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ABSTRACT

The techkniques for the investigation cf char densification phenonena
wnich had been developed under a previous contract (see BSD TR 66-385)

- were extended to include transpiration experiments with gases and gas
mixtures typical of the decomposition products of phenolic reains.
As before, the chars used in the experiments were produced by charring
high performance carbon cloth phenolic composites in a plasma jet.
Data on the structural characteristics and permeabilities of the chars,
and the change occurring during transpiration, are presented. Compari-
sons cf the experimental data with kinetic rate data from the literature
are made, A simplified program for calculating the change in permeability
of and pressure drop acrcss a growing char is presented. The effort
required to extend this program to more complex situations is discussed.
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NOMENCLATURE

Kozeny constant, defimed in equation 2.6

concentration of component i, moles L-3

number of sites of type i per unit mass, H-l
active carbon site free of oxygen

active carbon site occupied by oxygen
constant defined by equation 10.5

constant defined by equation 1045

mole fraction of carbon containing compound in ges stream
inside diameter, L

permeability, L2
reaction equilibrium constant

reaction rate constant

height of cylinder, L

mobility, dimensionless

molecular weight, M/mole

number of capillaries per unit area, L2

number of free carbon sites

number of moles of given substance per unit time, moles/t
outside diameter of the cylinder, L

presaure, M/Lt2

volumetric flow rate, L3t"l

universal gas constant, MLzltzT mole

il




T radius of cylinder, L
r, rate of formation of component i1 by reaction, moles t~1 L'"3
- S specific surface area, ratio of the area_of the capillaries
to the enclosing volume of the solid, A
] - T absolute temperature, T
r t time, ¢t
. 3
v volume, L
E Vx velocity in x direction in rectangular coordinate system, L/t
E
1 W mass, M
i x distance in x direction
Y radial distance through the char originating at the inside of
E the char, L
5 3 average pore diameter, L
€ porosity of porous material, dimensionless
3 a
1 u viscosity of the gas, M/Lt
15 P density of the material, M/L3
F Subscripts
1
] 1 quantity evaluated at the inside surface of the cylinder
A 2 quantity evaluated at the outside surface of the cylinderx
2
r o quantity evaluated at time zero
é Avco Desigration
¢
( Distance from hot end during arc test
(‘ in inches
2 N\ 4 AN
R6300 - HP - DC2 - 9,75FH - XS,
] CROSS SECTION; inside 1/2, outside 1/2, middle 1/3;

if blaonk it represents entire cross sectionm,

ix/x
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INTRODUCTION

Ths basic objsctive of the study described in this report was to provide
relfable experimental data wnich 1s necessary for devising appropriate
analytical expressions for predicting changes in permeability and pressuze
drop occurring in chars duricg reentry. More accurate expressicas of this
type are nceded for incorporation into aaalyses describipg transient heat
shield behavior.

In order to satisfy the objective of the study, experimental data on the
effect of the reactions which are typical of those occurring in the char
(at least for a phenolic composite) were obtained. These consisted of
permeability and pressure drop characteristics of chars as a function of
time (time related to the reentry time scale). This data was correlated
with the changes in the internal physical structure of the chars and will
permit better extrapolation of the results of the present project to
materials of a somewhat different nature.

Some initial results have been reported previously (Reference 1). In that
report data were przsented on the changes in permeability and structural
characteristies which occur in typical ablative chars when carbon deposi-
tion is caused by the deconposition of methane i1n the char pores at typical
re-entry temperatures. For purposes of comparison, data were also presented
for the densification process as it takes place in commercial graphites

and carbons.

The details of the apparatus and techniques developed for that part of the
investigation will be found in the aforementioned report. Also, as an
appendix in that report, an analysis was presented which permitted the pre-
diction of the change of permeability as a function of both time and
position in the porous medium while the dimensions of the pores were being
changed by the deposition of carbon due to thermal decomposition 3£ methane.

In the present investigation, the previous work has beea extended to in-
clude carbon deposition and removal using acetylene, hydrogen, carbon
monoxide, water, and methane for the test gases. These were used singly
and in mixtures. The effects of actual pyrolysis gases, obtained from a
phenolic resin, were also investigated. The chars used were produced from
cylinders having the BSD designation of R6300-HP.

Carbon monoxide and hydrogen were found to have a negligible effect on the
permeability of the chars. Both methane and acetylene decreased the
permeablility while water increased the permeablility of the chars. The
phenolic ablation products decreased the permeability. It was also noted
that the chars could develop cracks from thermal stresses alone.




The use of the results obtained for predicting char phenomena during
actual re-eatry was considered. An analytical procedure was developed for

the case of a growing char in which carbon deposition is occurring due
to the cracking of wmethane.
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BACKGROUND

2.1 DARCY'S LAW

Efforts to correlate the flow rate of a fluid through a porous material

with the pressure drop across it have been made for more than a hundred
years.

The experiments of Darcy (Reference 2) and later workexs led to the de-
velopment of a differential equation which has come to be known as "Darcy's
law". For one dimensional flow this 1is

4B _
ax " K 'x @.1
where

P = pressure
x = distance in x direction
K = permeability
p = visgcosity
Vx = pag velocity in x direction

Thus, Darcy's law states that the flow rate through a porous medium is
proportional to the pressure graduent across the medium.

2,2 ANALYTICAL MODELS FOR PERMEABILITY

In order to describe the change in permeability with carbon deposition a
mathematical model will be needed. There has been considerable work done
in predicting permeability as a function of various structural parameters
of porous media. Scheidegger (Reference 3) presents an excellent review of
the models which have been used to represent porous structures.

The simplest model of a porous medium is that consisting of a bundle of

straight capillaries., The flow, Q, through a capillary can be described by
the ilagen-Poiseuille Law:

<4
-1 § dP
= S————— — 2.2
Q 128 ¢ dx 2.2)

vhere § is the diameter of the pores in the model.

By expressing this for the case where there are n capillaries per unit area
and combining with Darcy's law, one obtains the followlng equation for the
permeability:

an 5

K= ETTH (2.3)

o
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This equation can be put into various other forms. Letting the porosity
€ be represeited by

€=~ %-nl 34 (2.4)

and the specific interaasl surface area of the porous matrix (the ratio of
the ares of the capillaries to the encleosing volume of the solid be given
by

S=nxé (2.5)

one can substitute for n or & in terms of € or S.

One of the most widelr accepted theories for permea-ility was presented by
Kozeny (Reference 4) /'n 1927. He represented a porcus medium by channzls

of various cross~sect{ mns, but of definite length. Kozeny solved the Navier-
Stokes equations (under certain assumptions) for the flow in channels and
then substituted his results into Darcy's law to obtain the Kozeny equation:

K = £ (2.6)

wvhere £ and S are defined as before and ¢ is the Kozeny constant.

The Kozeny equation contains an important parameter in the surface area.
For this xeason it has been widely used in determining surface areas. For
surface area determinations, the value of 1/5 for ¢ is generzlly assumed.

2.3 KINETICS OF CARBON FORMATION AND REMOVAL

The most important parameters for predicting the effsct on permeability due
to carbon deposition or rewoval are the rates of the reactions of
the gases flowing through the char. The flow model employed and the density
of the deposits are of minor importance in the analysis compared to the
kinetics of the reactions wliich occur.

yJ

2.3.1 Methane Decomposition

The kinetics of the decomposition of methane to carbon has been studied
extensively. This reaction can be represented by

agm) * s ¥ e .7

Tt is almost universally agreed that the reaction rate for carbon formation
from methane gas can be represented by & first order resction of the form

t. =k

c cn. Ccu (2.8)

4 4

Palmer and Cullis {Reference 5) have combined the experimental findings on
the decomposition of methane tc carbon of several authors in an Arrhenius

PiCisehtanstes Yo b
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plot. The rate constant derived from this figuie was used in the previous
report (Reference 1). 1t is
2.28 x 104

(15.16 ~ T )

r. = 10 c (2.9)

CR4

Several authors have noted that hydxogen inhibits the decomposition of
metkane in the temperature range of 1025 to 1500°K. However, Kevorkian,
Heath, and Boudart (Reference 6) in the temsmerature range 1660 to 1965°K and
Skinner and Ruehrwein (Reference 7) in t* temperature range 1430 to 1790°K
report no effect of hydrogen.

2.3.2 The Kinetics of Carbon Formation from Acetylene

Carbon fcrmation from acetylene has been widely studied because of its ap-
pearance in reactions involving carbon formation. It has been postulated

by Porter (Reference 8) in the acetylene theory of carbon formation that car-
bon is formed directly from acetylene.

At lower temperatures (below 900°K) polymerization is the principal reaction
of acetylene. At higher temperatures tne products are carbon, hydrogen,
diacetylene, vinylacetylene, and sometimes methane (Reference 9 and 8). As
a general rule the last three are formed in negligible quantities at the
high temperatures.

Because of this, the reaction can be represented by

C2H2 + 2C + HZ (2.10)

for the temperature regions of interest in this investigation.

Most investigfators agrce that the kinetics of acetylene decomposition can be
represented by a second order reaction of the form

2
-r., =k C (2.11)
C2d2 C2H2 C2H2

However, there are some exceptions to this agreement. Kozlov and Knorre
(Reference 9) found their data to be best represented by a first order
homogeneous reaction rate and Silcocks (Reference 10) found his data to be
best represented by a comhination of a first order heterogeneous reaction
with the surface in his reaction vessel and a second order homogeneous
reaction.

