857 0.842 0.828
(1-4/W,) 0.095 0.115 0.133 0.143 0.158 0.172
TABLE B-5: THERMAL DECOMPOSITION DATA, 533°C
(991°F), PHENOL- FORMALDEHYDE ABLATOR C-1

Run 83 84 85 86

Tiwe 2.0 10.0 30.0 60.0
(mins)

(W/W,) 0.787 0.740 0.718 0.709

(1-W/Wg) 0.213 0.260 0.282 0.291

TABLE B-6: THERMAL DECOMPOSITION MATA, 571°C
(1060°F), PHENOL-FORMALDEHYDE ABLATOR C-1

Run 71 72 73 74 75 76

Time 1.0 3.00 8.00 16.0 32.0 70.0
(mins)

(W/W,) 0.741 0.698 0.680 0.671 0.660 0.655

(1-W/Wy) 0.259 0.302 0.320 0.329 0.340 0.345
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TABLE B-7: THERMAL DECOMPOSITION DATA, 498°¢C
(928°F), PHENOL-FORMALDEHYDE ABLATOR C-1

Run 60 61 59
Time 2.00 .0
(mins) 4.00 10.00
(W/w,) 0.823 0.811 0.782
(1-W/W,) 0.177 0.189 0.218
(Wi ,0/Wo) 0.0550 0.0590 0.0739
(Weo/W,) 0.0103 0.0112 0.0138¢
0.0373 0.0 .
(Weo ,/Wo) 7 368 0.0386
(Wen, /o) 0.0087 0.0012 0.0032
(Wpg/Wo)¥* 0.0001 0.0001 0.0001
G«worg/wo)** 0.0715 0.0673 0.0752
<
e (0.183) (0.176) (0.205)
(GA) (EA) (GA) (EA) (GA) (EA)
(We/Wg) 0.0350 0.0750 0.094 0.0950 0.105 0.1180
(W, /Wo) 0.0820 0.0999 0.0858 0.1024 0.102 0.0854
(Wy/Wg) 0.0102 0.0085 0.0087 0.0092 0.011 0.0141
(0.1772) (0.18835) (0.21%)
M (W o/ W) 0.8680 0.8760 0.8500
o
M (Wo i /W) 0.0754 0.0665 0.0982
=
< (Wy/W) 0.0566 0.0575 0.0578
WOX
Total (g—) 0.1421 0.1601 0.,1380 0.1546 0.1762 0.1597
o
* Residual gas - see Table B-14
*% Orgsnic "tar" - see Table B-13

[
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TABLE B-7 (CONTINUED)

Run 62 63 64
Time 20.00 35.00 60.00
(mins)

(W/W,) 0.762 0.746 0.736
(1-W/Wg) 0.238 0.254 0.264
(Wy20/Wo) 0.0706 0.0887 0.0968
(Weo/Wo) 0.0115 0.0148 0.0156
<ch4/wo) 0.0033 0.0057 0.0070
(Weg/Wo) 0.0001 0.0001 0.0001

g‘(Worg/Wo) 0.0798 0.0885 0.0835

< (0.2000) (0.2382) (0.2447)

(4]

~ (GA) (EA) (GA) (EA) (GA) (EA)
(Wg/Wg) 0.1324 0.1050 0.1237 0.1430 0.1237 0.1300
(Woy/W,) 0.0948 0.1158 0.1168 0.1038 0.1253 0.1206
(W /Wg) 0.0108 0.0090 0.0136 0.0102 0.0149 0.0173

(0.2380) (0.2541) (0.2639)

@ (Wo/W) 0.8820 0.8620 0.8940

(-4

<9

: (W o /W) 0.0587 0.0778 0.0550

[/2]

< (Wy/W) 0.0593 0.0602 0.0510

W
Tot al (wﬂf) 0.1380 0.1590

o]

0.1728 0.1598

0.1644 0.1597



(SOLID-

TABLE B-8:
(1121°F),

- 141 -

THERMAL DECOMPOSITION DATA,
PHENOL- FORMALDEHYDE ABLATOR C-1

605°C

55

-

53

49

Time 1., .o
(mins) 1.50 3.00 5.00

(W/W,) 0.680 0.680 -0.680
(1-W/W,) 0.320 0.320 0.320
<Wuzo/Wo7 0.0436 0.0436 0.0515
(Weo/¥,) 0.0195 0.0223 0.0243
(wcoz/wo) 0.0483 0.0492 0.0490
(Wc:a4/wo) 0.0141 0.9162 0.0214
(Wrg/wo) 0.0002 0.0002 0.0002

@ (Worg/¥o) 0,1690 0.0915 0.0850

< (0.292) (0.223) (0.231)

(4]

e (GA) (EA) (GA) (EA) (GA) (EA)
(Wg/W,) 0.1965 0.1530 0.1580 0.1225 9.1640
(Woy /W) 0.0862 0.1516 0,0884 0.1328 0.0953 0.1407
(wH/wo) 0.0129 0.0228 0.0114 0.0263 0.017%% 0.0288

;m:(wC/W) 0.9410 0.9180 0.9330

[

he (W, /W) 0.0116 0.C%10 0.0289

- -

< (W 'W) 0.0474 0.0410 0.0381

wox
Total( ) 0.1592 0.1597 0.1596

w
o
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TABLE B-8 (CONTINUED)
Run 54 51 50
Time
(mins) 5.00 15.00 20.00
(W/uw,) 0.667 0.661 0.658
(1-w/w,) 0.333 0.339 0.342
. (WHZO/WO) 0.0525 0.0788 0.0887
(Weo/¥s) 0.0198 0.0289 0.0252
(wcoz/wo) 0.0453 0.0502 0.0561
(Wcuafwo) 0.0190 0.0233 0.0233
(Weg/¥,) 0.0002 0.0002 0.0002
~(Wo o /W,) 0.1640 0.0750 0.0708
< (0.301) (0.256) (0.261)
(&)
~ (GA) (EA) (GA) (EA) (GA) (EA)
(We/Wg) 0.1947 0.1690 0.1996 0.1610 0.1900 0.1530
(Wy, /W) 0.0900 0.1420 0.1231 0.1515 0.1342 0.1578
(W /W) 0.0149 0.0245 0.0165 0.0266 0.0175 0.0282
(0.339) (0.342)
~~
B (W /W) 0.9280 0.9460 0.9580
1l
al
o (o /W) 0.0270 0.0121 0.0027
o w
B< (Wy/W) 0.0450 0.0419 0.0393
Total (w—) 0.1593 0.1592 0.1595
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TABLE B-8 (CONTINUED)
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b o L —

Run 57 52 56
Time
(mins) 25.00 31.00 78.00
(W/wy) 0.648" 0.653 0.637
(1-W/W,) 0.352 0.347 0.363
(“Hzo/“o) 0.1200 0.1200 0.1350
(Wao/¥o) 0.0214 0.0333 0.0290
(wcoz/wo) 0.0550 0.0455 0.0522
(Wcua/wo) 0.0205 0.0237 0.0204
(wrg/wo) 0.0002 0.0002 0.0002
G(worg/wo) 0.1090 0.0590 0.1000
< (0.326) (0.282) (0.337)
(4]
~ (GA) (EA) (GA) (EA) (GA) (EA)
(Wa/Wy) 0.1717 0.1750 0.1673 0.1680 0.1656 0.1841
(Wox/Wo) 0.1590 0.1591 0.1589 0.1463 0.1746 0.1591
(Wy/W5) 0.0213 0.0328 0.0208 0.0324 0.0228 0.0374
(0.352) (0.3%7)
@ (We/W) 0.9665 0.9440 0.9735
3]
[
A (W, /W) 0.0000 0.0212 0.0000
=4
w3
S @ (Wy/W) 0.0335 0.0348 0.0265
A 4
oX
Total ( ) 0.1591 0.1594 0.1591

W
o



TABLE B-8 (CONTINUED)
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Run 58
Time .00
(mins) 10

(W/W,) 0.656
(WHZO/WO) 0.1130
(W /W,) 0.0218
(Weo, /W,) 0.0468
(wcua/wo) 0.0199
(Weg/Wy) 0.0002

;(worg/wo) 0.1160

< (0.317)

(4]

e (GA) (EA)
(We/Wy) 0.1499 0.1780
(W, /W) 0.1470 0.1534
(Wy/W,) 0.0206 0.0318

~~

i3 (W /W) 0.9555

(-
o e
:m(wox/W) 0.0095
own
LS (Wy/wW) 0.0350
wO
Total (+nx) 0.1594

W

w o

& B
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TABLE B-9: THERMAL DECOMPOSITION DATA, 666°C
(1199°F), PHENOL-FORMALDEHYDE ABLATOR C-1

Run 17 78 79 80 81 82
Time

(mins) 2 4 8 16 32 72
W/W 0.628 0.624 0.622 0.618 0.612 0.607

1-W/W, 0.372 0.376 0.378 0.382 0.388 0.393




(SOLID-

TABLE B-10:
(730.4°F),

146 -

THERMAL DECOMPOSITION DATA, 388°C -
PHENOL- FORMALDEHYDE-QUARTZ* ABLATOR C-3

Run 109 106
Time
(mins) > 10
(W/Wg) 0.966 0.960
(1-W/w,) 0.034 0.040
(wnzo/wo) 0.01860 0.02600 0.03100
(Weo/W,) 0.00284 0.00376 0.00477
g-(wcoz/wo) 0.00560 0.00520
< {0.0235) (0.0354) (0.0410)
(4]
~ (GA) (GA) (EA)
(Wo/Wo) 0.00176 0.007 0.00314 0.00346 0.017
(Wyy /W) 0.01364 0.0260 0.02930 0.03409 0.0310
(Wy/W,) 0.00206 0.00284 - 0.00344 .-
”~
B (W /W) 0.802
g e |
o (Wox/W) 0.1270
wn
< (W /W) 0.0710

* 28.8 W% Quartz



TABLE B-10 (CONTINUED)

Run 110 12 113 114
(Mixture) .
Time
(mins) 30 60 2 60
(W/W) 0.943 0.929 0.968 0.927
(1-W/W,) 0.057 0.071 0.0316 0.0727
(Wg o/wo) 0.04970 0.05720 0.01850 0.05800
2
(Weo /W,) 0.00480 0.00490 0.00305 0.01690
~ (Wcoz/"o) 0.00370 0.00580 0.00890 --
< (0.0582) (0.0679) (0.03045)0.0749)
Q
~ (GA) (EA) (GA) (EA) (GA) (GA)
(We/W,) 0.00306 0.033 0.00368 0.034 0.00155(0.0072)*
(W, /W,) 0.04773 0.0418 0.05791 0.0400 ©0.0247 (0,0613)*
(Wg/VWy) 0.00552  -- 0.00635 - 0.0021 0.0064
”N
E (WC/W) 0.800 0.817
]
[~}
H o (Wo i /W) 0.1298 0.119
3
B< (Wy/W) 0.0702 0.0640

* Contributions from 002 not included,
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TABLE B-11: THERMAL DECOMPOSITION DATA, 316°C
(560°F), EPOXY-NOVOLAK ABLATOR

e

Run 214 215 207
Time
(mins) 2 5 10
(W/W,) 0.950 0.943 0.934
(1-W/wW,) 0.050 0.057 0.066
(“uzo/wo) 0.0364 0.0348 0.0470
(Wao/Wo) trace trace trace
(Wcoz/wo) 0.0045 0.0070 0.0048
Wy ap/Wo)* 0.0045 0.0104 0.0119
< (0.0454 (0.0522) (0.0637)
[
~ (GA) (EA) (GA) (EA) (GA) (EA)
(Wg/¥,) 0.0056 0.0140 0.0120 0.0170 0.0129 0.0350
(Wox /W) 0.0357 0.0040 0.0361 -- 0.0453 0.0040
(Wy/W ) 0.0041  -- 0.0042  -- 0.0055 .-
~~
B (W /W) 0.6870 0.6840 0.6800
~
B (W /W) 0.2200 0.2310 0.2237
=i
< (W /W) 0.0930 0.0850 0.0963

* No detailed analysis attempted,

g T N

B A s e

e
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TABLE B-11 (CONTINUED)
p— e e
Run 213 208 216
T“E‘;ine) 20 30 60
(W/Wo) 0.917 0.902 0.867
(1-W/W,) 0.083 0.098 0.133
(wnzo/wo) 0.0479 0.0482 0.0610
(WCO/WO) trace trace trace
(wcozlwo) 0.0064 0.0072 0.0127
o (Wpap/W,) 0.0179 0.0144 0.0162
< (0.0722) (0.0698) (0.0899)
(&)
~ (GA) (EA) (GA) (EA) (GA) (EA)
(Wo/Wo) 0.0192 0.0320 0.0160 0.0170 0.0192 0.0310
(Wox/W,) 0.0473 0.0110 0.0480 0.0435 0.0634 0.0552
(Wy /W) 0.0058 -- 0.0057 -- 0.0072 -
S (Wg/W) 0.6840 0.7120 0.7240
23]
A (W, /W) 0.2178 0.1860 0.1802
-
[ - ] )
o @ (Wy/W) 0,0982 0.1020 0.0958
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TABLE B-12: THERMAL DECOMPOSITION DATA, 388°cC
(730.4°F) EPOXY-NOVOLAK ABLATOR
Run 202 201 203
Time
(mins) 2 3 10
(wlwo) 0.811 0.680 0.577
(1-W/Wo) 0.189 0.320 0.423
(WHZO/Wo) 0.0750 0.0980 0.1260
(WCO/WO) 0.0039 0.0079 0.0119
(Wcoz/wo) 0,0680 0.0270 0.0430
fm\(wt"/wo) 0,0430 0.0260 0.1040
< (0.1899) (0.1589) (0.28497
4.}
~ (GA) (EA) (GA) (EA) (GA) (EA)
(wc/wo) 0.,0620 0,0960 0.0371 00,1720 0.1171 0.2550
(wox/wo) 0.,1177 0.0480 0.1103 0,1107 0.1490 00,1278
(WH/WO) 0.0095 0,0050 0.0119 0,0213 0.0168 0,0228
"
g(WC/W) 0,7040 0.7560 0.7440
<
0
<
(WH/W) 0.0920 0.0880 0.1027

@ Aepir < YR

S T o T ¥ T SRR
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TABLE B-12 (CONTINUED)

151 -

Run 204 205 206
Time

(mins) 20 30 60
(W/w,) 0.470 0.406 0.305
(1-W/W,) 0.530 0.59¢4 0.695
(wuzo/wo) 0.1540 0.1560 0.1650
(Weo/¥W,) 0.0166 0.0166 0.0205
(wcozlwo) 0.0590 0.0670 0.0760

w (Weap/W,) 0.1230 0.1310 0.1170

: (0.3528) (0.3708) (0.3783)

. (GA) (EA) (GA) (EA) (GA) (EA)
(We/W,) 0.1429 0,3070 0.1528 0.3440 0.1434 0,4380
(Wou/¥W,) 0.1878 ©.1907 0.1953 0.2041 0.2121 0.1957
(wH/wo) 0.0203 0.0379 0.0208 0.0407 0.0215 0.0544

")

2(wc/w) 0.8540 0.8780 0.8510

=

ﬁ(wox/w) 0.0474 0.0162 0.0561

<(wH/W) 0.05856 0.1058 0.0929

2 e b 5 ST
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TABLE B-14:

154 -

ANALYSIS OF RESIDUAL GAS, PF RUNS

Run 49 50 51 52
(Weight Fraction of W)
H, 6.24x10"%  1.26x10°3  9.77x10°% 1.s3x10° 3
¢,k 5.13x10">  1.84x10"°  1.85x10°°  1.88x10" 3
Czﬁa Trace Only
-3 .3 -3 -3
CyHg 1.79x10 1.36x10 2.79x10 6.58x10
qbcu3 2.35x10"2  3.26x10"°  2.46x10"°  3.53x10"
Peu,), 5.23x107%  9.82x107%  6.94x10"3  1,01x1072
Run 53 54 55 56
(Weight Fraction of W,)
H, 4.78x10"%  6.68x10°%  2.93x10°3  2.25x107%
c,H 1.65x10°3  1.52x10"°  1.34x10">  1.85x10™°>
C2H4 Trace Only
-3 -3 -3 -2
C4Hg 1.80x10 9.05x10 1.05x10 1.29x10
quH3 2.13x10"2  1.82x10°2  1.94x10" 2 --
qb(cu3)2 5.23x10°7  6.80x10"°  5.05x10"°  1.77x10" 2

HOUSTON RESEARCH INSTITUTE, INC.
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TABLE B-14 (CONTINUED)

155 -

Run 57 58 59 60
(Weight Fraction of W,)

