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ABSTRACT

The techniques for the investigation of char densification phenorena
which 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 resins.
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 of 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 across a growing char is presented. The effort
required to extend this program to more complex situations is aiscussed.
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NOMENCLATURE

c Kozeny constant, defined in equation 2.6

C i  concentration of component i, moles L- 3

C' number of sites of type i per unit mass, H-i

Cf active carbon site free of oxygen

CO  active carbon site occupied by oxygen

C2  constant defined by equation 10.5

C4  constant defined by equation 10.6

f mole fraction of carbon containing compound in gas stream

I.D. inside diameter, L

K permeability, L
2

K reactioa equilibrium constant

k reaction rate constant

L height of cylinder, L

H mobility, dimensionless

M.W. molecular weight, M/mole

n number of capillaries per unit area, L- 2

n number of free carbon sites

n i  number of moles of given substance per unit time, moles/t

O.D. outside diameter of the cylinder, L

P pressure, M/Lt
2

Q volumetric flow rate, L 3t -

R universal gas constant, ML 2/t 2T mole
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r radius of cylinder, L

r i  rate of formation of component i 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, L-

T absolute temperature, T

t time, t

V volume, L 3

V x velocity in x direction in rectangular coordinate system, L/t

W mass, M

x distance in x direction

Y radial distance through the char originating at the inside of
the char, L

6 average pore diameter, L

e porosity of porous material, dimensionless

U viscosity of the gas, g/Lt

p density of the material, M/L3

Subscripts

1 quantity evaluated at the inside surface of the cylinder

2 quantity evaluated at the outside surface of the cylinder

o quantity evaluated at time zero

Avco Desig-.,tion

Distance from hot end during arc test

in inches

R6300 - HP - DC2 9.75FH -

CROSS SECTION; inside 1/2, outside 1/2, middle 1/3;
if blank it represents entire cross section.

ix/x
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INTRODUCTION

Ths basic objective of the study described in this report was to provide
reliable experimental data which is necessary for devising appropriate
analytical expressions for predicting changes in permeability and pressure
drop occurring in chars during reentry. More accurate expressions of this
type are needed for incorporation into analyses describing 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 presented on the changes in permeability and structural
characteristics which occur in typical ablative chars when carbon deposi-
tion is caused by the deconposition of methane in 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 af methane.

In the present investigation, the previous work has been 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
permeability while water increased the permeability of the chars. The
phenolic ablation products decreased the permeability. It was also noted
that the chars could develop cracks from thermal stresses alone.
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The use of the results obtained for predictiug char phenomena during
actual re-entry 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 methane.

A

II
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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 workers led to the de-
velopment of a differential equation which has come to be known as 'Darcy's
law". For one dimensional flow this is

dP V (2.1)
dx K x

where

P - pressure
x - distance in x direction
K - permeability
P - viscosity
V = gas velocity in x direction

x

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

2.2 ANALITICAL 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, thr-gh a capillary can be described by
the Uagen-Poiseuille Law:

.- 4 dP (2.2)Q 128 V dx

where 6 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 lew, one obtains the following equation for the
permeability:

K n 64(23
128 (2.3)
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This equation can be put into various other forms. Letting the porosity
£ be represented by

Z4 ny ~ (2.4)
4

and the specific internal surface area of the porous matrix (the ratio of
the area of the capillaries to the enclosing volume of the solid be given
by S nT 3 

(2.5)

one can substitute for n or 6 in terms of e or S.

One of the most widel- accepted theories for permeavility was presented by

Kozeny (Reference 4) .n 1927. Ha represented a porcus medium by channels
of various cross-sectjlns, 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:

c3

K - cc (2.6)S 
2

where e and S are defined as before and c is the Kozeny constant.

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

2.3 KINETICS OF CARBON FORMATION AND REMOVAL

The most important parameters for predicting the effect on permeability due
to carbon deposition or re. oval 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 w~aich occur.

A

2.3.1 Methane Decomposition

The kinetics of the decomposition of methane to carbon has been studied

extensively. This reaction can be represented by

CI14 (g) + C(S) + 2"2(g) (2.7)

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

. -CH4 CCH4

Palmer and Cullis (Reference 5) have combLned the experimental findings on
the decomposition of methane to carbon of several authors in an Arrhenius
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plot. The rate constant derived from this figuie was used in the previous
report (Reference 1). It is

15.16 - 2.28 x 10
4

r l0 ( 15  - T " " CCH4  (2.9)Ii c

Several authors have noted that hydrogen inhibits the decomposition of
methane in the temperature range of 1025 to 15000 K. However, Kevorkian,
Heath, and Boudart (Reference 6) in the tewn-erature 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 formation 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 the 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

C2112 4 2C +- H2  (2.10)

for the temperature regions of interest in this investigation.

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

=k 2 (2.11)
G 2i2 C 2If2 C 2H2

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 comhlnation 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
reaCLiol:

2 CO C02 + C (2.12)



Kassel (Reference 11) has studied the equilibrium of this reaction. He
writes the reaction in the reverse direction so that the equilibrium con-
stant is defined as 2

co
K -- ?--, atm (2.13)Keq

co 2  ,

Table 1 lists the values he c'tained for the equilibrium constant.