2.3.3 Carbon from Carbon Monoxide

The reaction describing this carbon formation is known as the Boudouard
reaction:

200« Co, + C (2.12)




Kassel {Reference 11) has studied the equilibrium of this reactien., He
writes the reaction in the reverse direction so that the equilibrium con-
stant is defined as

P2

co

K »

eq = 3 , atm {2.13)

CO2

Table 1 lists the values he c)tained for the equilibrium comstant.

From the equilibriun data one can gee that the reaction favors carbon forma-
tion only below 1006°K. Therefore, one might expect carbon to be formed at
temperatures below 1000°K. However, this is not the case since the reaction
rate becomes small at low temperatures. Gaydon and Wolfhard (Reference 12)
report that below 1500°K the gas phase reaction does not occur. From the
equilibrium data one can see that when the reaction does occur, the amount
of carbon formation is negligible.

2.3.4 Reaction of Carbon with Hydrugen

The reaction of carbon with hydrogen is the reverse of the reactions thus
far discussed; 1.e., carbon is removed from the surface rather than being
deposited.

Sanders (Reference 13) studied this reacticen at temperatures from 1825 to
550"K. He found that his experimentai weight losses agreed with his
calculations based on thermodynamic data for the hydrogen-graphite theoret-

ical equilibrium composition, with acetylene the major reaction product.

At lower temperatures methane is the major reaction product.

Table 2 gives the equilibrium constants obtained from thermodynamic data.
From the table it can be seen that at 1800°K only methane and acetylene
contribute measurably to the carbon weight loss, while at 2600°K only
acetylene is significant,

The main point to note about the carbon-hydrogen reaction is that its
equilibrium conversion is small for the temperature range discussed. It is
not until temperatures in excess of 3000°K that the reaction of hydrogen
with carbon becomes significant.

2,3.5 Reaction of Carbon with Steam

As with many heterogeneous reactious, the determination of the kinetics of
the carbon-steam reaction poses mam’ problems. Processes can be centrolled
by gas film diffusion, by pore diffusion, by the chemical reaction rate,
and by combinations of these.

The rate of the carbon-steam reaction is often expressed as

k P
4 H20

r = (2 014)
1+ kSPHZ + k6 PHZO

Lomaatr aw ybe xR




According to Ergun and Mentser (Reference 14) the individual reactions
forming the reaction sequence are a surface reaction:

|3

7

dZO + Cf';;:) “2 + Co (2.15)

k

7
{where C_. and Co refer to free and unoccupied active carbon sites respec-
tively), followed by the gasification reaction:

3
3
C° —_— G0 + an {2.16)
The carbon monoxide can also react to form carvon dioxide according to
Kl
3
COo + Co?:ff::9C°2 + Cf (2.17)
8
This can be further comnlicated by the water-gas shift reaction:
k‘)
C) + 1120 ¢ k_)u":- + 112 (2.18)
9

Using the analysis of Ergun and Mentser in thelr review of the carbon-steam
reaction, the raze of carbon removal can be expressed as

X, k. ¢!
dnc 475 “er
- = = - 2.19
dt K, +C /[C.u ( )
2 “,, “2
cnc -
where - —— is tihe rate of carbon removal {rom the surface, atoms per

second; &tis the mass of the solid carbon; £, is the equilibrium constant
for reaction (2.15); and k4C{, 1s the product of the rate constant for
reaction (2.16) times the total number of zctive carbon sites. This ex-
pression is on a weignt basis. hLowever, a more applicable expression may
be obtained by writing thls in terws of the surface area, which is the
actual governing parameter for tne reaqction rate, rather than the weight.

The surface area per unit volume may de expressed in terms of the perme-
ability using the Kozeny equatlion to obtain

- V-lcl £‘3
dn_ cy Y R cA/sx

- = = (2.20)
L+
dt kb CH“/C.“"0

“~ -

where V ia the volume and ké is the rate constant k3 in terms of surface area.
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Ergun and lentser experimentally studied this reaction in the range 1275
to 1475°K and determined values for K; aad k3v t° Thelr value of K,
should hold for other types of porous carbenaceous systems., The term k3
will give the temperature dependence of k3 cc'

In analyzing their results, Ergun and Mentser determined that the water-gas
shift reaction was at equilibrium at 1475°K jn their reaction vessel and
reached equilibrium by the time the Hy0 was 502 converted at lower tempera-
tures. This fact can he used for determining the product distribution in
the reaction zone.

2.3.6 Mixtures

The effect of hydrogen on the rate of carbon formation from methane was
discussed in the section on methanz. There is no information on the effect
of hydrogen on the reactions of the other gases except for the reaction of
water vapor with carbon. In this case the effect of hydrogen an¢ of carbon
monoxide can be taken into account with the water-gas shift equilibrium,

The only other interactions that might be expected are the interactions
between the water vapor and the methane and acetylene. However, a litera-
ture search has uncovered no information on this subject.

2.4 DENSITY OF DEPOSITED CARBON

The density of the deposit is needed to determine the voiume the deposited
carbon will occupy in the pores. The density of deposited carbon formed

by the decomposition of hydrocarbon gases has been studied by Brown and
Watt (Reference 15). They found that the density of the deposited material
is dependent on the temperature of deposition. The density varied from a
minimum of 1.14 g/cmd at 1975°K to a miximum of 2.22 g/emd at 2375°K. At
temparacures from 2300 to 2400°K and higher, the density was essentially
constant. Figure 1 shows the change in density with temperature of
deposition.
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EQUIPMENT

3.1 INDUCTION FURNACE

The induction furnace for heating the samples to temperatures character—
istic of ablation is discussed in detail in Reference 1. The apparatus
was capable of operating at temperatures up to 3000°K for indefinite
periods of time. It was leakproof so that air could not enter the system
and the gases being passed through the system could not escape. Provision
was also made for accurate optical pyrometer temperature measurcments de-
spite deposition of cpaque matter on the quartz containing walls.

Tkhe furnace without the radiation shield is shown in Pigure 2. As iadl-
cated by the name, induction heating was usad to achieve the necessary tem-
perature levels. The power was supplied by a Lepel Model T25-3, 25 kilo-
watt generator with a frequency range from 180 ke to 450 kec.

Tha gasea used in the experiments were introduced into the specimen cylinders
through an inlet in the bottom of the furmace. A thin pyrolytic graphite
tube was used to carry the gases from the bottom of the furnace to tha hole
in the bottom sample holders. The gases then flowed radially outward

tarough the specimen and exited through the top of the furnace.

A Leeds and Northrup 8630-series optical pyrometer was used to measure the
surface temperatures of the chars during the transpiration experiments.
This was a single-adjustment, potentiometer—~type of instrument. The sample
was viewed through a quartz sight tube (1/4 inch 0.D.) which was attached
to the inside surface of the quartz cylinder about 1 1/2 inches below the
level of the specimen, Part of the cooling gas was diverted to flow past
the sight tube to keep the sight path clear. A mirror was placed on the
bottom steel end plate to reflect the radiation coming through the sight
tuba at an angle more convenient for viewing with the pyrometer.

In order to obtain the high temperatures desired in the furnace, it was
necessary to use a radiation shield. A pyrolytic graphite cylinder (1 1/2
inches high and approximately 1/4 inch thick) was used for this purpose.
The graphite was oriented so that the direction of lowest conductivity was
in the radial directiom.

3.2 PURNACE MODIFICATION FOR WATER VAPOR

The gas inlet system to the furnace had to be modified to incorporate water
vapor as the test gas. This was accomplished by injecting the water through
a small nozzle into the primary test gas stream where the water was vapor-
ized. The nozzle was made from a stainless steel Luer syringe 27 gauge
needle. The primary gas stream was heated to approximately 120°C by




T T T

ChbR T

wrapping the gas line with electrical heating tape. A Variac was used to
control the temperature of the tape. The liquid water flow was monitored
with a rotameter. The water injection system is depicted in Figure 3.

3.2 FURNACE MODIFICATION FOR YARN

The yarn consisted of a phenolic resin impregnated in a carbon yarn which
was then cured. The yarn was passed through the center of the char in the
furnace where the phenolic resin was partially pyrolyzed., The system used
for handling the yarn is shown in Figure 4. Prior to an experiment, the
yarn was wound on the source spool and then threaded through the gas inlet
to the furnace and back down to a motor driven wind up spool where the yarn
was rewound after passing through the furnace. The quartz tube on the top
char holder was necessary to provide a large smcoth turning radius for

the yarn, since the yarn could not sustain sharp turns. The motor and
spools were contained in a pressurized tank; the test gas passed through the
tank and into the furnace. The motor speed was coitrolled with a Variac,

3.4 PORE SIZE DISTRIBUTION

A 1960 model Aminco-Winslow Porosimeter was used to determine the pore size
distribution. This was a 5000 psi hand-operated model which could be used
to determine the volume of pores ranging in size from 100 to 0.035 microms.
The results were semiquantitative, since the diameter of any pore as de-
termined by the porosimeter was the smallest dliameter through which the
mercury must pass to eater the pore. This is known as the 'bottleneck
effect". The data obtained from the mercury porosimeter were the total
voluze of pores that axe filled with mercury at given pr2ssures. From this
information one could calculate a capillary pressure curve which in turn
could be related to the pore size diitribution.