H, 1.33x10" % 9.41x10"% - -

C,H, 1.79x10"3  1.55x10"°  4.22x10"%  1.68x10"°

czna Trace Only

C Mg 5.72x10"3  4.95x10"°  2.96x10"3  6.20x10" 3

e, 3.96x10" > 2.92x10°%2  1.07x10"2  2.92x10" 2

qb(cn3)2 1.18x10"2  9.24x10"3  9.25x10"3  9.s53x10"3

Run 61 62 63 64
(Weight Fraction of W,)

H, - . - _

C,Hg 2.30x10" >  5,53x10"%  6.55x10"%  6.14x107%

C2H4 Trace Only

C,Hg 6.85x10"°>  2,92x10"%  5,20x10">  8,87x10” >

qbcn3 3,82x10"%  1.04x10°2  1.15x10"2  1.80x10" 2

e, 1.27x10" 2 4.18x10"2  5,89x10"3  9.55x10" >

HOUSTON RESEARCH INSTITUTE, INC.
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TABLE B-16

MERCURY POROSIMETER DEVERMINATION

OF PORE VOLUME,
SURFACE AREA, AND PERMEALILITY

Sample Identification: _DPhenol-iormaldehyde resin, C-1, Run 1

Sample weight, grams
Bulk density, graus/cm
Skeletal deasity, grams/cm

Fraction porosity

R

PORE PORE 22716VT 2/D SURFACE PERMEASB.
VOLUME» DIAMETER: X100 TO+8e X10 TO=4r» AREA» X10 TO+8,
CM3/6 MICKONS CM=1 CM=-1 CM2/6 cMa2
20000 3724340 12592.409 + 0054 o0 e00__
U275 154615 1645.954 «0149 2.8 90.82
00321 112.179 1143.024 «0178 3¢5 93.78
sUBLS 85.784 bo8eb1l2 « 0233 5.4 97.63
00459 734529 491.078 0272 6e6 98,87
0550 65.759 393.135 0304 9.2 100.75
N WUb96  59.524 321,818, 0336 10.7  101.51
070y SUl4dd 228378 «0399 17.4 103.85
elit? 37054 128.047 «0531 347 106.72
L elwwo 344065 108.043 «0578 513 __ 108.36
o2lii¥ 3U.3e9 83551 « 0659 92.4 111.33
3119 z6l7l8 _ ohea37 .0749 163.5 114,80
03945 23.087 L8.4135 « 0866 230.1 116.96
4079 19.423 34.265 +1030 299.7 118,37
e DULHD 17.623 28.210 01135 339.4 118.90
e e9409 14,957 204320 1337  390.5 __ 119.37_ __
e0l01 2705 . ¢ 605 7394 670.8 119,68
_________ 05097 e 49 «011 58251 2628.1 = 119.69
079 218 0004 9.1771 33163 119.69
A ltote) o174 +003 11.4629 3789.7 119.69
T «0bb «000 3443200 3789.7 119.69
 ssevl 4050 000 40.0343  5495.1 119,69
08061 «012 «000 171.4286 5495.1 119,69
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TABLE B-17

MERCURY POROSIMETER DETERMINATION OF PORE VOLUME,
SURFACE AREA, AND PERMEABILITY

Sample Identification: Phcnol-formaldehyde Resin (C-1), Run 2

vt ¢ o i hwnd S el s & 6 e ferg b v o s s s+ omes < e RN i

Sample weight, grams .188 .
Bulk density, grams/cm3 ‘ . 648 .
Skeletal deasity, grams/cm3 1,225
Fraction porosity ' .473
PORE PORE 22/716VT 2/D SURFACE PERMEAB.
VOLUME » DIAMETEZR» X110 TO+8, X10 TO=4» AREA» X10 TO+8.
CM3/6 MICRONS CM=1 CM~-1 CcM2/6 cMm2
«0000 159.672  2185.785  L,0125 = L0 <00
- U206  Boe.lod 6364515 « 0232 4.8 17.75
0479 56720 275,879 0353 11.0 22434
0851 40230 1384755 « 0497 268 25,99
- 2021 . 30.435 794413  «0657 = 9443 32,03 _
4202 224537 43.546 0887 26248 38437 3
«5106 18,717  30.033 = +,1069  351.2 39.95 _
D718 14,957 19,180 01337 424.8 - 40.66
+ 0915 44708 1,949 194 755.8 41.26 .
7074 30385 0982 + 5909 836.4 41,27
o 72354 825 08B 244229  1076.8 41,27
o 7254 192 «003 10,4229 1076.8 41,27
R 7201 087 001 2249943 1521.2 41.27 .
7287 012 +000 171.,5657 243647 41,27 -
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TABLE B-18

MERGURY POROSIMETER DETERMINATION OF PORE VOLUME,
SURFACE AREA, AND PERMEABILITY

Sample Identification: _Phenol-formaldehyde Char # P1

(1 - W/Wo) = 0,032 (2% min at 385°C)

. [

Sample weight, grams 122

Bulk density, grams/cm3 .701

Skeletal density, grams/cm3 1,298

Fraction porosity . 459

PORE PORE D2/16VT 2/D SURFACE PERMEAB.,

VOLUME» DIAMETERe X100 TO+8» X10 TO=4s AREA» X10 TO+8»

CM3/6 MICRONS CM=1 CM=1 CM2/6 cme
0000 182.292 ~ 3165.,992 =~~~ L0110 20 . 00
U410 102.041 992.028 «3196 6¢3 39.11
0656 774640 5744307 0258 11.8 47,95
09564 56,725 3284564 0341 21.6 54,74
1511 47.314 217.816 _«0418 34,41 58,85
e 1516 40907 159,430 0489 43.4 60.63
+2151 S4e287 0 111.740 0584 7644 64,45
2787 29.869 84,968 « 0670 117.5 67.41
03607 24,964 59,377 . 0801 1777 70,13
+4031 19,094 344737 «1047 2724 72.34
4262 21,525 444144 <0929 23640 71,67
5205 15.926 24.167 01256 339.0 73415
6311 it o 464 1.899 J4480 65643 73.81
06593 34557 1.205 5623 69747 73.82
0475 829 2065 2.4137 819,7 73.82
6516 342 o011 5.8423 98849 73.82
«6016 0146 ) 002 13,7257 ~ 988.9  73.82
06557 « 057 «000 3449829 1987.0 73.82

6557 012 000  171.5543 1987.0 73.82
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TABLE B-19
MERCURY POROSIMETER DETERMINATION OF PORE VOLUME,
SURFACE AREA, AND PERMEABILITY

Sample Identification: Phenol-formaldehyde Char #P-2

it Lt i 2 S

(1 - W/Wo) = 0,047 (4% min, at 385°C)

Sample weight, grams .130
Bulk density, grams/cm3 .628
Skeletal deasity, grams/cm 1.220
Fraction porosity .G85
PORE PORE 22/16VT 2/D SURFACE PERMEAB.
VOLUME» DIAMETERy X106 TO*8, X10 TO=4e» AREA» X10 T0O+8,
CM3/6 MICRONS CM=1 CM=1 cM2/6 CcM2
« 0000 221519 3967.550._m“w_ 0090 B o0 o LOQW___
- W 0615 135.240  1478.795 .0148 T 7.3 81.28
« 0923 806.207 600.876 0232 13.2 96,79
«110G2 65250 3444238 0307 20.4 102.96
+1385 93.191 2285762Lm“m___~30376_mwm 27,0 105,64
«2000 41,371 138.3587 0483 534 111.12
o eebY2  34.483  96.140 = L0580 90.2 115,05
e 35U8 28.950 67.702 « 0691 1293 117.50 )
400UV 244407 48.166 «0819 18146 119,44 {
4709 21.135 36,117 « 0946 249,.5 121.02 "
o «HJ08 B _____1;80647_“_7_”_“V 280113 i ) 01073‘ o 303!_9_____1210_8_6
0OU77 15.570 19,617 1284 394.5 122.75
— ‘_0__77011 5 1_0_:)30 «189 ) 1 0307"}~ ] __1“"’_99_0_0__-_______1:2 3_0_99 '
07592 0825 « 055 2.4229 1642.5 123.49 ’
e 7092 04 Y 000 45.8514 1642.5 123.49
o 7751 e 059 «000 51.5657 3515.9 123,49 )
o 7731 «012 0000 171.5657 3515.9 - 123449

I W




- 161 -

TABLE B-20

- e A A

1 wg——

o i S G s Wi

MERCURY POROSIMETER DETERMINATION OF PORE VOLUME,
SURFACE AREA, AND PERMEABILITY

Sample Identi

fication:

Phenol-formaldehyde Char #33

PO

(1-W/Wo) = ,0734 (15 min at 389°7)
Sample weight, grams .088
Bulk density, grams/cm3 .676
Skeletal density, grams/Cm3 1,220
Fraction porosity .44 6
PORE PORE 22/16VT "2/0 ~ SURFACE PERMEAB.
VOLUME» JQIAMETER, X10 TOt8, X10 TO=4es AREA» X10 TO0+8,
CM3/76 MICRONS CM=-1 CM=1 CM2/6 cm2
« 0000 2B2.258  7555.919 L0071 o0 00
0227 182.292 3151.579 «0110 2.1 54,27
o 0541 B84.175 671.988 0238 4.0 63.96
«JU4b5 68.843 449,490 + 0291 7.0 66.80
«0739 57.302 311.420 0349  16.1 71,62
00909 51,110 247744 T ,0391 224 73.74%
e 1304 43.424 1784838 = L0461 @ 418 78,07
01932 3841656 138.163 0524 69.8 82,09
e2b1l%4 33144 1@5:135 + 0603 108.2 85.77
e 4U91 244904 _959.106 <0801 211.7 _91.02
eHOU2 2l.772 44,955 .0919  255.7 92.21
« 5000 19,189 _ 34.921 L1042 @ 294.7 92,91
5068 16,1501 24741 .1238 "359,5 93.67
e 0564 5,303 R+007 3771 55847 94,16
sO477 1,591 240 1.2571 6516 94,16
« 6234 426 £ 017 406971 82047 94.16
' 5534 097 +001 20,6971 82047 94,16
6591 + 058 «000 34,4114 23863 = 94,16
005591 «012 .000 171.5543 238643 94,16




Sample Identification:

_(1-W/Wo) = 0,095;

MERCURY
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TABLE B-21

v o ra e a4 e g o SO SIS g P T S T L SETAREAIENCT,

SURFACE AREA, AND PERMEABILITY

POROSIMETER DETERMINATION OF PORE VOLUME,

Phenol-formaldehyde Char #65;

(2 min at 436°C)

e T = "

Sample weight, grams 0,148
Bulk density, grams/cm3 0,6371
Skeletal density, grams/cm3 1.2003
Fraction porosity 0.4692
T TTTTTPORE T T T TTPORE " D2/1e6vT 2/D  SURFACE  PERMEAGu. -
VOLUME DIAMETERe X100 TO+8» X10 TO-4» AREA¢ X10 TO+8, -
CM3/G MICRONS CM=1 CM-1 CM2/6 cme -
«0U0O0 4l16.007  14732.782 L0048 40 - «00
S U135 1483.914  1757.584 0139 1.3 52.28 —
00203 115,971 11_‘*10313 001:,2 2¢3 56.87 {
0270 96,048 782865 «0208 3.6 59,92 —_
ebore _ O T8G754% 4740221 ,0268 _ 6.0  62.91
NILIVE) b4¢380 351791 «0311 7.0 63.57 '“
sUbnhl _D0e379  269.737 _+0355 _11.5 65454
0777 49,648 209.%10 « 0403 20.4 68.20 —
ol210 44.081 164.893 0454 39,2 72.05
1892 39,503 132.427 « 0506 717 76.77 -
s 2035 34757 102.514 _«0575  111.9 . _80.86
YAL: 23.548 69.161 00701 185.2 85,49 -
L 4122 2840067 5664851  .0713 = 209.0 = B6.57
e4o02 25.907 560955 0772 249.2 88.14 —
4900 254900 484742 « 0835 2736 88.89
5338 2l.072 59.856 00923 30642 89.66 ”"
_ eboud 204290 344935 + 0986 3320  "S0.14 ¢
5511 19.022 304705 «1051 352.7 90,45 T -
) ob‘ﬂ-}o e 17 9806 _ﬁ____k27!l+51 011_12 36703 90 64 ]
0119 "16.816 23.996 01189 386.7 90,84 —
«0210 15,311 19.893 «1306 399.4 90,94 ‘
e TUYD 4,300 1.569 4651 661,0 91.39
7198 _1.530 e 199 *,»; 3074 750.9 91,39
7230 1.054 « 094 1.8971 805.0 91.39
_el204% v 660 «037 3.0286 88842 91,39
07297 0342 010 '5.8514  1038.2 91,39
07297 o116 001 17,2800 1038.2 91,39
7531 « 035 «000 57.2800 2297.6 91.39
L e7831 032 _«000 62,9943  2297.6 91,39
07365 « 029 «000 70.0800  4545.5 91,39 |
7565 012 _000__ _ 171.,5657 45455 91.39 i:

1
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TABLE B-22
MERCURY POROSIMETER DETERMINATION OF PORE VOLUME,
SURFACE AREA, AND PERMEABILITY

Sample Identification: Phenol-formaldehyde Char #66

(1-W/Wo) = v.115; (5 min at 436°C) —
Sample weight, grams . 0.152
Bulk density, grams/cm3 0.6227
Skelrtal density, grams/cm3 1.1959
Fraction porosity __0,4793
PORE PORE 22/16VT " 2/D SURFACE PERMEAB,
VOLUME » DIAMETERe X100 TO+8¢ X10 TO=4» AREA» X140 TO+8,»
CM3/6 MICRONS CM=1 CM=-1 CM2/6 CM2
+0000 ~182.292 = 26984312 = L0110 .0 B .00
- 0401 89.240 646605 0224 7¢3 4496
0526 75301 460.429 « 0266 8.9 36.70
e0625 53,337 325.741 .0316  11.8  38.56
0724 55.292 248.249 « 0362 15.1 39,92
00921 47.814%  185.640 = L0418 = 22.8 = 41.97
2072 39.124 124,290 0511 7643 50.52
r 2829 34,415 96,173 0581 117.7 54,52
4013 26.998 68.278 « 0690 192.9 59.19
4770 25.480  B52.720 0785 = 248.7 61,38
5428 224327 40.478 « 0896 304.0 62.85
_ 05921 19,774 314750 1011 = 351.0 _ 63.71
05250 17.065 23.646 1172 38649 bU.14
06579 14,957 18.1656 01337 L28.2 6447
7500 324 «009 601714 3331.9 64.87
e 75005 0170 002  11.7714  3922.1 = 64.87
7032 087 <001 23,0857 5068.7 64.87
27052 2058 o000 34,2857 _ 5068.7 = ©o4.87 __
« 7004 049 «000 40.5714 6299.9 64.87
e 7004 «022 + 000 91.4286 6299.9 64,87
0 7697 019 «000 102.8571 9495.4 64,87

0 7697 «012 <000 _171.4286 9495.4 64,87
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TABLE B-23

MERCURY POROSIMETER DETERMINATION OF PORE VOLUME,

SURFACE AREA,

AND PERMEADILITY

Sample Identification: Phenol-formaldehyde Char #67

{1-W/Wo) = 0,133; (10 min. at 436°C) -
Sample weight, grams 0,1755 -
Bulk density, grams/cm3 0.6424
Skeletal density, grams/cm3 1,1923 )
Fraction porosity __0.4612 k
—_— . . . ;
PORE PORE D2/1e6vT 2/D SURFACE PERMEAB., |
VOLUNME» UIAMCTERe  X10 TO+8:» X10 TO=4s» AREA X10 TO+8,
CM3/6 MICRONS Cv=-1 CM=-1 CM2/6 cMm2 ;
o oU00C 19ve217  3150.043 «0105 o0 «00
sUl1ll 125,950 1208.111 0160 1.5 11.87
0171 65200580 593. 760 0242 2.7 14.45
el2e8 09.509 419.181 «0288 Lo.2 15.78
o .e0o42 57,040 283.258 «0351 7.8 17,63
0709 45,776 1824425 « 0437 24,9 21,98 '
02536 354680 98. 792 0594 107.3 31.40
«29V0 30.048 81.775 e 0653 142.8 33.77
o s 0302 _28e4595  71.i85 « 0699 173.6 35,38
03875 26,515 61.207 « 0754 2109 36.94
o _e43B7 244,289 __5l1.300 «0823 251.4 38.27
4760 220321 43,377 « 0896 285.6 39.15
s024e 204115 35.225 « 0994 32847 39,97 :
ebDu 70 18,837 30.893 1062 352.2 40,32
______ _eD098  10.880 __  21.955 1259 37846 40,60 —
0Ubb 14,957 19.477 01337 42647 40.95
B ___~___o_7UU9 o __2_._6;44 0599_ e 7623 8_"}_709 “1_0___3_9 :
e 7UdD le020 0203 1,3109 907.0 41.39 i
e 7094 o 542 «010 5.85164 1009.0 41.39 o
o TUSL elYe « 003 10.4229 1009.0 41,39 '
. oell2d 0173 +003 11.5314 1321.,7 41.39
w113 00387 0001 229943 1321.7 41,39
DTN 2 53 S 1L 1 «000 41,2800 22373 41.39
e 7479 U308 « 000 52,4800 3572.9 41,39 E
« 1179 012 <000 171,5657 3572.9 41,39
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TABLE B-24

MERCURY PORCSIMETER DETERMINATION OF PORE VOLUME,
SURFACE AREA, AND PERMEABILITY

Sample Identification: Phenol-formaldehyde Char #69

(1 - W/Wo) = 0.158; (41 min, at 436°C) .