From the equilibrium data one can see that the reaction favors carbon forma-
tion only belo. IO00OK. Therefore, one might expect carbon to be formed at
temperatures below 10000K. However, this is not the case since the reaction
rate becomes small at low temperatures. Gaydon and Wolfhard (Reference 12)
report that below 15000K 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 Hydrogen

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

Sanders (Reference 13) studied this reaction at temperatures from 1825 to
2550"K. He found that his experimental 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 Eives 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 becoes 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 man" problems. Processes can be controlled
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

k4 P20

r P +(2.14)
k5PH+ k6 PH o

2 2
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According to Ergun and Mentser (Reference 14) the individual reactions

forming the reaction sequence are a surface reaction:

k 7

H20 + Cf >11 + C (2.15)
2 f4'--- 2 0 2.5

k7

(where C. and C refer zo free and unoccupied active carbon sites respec-

tively), followed by the gasification reaction:

k3C - CO + nCf (2.16)

The carbon monoxide can also react to form carion dioxide according to

CO + Co . CO, C (2.17)

This can be further comnlicated by the water-gas shift reaction:

CO + I0 C' n + d2 (2.18)

Using the analysis of Ergun and Mentser in their review of the carbon-steam
reaction, the rate of carbon retnoval can be expressed as

I k C' W
do "'4 3 ct

C =(2.19)
dt K, + C /C ,

, *I!) t1,

on

where- c is the rate of carbon removal fiom the surface, atoms per

second; tis the mass of the solid carbon; K4 is the equilibrium constant

for reaction (2.15); and k3Ct is t~e product of the rate constant for
reaction (2.16) tinec the total number of ective carbon sites. This ex-

pression is on a weignt basis. how,ver, a more applicable expression may

be obtained by writing thi in ter:. of the surface area, which is the

actual governing parazLer for tne reaction rate, rather than the weight.

The surface area per unit volume may Oe expressed in terms of the perme-

ability using the Kozeny equation to obtain

dii ~,V k. C'Ai-do 4 c5K
_ =(2 .2 0 )

C L K + C.i /C.

where V is the volume and k' is the rate constant k3 in terms of surface area.
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Ergun and Ilentser experimentally studied this reaction in the range 1275
to 1475°K and determined values for K4 and k 3 C ' t . Their value of K4
should hold for other types of porous carbonaceous systems. The term ki Cct
will give the temperature dependence of ki C't.

In analyzing their results, Ergun and Mentaer determined that the water-gas
shift reaction was at equilibrium at 1475*K In their reaction vessel and
reached equilibrium by the time the H2 0 was 50% converted at lower tempera-
tures. This fact can be used for determining the product distribution in
i"he reaction zone.

2.3.6 Mixtures

The effect of hydrogen on the rate of carbon formation from methane was
discussed in the section on methane. 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 and of carbon
monoxide can be taken into account with the water-gas shift equilibritum.

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 volume 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 thar the density of the deposited material
is dependent on the temperature of deposition. The density varied from a
minimum of 1.1.4 g/cm 3 at 1975*K to a mtximum of 2.22 g/cm3 at 23750K. At
temparatures from 2300 to 2400°K and higher, the density was essentially
constant. Figure 1 shows the change in density with temperature of
deposition.

-8-



III

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 measurements de-
spite deposition of opaque matter on the quartz containing walls.

Tha furnace without the radiation shield is shown in Figure 2. As indi-
cated by the name, induction heating was used 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 kc to 450 kc.

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

3.2 FURNACE 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 1200C by

-9-
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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.

3.3 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 controlled 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 microns.
The results were semiquantitative, since the diameter of any pore as de-
termined by the porosimeter was the 3mallest diameter through which the
mercury must pass to enter the pore. This is known as the "bottleneck
effect". The data obtained from the mercury porosimeter were the total
volume of pores that are filled with mercury at given p:-3ssures. From this
information one could calculate a capillary pressure curvc which in turn
could be related to the pore size di'tribution.

3.5 POROSITY

The porosity was determined i-y 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 BALANCE

All sample weighings were performed on an automatic balance manufaCLurud
by Win. 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-



3.7 PRESSURE :2".SU :jr...

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 obtain a rerord of the pressure variation in the course of
an experiment.

3.8 FLOW RATES

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

3.9 GAS ANALYSiS

The effiuent gases 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 wab minimized by a side effect of the gas used to keep the
sight tube clear. This gas tended to quench the reaction by cooling the
effluent gases iwmediately upon their exit from the sample. A Beckman
GC-5 chromatograph equipped with a temperature programmer was used during
most of the experimental work.

-i IL.-



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 accomplished by passing plasma gases from the Avco/RAD Ten
Megawatt Arc Facility through the inside of the cylinders for periods
ranging from 14 to 27 seconds. The heat transfer rate to the cylinders was
about 1100 Btu

2
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 Ln the
cylinders as supplied. This was apparently due to tLe non-symmetry 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.
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CONDITION NG OF IhE CH-ed hS

The chars in the as-received condition contained unablated residue. This
was eliminated by passing an inert gas through the char at high tempera-

tures in the furnace. The inert gas used was helium. AP1 chars used in
deposition runs were conditioned in this manner. The characterization
results after conditioning are summarized in Table 6. It cati be seen that
the real density after conditioning was abcut 4% higher than before con-
ditioning. The porosAty of the samples was typically 28% before condition-
ing and 32% after conditioning. In general, the after conditioning per-
meabilities were about one and half titnes 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 -hars of Reference I and also with the
commercial carbons and graphites. Figure 6 shows such a comparison. It
is immediately obvious that the permeabilities of the present chars are
an order of magnitude lower than the previous chars and several orders of
magnitude lower than the carbons and graphites. All of the chars shown in
Figure 6 were conditioned at about 26000K for 35 minutes or more.

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

Three chars were conditioned at high temperature, about 2900 0 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
(R6300-11P-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 difficulty.
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.
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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 more 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 outst.de surface are a result of the con-
ditioning process. They are deposited carbon, formed during conditioning
by the deconposition of the gases coming from the imablz-ted material.
The flow direction of the gas was from the inside ouat, so that the deposi-
tion occurred in the outer section of the sample.

-16-
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VI

CARBON DEPOSITION AND REMOVAL

6.1 EXPERIMENTAL PROCEDURE

To simulate the char densification that occurs in the char, gases typical
of the pyrolysis products of phenolic resins (C2'L, H2 1 CO, H20, and CH 4 )
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, Ca4 ,
C2 H2, H2, 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 smple. Pressures and flow rates were monitored, and
from these permeability as a function of time we3 calculated.

