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PREFACE

This report is the second of two parts and completes
the documentation on NASA Grant NGR-19-001-015. It also

served as the PhD dissertation for Edwards G. del Valle.



APPENDIX A
EXPLANATION OF THE COMPUTER IMPLEMENTED SOLUTIONS OF
THE ENERGY TRANSFER FOR DECOMPOSITION

IN-DEPTH OF PLASTIC ABLATORS

The ABLATIN1 and ABLATIN2 systems are general analyses
implemented in FORTRAN IV for studying the energy transfer
in the combined decomposition/char zone of a charring abla-
tor. Both of these analyses treat the decomposition of the
virgin material in the same fashion. Namely, a pseudo-
order kinetic expression of the form of Equation (2-1) is
used to describe the decomposition process. These analyses
differ, however, in the way the chemical generation term is
calculated in the char zone. As was expiained in Chapter
ITI, there are three chemically distinct flow conditions
that are considéred, which are, frozen, equilibrium and non-
equilibrium flow. The ABLATINl analysis considers the
pyrolysis gases to be either frozen (not chemical reactions)
or, in chemical equilibrium. The frozen flow and equilibrium
flow cases give the lower and upper limits of the total ener-
gy transfer in the decomposition-char zone, respectively.
The ABLATIN2 analysis considers only the gases to be in che-
mical non-equilibrium: i.e., the rate of reaction is
described using finite rate chemistry. Both analyses re-

quire that the temperature, the heat flux and the composition
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of the pyrolysis gases be specified. Unfortunately, aé was
said in Chapter III, the current state of the art precludes
prediction of the composition of the pyrolysis products from
a known combination of plastic composites and therefore it
was necessary to specify the pyrdlysis gas composition. -The
boundary conditions selected are written in Equation (3-27).
Once the energy equation'is solved, the momentum equa-
tion is solved by specifying the front surface pressure.
Because the pressure drop is smali (15 1bs/ft2), compared
to the total pressure (~~ 2160 1bs/ft2), the assumption of
constant pressure in the solution of the energy equation can
be considered valid and the equations can be uncoupled. In
both analyses the surface recession velocity is specified
and the mass flux of pyrolysis gases is calculated from
Equation (3-1). Furthermore, the analyses do not require
the arbitrary specification of a char thickness, which is

calculated.

The ABLATIN]l System

This analysis provides the lower and upper limits of
the total energy transfer in the combined decomposition-char
zone by considering the pyrolysis gases to be in frozen, or
in chemical equilibrium. This analysis consists of a MAIN
program and eleven subroutines. Two of these subroutines are
major subroutines in the sense that they control thé flow of
information to other minor subroutines. A hierarchical

diagram of this is shown in Figure A-l. The two major sub-



Figure A-l. Hierarchical System
Diagram of ABLATINL
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routines are INDPTH and CHEMEQ and their functions are
explained below. The MAIN program has direct access to three
other subroutines, whiich are, CPMIX, INTRPL, and CHARPR. An
explanation of each subroutine follows next.

INDPTH: This is one of the two major subroutines. 1In
it the physical properties of the virgin material as a func-
tion of temperature are calculated. The thermal conductivity
gradient is likewise calculated in this subroutine for use
in the general energy equation. In addition, the energy
absorbed (BTU/FT3-sec) due to the degradation of the plastic
composites is calculated using the information generated by
three minor subroutines, which are: PHMCR, NYLON, and
DNSITY. The functions of each one of these subroutines are
subsequently explained.

PHMCR: 1In this subroutine the heat absorbed by the
degradation of phenolic resin and phenolic-microballoons is
calculated based on the data of Sykes and Nelson (l). The
heat term has the units of BTU/lb of each composite.

NYLON: Similar in nature to PHMCR, this subroutine
calculates the heat absorbed (in BTU/lb) due to the degrada-
tion of nylon based also on the data of Sykes and Nelson (1).

DNSITY: This subroutine calculates the rate of density
change of each individual composite (i.e., nylon, phenolic
and phenolic-microballoons), which provides the information
required to compute the mass flux of pyrolysis gaseé. In
addition, this subroutine is used to control the Runge-Kutta

step size while the solution of the energy equation is
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marching through the decomposition zone. The density
changed (in 1bs/ft3-sec) calculated in this subroutine along
with the heat (in BTU/l1b) calculated in PHMCR:and NYLON are
used to generate the g(T) term (in BTU/ft3-sec) in the
general energy equation. (See Equation (3-20)). The calcu-
lation of q(T) is performed in subroutine INDPTH.

The first four subroutines just described, PHMCR, NYLON,
INDPTH, and DNSITY, constitute the principal subroutines used
in describing the physico-chemical changes of the decomposi-
tion of nylon-phenolic resin composites. These four
subroutines are used when the numerical solution is marching
along the decomposition zone. When the decomposition of the
viréin material is complete, that is, the virgin material
has degraded to gases and char residue, the program has two
options. One is to describe the gases with a frozen flow
chemistry, in which case the composition of the gases stay
constant with temperature, or, to describe the gases with an
equilibrium chemistry, in which case the composition of the
gases change with temperature and are computed from thermo-
dynamic principles. Both options are explained below.

Frozen Flow Analyses: Under this option the energy

equation is solved assuming that there are no chemical
reactions taking place in the char zone and hence the chemi-
cal composition of the gas mixture does not change. This
method of analysis gives the lower bound of the energy ab-
sorbed within the char zone. It is the simplest, in terms of

numerical solution and the fastest to solve on a machine,
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requiring about one minute on an IBM 360/65 computer. Under
this option two subroutines are called, these are: CPMIX
and CHARPR. An explanation of their functions follows.

CPMIX: This subroutine is called by MAIN to calculate

the average heat capacity of a frozen flow mixture. This
subroutine is called at every new temperature generated by
the Runge-Kutta analysis. The heat capacity of each indivi-
dual specie is generated by an empirical fit which is read

in by MAIN. The thermodynamic data used is given in Appendix
c.

CHARPR: The data of Southern Research Institute (2) is
used in this subroutine to generate the thermal conductivity,
the thermal conductivity gradient and the heat capacity of
the ‘char as a function of temperature. Unlike CPMIX, this
subroutine is also used by the chemical equilibrium analysis
option. The actual data used is presented in Appendix C.

Equilibrium Flow Analysis: This analysis is the second

option of the ABLATINl system to describe the chemistry in
the char zone. The primary difference with the frozen flow
analysis is that the equilibrium analysis accounts for con-
centration changes due to chemical reactions, which are as-
sumed to be in thermodynémic equilibrium. A free energy
minimization technique is used to compute the equilibrium
composition as a function of temperature. This technique was
developed in Chapter IV and the reader is referred to this
Chapter for further details. ‘The Equilibrium Flow Analysis

uses in addition to CHARPR, five other subroutines which are:
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CHEMEQ, which minimizes the free energy; FRNGY, which calcu-
lates the free energy function to be minimized; MATINV
which inverts: the matrix and solves the simﬁltaneous linear
equations; THERM1l, whose primary function is to calculate
the heats of formation of the chemical species; and INTRPL
which is used to interpolate the values generated by CHEMEQ
and which are needed for the solution of the general energy
equation. A more complete explanation of the functions of
each subroutine follows next.

CHEMEQ: This is the other major subroutine. This sub-
routine is called by MAIN when the marching procedure is in
the char zone. 1In this subprogram the equilibrium composi-
tion of a multi-component, polyphase system is calculated
using free energy minimization technique, which has been
explained in Chapter IV. This subroufine is called once
throughout the analysis., The equilibrium compositions of
each individual species are computed and stored as functions
of temperature. In addition, the mass flux, the average mo-
lecular weight, the average heat capacity of the mixture and
the heat absorbed due to chemical reactions are also stored
as functions of temperature. All of these stored values are
later used to generate interpolated values needed in thé
solution of the general enérgy equation.

To verify the calculations made by this program, several
literature examples were used for comparison and the reader
is referred to Chapter IVAfor these comparisons.

FRNRGY: This subroutine supplies the free energy func-
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tion to be minimized by CHEMEQ. This subroutine is called at
every temperature at which an equilibrium composition calcu-
lation is performed. 1In addition, the heat capacity of each
individual species is also calculated.

MATINV: This subroutine is a standard méthod for
solving a set of linear equations by inverting a non-singular
nxn matrix. The inversion is performed iteratively by
reducing the original matrix to an identity matrix by a
series of row operations. The method is then repeated with
the resulting identity matrix. The IBM Share Library is the
source for this particular program (3). The simultaneous
solution of the linear equations (see Table 4-1) gives the
Lagrange multipliers which are used to generate the new
composition of the gases for the next iteration (see Equation
(4-32)). In addition, when there are solid species, the
solution of the linearized equations (see Table 4-1) results
in the explicit computation of the number of moles of these
species directly. This is not the case for the gas species.

THERM1: The calculation of the heat of formation and
the entropy of each chemical species is performed in this
subroutine. This subroutine is called by CHEMEQ after the
species compositions are'calculated. The reference teﬁpera-
ture used in the calculations is 298.16°K.

INTRPL: This is a general purpose Lagrangian interpola-
tion subprogram with non-equal step size between points.

This subprogram is used by MAIN to interpolate the stored

values generated by CHEMEQ. In addition, INTRPL is used in
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the solution of the uncoupled momentum equation to inter-
polate values generated during the solution of the energy
equation.

The five subroutines just mentioned in addition to
CHARPR, constitute the principal subroutines used in des-
cribing the physico-chemical changes which occur within the
char zone.

Next a brief description of MAIN {(the main program)
follows. In it the calling sequence of the subroutines for
the chemical equilibrium analysis option and the frozen flow
analysis are explained.

MAIN: The main program solves the energy equation by
using a Runge-Kutta formulae of the form developed in
Chapter III. MAIN is assisted in the solution of the energy
equation by ten subroutines for the equilibrium analysis,
and by two subroutines for frézen flow analysis. As was
explained, CHARPR is used by both analyses, so that the to-
tal number of subroutines is eleven. A block flow diagram
of the main program for the chemical equilibrium option is
shown in Figure A-2. After the data is read in and
variables are initialized MAIN proceeds to call subroutine
INDPTH to generate the physico-chemical properties for fhe
decomposition procéss. INDPTH interacts with PHMCR, NYLON
and DNSITY to obtain the mass flux, heat of reaction and
other variables as was previously explained. Once these
properties have been calculated MAIN proceeds to calculate

the next temperature point in the Runge-Rutta analysis.
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This operation is repeated until the virgin material has been
totally degraded to gases and char. At this instance MAIN
calls CHEMEQ to generate the equilibrium composition of the
reacting gases, along with other needed information such as:
mass flux of the gases, average molecular weight, the
average heat capacity of the mixture and the heat absorbed
due to chemical reactions. Unlike subroutine INDPTH, which
was called at every new temperature, subroutine CHEMEQ is
called only once. This can be done because the equilibrium
composition is only a function of temperature and pressure.
Pressure is assumed constant through the analysis, and the
equilibrium composition, the mass flux, the average molecu-
lar weight, the average heat capacity of the mixture and the
heat absorbed due to chemical reactions are stored as func-
tions of temperature. Since every new temperature generated
by the Runge~Kutta analysis does not coincide with the
temperature of the stored information, an interpolation
scheme is necessary to generate these values at these inter-
mediate temperatures. This interpolation function is
performed by subroutine INTRPL. It was found by this author
that storing the equilibrium composition every 10°K was
sufficient to give accurate interpolated values at inter-
mediate temperature points. After the interpolation is
performed CHARPR is called to generate the physical proper-
ties for the char. A new temperature is then generated and
the procedure is repeated until the temperature of the char

reaches the sublimation temperature of carbon at the given
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pressure.

For frozen flow the numerical solution while in the
decomposition zone is the same. When the marching solution
enters the char the primary difference is that CHEMEQ and
INTRPL subroutines are bypassed. Instead, MAIN calls CPMIX
to generate the heat capacity of the frozen flow mixture and
then proceeds to call CHARPR for the physical properties of
the char. A new temperature is generated as in the equili-
brium case and the process is repeated until the temperature
of the char reaches the sublimation temperature of carbon
at the given pressure.

Once the temperature profile is established, i.e., the
energy equation has been solved, the program proceeds to cal-
culate the pressﬁre profile. More is said about the pressure
calculations after the description of the ABLATIN2 System

which follows below.

The ABLATIN2 Szgtem

This analysis is programmed exclusively for non-equili-
brium flow chemistry where the rate of reaction of each
species is described by finite rate chemistry. Compared to
the chemical equilibrium'analysis, the non-equilibrium flow
analysis is easy to program. It takes three DO LOOPS and
about 20 FORTRAN statements to calculate the rate of reaction
of a chemical species which is simultaneously reacting in
more than one chemical reaction.

The computing time for the non-equilibrium analysis



. 351

however, exceeds that of chemical equilibrium by a factor

of about 10. As was explained in Chapter V, this is due in
part to the stiffness of the general energy equation caused
by very fast chemical reactions taking place in the flow
field. This stiffness requires that the step size be of the
order of 10-7 to 10~8 feet to maintain numerical stability.
Because the step size was éo small many operations had to be
made double precision to reduce round-coff error. Operations
in double precision arithmetic also increased the computing
time.

In comparing Figure A-1l and Figure A-3 it is seen that
the ABLATIN]1 and ABLATIN2 systems use the same subroutines
to describe the decomposition process. These subroutines
are: INDPTH, PHMCR, NYLON and DNSITY. In addition, CHARPR
and INTRPL and the four previously mentioned subroutines
perform the same functions in both the ABLATINL and ABLATIN2
systems and will not be described again.

Non-Equilibrium Flow Analysis: The primary difference

between the equilibrium and non-equilibrium flow analyses is
the way the rate of production of chemical species is com-
puted. In the chemical equilibrium analysis the rate of
production of species, ié computed from thermodynamic princi-
ples, while for non-equilibrium, finite rate chemistry is
used. The rate of reaction of each species is computed by
subroutine KINET. 1In the non-équilibrium flow anéleis,
changes in the mole flux of each species with temperature

must be calculated as part of the Runge-Kutta analysis. That
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is, for each temperature generated in the Runge-Kutta
analysis, a corresponding set of conceantrations must be cal-
culated. This requires that KINET be cazlled by MAIN at every
new increment of temperature. This is necessary because the
concentration changes are not only functions of temperature
and pressure, but of composition as well. KINET in addition
calls two other subroutines, INPUT1l and THERM2 and their
functibns are subsequently explained.

KINET: This subprogram is the countefpart of CHEMEQ.
In it the reaction rate of each species is computed using
finite rate data read in by INPUT1. The mole fraction, the
total mass flux, the average molecular weight, the heat ca-
pacity of the mixture and the heat absorbed due to chemical
reactions are also computed and stored for later use iﬁ the
calculations. 1In addition, this subroutine controls the
step size of the Runge-Kutta analysis to maintain stability.
For the CHEMEQ analysis the step size needed to maintain sta-
bility is of the order of 10"4 to 10-5 feet, while for KINET
a step size of the order of 107 to 10-8 feet is necessary to
maintain stability in regions where rapid chemical changes
are occurring.

INPUT1: This subroutine reads in the kinetic data
needed to compute finite rate chemistry.

THERM2: This subprogram is similar to THERM1l with the
difference that the heat capacity of each species is calcula-
ted in addition to the heats of formation. This subprogram is

called by KINET at every temperature.
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MAIN: The main program of ABLATIN2 performs very
similar operations as that for the ABLATINl system. In
Figure A-4 a block flow diagram of the ABLATIN2 system is
given. The principal difference is that in ABLATINl, MAIN
calls CHEMEQ to generate the compositions of the species
while in this case KINET is called by MAIN. The rest of the

computations are the same as has been explained before.

Calculation of the Pressure Distribution

The pressure distribution through the char zone is
calculated by integrating Equation (3-13) using a Simpson's
rule integration. Since it was shown in Chapter III that
this equation could be uncoupled from the energy equation,
its solution is calculated after the temperature distribution
is known. Therefore, the integration method for this momen-
tum equation is the same for both the ABLATIN1 and ABLATIN2
system. Interpolation using subprogram INTRPL of both char
distance and collision integral as a function of the tempe-
rature distribution across the char is required. These
operations allow the calculation of the gas mixtgre viscocity
as a function of char distance. The pressure calculation
scheme used in this regsearch was developed by April (4)}

Simpson's Rule Integration Step: As discussed in

Chapter III, the Simpson's Rule formula is used to integrate
the pressure equation, Equation (3-13). As with the Runge-
Kutta analysis it is necessary to select a step size that

gives a fast, yet accurate solution to the equation. April
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(4) made a study of several interval sizes and his results
are presented in Table A-1. As noted in this table, April
(4) found that the solution of the momentum equation becomes

stable with twenty integration steps.

Summary
In this appendix an introduction to the ABLATINl and

ABLATIN2 systems was given. The ABLATIN1l system was deve-
loped to compute the total enerxgy absorbed in the combined
decomposition-char zone for a frozen and equilibrium flow
model. These two analyses gave the lower and upper limits
of the energy absorbed within the combined 2zones. The
ABLATIN2 analysis was developed exclusively for non-equili-
brium flow chemistry. This analysis was said to be more
time consuming on a cemputing machine, although it is simpler
to program than the other two models. The various functions
of each subprogram was explained in detail and block flow
diagrams for boﬁh the ABLATIN1 and ABLATIN2 systems were
given. Finally, a brief explanation on the solution of the
pressure equation by MAIN, was given. | |
In Appendix B a complete listing of the ABLATINl and
ABLATIN2 systems is presented along with typical input and
output data for the frozen, equilibrium and non-equilibrium

flow chemistry.