Samplec weight, grams 0.1210

Bulk density, grams/cm3 0.6247

Skeietal density, grams/cm3 1.1898
0.4750

Fractio: porosity

PORE PORE Dz2/16VvT 2/0 SURFACE PERMEAG .
VOLUNME Y CIAMZTERe X100 TO+8» X10 TO=4rs AREA» X10 TO+8,
CHs/76 - MICRONS CM=1 . CM=1 CM2/6 cm2
o _eQUuU  29l.607 = ©993.082 <0069 «0__ +00
wU16S 1754000 2517.509 0114 1.5 37433
T4 Ts 116.6067 1118.893 U171 2e7 44,47
w0851 BBeI04 o42.156 e 0226 bed 47.93
 Wu%90_ _ 57.377__ 2704627 _ 0349 9.1 51,581
U7k boe4l9 177.128 e 0431 18.7 8,15
C WlolB 434323 133.657 L0496 6Be5 02408
02202 306008 1064086 0555 107.6 66.32
o 54 T71 31.640 B2.3523 0632 161.6 70,40
«4UD0 2845408 660990 «0701 200.2 72.45
Cehoed 204030 55,915 0767 2u2.6 74,14
4959 244272 480424 « 0824 268.9 74.96
. -__0_34:)5‘* 223D k41,0063 e e0B89  311.5 _16.02 _
e27565 20603538 35.679 « 0960 34262 76.62
+blib luseld421 27.895 «1086_ 376.0 77,12
LD 17.123 244103 «1168 413.2 77.53
e .’_7'*.56.,,_4.. e __2_.814 651 w_ﬂ._]l_().?____“ - 823.7 o 18.11
e 7479 e 302 - eUl0 5.6800 955.7 78,11
U =T 0289 007 649257 121601 78,11
e 7502 «070 «000 28.6657 1951.9 78,11
e /0U3 038 «000 524571 3628.4 78.11
e 70U3 012 2000 171.5429 362604 78.11
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[ABLE B-25

MERCURY POROSIMETER DETERMINATION OF PORE VOLUME,
SURFACE AREA, AND PERMEABILITY

Sample Identification: Phenol-rormaldehyde

Char #70

[

(1-W/Wo) = 0,172; (90 min. at 436°C)

Sample weight, grams 1185
Bulk density, grams/cm3 , 623
Skeletal density, grams/cm 1.234
Fraction porosity .. 484
PORE PORE J2/16vT ?2/0 SURFACE  PERMEAB.
VOLUME» OIAMETERe X10 TO+8,» X10 TO=4¢ AREA» X10 TO+8»
CM3/76 MICRCONS Cy=1 CM=1 cM2/6 cm2
V000 . 339.147 90654328 2 40059 .0 .00
JUluk4 ©162e1a7 - 2073.194 - «0123 .8 22.75
+ 0506 8o« 402 589.199 «0231 B8e3 49,93
0970 554520 242.9456 « 0360 22.0 59,28
00008 37:.6344‘_**_*7_411.0 629 S ‘~0531 o 114:_2_ 77_._0%___
obUO3 250090 62: 138 00712 24001 8505“
0UT0H 224095  38.480- «0905 = 322,0 88,01
6Dd2 18.229 264190 +1097 37246 88.80
7089 15.432 18.770 01296 43342 89.35 .
e 7679 Loty 1.555% 4503 60445 89.64
o edTe4% 364US. G914 45874 54843 89,65
e 7648 1.571 « 194 1.2731 72648 89,65
w902 342 . +009 = 58514 = 102744  89.65
7932 o012 «000 171.5657 1027.4 89.65

e e
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TABLE B-26
MERCURY POROSIMETER DETERMINATION OF PORE VOLUME,
SURFACE AREA, AND PERMEABILITY

Sample Identification: Phenol-formaldehyde Char #71

(1-W/Wo) = 0.,259; (1 min. at 571°C)

Sample weight, grams 0.1900

Bulk density, grams/cm3 0.6530

Skeletal density, grams/cm3 1,2125

Fraction porosity 0.4610

PORL PORE 22716VT 2/D SURFACE PERMEAB.

VOLUME ODIAMETERe  X10 TO+38» X10 TO=4s AREA X10 TO+8»

CM3/6 MICRONS CM=1 CM=-1 CM2/6 cme
«0600_ _  540.375 = 2ob502.221 «0037 0 .. 00
eU1b8 153.04% 2091.870 0130 1.3 104,07
olzll 167.891 1031.527 « 0185 241 107.80
eUJ1l0 B3.413 6104554 + 0240 Gel 111,86
L pelele 64552 569.252 _ 0310 5.8 113,05 __
eUD20 55.914 277.009 ) 0358 11e1 115.40
o4zl 33.108 129,095 _e0524%  138.7 142,50
4447 32,181 91.771 «0621 197.5 147,72
«HUHS 27822 68593 «0719 238.1 149,96
eDJ08 244579 534533 «0814 2623 150.85
.50054 22,013 42,939 L0909 289.5 __ 151,55
5947 19.603 34261 01017 314.8 152,02
151U5 17,700 27,971 21126 331.7 __ 152.25___
53595 14,957 19.825 01337 3674 152,57
0342 4e197 1.561 4766 503.9 152.79
« 895 24931 w701 16623 S3khl4 152,79
6947 l.8068 « 509 1.0709 58045 152,79
947 483 o021 441371 5805 152,79
0974 ¢ 385 013 5.2000 7034 152,79
DYTH 214 <004 9.3371 7034 152.79
« 7000 o 194 003 10,3086 961.9 152.79
«7000 e1llb «C01 17.2800 961.9 152.79
e 70206 + 0BY4 «001 2349086 1503.8 152,79
e 7020 2070 «000 28.7086 1503.8 152,79
7053 «058 «000 34.6514 2337.5 152,79

«7U53 W012 .000 171.5657 2337.5 = 152,79
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TABLE B-27

MERCURY POROSIMETER DETERMINATION OF PORE VOLUME,
SURFACE AREA, AND PERMEABILITY

Sample Identification: Phenol-formaldehyde Char #72

(1 - W/Wn) = 0,302; (3 min. at 571°C)

1515

Sample weight, grams

Do

Bulk density, grams/cm . 659
Skeletal density, grams/cm3 1,680
Fraction porosity . 609
PORE PORE 22/16VT 2/0 SURFACE PERMEAB,
VOLUME » DIAMETER» X100 TOt8» X10 TO=W4r» AREAr X10 TO+8.,
CM3/6G - MICKONS CM=1 CM=1 CM2/6 . cM2
o eu000  233.333 308246060 2 .0086 .0 +00
o 0132 1264557 1083.028 «0158 1.6 19.16
0204 1.599 451.487 « 0245 be3 25,33
V4D 62927 267.844 «0318 9.8 29,66
. elod4  B7.425 = 152.136 Q422 51e¢3 44,01
05234 35.971 87522 0556 132.0 56,06
L elh224 29,362 @ 58,317 __«0681 193,2 60,45
e 4950 24,221 39.683 0826 247.9 62.62
o oDYLS 204420 28.205 « 0979 289.7 63,57
2077 1341564 220291 1102 317.1 63.98
___eDUUT 1543581 15,896 1305 = 356.8 64,36
DOVl 5.193 l.824 ¢ 3851 510.0 64.68
e O9Y 0 1eb02 4185 142800 1334.3 b4.74%
7921 « 709 e 034 2.8229 201l1l.4 64,75
7921 116 001 17,2800 2011.4 64,75
ebibul 057 « 000 34,9943 19263.6 64,75
_____________ e5081 « 044 «000 45,8514  19263.6 64,75
5911 e 029 « 000 68,7086 38167.9 64,75
e *9241 <014 «000 141,8516 729137 64,75 _ |
9241 012 «000 171.5657 7291347 64,75
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TABLE B-28
MERCURY POROSIMFTER DETERMINATION OF PORE VOLUME,
SURFA ¥ AREA, AND PERMEABILITY

Sample Identification: _Phenol-formaldehyde Char #73

(1 - W/Wo) = 0,320; (8 min. - 571°¢C) .
Sample weight, grams 0.1948
Bulk density, grams/cm 0.7010
Skeletal density, grams/cm 1,3261
Fraction porosity 0.4714
PORE POl Tpe/ilevi T T 2/0 SURFACE  PERMEAB.
VOLUME DIA~cTerRe X100 TO+8» X10 TO=4» AREA» X10 TO+8.»
CM37G MICRONS Cvi-1 CM=1 CM2/6 cm2
009_@_0 251, l‘)*-r _ 0540, 30““ 00077 . o0 300___
«U10H 15&.4.& J(J9‘+o7"‘7 «0110 1.4 34.25
0205 - 113.034% 1295.888 «0169 2el 39,56
0251 T 938.570 £99.515 00203 2.6 40.89
o});jbg__m o 7& . Dd*r Q‘O9 s032 o ) 276_ ) 5)_7 J&S.D 9_____
e S2ok 484579  220.225 0411 l104.4 93,19
ebuID  39.10U 0 -lH2.%45 0 .0511 158.8  103.28
elbed S4%e 38D lil.1l064 0578 181.1 10S.74 .
«D155 30eH35 864085 0657 200.2 107.17
e D090 28400V 72.8062 0714 217.8 103,13
oDu*r., o 24040 . Soe401 00811_ ~ 237’3 108,91 o
eDob2 22.293 464138 « 0897 254.9 109.41
_.D9u3 _2Ue735 3949586 40965 25947 109,51
«OUULD T 19,0063 3377 1049 270.0 109.69
HULY 17.748 29.275 1127 27546 109.77
ebHiUY loe40d 25.186 01215 28106 109.83
__eblbl 14,957  20.792 = +1337 288.2  109.89
0408 2.705 « 540 « 7394 422.6 110.05
v0020 825 0063 _2.4229 = 503.8 = 110.05
e 06071 » 344 .011 ' 5.8057 715.0 110.05
0022 031 «000 64.1371 2510.2 110,05
s00O%3 0020 «000 97 9057 459046 110.05
_ __*db 74 ul® o000 103 1086 - _7_1_21__1 o _110“0‘7075‘*__*
0725 012 000 169.2800 14162.6 110.05
5725 o012 «000 171.5657 141626 110.05




- 170 -
TABLE B- 29
MERCURY POROSTIMETER DETERMINATION OF PORE VOLUME,
SURFACE AREA, AND PERMEABILITY

Sample Identification: Phenol-formaldehyde Char #74

(1 - W/Wo) = .329; (16 min at 571°C)

Sample weight, grams 0,146
Bulk density, grams/cm3 . 673
Skeletal density, grams/cm3 1.297
Fraction porosity 482
POREL. PORE D2/716VT 2/0 SURFACE PERMEAB.
VOLUME » UIAMETERe X100 TOt8.» X10 TO=4s» AREA» X10 TO+8» _-
CMA/06 - MICRONS CM=1 CM=1 cM2/6 cM2
. ULl _§071Q£§ 82304857 «0065 ' o0 00 .
U137 1024539 2309.778 00123 1.3 34,80 .
o442 764586 512.180 «0261 Sel4 45,29
+UDHD 01,555 3304625 « 0325 11.4 49.47
ellll L6007 i90.15%6 « 0429 527 63.22 4
L e3Uv2_____ 33.846______ 131,767 0515 12006 74.38 |
4178 32.022 89,539 0625 183.0 804,23
4790 27.7738 07377 « 0720 2245 824.56 .
YL 236793 L9434 «0841 261.9 83,91
e 7Y 214793 41.473 «0918 279.9  B4.356 -
eH703 19.252 32¢e30H «1039 3067 34,84
. o 00027“ e 1’00573. _7_‘>_‘W*“_2;_5u0 981‘_ 01_2‘07 33705 850 22
s0D49 L.4452 1e723 « 4503 5535 85.73 _
e 0049 2+.850 « 709 «7017 553.5 85.73
009.1.5__‘“__%“‘10;)‘]‘.6‘ 02_01 lo;L89 62?07 85.73 J
¢DY410 420 «01l6 4.6971 6227 85473
) 00306___________ _0.346 oO_lU 5078_29 __98106 85.73
eDY00 U39 . « U000 51.5543 981.6 85,73
o fUbD 032 «000 62.9829 4904.,.1 85.73 .
e 1J0Y «0L9 «000 102.9829 7746.0 85.73
e7le3 017 000 11444114 1146845 85.73
o 7ib38 WUl2 «000 171.5543 16365.2 85.73

.
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TABL. B-30
MERCURY POROSIMETER DETERMINATION OF PORE VOLUME,
SURFACE AREA, AND PERMEADILITY

Sample Identification: _Phenol-formaldehyde Char #75

(1 - W/Wo) = .340; (32 min, at 571°C)

Sample weight, -grams ,1360
Bulk density, grams/cm3 677
Skeletal density, grams/cm3 1,220
‘Fraction porosity 445
PORE PORE ©D2/16VT 270 SURFACE  PERMEAB.
VOLUME» DIAMETEZRe  X10 TOt8» X10 TO-4¢ AREA» X10 TO+8»
CM376 MICRONS CM=1 Cv=1 CM2/6 cm2
«0000 579tHZQ___"§1895:539@___“~“_}00357“>m_mn_lp«_____ 00
00294 176509 2901.,985 0113 2e2 228.11
0551 824547 047.230 « 0242 6e7 248,77
0772 55.044% 294,090 « 0359 13.4 253,39
2132 B0.491 1554726 = L0494  Tl.4  267.01
3713 29.501 83,002 0677 163.9 275.40
4743 22,422 474751  .0892 @ 2u44.7 = 278,40
eD551 15.597 23.107 1282 33246 279.67
b0’ 7511 54358 v 2663 4777 280.14
+60uU7 +828 o ._065 = 2.4149 = 653.2 280,16
5031 173 «003 11,5543 1166.8 280,16

<5531 012 000 171.5543 116648 280,16




-172 -
TABLE B-31
MERCURY POROSIMETER DETERMINATION OF PORE VOLUME,
SURFACE AREA, AND PERMEABILITY

Sample Identification: Phenol-formaldehyde Char #76

(1 - W/Wo) = ,345; (70 min, at 571°C)

Sample weight, grams . 137
Bulk density, grams/cm3 . 678
Skeletal deusity, grams/cm3 1,278
Fraction porosity . 470
PORE PORE 22/16VT —  2/0 T SURFACE PERMEAB.
VOLUME DIAMETER _ X10 _TO+8, X10 TO=4» AREA» X10 TO+8,
CM3/76 MICRONS CM=1 CM=1 CM2/6 cM2
+ U000 2374772  5098.79. = .0084 +0 _.+00
0292 105.9352 1012.052 «0189 4.0 41,93
e D558 314250 88.074 « U640 148.4 76.71
4318 250399 584181 .0787  252.6 - 81,72
eH4ul 20.012 384318 «0970 303.9 83.05
5839 17.310 27.022 41155 3505 83.72
«50D8B 15.453 21.535 1294 377.3 83,97
00715 5.550 2+784 e 3600 53841 84,34
07488 G207 1.59% 4754 56846 84,35
. :_)_C}_Ol 1. 4}5 q'w” . 18_6 i N __Ml_oﬂ3_9’q‘3__ 656‘008_ 8‘_4 e 36
edbLL «192 «003 10,4229 636.8 84,36
5934 056 000 34,4229 22735 84436

« 0934 0lz2 .000 171.5657 2273.5 84,36
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TABLE B-32

MERCURY POROSIMETER DETERMINATION OF PORE VOLUME,
SURFACE AREA, AND PERMEABILITY

Sample Identification: Phenol-formaldehyde

Char #77

(1 - W/Wo) = 0,372; (2 min, at 666°C)