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

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 pu]ling the yara through the furnace was started and the
temperature was immediately raised to the test temperature. The weight
loss of the yarn was jdetermined by weighing the yarn that had passed through
the furnace and also a control piece that was dried but had not passed
through the furnace. By measuring the lengths of the two pieces, 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 were- reduced to obtain permeabilities, the change
in gas volume due to reaction was neglected so as to avoid undue complex-

ities in the aomputations. For the relatively small concentrations of re-
acting gases :used in the experiments 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

-17-



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 results in the tables and figures,
average values were used.

6.3 RESULTS USING METHANE

The analysis presented in the previous report for the prediction of the
change in permeability as a function of time and position for carbn 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
runs is shown in Figures 11 and 12. The results are plotted in terms of
mobility. it is seen 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.

Figure 13 shows the effect of methane deposition on the permeability (mo-
bility) of a char sample. Some of the methane 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 surface is the
material just slightly lifferent 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. Soma of the experimental results are presented in Figures 15
through 19.

Figures 20 and 21 are photomicrographs of the R6300-HP-DCI-8.2FH-XS sample
after carbon deposition using acetylene. Here again, some of the acetylene
decomposed prematurely. This can be seei as a deposit at the inside surface
with little deposition in the pores of the sample in Figure 21. Figure 20
is a different view of the same 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 equilibrium data that when
carbon monoxide reacts to form carbon, the amount of carbon formed will be

-18-



negligible. One sample, R6300-HP-DCl-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 reaction with carbor
is equilibrium-limited. Not until temperatures are in excess of 3000*K
would ic be expected that the effect of hydrogen becomes important in chars.
The R6300-HP-DCl-4.2FH-XS sample was used for runs with hydrogen at 1490'.
19950, 2660 0 K. The R6300-HP-DCl-5.4FH-XS sample was used for runs with
hydrogen at 15850 and 2400°K. Except at the two high temperature values
there was no effect on the char permeability.

At the temperature. of 24000 and 266A*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 2000*K and probably for tempera-
tures up to 3000*K.

6.7 RESULTS USING WATER VAPOR

The effect of water on the chars is to increase their permeability. The
water reacts with the carbon surfaces in the pores te remove carbon from
the char.

Figure 22 shows the effect of water on carbon chars. The permeability in-
creases with time. Figure 23 is a photomicrograph of one of the samples
after exposure to water. Comparing this with a sample after conditioning,
Figure 10, one can see the dramatic erosion 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 distribution, Figure 24.

6.8 RESULTS USING MIXTURES

Several authors have noted an inhibition of the rate of methane decomposi-
tion by hydrogen at relatively low temperatures. Methane-hydrogen mixtures
were used in runs with two samples. The results are shown 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*K, 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 I
deposition was a result of the decomposition of the impurities in his
methane gas rather than a result of the decomposition of the methane. For
temperatures greater than 2100°K the methane decomposed 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 depo5ition 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 simultaneously. By varying the concentrations of the gases, the
permeability can be made to increase or decrease. By increasing the concen-
tration of the gases that deposit carbon, C1,4 and C2 H2 , the permeability
can be made to decrease --ore rapidly. By increasing the concentration of
the gas which removes carbon from the pores, H20, the permeability can 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 Union
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
yarn 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 0 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 10% of the total weight of the yarn.

The R6300-HP-DC8-5.OFH-XS char sample was tested with the yarn in conjunc-
tion with a helium flow rate of 0.108 ft 3 /min at 1265°K using 56.3 feet of
yarn. The mobility decreased from one to 0.642 in 11.3 minutes.

The R6300-HP-DC8-0.6FH-XS sample was tested with the yarn with a helium flow
rate of 0.148 ft 3 /min at 1265"K using 91.7 feet 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-DC8-3.9FH-XS sample was tested with yarn with a helium flow
rate of 0.120 ft 3 /min at 1440*K using 97.4 feet of yarn. The mobility
decreased to 0.578 in 6.6 minutes.

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 yarn to be used in the furnace was not
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-
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 der-mining the weight loss was the large amount of
water that could be adsorbed by the sample. During the time the yarn was
exposed to the air after drying (while being transferred 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 yarn. 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 i-

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
time required to change the pressure in the tank using the low flow rate.
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I
VII

CHAR GRO6 TH SIMULATION

As vas 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 calculations 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 development of the detailed
calculational routines was not part of the planned work effort. 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 to the outside surface. The equations describing carbon de-
position for this situation, which had been developed 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 associated with actual
re-entry situations.

The model employed is 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.

For the present example a linear char growth rate was assumed wi th the char
reaching a thickness of .05 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 than throughout a zone of reaction, with the
products of the decomposition being methane and argon. The initial char
permeability was set at 10-Il ft 2 , the mass flux of methane at .469 x 10-2
lbm/ft2 sec and the mass flux of argon at 7.04 x 10-2 ibm/ft 2 sec. These

conditions were not meant to be necessarily representative of the condi-
tions in an actual re-entry situation. They were used only to illustrate
the type of simulation that could be performed if the actual re-entry con-
ditions were used.