TABLE A-1: Comparison of Various Simpson's Rule Increment

Sizes for the Frozen Flow, Variable Physical
Properties Analysis After April (4).

Dimensionless Pressure (1b/£t2)

Char Distance Simpson's Rule Increment Size

(z/L) 20 50 100 200

0.00 2175.5921 2175.5918 2175.5913 2175.5912

0.33 2173.4147 2173.4144 2173.4139 2173.4138

0.67 2168.7373 2168.7368 2168.7364 2168.7364

1.00 2160.0000 2160.0000 2160.0000 2160.0000

Conditions: W = 0.05 lb/ftz-sec L= 0.0208 ft £§=0.8

Gas Composition (Mole/Mole Gas):

CO = 0.245, COp = 0.046, N, = 0.073, CHq = 0.570, CgHg = 0.068

LGt
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APPENDIX B
THE-ABLATINI AND ABLATIN2 ANALYSES

As discussed in Appendix A, the ABLATIN1 and ABLATIN2
programs are general analyses imﬁlemented in FORTRAN IV for
studying the energy transfer in the decomposition zone and
char zone of char forming ablators. The ABLATIN1 analysis
was said to consider the pyrolysis'gases to be éither fro-
Zen, or in chemical equilibrium. The ABLATIN2 analysis on
the other hand, considers tbe gases to be in chemical
non-equilibrium.

As was shown in Appendix A a great degree of overlap
exists in the many common subroutines used by the two ana-
lyses. The rationale; however, for keeping the ABLATIN1
and ABLATIN2 analyses as separate programs was due to core
restrictions. There were, in addition, other practical
considerations regafding input-output which made the se-
parate development of'these programs more practical.

A listing of the ABLATIN1 program with all the subrou-
tines is presented in Table B-l. An explanation of the
function of each subroutine has been given in Appendix A.
Most of the subroutines are self-explanatory with most of the
major functions explained thfougﬁ‘comment cards. The degree
of modularity of this program makes it highly flexib}e, and
subject to easy modification in the future. For this reason

the author has provided an extensive nomenclaturg of every

359
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important variable in the program. This was done in the

hope of minimizing errors incurred in modifying any subrou-
tine. Furthermore, the listing allows easy cross referencing
of variables amoﬁg subroutines, which will further reduce the
possibility of errors.

Communication among subroutines is mostly done by means
of labeled common blocks, £hus minimizing communication
through arguments of a call. This was done to reduce compu-
ter time among frequently called subroutines. However, this
method of structuring communication can be very error prone
and was an additional motivation for providing a nomenclature
listing of every important variable. 1In this way any modifi-
cation of a variable can be cross checked in the nomenclature
listing of every subroutine. A detailed explanation of the
input format is also given in this Appendix.

Following the listing and explanation of input format
for the ABLATIN]l program, is the listing of ABLATIN2. The
ABLATIN2 is listed in Table B-4. In both cases, typical

input data and output results are listed.



TABLE B-1l. Listing of ABLATIN1l Program

-————INDEPTH.RESPONSE OF AN ABLATIVE COMPOSITE
EQUILIBRIUM ANALYSIS.
ABLATINL SYSTEM

AOOOOOOOO

COMMON/KA/S1(6)35S2(6)4S3(6)354(6)4S5(6),S6(6),A111(6),
1A22(6)9sA33(6)9A44(6)4A55(6)4,A66(6),AA(30,6),JCODE(6)
COMMON/KB/AT(30) 4BI(30),CTI(30),0I(30),EI(30),FI(30),
1GI(30)yAIL(30),BI1(30),CIE(30),0I1(30),EL1(30),
2F11(30),GII(30),TLOW(30)
COMMON/KC/TCODE(30),Y(30),FW{30)

COMMON/KCC/SPCIEl (30),SPCIE2(30),TABLE(353,25)
COMMON/KE /XTKE({100) yZOMGA(100),EK(100),SIG(100)
COMMON/KEE/PL yRRy TZERD 4EPS s KEY 4 NNy NQ, MM
COMMON/KI /W, KMAX o KOUNT

COMMON/KJ/DELTK,TVAR

COMMON/KF /CPS+CDOsDCDOyJCHAR,TC

COMMON/KK /TP

COMMON/KL/WTOTAL 4RHOI I

COMMON/KM/XMOL(30)

COMMON/KNN/TEMAX

e NaNe!

DIMENSION TOK(2C0) yCHARDN{2001)+21(200),T1{200)92X 41042V (41},
1 TPL41) ,P(41) WFLUX(41),TT(21),PROD(21),
2YCOMP(3C,41),PRODCP(21) ,PRODR(21),COND(30),CV(3D),
3VISU30),YI(30)

[
QO ONITVNDWN

WWWWWNRNNNNNN NN N = ot o ot s b pod fod s
LVWN™OOONTVNPWNMEMOODNONPWN

T9¢



O

OO0

DOUBLE PRECISION ZZ,H11,ZLL,TTTT,DTCC

DEFINE THE ARITHMETIC STATEMENT FUNCTIONS FOR THE
RUNGE-KUTTA ANALYSIS,

- FOA)=+GROUP %A

OO OOOAO OO O OCOO0OOONn

G(A)=A

RR=GAS CONSTANT(1.98726BTU/(LB-MOLE OR)
TZERO=REFERENCE TEMPERATURE

TFMAX=MAXIMUM ALLOWABLE TEMPERATURE FOR THIS MODEL (OF)

RR=1.98726

HSIMPI=SIMPSON'S RULE INCREMENT SIZE(FT) USED
IN THE SOLUTION OF THE MOMENTUM EQUATION

FR2=778.16/32.2

NC=NO. OF GAS SPECIES

NNS=NO. OF LIQUID QR SCLID SPECIES
NS=NC+NNS(TOTAL NUMBER OF SPECIES)

MM=NO. OF ELEMENTS

KODE=1 CONDUCTIVITY OF CHAR WITH GAS IN PCRES
KODE=2 CONDUCTIVITY OF CHAR WITH PORES EVACUATED

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
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10
11
12

13

KEY=1(FROZEN) y=2(EQUILIBRIUM) =3 (NON-EQUTILTIBRIUM)
PL=PRESSURE AT Z=L(LB/FT2)
DELTK=TEMPERATURE INCREMENT
TO=TEMPERATURE AT Z=0
EPS=CHAR POROSITY
ZL=ABLATOR THICHKNESS(IN FEET)
HI=INITIAL RUNGF-KUTTA INCREMENT SIZE(FT) USED
IN THE SOLUTION OF THE ENERGY EQUATION.
ALPHA=VISCOUS COEFFICIENT IN DARCY'S EQUATION(L/FT)
BETA=INERTIAL COEFFICIENT IN DARCY*S EQUATION(1/FT2)

 SIGMA=STEPHAN-BOLTZMAN CONSTANT(0.481X10-12 BTU/FT2-SEC-0F4)

EMIS=CHAR EMISIVITY,
QFLUXI=INITIAL BACK SURFACE HEAT FLUX.,
TCHAR=BACK SURFACF TEMPERATURE OF CHAR

FR=0,1666667
READ INPUT PARAMETERS

READ11,NC,+NNS MM, KODEKEY
FORMAT(6I6)
FORMAT(F1D.3,10X45F10.3)
READ 124sPL4TOGWEPSyZULyHI 4 TFMAX
READZ21,ALPHARFTA, SIGMAL,EMIS
READ13,DTC, TCHAR,VR
FORMAT(TE1C.3)

NN=NC

NS=NC+NNS

NQ=NS :

QFLUX=QFLUXI

69
70
71
72
73
T4
75
16
77
78
79
80
81
82
83
84
8%
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
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14

SlesseSO6(APPLY BETWEEN 1000-6000 OK)

All...A66{APPLY BETWEEN 300-1000 0OK)

JCODE(JI1=0 THE REFERENCE ELEMENT IS IN THE GAS STATE.
JCODE(J)=1 THE REFERENCE ELEMENT IS IN THE SOLID STATE.
Aleo o EI(HEAT CAPACITY CONSTANTS...1000-6000 0OK)
FI,GI{NEEDED TO CALCULATE THE ENTHALPY,ENTRQOPY

AND FREE ENERGY...¢1000~6000 OK)

ATl..oGII(300-1000 OK)

- AA=FORMULA NUMBER. GIVES THE ATOMS OF ELEMENT J

IN SPECIE I,

TLOW({I)=MINIMUM TEMPERATURE AT WHICH THE HIGH TEMPERATURE
FIT 1S APPLICABLE.

FW( I)=MOLECULAR WEIGHT OF SPECIE I.

YI(1)=MOLE FRACTION OF SPECIE 1.

SPCIEL AND SPCIE2 ARE THE SPECIES IDENTIFICATION

ICODE(I)=0 SPECIE IS A GAS

ICODE(1)=1 SPECIE IS A SOLID

READ EMPIRICAL CONSTANTS TO CALCULATE THE SENS!BLE
ENTHALPY CHANGE OF THE CONSTITUENT ELEMENTS.

DO 9 J=1.MM

READ 18, Sl(leSZ(J)oS3(JI S4(J)4,S5(J),S6(J)+JCODE(Y)
READ 184A11(J),A22(J)9A33(J),A44(J)A55(J)A66(J)
CONTINUE

DO15T=1,NS

READ 14,TLOWUT) JFW(T),YI(I), SPCIEI(I) SPCIEZ(I) ICODEL(T)
FORMAT(1O0Xy3E10.392X92A3414)

103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136

vot
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READ EMPIRICAL CONSTANTS TO CALCULATE THE HEAT
CAPACITY OF THE SOLID PLUS TWO ADDITIONAL CONSTANTS
TO CALCULATE THE ENTHALPY,THE ENTROPY AND THE FREE

ENERGY OF THE SYSTEM

READI3,AI(I)'BI(l’oC[(I)oDI(I),EI(IlvFlfI),GI(I) .
READIZLAIIC(T) oBIT(I)oCITCI)OITC(I)yEIRCTI)SFIT(I}yGTIICT)

READ IN THE FORMULA NUMBERS

READ13,(AA(T14J)yJd=1,MM)

EK=POTENTI AL PARAMETER/BOLTZMAN CONSTANT,
SIG=COLLISION DIAMETER{ANGSTRONG UNITS).
THESE CONSTANTS ARE USED TO DETERMINE THE
VISCOCITY AND THERMAL CONDUCTIVITY OF THE
REACTING GAS MIXTURE,

NDATA=NO. OF XTKE VS. ZOMGA OATA POINTS
XTKE=PRODUCT OF TEMPERATURE AND 1/EK VALUE
ZOMGA=COLLTISION INTEGRAL TABULATED VS XTKE

READ16, (EX({T)4SIG(I),1=1,4NC)
FORMAT(2F15,5)
READ11,NDATA

137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161

162

163
164
165
166
167
168
169
170
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READL T, (XTKE(I}ZOMGA(I) ,I=1,NDATA}
FORMAT(2F15.5)

FORMAT(6E10.4,13)
FORMAT(3EL15.54F15.5)

N=COUNTER OF RUNGE KUTTA STEPS

N=1

TO=INITIAL TEMPERATURE OF BACK SURFACE(OF)

IT IS A SPECIFIED BOUNDARY CONDITION.

TC=T0

TC=INSTANTANEQUS TEMPERATURE OF THE SYSTEM(OF)
Kl=1

K1=GIVES THE TOTAL NUMBER OF DATA POINTS STORED.
SHOULD NOT EXCEED THE DIMENSION OF VARIABLES.

KOUNT=1

KOUNT IS A CODE. IT IS USED TO DETERMINE WHETHER

THE CHEMEQ SUBROUTINE SHOULD BE CALLED OR BYPASSED.

THE LOGIC IN THIS PROGRAM IS SUCH THAT CHEMEQ IS

CALLED ONLY ONCEe. THIS IS POSSIBLE BECAUSE AT EQUILIBRIUM
THE COMPOSITION IS ONLY A FUNCTION OF TEMPERATURE AND

171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
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PRESSURE AND NOT A FUNCTION OF RESIDENCE TIME AS IS IN
THE KINETICS CASE. WHEN KOUNT=2 CHEMEQ IS BYPASSED.

ROCHAR=13.
TZERO=298.159
K1=90

IND=0

K10=0
DELTFF=0.,
REAC1=0.

OO0 aEeNe Ny

REACLI=RATE OF HEAT ABSO?ﬁED BY THE CHEMICAL REACTIONS IN
(BTU/FT*%2-SEC)

ced1=0,
CPB1l=RATE OF HEAT ABSORBED BY THE FLOWING GASES IN
(BTU/FT%%x2-SEC)

cpPBR2=0.
CPB2=RATE OF HEAT ABSORBED BY THE SOLIDS{BTU/FT%**2-SEC)
DCDOOV=0.

DCDO=D.
DELTK=0,

NN5 GIVES THE NUMBER OF VARIABLES STORED IN TABLE(T,J1),

NN&=NC+5
NN5=NN4+NNS

205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237

238
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THE FIRST FIVE VARIABLES ARE..s0se

1)
3)
4)
2)
5)
6)

THE
THE
THE
THE
THE
THE

FRACTIONS.
IS THE RATIO OF MOLES OF SOLID TO MOLE OF

GASES.

TEMPERATURE(IN OK)

AVERAGE MOLECULAR WEIGHT

MASS FLUX{LBS/FT2-SEC)

HEAT TERM( UNITS? )

HEAT CAPACITY OF THE MIXTURE(CPMX) °
REST OF THE VARIABLES ARE THE MOLE
FOR THE SOLTIDS, THE TERM STORED

HI=INITIAL RUNGE-KUTTA STEP SIZE

H=HI

CALCULATE THE INITIAL AVERAGE ﬁOLECULAR WEIGHT OF THE GAS

SUMY=0,

DO 1 I=1,NN
SUMY=SUMY+YI (1)
AVGFW=0.

DO31I=1,4NS

XMOL(I)=YI(1)/SUMY
Yir)=yIi(i -
IFCICODE(TI).EQ.1)GOTO31
AVGFW=AVGFW+Y(T)%FW(I)

239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
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31. CONTINUE

“W=MASS ‘FLUX(LBS/FT#*%2(TQTAL)-SEC)

OO0

s EeleNel

‘O

e NeNel

51

W=WI

THE UNITS OF MASS FLUX FOR THE PRESSURE PROFILE ARE:
(LBS/FT*%2(VOIDS)-SEC)

=0,

Z=DISTANCE 1IN FEET

ZL=THICKNESS OF CHAR IN INCHES

LINC=INCREMENTS OF DISTANCE AT WHICH VARIABLES
SHOULD BE STORED.

22=0.
12=VARIABLE USED TO COMPARE WHETHER THE DISTANCE
AT WHICH VARTABLES ARE STORED HAS BEEN REACHED.

TVAR={TC+459,69)/1.8
TVAR=TEMPERATURE IN OK,

12=0.

ZLL=2L/712.

PRINT 514ZLL,4H
FORMAT(1X,'ZLL="D20+10,4* H=*E15.7)

273
274
215
276
2717
278
2719
280
281
282
283
284
285
286
287

288 .

289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
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-~ INDEPTH RESPONSE OF ABLATIVE COMPOSITES.

FOR BACK SURFACE TEMPERATURE AND HEAT

FLUX SPECIFIED. THE EQUATION OF ENERGY

IS A SECOND ORDER, NON-LINEAR, ORDINARY CIFFERENTIAL
EQUATION WITH VARIABLE CGEFFICIENTS.

THE NUMERICAL TECHNIQUE USED IS A 4TH ORDER

VARIABLE STEP RUNGE-KUTTA ANALYSIS,

TCHAR=TEMPERATURE AT WHICH ALL OF THE VIRGIN
MATERTAL HAS DECOMPOSED.

ZINC=1,2E-5

ZINC=2.2E-4

DELZ=H

Hll=H -

IF( TVAR .GT. TCHAR)GOTO32

CALL INDPTH(YC,CDOV,DCDOV, GAscprvCPV,RHOoTVARv
IDELTKyNyDELZyVReWyH)

COOV=THERMAL CONDUCTIVITY OF VIRGIN MATERTALI{
BTU/{FT-SEC-0F)

DCDOV=THE DERIVATIVE OF CDOV WITH TEMPERATURE(RTU/(FT-2EC))
GA SCP=HEAT CAPACITY OF MIXTURE(BTU/LB-OF)

Q=HEAT ABSORBED BY DEPOLYMERIZATION OF THE

VIRGIN PLASTIC COMPOSITE(BTU/FT3-SEC)

CPV=HEAT CAPACITY OF VIRGIN COMPOSITE(BTU/LEB-0F)
RHO=DENSITY OF VIRGIN COMPOSITE

307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
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DELTK=TEMPERATURE DIFFERENCE IN OK FOR A DISTANCE H.
N=NUMBER OF INTEGRATION STEPS

DELZ=INCREMENT OF DISTANCE(FT)

VR=SURFACE RECESSION VELOCITY(FT/SEC)

W=MASS FLUX(LBS/FT2-SEC)

H=RUNGE—-KUTTA INTEGRATION STEP SIZE(FT)

OO0

WI=W

(o

QCZI=CDOV%DTC

DTCII=DTC

PRINT 1390,0C21 .
1390 FORMAT(1X,°'QCZ=*'F15.5)

C
c. .
C-—=--CALCULATE THE HEAT CAPACITY OF THE PYROLYSIS GASES
C . .
c :
CALL CPMIX{TVAR,NN,CPMX)
GASCP=CPMX/AVGFW
GOTO113
c
c

32 CALL CHARPR

----- THIS SUBROUTINE CALCULATES THE THERMO-PHYSICAL
PROPERTIES OF THE CHAR

OO0

DELZ=H

341
342
343
344
345
346
347
348
349

350

351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
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101

1

139
1

21(1)=0,

T1(1)=T10

ILL={0.0208333

GOT0103.