Sample weight,

grams

Bulk density, grams/cm

Skeletal density, grams/cm

Fraction porosity

1180

620

1,322

469

PORE PORE ' 22/16VT  2/D ~  SURFACE ~ PERMEAB.
VOLUME s DIAVETERs _ X10 TO+8s X10 TO=4s AREA» X10 TO+8,
CM3/6 MICKONS CM=1 Cv=1 CM2/6G CMme
0000 223,785 41404195 .0089 .0 .00
« U078 T 122.378 0 123864118 CW0163 8.6 @ 85.51
1156 73.529 4464972 0272 19.6 105.60
1864 S5U.872 213.953 « (393 42.2 116.11
0%492 »___.___5_3470 851.#"_‘___”11000455‘; e 0574 109_02__ o 13&'“8_‘ .
57563 27.822 03993 «0719 251.3 140.38
o34l 22,093 424592 . 0881 30546 142,07
e0949 19,551 S31e957 «1024 354.0 142,96
7203 16,900 23.612 01183 38241 143,29
e 7279 15,351 19.430 1305 403.2 143.46
.pijé____" _H'_._50592 ) 2 870 3394 582.4 143.86
ebzz0 2e951 710 6823 625.6 143.86
as3u5  le4b2 177 1.3680 712.5  143.86
e 5590 «174 «003 11.4743 12564/ l143.87
5390 037 001 22,9943 125647 143.87
%79 U35 «U00 57.2800 4658.1 " 143.87
5475 CW017  ,000 114.4229 465841  143.87
039 «014 000 144,7086 15638.3 143,87
e 5259 «012 00_00 o _111:_5_6_?? o 156382}7 . 1“3 087 o
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TABLE B-33

MERCURY POROSIMETER DETERMINATION OF PORE VOLUME,
SURFACE AREA, AND PERMEADILITY

Sample Identification: Phenol-formaldehyde Char #78

(1l - W/Wo) = ,376; (4 min, at 666°C)

Sample weight, grams .102
Bulk density, grams/cm .560
Skeletal density, grams/cm3 1,240
Fraction porosity .548
PORE PORE  D2/16VT - 2/D SURFACE PERMEAB.,
VOLUME » DIAMETERs X100 TOtH. X10 TO=4+ AREA>» X10 TO+8,
CM3/76 MICRONS Cv=1 CM=1 CM2/6 cMe
. O‘O'U Uv__"____m 963,899,_,_,__ 598 «51 8_ e 0206 o 7:0«__________“’ 73_0» 07_____
274D 384210 __93.111 00523 101.8 38459
4210 28974 53¢537 «0690 208.9 45,68
_ 00275 2:?. 0996 o o é;o 726 L 00870 e 346__0__6_________49_0_99__
e 7451 13.479 21.779 +1082 461.4 51,69
o 5157 _4130433 o 150226 S 01294_____"_ 542 09 _______52,_3'9__”
N YV 5.9556 1.9068 ¢ 3600 854,.8 52,99
-9_ou5 ___5_0_.]._9‘9 0653 06_251 9ﬁ510“ 53.00
N AVES) 1.080 «074 1.8514 1072.8 53.00
- e _igg 755 e ___07'005__ o . 0 28“ e _u_3 00 17; __4_*__1 1 920_1 ______*53‘0_00_______
e 97H5 425 e0l2 4.7086 1i192.1 53,00
o _0»9_C,5U‘4 . 249" . 004 . Bae 0229_A~__l_50,‘f|}3__2 5:§g 00
BBUY 012 «000 171.5657 1504.2 53.00
- ~ -

S i
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TABLE B-34
MERCURY POROSIMETER DETERMINATION OF PORE VOLUME,
SURFACE AREA, AND PERMEALDILITY

Sanple Identification: Phenol-formaldehyde Char #79

(1 - W/Wo) = ,378; (8 min. at 666°C)

Sample weight, grams ,.1230 _

Bulk density, grams/cm3 .597

Skeletal density, grams/cm3 1,292

Fraction porosity L .939

PORE ‘ PORE J2/16VT "2/0 7 SURFACE ™~ PERMEAB.

VOLUME » DIAMETERs  X10 TO+8» X10 TO=4r» AREA» X10 TO+8,

CM3/0 MICRONS Cv=-1 CMv=1 CM2/6 cM2
OOQUO __‘47.50 203 o 3b72 230 o 00087 o .00 ) «00 v_
e 1ub7 129.630 T11863.830 « 0154 12.7 137,75
1870 75.222 3714331 « 0273 3001 171,39
2520 47425 155,777 0422 52e7 180.62
0 5059 284425 564080 0703 11647  187.12
« 5255 254811 4bel42 « 0775 23649 191.60
5004 2Ue290 284013 = L0986 344.2 194,06
.7450 17.073 20.189 .1171 423.1 195,02
e 3802 4.768 1,575 4104 799.1 196,01
09024 24787 0523 7280  892.4 = 196,02
9024 Jl2 « 000 171.5657 89244 196,02
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TABLE B-35
MERCURY POROSIMETER DETERMINATION OF PORE VOLUME,
SURFACE AREA, AND PERMEABILITY

Sample Identification: _Phenol-formaldehyde  Char #80

(1 - W/Wo) = ,382; (16 min., at 666°C)

Sample weight, grams ,129
Bulk density, grams/cm3 . 679
Skeletal density, grams/cm3 1.314

Fraction porosity 484

T TPORE “PORL J2/16evT 2/D SURFA PERMEAB.
VOLUME ¢ DIAMETERY __X1U TO+&» X10 TO=4s AREA? X10 TO+&»
Y25 MICRONS ESY CM=1 CM2/6 cM2
« U000 2204560 45754189 - _.0088 .0 .00 |
T 0043 7T 1044979 7T T 90660041 W0191 T TS 72,77
e 1085 _6leic9 3284197 00327 2146 89,76 __{.
APTYSN 39¢509 139,295 .0502 79.4 105,55
) J4341 23,920 T3.343 L0691  150.4 115,12
eHllob 224379 434599 . 0894 251.8 117,32
. DTS 184207 294251 41095 = 313.5 118,42 |
ol 154535 21.15% .1287 359,6 118,89
W 6977 2. 584 495 .8389 6432.9 119,32
U eT05% 14309 4200 . 143257  727.8 119,32 |
W 7132 420 .015 4.6971 961.2 119,32
o7132  __e0l2__ _ _e000 _  171.5543 ___961.2 119,32 |
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TABLE B-36

MERCURY POROSIMETER DETERMINATION OF PORE VOLUME,
SURFACE AREA, AND PERMEABILITY

Sample Identification: Phenol-formaldehyde Phenolic Char #81

. (1 - W/Wo) = 0,388; (32 min, at 666°C)

Sample weight, grams

3
Bulk density, grams/cm

Skeletal density,

Fraction porosity

graus/cm

0,1519

0.7802

1,514

. 915

PORE PORC 02/1o6vT 2/0 SURFACE PERMEAB .
VOLUME » DIAME Re  X10 TO+3o X10 TO=4s» AREA" X10 TO+8»
CM3/G MICRONG oM=1 CM=1 CM2/6 cMe
sUUuv__ 40.) . bD‘E)m__m_" _{+29_80 8779‘____“__~‘0~00 97_ o 0 . . OOA_A__~
eUOcY 126.72u 16130275 «0158 Le2 50,11
e’ 97.222 949.022 0206 7.8 03,15
e UOY. 736933 549,161 0271 11.7 09.50
elvvo  D2eUmd 272532 _.0384 = 365 __ 85.52
o2l 7 394509 156.77% ¢« 0506 65.8 92.79
—— edviL 289206 BHWUDY 40691 1683 102.41 e
e B2 «de 30U D4e918 « 0855 22443 106.00
72 20 o hul 414990 « 0678 25445 106,82
9201 17.199 29.71Y e1163 2697 107.43
 4B322  15.+5% 244117 ,1201  305,9 _ 107.6L1
eDlo8 leltad +209 1.3863 954,3% 108.15
o eb22L . aunw D006 45,9543 1733.5 __ 108,15
w02l 012 000 171.,5657 1753.5 108.15
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TABLE B-37
MERCURY POROSIMETER DETERMINATION OF PORE VOLUME,
SURFACE AREA, AND PERMEABILITY

Sample Identification:__ Phecnol-formaldehyde Char #83

(1 - W/Wo) = 0,213; (2 min, at 533°C)

Sample weight, girams .129
Bulk density, grams/cm .678
Skeletal deasity, grams/cm3 1,320
Fraction porosity . 486
PORE PORE 22/716VT 2/D SURFACE PERMEAB.
VOLUNME » DIAVETER,  X1U TOt8» X10 TO=4» AREA:» X10 TO+8.
CMe/6 MICRKONS Cu=1 CM=1 CM2/6 cM2
£ 4000 2334333 4745.854 +0086 0 400
w233 i24.202 1344,0668 «0161 29 34.42
e0D43 5400_?_4 bl_@_o_q'_ql:') « 0238 9.1 49,20
1434 94002 2544772 «0370 3601 68.07
i od7cl _38.210 127.204 0523 1383 89,30
«40UD S0.702 82+.105 «0651 20240 94,82
o $5426 25,845 584245 0774 24642 96,94
+ 2909 20.073 374255 « 0967 293.5 . 98,20
0279 10.900 25.0990 »1179 32648 98.67
00395 15.509 20951 «1290 34161 98,80
. 0977 a2 __le720_ <4503 50945 99.12
¢ 10DK 10571 0215 102731 -, 57603 99012
- «71l22 35 w015 4.5769_  803.9 99,12
e7132 Uby oGOV 45.8430 803.9 99,12
/171 ___+025 s ul0 80.1257 324541 99,12
«7171 el2 «000 171.5543 3245.1 99,12
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TABLE B-38

MERCURY POROSIMETER DETERMINATION OF PORE VOLUME,
SURFACE AREA, AND PERMEABILITY

(1 - W/Wo) = ,260; (10 min, at 533°C)

Sample weight, grams J141
Bulk density, grams/cm . 641
Skeletal deunsity, grams/cm 1.160
Fraction porosity L452

PORE PORE Je/16vVT 2/D CJRFACE PERMEAB.
VULUME S DIAMETER, _ X10Q _TO+8, X10 TO=4+ AREA» X10_TO+8y
CM3/76 MICRONS CM=-1 Cu=1 cv2/6 cMe
« 0000 . 413.712  15152.025 ,0048 = W0 e 00_
T w0213 1554802 T 2232.483 00126 1.9 83.59
U355 8Ge.210 02748506 « 0237 o4 92.76
e 0709 SHeY45S 267.259 « 0364 15,1 99,94
¢ 3330 330207 97.018 40602 16549 125.67
9052  _20e075 374635 0967  294,9 = 130.83
5775 5.9556 2.732 <3600 51540 132.00
5079 S¢528 l.102 5669 56443 132,01
e 0YDU ledd4 132 . 1le3943 = 633.8  132.01
e 7021 « 173 «0G3 11.50657 1093.4 132,01
e 7U5 « 035 0006  57.2800 @ 2314.0 .  132.01
« 7057 «012 « 000 171.58657 2314.0 132.01
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TABLE B-39

i 2 et s s

MERCURY POROSIMETER DETERMINATION OF PORE VOLUME,
SURFACE AREA, AND PERMEABILITY

Sample Identification: Phenol-formaldehyde Char #85

(1 - W/Wo) = ,282; (30 min, at 533°C)

Sample weight, grams .128 ;
Bulk density, grams/cm .660 ]
Skeletal density, grams/cm 1.205 t
Fraction porosity 454 ;
PURE PORE 52/16Vi . 27D SURFACE  PERMEAB. |
VOLJME » QIASETERe X1G_TO+8, X10 TO=4s AREA?» X10 TO+8,» .
CM3/6 MICRONS CM=1 CM=-1 CM2/6 cm2
oUOUC 3724340 126l2.572__ 0054 .0 400
«UlD0 c2Be400 47 340 «0088 1.1 61.58
suU313 155.971 2213.1064 +0128 2.8 86,27
- eU3BD9 DB e.s24 314,793 _ . e0340_ 106 __ 105.84
2158 40.590 152.682 «0491 71.8 119.87
3072 31e503 . 904286 0635 _ 155.4 = 127,99
4331 25.022 59.725 «0781 21662 130,92
eDeoh 21,097 40.492 + 0948 277.0 132,52
eD0UY 17.006 284199 1136 31747 133.13
o e0wnY 1040650 22,310 1277  346,0__ 133.40
eDOLY 5,102 2+ 308 « 3920 52847 133,79 i
) _eDTi9  3e5bBU_ __lelbp 5034 6033 - _133.80___ i
0719 e 529 « 0063 2.4114 6033 133.80
#5197 2 352 e 011 58400 92546 133,80 -7
0797 116 .001 17.2686 92546 133,80 |
o e0015 2039 +000 51.5543 _ 3614.0_ _ . 133.80___
05375 012 «000 171.5543 3614.0 133.80 |

[ove—
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TABLE B-40
MERCURY POROSIMETER DETERMINATION OF PORE VOLUME,
SURFACE AREA, AND PERMEABILITY

Sampic Identification:_"Phenol-formaldehydc Char #86

(1 - W/Wo) = ,291; (60 min, at 533°¢C)

Sample weight, grams L110 _
Bulk density, grams/cm .603
Skeletal density, grams/cm 1,132
Fraction porosity . 466

U PORE.  PORc de/1evT ~_2/0 - SURFACE  PERMEAB.
VOLUME » DIAMETZRe X100 TO+8» X10 TO=4» AREA» X10 TO+8.
 CM3/G MICKOMS  Ci~1 Cu-1 CM2/6 cM2
TTTTLW0000 3004172 7 729440604 T <0087 W0 T T W00
U130 167.945 2233.512 «0119 13 30,43
T US04 BY4e337 579.84+1 T . 0237 363  45.57
o1727 53.215 204,142 «0398 4846 70436
4273 524395 ol.002 0608 176.7 87.66
B ___M_‘Vw.__b?."lb 20+475 50 Tlb « 0755 244,9 _ ) 91,02 o
e H90LY 2069359 39.475 « 0955 299.3 92.39
8273 17.715 2543599 1129 337.2 92,91
7318 4eH453 o_le0d5 4491 560043 93.56
o TO0Y 2e722 0500 e 7349 6272 93.506
L eT4D5 1leb0b «133 143291 721.1 _93.56
e 75459 w2156 «0U4 942720 721.1 93.56
e Toed s o+ 001 2441257 2239.1 = 93.56
e 7045 «025 « 000 57.2086 2239.1 93.50
LY £ - 020 000 99,5543 936745 93.56
o 7727 «UlG « 000 145.2686 20495,.,8 93.56
o177 ___e0le 2000 171.5543  20495.8 93.56
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TABLE B-41 - MAGNITUDE OF DIFFUSIVITIES

cm
Gases: sec Ref,
1) 327°% €O, in Afr 0.555 Sherwood &
Reid
2) 300%c Hy0 in Air 0.849 (39)
Liquids: 4
1) 18% Co, in Water 1,71 x 10°°
2) 25% H, 1in Water 3.36 x 10™°
o -5 Sherwood &
3) 257°¢ 02 in Water 2,60 x 10 Reid
4) 22% N2 in Water 2.02 x 10"5 (39)
5) 15°% Phenol in Methanol 1,40 x 10‘5
Snlids:
1) 350°C  Na in NaCl 7 x 10713
400°¢C 1.5 x 10°12
12 Shewmon
500°¢ 9 x 10 (47)
2) 800°C  Fe in FeO 8 x 1072
3) 1000°C C in Austenite 2.7-7.8 x 10~/
4) 800°¢C Nitrogen in Q-Iron 7.3 x 1077
o 9 . American
5) 1100°C  Oxygen in Y -Iron 1 x 10 Soc.
o 4 Metals
6) 1050°C Eydrogen in Y-Iron 1.6 x 10~ (1)

LN



APPENDIX C

COMPUTER PROGRAMS

The computer programs which follow were used to
perform the majority of calculations and data
processing which were necessary for this investi-
gation. A short description, flow chart and
print out of the source deck,are presented for
each program.
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© COMPUTER PROGRAM HRI65R002 ©
CALCULATION OF RATE AND TRANSPORT CONSTANTS

FROM EXPERIMENTAL DATA

The purpose of the program is to calculate the best values

of the kinetic constants ( X's) and transport constants (Q's)
from experimental data,

The working equations consist of: (V-46),(V-51), (V-55),

(v-58), (VIII-2), (VIII-3 to VIII-8 incl.), and

The
1)
2)
3)
4)

5)
6)

W
Y. . Y., Y., ¥, = (Wox We H
et (), (). ().

(1-W/Wo) respectively,
Y,
FS 3( calc _')
Yexptl

Fo = - 2IF8)|
52 (¢8)?

input consists of:

Yl’ YZ’ Y 30 Y 4 V8- 6

The constants, (nSRO/Wo), (no/Wo), X , @

o o

First approximations of )\1, XZ’ )\5 and al,az, and 0.3.

Coarse mesh increments of Xl’ k 2 XS' and the number
of mesh points. The same for Q's.