Figure 37 presents the effects of carbon deposition occurring in the char
pores in a simulated re-entry condition. As in an actual re-enty situa-
tion the char thickness increases with time. The gaseous products (in
this case methane and argon) 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 decomposition 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 than 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 general outline for this program could be utilized in developing a
more realistic model, including the actual gas mixtures involved, varia-

tions in the temperature 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 te mechanical failure 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 to 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
sufficiently accurate to serve as a reliable base for this type of model.
It is believed that a combination of information from more uniform (and
more permeable) porous carbonaceous materials and from the chars is re-
quired for the analysis. To be more 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 materials in variotns stages
of charring to yield fairly accurate results. The term "fairly accurate"
must be inserted here because of the inherent inhomogeneities and non-
uniformiries of all practical ablative 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 ablation products, the rate of decomposition of t~e polymer as a
function of temperature, the thermal conductivity and density of the char,
and t!' permeabili-y 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 density, the pressure aP. the
permeability of the char could be calculated as a function of time ard po-
sition. Also the assumption used in the simplified char growth simala-
tion program (with methane), of the polymer decomposing at a plane rather
than throughout a zone, could be eliminated.
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ViII

CONCLUSIONS AND REC',- h.-[)Ar o:S

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 themsel-es, carbon monoxide
and hydrogen had a negligible effect on the permeability of chars. Methane
and acetylene decreased the permeability, the effect of acetylene being
more rapid than methane. Hydrogen did not affect the rate of carbon forma-
tion from either methane or acetylene, it acted only as a diluent. Water
increased the permeability of chars. The composition of mixtures of C '!1, ,
CH4 , H2, CO, and H 20 could be adjusted to make the permeability increase-
or decrease. Actual phenolic ablation products, obtained from impregnated
yarns, 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*K) for more than five minutes.

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

It has been found that the experiments with the ablative char ar, ioe.
were not a sufficient basis on which to base a )tecise analytical model of
carbon deposition and removal in ablative chars. The primary dificuitv
was the low permeability of the chars. The low permeability required u. '

use of small gas flow rates which in turn limited the experimental tt-,,.pcra-
tures to prevent premature reaction of the test pas. Even using !e- temera-
tures, premature reaction of the test gas was frequently observcd %i1t:1 te
char samples. Using uniform more permeable porous carbon or grap.ate
samples, the functional kinetic relationships among the various gras.s inter-
acting with the chars can be determined. Some results have already been o .
doing this and are included in this report.

It is recommended that the analytical work which has been initiated ,o
extended to include increasingly complex ablatiun models, so that maxi-
mum use can be made of the results obtained during the present project.
In conjunction wito 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 tbre is need for more
detailed information on the internal structure of heat shield materials
at various stages of decomposition.
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TABLE 1

Eguilibrium Constant for Boudouard Reaction

T, (OK) Keg

300 1.63 x 1021

400 5.40 x 10-14

500 1.82 x 10-9

6oo 1.90 x 10 6

700 2.71 x 10
-4

800 1.11 x 10-2

900 0.195

1000 1.91

1100 1.23 x 10

1200 5.73 x 10

1250 1.12 x 102

1300 2.09 x 102

1400 6.28 x 102

1500 1.63 x 103

1750 i.o6 x 104

2000 4.21 x 104

2500 2.72 x 105

o3000 8.80 x 105

Boudouard Reaction: C02 + C 2C0P2
0

Equilibrium Constant: 
Keq -

PC02

-29-



TABLE 2

Equilibrium Constants for the Dehydrogenation Reaction of Some Hydrocarbons

Hydrocarbon Temperature

15270 C (1800- K) J 23270 C (26000 K)

Equilibrium Equilibrium
constant, constant,

K K

Methane (CH4) 7.54XI0- 4  1.19X10- 4

Acetylene (C2 H2) 1.98X10-4  1.81X10-2

Ethylene (C2 H4 ) 4.78XI0 6  9.91X10-6

Methyl radical (CH3) 9.47XI0 - 6  1.30X10- 4

Methylene radical (CH2) 3.50X10-7  1.06X10-4

Methenyl radical (CH) 3.67X10-12  7.08XI0- 7
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APPENDIX: CHAR GROWrH SIMUkTION PROGRAM

10.*1 CARBON DEPOSITION EQUATIONS

The char simuilation program is based on the solutiou 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 TE. 66-385).

Y
1/2M (r..+y)

am C24ep(C 4'-dy]2
,.N~-ex Q Y

at 1/2,
y H r+yj

I + f 1 [-exp dy))J

1 44

PQ p dY) +n("41 nC (10.3)

22

n(H)ep l/ r1 + y (10.4)

2 kL (MW ) M
C 2  Y2 1Td(05

F11



C - 2k (CH4) xLe °  (10.6)

The program solves these equations for a linear char growth rate, a
linear temperature profile, and a constant methane and inert gas flow rate
at a plane where the gas enters the char for a cylindrical char. A sim-
plified flow chart showing the calculation procedure is found on page 82.
The input variables are listed on page 83. The program was written in
Fortran IV for use on an IBM 360 computer operating with a RACS system.

10.2 COMPUTER PROGRAM N MENCLATURE

The following subroutines and filction programs were used In the char
simulatioa 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 SU)(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 sumnation is over each radial position existing at that time.

Function FF(IJ)-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 I.

Subroutine PC2-performs a second order predictor-corrector solution of
equation 10.1. Also includes Euler's method followed by second order
corrector.

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

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

Subroutine INTEG-performs 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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10.3 NONSUBSCRIPTED VARIABLES

ANAR molar flow rate of inert gas

ANCH4 molar flow rate of methane gas

AVM average mobility at any time

CCI convergence criterion

CC2 square of convergence criterion

CSTEP determines whether step size is to be changed

C2 constant defined by equation 10.5

C4 constant defined by equation 10.6

DELT time step size

DELY step size in y direction

DTDTH constant temperature gradient across the char

DTMX final step sire, maximua step size

MAD sample designation

Hheight of the sample

I index to keep track of times stored in the computer

IM index to keep track of actual time that the times stored in
the computer represent

JS counter to keep track of the value of the index corresponding
to the inside surface of the char

HPOUT determines whether intermediate pressure and number of moles
of CH4 output is printed out

MSEP determines if mobilities and pressures at each y should be
priued out at selected increments, in time

alows mobilities at each y for all times to be printed out
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NR input tape number