3.5 POROSITY

The porosity was determined vy a Boyles' law porosimeter which uses helium
gas. In this apparatus a metered amount of helium was brought into the
sample chamber, By knowing the total volume of the sample chamber and
measuring the pressure before and after the gas was in the apparatus, one
could determine the volume of the solids and closed pores, and hence the
porosity. The pressure was measured by a fused quartz precision pressure
gauge manufactured by the Texas Instrument Company.

3.6 ANALYTICAL BALANGE

All sample welghings were performed on an automatic balance manufaciured
by Wm. Ainsworth & Sons, Inc. The balance is capable of weighing to
0.001 grams. These weighings, in conjunction with the helium porosimeter
results, were used to determine real and apparent densities.

-10~
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The pressure drop across the sample was also monitored with the quartz

pressure gauge. The gauge output was in digital form; a strip recorder
was used to obtaln a record of the pressure variation in the course of

an experiment.

3.8 FLOW RATE3

Rotameters were used for monitoring the flow rates of the gases. These
were Brooks rotameters and nad maximum flow rates ranging from 51 cc/min.
to 24.4 SCFi of air.

3.9 GAS ARALTSIS

The efriuent guses from the furnace were analyzed with a gas chromato-
graph. The analysis did not give the exact composition of the gases
leaving the sample since the gases continued to react after that time.
This effect was mini=ized by a side effect of the gas used to keep the
sight tube clear. This gas tended to quench the reactlion by cooling the
effluent gases immediately upon their exit from the sample. A Beckman
GC-5 chromatograph equipped with a temperature programzer was used during
most of the experimental work.

-1i/12-
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CHARACTERIZATICH OF CHARRED CYLINDERS

4.1 DESCRIPTION OF CYLINDERS AS SUPPLIED

Eight charred cylinders were supplied by Avco/RAD. All cylinders were made
from compression molded high purity RAD-6300-HP carbon phenolic material
using the dixie cup method with a 30 degree layup angle to the pipe axis.
Before charring, the cylinders were twelve inches in length with an outside
diameter of 1.25 inches and a wall thickness of 0.25 inches.

Charring was accomnlished by passing plasma gases from the Avco/RAD Ten
Megawatt Arc Facilicty through the inside of the cylinders for periods

ranging from 14 to 27 seconds. The heat transfer rate to the cylinders was
about Btu
1100 —X—— .,
ft~ sec.
The peak backface temperatures ranged from 1120 to 2000°F. The thickness
measured at the center of the cylinders varied from 0.08 to 0.19 inches

after charring. The test conditions for the charring are summarized in
Table 3.

It should be emphasized that considerable variation of structural properties
were evident in the angular direction at any given axial position in the
cylinders as supplied. This was apparently due to tle non-symmetzy of the
plasma jet used in the charring process.

4.2 CHARACTERIZATION OF THE CYLINDERS AS SUPPLIED

The cylinders were cut into one inch long segments. The location of these
segments from the hot end during the charring process is designated in the
sample name. The dimensions of the samples used are listed in Table 4.
Also shown are the real and apparent densities, the porosity, the perme-
ability, and the average pore diameters.

Figure 5 is a photomicrograph cf an as-received char. Significant deposi-
tion may be noted near the inside surface. Almost uo deposition is evident
near the outside surface.

4,3 COMPARISON WITH COMMERCIAL CARBONS AND GRAPHITES

As-received characterization of commercial carbons and graphites is shown in

Table 5 for comparison purposes. The carbons and graphites were obtained
from Union Carbide Corporation.

-13/14-
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CONDITIONING OF THE CHARS

Thie chars in the as-received condition contained unablated residue. This
was eliminaved by passing an inert gas through the char at high tempera-
tures in the furnace. The inert gas used was helium. Al* chars used in
deposition runs were conditioned in this manner. The characterization
results after conditioning are summarized in Table 6. It can be seen that
the real density after conditioning was abeut 4% higher than before con-
ditioning. The porosity of the samples was typically 287 before condition-
ing and 32% after conditioning. In general, the after conditioning per-
meabilities were about one and half times larger than the before condition-
ing permeabilities. Most of the chars were conditioned at 2600°K for

40 minutes. The time for conditioning at the highest temperature and the
highest temperature are both listed in Table 6.

It is of interest to compare the permeabilities of the high purity chars
used in the present study with the chars of Reference 1 and also with the
commercial carbons and graphizes. Figure 6 shows such a comparison. It
is {mmediately obvious that the permeabilities of the present chars are

an order of magnitude lower than the previcus chars and several orders of
magnitude lower than the carbons and graphites. All of the chars shown in
Figure 6 were conditioned at about 2600°K for 35 minutes or more.

The pore size distribution of a char before conditioning is compared with
a char after conditioning in Figure 7. Conaitioning had only a small effect
on the pore size.

Three chars were conditioned at high temperature, about 290G°K. All three
chars cracked within ten minutes at this temperature. None of these chars
was cemented in the sample holders for conditioning. After two chars had
cracked at high temperature, great care was taken with the third sample
(R6300~HP-DC4~0.6FH~XS) to determine the reasons for cracking. The sample
holders were remachined to obtain clean smooth surfaces. The top (spring
loaded) support was not used in order to minimize unnecessary mechanical
forces on the char. The top holder was needed to prevent radiation losses;
it weighed less than 25 grams.

The char was conditioned for ten minutes at 2660°K without difficul=y.

The temperature was then increased to 2875°K. After less than 4 minutes,
the temperature in the char dropped rapidly indicating a crack in the char.
When it was removed from the furnace, the crack was confirmed; a picture

of the crack is shown in Figure 8. A large pit on the inside surface also
developed during conditioning and may be seen in Figure 9. The depth of
this pit was about ,07". Since there were no mechanical forces on the
sample, the crack must be ascribed to thermal stresses.

~-15-
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A photomicrograph of a char after conditioning at 2660°K is shown in
Figure 10. Comparing this with a sample as received, the after-condition~
ing sample is wore uniform in the radial direction. Also there are dark
deposits visible at the outside surface similar to those at the inside
surface. These deposits at the outs’de surface are a result of the con-
ditioning process. They are depcsited carbon, formed during conditioning
by the decomposition of the gases coming from the unabiated material.

The flow direction of the gas was from the inside out, so that the deposi-
tion occurred in the outer section of the sample.

-16-
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CARBON DEPOSITION AND REMOVAL

6.1 EXPERIMENTAL PROCEDURE

To simulate the char demsification that occurs in the char, gases typical
of the pyrolysis products of phenollic resims (C2 » By, €0, H,0, and CHa)
both singly and in mixtures were passed through char samples while the
samples were inductively heated. The effects of these gases on the char
were then determined.

For test gases that could be obtained in compressed cylinders (He, CH4,
C,H,, Hs, and CO) the general experimental procedure was to heat the sample
to the desired temperature using helium only. The test gas was then allowed
to flow through the sample. Pressures and flow rates were monitored, and
from these permeabflity as a function of time wei calculated.

2
The procedure for water vapor was the same &s that above, except that the
water stayed in the liquid form unti{l after it was mixed with the other
gases., It was then vaporized and entered the furnace as a gas.

F
For experiments with yarn, the yarn was first dried in a vacuum oven to re-
move adsorbed water vapor. It was then placed in the experimental appa-
ratus. The motor pulling the yara through the furnace was started and the
temperature was immediately ralsed to the test temperature. The weight
loss of the yarn was jdetermined by weighing the yarn that had passed through
the furnace and aiso a control piece that was dried but had not passed
through the furnace. By measuring the lengths of the twc pleces, the weight
loss per unit length could be determined, and from this the total weight
loss.

6.2 CALCULATION ,OF PERMEABILITIES FROM THE EXPERIMENTAL DATA

When the experimental data wers: reduced to obtain permeabilities, the change
in gas volume due to reaction was neglected so as to avoid undue complex-—
ities in the computations. For the relatively small concentrations of re-
acting gases ;used in the experimeuts this assumption would not cause any
appreciable error.

In determining the mobility (the ratio of permeability to initial perme-
ability), the initial value of the permeability used was the value obtained
slightly after the test gas was started extrapolated to time zero. Thus
errors caused by neglecting the reaction of the test gas cancelled each
other in calculating mobility, and any changes in permeability that occurred
during startup operations were not erroneously included in the results.

The permeabilities after deposition in the chars are summarized in Table 7;
the carbon and graphite results are shown in Table 8. A comparison of the
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apparent density, permeability, and porcsity of the chars in the as-
received, after conditioning and after deposition conditions may be
found in Table 9. During the experiments the temperature and flow rates

varied somewhat. In presenting the zesults in the tables and figures,
average values vere used.

6.3 RESULTS USING METHANE

The analysis presented iu the previous report for the predicticn of the
change in permeability as a function of time and position for carbun deposi-
tion by the thermal decomposition of methane has been verified.

Complete data and results for deposition in carbon and graphite samples can
be found in the dissertation by Schwind (Reference 16).

A comparison of the analysis with the experimental results from two of the
rung is shown in Pigures 11 and 12. The results are plotted in terms of
mobility. It is secen that the analysis provides an accurate means of pre-
dicting the effect of carbon deposition from the decomposition of methane
in these types of porous media.

FPigure 13 shows the effect of methane deposition on the permeability {mo-
bility) of a char sample. Some of the mechane decomposed prematurely during
this experiment. This can be seen in Figure 14 which is a photomicrograph
of the sample after the run. The deposit at the inside surfacs is the
material just slightly c¢iiiferent in color from the epoxy resin that was

used for impregnating the sample in preparing it for photomicrography. The

premature decomposition was due to the low permeability of the char and the
resulting low flow rate.