Medium mesh increments and number of mesh points,
Fine mesh increments and number of mesh points.

The calculational procedure consists of searching for the

best fit of the function by "narrowing down" from a coarse to
a fine mesh of values, starting with certain first approxima-
tions., See also Appendix D,

The computer program follows,

o o

P bR s ~

Wt R 0



DU ALLMATLTY
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e T

( -
U WAL
d

- 185 -

/"‘ND \4 N\

C.,“_SCON":\
\_ AL X /

——
. ]
.-
"IV,
* /

FIGURE 37a - FLOW CHART FOR HRI65R002
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WRITE 8, \¢,

(resd

-

C 2t (1's)
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Cyty (7s)
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FIGURE 37b - FLOW CHART FOR HRI65R002
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loe QIMENSION C(5)SDELSE(1000) ¢ ALAMB(b)

2 Lo THETA(D0) rwOWO(S0) rUM(B) 1 ETAL(O) 1 XIT (6) 7ALPHA(6) »STOTHE(50) »

S 4 CONC4) p WEXP(200) » VLAM1(2000)»VLAM2(1000) »VLAM3(1000) s
G 3VALPL(1U0O) »VALP2(1000) v VALPI(1000) »SUMSQI(1000)

o . 222 FORMAT(uBH1DATA PROCESSING = CALCULATION OF RATE AND TRANSPORT CON
Le I5TANTS FOR PYROLYSIS OF ABLATORS//27H HRI PROGRAM NO. HRIASSRU02¢03
Te _ _ . 29HTYPE OF MATERIAL IS PHENOL=FORMALDEHYDE+SX»CHOATA SET=s16/7)

Goe 111 READ(Se1) IYeNeIDeTEMPr (CON(I)rI=104)

9. L FORMAT(I1eI2+I7 »7F10+5)

U READ(50221) IPRINT»ITv (STDTHE(I) » I=101IT)

le 221 FORMAT(ILlrIby15F5.4 /16FS«4/16F5.4) o ——
2 WRITE(&r222) 1D

Se  ARITE(Or343)TEMP (CON(I)oI=1,4) o . o
e “ALAM30=CON(3)

D ALPHAO=CONI(Y)

Dw 343 FORMAT(LI4H TEMPe DEGe CRrFS5e¢005X o LHC/S=0vT7F10.5777)

'7)“,,. o L)(J 3 .J-lvoO o
B TREAD(B5r2) THETA(J) v WEXP (U)o WEXP(J+50) +WEXP(J+100) » vEXP(J+150)

Y2 FORMAT(S5F10,5) o o L
;U. IF(THETAC(Y) 49303

2 b JUN=J=1

S 00 440 J=1eJN o o i o
) JOEXS(IY=1)%50+y

Oe _#40 WOWO(UI=WEXP(JBEX) e e
Do chSFLOAT(JUN)

7 NEAJ(bI555)ALAMulvALAH32'ALAM859ALPH1!ALPHZIALPH3

O 553 READ(5r550)DiANMIrDLAN2 1 DLAMS» INLAML» INLAM2 e INLAMS ¢ IFLAG

Ge 555 FORMAT(F10.5) : B o o

. 256 FORMAT(oF10e503(I1094)012)
ie IF (LFLAG) 839r111:554 o L
Ze 554 ALPHA(1)SALPAi
de ALPHA (27 SALPH
G e ALPHA(Z) =ALPHS
O — RALAMSLI=ACAMBL=OLAMIXFLOAT ((INLAMI=1)/2)

e ALAMODRSALAMBZ=0ULAN2*FLOAT ( (INLANC=1)/2)
7e ALAMBSZALAMBS=DLAMSXFLOAT ( (INLAMS=1)/2) ]
Lo ALAVMIL(2)=ALAMER
e ALAMB (J3) SALAMSBS
Use Ka=0U
le 00 Beo [=1eINLAML o o o
Ce AL.AWJZ HLA"‘B(a)
Se 00 867 JRleINLAM2 -
Go ALANVLHSALAMB(3)
S W0 Boo K=10INLAMS —_
Ooe KKSAR+1
7. CVEAMS (KK) ZALAMBL+ALAVB2+ALAMBS o o o
Se VLAMd(\K)—A;AWbd
Ye Ve AML (KK) =ALAMBL o o B B o
Ue 0806 A_AMCOIALAMBO+DLAMS
1o 687 AAMpz=ALAMBZ+DLAM2
2o 88 ALAMUL=ALAMBL+DLAML
Se 904 CO\T&NU* e ~ o o o
& o ') 9Y KE1e0KK
e . _LFUIFLAG.EQs(=1))60 TO 905 e
. CALAMB (1) =VLAVL(K)
7o ALAMs (2) SVLAM2(K)
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29

DU
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A«.AM.) ( .j) :VLA—w_é (K‘)‘ ——

 CALL_ _CONSTS (IYrALAMBPCONeCOeC) em e
T 906 CONTLNUE

Ju 9 1Z1+03

)lo
N

/e

oh e
IJbQ

.

9

JMC L) SALAMB (1) /ALPHA{I) /ALPHA(T)
UMOZALAMBC/ALPHAD/ALPHAD

TIF (IPRINT) 999:999:6

ALAMUSSALAMS (5) =ALAME (1) =ALAMB(2)

ARITE (e 7)ALAMBO» ALAME (L) » ALAMB(2) » ALAMBS

QL e
ol 7 FORMAT(7H _LAVIBAS»0F10.4)
[Ju. WRITE(6r8) ALPHAO (ALPHA(I) 1151+ 3)
boYe 8 FORMATATH ALPHAZ»BF10e4)
70 WRITE(Or10) UMOr (UM(I)IS103)
Tle 10 FORMAT(7H_ MU= __»6E103//) _ .. ' _
72 11 ARITE(60120) IYsIY
734 120 FORMAT(LIH /6 THETA»2Xe2(2HY (pI1s1H) e 4X) e
Tae 14HFDEL Y 9XrSHOELSQ 15X 3HXI025X e 5HXI1/0
I19¢ 2 SXrGHETAL 84X SHXI2/Z00 33X 4HETA2 24X 0 SHXI3/02 3X s 4HETAS).
T 20 Whlf:(éoZ;)
77 21 FORMAT(&X»13AEXPER. CALC.7/) . o
76 999 CALL MONSTR(N?COrCrALAMBO» ALAMB Y ALPHAQ» ALPHA THETA»WOWO r IN»
179, 1EMr SUMUEL e SUMSQr IPRINT » UMO e UM) _
SU e SUMSQI(K)=SUvSK
e SDELLG(K)SSUNMDEL ] o o B
e 99 CUV]&NUE
v3e ARITE(60131)
D4 e ;Ul FORMATLIOH SUM DELSGy 4%06HLAMBA00“X'5HALPHAO 4A06HLAWBA1 4X+6HALPH
120 1AL e 4 X0 BrLAMBA2 4K 1 OHALPHA2 14X 6LAMBAI /74X » 6HALPHAS//)
Ve JO 102 K=1,KK
57 B IF (LFLAGZQe(=1)) GO TO 907 .
. TALAMG (1) ZVLAVL K)
sYe ALAMolaYsvRAWRO KY ©
Il ALAMS (o) SVLAVIS( K)
1 102 WRITE(5r103) SUMSRI(K) » ALAMBO ¢ ALPHAO ( (ALAMB(I) r ALPHACI)) »IZ103)
e 103 FORMAT(LXIEGe4r12(2X1FBak))
YO o MK=1 e
G4 e LKDLJQ 504591(1)
e D0 luk KI2rKK -
JDe IF(EXDLS@LT, SUMSQI(K))GC TO 104
97 A=K

Tide
19e

10U,

. -
J e
~
gl
=

:XQL;& -SUMSQI(K)

CALAMG(Z) SVLAM2 (MK)

IF (LFIAG-:Q (=1))60 TO 908
ALAMS (1) SVLAVL (MK

ALANS () SVLAMS (MK)

Uvo

909 COUNTLNJE

Ju luo l=uied

TTL0S UM (I)SALAMBII)ZALPHA(I) ZALPHA(T)

ALAMSDIALAMB(3) =ALAYS(2) =ALAMB (1)

TanITe(6e7) ALAMBOPALAMS(1) »ALAMB (2) r ALAMBS
wiITo (60 8)ALPHAO (ALPHA(I) 0I=1+3)

wilTe (ODlU) JMOO(UM’I)'I 1:3)

Caub ~ CONSTS (IYrALAMBrCONeCOrC) _
aniTelorl20) IYP1Y

werIntfsr i i
Chill MONSTR(NsCOrCrALAMBO» ALAMB ¢ ALPHAO AL -IA» THETA» WOWO » N

1cM e SUMJEL 1 SUMSQ e NPRINT » UMO# UM)
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aniTE(or9y) SUMDEL»SUMSA

_ 298 FURMAT(LIH /Z10H FOCL BARSIFE45210Xr10HSUM DELSQ=2210.37//7/77)
Live wklTe(orlb02 1Y
LY. 420 FORMAT(6H THETAr4xe2HY (e I1r1H) 2 SX0 AHXI0rOX e SHXIL
20 L/0r4X P 4HETAL X9 5AX 12700 4Xr 4HETA2+5X 2 SHXI370 14X r 4HETAS)
FE— 00 107 J=eIT L o e o o
i f=STuTHE(J)
23 __ TAU=uMu «*T o o
legq, KiZle=EXP(=ALAMBO xT)
239. K10=K1
120 YC=Co4(XI=ETACALPHAD »TAUrXI))
=27« 00 1¢6 I=les o S o L
126, TAUSUMCL) *T
~§.<9o_“______~__‘_)(1 Sle=EXP(=ALANMS 1) *T) N ) i
1150 Xil0fL)=xXI
131, ETAIIZETA(ALPHACT) o TAY » A1)
192 eTAI(Ii=ETALL
hds 1006 YCEC(I ) *=(XI=ETALI)+YC L S
1ok 107 ITE(or10B) TeYCHXIOw ((XIT(I) v ETAI(IN) v IZ103)
155 108 FORMAT(LIX»F7e302XeF0eS5 0 7(2XeF7e%Y)
Y ALPALSALPHA(L)
g ALPHZ=ALPHA(Z)
155, ALPHISALPHA(Z)
f)9o_A__-_________AL.AM.)J.-A...AMIS(.;) . e L ~ a e
Fwle ALAMg2=ALAMB(2)
142 00 TOU 993 e
e 089 ALPALISALPHLI=DLAMI*FLOAT((INLAMI=1)/2)
Dide ALPHS=ALPHZ2DLAMZX*FLOAT( (INLAMR=1)/2)
i'f&"rt ALPHOSALPHI=JILAMY®, I-UAT((INL-AMS 1)/2)
s8¢ ALPAA(2)=ALPH2 e o
e ALPHA (L) =ALPHS
by /-‘ o KK=0 e o o
1ty JU 900 1=1rINLAML
e ALPH2zZALPHA(R2)
Iue SO 9u2 J=1rINLAMR
Ivie ALPHI=ALPHA(Y) e o
e DO Yul K=1irINLAMS
2. )  RKERK*L . L o N o
T VALPS (AR ) =ALPHS
155, VALP (AK) =ALF. _
b VALPL(KK)SALPHL
T YUL ALPHOSALPHI+OLAMS o e o )
150 902 ALPHg=ALPH2+ILAMZ
“ 09, 903 ALPHI=SALPH1+JOLAM1I o o _ o
g »AGNUSGTIC* 152
JiAGNUSTIC* 906 R
Lol CALL COnNSTS(IY e/ _AMB»CONeCOC)
l‘,_ o “bo TU_9U4 o e e R
;UZO 305 HLPHA(;):VALPl(K)
103 CALPAAlZ) =VALP2 (K . _ e
14. ALPHA(3)SVALP3(K)
HJO oe TU 9Ub
L 0 907 aLPHA(L)=VALPLIK)
'p7- APAA(Z2)SVALPR(K) o
oo ALPHA(3) ZVALPS(K)
e v TO 102 e o S
. 903 ALPHA(L)ZVALP1(MK)

[
»

Jie

A.PHi(2) SVALP2 (MK)
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2e "TALPHA (3)=VALP3 (MK)
3 60 TO 969 _ _ .
G &ND
o SUBROUTINES o
le SUBROUTINE CONSTS (IY»ALAMB#CONeCOeC)
2 DIVENSION ALAME(56) »CON(4)2C(5)

Se IF(IYetQe 1) GO TO 771 L .
‘be IF(IY.&QO 2) a0 TO 772

De IF(IYeEGe 3) G0 TO 773

De CU=134«CON(1)

7e _ C(1)=17.%CON(2) *ALAN3(2) / (ALAMB(3)=ALAMB(1))

T C(2)3214%CON(2) #*ALAMB (1) / (ALAME(3) =ALAMB(2))

Je  BETALZ1le=ALAVIS(2)/ALAM3(3)*(1.=~ALAMB(1)/(ALAMB(3)=ALAMB(1)))

Je BETAS(ALAMB(2) +5. % (ALAMB(3)-ALAMB(1)=ALAMB(2))=ALAMB(1)*ALAMB(2)/
1. LCALAMB(3) =ALAMB(2) ) ) ZALAMB(3)

2e PHISZSZTAL+16125%3ETA2+ (4 xALAMB(3) =ALAMB(2) =3 .xALAMB(1)=ALAMB(1)*
e lALAWo(c)*

T 2(3e/nLANB3) t1 e/ (ALAMB(3)=ALAMB (1)) ) ) /ALAMB(3) /16,

de . C(3)=lo.xCON(2)xPHIS —

e 60 TJ 77“

T 771 CO=1lo.*CON(1)

Je Cl1)Z1u«*¥CON(2) *ALANMS(2)/ (ALAMB(3) =ALAMB(1))

9. L(Z) 00

Je DETALTLe=ALAVS(2) ZALAYMS(3) % (1L.=ALAMB(1)/ (ALAMB(3)=ALAMB(1)))
Le C(3I=Z10%CON(2) x0ETA1L . e

Le oo Tu 774

3 772 Co=ds.

+e v(l)—u.

de ~ C(2)zis«*CON(2)

de b TA2Z(ALAMBL2) +54% (ALAMB(3)~ALAMB (1) ~ALAMB(2) ) =ALAMB (1) *ALAVB(2)/
. 1CALARD (3) =ALAM3(2) ) ) ZALAMB(3)

Je C(3)Z1c.%CON(2) *3ETAR2

Je v 10 774

Je 773 Cuz=2.+#C0ON(1)

Le C(1)=CoN(R2)*ALAMB(2)/(ALAMB(3) -ALAMB(1))

Ze C(2)=3.%CON(2) *ALAMB (1) / (ALAMB(3)=ALF'B(2))

S . h(é)-O.__wm e —
te 774 RcoTUKN

de =)
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T FUNCTIUN ETA(ALPHALeTAUPXI)

ETAKINSSINC(ALPHATI) /COS(ALPHAT) /ALPHAIL

Se ALPHSQ=SALPHAI*ALPHAIL
Yo L SUMS e _
De L'N:-l .
e DO 333 NN=1r99 — . I s
e ENSENtTLe
e ENS=2e*ENtl W
Gw ENSSENG*ENS*2. 4074
l0e  TERMS(1le=EXP(=ENS*TAU))/ENS/(1.=ENS/ALPHSQ) o
L1l SUM=SUMTTERM
[AGNOSTIC* THE TEST FOR EGQUALITY BETWEEN NON=INTEGERS MAY NOT BE MEANINGFUL,. _
L2 IF(ASS(TERM/ZSUM) oLE++001)G0 TO 334
LI 332 CONTINUE
L& 334 SUMZ2 . kSUMK(=1,)
Lbe 444 ETASSUM=(ETAKIN=1.)*XI .
16 RETURN
L7 __END . e
1. SU3RUVUTINE MONSTRIN?COrCeALAMBO» ALAMB ALPHAQ» ALPHA Y THETArwkOWO r JIN»
ce __dcMeSUNOZLYSUNSQe IPRINT»UMOWUM) e
Se JIMINSION C(S)vALAMd(é)oALPHA(b) TH;TA(SO)oﬂOWO(SO)odM(6)p
Ye 1 XII(G)Y»ETAI(S)
. DUVULL—U »
Je _ UVS@ ~Je o .
7o 20 30 JEZLlrdhN
Qe Y Tl’“ ‘T_f\_()J) o . _
U CKIO=Le=EXP(=ALAM3C*T)
U TAUSUMOXT _
le ETAO=ZTA(ALPHAD  TAJ» XID)
e YC= ~AXIO=ETAO) B L
Je SO &b Islen i B
be _»__l Ad=uv(l: - N e
Se X1Z1le=CXP{=ALAM3(I)*T)
oe bTAll-cTA(ALPnA(L)rTAUoXI)
7o Xid 1i=X1
oe  YCEYL+C(I)x(XI=ETAII) - o o
Yo 25 ETAI (I)=ETAII ] o
U_!___ _ _vv___”-VOV‘-L \J-v\)(d_l__ o L e . e . e
1l e lL2YC=wW0w
o Uel=uclL/WOow
3 UL LSuSUEL#DEL o )
Yo SUMSW=5UMSA+DELSe —
See SUMDLLE=SUMDEL+A3S(DEL)
O IF (IPRINT) 30¢300930
7o 930 4RITC(6031) ToWOWrYCrDEL »DELS@IXIOr ((XIIC(I) ETAI (I))sI=1sN)
be 31 FORMAT(IXIF5e1r2(2XrF6e5) 12X1FB8eS512X01EL10e307(2X1FH0k))
Y e - 30 CONTINUE
1 oq SUMDEL=SUMDEL/EM
- %0 ReTURN
ce END
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O COMPUTER PROGRAM HRI65R003 ©
CALCULATION OF SURFACE AREA AND PERMEABILITY