NS indicates new sample fol,'ows

NTH indicates the number of Increme its in y which are used

NW output tape number

N2 indicates type of inert gas used

ODIA outside diameter of the sample

PERO initial permeability of the sample

PORO initial porosity of the sample

P2B atmospheric pressure

RADIF inside radius of the sample in feet

RK rate constant for the decomposition oi methane

ROAR inert gas flow rate

ROCH4 methane gas flow rate

T temperature of the sample during the carboa deposition

TH thickness of the sample

THEND maximum thickness of the char

TIME total time

TMAX maximum time of the deposition experiment

TiTO time increment for normal output

TREE temperature of outside surface of the char

TREFI temperature of inside surface of the char

VISAR viscosity of the inert gas

VISC1l4 viscosity of the methane

VISMX viscosity of the inert gas-methane mixture

-80-



10.4 SUBSCRIPTED VARIABLES

BM(I, J) mobility at time I and position J

BNCH4(I, J) number of moles of methane at time I and position J

FNCH4(J) number of moles of methane at position J

P(I, J) pressure at time I and position J

RK(I, K) rate constant for decomposition of CH4 at time I and
position K

SINT(I, J) value of integral in equation 10.4 for time I and
position 3

SPINT(K) integral of equation 10.3

T(I, K) temperature of char at time I and position K

VISH(I, K) viscosity of the methane-inert gaz mixture at tlru z
aud position K

V
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COMPUTER LISTINIG OF CHAR SIMlULATIONI PRUGRAII

C CH~AR SI1ULATION PROGRAI
C EXACT TH!EURY T = T(Tli.,E,Y) TI!ICI'i:EScS VARIE.S
c TKIS PROGRA-9- SOLVES FOR THE iMBI LITY, P;RESSURE.,AND
C THE MO11LES OF CIt I N TI1E CHAR OF A REENTERII.G ACLATOR
C WEERE THE CWAR TICKNESS IS ALI-OWED TO VARY FRUil. 0 TU TH.
C INPUT IS READ liffO TUIE COMPUTER AS FOLLOW-.S
C CARD 1. COL. 1-60 HEDGA FIELD
C CARD 2. COL. 1-2 IlERT GAS USED (0 FUR AkGU;,, 1 FOR IIE,
C 2 FuR N2
C CARD 3. COL. 1-10 CI;11 FLOW RATE, COL. 11-20 1;;EtRT GAS
C FLOW RATE, COL. 21-~30 OUTSIDE DIAMIETER, CUL. 31-40
C ii"IGHT, COL. 41-50 FIU'AL THICKNESS OF TI;E CHIAR,

C FORi.AT(5D10.1s)
C CARD 4. COL. 1-10 LENGTHi OF TIME FOR TH;E THIlCC4iESS
C TU REACH A STEADY STATE VALUE
C CARD 5. COL. 1-10 MAXINUM TEIIPERATURE THAT THE

C OUTS IDE -SURFACE OF TIHE CHAR W1ILL REACH, C 1.1-20
C TEi;PERATURC OF INSIDE SURFACE OF TEE CI;AK (USUJALLY
C TAKENJ AS TH;E DECUiiPOSITION TEOlPERATURE OF PH!EtOLIC RESIN)),
C COL. 21-.3G PERijEABILITY OF CHAR WHICH is OIG(IIALLY
C FORiIED., COL. 31-40 ORIGIAtIL POROSITY OF TH:E CiHAR,
C C'UL. 41l-42 IJUIIBE1R OF STEPS USED ACROSS CH!AlR

DOUBLE PRECISION P(5,21),8NCH4(5,2l),BMt5,~l),AFf (21),
ISI'T(5,21),T(5,21),RK(5,2l),VISM4X(5,21),FNCH4(21),
2GM( 21) ,ROCH4.,
3001 A,HT, THEN0,ODEL TXCH4,RAD 1,RAOD1FtVCH41', ANCH4, VN2Mi
4ANAJ il, VARM,
5VHiEM,ANTOTANTCH,PEROPOROTREFOTDTl-h#DELY,TMAX,ANTN,
6C5,C6 ,ROAR
7,XAR ,TIMEPRED TREF I

DIM EN SION HEAD( 15)
COMMON PBNCH4,OMAFTSINT,TRKVXSMXFNCHi4,GM,C6,C5,

1XC-14,N TH-
NR= 1
NW

500 REAf)(NR,5) HEAD
5 FORMAT(15A4)
C N2=0 FOR ARGON =1 FOR HE. =2 FOR N2

REAG (NRv105) N2
1C5 FORMAT(I2)

N2= N?+ 1
WRITE (NW,40) HEAD

40 FORMAT( 1HI, 15A4i ///)
C SA8PILE AIE.I H R IN' I:CIhEcS
c FLUt, RATUo' ARE FT/PlIN

READ (1#10) ROC84vROARtOOIA,3iT,THEND
10 FORMAT(5010.4)

C TMAXI=10 v209 30 SEC.
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FC TMAX LENGTH OF TIME FOR THICKNESS TO REACH STEADY
1STATE VALUE
READ il,16) TMAX

16 FORMAT(D1O.4)
RAD 1=.*5DO*'GD IA-THEND
RAD IF=RAD 1/ 12.

9VCI!411 = ROR14
AIX111 = VCI:-1 * (.125D2)0/28.*6
G~O TO u1 .9)N

8 VARM1 = ROAR
AI.AR = VN214 (725-3)/0.*6
GO TO 11

12 VI!(E; = ROAR

ANAR=VHFM*'( 2.55D-3)/60.
I1I ANTOT=ANCH4*ANAR

WRITE (NW,45) ANCH4,ANAR
4 5 FORMAY(81IONCI-'t = Y014.6Bl-PER 5EC,,'*Xi6INAR vD46

1819 ER SEC.,/)
ANTCH=ANTOT+ANCH4

C NTH= NUMBER OF INTERVALS IN V-DIRECTION MUST BE EVEN
1NO.