6.4 RESULTS USING ACETYLENE

Acetylene decreases the permeability of the chars by the deposition of
carbon. The decrease in permeability is faster than that observed with

methane. Some of the experimental results are presented in Figures 15
through 19.

Figures 20 and 21 are photomicrographs of the R6300-HP-DC1-8.2FH-XS sample
af ter carbon deposition using acetylene, Here again, some of the acetylene
decomposed prematurely. This can be seen as a deposit at the inside surface
with little deposition in the pores of the sample in Figure 21. PFigure 20
is a different view of the game sample. In this region of the sample the
acetylene did not decompose prematurely and deposit at the inside surface
but in the sample, the black spots in Figure 20 being deposited carbon.

6.5 RESULTS USING CARBON MONOXIDE

In Section II it was predicted on the basis of equilibriur data that when
carbon monoxide reacts to form carbon, the amount of carbon formed will be

-18-
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negligibie. One sample, R6300-KH®-DC1-9.4FH-XS, was tested with carbon
monoxide at three temperatures (1620°, 2040°, and 2760°K). At all three
temperatures the permeability remained constant; the results agreed with
the prediction.

6.6 RESULTS USING HYDROGEN

In Section II it was also predicted that the hydrogen raaction with carbon
is equilibrium-limited. Not until temperatures are in excess of 3000°K
would it be expected that the effect of hydrogen becomes important in chars.
The R6300-HP-DC1-4.2FH-XS sample was used for runs with hydrogen at 1490°.
1995°, 2660°K. The R6300-HP-DC1-5.4FH-XS sample was used for runs with
hydrogen at 1585° aad 2400°K. Except at the two high temperature values
there was no effect on the char permeability.

At the temperature: of 2400° and 266N°K both samples cracked. It is sus-
pected that the cracking occurred because of thermal stresses for the same
reason that cracking occurred during conditioning.

For the samples that didn't crack, the experiments agree with what one would
predict using equilibrium data. That is, hydrogen has a negligible effect
on the permeability for temperatures up to 2060°K and probably for tempera-
tures up to 3000°K.

6.7 RESULTS USING WATER VAPOR

The effect of water on the chars 18 to lncrease their permeability. The
water reacts with the carbon surfaces in the pores tc remove carbon from
the char.

Figure 22 shows the effect of water on carbon chars. The permeability in-
creases with time. Figure 23 1s a photomicrograph of one of the samples
after exposure to water., Comparing this with a sample after conditioning,
Flgure 10, one can see the dramactic erosicn effect of the water. The in-
side section of the sample has little solid material remaining. This ef-
fect of the water can also be seen in the pore size Jdistribution, Figure 24.

6.8 RESULTS USING MIXTURES

Several authors have noted an inhibition of the rate of methane cecomposi-
tion by hydrogen at relatively low temperatures. Methane~hydrogen mixtures
were used in runs with two samples. The results are shcwn in Figures 25

and 26. To determine the effect of hydrogen, the two experiments were
compared with the analysis for methane alone, assuming that the hydrogen was
an inert gas., The two experiments using methane are compared with Schwind's
experimental data in Figure 27. The data are plotted in terms of the log
of the experimental rate constant for methane decomposition versus recipro-
cal temperature. From this figure it can be seen that for temperatures
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greater than 1580°X, hydiogen does not affect the decomposition of methane.

The deviation of Schwind's experimental data from his theoretical line at
low temperature was due to the fact that at the low temperatures the carbon
deposition was a result of the decomposition of the fimpurities in his
methane gas rather than a result of the decomposfition of the methane. For
temperatures greater than 2100°K the methane decompcsed before actually
entering the sample. Since the same purity of methane gas was used for the
two methane-hydrogen experiments that Schwind used, the line that best fit
his data was used to test the effect of the methane-hydrogen mixture.

Figures 28 and 29 show the results using acetylene and hydrogen. With the
char sample the acetylene decomposed prematurely. However, using the re-
sults of the acetylene and hydrogen with a carbon sample and comparing them
with results with just acetylene, it can be seen that hydrogen does not
affect the carbon deposition from acetylene. Figures 30 and 31 show the
results for acetylene-methane and acetylene-carbon monoxide mixtures.

Figures 32 through 35 show the effect of carbon deposition and removal
occurring similtaneously. By varying the concentrations of the gascs, the
permeability can be made to increase or decrease. By increasing the concen-
tration of the gases that deposit carben, CL, and CZHZ’ the permeability

can be made to decrease more rapidly. By increasing the concentrzation of
the gas which removes carbon from the pores, H,0, the permeability caa be
made to increase more rapidly.

6.9 RESULTS USING YARNS IMPREGNATED WITH PHENOLIC

Three experiments were made using yarns impregnated with phenolic so that
the effect of actual products of ablation on the permeability of chars could
be studied. In all cases the effect of the decomposition products of the
yarn was to decrease the permeability of the chars. The yarn used was Unica
Carbide Co. VYB 70 1/2, impregnated with Monsanto's resin SC 1008. It was
prepared by Lockheed Missile and Space Company. The resin content of the
yara was 23.9 weight per cent.

The yarn was quite brittle and required gentle handling. In the design of
the experimental apparatus care was taken to insure that the yarn did not
have to negotiate any sharp turns. The maximum temperature to which the
yarn could be exposed and still be handled satisfactorily was 1500°K.

Before the yarn was used in the furnace it was treated in a vacuum oven to
remove adsorbed water vapor. The adsorbed water vapor amounted to more
than 107 of the total weight of the yam.

The R6300-HP-DC8-5.0FH-XS char sample was tested with the yarn in conjunc-
tion with a helium flow rate of 0.108 ft3/min at 1265°K using 56.3 feet of
yarn. The mobility decreased from one to 0.642 in 4.3 minutes.

The R6300-HP-DC8-0.6FH-XS sample was tested with the yarn with a helium flcw
rate of 0.148 £t3/min at 1265°K using 91.7 feat of yarn. During this
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experiment, leaks developed in the cement holding the sample. Even with
the leaks the mobility decreased to 0.695 in 6.3 minutes.

The R6300-HP-D(8-3.9FPH-XS sample was tested with yarn with a helium flow
rate of 0.120 ft3/min at 1440°K using 97.4 feet of yarn. The mobility
decreased to 0.578 in 6.6 minutes.

" 7 o o 1, wony
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Exact determination of the resin weight loss of the yarn could not be made.
Due to the brittleness of the yarn, the yarn could break at any time during
an experiment so that the length of yam to be used in the furnace was aot
known beforehand. This meant that average values of the weight per unit
length had to be used to determine the weight loss. At the temperatures
used the weight loss of the resin was small and of the same order of magni-

2 tude as the variation in the weight of the yarn. After the yarn was charred,
it was cut into 15 foot lengths, several of which had weights greater than
an average value for an uncharred piece.

Another problem in determining the weight loss was the large amount of
water that could be adsorbed by the sample. During the time the yarn was
expoged to the air after drying (while being transfzarred from the vacuum
oven to the induction furnace and while being transferred from the induc-
tion furnace to the gravimetric balance) some water could be adsorbed by
the yarmn. For all the experiments the resin weight loss was less than
0.005 gm/ft.

Only the final mobility for the yarn experiments is presented rather than
a plot of mobility as u function of time. This was done due to the rel.-
tive values of the volume of the yarn tank as compared to the flow rate of
. the helium. The actual pressure lagged behind the true pressure due to the
3 time regquired to change the pressure iv the tank using the low flow rate.
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CHAR GROWTH SIMULATION

As as described in the Introduction, the ultimate aim of the work which
was performed under this and the previous contract was to provide a solid
basis for calculetions of the change of permeability and pressure drop
across a char growing under re-entry conditions. It is believed that this
aim has been accomplished, even though the devalopment of the detailed
calculational routines was not part of the planned work efforct. A simpli-
fied model of a growing char was constructed for the case where a methane-
inert mixture is the gas flowing through the pores in the char, from the
reaction zone o the outside surface. The eguations describing carbon de-
position for this situation, which had been ceveloped previously (Refer-
ence 1), were used for this work. The calculations were intended to
demonstrate the feasibility of using the type of data obtained in the course
of the project for predicting phenomena more closely asscciated with actual
re-entry situations.

The model employed 18 a simple model designed to show how char densifica-
tion affects the permeability of the char. For this reason the rate of
char growth and temperature profile were arbitrarily set with the emphasis
of the work being on the effect of the carbon formation.

Por the present example a linear char growth ratc was assumed with the char
reaching a thickness of .G5 inches in 10 seconds. A linear temperature
profile was also used with the temperature at the reaction plane being

set at 900°K and the temperature at the outside surface for the maximum
char thickness being 2500°K. It was assumed that the phenolic decomposed
at a reaction plane rather thaa throughout a zone 5f reaction, with the
products of the decomposition being methane and argon. The initial char
permeability was set at 1011 ftz, the mass flux of methane at .469 x 1072
lbm/ft2 ee¢ and the mass flux of argon at 7.04 x 1072 lbmlftz sec., These
conditions were not meant to be necessarily representative of the condi-
tions in an actual re-entry situation. They were used only tc illustrate
the type of simulation that could be performed if the actual re-entry con-
ditions were used.