TVAR=(TC+459,69}1 /1.8

IFCTVAR .GT.TCHAR)GOTO102

CALL INDPTH(TC,CDOV+DCDOV4sGASCP,Q4CPV4RHO,TVAR,DELTK,
NyDELZyVRyHH)

.~FOR EXPLANATION OF THE VARIABLES IN THE ARGUMENT SEE

PREVIOUS CALL INDPTH STATEMENT.

CALCULATE THE HEAT CAPACITY OF THE PYROLYSIS GASES

CALL CPMIX(TVARyNN,CPMX)

GASCP=CPMX/AVGFW

Hll=H

WI=W

ZLL=22+0.0208333

PRINT 139,T7C,TVAR,DTC,GASCP,DCDOV,CPV,Q,CDOV,22
FORMATULIXy"T='FG.4,"' TK='F9,44" DT="Ell.4y"' CP='F6.3+' DKE='Ell.4%,
' CPP='Ell.4,' Q="Ell.4,"' KE='E11.4,D15.7) :
PRINT 1390,QCZI

QCZI1=C00OV*DTC

GOTO01113

USE SUBRODOUTINE CHARPR TO GENERATE NEEDED PHYSICAL PROPERTY
DATA FOR THE CHAR ZONE(HEAT CAPACITY OF THE CHAR AND THE

375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
3495
396
397
398
399
400
401
402
403
404
405
406
407
408
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102

104

OO0 O

105

2 Xa ik

106

OVER ALL EFFECTIVE THERMAL CONDUCTIVITY OF THE GAS AND CHAR),

CALL CHARPR
IF(IND.EQ.D)DTC=QCZ1/COO
IND=1
IF(KEY.EQ.2)G0TO104

—~CALCULATE THE HEAT CAPACITY OF A FROZEN‘FLOH MIXTURE

CALL CPMIX{TVAR,NN,CPMX)
GASCP=CPMX/AVGFW

6010111
IF(KOUNT.EQ.2)GOTD105
CALL CHEMEQ

GD TO 300

CHEMEQ SUBROUTINE CALCULATES THE EQUILIBRIUM COMPCSITIOCN

OF THE REACTING GASES. IT ALSO CALCULATES -THE HEAT ABSORBED
OR RELEASE DUE TO THE CHEMICAL REACTION. IN ADDITION IT
FURNISHES THE NEEDED AVERAGE MOLECULAR WEIGHT AND HEAT
CAPACITY OF THE MIXTURE.

DO110KL=2,5

CALL OMEGA(TVAR,TABLE(141),TABLE{14KL)sKMAXyVARY)

OMEGA IS AN INTERPOLATION ROUTINE. SEE BEGINNING

OF PROGRAM FOR EXPLANATICN OF VARTABLES STORED IN TABLE(I,J}
11=KL-1

GOTO(106,1074108,109),11

REACT=VARY .

REACT=HEAT EFFECT DUE TO CHEMICAL REACTIONS. THIS

409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436

437.

438
439
440
441

442
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107

108

VARIABLE IS USE IN GROUP TERM BELCW. THE

UNTTS OF REACT ARE(BTU/FT2-SEC-OF)

GOTO110

AVGF W=VARY

AVGFW=AVERAGE MOLECULAR WEIGHT OF THE GAS MIXTURE.
G0TOo1l10

W=VARY2EPS

W=MASS FLUX(LBS/FT*%2-TOTAL-SEC)

109

110

111

GOTO110

- CPMX=VARY

CPMX=HEAT CAPACITY OF THE MIXTURE(BTU/LB-MOLE-OF)
GASCP=CPMX/AVGFW

GASCP=HEAT CAPACITY(BTU/LB-0OF)
CONTINUE

REAC1=REAC1+REACT=DELTFF
CPB1=CPB1l+W*EPS.GASCP*DELTFF
CPB2=CPB2+CPS*RHO%*VR*{1.,-EPS)*DELTFF
IF(KEY.GT,.1)G0T0112
ROCHAR=(WTOTAL-W) /VR

CONVEG=W*GASCP
CPB1=CPBl+CONVEG*DELTFF
CONVES=CPS*ROCHAR*VR ’
CPB2=CPB2+CONVES*DELTFF
GROUP=(CONVEG+CONVES-DCDO*DTC)/CDC

DCDO=DERIVATIVE OF CDO WITH TEMPERATURE(BTU/FT-SEC~0OF2)
CDO=EFFECTIVE THERMAL CONDUCTIVITY(BTU/FT-SEC-0OF)
OTC=GRADIENT OF TEMPERATURE WITH DISTANCE(OF/FT)

THE ABOVE GROUP TERM IS FOR FROZEN CONDITION

GOTOll4

CALCULATE THE BULK DENSITY OF THE CHAR

443
444
445
446
447
448
449
450
451
452

453

454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470

471

472
473
474
475
476
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c

C

c

C;;---THE ABOVE GROUP TERM IS USED DURING THE DEPOLYMERIZATION OF

C
c

112

113 GROUP=(W*GASCP+CPVX*RHO*VR+Q/DTC-DCDOV*DTC)/COOV

ROCHAR={ WTOTAL-W) /VR

ROCHAR=BULK DENSITY OF THE CHAR(LBS/FT%*%*3)
CONVEG=W*GASCP

CPB1=CPB1+CONVEG*DELTFF
CONVES=CPS*ROCHAR*VR
CPB2=CPB2+CONVES*DELTFF
REAC1=REACI4REACT*DELTFF

- GROUP=(CONVEG+CONVES+REACT-DCDO%DTC)/CDO

VR=SURFACE RECESSION VELDCITY(FT/SEC’

THE ABOVE GROUP TERM HOLDS FOR EQUILIBRIUM IN THE CHAR

GOTO1l1l4

THE VIRGIN PLASTIC COMPOSITE.

114 A=DTC

115

DELGLl=H%G(A)

DELF 1=H%F (A)

DELG2=H*G(A+DELF1/2.)

DELF 2=H%F(A+DELF1/2.)
DELG3=H*G{A+DELF2/2.)
DELF3=H*F(A+DELF2/2.)
DELG4=H®G(A+DELF3)

DELF4=H%F({A+DELF3) .
DTC=DTC+(DELF1+2.*(DELF2+DELF3)+DELF4)/6.
IF(IND.EQ.O0)GOTOLLS

QCZ=CDO*DTC

TPREV=TC

IF(H.AT.D.8F=-8)G0OTO117
TC=TC+(DELG14 2. %{DELG2+DFLG3)+DELG4) /6.

L ]

477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
S07
508
509
510
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141

140
© 142
1

1140
1

60TO118
IF(K10.EQ.0) TTTT=TC
K10=1

DTCC=DTC
TTTT=TTTT+H113DTCC
TC=TTTT
DELTFF=TC-TPREV
DELTK=DELTFF/1.8

COMPARE THE TEMPERATURE CALCUALTED WITH THE MAXIMUM VALUE,

ZPREV=11

2Z=11+H11

IF(TC.GT.1000,)H=2,E-5

IF(KEY.EQ. 1)60TO141

IF(TC«GT.1500,)H=2,E~6
IF(TC.GT.3000. )H=1.E-6

IF(TC.GT.3500.)H=0,5E-6

Hll=H

2=12

IF(TC.GT.TFMAX)GOTO150

N=N+1 |

IF(TVARLE. TCHAR) 22=22

IF( TVAR ,LE. TCHAR)GOTO101

IF(22.,67.22)60T0101

PRINT 142, TC4H,DTC,GASCP,DCDO,GROUP,REACT,CDO :
FORMAT(1X,*TF='F9,4," H='El4.6, ' DT="El1.5,' CP='F6.4," DKE='E1ll
+5¢' GRP='E12.5,* Q='Elle4,* KE='El1.5)

PRINT 1140,AVGFW,W,CPMX, TVARy KMAX,CPS,GASCP 4 RHU, QCZ

FORMAT(1Xy "AVGFW='F 7,3,' W='F 7.5,' CPMX='E9,2,' TVAR='F7,2,

' KMAX='15,% CPS='F 6.3,' GASCP='F 6.4, RHO='FB8.4,' QCZ="'F10.2)
IF(TC.6T.2600.)ZINC=1,2E-5 ‘
12=22+71INC

511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538

539

540

541 -

542
543
544
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Z1(K1)=ZPREV
TlL{K1)}=TPREV
CHARDN{ K1) =ROCHAR
TOK(K1)=TVAR

----- STORE THE TEMPERATURE PROFILE FOR LATER USE IN THE SOLUTION

OF THE MOMENTUM EQUATION,

PRINT 153,REAC1,CPB1,CPB2,ZPREV,K1

153

150

154

155
156

FORMAT(1X, *REACL1="EL15.7,4" CPBL='E15.7+" CPB2='El1l5.7,
1' ZPREV='E15.7,15/)

Kl=K1l+1

IF(K1.6T.199)K1=199

6070101

TL=TC

TL=FINAL TEMPERATURE

PRINT 1140,AVGFWyW,CPMX,TVARy KMAX,CPS,GASCP,RHD,QCZ
PRINT 142,7C4H,DTC,GASCP,DCDO,GROUP,REACT,CDO
PRINT 153,REACL,CPB1,CPB2,yZPREV K1

TI(KL)=TL

THE TEMPERATURE PROFILE HAS BEEN DEFINED
DELTYT=TL-T1(1)

DELTT=TEMPERATURE DROP ACROSS THE CHAR(OF)
Z1(K1)=22 '

CHARDN(K1)=ROCHAR

TOK(K1)=(TC+459.69) /1.8

PRINT 154

FORMAT(1IHL, TX,*T{OF) ', 9X,'T(OK})'y 11X,*2')
DO 156 I=1,Kl1 , ‘

PRINT 155,T1(I),TOK(I),21(1)
FORMAT(1X,4EL15.7)

CONTINUE

545
546

547

548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
5713
574
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576
577
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DISTAN=Z1(K1)-Z1(1) -
DISTAN IS THE THICKNESS OF THE CHAR,

CALCULATION OF THE PRESSURE PROFILE IN THE
CHAR USING SIMPSON'S RULE FOR THE INTEGRATION
OF THE MOMENTUM EQUATIGN FOLLOWS.

JS$=39
JS=NUMBER OF SLICES IN THE CHAR
HS=DISTAN/FLOAT(JS)

HS=INCREMENT OF GRID(IN FEET)

INITIALIZE

SIMP1=0,

SIMP2=0.

I TEMP=K] .
ITEMP=TOTAL NUMBER OF TEMPERATURE POINTS STORED
LS=JS+1

WFLUX( 1) =WI

IX(LS)=Z1(K1)

TP(LS)=TL

P(LS)I=PL

THE INTEGRATION OF THE MOMENTUM EQUATION IS PERFORMED
FROM THE FRONT SURFACE OF THE CHAR TO THE BACK SURFACE
THE INTEGRATIGON OF THE ENERGY EQUATION, ON THE OTHER
HAND, WAS PERFORMED FROM THE VIRGIN MATERIAL TO THE FRONT
SURFACE OF THE CHAR, BECAUSE THE DIRECTION OF INTEGRATION
OF BOTH EQUATIONS ARE DIFFERENT IT IS NECESSARY TO RE-
DEFINE Z=0. AT THE FRONT SURFACE OF THE CHAR.

ACON1=2.6693E-3
ACONS5=2.42/3600,.
ACONT=778.16732.2
MS=29

579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
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HSIMPI=HS/FLOAT(MS)

MP=MS+1

DO260ON=1,J5

NBAR=N-1

HN=NBAR

LO=LS-NBAR

ZX(LO)=ZX(LS)-HNZHS

ZY{MP)=ZX(LO)

DEFINE MP AS THE TOTAL NO. OF PCINT OVER WHICH SIMPSONS'S

- RULE IS TO BE APPLIED
DO241M=1,MP

MBAR=M-1

- HM=MBAR

O O

OO0

MO=MP-MBAR
ZY(MO)=2Y(MP)-HM*HSIMP1
ZVAR=ZY(MO)
IF(ZVAR.LT.Z1(1))ZVAR=21(1)

FOR A SPECIFIED CHAR DISTANCE OBTAIN THE
CORRESPONDING TEMPERATURE FROM THE TEMPE-
RATURE PROFILE

CALL OMEGA(ZVAR,Z1,Tl,ITEMP,TVIS)

TVIS IS THE INTERPOLATED TEMPERATURE IN OF
WHICH CORRESPONDS TO THE VALUE OF ZVAR
TK=(459.,69+TVIS) /1.8

TK=TEMPERATURE IN KELVIN

DO2051=1,NC

TKE=TK/EK(T)

FOR THE VALUE OF INTERPOLATED TEMPERATURE FIND
THE CORRESPONDING COLLTSION INTEGRAL TO CALCULATE
THE PURE GAS VISCOCITY USING THE METHCD OF WILKE-JOHNSON

613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
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205

206

(aXeNe] OO0

OYCY DY

215

216

CALL OMEGAUTKEXTKE ZOMGAyNDATA,OMGA)
OMGA=COLLISION INTEGRAL

VIS{1)=2.6693E-3%SQRT{FH{IIETK)/(SIG(]1)*%2%0MGA)
IFI(NC.EQ.1)G0T0237

IF{KEY.GT.1)GOT0206

VMI X=0,

T WFLUXILO)=WI
G0 TO 222

TVAR=TK
DO218KL=3,NN5

THE FIFTH VARIABLE STORED IN TABLE IS CPMX. THIS
VARTABLE IS NOT USED IN THE SOLUTION OF THE MOMENTUM
EQUATION. SO ITS INTERPOLATION IS BYPASSED.

IF(KL.EQ.5)G0T0218
INTERPULATE FOR THE DATA GENERATED IN CHEMEQ

CALL OMEGA(TVAR,TABLE(1,1),TABLE(]14KL}sKMAX,VARYL)
IF{KL.GT.5)G0OT0O216 '

KMAX=NUMBER OF DATA POINTS STORED

IF{KL.EQ.4)1G0T0215%
AVGF W=VARY1}

6GATO 218

W=VARY1

GOT0217

Y{KL-5)=VARY]
IF(VARY1.GT.0.)607T0217

647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
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217

218

222

223
224

230
236
237
238
239

241

Y{KL=-5)=1,E~-17
[FIM.GT,1)60T0218
TP(LO)=TVIS
WFLUXILO) =W
KYCOMP=KL -5
YCOMP(KYCOMP 4, LO) =Y (KYCGMP)
CONTINUE

VMI X=0,

6G0T0224
IF{M.GT.1)G0T0224
DO 223 I=14NS
YCOMP(I,LO)=XMOL(I)
WFLUX(LO) =W
TP(LO)=TVIS

DO 236 J=1,NC
TERM=1,

D0230L=1,NC
IF(L.EQ.J)G0OT0230

TOPV=(1.+SQRTIVIS(J)/VISILY) *SQRT(SORT(FWILI/FW(J)) ) )%%2
BOTV= SQRT(2.)%*SQRT(1.+FW(J}/FW{L)) %2,

PHIV=TOPV/BOTV
TERM=TERM+PHIVE(Y(L)/Y(J))
CONTINUE
VMIX=VMIX+VIS(J) /TERM
CONTINUE

60T0238.
VISCOS=VIS(I)*ACONS
ACONS5=2.42/3600,

60710239

VISCOS=VMIX*ACONS
PROD(MO)=TVIS*VISCOS*W/AVGFW
TT(MO)=TVIS/AVGFR*{ W&%x2)
CONTINUE
IX(LO~1)=ZX{LO)-HS

681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
7C1
702
703
704
705
706
707
708
709
710
711
712
713
714
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255

256

INTEGRATE USING SIMPSONS RULF

SUM1 =9,

SuUM2=43,

SumM3=3,

SUM4 =2,

MDD =MP-2

DO25SKP=3,M0D0,2

SUM1=SUM1+2.%PROD(KP)

SUM3=SUM3+2, *TT(KP)

MEVEN=MP-1

DO256KP=2,MEVEN,?2

SUM2=SUM2+ 4, *PROD(KP)

SUM4=SUM4L+4 ., %TT(KP)
SIMP1=(HSIMPI/3.0)%({PRAOD(1)+SUML+SUMZ+PROD(MP) )+SIMP]
SIMP2=(HSIMPI /3,01 *(TT{1)+SUM3+SUML+TT(MP)) +SIMP2
P{LO-1)=SQRT(PL%%2+(2,%RR) *FR2%x{ALPHA*SIMPL+BETA%XSIMP2))
CONTINUE

CALCULATE THE SURFACE HEAT FLUX,QL,THE RERADIATION,QR,
AND THE TOTAL AERUODYNAMIC HEATING,QA.