c C RE IS TEN&RATURE OF OUTSIDE SURFACE
*C Ti%!Fl IS ToE211PERATURE OF PI'Ei:OLIC. DECOMPOSITION

1 READ (NR,15) TREFTREFI #PEROtPOROvNTH;
15 FORMAT(4DI0.4712)

XCH 4=ANCH4/A NTOT
XA:I=ANAR IAN TOT
ANTH=DFLOAT (NTH)
DTDTH=(TREF-TREFI )/THEND*12.
DEL T=TMAX/ANTH
DELY=THEND/ (12.*ANTH)
WRITE (NW130) TREFiTHENOTMAX

30 FORMAT(9H-TEMP. = pD-10.4i-5X.7H TH. .DLO.4.RH TMAX
1,01.4//)
C5=--24.*2000. /140.*XCH4/39.3500
C6=-6. 283le5307*HT*P0R0112.
NTH=NTH+l
I M= 1

B.M( 11,NTH)1.
BNCH4( 1,NTH)=ANCH4 J
SINT( 1,NTH)=0.
F NC H4 C(NTH ) -t ANCH4
J=NTH
TIMEuO.
CALL TEMP (ItIMtTIME POELYtOTDTH 9ANCH4, ANTOTP ANARXAR v

IHTtUi2)
CALL PfES DELY, ANTCHRAD1Ft ItIM 9HT,9PERO)
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WRITE (NW,68) TIMEPflM( IF,NTH) P(I MNTH) IBNCH4 (IMNTH)
68 FORMAT(8H TIME = ,D10*4113D20.8))

1 V=2
I=2
R AD 1F=RAD iF-DE LY
JS=N'TH-1 M+1

BNCHt( I,JS)=ANCH4
FNCH4{J S)=ANCHPt
TIME=TIME+0ELT/60.
CALL TEMPLI ,ZMTIME,DELY,DTDTHANCH4,ANTTANARXARv,
lHT,N2)

PE=1.

CALL PC2{IIM,J,P.REDANTOTANCHARAD1FDELYANTCHHTt
IPEROIDELT)

GO. TO 151
111 IF (SUMM(IIf')-(l.OD-26)) 151,151,152
151 J S=NTH-IM+l

WRI TE (NWt68) T IME,(BM( IJJ) tP( IJJ),98NCH4(IJJ),
1JJ=JSNTH)

RAD 1F=RADIF-DELY
IF ( 1-6) 10891099109

108 JS=NTII-IM+1
BM( I,JS)=l.
GM(JS)=l.
BNCH4(1I JS)=ANCH4
FNCH4(JS)=ANCH4
K K= J S +
DOl 201 K=KK,NTH
BM( IK)=BM( 1-1sK)

201 BNCf14(IK)=BNCH4(I1-19K)
[F (IM-NTH) 116,116,112

A. U ll'E=Y'E+DELT/60#

CALL TEMP(IIMTIMEDELYDTDTHANCH4,ANTOTANARtXAR,

I152 J S=NTH- It+2
hi DO 211 K=JS,NTH[211 GM(K)=BM(IK)

J=J S
PRED=l.
CAL L PC 2( 1 is ~J PRED tANTOT9 ANCH4,PRA01 FtDELY 9ANTCHtHT i

1PERO ,DELT)

1C6 PRE0--2o
CALL PC2(IIMJPREDANTOTANC4',RAD1FDELYANTCHHT,
iPERO, DELT)
IF (J-NTH) 101,111,111

101 J=J+1 -81



IF (J-(NTH-IM+4)) 106,106,107
I.C7 CALL PC4(lI,~ItJPREDANTOTANCH4iRACIFtDELYANTCHHT,

1PJ7RO,9DEL T)

109 1=0

JS=NTH-IM+6
DO 200 K=2,5

JS=JS-1
00 200 J=JS,NTH
Bio( T J) =BM IK 9J)
P(I ,J)=P(K,J)
SINT( I,J)=SINT(KJ)
T(I ,J)=T(K.PJ)
RK( I ,J)=RK( KvJ)
VISMX( IPJ)=VISMX( K,J)

2C0 RNCH4(I,J)=B9JCH4(KJ)
1=5
GO TO 108

112 GO TO 500
600 END

/FTC
DOUBLE PRECISION FUNCTION SUMN(IIM)
DOJBLE PRECISION P(5,21btBNCH4( 5,21),BiM(5t2l),AFT(21),
1S INT( 5,21),T (5,21) RK (5 ,Z1) ,VI3MX(5 21) ,FNCH4(21),
2GM( 21)
3,C6 tC5,XCH4,XQ

C04WMON PBNCH4,BMAFTSINTTRKVISMXFNCW.,GMC6.tC5t
1 X Cri4, NTH

JSS=NTH-I M+2
DO 61 K=JSS,NTH
IF (BNCH4(1,K)) 63t63,62

63 Q=O.
GO TO 61

62 C= ( FNC H4(K-EN CH4 (IqK)/B NC H4(I K)
£61 X=X+Q*Q

SUM N=X
R ETUR N
END

/F TC
DOUBLE PRECISION FUNCTION SUMMIIM)
DOUBLE PRECISION P(5,2l),BNCH4(5,2IbtBM(5,21)tAFT(21),
1SINT(5,2l),T(5,21),RK(5,21),VISM-X(5,21),FNCH4(21),
2GM( 21),
3C6, C5,XCH4, RY

COMMON PBNCH4, SMAFTSXNTvTRKVISMXFNCH4,PGMC6tC5t
lXCH4tNTH
Y=0.
J SS=NTH- IM+2
00 81 KzJSS,NTH
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R=( GM(K)-B4( I,9K) /BM (I# K)
81 Y=Y +R *R