Pigure 37 presents the effects of carbon deposition occurring in the char
pores in a simulated re-entry condition. As in an actual re-eatry situa-
tion the char thickness increases with time, The gaseous products (in
this case methane and argnn) coming from the pyrolysis of the resin, flow
through the char, decomposing to form carbon in the pores of the char.

It is seen from Figure 37 that the carbon deposition does not have an ap-
preciable effect on the mobility of the outside surface of the char until
after six seconds when the surface temperature reaches 1850°K. It is not
until this temperature is reached that the rate of decompositicn of the

methane becomes signiticant compared to the residence time of the methane
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in the char. The mobility versus time curve becomes constant because all
the methane has decomposed by the time it has reached the outside surface
for times greater thaa 9 seconds. The pressure drop from the reaction
plane to any point in the char, the outside surface temperature, and char
thickness are also plotted for the assumed conditions.

The program for this solution is in the Appendix.

The gereral outline feor this program could be utilized in developing a

more reallistic model, including the actual gas mixtures involved, varia-
tions in the tewmperature gradient through the char with time, etc. This
should permit prediction of the properties of the char {permeability,
porosity, and density) and the composition, pressure, and flow rate of the
gaseous ablation products as a function of position in the char and of time.
This information, coupled with structural analyses of the char, would make
it possible for the designer to determine what combination of conditions
might lead tc mechanical faflure of the char. He would then be able to
specify variation of such properties as weave of the reinforcing cloth,

polymer composition, and shield thickness in order tc alter the performance
of the char, if desired.

It should be noted, however, that, for the reasons already discussed, exper-
imental data on chars alone, as obtained in the present work, are not
sufficlently accurate to serve as a reliable base for this type of medel.

It is believed that a combination of information from moxe uniform (and

more permeable) porous carbonaceous materials and from the chars is re-
quired for the analysis. To be moure specific, results for the deposition
kinetics of gases and gas mixtures obtained on the more uniform (and re-
producible) materials could be combined with data on the pore size distribu-
tion and internal surface area of heat shield naterials in various stages

of charring to yield fairly accurate results. The term "fairly accurate"
must be inserted here because of the inherent inhomogeneities and non-
uniformities of all practical eblative composites, as well as the difficulty
in predicting external effects.

A necessary input for the exact char growth analysis would be the heat flux
at the surface as a function of time, the composition of the original
gaseous ablatien products, the rate of decomposition of tiie polymer as a
function of temperature, the thermal conductivity and density of the char,
and the permeability of the initial char material formed. With this in-
formation the rate of char growth, the char thickness, the temperature
profile, the gas flow rate, the porosity, the deunsity, the pressure ardi the
permeability of the char could be calculated as a function of time ard po-
gition. Also the assumption used in the simplified char growth simula-
tion program {(with methane), of the polymer decomposing at a plane rather
than throughout a zone, could be eliminated.
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CONCLUSIGONS AND RECOMH.LDATIONS

. The effect of carbon deposition and removal in ablative chars was studied,
using gases typical of the ablation products of phenolic decomposition both
singly and in mixtures. It was found that, by themseives, carbon monoxide
and hydrogen kad a negligible effect on the permeability of chars. Methane
and acetylene decreased the permeability, the effect of acetylene being
more raplid than methane. Hydrogen did not affect the rate of carbon forma-
tion from either methane or acetylenme, it acted only as a diluent. Water
increased the permeability of chars. The composition of mixtures of C.,ii,,
ci,, H,, CO, and H,0 could be adjusted tc make the permeability increase”
or decrease. Actual phenolic ablation products, obtained from impregnated
yarus, were used with the char samples. Their effect was to decrease tne
permeability of the samples. It was also found that the chars would crack
from thermal stresses when they were exposed to high temperatures (above
2800°X) for more than five minutes.

The analysis presented in the previous report for the predicrion of tbe
change in permeability by carbon deposition from methane has been verificd.
(Reference 16). Two figures are shown comparing this analysis with experi-
ment. This analysis was also extended to demonstrate how it could te used
to predict the permeatility in the char layer during re-entry.

It has been found that the experiments with the 2blative char samples aione
were not a sufficient basis on which to base a >iecise analytical model of
carbon deposition and removal in ablative chars. The primary difiicuicy

was the low permeability of the chars. The low permeability required rine

use of small gas flow rates which in turn limited the experimeatal terjpeva-
tures to prevent premature reaction of the test gas. Even using low tempera-
tures, premature reaction of the test gas was frequently observed witn tae
char samples. Using uniform more permeable porous carbon or grapunite
samples, the functional kinetic relationships among the various gases inter-
acting with the chars can be determined. Some results have already been o, 1.
doing this and are included in this report.

It 1s recommended that the analytical work which has been initiated ve
extended to include increasingly complex ablatiun models, so that mani-
mum use can be made of the results obtained duringz the present project.

In conjunction witi* this, further experimental data should be obtained on
the kinetics of the reactions undergone by gas mixtures typical o¢ the ae-
composition products of ablative materials. Also thave is need for more
detailed informatien on the internal structurz of heat shield materials

at various stages of decomposition.

Ty
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TABLE 1

Equilibrium Constent for Boudouard Reaction
7, (%K) Keq
é 300 1.63 x 10-2L
400 5.0 x 10-14
500 1.82 x 1079
600 1,90 x 1076
[ 700 2.71 x 107%
1 800 1,11 x 1072
i
3 900 0.195
1000 1.91
1100 1.23 x 10
E 1200 5,73 x 10
1250 1.12 x 10°
, 1300 2,09 x 102
1400 6.28 x 102
1500 1.63 x 103
750 1.06 x 10
2000 k.21 x 10
2500 2,72 x 107 é
3000 8.80 x 10°
Boudouard Reactjon: COp + C ¢P22C0
¢ Equilibrium Constant: Keq = > €0
COs
4
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TABLE 2

Equilibrium Constants for the Dehydrogenation Reaction of Some Hydrocarbons

TV

Ir

¢ LE{J

Hydrocarbon Temperature
1527° € (1800° K) 2327° C £2600° K)
Equilibrium Equilibrium
constant, constant,
K K
Methane (CH,) 7.54x10™ 1.19%10™
-4 -2
Acetylene (CZHZ) 1.98x10 1.81X10
-6 =0
Ethylene (CZHA) 4,78X10 9,91X10
Methyl radical (GH,) 9.47x107% 1.30x107%
Methylene radical (CHy) 3,50x10"7 1.06x10™
-12 -7
Methenyl radical (CH) 3.67X10 7.08X10
1
;
3 “'30"
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FIGURE 1: VARIATION OF DENSITY OF CARBONACEOUS
DEPOSIT WITH TEMPERATURE

O DEPOSITED FROM METHANE AT 15 CM Hg
PARTIAL PRESSURE

O DEPOSITED FROM BENZENE AT 2.5 CM Hg
PARTIAL PRESSURE

{\ DEPOSITED FROM PROPANE AT 15 CM Hg
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AS RECEIVED
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AFTER CONDITIONING AT 2875°K
INTERIOR VIEW
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FIGURE 10:

OUTSIDE
SURFACE

PHOTOMICROGRAPH OF R6300-HP-DC8-11.0FH-XS
AFTER CONDITIONING
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AFPENDIX: CHAR GROWIH SIMULATION PROGRAM

10.1 CARBON DEPOSITION EQUATIONS

The char simulation program is based on the solution of the equations
predicting the change in permeability due to carbon deposition from methane.
These equations are listed below and were derived in the previous report
(BSD TR 66-385).

Y
1/2
M7 (x,ty)
oo 1o oI,
oM 1 [
% " 173 (10.1)
y K" (e 4y)
1+ fl [1-exp (C,‘ B dy)]
[o]
Rz ]
@=p o *om) " an,! (10.2)
Y
1/2
ulap *+ 0y = B gy
P pzz - B 1 1 dy (10.3)
o {r, +y) M
b 1
2
Y
c x” L IR d (10.4)
n »n exp —— dy .
(cu,) " "en,), 4 Q
where Zk(CH[‘) (H'w')c f1P1
Tl RTp (10.5}

.
S IR Y]

RS FAITI I IS PENET O e

P RN SVIT S e TV

I T NN TR

Y

[ S



RO Ao bR

T e e b

Cl. n -~ 2k(634) tLeo {10.6)

The program solves these equations for a linear char growth rate, a
linear temperature profile, and a constant methane and inert gas flocw rate
at a plane where the gas enters the char for a c¢ylindrical char. A sim-
plified flow chart showing the calculation procedure is found on page 82.
The input varisbles are listed on page 83. The program was written in
Fortran IV for use on an IBM 360 cowputer operating with & RAZS szystem.

10.2 COMPUTER PROGRAM NOMENCLATURE

The following subroutines and fimction programs were used in the char
simulation program.

Function SUMN(I, IM)--calculates the sum of the squares of the difference
between the last two iterations on the number of moles of methane at a

given time, I. The summation is over each radial position existing at that
time.

Function SUMM(I,IM)--calculates the sum of the squares of the difference
between the last two iterations in the value of the mobility at a given
time, I. The summation is over each radial position existing at that time.

Function FF(I,J)-—~calculates the right hand side of equation 10.1 for
time, I and position J.

Subroutine TEMP——calculates the values of the temperature dependent
variables for each radial position existing at time 1.

Subroutine PC2--performs a second order predictor-corrector solution of

equation 10.1. Also includes Euler's method followed by secend order
corrector.

Subroutine PC4--performs a Hamming's fourth order predictor-corrector
solution of equation 10.1.