IFI(KEY.GT.1)G0TD261

QAL=QCZ

GOTN262

QL=9CZ
QR=EMTS*SIGMAX(TL+459,69) *%x4
QA=0L+0OR

TPOLY=TL(1)
PRINT INPUT PARAMETERS

715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
73%
736
737
738
739
740
741
742
743
T44
745
T46
747
748
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2603
597

5981
5982
5984
5986
5990

600

601

602

604
611

603

PRINT 597

FORMAT(LHLZ/777/7771)

IF(KEY.EQ.2)G0T05982

PRINT 5981

FORMAT( 35X, *INDEPTH FLOW ANALYSIS(FROZEN FLOW)'//)

PRINT 5984

FORMAT(35X, *INDEPTH FLOW ANALYSTS(EQUILIBRIUM FLOW)'//)

PRINT 5990 :

FORMAT(12X,51H - _ THEQORET ICAL/
-17)

PRINT600,T1(1)4NC

FORMAT( 18Xy *CHAR BACK TEHPERATURE (0F)='F7 1,13Xy*NUMBER OF GAS CO
LMPONENTS="'13/)

PRINT 601,DTCII,RHOTI

FORMAT( 18X, *INITIAL SLOPE(OF/FT)="F8,1412X,* INITTAL DENSITY OF COM
1POSITE(LBS/FT2%3)=0F6,2/)

THICK=DISTAN%*12,

THICK1=Z1({1)%*12,

PRINT 602, THICK, THICKI

FORMAT(18X, *THICKNESS OF CHAR(INCHES)='FB8.6,6Xy* THICKNESS OF DECOM
1POSITION ZONE='FB8.6/)

QCz1Z=QCZ-QC11

PRINT 604,WTOTAL,WFLUX(LS)

FORMAT(18X,*TOTAL MASS FLUX(LBSIFTZ-SEC)"F7 696Xy 29HGAS MASS FLUX
1 AT THE SURFACE=41X,F7.6/)

PRINT 611, TFMAX,VR

FORMAT(18X, 'FRONT SURFACE TEMPERATURE(OF)=*FH6.145X,*SURFACE RECESS
1ION VELOCITY(FT/SEC)I=*FT,.5/)

PRINT 6C3,QCZZ,QC1Z1

FORMAT(25X, '"RATE OF HEAT ABSORBED IN THE CHAR ZONE(BTU/FT*%2-SEC)=

1'F9.3,//25%X,*RATE OF HEAT ABSCORBED IN THE DECOMPOSTTION ZONE(BTU/F
172-SEC=)"'F9,3/) '
HCHAR=QCZ7/QCZ*109.
HDECOM=QCZ1/QCZ*100.

149
750
751
752
753
154
755
156
757
758
759
760
761
162
763
164
765
766
167

168 .

169
770
771
772
173
774
775
776
717
778
779
780
781
782
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605

606

SUM=REAC1+CPB1+CPB2
HGAS=CPB1/SUM%100Q.
HSOLID=CPB2/SUM%*100.
HREACT=REAC1/SUM%100.
PRINT 605,HCHAR
FORMAT(25Xy "PERCENT OF
17}

PRINT 606,HDECOM
FORMAT(25X, *PERCENT OF

- PRINT 607,HGAS

607

608

FORMAT(25X*PERCENT OF
1ELS5.7/)

PRINT 608,HSOLID
FORMAT(25Xy *PERCENT OF
1E=*E15.7/)

PRINT 6104HREACT
FORMAT( 25X, *PERCENT OF
1'E15.77)

PRINT586

FORMAT(1H]1)

TOTAL HEAT ABSORBED IN THE CHAR ZONE='EL1S5.7

TOTAL HEAT ABSORBED IN DECOMP-~ZONE='E15.7/)

HEAT ABSORBED BY THE GAS IN THE CHAR ZONE=*

HEAT ABSORBED BY THE SOLIDS IN THE CHAR ZON

HEAT ABSORBED BY REACTION IN THE CHAR ZONE=

-------- PRINT OQUTPUT PARAMETERS CORRESPONDING TO JS. GRID SIZE

2602
2662

2650

2651

IKE=1

MIKE=5S

LIKE=1

PRINT 557

PRINT 5984 -
IFILIKE.GT.1)GO TO 265
PRINTZ2650,DELTY

FORMAT(35X,23HTEMPERATURE DROP {(0OF) =41XeF20,.1/)

DELP=(P(1)-PL)
PRINT2651,DELP
FORMAT(35X,24HPRESSURE

DROP (LB/FT2) =41X,F19.,1/)

783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
198
799
800
801
802
803
8Q4
805
806
807
808
809
810
811
812
813
814
815
816
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2652
2653
2654
265
2720
2721
2730
2723

2724

2728
2727

2725
2729

2800
300

PRINT2652,QL

FORMAT(35X,33HSURFACE HEAT FLUX (BTU/FT2-SEC) =,1X,F10.27)
PRINT2653,QR

FORMAT(35X,32HRADIANT HEAT FLUX BTU/FT2-SEC)=,1X,Fl1,.2/)
PRINT2654, QA

FORMAT( 35X,35HAERODYNAMIC HEAT FLUX(BTU/FT2- SEC)I=41X,FBs2//)
PRINT2T204{ZX(KK) y KK=IKE ¢MIKE)

FORMAT(14X,15HCHAR DEPTH (FT) ,6X,5F13.4)
PRINT2721{ TPUKK) ¢ KK=IKE yMIKE)

FORMAT(14X,16HTEMPERATURE (OF),5X,5F13,.1)
PRINT2730,(P(KK) s KK=IKE ¢MIKE)

FORMAT(14X,17HPRESSURE (LB/FTZ).«X.SFls 1)
PRINT2723,{WFLUX{KK) yKK=IKE,MIKE)

FORMAT(14X,21HMASS FLUX{LB/FT2-SEC),5F13.4/)

PRINT2724

FORMAT(14X,66H GAS COMPONENT COMPOSITION (
1MOLE /MOLE GAS) /)

IF(KEY.GT.1)G0T02727

DO 2728 KICK=1,LS

DO2728LL=1,NS

YCOMP(LL,KICK)=YI{LL)

CONTINUE

D02729LL=1,NS

YCOMP{LL,1)=YI(LL)

PRINT 27254LLoSPCIEL{LL) ySPCIE2(LL) s (YCOMP{LL,KK) KK=TKE,MIKE)
FORMAT(12Xy12 42X 92A3411X95EL13,.4)

CONTINUE

[FI(MIKE.GE.LS)GO TO 2800

LIKE=LIKE+1

MIKE=MIKE+5

IKE=IKE+S

GO TO 2602

PRINTS86

sTOP

8L7
818
819
820
821
822
823
824
825
826
827
828
829

830 .

831
832
833
834
835
836
837
838
839
840
841
842
843
844
845

846

847
848
849
850
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SUBROUTINE INDPTH(TC,CDOV,DCDOV,GASCP,Q,CPV,RHO, TVAR,
1 DELTKKyNJDELZyVRoW,yH)

DIMENSION DRHODT(5)

- INDPTH SUBROUTINE CALCULATES THE PHYSICAL PROPER-

TIES FOR THE VIRGIN MATERIAL AND PYROLYSIS GASES.

. T=TEMPERATURE IN FARENHEIT,

IFIN.GT.1)GOTO2

0CDOV=,338983F£~-8

READ 1,A,B8,C4D,E

A THROUGH E ARE CONSTANT FOR THE HEAT CAPACITY OF THE

VIRGIN MATERIAL,

FORMAT(SEL12.6)

CDOV=THERMAL CONDUCTIVITY OF THE VIRGIN MATERIAL
(BTU/(FT-SEC~-0OF))

CDOV=1,266102E-5+,338983€E-82T(

PRINT 10,H,DELZ

FORMAT(1X,*IN INDPTH H='E15.,7s' DELZ='E15,.7)

DCDOV=RATE OF CHANGE OF CDOV WITH THEMPERATURE,

T=TC

IF(T.GT.750,.)G0703

T2=TC*T

T3=TC %*T2

T4=TC%*T3

CPV=HEAT CAPACITY Of THE VIRGIN MATERIAL(BTU/LB-GF)
CPV=A+BATHCXT 24D T3 +E2TS
GASCP=0.62

CALL PHMCRITVAR,DELTKK,QPHNLC 4QMICRO,N)

INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP

"INDP

INDP
INDP
INDP

INDP

INDP
INDP
INDP
INDP
INDP
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IF(TVAR.GE,78%6.,1G0T0200

CALL NYLON(TVAR,DELTKK,GQNYLON)
GOTN210
200 QNYLON=0.

210 CALL DNSITY(RHO+TVAR 4DELZyVRyNyDRHODT yWyH)
Q=(QNYLON*DRHODT (1) +QPHNLC*DRHODT(2)+QMICRO*DRHODT(3) 1% (-1.8)
- RETURN '
. END

INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
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SUBROUTINE PHMCR(T,DELT,QPHNLC,QMICRO,K6)

OTMENSION A{4)4+B(4),C(4)4D(4),E(4),A1(4),4B81(4),CL(4),D1(4),EL(4)

THIS SUBROUTINE COMPUTES THE HEAT OF PYROLYSIS OF PHENOLIC,

- BASED ON THE DATA OF SYKES AND NELSON(THERMOANALYSIS OF
. ABLATION MATERIALS)

IF(K6.GT.1160T04

NUMBER=4

AREA=1350.

AREA1=1464%.
READ1,NUMBER,AREA,AREAL
FORMAT(16,2E10.8)
DO21=1,NUMBER
READ3LA(T)+B(T)»C(I) DI} ,LE(T)

READ3,AL(T),BL(1),CLLI),D1(I),EL(I)

FORMAT(5EL12.8)

IF(T.LT.623.)G0T0OS

IFtT.67.,1073.)G0T05 :

I=1 : /
TF{T.GT . 7484, AND T LT.798.)1=2

TF{T.GT 798+ AND. T,LT,898,)1=3

IF(T,6T,.898.,)1=¢4

DT=(T-623.)

DT2=0T7T%DT

DY3=DT12*DT

DT4=DT3$DT

CALCULATE THE HEAY DOF PYROLYSIS OF PHENOLIC(QPHNGL)
H=A(II4B(1)XDT+C(T)Y=DY24D{ 1) %DT3+E(])*DT4
QPHNLC=H%*DELT269,312/AREA

P HMC
P HMC
P HMC
P HMC
PHMC
PHMC
P HMC
PHMC
PHMC
PHMC
PHMC
PHMC
PHMC
PHMC
PHMC
PHMC
PHMC
PHMC
P HMC
PHMC
PHMC
PHMC
PHMC
PHMC

"PHMC

PHMC
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69.312=TOTAL HEAT ABSORBED BY THE DECOMPOSITION OF
PHENOLIC IN CAL/GRAM,

CALCULATE THE HEAT OF PYROLYSIS OF PHENOLIC MICROD-
BALLCONS{QMICRQO)

I=1

IF(TeGTeT13e0ANDoTLT,T98,)1=2
IF(T.GT+798¢ s ANDs ToLT.913,.)1=3

fF(T.GT.913.)1=4
H=AL(I)+BLIIV=DT+CLLII*0T24D1 (1) *DT3+EL(I)%DY4
QMICRO=H*DELT*9Q, 822/ AREAL

90,.,822=TOTAL HEAT ABSORBED BY THE DECOMPOSITION OF
PHENOLIC MICRO~-BALLOONS IN CAL/GRAM,

RETURN

QPHNLC=0.

QMICRO=0.

RE TURN

END

P HMC
P HMC
PHMC
PHMC
PHMC
PHMC
PHMC
PHMC
P HMC
PHMC
P HMC
PHMC
PHMC
P HMC
PHMC
PHMC
P HMC
P HMC
PHMC
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SURRQUTINE NYLON(T,DELT,QNYLON)

THIS SUBROUTINE COMPUTES THE HEAT OF PYROLYSIS OF NYLON
BASED ON THE DATA OF SYKES AND NELSON(THERMOANALYSIS OF
ABLATION MATERIALS)

SLOPF=SLOPE OF LINE OBTAIN FROM SYKFS AND NELSON'S DATA,
ANYLON=0,
SLOPE=0.6C86957

AREA=1122,

AREA=AREA UNDER CURVE OF FIGURE-2(DIFFERENTTAL THERMAL
ANALYSIS) BY SYKES AND NELSON
CONST=150.,5738/AREA
IF{T.LT.647.1G0T04
IF(Y.GT.699.)G0T02

[F(T .GE.689..AND, T.LE.699,)1G0TO1
H=SLOPE*(T-647.)

50703

H=24.,4

6G0T03

DH=SLOPE%(T~6G3,)

H=28,0-DH -
IF(T.GE.739.)H=C.,

QNYLON=DEL T*H*CNONST

RETURN

END

NYLO
NYLO
NYLO
NYLO
NYLOD
NYLO
NYLO
NYLO
NYLO
NYLO
NYLO

‘NYLO

NYLO
NYLO
NYLO
NYLO
NYLO
NYLO
NYLO
NYLO
NYLQ
NYLO
NYLO
NYLO

"NYLO

NYLO
NYLO
NYLO
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€08
6CS
61D

611

6412

SUBROUTINE OMEGA (VAR,X,F,IMAX, SOM)

THIS PROGRAM PERFORMS LAGRANGIAN INTERPOLATION
WITH NON-EQUAL STEP SIZE BETWEEN POINTS
F=DEPENDANT VARTABLE

X=TNDEPENDENT VARTABLE

VAR-VALUE OF X FOR WHICH CORRESPONDING VALUE OF
F IS DESIRED BY INTERPOLATION

IMAX=NUMBER OF POINTS IN ARRAY X OR F

SOM=VALUE OF INTERPOLATED DEPFNDENT VARIABLE
NPTS=NUMBER OF POINTS USED FOR INTERPQOLATION

DIMENSION X{ 1) 4,F( 1)4XN(35G),FN(350)
COMMON/KK/IP

NPTS=3
DO6111=1,1IMAX
T=VAR=-X(1)
[F{T.GE.0.)GOTO609
T=-T
IF(T.GE.XUP)IGOTOGL1
I1P=1

XypP=T7

CONTINUE

IN=1

NPP=NPTS+1
DN6181=1,NPP
FNCTL)=F(IP)
XN(I)1=X(12)
IFCINGGTLDIGUTO613
[g=1pP-1

60OTAELS

OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMFG

"OMEG

OMEG
OMEG
OMEG
OMEG
QMEG
OMEG
OMEG
OMEG
OMEG

DO JIPrRNRDWN™
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615
616

617

618

619
620

1Q=1P+]

IF( IMAX.GE.IQ)GOTO615
IP=1pP-1

G0TO¢€1 8
[FIIQ.GT.0)GOTO617
IP=1P+]1

GQOT0618

IP=1Q

IN==1IN

CONTINUE

SOM=0,.

FACT=1.
DO62DJ=14NPTS
SOM=SOM+FACT=FN(1)

"‘DO61SI=J,yNPTS

1Q=1-J+1

FNUTOQI=(FNCIQ+1)-FNCIQ)) /UXN(I+1)-XN(IQ))
FACT=FACT*{VAR-XN{J))

RETURN

END

OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
OMEG
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SUBROUTINE THERM]

THIS SURPROGRAM CALCULATES THE HEAY OF FORMATION AND
THE ENTROPY 0OF EACH CHEMICAL SPECIE
COMMON/KA/SLIL6) 9S2{6) 4S3(6)95S416)+55(6),56(6),A111(6),
1A2206)4A33(6),A44(6)4A55(6)A66(6),AA(30,6),JCODEL(6)
COMMON/KB/AT(30) 48I1(30),CI(30),DI(30)4,E1(30),FI(30),GI(30),
2ATTI(30),811(30), CII(30),DII(30).EII(BO).FII(BO) GII{(30}),
3TLOW(30)

COMMON/KC/ICODE(30) 4Y(30) 4 XMW{30)
COMMON/KEE /PL yRRyTZERO¢EPSoKEY s NNy NQoMM
COMMON/KG/ENT(30) 4S(30),ENTL{30),T .
SleaeeS6=EMPIRICAL CONSTANTS FOR THE HIGH TEMPERATURE
ENTHALPY FIT OF THE CONSTITUENT ELEMENTS
All..A66=EMPTRICAL CONSTANTS FOR THE LOW TEMPERATURE
ENTHALPY FIYT OF THE CONSTITUENT ELEMENTS

Aleaeoe GIZEMPIRICAL CONSTANTS FOR THE HIGH TEMPERATURE
FIT OF THE CHEMICAL SPECIES

ATIl..BII=EMPIRICAL CONSTANTS FOR THE LOH TEMPERATURE
FIT OF THE CHEMICAL SPECIES

DIMENSION CPDT1(6)

ENT( I)=HEAT QF FORMATION AT ANY TEMPERATURE T
ENT1{I)=SENSIBLFE ENTHALPY GAIN+CHEMICAL ENERGY{HEAT
OF FORMATION AT 298,16 0K)

CPDT1{J)=SENSIBLE ENTHALPY GAIN OF THE ELEMENTS
TLOW(T)=TEMPERATURE AT WHICH ONE MUST CHANGE FROM ONE FIT
YO THE OTHER OR,s THE MIN TEMP OF HIGH YEMP FIT,
S=ENTROPY

NN=NUMBER OF GAS SPECIES

NQ=NUMBER (OF GAS+SOLTD SPECIES

MM=NUMBER OF CONSTITUENT ELEMENTS

T= TEMPERATURE IN 0OK.

T1=7Y

12=T1x%T

T3=T2%T
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T4=T3%T

T5=T4#T

Al=T1

A2=T2/2.