S UYI M =Y
RETURN
E ND

/FTC REF
DOUBLE PRECISION FUNCTION FF(IJ)
DOU)RL E PREC IS ION P( 59,21),BNCH4 (5v,21) 9BM15-921),AFT(21),i

2GM( 21)
3,C6,rC 5,CH4, Z
COM11MON PBNCH4,8MAFT,SINT,TRKVISMXFNCH4,GMC6,C5i,
1XCH4,NTH

Z=D FYP(C6*S INT( I ,J))
FF=C5*13M(IJ)*P(IJ)*RK( I,J)*ZI(T(&,J)*r(I,J)*
1( 1. -XCH4* (1.-Z))
RETURN
END

SL$BROUTINE T*EMPI 1,ItdTIMEELYDTOrHANCH4,ANTOTANARt
1XARHT,N2)

DOUBLE PRECISION P(5,2l),BNCH4(5,21) ,BM(5,21),AFT(21),
1SINT(5,21),T(5,21),RK(5,Z1),VISMX(5,21),FNCH4C21),
3DTDTH,ANCH4,ANTOlT ANARHTYv VISCI14tVISAR,XARPH129

IXCH 4, NTH
K=NTH
IY=IM-1

12 Y=D EL Y*DFLOA T(IYI
T(I ,K)=DTDTH*Y+2.D3
V IS CH4= (2. 93D-2) *(6.7I1970-4)

C THIS IS VISCOSITY OF CH4 AT 1000 K (PERRYS) LBM/
IF T- SEC
GO TO (212,216,213) ,N2

213 VISAR={6.7197D-8)*174.*397.*4 (T(IK)1293.)**1.5)I (TI I,
1K )4-104.)
GO TO 214

212 V ISA R=(6. 7170-8) *22 2. *435 *11Tt IKW2930)**l. 5)IT (I,

GO TO 214i
216 VISAR=(6.7197D-8)*194.*363.*((T(I,K)/293.)**1.5)I(T( I,

IK)+70.)
C 1=CH4 AND 2= N2 OR AR

214 PH11=1#
PH12..3 5355DC/(1.401.8OO**o5)*(1.+(2.489OO**o25)*

11 (VISCH4/VISAR)
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PH21=.3535500/(3.48900**.5)*( 1.+( .4018D0**.25)*
IA CVISAR/VISCH4)
2**. 5) )**2.
Pl122=1*
VISMX( IK)=XCH4*VISCH4/(XCH4*PHII+XAR*PH12)+XAR*VISARl

IL XCH4*PH21
2+XA R*PH22)

RK( I,,K)=10***(15.I6OC--2.2804/T( I,K)l

Iy= IY- 1
IF (IY) 11P12,12

11 RETURN
END

/FTC REF
SUBROUTINE PC2( IIMJPREDANTOTANCH4,RAOIFDELY,

l.ANT CIIHT ,PER 0,
206. T)
DWIBLE PRECISION P(5,2l),BNCH4(5,21),BM(5,?1),AFT(21),
1SINT (5,21) ,T (5,21) ,RK (5,21) ,VIS PX( 5, 21) ,FNCH4 (21),
2GfP( 21) ,C61C5,
3PN1 ,PREDqANTC-Tv ANCH4t RAD1'F, DELY vANTCHHTv PEROXCH4,
4DFL T,FM

CC4MON P,BNCH4,814,AFTSINTtJ,RKVISMX, FNC1*,GMC6,C5,

TRFOLLOIGUE UESMTO TO APPROX. M AT TuT+0ELT

51PN1=B4( I,J)=BC4I1J

671l T =uI _',J CALLl PRSDlYAN1CHRADFI-1qHTPEf

C NOW USE 2 N ORDER ORETO
74 FM=BMH(I,J)+DET/2*(F(I-,J)FF(,J)

IFU N=B(MB(,J)(.D1) 1.73.
73BM(I,J)=M(I2J+*DL*FT1J

eo BMI=F

685 CALL PRES(DELYtANTCHRADlF, It IM.HTtPERO)
CALL RFND(DELYIIM,ANTOTANCH4,RADIF)
IF (SUMN(IIM)-( 1.0-26)) 87,687,685

NWUE2NDO)RCORCO
74 F=BM(-1,J+DEL/2.-89-1,)F(,)

IF (ABS(M-B,(I~))-(.0D 13)) 80,7 9.7



FTC REF
SUBROUTINE PC4( IIMJPREDPANTOTANCH4,RADOLP1oELY,
1ANTCH,HTPERO,
2DFLT)
DOUBLE PRECISION P(5,2l), BNCH4(5,21),BM(5,21),AFT(21),

1RK( 5,21),
2SIN'T(5,2l),T(5,2l),VlSp'X(5sizj) FNCH4(21)tGq(21) tXvC6v
3C5, XCH4
4,ANTCTANCH4,RAC1FOELYANTCHvHTtPER0,9PN1,CPREriW0ELT

COM4MON Pt BNCH49 014, AFTSINT T IRK 9V SMXIF NCH49GM9C6,C:59
1XCH4 ,NTH
MOD4 =0
BNCH4(1I,J )=BNCH4(1J-19J)
BM(I,J)=BM(I-4,J),4.*OELT/3.*c2,*FF(I-ltJ)-FFCI-2I

1J)+ 2.*FF 11-39J))

PNl=B'.(IJ),
392 X=O.