Subroutine RFND~-calculates the roct of equation 10.4 for given values
of mobility and pressure. The secant method is used to find the root.

Subroutine INTEG~periorms integration in equation 10.4 by trapezoidal
rule.

Subroutine PRES~~solves equation 10.3 for given values of the moles of

methane and the mobility for each radial position at time I. Again the
trapezoidal rule was used.
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i 10.3 NONSUBSCRIPTED VARIABLES 5
ANAR molar flow rate of inert gas ;

. ANCH4 wolar flow rate of methane gas %
AV avarage mobility at any time %

) cc1 convergence criterion ; g
cc2 square of convergence criterien § %

CSTEP determines whether step size is to be changed 1 ;

Pz

:{ c2 constant defined by equation 10.5 ; E
S T
> c4 constant defined by equation 10.6 4
f DELT time step size %
) DELY step size in y direction é
DIDTH constant temperature gradient across the char }

PIMX final step sire, maximum step size .i

] HEAD sample designation 3
. HT height of the sample %

f I index to keep track of times stored in the computer %
: . 3
IM index to keep track of actual time that the times stored in 1

5 the computer represent A
/ JS counter to keep track of the value of the index corxresponding %
: to the inside surface of the char :
i MPOUT determines whether intermediate pressure and number of moles Y
: of CH, output is printed out :
L, §
% MSEP determines if mobilities and pressures ac each y shculd be 2
‘ printad out at selected increments in time F
% NOuT allows mobilitics st each y for all times to be printed out é
3 -79- ¥

AT




NP T e T

PR
PR R

ERELA
-

Jl: -

LAt oA Sl 54x)

PPN

Y

JASGEAMIICA Waphaty | CIONIRIAAY

N

AN

YT

P

o AP

-

e

(B miberronwd
s

NR
NS
NIH
NW
N2
ODIA
PERO
PORO
P2B

RADIF

THEND
TIME
TMAX
THMPO
TREF
TREFI
VISAR
VISCH4

VISMX

input tape number

indicates new sample follows

indicates the number of incremeiits in y which are used
output tape number

indicates type of inert gas used

outside diameter of the sample

initial permeability of the sample

initial porosity of the sample

atmospheric pressure

inside radius of the sample in feet

rate constant for the decomposition of methane
inert gas flow rate

methane gas flow rate

temperature of the sample during the carbon depcsition
thickness of the sample

maximum thickness of the char

total time

maximum time of the deposition experiment

time increment for normal output

temperature of outside surface of the char
temperature of inside surface of the char
viscosity of the inert gaa

viscosity of the methane

viscosity of the inert gas-methane mixture
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10.4 SUBSCRIPTED VARIABLES

BM(I, J)
BRNCH4 (I, J)
FNCH4 (J)
P(I, J)

RK(I, K}

SINT (T, J)

SPINT(K)
T(, K)

VISHX (I, K)

wobility at time I and position J

number of moles of methane at time I and position J
number of moles of methane at position J

pressure at time I and position J

rate constant for decomposition of CHA at time I and
position K

value of integral in equation 10.4 for time I and
position J

integral of equation 10.3
temperature of char at time I and position K

viscosity of the methane-inert gas mixture at tins I
gud position K
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READ
INPUT VARIABLES
SEE PIGE 83

[~ "START AT OUTSIDE
SURFACE
TIME = 0

CALCULATE TEMPERATURE

+ AT EACH POSITION IN
- CHAR FOR t=0

GREATER PREDICT MOBILITY AT
ALL POSITIONS IH
1ESS THAN CHAR FOR TDME ¢t
OR EQUAL TO USING VALUES AT

PREVIOUS TIMES

IF CHAR THICKNESS
GREATER THAN
MAXTMUM THICKNESS

CALCULATE NEW Q, P,
n{CE) ) AT ALL POSITIONS [*

FOR TIME ¢
1
INCRESE THICKNESS CORRECT VALUE FOR
OF CHAR MOBILITY USING VALUES

[ FROM PREVIOUS TDMES
WITE BEST ESTIMATES
FOR PRESENT MOBILITY

INCREMENT TIME

TEST

FOR COXVERTENCE OF
ALUES OF MOBILITY

CONVERGED

WRITE
TIME, MOBILITY, PRESSURE,
AND MOLES OF METHANE
\ AT OUTSIDE SURFACE

FIGUR: A~l: SIMPLIFIED FLOW CRART FOR CHAR SIMULATION PROGRAM
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COMPUTER LISTIHG CF CHAR SIHWULATION PRUGRAN

CHAR SIHIULATION PROGRA

EXACT THEOURY T = T(TIKE,Y) THICKI:ESS VARIES

THIS PROGRA# SOLVES FOR THE MOBILITY, PRESSURE,ALD

THE MOLES OF CHhL IM THE CHAR OF A REENTERILG ACLATOR

LHERE THE CHAR THICKIIESS 1S ALLOWED TO VARY FRuit ¢ Tu TH,

[LPUT 1S READ INTO THE COMPUTER AS FOLLOWS

CARD 1, COL, 1-60 HEADING, A FIELD

CARD 2, COL. 1-2 ILERT GAS USED (0 FUR AKGO:., 1 FOR HKE,

2 Fur h2

CARD 3., COL, 1-10 Chh FLUW RATE, COL. 11-20 IiERT GAS

FLOV RATE, COL. 21-30 OUTSIDE DIANETCR, COL. 31-40

HEIGHT, COL. #1-50 FINAL THICKNESS UF THE CHAR,

FORMAT(5D10.4)

CARD 4., CGL, 1-10 LEMGTH OF TINE FOK THE THICKNESS

To REACH A STEADY STATE VALUE

CARD 5, COL., 1-10 MAXINUM TENPERATURE THAT TIHE

QUTSIDE SURFACE OF THE CHAR WILL REACH, COL, 11-20

TEIPERATURE OF IKSIDE SURFACE OF THE CHAKR (USUALLY

TAKEI AS TLE DECO/iPOSITION TENPERATURE OF PHENOLIC RESIH),

COL. 21-3G PERHMEABILITY OF CHAR WHICH iS ORIGIIALLY

FORIIED, COL. 31-40 ORIGIANL POROSITY OF Tht CiAR,

cul. h1-42 NUMBER OF STEPS USED ACROSS CIIAR

DOUBLE PRECISICN P{5,21)y BNCHA (54212 ,BM(5 421),AFT (2]},
1SINT(S5,21)4T(5+21)4RK(5:21 )y VISMX(5+21) 4FNCH4{21),
2GM(21) sROCHG,

3001 AyHT, THEND,DELT ,XCH4RADLyRADLFyVCHAMs ANCHSy WN2M ,
4ANA Ry VARM,

3 S5VHE My ANTOT y ANTCH, PERO4POROyTREF ¢DTDTHDELY » TMAXy ANTH,
; 6C5,C6,4ROAR

7+ XAR 4 TIME,PRED ,TREF

DIMENSION HEAD(15)

F' COMMON P ,BNCH4 o BMAFT gSINT 9T 9RKy VI SMXy FNCH4 sGM9C64C5
.

LAt >

T
OO0 OO0

I

i)

e

ey

1XC4 4y NTH
NR= 1
N= 2
500 READ(NR,5) HEAD
S FORMAT(15A4)
N2:0 FOR ARGON =1 FOR HE. =2 FOR N2
: REAC (NR,105) N2
4 1C5 FORMAT(12)
N2=N2+1
WRITE (NW,40) HEAD
40 FORMAT(1H1,15A44///)

<>

. c SALPLE DIIELSTOLS ARE IN ! CHES
C FLCY RATES ARE FT3/0b
READ {1,10) ROCH4 (ROAR ,0DIA ¢HT ¢ THEND
10 FORMAT(5010.4)
c TMAX=10 20y 30 SEC.

~8l-




C

16

45

1
15

30

TMAX = LENGTH OF TIME FOR THICKNESS TO REACH STEADY
1STATE VALUE

READ (1,16) TMAX

FORMAT(D10.4)

RAD1=.500%GD [A~-THEND

RADLF=RAD1/12.

VClikH = ROCHL

AlCHY = VCELi4 » ,2025€20000/60.,

GO T0 (3,12,9),Nh2

Vi2ii = ROAR

AAR = VHhi2M * (7,2035D-2)/(28,%60,)
GO TO 11

VARF = ROAR

ALAR = VARt * (2,554D-3)/60,

CO TO 11

VEEit = RGAR

ANAR =VHEM=#*( 2.550~3)/ &0.

ANTOT=ANCH4 +ANAR

WRTITE (NW,45) ANCH&,ANAR

FORMAT(8HONCHA = yD14¢648HPER SEC ¢ ¥X96HNAR = 401446,
18P ER SEC.y/)

ANTCH=ANTOT+ANCH¢%

NTH= NUMBER OF INTERVALS IN Y-DIRECTION MUST 3€ EVEN
ING.

TREF 1S TENPERATURE OF OUTSIDE SURFACE

TREFD IS TEAPCERATURE OF PLENOLIC DECOMPOSITION

READ (NRy15) TREFsTREFI4PEROPORO¢NTH
FORMAT{4D10.4,12)

XCH4=ANCH4/ANTOT

XAR=ANAR/ANTOT

ANTH=DFLOAT(NTH)

DTOTH=(TREF-TREFI )/ THEND*12,

DELT=TMAX/ANTH

QELY=THEND/(12.%ANTH)

WRITE (NW,30) TREF,THEND, TMAX

FORMAT(9H~TEMP. = +D10.4+5X,7TH THe = .,D10.4 .8H TMAX =

1401 0e44//)
C5==24,.%2000./7/140.%XCH4/39.3500
CH=~6.283185307«HT*PORO/12.
NTH=NTH+1
IM=1
I=1
BM{1lsNTH)=1.