FROM EXPERIMENTAL POROSITY DATA

A derivation has been made which shows that the surface
area of the pores is of the form,

where Vg is the total pore volume, and D is the pore diameter.
Permeg¢bility can be obtained from,

K = D™ dV
T6Y
6 I

This program takes the porosity data in the form of tabu-
lated pressure and pore volume values and performs the required
integrations by the trapezoid method after calculating pore
diameter by,

175

D (microns) = T(.é?ﬁ—)—

The computer program follows.
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START

/' READ
EXPEQ!MENTAL
CONSTANTS

'

WRITE
HEADINGS

DO CNE
FOR ALL
EXPEZIMENTA
DATA

(7 REAC
F's 'y V ‘S

:

_ 0.0175
O==%

V=Y

'

Ap =i% av

DAV

'

ORDINATES,

@9

FIGURE 38 - FLOW CHART FOR HRIG65R003
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e JIVMENSION V(lOO)vD(lUU)'DSQ(lOO) TWOD(100)
2 111 wrITE(5010)

3e 10 FORMAT(LH1)

Yo READ(S5¢L1)IDeWTeVT P PHI

Se i1 FURMAT(110s3F10.5) )

O hNITﬁ(OIl)

7o 1 5?RMAT(;§D'9X048HSURFACE AREA AND PERMEABILITY FROM POROSITY DATA/
be 1

9 ARITéler2)ID
1G. 2 FORMAT (10X s 10HSAMPLE NOet15077)
llo .| S5 I 1 100 N
L2+ READ(503)PIVEE
e 3 FORMAT(2F1045)
LY. IF (P) 6v604
15« 4 V(I)=VEE/WT L
1O TOEES175.E-4/P
17e . J(I) ez o
Lde JSJ(L)-—JEC*U /lOo/VT
19, 5 TaO(I)=2./DzE e e e
ZUe 6 WRITE(Dr7)
tle 7 FORMAT(10Xr&GAPOURZ»8Xs 4HPORE» 7X» 7HD2/16VT 2 7X03H2/0e3X e THSURFACE v i X
22 1OHPERMEABS/L0X» 7HVOLUME» 1 SX» 9HDIAMETER» 2X929HX10 TO+8295Xe9HX10 YO
Ry 2=4 19 2X 1 SHAREA® 1 6X» 9HX10 TO+89 /10X e SHCM3/Gr 7Xs THMICRONS » 4X o 4HCM=151
24 SUXr4HCYU=127X e SHCM2/Gr6Xr 3HCM2//)
2. Nel=1 o

. SUR=0.
.'.,o'_ Pi‘.R Uoe I
e VPRE=V (1)

Y JSAPREZDSQA(1)
20 TWOPXE=TwWOD(1)
5 . Pl’\ Ue
2l TP= TWJPRC.*].OC-Q

J3e JUSDSQPRE*1.E8

i I.)I 1.24%D(1)
D WRITE(0»9)IVPRErDI v DD»TP»SURWPR

10 U0 8 l=¢2eN

Te VEESV(D)

1000 DELV=(VEE=VPRE) %45

)90‘ o us= D:u(x)

Ue PER=PER+DELV* (DS+DSQPRE) *PHI

I. TUST.0u(I)

o SURSSJRTOELV*(TD+TWDOPRE)

OQe _ NPRE=VoD _

Ge USGUPRE=0S

Qe TwIPE=T0 o o

Ooe PR=PLR*1.EB

_70 TP:T{..JPRE*J.OE"“

Be JUSDSUPREXL1.ED

9 D1T1.E4xD(I)

Oe d wkRITc(0019)YVPREYDI +DD#» TP»SURYPR

‘e 9 FURMAT(Flbe4sF13e30F13e3¢F13e4sF10e1sF1142)
.o U TO 111

I EiND

"D TASIANT
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© COMPUTER PROGRAM HRI65R004 ©

MATHEMATICAL SIMULATION OF TGA CURVES

The purpose of this program is to simulate the ther:ao-
gravimetric analysis of phenol-formaldehyde resin of the type
used in this investigation, Equation (VIII-9) is used in the
finite difference form,

AW w,)
A(‘" ‘g‘g‘") +a[—!‘3—r—"-”2-e A0

for a convenient time increment,Ae, and a selected value of
heating rate,d\. The partial derivatives are given by equa-
tions (VIII-10) and (VIII-11)., The increments of W/Wo are
negative, and as each is calculated, it is summed with the

current value of W/Wo.

The input consists of:

W
' onstants 2ﬁ-) (ﬂo) ” nitia
1) C t ts, (vvo ’ vmp ’ “ﬁ, ’ 6‘ ’lk() ’ i t 1

and final temperatures,

2) AAO’ EAO’ AAI: Ell, A)Z: EXZ) AXss EAS;
Adl’ Edl, Adz, Edz, Ad3, Ed3.

The computer program follows.
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[ READ

DATA

!

WRITE
HEADINGS,
ECHO CHEC

DO THREE
INCREMENT
TIME
BY 4@

T=To + RO

ONE

R}
38
2y
27

=X f, (3i,X4,8,7)
32 f,(0L,a4,8,T)

i TWO
AN

WCITE 6,7,

vyN 0

FIGURE 39a - FLOW CHART FOR HRI65R004
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[~ 'v
LS
[ 1]

'tand _
-

g (55)

11

[
e~ _ .bi‘
'% f;(l'x,e,‘r) a%

)

( RETURN )

FIGURE 39b - FLOW CHART FOR HRI65R004
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1e @ FORMAT(27H1TGA FROM KINETIC CONSTANTS//67H HRI PROGRAM NO- HRI65R0
e ... du4r TYPE OF MATERIAL IS PHENOL=FORMALDEHYDE//10H DATA SET=014//)
de 111 KEAD (5+1)IDvTO»RHIDELTH» WPFOWO»ENSRO2ENO s TF ) T
Go oL FORMAV(I10,7F10.5) =~ B
b . WLOWOS1.=WPEOW0 T )
0o READ_(5r9)ALOYELOIALLIELLIAL2/EL2)ALSYELS
7 Y FORMAT(3EL1043)
B —READ_(509)AAQrEACIAALIEALI AN/ EA2)AASIEAS —_
Yo WRITE(602)ID ‘
10, WRITE(6>1) ID2TOsRIIPDELTHe WPEOWO s ENSRO ¢ ENO# TF
11, WRITE(609)ALOVELOPALLYELL)AL2IEL2sALSPELS
e, WRITE(609) AAOPEAOIAALPEAL Y AA2IEAZ 1 AASIEAS
13. WRITE(603) ,
14, S _FORMAT(1H /6H TLME;vﬁﬁlﬁHTEMPov'4X04HW/W096X09HDY/DTHETA06X'5HDY/D
15, 1T/5H MIN.»6X086HDEG. C//)
17. TF=TF+273.
lobe __ CO=18,*%ENSROQ _
19, THETA==DEL.TH
200 ___  WOWOSle.
21, LO 222 I=1+1000
L l;.ND‘i:-'_l,o.___ _
23, IF(I.LTe 21) ENTH=.1
e o IF(I.LTe 12) ENTH=.01
25 IF(I.LTe 2 ) ENTH=1.
‘00 THETASTHETA+DELTH_*ENTH
" T=STO+RH¥THETA
ERR RT=1.937%T B
<Y IF (T.GTs TF) GO TO 223
0e o ALAMLOSALOXEXM(=ELO/RT). _ _ _
2L ALAMOL=ALLI*EXM(=2ZL1/RT)
Sy o ALAMOZSALZ2*EXM(=CL2/RT) R
23 ALAMDLLZALS*EXM(~ELS/RT)
24 Clz17 . *ENOXALAMB2/ (ALAMB2+/LAMBS)
35 Ce=21  *ENOXALAMBL/ (ALAMBL+ALAMBS)
0. o ALAMpSZALAMBL+ALAMB2+ALAMBS _
57 bETALZ1e=ALAMB2 /ALAMB3 *(1.+ALAMB1 /(ALAMB3 =ALAMBL ))
SO o BETAZZ(ALAMB2  _+5.x(ALAMES )=ALAMB1__*ALAMB2 /
59 LOALANDLD3  =ALAMB2 ) )/ALAM33
t04 PAISZUETALY Lo 125%BETA2+ (4, *ALAMBS  =ALAMB2 =3, *%ALAMBL =ALAMBl
le LAl AMue*
iee L R(3/ALAYE3 | +1./(ALAMB3 _=ALAMBL _ )))/ALAMB3 /16
19 C3=loe ENO*PHI3
Mo RTSG=<T*T .
+D e VLAMLUSALAMBO*ELO/RTSG
10 DLAMLISALAMBL*ELL1/RTSO
T ULAMO2SALAMB2*EL2/RTSO
8¢ . ULAMESZALAMBS*ELS/RTSQ
'Y nLaMLTALAMB2+ALAMBS
Qe ALAN1STALAMBL+ALANMSS o _
1 ' wllZ17 o *ENO* (ALAMBS*DLAMB2=ALAMB2*DLAMBS) /ALAM25/ALAM25

o ,wuggﬁga;.*ENO*(ALAMQ§*QLAM51-ALAMBI*DLAM55)/ALAMIS/AQAMIS

HRI65R004
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130 OBETAL=(ALAMB2* (DLAM31+DLAMBS ) =ALAM15%DLAMB2) /ALAMB3/ALAMA3=( ALAM2
e 15%ALAMBI* (ALAMD L*DLANMB2 +ALAMB2*[LAMBL) ~ALAMB1%xALAMB2% (ALAM2S% (DLA
‘O gtzl;DLAMBZ+DLAMBb)+ALAMB$*(DLAMB2+DLAM85)))/ALAMZb/ALAMZS/ALAMBB/A
W . i 6
>7 o wBtTA2= (ALAMdé*(OLAMB?+5.*DLAMBS
2 1 =NLAMB1*ALAMB2* (ALAMIS* (EL1+EL2) /RT _
e ZSQ-DLAMBI-DLAMbS)/ALAMIS/ALAMIS)-\ALAM82+5o*ALAMBb-ALAMBl*ALAMBZ/A
Qe e SLAMLO) x (DLAMB1+DLAMB2+DLAMBS) ) /ALAMB3/ALAMBS i
le. DUETAASALAMBL* (2 *DLAMB2+3+ *DLAMID ) +ALAMB2% (DLANMBS=2 4 xDLAMB1 ) =ALAM
e 180% (3. %«DLAMBL+DLAMB2) )
’J e VDBETAB= ALAMBI*ALAMBZ*(3.*(EL1+EL2)/RTSQ-6 *(DLAM81+DLAM82+DLAMBS)/
o4 ___LlALAMB3) . . e
0D UBETACZALAMBL*ALAM 82*((EL1+EL2)/RTSQ-(DLAM81+DLAM82+DLAMBS)/ALAMB3
O0e_ 1=-(OLAMB2+DLAMBS) /ALAM2S) /ALAMRS o e
27 UBETA3=( (DBETAA=DBETABI ZALAMB3=DBETAC) ZALAMBS
28 DC3=16«*ENO*(DBETAL+1,.125*¥DBETA+UBETA3/16,)
39. UYOTH Qe
70 o UYDT 00 e . e e e e -
71 CALL LTA (T+THETA+AAOYEAO, ALO»ELO:ETAOﬁWETDT 'DETDTH)

126 XIEXP=EXP(=ALAMBO*THZTA) e .
73 DLUTHSCO* (ALAMBOXXIEXP=DETDTH)
T4 ULUT=CO* (THETA*JLAMBO*XIEXP=DETOT)
"Se WYDTH=DYDTH+OLOUTH
00 RYDT=OYDT+DOLOT .  _. R ,
T CALL ETA (TeTASTAPAALIEAZ)ALLIELLI/ETALYDETDT»DETDTH)
-’8 .__.___________)\ILXQ L/(P ( -AL-AMDL*THE.TA) S e

Ve ODLOTH=Cix (ALAMBL*XIEXP=DETDTH)
30 OLDT=C1x(THETA*DLAMBI*XIEXP=DETDT) +DC1*(1.=XIEXP=ETALl)
51le JYDTH=OYDTH+DLDTH
Y WYOT=DYDT+DLDT e
e ¥e IN CALL ETA (TrTHETA2»AA2+EAZ/AL2/ELZIETA2/DETDT/DETDTH)
sbe  XIEXP=ZXP(=ALANMB2*THETA) B o _
330 DLUTHEC2% (ALAME2*X IEXP=DETDTH)
50 pLOT=C2* (THETA*DLAMBZ*XIEXP=DETDT) +DC2% (1l =XIEXP=ETA2)
5T WYUTHSDYSTHHDOLOTH
e DYOT=OYDT~0LDT . e —— I
59 CALL ATZ (TeTHETAIAABIEAZ,ALLY ELlrALZoELZoAL5'nL5rETA3'DETDT DETDT
P § 2 ) I - e
1o AICX# -cJ(P( ALAMB3*THETA)

Ze ULAMEOS QLAWBl+DLAhﬂ£+DkAMb5

e LLOTH=C3*% (ALAMB 3% X LEXP=DETDTH)

by D T=CIX (THETAXDLAMBIXXIEXP=DETDT)___ +DC3* (] «=XIEXP=ETA3)

1D SYOTHEDYDTHHOLODTH

e JYOT=LYOTHDLOT

T e SZT=e73,

0o wRITE(60221) THETA»SeWOWODYDTHeDYDT»ETAOETALI/ETA29ETA3

Ye €21 FORMAT(LIXIFTe203X0FT7e203X1F6elir16XrEL10e3¢5XrEL0.304(5X0EL063))

We. __ IF(LDYDOTHeLTs _06)DYDTH=0.,

ile IF(DYDT «LT. 0.)DYDT =0,

12 PELWS WREOWO* (DYDTH+DYDT*RH) *DELTH *ENTH

'O IF(S«0Te 3604)G0 TO 224

Yo 22U wOWO=nQWO=DELYW -
Je 220 JELPRE=CELW

IO T2EOHAN?
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wOe . IFCWOn0 _elTe WLOWO) WOWOZ WLOWO -
"o céa CONTINUE
Vde___ . 229 CONTINUE
J9e 60 TO 111
Q. Qg4 LELDﬁLﬂlﬁTQ 3. *xDELPRE)GO _TO 225
11, o0 TO 220
L2e 223 WOy0=WOVO=DELPRE
13 G0 TO 2z6
Ao . _ENOL . . -
O SUBROUTINES ©
1. SUbRJUTINE TETA (To1 THETA»AAPEArALPEL Y EIGHTAODETDTODETDTH)
e RI=1.987*1
S ALPHA= AA*hXM(-EA/RT)
Y ALAMBSEALY SXM{=EL/RT)
De UM=ALAMB/ALPHAZALPHA
©e __ RTSQ=RT*T___ —
' ULAMbA ALAMB *tL/kTSQ
Be o UALPHASALPHA*EA/RTSQ
9. OMUSUMx (EL=2+*EA) /RTSQ
10, o ALEXPSEXP (=ALANH_*THETA)
ii. UDXIODT=CLAMBAX*THETAXXIEXP
1‘:. e . /(IU lo-XILXP .
e COSINE=COS (ALPHA)
l4e __ _TANALP=SIN(ALPHA)/COSINE _
1D SUML=U.
O S‘_t_)ltn_z =Us
wle SUM3ZU .
10 e tN-—"l ] e R
e rAUAML~|ANAL9/n_PHA lc
‘Ge _ ALPHSUZALPHA*ALPHA o
Zkoe VO 8o 1I=1+99
2 ® ENzZEhi+tle o
S t.N.»-....-*L‘N*‘lo
Mo ENSTENS*2e4674xENS
D U%LXP-;XP(-ENS*UM*THETA)
O INOMZENS=ALPHSQ
e ]cle UWLXP/UtNON
e BULLIZISUMI+TERML
e H_n\l\ (lo"UMEXP)/DLVOI"&/tNS
e _9diR2=5UNCHTERM
1o TERNI=TERM/DENOM
Qe DUNIZSUMITTERMS
Je LECALSITERM/SUN2) o LTe 001 +ANDe ABS(TERM1/SUM1).LTs «001 +AND.
Moo o L AZS{_TERMI/ZSULI)eLTe _«001) _6Q TO 889
So oSy CONTINUC
Oo . B0Y_uSIGMASDMUXSUMI*THETA+2 o ¥ ALPHA*DALPHAXSUMS
T EIOHTA=2 « *ALPHSQ*SUM2=XI0%xTAOAML
N LIE(E1OHTA oL Te 0Oe0) EIGHTA=0,