92 BM( I IJ)=PN1-112./121.*X
51 CALL PREStDELYtANTC-IRAD1F, I , MHT, PERO)

CALL RFND(OELY,IIMANTOTANCH4,RAOLF)
IF (SUMN(I,IM)-C1.OD-26)) 78,5l,51

78 C 4T M=0.
178 C=1 ./8.*(9.*BM( I-1,J)-BM(I-3,vJ)33*OELT*(PF(IJ).Z.*

1FF( I-1,J)
2- FF( 1- 2,9J)

IF(OABS(C-BM( IPA )-I 1.OD-13)) 170,r76,76
76 BM(I,J)=C

C4TM=C4TM+1.
IF (C4TM-1O) 178-i178i;602

602 WRITE (NW,610) C,GM(J)
610 FORMAT(47H 4 TH. CROER CORR. DOESNT CONVERGE IN 10

82 CAL L -PRES (D ELY, ANTCH, R A1F9 I rIMIHT,P ERO)H
CALL RFND(OELY,ItIMANTOTANCH4,RADlF)
IF (SUMN( IvIM)- Il.OD-26)) 77182982

77 X=PN1-C
BM( IJ)=C+9. /121.*X I

81 CALL PRES (DELY, ANTCHRAO1F, I,IlMHT, PERO)
CALL RFND(DELY,I,IM,ANTOT,ANCH4,RADlF)

195 R ETURN
END

/FTC

DOUBLE PRECISION P(5,21),BNCH4i5,21),BM(5,21),AFT(21),

1SINT(5,21),TC5,21),RK(5,21),VISMX(5,211,FNCH4(21),
2GM'( 21 ) ,FNC( 2), 9
3ANTCHtOELYtANTOTANCH49 RAOIF IY, CNCH49DNCH4, C6,C5 tXCH4
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CC'iMON PBNCH4,BMAFT,SINTTRKVSM'XFNCH4tGMC6,C5,
1XCH 4 9NTH
ANTCH=ANTtIT+ANCH4
CON JV=O.
NCON=0
JSR=NTH-IM-1
Y=()
AFT(JSR)=39.35DC*T(I,JSR)/PCIJSR)*ANTOT
SI'fT( IJSR)=0.
IF (1-1) 201,201,211

211 J SR=J SR +1
DO 200 L=JSRtNTH
I RT =0
Y=Y +DELY
CNC H-4=BNC H4( 1 ,L)

~1203 IRT=IRT+l
GO TO (205,204),IRT

205 AFT (L)=39.3500*TC IL)/P( I ,L)*(ANTCH-CNCH4)
CALL lNTEGlILvOELYtYRADlF)
GO TO (208,204),IRT

2 Cc CNCH4=ANCH4*D)EXP(C6*SINT(I,L))
FNC ( 1 )=BNCH 4CfL)-C NCH4
GO TO 203

204 FNC(2)=CNCH4-ANCH4*OEXP(C6*SINT(I,L))
IF (FNC(2)-FNC(l)) 212,213,212

212 DN'H4=U'CH4-(CNCH4-BNCH4(19L))/(FNC(2)-FNC(l))*FNC(2)
CON4 V=CONV+ 1.
IF (CNCH4) 305,207,305

305 IF(DABS(CCNCH'4-ONC14)/CNCH4)-(l.0D-13)) 207,206t206
206 FN(1J=FNC.(2)

BfCH4(I,L)=CNCH4
CNCI H4=DC H4
I F( CONV-30. ) 205,205,209

209 NCON=NCON+1
WRITE (NW,210) CNCH4,BNCH4(liL)

210 FnRMAT(2C ROOT NOT CONVERGING, 2D15. 8)
IF( NCON-4) 2C7207,200

213 DM'CH4-C NCH 4
207 X4 .V=0 .

BNC H4 ( IL '=DNCH 4
200 CON TIN UE
201 RETURN

E ND
/FTC

SUBROUTIN~E IINTEG(ILtDELYi Y,RADIF)
DOUBLE PRECISION P(5,21),BNCH4(5t2l),B'i(5,2l),AFT(21),

1SI'T52l),T(5,21),RK(5,21),DEiLYYRAO1F,XRADOINTAB
COMMON PiBNCH4,BMAFTSINT oT RK
XRAD=RADIF+Y
Ai-jSQRT(BM(I ,L-1) )* (XRAD-DELY)/AFT( L-1)*RK( IL-1)
AMOSOfRJ4: I ,L )*OXMAD/AFT(L)RK( IL)
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D INT=rDELY/2.* (A*B)
SINT(I,9L)- SINT( IPL-1)+DINT
RETURN

IFTI

SUBROUTINE PRES(DELYANTC.'HRADIFI, I.~HTPEROD)I
DOUBLE PRECISION Pt 5,21lBNCH4(5t,?Ah8M(5v21) 9AFT(21)9
ISINT(5,2l),T(5,2l),RK(5,2l1,VISMX(5,2l),GM(2l1hC6,YC5i
2 XCH 4, FNCH4 (21 24 SP IN T 2 1 DELY ANTCH t RAD 1F ,H T,9 PE RO i
3XR4DAvBpDPINTj
4ANTH,Y

CCi?40N PON C H4 9B M A FTIS INT T RK V IS M XvFNC W#,GM vC6tC 5 1
lXCl14,NTH

FNCH4(NTH)=BNCH4( INTH)
ANTH=OFLOAT(NTH)
Y=D ELY*ANTH
P(I,NTH)=29.92100
IF (I-1) 410,'.1C,405

405 SPINT{NTH)=0.
K=NTH-1

4C0 Y=Y-DELY
XRAD=RAD1F+Y
A=( ANTCH-BNCH4(1I,K+1~ ) /(XRAD*BM( IK+l) )*VISJYX(1I K+1)*

B= ( ANTCH- BNC H 4( I ,K XR A D-D E LYBM IK))*V ISM X I K)
1T (71 K)
D PI NT =0EL Y /2.* A+B8)
SPINT(K)=SPINT(K+1.)+DPINT
?CI,K)hQSQRT(e95.26600*(6.60164D-2)/(HT*PERO)*
1SPINTK)
FNCH4( K)=BNCH4(1I,K)

420 K=K-1

GO TO0 400
410 RETURN

'I END
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