BNCH4(1,NTH)=ANCH4

SINT(L,NTH)=0.

FNCH4 (NTH)=ANCH4

J=NTH

TIME=O,

CALL TEMP({I¢IMyTIME,DELY:DTDTHyANCH4 4 ANTOT,) ANARXAR

1HT s N2)

Cul.l PRES (DEL Yy ANTCHyRAD1F oI ¢IMsHT 4 PERQ)
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WRITE (NW,68) TIME,BM{INM,NTH) +P{IMyNTH) s BNCH4 (IM¢NTH)
&8 FORMAT(8H TIME = ,D010.4/{3D20.8))
Iv=2
1=2
RAD 1F=RAD IF=DELY
JS=ENTH=-1M+]
BM({ T,JS})=1.
BNCH4{1,JS)=ANCH4
FNCH4(JS)=ANCHS
TIME=TIME+DELT/60.
CALL TEMP{I IMy TIME.DELYyDTDTH,ANCH4 ANTOT yANARXARy
1HT,N2)
J=NTH
PRED=1.
CALL PC2{14IMyJ,PREDJANTOT sANCH% RADLFsDELYy ANTCHy HT,
1PERO,DELT)
GO- YO 151
111 IF (SUMM{I,IN}~(1.0D=-26)) 151,151,152
151 JS=sNTH-IM+1
WRI TE (NHW,68) TIME(BM(I9JJ)oP{I9JJ)eBNCHG(IedJ])y
1JJ=JSeNTH)
I=l+1
IM=IM+]
RAD 1F=RADIF-DELY
IF {(I-6) 108,106,109
108 JS=NTH-IM+1
BM{IsJS)=1l.
Gi{JS)=1.
BNCH4(I,JS)=ANCH%
FNCH4(JS)=ANCH4
KK=JS+1
DO 201 K=KK,NTH
BM{ I,K)=BM( I=-1,K)
2C1 BNCH4{I,K)=BNCH4{ I=1,4Ki
IF (IM=NTH) 116491164112
TIME=TIME+DELT/60.
CALL TEMP(I ¢IMsTIME9DELYsDTOTHoANCHA ¢ANTOT yANARXARy
1HTsN2)
152 JS=NTH=-IM+2
DN 211 K=JS¢NTH
211 GM(K}=8M{1,K)
J=JS
PRED=1.
CALL PC2{I14IMsJoPREDsANTOTy ANCH4 yRADLF9DELY yANTCHoHT
1PERO,DELT)
J=d+1
1C6 PRED=2.
CALL PC2({IsIMyJyPREDyANTOT +sANC!44)RADLFyDELYy ANTCH¢HT,
1PERO,DELT)
IF (J=NTH) 101,111,111
101 J=d+1

-
)
[o}
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IF (J={NTH=-1M+4)) 106,106,107
1C7 CALL PC4(IsIN9JyPREDsANTOT s ANCHS ¢RACLF9DELY +ANTCHoHT

) 1PRODELT)
IF (J=NTH) 101,111,111
109 1=0
JS=NTH=IM+6
DO 200 K=2,5
I=1+1 :
JS=Js-1 ;

N0 200 J=JS,NTH
BM{ "'J)=Bl (K’J’
P(I 4J)=P(KyJ)
SINT(I,J)=SINT{K¢J)
T(T 4J)=T(KyJ) !
RK( T3 J)=RK(KydJ)
VISMX{I,J)=VISMX({K,J)
2C0 BNCH4 (1,J)=BNCH4( Ky J) ' :
1=5 E
G0 TO 108 :
112 GO TO 500
600 END
/FTC

i
3
b
4
R

ey,

— e e

DOUBLE PRECISION FUNCTION SUMN(ILIM) ]
DQUBLE PRECISION P(5+21) BNCH4( 5921)¢BM(5921)4 AFT(21 ), -
ISINT{ 59210 9T (59211 9RK(5921)3VISMXI5421)+sFNCHE(21) ;
2GMl 21) 7
3906 +C54XCHG 9 X4 Q
COMMON P yBNCHGsBMJAFTsSINT 9 T9RK 9 VI SMX 9 FNCH yGM9C6 :C S,
1XCH4,NTH
x=0.
JSS=NTH-IM+2
DO 61 K=JSS,NTH
IF {BNCH4(I:K)) 63,63,462 ;
63 Q-‘-‘O. R k
GO T0 61 4
52 C=( FNCH4 (K)=~BNCH4( T14K))/BNCH4(IyK) 3
€l X=X+Q¥Q ;
SUMN= ]
RETURN
END

>

/ETC

SR'e S

DOUBLE PRECISION FUNCTION SUMMII,IM)
DOUOLE PRECISION P{5521)+BNCH4{5421)4BM(5,21) AFT(21);
ISINT(5521) 2 T(5921)eRK{5921)yVISHMX{5,421) »FNCHEG (21),
26M( 211},

* 3C69CH5yXCH4y Ry Y
CCMMON P+BNCH4 ) BMeAFToSINT,ToRK o VISMX ¢yFNCH4 ¢GMy CEH4C 50
IXCH4¢NTH 4
Y=0. .
JSS=NTH=IM+2
DO 81 K=JSS,NTH

o~

S
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R={ GMIK)=BM(I,K)}/BM(I,+K)
8l Y=Y+R#*R
SuMM=Y
RET URN
END
/FTC REF
DOUBLE PRECISION FUNCTION FF(1,J)

DOUBLE PRECTISION P(5421)+BNCH4(5921)9BMI54+211,AFT(21),

1SINT(54211,T(5521) 4RK(5921)4VISMX(5421)yFNCH4{21),
26M(21)

3,C64C59XCH4, 2

COMMDN PyBNCH4y BMyAF Ty SINTyToRK ¢ VISMX yFNCH4 sGMyC69C 5y
1XCH4 ,NTH

I=DEXP(CO6=%SINT(T1,Jd))
FFR=C5%BM(IJI %P (T oJ)*RKI Ty J)I*Z/ (T +J)*T(I,4J)*
RETURN

END

/FTC

SLBROUTINE TEMP{I,IN,TIMEDELY OTCTHyANCH4 s ANTOToANAR,
1XAR 4 HTyN2)

DOUBLE PRECISION P(S5421)+BNCH4(5,21) yBM(5421)9AFT(21),
ISINT(5+21)9T(5+21)+RK({5+21)9yVISMX(5+21) 4FNCH4(21),

GM( 21) +C €4C 5,y
30TDTH,ANCH4 ,ANTOT yANARyHT9 Yy VISCH4 ¢ VISAR ¢XARyPH12,
4PH2 19 XCH4 s TIME
Sy DELY

CCMMON Py BNCH& 9 BM JAFT 9SINT T oRKoVISMXsFNCHG s GM; C6,C5 5
1XCH 44 NTH

K=NTH

TY=IM-1

12 Y=DELY*DFLOAT(IY}
T(I +K)=DTDTH*Y+2.03
VISCH4=(2.930-21%(6.7197D-4)

C THIS IS VISCOSITY OF CH4 AT 1000 K (PERRYS) LBM/

c

1FT-SEC
GO TO (212,216,213),N2
213 VISAR={6.,T1970-8) %174, %397 i {T{1,K7/293.)*%*1.5)/(T(1],
1K1+104.)
GO TO 214
212 VISAR=[6.T1TD~8)%222.%435 ®¥{ (T{14K)/293.)%%1.5) /(T(1,
1K)+142.)
GO TO 214
216 VISAR={6.71970=8)%19%e%3634%({T (14K} /293)%%1,5)/(T( 1,
1K)+ 70.)
1=CH4 AND 2= N2 OR AR
214 PHl1l=1.
PH1 24 ,353550C/(1a%00800%% 5 )%( 1le+({2.48500%%,25)=
1{({VISCH4/VISAR)
2%%,5) ) ¥%2,

BT P
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/FTC

51

61

1

c N

74
73
80
85

681
685

87

PH21=.3535500/13.489D0%%,5)%{1,+(.,4018D0%%,25)%
1{(VISAR/VISCH&)

2%%, 5) ) %%x2,

PH22=1.

VISMX{I4K)=XCH4*VISCHSG/ (XCHA4*PHI1+XAR*PH12) +XAR*V ISAR/
1{ XCH4*PH21

2+XAR*¥PH22)

RKI I¢K)=10¥*{15.160C~2.28D4/T{ I4K)}

K=K£-1

1Y=1Y-1

IF (1Y) 11,12,12

RETURN

END

REF

SUBKOUTINE PC2{I+IMyJyPREDsANTOTyANCH%4 ,RADIF,DELY,
1ANTCH,HT +PERD,
2DEL T)

DOUBLE PRECISION P(5421)+8NCH4(5+21)48BM(5421)4AFT(21)
1SINT(5921) 5 T(5+21) sRK(5421) yVISMX(5¢21)FNCHG (21},
2GM( 21),C6,C5,

3PN1 yPRED,ANTCTy ANCH4 s RADL'Fy DELY ¢ANTCHoHT y PERGy XCH&,
4DFEL ToFM

CCMMON P +BNCHG 9BM,AFT ySINT 979 RKy VISMXy FNCHe ¢+ GMyC6 4C5
1XCH4yNTH

IF {PRED-1.1) 51,51 .61

FCLLOWING USES EULERS METHOD TO APPROX. M AT T=T+DELT
BNCH4(I4J)=BNCH&(I=1,J)

TRUN=0.