A3=T3/3.

A4=T4/4,

AS5=T5/5.

CALCULATE THE HEAT OF FORMATICN.ENT,AND THE ENTROPY S.
DO 8 1I=1,NQ

IF(T.LT,TLOW(1))GOTO3
ENTI([3‘(4[([)*Al*BI(I)*A?*C[(I’*Aqul(I’*A#*EI(!)*AS
14FT(I))%RR

SCI)=(AT(TI)*ALOGIT)+BI{I)*AL+CI(T)*A24DI(T)*AB+EI(T)*A&+GI(]I))I%RR

IF(TI.6T.1)G0T05
D02 J=1,MM

CPDTI(J)”(Sl(J)*Al#SZ(J’*AZ#SB(J)#AB#S#(J)*A4*SS(J)*A5056QJ))*RR

GNTN5
ENTLOI)=(AIT(T)*AT+BIT(I I =A24CTIT{T)*A3+DTL{I)I*A4+ETTI(T)%AS
1+FIT (1)) *RR
SITY=CATICI)*ALOG(T)+BIT (I *AL+CIT(TI*AZ+DIT(TI*A3+ETI(TI®A4
1+#GII(I))*RR

IF(I.6T.11GOTGS

D04J=1, MM
CPOTLI(I)I=(ATILJ) *AL+A22(J) *A2+A33{J) ¥ A3 +A44 [ J)RAL+ASS () )*¥AS
1+A66(J) ) *RR

RSuM=¢,

RSUM IS THE SENSIRLE ENTHALPY OF THE CONSTITUENT ELEMENTS

OF THE ITH SPECTE(AT TEMPERATURE T(OK) WITH RESPECT TQ THE
STANDARD STATE P=1 ATM AND T=298,16 CK},

NO7J=1,MM

IFCJCOLELY)L.EQ.1)G0TO6

WHEN JCODE(J)I=Cy THE CONSTITUENT ELEMENT HAS BEEN ASSUMED TO B8F
IN ITS BI-MULECULAR FORM, F(OR EXAMPLFE HYDROGEN IS TAKEN TG BAE
H?2 e WHEN JCODE(J)=1,THE CONSTITUENT FELEMENT HAS REEN ASSUMED TO

THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER

"THER

THER
THER
THER
THER
THER
THER
THER
THER
THER

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
&6C
61
62
63
64
65
66
67
68

1432



OO0

BE ITS UNI-MOLECULAR,OR ATOMIC FORM, FOR EXAMPLE CARBON IS TAKEN

TO0 8E C.

AA(L,J) IS THE FORMULA NUMBER, IT GIVES THE GRAM—-ATOMS OF

ELEMENT J IN SPECIE I. EXAMPLE,CH4 (METHANE),AA(T,J)
CARBON IS 1. FOR HYDROGEN 1S 4,
RSUM=RSUM* 3. 500%AA(14J)*CPDTL(J)
GOTO7

RSUM=RSUM+AA(],J)*CPDT1(J)
CONTINUE

ENTUTI=ENTL{T)}-RSUM
IF(ABSEENT(T)) LT3, )ENT(T)=D.
CONTINUE

RETURN

END

FOR

THER
THER

THER

THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER

69
70
71
72
73
T4
75
76
77
78
79
8¢
81
82
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SUBROUTINE DNSITY{(RHO,T,DELZsVR,K6yDRHODT W, H)

~=~THIS SUBRJUTINE CALCULATES THE DENSITY OF PHENOLIC-NYLON

COMPOSITES AS A FUNCTION OF TEMPERATURE-~BRASED ON DATA
OF SYKES AND NELSON(THERMOANALYSIS OF ABLATION MATERIALS)

COMMON/KL/WTOTAL,RHOIT

DIMENSION RHOIU(S5) 4RHOT(S5) 4RHOC(5) 4A(T)E(T)RATER(T]),
1DRHODT(5) 4 XN{557) »FRAC{S) ,RHOVOL(5)

DIMENSION MASFRC(5) 4MASFLX(5),VOLUME(S) 4VOLFRC(5),DELFLX(5)
DIMENSION RHOCC(5),DRHO(5)

INTEGER COMPST

REAL MASFRC,MASFLX

[F{K6.,6T.1160T0O7

---READ INPUT

READ 1,COMPST,NREACT
FORMAT(216)

COMPST=NUMBER OF COMPOSITE MATERTALS DEGRADING DURING
ABLATION.

NREACT=NUMBER OF PSEUDO-KINFETIC REACTYIONS USED TO DES-
CRIBE THE DEGRAODATION OF THE ABLATIVE COMPOSITES.,

—~—INITTALTZATIUN OF XN{T,J),WHICH 1S THE CRDER OF THE

REACTION

ONST
DNSIT
ONST
DNST
DNST
DNSI
DNSI
DNST
ONST
DNST
DNST
DNST
DNST
DNST
DNSI
DNST
DNSI
DNSI
DNST
DNSI
ONSI
DNSI
DNSI
DNSI

"DNS1I

ONST
DNSI
DNSI
ONSI
DNST
DNSI
ONSI
DNSI
DNS I

OD~NO WS WN -
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A v e s

DO2J=1,NREACT
0021=1,C0OMPST
XN(T,J4)=0,

A(J)=FREQUENCY FACTOR(SEC-1)
E(J)=ENERGY OF ACTIVATION(JOULE/(MOLE))

R=8,314
R=8,314(JOULE S/ (MOLE-OK))

RHOT(1)=68.6({NYLON)

RHOT (2)=80.0(PHENOQLIC RESIN)

RHOL (3)=17,8( PHENGLIC-MICROBALLOONS)
RHOC(1)=68.6%0.075=5,.145
RHOC(2)=80.0%0.541=43,28
RHOC(3)=17,.8%542=9,6476

MASFRC(1)=0.4
MASFRC(2)=D425
MASFRC(3)=0.35

INITIALIZE

XN{1,J)=0RDER OF THE KINETIC EXPRESSION.

NJ3J=1,NREACT

DNST
DNSI
DNSI1
DNST1I
DNSI
ONSI
DNS1
DNST
DNSI
DNS1
DNS1
DNSI
DNSI
DNSI
ONST
DNSI
DNST
DNS T
DNST
DNSI
DNST
DNS1
ONST
ONST

"DNSI

DNSI
DNSI
DNST
DNSI
ONSI
DNSI
ONST
DNST
DNS |

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
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3 READ 49 L ALJ)4ELY) o XNL(T D)
4 FORMAT(4X,16,3E10.8)

READ 54 (RHOI(I )}y RHOC(I) yMASFRC(I) yI=1,CCMPST)
5 FORMATI3E1Q.4)

RHOT(I)=INITIAL DENSITY OF COMPOSITE I
RHOC(I)=RESIDUAL DENSITY OF COMPOSITE I
RHOTUI)=DENSITY OF THE COMPOSITE I AT ANY TEMPERATURE

----- LET RHOT(I)=RHOI(I} AS INITIAL CONDITION

Ny 6 1=1,COMPST
RHOCCUI)=RHOC(T)+0.,0D01%RHOC(I)
MASFLX(I)=Q.
6 RHOT(II=RHQI(T)
SuMvoL=2,
DO 60 I=1,COMPST
VOLUME( T)=MASFRC(TI) /RHOT(1)
60 SUMVOL=SUMVOL+VOLUMELT)
DO 65 I=1,CCMPST .
65 VOLFRCUT)=VOLUME(]) /SUMVOL
RHO=1,/7SUMVOL
RHOT T=RHD
WTOTAL=RHOTIT*VR
PRINT 66,RHO,WTOTAL
66 FORMAT(LX, *INITIAL DENSITY OF COMPOSITF(LBS/FT**3)"FIO 542Xy
1'WTDTAL(LAS/FT*%2-SEC)='E15,7/)
7 RRR=1300,/{R%*T)
RHOPRV=RHO
DO 9 [=1,00MPST

DNSI
DNST
DNST
DNSI
DNS1
DNSI
ONSI
DNSI
DNSI
ONSI
DNS1
DNST
DNST
DNSI
DNSI
DNS1T
DNSI
DNSI
ONST
DNSI
DNS T
DNS1
DNS1I
ONST

"DNSI

DNSI
DNSH
DNSI
DNS1
DNST
DNST
DNSI
DNSI
DNSI

69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
9]
92
93
94
95
96
97
98
99
100
101
102
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SUM=G ]
DO 8 J=1
IFOXNCT,

RATER(J)

+NREACT
J1.€Q.0.1G0708

=SPECIFIC REACTION VELOCITY
IF(RHOT (1) JLELRHOC(I))RHCT(I)=RHOCC(I) ~
RATER(J)==RHOT(I)*((RHOT(I)-RHOC(I))/RHOT(I)I¥XxXN(T,J)*A(J)*EXP(~

1E(J) *RRR)

90

SUM=SUM+
CONTINUE
DRHODT( I
IF(RHOT(
CONTINUE

RATER(J)

)=SUM
[).LE.RHOCC(I))DRHODT(I)=0,

PRINT 90D,H,DELZ

FORMAT(1
CONTROLL

TEST=0.

Xy*' IN DENSITY H='E15.7,4"

ING STEP SIZE FOR STABILITY

bo 90 I=1,COMPST :
DRHO(T)=-DELZ*DRHODT(I}/VR

TEST=AMA
IF(TEST,
IF(TEST.,
IF(H.GT,.
DELZ=STE
DELZ=H
RHO=0.
W=0.
DO10I=1,
DELFLX(I

DELFLX{I)=CHANGE IN MASS FLUX DUE TO A CHANGE IN THE

DENSITY

X1{TEST,DRHO(1))
GT.CeS)H=H/2,
LTeol)H=H%2,
2.08F-4)H=2,08E~4
P S1Z€ IN FEET

COMPST
)=-DELZ*DRHODT(I)

OF THE COMPOSITES.

DELZ="E15.7)

DNS1
DNSI
DNS |
DNSI
DNSH
DNSI
DNS1
DNST
DNSI
DNSI
DNSI
DNSI
DNSI
DNSI
DNS I
DNSI
DNSI
DNSI
DNSI
DNSTI
DNSTI
DNSI
DNSI
DNSI

‘DNSI

DNSI
ONSI
DNSI
DNS I
DNST
DNSIT
DNSI
DNSI
DNSI

103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
12¢
129
130
131
132
133
134
135
136

66€



RHOT(I ) =RHOT(I)-DELFLX(1)/VR
RHOVOL (T )=RHOT({1)*VOLFRC (1)
RHO=RHO+RHOVOL (1)
RHU=BULK DENSITY OF THE COMPOSITE
MASFLX(T)=MASFLX(I)+DELFLX(I)
10 W=W+MASFLX{I)

W1l=(RHOII-RHO) %=VR
W=W1l
DO 1CO I=1,COMPST

106 MASFRCUI1)=RHOVOL(I)/RHO
PRINT 114RHODELZsVR;ToW

DNST
DNST
DNS1

“DNS1

DNST
DNST
DNSI
DNSI
DNST
ONSI
ONSI
DNSI

11 FORMAT(1X, *RHO(OVERALL DENSITY OF ="El1D.4,4" DELZ='E1Q0.44*V='E10Q0,4,DNSI

1¢ T='E10.4,* W='E13,5)
PRINT 12
12 FURMAT{8X, *VIRGIN MATERIAL)")
DO 14 I=1,COMPST
PRINT 1351 ,RHOT(I),1,0RHODT(I) 41 ,DRHOCT) 4T, MASERC(T)

DNSI
DNS1
DNSI
DNSI
ONSI

13 FORMAT(1Xs *RHOT(*114')="E12,6,% DRODT(*11,')='E]12.6," DRHO('I1,')=DNSI

1'612.69° MASFRC('I1,9)=F12.6)
14 CONTINUE ‘

RE TURN

END

DNSI
DNST
DNST
DNST

137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
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SUBROUTINE CHARPR
CHARPR SUBROUTINE CALCULATES THE EFFECTIVE THERMAL
CONDUCTIVITY AND HEAT CAPACITY OF THE CHAR.

COMMON/KF /CPSyCDO4DCD0 s JCHAR, TC
T=TEMPERATURE IN RANKINE

TC=TEMPERATURE IN FARENHETT

CPS=HEAT CAPACITY OF CHAR(BTU/LB-OF)
CDD=EFFECTIVE THERMAL CONDUCTIVITY(BTU/FT-SEC-OF)
DCDD=RATE OF CHANGE OF CDO WITH TEMPERATURE
TC2=TC*TC .

TC3=TC2%1C

IF(TC.GT.2500.)160T0507

T=TC+459,7

CPS=0.4343, 6E-5%T-87,2E3/(T*T)
IF(TC.LT.1000:)CPS=0.39

CP$=0.52

CDO=11.57E-5+5,3E-15%TC3

DCDO=15,9E-15%TC2

RETURN

END

CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
C HAR
CHAR
CHAR
CHAR
CHAR

VONONDWN -
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C

C
c
C
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SUBROUTINE CPMIX{T NN,CPMX)

C--—--THIS SUBROUTINE COMPUTES THE MOLAL HEATY CAPACITY

OF A NON-REACTING GAS. 1IT IS ONLY USE FOR THE
FROZEN FLOW CASE.

COMMON/KB/AT (30) ,BI(30),CI(30),0I(3C)4EI(30),FI(30),
1G1(30),A11(30),811(30),CII(30),DII(30),ET11(30),
2FII(30),GIT(30),TLOW(30)

COMMON/KM/XMOL(30)

DIMENSION CP{30)

RR=1,98726

CPMX=HEAT CAPCITY(BTU/LB-MCLE-OF)

--CALCULATE THE HEAT CAPACITY OF EACH INDIVIDUAL SPECIE.

CPMX=0.

DD 3 [=1,NN~

[FIT.GT.TLOW(T)IGOTOL
CPUINI=(ATI{I)+C((ETT (L) =T+DITCI))AT+CIT(I))IXTHBIT(I)})I*TI*RR
GOTO2 .
CPL{TI=(ATCI)+(U(ETCIIAT+DILIMNI2T+CI(I}I)*TH4BI(INI*T)*RR
CPMX=CPMX+CP{I)%XMOL(T)

CONTINUE

RE TURN

END

CPMI
cpmi
CcPMIl
CPMI
cPMI
cPMI
cPMI
CPMI
CPMI
CPMI
CPMI1
CPMI
CPMI
CPMI
CPMI
CPMI1
ceMmi
CPM1
cePMl
CPMI
cPMml
cPMI
cPMI

cpMl

cpMit
CPMI
cPMmi
CPMI
CPMI
CPMI
cPM]
CpPMl

VBN DWN -~
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SUBROUTINE CHEMEQ

----- THIS SUBPRUOGRAM COMPUTES COMPLEX CHEMICAL EQUILIBRIUM
FOR A MULTICOMPUNENT, POLYPHASE SYSTEM BY FREE ENERGY
MINIMIZATION. (Jo CHEM,PHYS.VOL.28.N0O.5,751-58,MAY 1958),

COMMON/KA/S1(6)3S2(6)953(6),S4(6)455(6),+S6(6)1,A11(6),
1A22(6),A3316),A44(6)4A55(6) ,A66(6)+AA130,6),ICODE(6)
COMMON/KB/AI(30) ,81(30),CI(30),01(30)1,E1(30),FI(30),
1GT(30),A1I(30),B811(30),CTTI(30),DII(30),EIL(30),
2FII(30),GII(30),TLOW(30)
COMMON/KC/ICODE(30) 4,Y(30) 4 XMW{30)

COMMON/KCC/SPCIELl (30),SPCIE2(30),TABLE(353,25)
COMMON/KGG/FORT(30),CP(30)
COMMON/KEE /PL yRRyTZERQ,EPS4KFY o NNyNQ,MM

COMMON/KT /WEPSyKP T3 ,KOUNT

COMMON/KJ/DELTK s TVAR
COMMON/KG/ENT(30) 4S(39) (ENTLI(30),T

COMMON/KNN/TFMAX

DIMENSION PERC(30D),PERC1(30),XMOLI(30),XMOLL1(30)
DIMENSION X(30),FVY(30),C(3C0),BBI8)FSUMI3N),YSUM(30),
1XMASSU30) 4 XLAM(30) ,FLUX(350,25),
2DFLUX(350425) yR16,6) 9B (6451) 4PI(6) DELT(3C)

PL=PRESSURE IN LBS/FT2
RR=1.987{CAL/GM-MOLE-DOK)
TZERDO=29R,16 (K
EPS=PORNSITY OF THE MATRIX
KEY=2 FCR EQUILIBRIUM FLOW
NN=NUMBER OF GAS COMPONENTS

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM™
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

"CHEM

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

DONPIPNDWN -
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NQ=NUMBER OF SOLID+GAS COMPONFENTS

TABLE(T,J)STORES THE VALUES OF THE TEMPERATURE(J=1)IN

OKy THE HEAT ABSORBED OR RELEASED BY CHEMICAL REACTIONS
(J=2)1(BTU/FT%%3~SEC) ,THE AVERAGE MOLECULAR WEIGHT QOF THE
MIXTURE(J=3),THE MASS FLOW RATE OF THE GASES(LBS/FT2-SEC),
AND THE AVERAGE HEAT CAPACITY OF THE MIXTVURE,

FROM J=5 ON,THE VALUES OF MOLES,Y(I),0F EACH INDIVIDUAL
ARE STORED. I IS THE NUMBER OF TEMPERATURE POINTS

W1=WEPS/EPS

W=WEPS/EPS

XT=TVAR

CRIT=0.0001

TMAX=( TFMAX+459.69) /1.8
TINC=( TMAX~-XT) /346,
IF(TINC.LT+7.5)TINC=7.5
TINC=200.