HTAS' NN/
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e DETDTHS (24 %SUM1=TAQAML%XIEXP) *xALAMB
o COSINE=COSINEX*COSINE o —
L VETDT=2¢ *ALPHSG*DSIGMA+Y4 o xALPHA*SUM2%DALPHA=XIO*DALPHAX (ALPHA/COSI
. INE=TANALP)/ALPHSQ=TAQAM1* THETA*DLAMBAXXIEXP
t3e RETURN
e END
1. SUSRQUTINE ATE (T»THETA»AA »EA rALLIELLrAL2sEL2/ALSI,ELS EIGHTAYDET
2e 10T +DETDTH)
__;5 . RT: l~,_9_87*T
4o ALPHASAAXEXM(=EA/KT)
Do ALAMSIZALIXEXM(-ELLI/RT)_
O ' ALAMB2=AL2*EXM(=EL2/RT)
7 ALAMBOSALS*EXM(=ELS/RT)_ —
Se ALAMB=ALAMBl1+ALANM:Z2+HALAMBS
9. UASALAMBZALPHA/ZALPHA
10, RTSQ=RT*T
Ao  GLAMB1=ALAMBL*EL1/RTSQ. e
wle JLAMB2=ALAMB2Z2XEL2/RTSA
13 DLAMBS=ALAMBO*ELS/RTSG
e DLAMBASDLAMB1+0LAMB2+0OLAMBD
"5 DALPHASALPHAXEA/RTSG
10 PDMUS (DLAMGLHDLAMB2+DLAMBO=2 o *x ALAMB*DALPHA/Z/ALPHA) /ALPHA/ALPHA
17 XIEXP=EXP(=ALAMB *THZTA) _
; . DXIODT=CLAMBA*THETAXXIEXP
e XIO=1i.=X1EXP o L
20 COSINEZCOS (ALPHA)
21 TANALP=SIN(ALPHA) /COSINE o
L2 SUMLIZU
) L SU M_2 :_U o .
Tilr o SUM3=U .
‘L_:S. EN:-J_.
20 TAOAMI=TANALP/ALPHA=1,
27 ALPHSGSALPHAXALPHA
2Ge DO 493 I=1,99
<G ENZENtLe
500 hNS:ZQ*EN+lo
31 ENSTENS*2 e 4O TH*¥ENS
32 UMEXAPZEXP (=ZNS*UMxTHETA)
330 DENOMZENS=ALPHSQ
3G, TERMISUMEXP/DENOM
35, SUMIZSUMI+TERML
30 TERMZ (14 =UMEXP )} /DENOM/ENS
57 SUMZSUMR+TERM
58 TERM3=TERM/DENOM
A9 SUMIEHUMITTERMS
40, IF(ABS(TERM/SUM2) oLTe «001 JANDe ABS(TERM1/SUM1) .LTe 001 <AND,
4le , 1 AGBS( TERMI/ZSUM3) «LTe +001) GO TQ 999
Qe 995 CONTInUE

e 999 DSIGMASDOMUNSUMI*THETA+2 « *ALPHAXDALPHAXSUMS

HRI65R004
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T ELGHTAZ2 « xALPHSQ*SUM2=XI0*TAOAML
o IF(EIGHTA _oL.Te _0e) EIGHTA=0,

Qe DETDTHS (24 *SUML=TAQAMLI*XIEXP ) *ALAMB
Te__  COSINESCOSINE*COSINE

+8 o QETOT=2+ *ALPHSG*DSIGMA+4 « *ALPHAXSUM2%DALPHA=X I O% -
3Qa  INE=TANALP)ZALPHSO=TAQAMI*THETAXDL AMBA*XIEXP XTOXDALPHAX (ALPHA/COSI
10 RETURN
21 JEND .
1 FUNCTION EXM(X)

2 RO 96 _I=1,10 -

3 IF (ABS(X)eLTe 10.) GO TO 97

Se 97 II=zI=1

S EXMSEXP (X)

7. IF(II.EQe 0) GO TO 9Y

B DO 96 _I=1»11

Y 9y EXMTEXM*EXM

100 99 CONTINUE

1l. RETURN

o END

THTAGANY
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0 COMPUTER PROGRAM HRI65R005 ©
CALCULATION OF ISOTHERMAL DECOMPOSITION

OF PF/QUARTZ ABLATORS

The object of this program is to calculate the decomposi-
ti .f 'cio. (1 - W/Wo), [(UoX We and e at
on func ns - R Wo) g* Wo ) g* 29\ W%
certain specified temperatures by either of two options.

(A) - For sets of specified values of the rate and
transport parameters or,

(B) - For specified rate and transport parameter functions.

The following equations are used in the calculations:
VIII-1 to VIII-8 incl.

The input coansists of:
1) Constants, ( SRO/Wo), (n/Wo), (W /Wo).

2) Option one: tabular values of Ko, )\1, )\2, )\5
and Cl,o, G.l, 0‘2’ a.3 at specified temperatures,

3) Option two: A*o’ All' A“2’ A;S; E}o, E)l, E;z,

The computer program follows,

‘
s ——
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CONSTANTS

\EIGURE 40b - FLOW CHART FOR HRI65R005
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ST an o e i St e aamim e Sna e« es e S Ay b i e S s ey —m—t e [

= e 2 2 e

1,777 7222 FORMAT(34H1DATA PROCESSING = CALCULATIONTOF 2SHISOTHERMAL DE
. 1COMPOSITION o _ 11HOF ABLATORS//27H HRI PROGRAM NO. HRI6SR00S5¢¢3

3¢ 777 29HTYPE OF MATERIAL IS PHENOL=FORMALDEHYDE*S5X+t9HCALCs NOo.r1&477)

4, DIMENSION C(5)+IYVEC(4)rCON(4)» TM(4) ALAMB(6)

5¢ T T TTLsTHETA(S50) +WOWO(50) sUMIB) vETAI(6) 1 XII (6)9ALPHA(6) 1 STDTHE(B0)

6o 111 READ(Ss1) ID»IOPT»CON(1)2CON(2)rCON(3) s (IYVEC(I)rI=1r4)

7« 1 FORMAT(215:3F10¢501411)

8o ) READ(5,221)  IT»(STOTHE(I)»I=1,1IT) . e

9, 221 FORMAT( I5015F5¢4 /16F5.4/16F5.4)

O WRITE(6P222)I0 e

le " WRITE(60223)CON(1)»CON(2)»CON(3)

2. 223 FORMAT(9H NSRO/WO=r F845¢5X»6HNO/WOS+F1045¢5Xs THWPF/WOS+F10,5)

3¢ TIF UTIOPT.EQ. 1) 60 TO 301

4, READ (509)ALO/ELOrALLPELL,AL2PEL29ALSPELS

5¢ 9 FORMAT(BE10.,3)

6o READ (5¢9)AA0/EAQ/AALIEALIAA2PEA2)AA3IEA3

7.  TwRITE(6r224)

8 224 FORMAT(1H /16H LAMBA CONSTANTS)

9y T T TTTWRITE(609) ALOYELOPALIYELLYALZ P EL2YALSPELS

Ue WRITE(60225) i L

le 7 225 FORMAT(16H ALPHA CONSTANTS) ~ ’

2 WRITE(609)AAOPEAQIAALPEALIAA27EA21AASIEAS

3¢ 302 READ(50227)TEMP

G4 227 FORMAT(F10.5)

S5¢ T UUTTIF A(TEMP) 1119111228

O 228 RT=1.987*(TEMP+L . 30)

7, T TTTTTTTEQRT==ELO/RT T T

Je ALAMBO  =ALO*EXM( EORT)

9, T EQRT==ELL/RT T

O ALAMB (1) =AL1*EXM( EORT)

e 7TUUTTTTTEORT==EL2/RT T T "

2 ALAMB(2)=AL2%EXM( EORT)

3¢ T T EORT==ELS/RT }

G o ALAMB (5)=ALS*EXM( EORT)

De T TEORT==EAQ/RT T

O ALPHAO ~ =AAOXEXM( EORT)

7¢ T TTTTTTTEORT==EAL/RT T

B ALPHA (1) SAAL*EXM( EORT)

S, T TEORT==EA2/RT T

G ALPHA (2) =AA2*EXM( EORT)

le 7T EORT==EA3/RT T T T T T

2 ALPHA(3) SAA3XEXM( EORT)

de TG0 TO 231 T

Gy 901 READ(5+230) TEMP»ALAMBO? ALPHAO» ALAMB(1) ¢ ALPHA (1) » ALAMB(2) s ALPHA(2) s

5¢ T LALAMB(5) s ALPHA(3) —

d¢ 230 FORMAT(F1045/8F1045)

Te T IF(TEMPIL111e1110231 0 T T

9 231 ALAMB(3)=ALAMB(1)+ALAMB(2)+ALAMB(S)

Je TTTITTTDO UL KE1gy4 T e

e IYS1YVEC(K)

Se 0 T T TIFCIYLEQ. 0) GO TO 401 T

L CALL CONSTS (IYrALAMBICON¢CO/C)

e WRITE(60500) = 7 7

. 500 FORMAT(LH ///7)

2e  TTTHRITE(60501) TEMPT

e 501 FORMAT(13H TEMPERATURE=/FS.0+7H DEGs C)

e wRITL(évSOZ) CO'C(l)rC(2)oC(3)

AN o ) e o ey
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39, DOT10%5 I={v3 oo

Yo 105 UM(I)=ALAMB(I)/ALPHA(I)/ALPHA(I) . L N
e T WRITE(607) ALAMBO»ALAMB (1) r ALAMB(2)Y YALAMB(S) ™
52¢ 7 FORMAT(7H LAMBAZs6F10e4) .

33, WRITE(618)ALPHADY (ALPHA(I) v I=1,y3) -
6% 8 FORMAT(7H ALPHA=+6F1044)
o5 WRITE(6910) UMOY (UM(T)»I=173)
56 10 FORMAT(7H MU=  +6E1043//) . - L

YN TG0 TO (601060201499149)0 1Y
98, 149 WRITE(60150)1Y
59e¢ 150 FORMAT (6H “THETAY4X72HY (vILs o 1H) » 5X» 3HXI0»6X 0o 4HTM/0 1 SX 9 SHXIL/Z004X 0o 4H
70 L1ETAL¢5X0 4HTM/ 195X 2 SHXI2/00 4X ¢ 4HETA2¢ 5X 2 4HTM/ 295X » SHXI3/0 04X s 4HETAS
71, 205XV LHTM/3)
724 151 DO 400 J=1IT . L
73, " T=STOTHE (J)
74, TAUSUMO *T -
75 XI=1l.=EXP(=ALAMBO *T)

76, XI0=X1

77« TTMO= T (XI=ETA(ALPHAO " s TAUsXI))*CO -
78 yecst o .
39.'“““‘“”“‘00“106 I=1+3 T T

30 TAUSUMII)xT _
8ls  XIS1l.=EXP(=ALAMB(I)*T)
32 _XII(I)=XI o
33 ETAII=ETA(ALPHA(I) » TAUPXT)
B8, ETAI(I)=ETAII ) ~
45. TM(I)=C(I)*(XI=ETAII) i T

o 106 YCEYC+TM(I) e
37 GC TO (7010702,1070107) 1Y )
580 107 WRITE(62108)ToYCrXIOPTMO» ((XII(I)sETALI(I) TM(I))sI=1,3)

39, 108 FORMAT(1X1F7e372X2F6e5 - »11(2X»F7,5))
90e 400 CONTINVE L L
31, 401 CONTINUE
LAGNOSTIC* 151 } s i L L .
LAGNOSTIC* 400 - ' ’ - T -
22 IF(IOPT.EQe 1) GO TO 301

33,7 TTTTTGOTYO 3027 T —

W, 601 WRITE(6r610)1Y ,

35¢ 610 FORMAT(6H THETAr&Xr2HY (1 I121H) 15X e 3HXIO 16X 4HTM/0+5X 1 SHXIL/07 64X 4H "
36e __ 1ETALrSX+4HTM/1+5X05HXI3/0r4Xs 4HETAS»SX o 4HTM/3) .

7. G0 TO 151 T T T
6. 602 WRITE(60:620)1Y
79¢ T 020 FORMAT(6H THETA4Xs2HY CrILvIH) o SX7SAXIZ/Z0v4X v BHETAZ2 1 SXTUHTM/ 275X e S
10, LHXIS/0r4Xe 4HETAS» 5X» 4HTM/ 3)

5 3 S o 2 ¢ T 5 T
J2¢ 701 WRITE(62108)TrYCrXIO0rTMO»XII(1),ETAI(1)sTM(1)XII(3)ETAI(3))TM(3)
i3 T 760 TO 400 T T T T

4, 702 wRITE(orIOB)TvYCoXII(Z)rETAI(Z)vTM(a)vXII(3)oETAI(3)rTM(3)

JS5¢ 7760 T 400

X END _

HRI65R005
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© SUBROUTINES ©

se T TTFUNCTION ETAUALPHAIYTAUZXI)
2 ___ETAKINSSIN(ALPHAI)/COS(ALPHAI)/ALPHAI B
3. T ALPHSQ=ALPHAI*ALPHAI
G, SUM=0.,
TBe T T T ENS=LY
6 DO 233 NN=1199 o
T TTTTTTTTTEN=EN+L, T T T
8, ENS=2+*%EN+1 .
9, TTTENS=ENS*ENS*2. 4674 T T
10, TERM=(1+-EXP (=ENS*TAU) ) /ENS/ (1, =ENS/ALPHSQ)
L1 TTTTTTTTTTSUMSSUMSTERM T T T T
IAGNOSTIC* THE TEST FOR EQUALITY BETWEEN NON~INTEGERS MAY NOT BE MEANINGFUL,
12,77 T 7T IF(ABS(TERM/SUM) .LE«.001)60 TO 334
13, 333 CONTINUE
144 334 SUM=2 ¥SUMX(=1%) T
15, 444 ETASSUM=(ETAKIN=1, )*xx _
164 “TTRETURN
17, £END
1, SUBROUTINE CONSTS (IY+ALAMBsCON®CO¢C)
2e T DIMENSION ALAMB{&6) +CON(H)sC(5)
3 __IF(IY.EQe D GO TO 770
4o IF(IY.EQ. 2) GO TO 772
5, IF(IY.,EQ, 3 GOTO 773
ve  CO=18.*CON(1)/CON(3)
7e C(1)=17.+CON(2) *ALAMB(2)/ (ALAMB{(3)~ALAMB(1))/CON(3)
Be  C(2)=21.,%CON(2)*ALAMB(1)/ (ALAMB(3)=ALAMB(2)I/CON(3) ~
S, BETAL1Z1l.~ALAMB(2)/ALAMB(3)*(1.+ALAMB(1)/(ALAMB(3)=ALAMB(1)))
0. T dETAZ-(ALAMB(Z)+5.*(ALA&B(3)-ALAMB(1,-ALAMB(2))-ALAMB(I)*ALAMB(Z)/
1le 1 (ALAMB(3)~ALAMB(2)))/ALAMB(3)
l2¢ T T TPHIZ=BETALl+1. 125*B;TA2+(4.*ALAMB(3)-ALAMB(Z)-S.*ALAMB(1)-ALAMB(1)*
L3, 1ALAMB(2) %
e T 2034 /ALANMB(3)+1 ./ (ALAMB(3) =ALAMB (1) ) ) 7ALAMB(3) 716,
15 C(3)=164%CON(2) *PHI3 /CON(3)
6e TTTTE0 TO 7T T
17 771 CO=16.*%CON(1) /CON(3)
6. C(l;—lé «xCON(2) *ALAMBT{2) 7 (ALAMB(3)=ALAMB(1Y)/CON(3)
K- C(2)=0.
206 T T BETAL=1.-ALAMB(2)/ALAMB (3) % (T +ALAMB (1) 7 (ALAMB(3)=ALAMB (LYY
2le c<5) 164%CON(2) *BETA1 /CON(3)
2, T T TO 74T T
S ' 772 CO Go
che T OC(L)=0. T T ~
S, C(2)=18.%CON(2) /CON(3)*ALAMB(1)/(ALAMB(1)+ALAMB(5))
60 T TTBETAR= (ALAMB(2) +5 0k (ALAMB (3 ) =ALAMB (1) =ALAMB (2 V=ALAMBTIY*ALAMB(2)Y7
27 1(ALAMB(3)=ALAMB(2)))/ALAMB(3)
e 7 C(3)=18.%CON(2)*BETA2/CON(3)
9 B GO TO 774
206 773 CO=2.%CON(1)" /CON(3) T T T
", C(1)=CON(2)*ALAMB(2)/ (ALAMB(3)=ALAMB(1))/CON(3)
Ze TTTTTC(2)=34%CON(2) *ALAMB (1) / (ALAMB(3)=ALAMB(2)) " 7CONT3)
S BETA3= (4.%ALAMB(3)~ALAMB(2) =3 ,*ALAMB(1)=ALAMB(1)*
Y T ULALAMB(2) % T T