BM{Isd)=8BM{I=1-J)+DELT*FF (I~=1,J)

GO YO 71

NCW USE 2 NC. ORDER PRED.

BNCH4(1,J)=BNCH4 (I-1,4)

TRUN=1.

BM{ I,J)=BM(I=23J)+2.%DELT*FF (I—~1,J)

PN1=BM(I,J)

CALL PRES(DELY ANTCH,RAD1F41:;IM:HT. PERN)

CALL RFND(DELYyTIsIMANTOT JANCH4,RADLF)

IF {(SUMN{T,IM)=(1.00-26)) T44+71,71

OW USE 2 ND ORDER CORRECTOR
FM=BMUI-14JY+DELT /2. % (FF(I=)14J)+FF(14J))

IF (DABS(FM~BM{I,J))={1.0D-13)) 80,73,73
BM(I,J)=FM

GC TO 74

BM{T,J)=FM

IF {(TRUN) &81,685,681

BMI IoJ)=BM{T1sJd)4le/Se%(PNL=-BM(14J))

CALL PRES(DELY JANTCH,RAD1F,14IMyHT,PERD)

CALL RFND{(DELY»I,4IM,ANTOT yANCH4, RAD] F)
IF{SUMN(I¢+IMI=(1.00=26)) 87,685,685

RETURN

END
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392
92
51

78

602
610

170
82
77
8l

195
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REF

SUBROUTINE PC4{I4IMsJePREDJANTOT, ANCHSG,RADL Fy DELY
1ANTCH,HT+PERD,
2DELT)

DOUBLE PRECISION P(5,21),BNCH&4(5,21)+8M(5,21),AFT(21),
1RK({S,21),
2SINT{5+21)9TU5,21),VISFX{5421) +FNCHG (21)9GM{21) sX 4C6 »
3C5, XCH4
4,ANTCTyANCH4 4 RACL Fy DELY yANTCH,yHT 4 PERQy PN1,CyPRES, CEL T

COMNON PyBNCH&y By AF Ty SINT9 ToRK yVISMX yF NCH4 4GMyC64C 5,
1IXCH4 yNTH

M0D4A=0

BNCHG ({T4J)=BNCHA4([1-1,yJ)

BMlI2Jd)=8M (14 ,3J) ¢4 RDELT/ 3. ¥{ 2. *FF (I -1,J)=FF(1=2,
1)+ 2.%#FF(1~-3,J))

PN1=BM{1,4).

IF {M40D4} G25392,02

BM(T,J)=PN1-112./121.%X

CALL PRES(DELY,ANTCH,RAD1F,1,IM,HTyPERO)

CALL RFND(DELY,I,IM,ANTOV,ANCH%,RADLF)

IF (SUMN(I,IM)={1.00-26)) 78451,:51

C 4T M=0.

178 C=1e/B8%{9.¥BM(I=19J}=BM{I~39J) +3*DELT*(FF(1,J)42.%

IFF( I-1,4J)
2=FF(1=24J)2)"°
IF{DABS{C~BM(I3J))~11.00-13)) 170,76,76

16 3M(I,4)=C

C4TM=C4THM+1.

IF (C4TM-10) 178;178;502

WRITE (NH,610) C,GM(J)

FORMAT(47TH 4 TH. CRDER CORR. DOESNT CONVERGE 1IN I0
1CYCLES,2D15.8])

BMII»J)=C

CALL PRES(DELYs; ANTCHyRADLFy I, IMyHY,PERD)
CALL RFND(DELYsI+IMyANTOTyANCH4 ,RADLF)
IF (SUMN({I4IM)-(1.0D0-26)) 77,82,482
X=PN1-C

BM(I¢J)}=C+9a/121.%X

CALL PRESIDELYy ANTCH,RAD1F,I,IMyHT,PERO}
CALL RFND(DELY+I4IMyANTOTyANCHS yRADLF)
IF (SUMN(IIM)-(1.0D-26}) 195,811,811
RETURN

END

SUBROUTINE RFND(DELYsI9IMyANT QT 4 ANCH4yRADLF)

OOUBLE PRECISION P(5,21)+BNCH4TU5421)yBM(5,21),AFTI(21),
ISINT(5+921)sT(5+21) 9 RK(5921) yVISMX(S5421) 4FNCH&(21),
2G6MI21)4FNCE 2),
3ANTCHyDELY «ANTOT yANCH4 ¢RAD1F ¢ Yy CNCH& y DNCH4 ¢ C69C5 9XC H4
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211

203

205

2C8

204

212

305
206

209
210

213
207

2G0
201

/FTC

CCYMON PoBNCH4BMyAFToSINT 9T oRK9VISMX9FNCH4S sGMy C64C5,
1XCH 4o NTH

ANTCH=ANTOT+ANCH4

coONV=0,

NCON=0

JSR=NTH-IM+1

Y=0.

AFT (JSR)I=39.35DC#T(I9JSRI/P(T14JSR)*ANTOT
SINTII,JSR)=0,

IF {I-1) 201,201,211

JSR=JSR+1

DO 200 L=JSRyNTH

IRT =0

Y=Y+DELY

CNCH4=BNCH4(1,L)

IRT=IRT+1

GO 10 (205,204),IRT

AFT (L)=39.3500*T(1,L)}/PL1,L)*(ANTCH-CNCH&)
CALL INTEG(I,L,DELY,Y,RADIF)

GO TO (208,204),IRT

CNC H&=ANCH4*DEXP{CO6%SINT(I,L})
FNC{1)=BNCH&4{I,L)-CNCH&

GO TO 203
FNC(2)1=CNCH4-ANCH4*DEXP(C6*SINT(I,L))

IF (FNC(2)-FNC{1)) 2124213,212

DNC H4=CNCH4~ (CNCH4-BNCH4 (I +L) )/ (FNC(2)=FNC{1))*FNC( 2]}
CON V=CONV+1.,

IF (CNCH4) 305,207,305
IF(DABS({CNCH4~DNCH4)/CNCH4)-(1.0D0-13)) 2(C7,206,206
FNC (1)=FNC!2)

BNOH4(I,L)=CNCH4

CNCHA=DNCH4

IF{CONV-30.) 205,2054209

NCON=NCON+1

WRITE (NWs210) CNCH4BNCH&(I L)
FORMAT{2CH ROOT NOT CONVERGING,2015,.8)
IF( NCON-4) 2C7,207,200

DNC H4=CNCH 4

<CNV=0.

BNCH4 (141 '=DNCH4

CONTINUE

RETURN

END

SUBRNUTIKE INTEG(I4LsDELY;Y,RADLF)

COUBLE PRECISION P(5921) +BNCH4 (5,21)9BM {5 421)AFT(21),
1SINT(5921) 9T(5921) 4yRK(5421)4sDELYy Y9y RADL Fy XRAD,UINT 9A B
COMMON Py BNCHG 9 BMsAFT 4SINT »T9RK

XRAD=RADLIF+Y

A=3SQRT{BM(I¢L=1))* (XRAD=-DELY)I/AFT{L=1)%RK(T¢L=-1)
AwDSQRT(BMI I o LI )M XRAD/ZART (L) ®RK ( Dol )

-9]-

O

- e s

AN A

MoX  fE It s




h - - T e S T - G S RSO S

DINT=DELY/2.%(A+8B)

SINT(I+L)=SINT{I,L=1)4DINT
RET URN b
END %

SUBROUTINE PRES (DELY,ANTCH,RADLFy 1y IM,HT,PERD)

DOUBLE PRECISTON P{5,21)4BNCH4(5,211 4 BM(5,21) ,AFT(21),
1SINT(5521)sT(5421) yRK{5421) yVISMX(5421) 4GM(21)4C65C5
2XCH 4, FNCH4(21)4 SPINT(2114DELY JANTCH yRAD1F ¢H T, PEROy
3XRAD 4A 4B sDPIRT,
4ANTH, Y

CCMMON P o BNCH4 4BMAFT 9 SINT o T4 RK o VISMXy FNCH 5 GMyC6 9CS g
1XCH4,NTH

FNCH4 (NTH)=BNCH4( I+ NTH)

ANT H=DFLOAT (NTH)

Y=D ELY*ANTH

P(I,NTH)=29.52100

IF (I-1) 410,41Cy405

405 SPINTINTHI=0.,
K=N TH-1
4C0 Y=Y-DELY : ;

XRAD=RAD1F+Y k

A=( ANTCH=BNCH4(T oK+ 15 )/ (XRAD*BM(1,K+1) ) *.VISHX(] Ke1)% :
LT(I4K+1)

B=( ANTCH=BNCH4{ T +K) )/ ( ( XRAD=-DELY)*BM ([4K) ) #VISMX( 4 K)*
1T (1K)

DPINT=DELY/2.% { A+8)

SPINT {K)=SPINT{K+1) +DPINT

P(1,K)=DSQRT ( 855.25600+(6.60164D=2)/ (HT *PER O) *
1SPINT(K))

FNCH4({K)=BNCH4{ 14K)

IF (K~(NTH-IM+1)) 410,410,420

420 K=K-1
GC TO 400
410 RETURN
END
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