TMA X=TMAX+4, *TINC

READ 7,IPRINT
FORMAT(I1)

NS=NQ

NC=NN

XT=INITIAL TEMPERATURE(QOK)
TMAX=F [NAL TEMPERATURE(OK)
TINC=INCREMENT OF TEMPERATURE
CRIT=CRITERIA FOR CONVERGENCE
KEY=2({EQUILIBRIUM)

MA=1
M=MA

CALCULATE THE SIZE OF THE MATRIX R,

CHEM
CHEM
CHEM
CHEM
C HEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
C HEM
CHEM
CHEM
CHEM
C HEM
CHEM
CHEM
CHEM

"CHEM

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
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328

NA=MM+ 1 +NQ-NN
N=NA
P=PL/216C.
KPT=0O

KPT COUNTS THE NUMBER OF TEMPERATURE POINTS

MAXNT=100

MA XN T=MA XTMUM NUMBER OF ITERATICONS ALLOWED

BEFORE INCREASING CRIT(CRIT=CRITERIA FOR CONVERGENCE)
KCODE=0

KCODE=0(NO SOLIDS ),KCODE=1{SOLIDS ARE ASSUMED PRESENT}
T=XT

KOS=NQ+5

KOS IS THE TOTAL NUMBER OF VARIABLES STORED
IN TABLE(I,J)(J=1.,.KOS)

ENT(I)=HEAT OF FORMATICN OF SPECIE I
FORT(T)=FREE ENERGY FUNCTION(F/RT)

FORT IS CALCULATED IN SUBRCUTINE FRNERG
LL=NN+1

XBETA=CRIT

CALCULATE THE GRAM-AT(OMS OF EACH ELEMENT,BB(J}.
BREJIIS THE MATERTAL BALANCE CUONSTRAINT ON THF
FREE ENERGY EQUATIUN,

DO320J=1,MM

BB{J)I=D.

DO 329 1=1,NQ
BRAIJI=BBLIV+AALT L) %Y(])
CONTINUE '
DD433[=1,N0

TFCICONE(T) JER. O)GUTOQ33

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

"CHEM

CHEM
C HEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

69
70
71
72
73
T4
75
76
T
18
79
80
81
82
83
84
85
86
87
88
89
30
91
92
93
94
95
96
97
98
qo
100
191
102

SOy



KCODE=1 ' CHEM 103

433 CONTINUE CHEM 104
C CHEM 105
C—-=-- TEST TO DETERMINE WHFTHER THERE ARE SOLIDS IN THE CHEM 106
C SYSTEM OF SPECIES ASSUMED., CHEM 107
o CHEM 108
SCO IF(IPRINT .EQ. 0) GO YO 5C1 ‘ CHEM 109
PRINT4 CHEM 110

4 FORMAT(1HL, 2CXy5HFC/RTo13X,12HINITIAL Y(I)) CHEM 111

C CHEM 112
R CALL THE FREE ENERGY SUBPROGRAM . CHEM 113
c CHEM 116
501 NT=1 CHEM 115
CALL FRNERG(T,NQ) CHEM 116

C CHEM 117
C-----THE ABOVE SUBPROGRAM CALCULATES THE FREE ENRGY FUNCTION FORT. CHEM 118
C ' CHEM 119
IFCIPRINT .EQ. 0) GO TG 300 CHEM 120
DU2DEI =1,N0Q CHEM 121

206 PRINT14,1,SPCIEL(I) 4SPCIE2(T)FORTII) Y LI) XMW(I) CHEM 122
14 FORMAT(1X,12,2X¢42A3,3E20.7) CHEM 123
300 YBAR=(1,0 . CHEM 124
DO501=1,NN A CHEM 125

C - CHEM 126
C "CHEM 127
C YBAR [S THE TOTAL NUMBER CF MOLES OF GAS SPECIES CHEM 128
o , CHEM 129
5C YBAR=YBAR+Y(1) CHEM 130
DO10I=1,NN CHEM 131}
C{I)=FORT(T)+ALOG(P) CHEM 132
FAC=Y(T)/YBAR - CHEM 123
IFIFAC LT 1,E-73)FAC=1.E~-73 CHEM 134

o CHEM 135

C~—--~ CALCULATE THE FREE ENERGY PARAMETER OF THE GAS SPECIFS CHEM 136

90%
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10

111

20

30

1022
3000

TO BE MINIMIZE

FY(D)=Y(I)*{C(I)+ALOG(FAC))
CONTINUE
IF{KCODE.EQ.0)GOTOL11

[F THERE ARE NO SOLIDS PROCEED TQO STATEMENTY 111

CALCULATION OF THE FREE ENERGY PARAMENTER FOR SOLIDS

DO 11 I=LL,NQ
FY(I)=Y(T)*FORT(I)
CONTINUE

FROM STATEMENY 111 TO 1050 OPERATIONS ARE PERFORMED TO CONSTRUCY
THE R MATRIX AND THE B8 VECTOR

DN3DJ=1 4 MM
DO30K=1,MM

SUM=g,

DN2NI=1,NN
SUM=SUM&AA(T y J) *AA{TK)&Y(T)
R{J¢K)=SUM
CONTINUE

GSUM1=D,

DO 1022 I=1,NQ
GSUMI=GSUMI+FY(I)
CONTINUE

JJ=MM+]

DO 133 K=1,MM
SUM=2,

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

"CHEM

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
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101

103

1045
1044

130

70

80

29

1053
1050

DO 101 I=1,NN
SUM=SUM+AA(T K} =Y (1)
RIKyJJ)=SUM
RUJJ9K)=SUM
CONTINUE
KL=NS=-NC+JJ

DO 1344 J=JJsKL
DO 1045 K=JJ,KL
R{JyKI)=0.0
CONTINUE
DO704=1,MM

" SuM=0q,

DO1301=1,NN
SUM=SUM+AA(T yU) %FY(])
BlJ,1)=SuM+BB(J)
SUM=0.

00801I=1,NN
SUM=SUM+FY(I)
B(JJ,y,l)=SUM
IF(KCODE.EQ.0)GNTO1050
KK=MM+1

D0 2S I=LL«NQ

KK=KK+1

DO 29 J=1,MM
R{JyKK)=AA(T,J)
RIKK 3 J)=R{ JyKK)
CONTINUE

KM=MM+ ] ’

N0 1053 T=LL,NQ
KM=KM+]
RIKMy 1) =FORTL(T)
CONTINUE

IF(KCONELEQeTIR(JIIHII) =D,

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

‘CHEM

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
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100

MATRIX INVERSION IS CALLED TO SOLVE THE SET OF SIMULTANEOUS

LINEARTZED EQUATIONS,

CALL MATINV(RNA,B,yMA)

FROM THE SOLUTION OF THE MATRIX THE VALUES OF THE LAGRANGTAN
MULTIPLIERS AND THE MOLES OF THE SOLID SPECIES ARE OBTAINED

DO100I=1,JJ
PI(I)=B(1,M)

“U=PI(JJ)

1002
59
60

-

——n ——

XBAR=U*YBAR
IF(KCODE.EQ. 0)007059

KK=MM+2

Lw=LL

DO 1002 J=KK,KL

X{LWI=B{J,M)

LW=LW+1

DO60I=1,NN
FSUM(T)=—FY(I)+(Y(1)/YBAR)%XBAR
DO110T=1,NN '

PSUM=0,

DOL20J=1,MM
PSUM=PSUM+PT (J) #AA(T,J)
YSUMLT)=PSUM%Y(])

CALCULATE THE MOLES OF GASEQUS SPECIES
X(I)=FSUMLTY+YSUM(IT)

CALCUALTE THE CONVERGENCE PARAMENTE XLAMBD

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

"CHEM

CHEM
CHEM
CHEM
CHEM

CHEM

CHEM
CHEM
CHEM
CHEM

205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
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XLAMBD=1.0
DO Bé I=1,NQ
DELYT(I)=X(T)-Y(I)
IF(DELT(I).GE.C.)GOTO86
IF{X(I).GT.0.)GOT0BG
XLAM(T)=-Y(TV}/DELT(])
XLAMBO=AMINL ( XLAMBD , XLAM(I))
XLAMBD=C.99% XLAMBD

86 CONTINUE ‘
XLAMI=XLAMBD
IFOXLAML.EQ.04) XLAM1=1,E-5S
DEBAR=D,
DO8TI=1,4NN

87 DEBAR=DEBAR+DELT (1)

c
c
C——---DETERMINE THE SIZE OF THE UNIT VECTOR XLAMBD,
C APPLY THE CORRECTIONS TO OBTAIN A NEW SET OF ESTIMATES FOR THE
c NEXT ITERATICN. WHEN THE VALUE OF XLAMBD IS VERY SMALL SET THE
c VALUES OF Y(I) EQUAL TO X{(I) 'TC AVOID USING THE SAME VALUES OF
C Y{I)} AS WAS USED IN THE PREVIOUS ITERATION
C
C
c
C———-- CALCUALTE THE FREE NERGY GRADIENT DFDL. IF IYT IS POSIVIVE
c RENDUYCE THE VALUE OF XLAMBD UNTTL OFDL IS NEGATIVE,
C:

93 DFDL=C.

0D088I=1,NQ

IFCICODE(T) .EQ.1YGOTOARA
96 FAC=(Y{1)+XLAMRDXDELT(I))/(YBAR+XLAMBD*DEBAR)
58 IFIFAC.GT.N,)GOTOR2Z
3G91 XLAMBD=,9%XLAMBRD

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
C HEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

"CHEM

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
210
271
272
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IF{XLAMBD.GT.1.0E- 6)G0OTN96 CHEM 273

IF(FAC.LT.1.E~T3)FAC=1.E-T3 CHEM 274

82 DFDL=DFDL+DELT(I)*{C(1)+ALOG(FAC)) CHEM 275
G0T088 _ CHEM 276

83 DFDL=DFDL+DELT(I)*FORT(I) CHEM 277
88 CONTINUE CHEM 278
IF(DFDL.LT.0.000)G0TO89 CHEM 279
XLAMBD=, 9% XLAMBD CHEM 280
[F{XLAMBD.GT.1.0E- 6)GOT093 CHEM 281

: CHEM 282

----- CALCULATE THE NEW AND IMPROVED VALUE OF THE MOLES OF THE SPECIES. CHEM 283
~ CHEM 284

89 DO761=1,NQ CHEM 285
IF(XLAMBD.GT.1.E=6)GOTO90 CHEM 286
IF(DFDL.LT.0.)GOTQ90 CHEM 287
IF(XLAML.LT.1.E-6)XLAML=1,E=6 CHEM 288
YOI)=YCI )+ XULAMLIADELT(I) *.1 CHEM 289
GOTO900, CHEM 290

96 CONTINUE CHEM 291
Y(I)=Y(I)+XLAMBO*DELT (1) CHEM 292

900 CONTINUE CHEM 293
IF(Y(I) LT 0. )Y (I)=1,E-73 . CHEM 294

76  CONTINUE , CHEM 295
SUMY=0, CHEM 296
SUM=0, ‘ ‘CHEM 297
DO3700=14NN CHEM 298

370  SUMY=SUMY+Y(I) . CHEM 299
DO3TLI=LL,NQ ' CHEM 300

371 SUM=SUM+Y(1) CHEM 301
SUMY1=SUMY4+ SUM CHEM 302
DN34DT=1,NQ : CHEM 303
XMOL1 (I =Y (1) /SUMYL CHEM 304
PERCI(II=XMOL1(T)*100. CHEM 305

XMOL(TI)=Y(I)/Sumy ' CHEM 306

i1y



340

341

342
350

600

Crxbadbae b dhdhhhhhkkkthl koo o r kR kghk kg bk er bt oy kkdkk

PERC(TI)=XMOL(1)}*1GCO0.
GsSuM2=9,

DO2421=14NQ
IF{ICODE(T).EQ.1)GOTO341
FAC=XMOLI(I)

IF(FAC LT,.1.,E-7T3)FAC=1.E-T3
FY(I)=Y(I)®(C(I)+ALOG(FAC))
GSUM2=GSUM2+FY(I])

GOaT0342

FYUT)=V(T)*FORT(I)
GSUM2=GSUM2+FY(1)

CONTINUE

BETA=0,

DO851=1,NQ

CHECK IF THE MINIMUM HAS BEEN REACHED

BETA=BETA+ABS(DELT(1))
RESTA=1.0000000-U

IF(ABRS(RESTA) .LT.XBETA)GGTC800

IFI(NT .GE.MAXNTIGOTO600
NT=NT+1

GOT0300
XBETA=XBETA+0.001
MAXNT=MAXNT+1G

NT=NT+1

GOTO300

I I g

Chbrkirh kbR kb d kb d s hhk kb ddshk bbbk ki hdobkakkhkrry®

CONVERGENCE HAS BEEN ACHIEVED

%

CRrkr bk h Xk ek kA SR A AR G R R AE A RE S E I TR T AR hr e rk ke Kk
C fotte e e sk ok o o o o % o ek ok f e sk ol o o e o o e ot ool ok ok o o o ok ot e ol o ol o oo el sl o o o ot ke o o ok ol e o o o e ok e

8C0

IFCIPRINT .EQ. 0) GG TC 1802

PRINTL6eNT 4l

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

"CHEM

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
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16
1

2189

201

202

203
1802

191

781

18

1

17

- 1803

OO0

—— e —

FORMAT(//1X¢'NT = NO. OF ITERATIONS REQUIRED ='15,5X, C HEM
"U=X/Y='F15.7/ ) CHEM
PRINT218G,(JyBB(J)yJ=1,MM) CHEM
FORMAT(1X,'BB('T1,?)='F15.7) CHEM
PRINT201,BETA CHEM
FORMAT( /1X,*'BETA='F15,7/ ) CHEM
PRINT202,GSUM2 CHEM
FORMAT(1X, 'FREE FNERGY FY(I) OF THE SYSTEM AT EQUILIBRIUM*F15.7) CHEM
PRINT203,P,T ’ CHEM
FORMAT({ /1 Xs*PRESSURE(ATM)='F10.445X*TEMP(OK)="F13,6/ ) CHEM
XMWGAS=0, ‘ ' CHEM
DN811=1,NN CHEM
CHEM

CALCULATE THE AVERAGE MOLECULAR WEIGHT OF THE GAS,XMWGAS CHEM
CHEM

XMWGAS=XMWGAS+XMOL{T) %XMW(T) CHEM
DO1911=1,NQ CHEM
XMASS{T)=XMW{I)*XMOL(I) /XMWGAS CHEM
CPMX=0, CHEM
DO781I=1,NN _ CHEM
CPMX=CPMX+CP(I)%XxMOL(I) CHEM
IF(IPRINT .£Q. C) GO TO 1803 4 CHEM
PRINT 18,CPMX,W , CHEM
FORMAT( /1X,*HEAT CAPACITY OF THE MIXTURE®/1X,°IN CALORIES PER GRACHEM
M MOLE =9F1Ce5910X%y "MASS FLUX(LRS/FT2SEC)I=*F10.5) - CHEM
PRINTL 7, XMWGAS CHEM
FORMAT( /1X,'MUOLECULAR WEIGHT OF THE GAS MIXTURE='F8,5) . CHEM
XBETA=CRIT ' CHEM
KPT=KPT+1 : CHEM
CHEM

: CHEM

REDIFINE MOLE RASIS., THIS OPERATION IS PERFORMED AFTER CHEM
THE FIRST EQUILIBRIUM CALCULATION. THIS IS DONE TO MAKE CHEM

THE MOLES OF Y(I1) CALCULATED BASED CN ONE MOLE OF VIR- CHEM

341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
3617
3¢8
369
370
371
372
373
374
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OO0

—————

PLASTIC COMPOSITF CGMPATIBLE WITH THE ACTUAL NUMBER
OF MOLES FLOWING THROUGH THE POROUS MATRIX. THIS OPERA-

TION IS PERFORMED ONLY ONCE,

IF{T.NE.XT)GOT0D823

PROPORTION THE MOLES OF FLOWING GASES IN DIRECY
RELATION TO THEIR EQUILIBRIUM MOLE FRACTION,

RIN=0.

S'UM=O.

DO8211=1,4NQ
IF{ICODE(I).EQ.1)GOTOB210
YOI)Y=W/XMWGASEXMOLI(I)
SUM=SUM+Y({1)

60710821 -
Y{T)=XMOL(T) *SUM
RIN=RIN®¥XMOL{T)XXMW(I)/XMWGAS
CONTINUE

RIN=THE RATIO OF THE MASS 0OF THE SOLID MATRIX

TO THE MASS OF THE FLOWING GASES AT THE
PREVIOUS TEMPERATURE STATION.,

ROUT=THE SAME RATIO AT AN INCREMENT OF TEMPERA-~
TURE DOWN THE FLOW FIELD.

TO INITIALIZEs RPOUT IS SET EQUAL TO RIN,
ROUT=RIN

RECOMPUTE THE MATFRIAL BALANCE CONSTRAINTS.

CHEM
CHEM
C HEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

‘CHEM

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

378
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
3iss
396

397

398
399
400
401
402
403
404
405
406
407
408
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79

823

824

a0

17

172

[(p R

OO0

DOT9J=1 MM

BB(J)=0.