S 2(3./ALAMB(3)+1+/(ALAMB(3)~ALAMB(1))))/ALANB(3)
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5¢ T T (3YECON(2) #BETAS/ZCON (3
37 774 RETURN

38 TTTEND

"1 FUNCTION EXM(X)

B - ———

- D096 1=1v10
3 IF (ABS(X).LT. 10.) GO TO 97

“4e 90 X=X/24
- 97 1I=I~-1

PO —— e e et —

6o TUEXMSEXP(X) T T
7. IF(I1.EQes 0) GO TO 99

6 T DOT9BTISLNIIT T B

"9, 98 EXMSEXM*EXM

10 7799 CONTINVE™ —~7 7 T T T T
11. RETURN

Pl END




APPENDIX D

CALCULATION OF KINETIC AND DIFFUSION PARAMETERS

MK, D, k, and » the path of calculation is followed for the
smoothed value’ of weight loss (1 - W/Wo) at 605°C as taken
from Figure 16, The actual calculations are made by computer
program HRI65R002 (Appendix C), but.this section will follow
the calculations as closely as possible,

To illustr;;e the calculation of such parameters as x R

The theory of this operation is to calculate (1 - W/Wo) by
equation (VIII-1) (or calculate Wox/Wo, Wc/Wo, or Wy/Wo by the
appropriate equations if the data is based on the individual
elements) for the specified values of time at the given tempera-
ture, The individual values calculated for (1 - W/Wo) have the
corresponding experimental values substracted, and the differ-
ences are squared and summed, Since values of )\ 's apd Q's
are required to calculate (1 - W/Wo) (where @ = (X/ )%), the
correct values of )\'s and @'s should allow the cal&lated
weight loss to match tie experimental weight loss, and the sum
of the squares of the difference, ZAZ, will be zero. A logi-
cally arranged series of ''guesses'" of sets of values for 's
and Q's nust be initiated, bearing in mind that the more
correct the values in a set gre, the smaller will be the sum
of the squares of the differg@nces between cslculated and ex-
perimental values of weight loss, In principle, when ZAZ = 0,
the correct values will have been found for all XS and Q's,
but in an actual case, the experimental values have inherent
errors, and 242 = 0 can not be reached, A compromise must be
made so that the best values of X's and Q's, giving a minimum
for 2A2, will be taken as correct for the temperature of the
experimental points,

The selection of the series of successive approximations
of sets of X's and Q's follows a simple pattern, A first
approximation set must be selected, but there are no rules
3overning the selection, and unfortunately only individual
experience in the field of reaction kinetics is of any help in
this selection, Regardiess of how far the first approximation
is from the correct set, given enough successive approximations
the process should converge to give the correct set of )'s and
@Q's., In the case of HRI65R002, some simplification is possi-
ble, The desorption of water is thought to be very fast even
at low temperatures so that \, is high, and is strictly a sur-
fa~e reaction so that@, is negligible. These are arbitrarily
set at \o = 100/min, and @, = 0.0001, Fqr these sample cal-
culations,kl = 0.6/min.,)\2 = 27.0/min.,oxs = 0.7/min.,al =
3.2, @, = 6.0, and @5 = 0.05.

A three dimensional matrix is set_up for the XJS which
centers around the initial values of )Us. Ad arbitrary number

WSE e e
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of points is selected for each direction; in this case, five
points for each direction, The size of the increments of

in each direction are selected to %{fine the volume of spac

to be investigated; in this case 1 = 0.05, lsxa = 1, 0,[} 5 =
0.05, The space is therefore defined as XJ = 0.5, 0,55, 0.6,
0.65, 0.7; A2 = 25., 26., 27., 28., 29.; X\ 5 = 0.6, 0.65, 0.7,
0.75, 0.8, Each of these 125 combinations of st is used with
the values of )\o,ao,al,az, Q3 to calculate a zAz for the
set gf experimental data. The combination giving the smallest
2 = 0.7, Az = 29,0, As = 0.6; plus the values Ao *
100.,0.0 .0001, @1 = 3.2, Q, = 6.0, and Q3 = 0.05. Sample
calculations will therefore be made i{or this set and at the
time, 9- 3 min,

From equation (VIII-1l), it can be seen that four rms con-
tribute to (1 - W/Wo) and the second term, involving , will
be examined as the mgst significant in this instapce, Slnce by
equation (VIII-3), § is made up of two parts, él will le
calculated first, BY combining (VIII-4) and (VI 5),

£'°- |- e'xe- 1-e 0.7 «0.8775

By combining (VIII-&4), (VIII-5), (VIII-6),

Rt n+))2 T2 0/4 1

2 [I-e _Tan a,)
l N*0 (Zml n+l 2——2 -1 A\ a . 61
A\ o7
vhere WU, = = - 30.0683
"a? " (32

The first term of the series will be for A= 0,

L 4 2 2 . .
ztl-e"o Nemwe(0.0683)3.)4 oz
2. 2 T
(0«0 x; I -1
4
(3.2
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The second term, for N= 1, is 0.075; the third for N= 2 is
0.006; all of the following terms are positive but drop off
rapidly in value, and the sum of the series is - 0,3390. The
second term of T)contains,

_Janay | _Tan32 _,9g18
a' 3.2

So,

1)1 = -0.3390 + (0.9818) 0.8775 = 0.5225

From (VIII-3),

o
fl ,61 -7, > = 0.8775 - 0.5225 = 0.3550

The coefficient of 6

L =0.14
n(oooan)zg TOE 0.4l

No )‘2
I7(w°) )\2 "’)\5

where (no/Wo) is determined from the structure of the p-f

resin and the ash content, Since the structure is represented
by equation (V-25), (CH2)3 (CgHy) OH, one gram mole of resin
would weigh 112,12 grams. Since the material, resin plus ash

plus adsorbed species, is 94.97 w% resin, an initial weight of

1CO grams gives 94,97 grams of resin or 0,847 gram moles, and
(no/Wo) = (0.847/100) = 0.00847,

The second term is therefore,

A

no
17 (72) Xz3 €, = (0.1411)(0.3550) = 0.05001

o
Similarly, the coefficient of fo is 0.02736, §= 1.0,
and 17 . So the g}rst term is 0 02736 The coefficient
is o 09578, éz = 1.0, and 0.00794, so the third
term 2e 0.09568. ThE coefficient of 6125 is 0.10962. £3,4 =

1.0, and '7125 = 0, So the last term is 0,10962. The sum of
the four terms is 0.2528, and since no inert filler was added,
(Wo/W,¢) = 1, Therefore (1 - W/Wo) = 0,2828 calculated by
equatgon (VIII-1) at = 3 min, The experimental value is

0.3100 (Figure 16); the difference, [/ =-0,0879; the difference
squared, A2 = 0,00773.
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For all of the points from 9= 0 to 9= 100 the sum of
the squares of the “iffererces, 9 A2 = 0.0198, for the set
o = 100,,Q, = 0.0001, 9)\1 = 0.7, @; = 3.2,\ 2=29.0,a2=6.0,
5 0.6, ;3 = 0.05., Other sets from the possible combina-
tions have ZAZ as high as 0.03717, but since none of the sets
has a lower 2&2, these values of 1> XZ’ XS arz used in the
next step.

The second phase of the operation is a minimization of zAZ
by variation of @ 's in exactly the same fashion as was just
done with variation of X's. The number of points in each
direction is chosen to be five, The size of the increments are
chosen as Aal = 0,50, Aaz = 0.50, Aa3 = 0.05, and from
this the Q@ matrix of @y, = 2.2, 2.7, 3.2, 3.7, 4.2; @, = 5.0,
5.5, 6.0, 6.5, 7.0; and Q5 = 0.15, 0.20, 0.25, 0.30, 0.35, is
set up with the previous "best" Q@Q's in the center of the ma-
trix. Each of the 125 combinations of @'s is used in a set
with the previously determined best set of \'s and XO and Q.
From this series of calculations ZA2 as high as 0,03416 and

os low as 0,0197 are obtained. Corresponding to the minimum
EAZ are Q1 = 3.2, Q2 = 5.0, @3 = 0.15 and these "best"
values are used in the next step.

The third phase is a repetition of the first phase which
minimizes ¥ A2 by varistion of X's again, but this time smal-
ler increments are used and the matrix generated is a
"medium mesh'" matrix in the volume of the '"coarse mesh" ma-
trix generated in the first phase, The minimum ZAZ = 0.0189
is calculated with Xl = 0.74, x?_ = 29.8, )\5 = 0.56 which are
now taken as the new "best'" values of X's to be used in the
next step,.

The fourth phase is a repetition of the second phase and
minimizes & A2 by using values from a '"medium mesh" @Q matrix.
Minimum JFA? = 0.0189 is calculated with @; = 3.2, @, = 4.6,
Q3 = 0.11 which become the new 'best" @'s.

Repeating with a'fine mesh" matrix of X's gives a minimum
pWAEE 0.0189, and following with a "fine mesh" @ matrix
gives a minimum 2 /A2 = 0.0186. 1In principle this alternately
improving X's and @Q's is continued until 2 /2 no longer gets
substantially smaller, and then the current "best'" values of
X’s and Q's are taken as correct for the temperature of the
data. In practice it is unwise to have the comput:r continue
automatically beyond three repetitions of X's and three of Q's,
or possibly even less for the first few submissions of the
program, The reason for this is that the '"correct" values of

's and @Q's may not be within the volume originally started

with, This is the case for this example; by viewing the com- =

puter output in its entirety, it can be seen that the minimum
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ZAZ always occurs at the boundary of the matrix being used.
This means that better values of X's and QU's can probably be
obtained by shifting the volume of investigation and repeating
the process starting with a new coarse mesh matrix. When this
is done, the parameters finally selected are xo = 100, Qo =
0.0001, A1 = 0.656, @ = 3,40,),230.1,@,=6.00, ) 4=0.544,Q,*
0.250 for 605°C. The values at other temperatures are pre-
sented in Tables VII and VIII. A least squares fit is then
used to evaluate the constants for equations (VIII-7) and
(VIII-8) so that )X's and @'s can be calculated at intermedi-
ate temperatures.

The x s can be converted to k's by the simple relation
given in Table VII,

N 25 \. -
P = L2220 | (e2oxio )", SMOC,
60 Mrecin 60(112.12) sec-cm

and values of k's so obtained are tabulated in Table VII,.

For each )\i Cli pair, a value for ,-Li can be calculated

LA
i a2

by,

and the diffusivities can be calculated by the relation given
in Table VIII,

m2

Hi Hi
D;- .
6052p2  60(24372 (12259 (Le7x10 )i 5 S22

and values of }L's and D's are tabulated in Table VIII,

* Values of S and P from Table B-15, C-1 Run 2,
1Y

]



APPENDIX E

SXPERIMENTAL EQUIPMENT

1. Kinetic equipment:

The configuration of the kinetic equipment is discussed in
Section IV, The chief item is a Perkin-Elmer model 800 gas
chromatograph, which has a differential flame ionization detect-
or, and is shown in Figure 41, An auxiliary thermal conducti-
vity (hot wire) detcctor is installed in a separate oven and
can be controlled at temperatures from 50-400°C, It is possi-
ble to operate the chromatograph so that both detectors are in
use at the same time, The duel columns are in a proportional
controlled over which can be temperature programmed from ambic
to 400°C. The du: 1l liquid injector system can be operated up
to 500°C. The gas sampling valve allows the introduction of a
reproducible volume of sample gas in the nominal amounts of
25 ml,, 5ml., 1 mi., and 0,25 ml.

The output from the chromatograph goes to a Texas Instru-
ments two channel Servo-Writer recorder, Model FWD-1MVE-5MVE.-
05-A16-BT, which is zener regulated, has 1/2 sec. response, and
has 12 chart speeds. Channel A is 1 riv, and is connected to
the hot wire detector. Channel B is 5 mv, and is connected to
the flame detector,

The pyrolysis furnace, Figure 42, is a Lindberg-Heviduty
type 54031, rated at 800 watts for 115/230 v. and can be
operated to 1850°F, The furnace tube is custom made of vycor
glass by Scientific Glass Blowing Company. The furnace temp-
erature is controlled by a Honeywell Versa-Tronic indicating
and controlling potentiometer, model R7161B-1468, which will
operate over the range 0-1000°9C, The controller activates a
P & B relay #KA11AG, 10A., DPDT 115V, coil, which connects the
furnace to the output of a 20A, 120V. Powerstat, The furnace
temperature is obtained by means of an L & N #8686 millivolt
potentiometer, which has multiple ranges to 100,100 millivolts,
by means of a chromel-alumel thermocouple inserted down the
furnace tube,

The vacuum for the furnace tube is provided by a Welch
Disto-Pump model 1399, rated at 1544, Hg, and absolute pres-
sure up to 240 mm Hg is indicated by a Bennert type vacuum
manometer,

The adsorption tubes are 100 ml, Swartz drying tubes with
1215 ball and socket joints,

2, Karl Fisher apparatus:

The construction diagram of the apparatus is shown, Dwg,
C-1001-19,700. The stirrer is a Lab-Line Magnestir #1250,
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FIGURE 41 - GAS CHROMATOGRAPH




- 217 -

JOVNINI SISATOYXd

- % J¥NOIa




- 218 -

-amw | (2161 SYNOOLGI-L3r02d Sy
v

INON (IWOS
avIId VIS A3 3aiIsS A31d LINOS3

ra] F = 1
wWNaSHILNNOD [T T
SM3¥2S aoom | '
avaH Lvid AL MD K
aQ3ayu3Inoo , _x._ u
(viaa 338) m s
- vee 1 .
~ QOOMA ‘
N0 ._.-..UA "
~| AOOMAd Yk i/ /.Wﬂ
| acom No | |
ANIVd AVSD V.
S3IVO> 1 -
] u_-ooozc,._n K3 R ﬂ- __'ru._ut.__
: ToNVYH / )
WONIWATY
(nividg 33¢)
‘ ivia 3NN
V130 3LVid INYN SNON (Fvee
. ATIWN3SSY
{r00LL) SYX3IL ‘ NOLSNOH
rd 0H & 8/
kY uv.._.n_vzzc 4T 31niiusNi HOMW3IS3Y  NOLSNOH Y% ’
2isvd aaavaens  [mid A8 .. 4 N N
¥ ww 1INE 8 Q3IN9ISIA m\ ¥INIVLIN A
13 SNIVYVAdVY H3HSId THVM N 2o
oA st 1
— .
sp0IN I N A is3ens N
$3I00812373 W 0L 2 T 2uvnoLny
L oo)
- .21 %/ .,l../..\H O T A
[ & | eoomi M ®
oo-0 £
A 1 SHOWAI | mava Jam |
i




- 219 -

The automatic burette is manufactured by Kimax to meet the
requirements of NBS Circular 602; the reservoir is 1000 ml,;
the burette capacity is 25 ml, with 0,1 ml, subdivisions,

3. Vacuum desorption apparatus:

The construction diagram of the apparatus is shown, DWG,
C-1002-19,700; vacuum oven is a National Appliance Company model
5830, and draws 550 watts at 115/220 V.; vacuum down to an
absolute pressure of 1 M Hg can be held, and temperature can
be controlled from ambic to 200°C within 0.5°C. The vacuum
for the oven is provided by a Welch Disto-Pump model 1399,
rated at 15 P Hg, and absolute pressure up to 240 mm Hg is
indicated by a Bennert type vacuum manometer,

4, Winslow Mercury Porosimeter:

The porosimeter, pictured in Figure 10, is American Instru-
ment's 15,000 psi model and was supplied completely cquipped
except for the following accessories which were obtained sepa-
rately: a Hastings DV3, TC type vacuum gauge for absolute
pressures below 1000 J Hg.; and a Welch Disto-Pump model 1399
vacuum pump, rated at 15 M He.
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