NOT791I=1,NQ
BB(J)=BBIJ)+AA(L,J)%Y (1)
GOT0171

ROUT=C,

D0N8241=LLsNQ
ROUT=ROUT+XMOL(T ) *XMW{I)/XMWGAS
RATIO=(1.,+RIN}/(1,.+ROUT)

RATIO IS THE FRACTION GAIN OR LOSS OF SOLID
MATERIAL BY THE FLOWING GASES.

W=W*RATIO

RIN=ROUT

TABLE(KPT,1)=T
TABLE(KPT ,3) =XMWGAS
TABLE(KPTy4)=W

PRINT 1724W,T
FORMAT{1 Xy 'W='E15474E20,7)
TABLE(KPT 45)=CPMX

CALCULATION AND STORAGE OF THE INDIVIDUAL MASS
FLUXES AT EVERY TEMPERATURE TN VARIABLE FLUX(J,I)
FOLLOWS. THESE STORED VALUES ARE USED SUBSEQUENT-
LY TO COMPUTE THF DERATIVE OF FLUX(JyIIWITH TEM-
PERATURE, WHICH IS DFLUX{JsI), THIS VARIABLE IS

USED TO COMPUTE A VARIABLE CALL REACT, WHICH ACCOUNTS

FOR THE HEAT EFFECTS OF THE CHEMICAL REACTIONS.
NGTICE THAT THE KFACT TERM HAS TO BE MULTIPLYED BY

THE GRADTENT OF TEMPERATURE WITH DISTANCE. THIS CPE-

RATION IS PERFORMED IN THE MAIN PROGRAM,

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

"CHEM

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
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411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
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204

IFCIPRINT .EQe G) GO TO 1804

PRINT2DS

FORMAT(//76X s T"421X,*'Y(1)*yO9Xy*MOLE FRACTION' 45X,
1*'MASS FRACTION?®)

1804 DO17121=1,NQ

1712
19

1713

FLUX{KPT 1 )=W*XMASS(I)

IF(IPRINT .EQ. O) GO TO 1712
PRINT19,1,SPCIEL(I) ,SPCIE2(T) oY {I)yXMOLCI)yXMASS(T) s FLUX(KPT,1)
CONTINUE

FORMAT(1Xy1693X32A342X44E18.7)

DN17131=6,K0S

I1=1-5

THE UNITS OF FLUX{KPT,I) ARE LBS/FT2-SEC,

TABLE(KPT,1)=XMOL(TI)
IF(T.GE.TMAX)GOTD333
T=T+TINC

GNTOS00

-THE MOLE FRACTIONS AT EVERY TEMPERATURE UP TO TMAX

HAVE BEEN STOREDN, THESE STORED VALUES WILL NOW BE

USED TO COMPUTE THE DERIVATIVE OF FLUX. THAT IS, THE

RATE OF CHANGE OF THE MASS FLOW RATE WITH TEMPERATURE,
THIS RATE 0NF CHANGE WILL BE STORED IN VARIABLE DFLUX(Y, 1)
THE UNITS OF DFLUX{J,1) ARE, LBS/FT2-SEC OK 4 :

KPT3=KPT-3
TINCOD=14/{€0.*TINCI
KOUNT=?
DO1717J=1,KPT3
DOLT7141=1,NQ
IF(J.GT.2)IGOTCL1 715

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

"CHEM

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

%43
444
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447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
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IF(J.GT,.1)1GOTO1714

DFLUXEJ s I)=(1e/(60*TINC))I={-13T.%FLUX(JyI)4300.%FLUX{J+1,1)
1-300.%FLUX{J+24 T 14200 2FLUX(I+3 o I} =TS & FLUX{J+4,41)

2412, %FLUX{J+5,11})

GOTO1716

CHEM
CHEM
CHEM
CHEM
CHEM

1714 OFLUX(Js II=TINCOOS(=12.%FLUX(J=1 1) =65.%FLUX(J9 1) 4120, %FLUX{J+1, T)CHEM

1=60.%FLUX(J#2, 11420, %FLUX(J#3 1) -3 %FLUX(J+4,1})

1715 DFLUXUJ o TI=TINCOOR(3,%FLUX(J=241)-30.%FLUX(J-14T)-20.2FLUX(J,T)
L4600 ¥FLUXIJ#L 4T ) =15 %FLUX{J#24 1) #2.%FLUX(J+3,1))

GO TO 171¢

1716 CONTINUE '

1717

1718

1719

1720
1721
1722

CONTINUE
CALCULATE THE HEAT TERM NECESSARY FOR GROUP

IN THE MATIN PROGRAM,

DO1722J=1,KPT3

HEAT=0.

PRINT 1718,J

FORMAT(1X,'J=t13/) ,

PRINT 171G,(DFLUX(J,1),1=1,NQ)
FORMAT(1X,8E15.7)

T=TABLE(Js1)

CALL THERM]

DO17211I=1.NQ

IF(T.LELNNIGOTOLT20
HEAT=HEAT+DFLUX(JoII*ENT(I) (1, -EPS)/XMW(I)
GOT01721
HEAT=HEAT+DFLUX(J I *ENT( L) %EPS/XMW(T)
CONTINUE

TABLE(J,2)=HEAT

THE UNTTS OF HEAT ARE RTU/FT2-SEC OF
RETURN

END

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

"CHEM

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
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478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
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SUBROUTINE FRNERG(T,NQ)

THIS SUBPROGRAM CALCULATES THE FREE ENERGY FUNCTION
AND THE HEAT CAPACITY OF EACH INDIVIDUAL SPECIE.
COMMON/KB/AT(30) 4BI(30),C1(30),01(30),E1(30),FI(30),GI(30),
1AT1(30),BIT{30),CI1(30),DI1(30),ETI(30),FII(30),GII(30),
2TLOW( 3D) ”

COMMON/KGG /FORT(3G) CP(30)

DO21=1,NQ

IF(T.GT.TLOW(I))GOTOL

FORT(II=ATIC(I )%(1,-ALOGE(T))=C(((ETTCL)/20. 04T +DIT(I)/12.)%T+
ICIICIN/6VRT+BIT(1) /2, V%T+FII(TI)/T-GII(I)

CPUT)=ATT{T )+ (((ETT(I)*T+DITLI))%T4CITC(T))&T+BIT( 1) )%T

60702
FORT(I)=AT(I)%(1.~ALOGIT) ) =C{((ET(I)/20.1%T+DI(1)/12.)%T+
ICT(T)/6)%T+BI(1)/2, ) #T+FI(1) /T-GI(1)
CPUI)=AL(I)+(((ET(I)&T+DI(I))#T+CT(T1) IXT+BI(T))*T

CONTINUE

RE TURN

END

FRNE
FRNE
FRNE
FRNE
FRNE
FRNE
FRNE
FRNE
FRNE
FRNE
FRNE
FRNE
FRNE
FRNE
FRNE
FRNE
FRNE
FRNE
FRNE
FRNE
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10
15
20
30

40
45
50

60

70
80
85
90
G5
100
195

SUBRROUTINE MATINVIA,N,B,M)

MATRIX INVERSION WITH ACCOMPANYING SOLUTTION OF LINEAR EQUATIONS

DIMENSTION A(646) 4Bl6H,1),I1PIVOT(6) ,INDEX(6,2)
EQUIVALENCE (IROW,JROW),

INTTIALIZATION

ISCALE=0)

R1l=

10.0%%18

R2=1,0/R}
DETERM=1.9D
DO 292 J=1,N
IPIVOT(J) =0
DO 558 I=1,N

SEARCH FOR PIVOT ELEMENT

AMAX=0,0

DO
IF
DO
IF
Ir

105 J=1,4N

(IPIVOT(U)-1)160,105,60

100 K=1,N

(IPIVOT(K)-1)80,1C0, 740
(ABS(AMAX)-ABS(A{J,K)))85,10C,10C

IROW=J

[CAL UM=K
AMAX=A(J,K)}
CONTINUE
CONTINUE

(ICOLUM,JCOLUM), (AMAX,T,SWAP)

MATI
MATI

‘MAT1

MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI

“MATI

MATI
MATI
MATI
MATI

MATI

MATI
MATI
MATI
MATI
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OO0

106

119

130
140
150
160
170
200
205
210
220
230
250
260
270
310

1000
1C05
1¢10

1020

1030

IF (AMAX)I110,106,110
DETERM=D.7

ISCALE=0

GO YO 7490 4
IPIVOT({ICOLUM)=TPIVOTLICOLUM) +1

INTERCHANGE ROWS TO PUT PIVOT ELEMENT ON DIAGONAL

IF (IROW-TCOLUM) 140,260,140
DETERM=-DE TERM

DO 200 L=14N
SWAP=A(IRQOW.L)
A{TROW,LI=ALTICOLUN,L)
ACICOLUM,L)=SWAP
IF(M)26C4260,210

DO 250 L=1,M

SWAP=B( IROW,L)
B{IROW,L)I=BLICOLUM,L)
B(ICOLUM,L)=SwWAP
INDEX(1,1)=IR0OW
INDEX(I,2)=1COLUM
PIVOT=A(ICOLUM, ICCLUM)

SCALE THE DETERMINANT

PIVATI=PIVOT :
IF(ARS(DETERM)-R1)1030,1010,1010
DETERM=DE TERM /R

ISCALE=ISCALE+1
IF(ARS(NETERMI-R1)1060,1020,1020
DETERM=DETERM/R]

ISCALE=ISCALE+1

GO TN 1768
IF(ABS(DETERM)-R2)1040,1040,1060

MATI
MATI
MATI
MATI
MAT I
MAT I
MATI
MATI
MAT I
MATI
MAT I
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MAT 1
MATT
MATI
MAT I
MATI

MATI

MATI
MATI
MATIL

MATT

MATI
MATIY
MATI
MATT
MATI

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
56
56
57
58
59
60
61
62
63
64
65
66
67
68
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1040

1050

1060
1070

1080

1090
2000

2010

320

330
340
350
355
360
376

380
39D
4C0

DE TERM=DE TERM*R1

ISCALE=ISCALE-]
[FCARS(DETERM)-R2)11050,1050,1060
DETERM=DETERM#%R1

ISCALE=ISCALE~1
IF(ABSIPIVOTI)-R1)1090,1070,1070
PIVOTI=PIVOTI /R)

ISCALE=ISCALE+1
IF(ABS(PIVOTI)-R11320,1080,1080
PIVOTI=PIVOTI /R1

[SCALE=ISCALE+]

GO TO 320
IF(ABS{PIVOTI)-R2)2000+20004320
PIVOTI=PIVOTI*R] '
ISCALE=ISCALE~1
IF(ABS(PIVOTI)I-R2)2010,2010,320
PIVOTI=PIVOTI*R1

ISCALE=ISCALE-1
DETERM=DETERMPIVOT]

DIVIDE PIVOT ROW BY PIVCT ELEMENT

A{ICOLUM,ICOLUM)=1,0

NO 350 L=1,N
A{ICOLUM,L)=A(ICOLUM,L) /PIVOT
IF(M) 380,380,360

00 370 L=1,M
B(ICOLUM,L)=B(TCOLUM,L) /PIVOT

REDUCE NON-PIVQOT ROWS
DO 550 Ll=1,N

IF{LYI-TCULUMY AN ,550,400
T=A{L1l, ICOLUM)

MATI 69
MATI 70
MATI 71
MATT T2
MATI 73
MATI 74
MATI 75
MATI 76
MATI 77
MATI 78
MATTI 79
MATI 80
MATI 81
MATT 82
MATI 83
MATI 84
MATI 85
MATI 86
MATI 87
MATI 88
MATI 89
MATI 90
MATI 91
MATI 92
‘MATI 93
MATI 94
MATI 95
. MATI 96
MATI 97
MATI 98
MATI 99
MATI 100
MATI 101

MATI 102

1%44
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430
450
455
460
500
550

600
610
620
630
640
650
660
670
700
765
710
740

A(LY,ICDOLUM)=C.0

DD 450 L=14N
A(LlyL’—A(leL"A(ICOLUM’L,*T
IF(M) 550,550,460

DO 500 L=1,M
BILL,LI=BILL,L)-B{ICOLUM,L)%*T
CUNTINUE

INTERCHANGE COLUMNS

DO 710 I=1,N

L=N+1-~1
IF(XNDEX(L'I)-INDEX(L,Z))630,710'630
JROW=INDEX{(L,1)
JCOLUM=INDEX(L+2)

DO 705 K=1,N
SWAP=A(K¢JROW)

ALK,y JROW)=A(K,JCOLUM)
A(K,JCOLUM)=SWAP
CONTINUE

CONTINUE

RE TURN

END

MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATIL
MATI
MATI
MAT1
MATI

103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125

ey
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ABLATIN]1 ANALYSIS NOMENCLATURE

MAIN
AA(I,J): Formula number. Gives the gram atoms of

element J in species I.

o

AIl...GI: These are the seven empirical constants for
the high temperature fit (1000°R-6000°K) for the free enerqgy
functions. The first five constants (AI through EI) are
used in the heat capacity fit.

AII...GII: These are the seven empirical constants for
the low temperature fit (300°K-1000°K) for the free energy
function.

All...A66: These are the six empirical constants for
the enthalpy fit of the constituent elements (300°K-1000°k).

ALPHA: Viscous coefficient in Darcy's equation (FT'l).

AVGFW: Average molecular weight of the gas mixture,.

BETA: Inertial coefficient in Darcy's equation fl/FTz).

CDO: Thermal conductivity of the char (BTU/FT-sec-°F).

CDOV: Thermal conductivity of the virgin material,
(BTUft/sec-OF) .

CPBl: Total rate of heat absorbed by the gases in the

char zone (BTU/ftz—sec).

CPB2: Total rate of heat absorbed by the solids in the

char zone (BTU/ftz-sec).

CPS: Heat capacity of the char (BTU/1b-OF).
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CPV: Heat capacity of the virgin material (BTU/1lb-°F).

DCDO: Rate of change of the thermal conductivity of the
char with temperature (BTU/ft-sec—on).

DCDOV: Rate of change of the thermal conductivity of
the virgin material with temperature (BTU/ft-sec-OF2),

DELTF : Differential change in temperature in ©F for
an increment of distance H.

DELTK: Differential change in temperature in ©K for an
increment of distance H.

DELTP: Pressure drop across the char (lbs/ftz).

DELZ: Increment of distance (in feet).

DISTAN: Char thickness in feet.

DT: Temperature gradient (°F/ft).

DTC: Temperature gradient in the char (°F/ft).

DTCC: Temperature gradient in double precision arith-
metic in the char (°F/ft).

DTCI: Temperature gradient in the virgin material
(CF/ft) .

ER: Potential parameter /Boltzman constant.

EMIS: Char emissivity.

EPS: Porosity of the char (ftzvoids/ft2 total).

FW(I): Molecular weight of species I.

GASCP: 1Is the heat capacity of the gas mixture in
(BTU/1b~OF) .

GROUP: This is the bracketted term of Equation (3-36)
(1/ft) .

H: Runge-Xutta step size (in feet).
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Hll: Runge-Kutta step size in double precision arith-
metic (in feet). ‘

HCHAR: Pércent of total heat absorbed in the char zone.

HDECOM: Percent of total heat absorbed in the decompo-
sition zone.

HGAS: Percent of heat absorbed by the gas in the char
zone.

HI: Initial value of Runge-Kutta step (in feet).

HREACT: Percent of heat absorbed by the reactions in
the char zone, |

| HSOLID: Percent of heat absorbed in the solids in the

char zone.

ICODE(I): 1Is a code to identify whether a species is a
gas, or a solid. 1If ICODE is zero, the species is a gas. 1If
ICODE is one, the species is a solid.

IMAX: Number of data points for EK.

ITEMP: Total number of temperature points stored in
temperature profile. |

JCODE(J): Is a code used to determine whether the
reference state of the constituent element J is in the gas or
in the solid state. |

JS: Total number of slices in which the char is divided
for the solution of the momentum equation.

Kl: Is a counter for the number of temperature points
stored during the solution of the energy equation.

MM: 1Is the number of elements.

NC: Number of gas species read in.
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NDATA: Number of collision integral points tabulated
versus XTKE.
NN: Number of gas species in the system.

NNS5: Is the total number of variables stored in Table
(r,J).

NNS: 1Is the number of solid species in the system.

NQ: Is the total number of gas and solid species in
the systenmn.

NS: 1Is the total number of gas and solid species- read
in. |
| OMGA: Interpolated value of XTKE.

P: Pressure in 1bs/ft2.

PL: Pressure at the front surface of the char (lbs/ft?).

Q: 1Is the rate of heat absorbed in the decomposition
zone in (BTU/ft3-sec).

Q2: It equals Q/DTC (BTU/ftz-sec-oF).

QA: Aerodynamic heating rate (BTU/ftz-sec). Equals
QL+QR .

QCZ: Heat flux in the char zone (BTU/ft2-sec) .

QC2I: Heat flux in the decomposition zone (BTU/ftz-sec).

QL: Is the total heat flux at the sﬁrface (BTU/ft?-sec).

QR: Is the rate of re-radiation from the surface of
the char (BTU/ftz-sec).

REACl: 1Is the total rate of heat absorbed by the chemi-
cal reactions (BTU/ft2-sec).

REAC2: Heat absorbed by the chemical reactions (BTU/ftz-

sec).
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REACT: Equals REAC2/DTC (BTU/ft2-sec-°F).

RHO: Bulk density of the virgin material (lbs/ft3).

ROCHAR: Bulk density of the char material (1bs/ft3) .

RR: Gas constant: 1.98726 (BTU/1b-mole®R).

S1...56: These are six empirical constants for the
enthalpy fit of the constituent elements (1000°K-6000°K).

SIG: Collision diameter (Angstrongs).

SIGMA: Stephan-Boltzman constant (4.81 x 10-13 BTU/ft2-
sec—°F4).

T1(Kl): Variable in which the temperature érofile is
stored versus distance Z. K1 is a counter.

TC: Temperature in OF.

TCHAR: Temperature at which all the virgin material
has degfaded to gas and char. (°K).

TFMAX: Maximum specified temperature of the front
surface of the char (°F).

THICK: 1Is the thickness of the char zone, in inches.

THICKl: 1Is the thickness of the decomposition zone in
inches.

TK: Interpolated value of the temperature (in oK) at
a distance Z in the char.

TL: Front surface temperature of the char (°F) when the
temperature profile has been defined,

TLOW(I): Maximum temperature of low temperature fit for
species I. (°K).

TO: Initial temperature (°F) at 2z=0.

TPREV: Temperature (OF) at the previous step.
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TTTT: This is the temperature (°F) in double precision
arithmetic. A provision has been made in the program that if
the step size is less than 8. x10~9 ft., the Runge-Kutta
analysis is calculated in double precision arithmetic to
reduce round-off error.

TVAR: Temperature in k.

TVIS: Interpolated value of the temperature profile

(°F) at a distance Z along the char.
VISCOS: Viscocity of the gas (in centipoise).
VR: Surface recession velocity (ft/sec).
W: Mass flux based on the total area (lbs/ftz-sec).
WI: Mass flux of the gases entering the char based on
the total area (lbs/ftz-sec).
XTKE: Product of the temperature in °K and 1/EK.

YCOMP(I,J): Array to store the concentration profile.

(24

(I): Mole fraction of species I.

Y

|

¥XI(I): Initial mole fraction of species I.

Z: Distance along the decomposition zone or the char
zone (ft)
I

ZINC: Increment of distance at which the temperature

profile is stored (ft).

2MAX: Maximum allowable thickness of the char zone.

(Usually 0.25 inches).

%Z: Distance of Z in double precision arithmetic (ft).

- INDPTH

This subroutine calculates the physical properties of
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the virgin material and the pyrolysis gases.
A...E: These are five empirical constants for the heat
capacity of the virgin material.

TELTKK: Increment of temperature (°K).

PHMCR

This subroutine computes the heat absorbed by the decom-
position of the phenolic resin and phenolic microballoons.

AREA: This is the area generated by a plot of calories
versus temperature (OK) by the decomposition of phenolic
resin during a differential thermal analysis (1350 cal/oK).

AREAl: This is the area generated by a plot of calories
versus temperature (°K) by the decomposition of phenolic
microballoons during a differential thermal analysis (1464
cal/®K).

A(I)...E(I): These are five empirical constants used to

fit a curve through a portion of the plot of calories versus
temperature for the phenolic microballoons.

DT: 1Is the temperature difference in OK from a base
temperature of 350°C(623°K). Below 350°C,‘decomposition of
the virgin material has not been initiated.

DELT: 1Is the temperature increment (°k) for an increment
of the Runge-Kutta Step.

H: Is the height (in calories) for the plot of calories
versus temperature (°K).

K6: Is a code used to bypass the read statements. When

K6 is one, the data is read in. When K6 is two, the read
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statements are bypassed.

NUMBER: Is the number of fits used for the plots of
calories versus temperature.

QMICRO: Heat absorbed by the decomposition of the
phenolic microballoons (calories/gram).

QPHNLC: Heat absorbed by the decomposition of the

phenolic resin (calories/gram).

NYLON:

This subroutine calculates the heat ab sorbed by the
decomposition of nylon.

AREA: This is the area generated by a plot of calories
versus temperature (©K) for the decomposition of nylon (1122
calories / ©K) during a differential thermal analysis.

QNYLON: Heat absorbed by the decomposition of nylon

(calories/gram).

DNSITY:
This subroutine calculates the density change of pheno-

lic nylon and the mass flux of the pyrolysis gas.
. 1

.élﬂl‘ Frequency factor of reaction J (sec”

COMPST: 1Is an integer variable giving the number of
composite in the ablator. In the case of phenolic nylon, it
is three.

DELFLX(I): Is the change in mass flux of composite I
due to degradation (lbs/ftz—sec).

DRHO: Differential change in density due to degradation,
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This variable is used as a criteria for stability while the
solution is marching through the decomposition zone (1bs/ft3),

DRHODT(I): Rate of gas generation by the degradation of
composite I (1bs/ft3—sec).

E(J): Energy of activation of reaction J used to des-
cribe the degradation of the composite (Joules/gram-mole).

MASFLX(I): Rate of change of mass flux due to the
degradation of composite I (lbs/ftz-sec)e

MASFRC(I): Mass fraction of each composite in the mix-
ture of virgin material. |

NREACT: MNumber of pseudo-order kinetic reactions used
to describe the decomposition of the virgin material compo-
site.

RATER(J) : Is specific reaction velocity of reaction
J (1bs/ft3-sec).

RHO: Bulk density of the composite (1bs/ft3).

RHOC(I): Residual density of composite I (lbs/ft3).

RHOCC(I): Lowest value of residual density of composite
I (lbs/ftd).

RHOI(I): 1Initial density of composite I (lbs/ft3).

RHOII: 1Initial density of the virgin composite (1lbs/
£t3). |

RHOT(I): Density of composite I at temperature T
(1bs/£t3) .

VOLFRC(I): Volume fraction of each composite I.
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CHARPR:
This subroutine calculates the effective thermal con-
ductivity and the heat capacity of the char.

T: Temperature in °R.

INTRPL:

This program performs Lagrangian interpolation with non-
equal step size between points.

F: Dependent variable array.

IMAX: Number of points in array.

SOM: Value of the interpolated dependent variable.

VAR: Value of X for which corresponding value of F is
derived by interpolation.

X: Independent variable array.

THERM1:

This subroutine calculates the heat of formation of each
chemical specie, the heat capacity of the mixture and the heat
absorbed by the chemical reactions.

CPDT1: Is the sensible enthalpy gain by the constituent
elements from a reference temperature of 298.16°K (calories/
gram-mole),

CPMX: Heat capacity of the gas mixture (calories/gram-

mole °K).
ENT1(I): Enthalpy of species I (calories/gram-mole).
ENT(I): Heat of formation of species I (calories/gram-

mole) .
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HEAT1: Rate of heat generated, or absorbed, by the

chemical reactions (calories/cm3-sec).

KINET:

This program computes the rate of reaction of each che-
mical species.

AEF(J): Activation energy of reaction J (calories/
gram-mole,

AF(J): Frequency factor of reaction J (sec™ly.

DELZZ: Runge-Kutta step size (cm.).

DLFLUX(I): Differential change in molal flux due to the
chemical reaction of species I. This variable is used for
the purpose of controlling the step‘size (gram—mole/cmz—sec).

FLUXMO(I): Molal flux of each chemical species I (grame
moles/cmz-sec).

HEAT: Rate of heat generated or absorbed by the chemi-

cal reactions (BTU/ft3-sec).

K2: 1Is a counter to keep track of thé number of tempe-
fature points stored in Table (I,J).

K7: When K7 is one, initialization occurs and subroutine
INOUT is called. When it is 2, this is bypassed.

KOS: Total number of variables stored in the Table (I,J)
array.

KSP: Number of gas components in the chemical system,

KSPl: Number of gas and solid species in the chemical

systen,

NPEX(I,J): Power on the concentration of product I in
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reaction J.
P: Pressure of the system in atmosphere.
PERCE (J) : Mole percent of species J.

PSC(I,J): Stochiometric coefficient of the product I in

reaction J.
R: Gas constant (82.06 cm3—atm/gram-mole Oxy.
RATE(J): Rate of formation of species I (gram-moles/
cm3-sec).
RATER(J): Specific reaction velocity of reaction J
(gram-moles/cm3—sec).
RK(J): Reverse reaction rate constant of reaction J.
RR: Gas constant (1.98726 calories/gram-mole ©K).

SF(J): Power on the temperature of the Arrhenius type

kinetic expression.

SPCIE1(J): Specie identification name.

T:  Temperature (°x) .

TABLE(I,J): Is an array where I represents the number

of variables stored and J the number of temperature points.
The variables stored are in the following order: T, HEAT,
WNEW, AVGFW AND KSPl values of Y1(I).
TESS: 1Is the absolute maximum value of DLFLUX(I). This
variable is used in controlling the step size for stability.
TF: Temperature (°F).
TPREV: Is the previous value of the temperature (°k) .
WNEW: Total mass flux of the gases (lbs/ft2-sec).
XMW _(1): Molecular weight of species I.

Y1(I): Mole fraction of species I.
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s

This subroutine reads in the kinetic data.

AK(J): Empirical constant for the fit of the equili-
brium constant with temperature.

BK(J): Empirical constant for the fit of the equili-
brium constant with teﬁperature. '

EKMAX (J): Maximum allowable value for the equilibrium
constant of reaction J.

EKMIN(J)Q Minimum allowable value for the equilibrium
constant of reaction J.

NCOEF (J): 1Is the sum of the stochiometric coefficient

of the products minus the reactants.



436

INPUT FORMAT: A Typical Input for Equilibrium Flow.*

CARD-1: FORMAT (516) COLUMNS :
NC = 19 1-6
NS = 1 7-12
MM = 4 . 13-18
KODE = 1 19-24
KEY = 2 25-30
CARD-2: FORMAT (F10.3, 10X, 4F10.3)

PL = 2160. ' 1-10
TO = 500 21-30
EPS = .8 31-40
2L = ,35 41-50
HI = .000007 51-60
CARD-3: FORMAT(3EL5.5, F15.5)

ALPHA = ,5E9 _ 1-15
BETA = .SES 16-30
SIGMA = .48E-12 31-45
EMIS = .90 _ _ 46-60
CARD-4 FORMAT (3E10.3)

DTC = 3000. 1-10
TCHAR = 1073. 11-20
VT = 1.E-3 21-30

*3ee Table B-2 for the complete input data set.



CARD-5

S1{1)
S2(1)
S3(1)
54(1)
55(1)
S6(1)

i

]

JCODFE (1)

CARD-6

All (1)
A22(1)
A33(1)
Ad4(1)
A55(1)
AG6 (1)

CARD~-5

as is specified in CARD-1.

FORMAT (6E10.3,

1.363250E0

1.85605E-3

-7.6675E-7

151043E-9

-1.139g-14

-6.46972E2
=1

FORMAT (6E10.3)
~-.712442F0
7.34065E-3

-5.52625~-6
1.51400E-9
-2.382E-14

-6.80533E1

I3)
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1-10
11~20
21-30

31-40

41-50
51-60
61-63

1-10

11-20
21-30
31-40
41-50

51-60

and CARD-6 are read seguentially MM times

example MM = 4,

For this particular

FORMAT (10X, 3E10.3, 2X, 2A3, I4)

CARD-7

TLOW (1) = 1000.
F¥(l) = 1.008

¥YI(l) = .739503E-~7
SPCIE 1(1) =

SPCIE 2 (1) = H
ICODE(1l) = 0

11-20
21-30
31-40
43-45
46-48

49-52.
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CARD-8 FORMAT (7E10.3) COLUMNS
AI(l) = 2.506000E0 1-10
BI(1) = 0. 11~-20
CI(l) = 0. 21-30
DI(1) = 0. 31-40
EI(1) = 0. . 41-50
FI(l) = 2.547050E4 51-60

GI(l) = -4.6001E-1 61-70

CARD-3 FORMAT (7E10.3)

AII(1) = 2.500000E0 1-10

BII(1l) = 0. 11-20
CII(l) = 0. 21-30
DII(1l) = 0. | 31-40
EII(l) = 0. 41-50
FII(1) = 2.547050E-4 51-60
GII(l) = 4.6001E-1 : 61-70

S
'

CARD-10 FORMAT (4E10.3)

AA(1,1) = 0. 1-10

AA(1,2) = 1, _ 11-20
Aa(1,3) = 0. 21-30
AA(1,4) = 0. 31-40

CARD~-7, CARD-8, CARD-9 and CARD-10 are read in sequentially
as a group, (NC+NNS) number of times. Only the data for

Specie 1, in this case hydrogen atoms, is presented.
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CARD-11 FORMAT (2F15.5)
EK(1l) = 33.3 1-15
SIG(1l) = 2.986 16-30

CARD-11 is read NC number of times as specified by

CARD-']. .

CARD-12 FORMAT (I6)

(o))

NDATA = 34 i-

CARD-13 FORMAT (2F15.5)

XTKE(1l) = 0.30 , 1-15

ZOMGA (1) = 2.785 16-30

CARD-13 is repeated NDATA number of times as specified
by CARD-12,

CARDS-1 through 13 are read in the MAIN program.
These cards define the physical conditioné of the system.
In addition they provide the thermodynamic data and the
physical constants for the pyrolysis species. CARDS-14
through 19 provide the thermophysical information for the
virgin material and also the kinetic data for the degrada-

tion of the polymer.

CARD-14 FORMAT (5E12.6)

A = 0.37000070E0 1-12
B = 0,7367133E-4 13-24
C = 0.1532518E-5 25-36
D = -.1962704E~8 37-48
E = .8857809E-12 49-60
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CRD-14 is read in subroutine INDPTH.

CARD~-15 FORMAT (5E12.8) COLUMNS
A(l) = 0.10561790E0 1-12
B(l) = -1.836062E-2 13-24
C(l) = 1.7580490E-3 25-36
D(l) = -1.678598E-5 37-48
E(1) = 4.7310570E-8 49-60
CARD-16 FORMAT (5El2.8)

Al(l) = -.35642660E-1 1-12
Bl1(1l) = 4.5790730E-2 13-24
Cl(l) = 1.2298170E-4 25-36
D1(1l) = -.8277667E-7 37-48
E1(l) = -.2279748E-7 49-60

CARD-15 and CARD-16 are read sequentially four times
in subroutine PHMCR. For a thorough explanation on the

sources of data for the phenolic resin see Appendix C.

CARD-17 FORMAT (216)
COMPST = 3 1-6
NREACT = 7 6-12

Card-17 is read in subroutine DNSITY as well as CARDS

18 and 19.
CARD-18 FORMAT (4X, I6, 3E10.8)
I =1 5-10
A(l) = 8.3000El4 11-20
E(1) = 232.0 21-30



XN(I,1)
CARD-18
in I changes

is for nylon

CARD-19
RHOI (1)
RHOC (1)
MASFR(1)
CARD-19

CARD-20

IPRINT =

CARD-20
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COLUMNS
= 1.0 31-40
is read NREACT number of times and the index
from 1 through 3 depending on whether the data

or for phenolic or for the microballoons.

FORMAT (3E10.3)
= 68.6 ' 1-10
= 5.145 11-21
= 0.4 21-30

is repeated COMPST number of times.

FORMAT (Il)
1

is read in subroutine CHEMEQ.



TABLE B-2. Typical Input Data for Equilibrium Analysic
19 1 4 1 2

2160. 500. +8 0.,3500000 .00000700 5500.
« 50000E9 « 5CO00ES «4805555€E-12 0.90
3000.0E0 1073.00 2.E-3

1.363252E01.85605E-3-T.66T5E-7.151043E-9-1,139€E~14-6,496T2E2 1
=eT12442E37.434065E-3-5,5262E-61.51400E-9-2,382E-14-6.80533FE1
3.043690E06411871E-4-7,.3994E-9-2.033E~-112,4594E-15~8,54910€2 0
2.846085E04, 19321E-3-9,6119€-69.51227€E-9-3,309€E-12-9.67253E2
2.854576EC1459T63E-3-6,2566E-T7.113158E-9-7,690E~15-8,90174E2 O
3.691615E0-1.3333E-32,65031E-6-.97688E-9-9,97TE-14-1.06283E3
3.597613E07.81456E-4-2.238T7E~-74.,2490E~-11-3,346E-15~1,19279€3 0
3.718995E0-2.5167E-38,583T74E-6-8.2999E-92,.7082E-12-1,10577€3

1000.E0 1.008E0.739503E-7 H 0
2.500000E0 0.,0000CEQ 0.00000EC 0.00000E0 0.0000CE02,.547050€4~4.,6001E-1
245000000 0.0000CED C.0CO00EC 0.000Q00ED0 0.0D0000E02.547050E4-4.6001E~1
0.000000E0 1.20000EQ G.00000E0 G.00000ED

100C.EQ 2.016E0 4.577835 H2 0
3.04369E00 6.1187E-4 -T7.399€E-9 -2.03E-11 2.,459E-15-8.5491E02 -1.648EN0

2.846N85E04.,1932E-03-9.6119E-69.5123E-09-3,309E-12-9.,67254E2 ~-1.4118E0

0.000000E0 2.000C0EC 0.00000EC 0.00000E0
1000.EQ 15.035EC.103791€E-6 CH3 0 :
2.802766EC6.,25045E-3-2,2892E-63.8993E-10-2,528E~141,578749F45,.684117F0
3.399505E04.26783E-32.033276-7-1.1548€E-94,1288E-131.564979€42,703T74TED
1.000000€EC 3.LCO0CEC 0.COCQ0EQ0 (.D0ONGCED
1000.E0  16.043E0 1604671 CH4 0
1.18000E0 1.0950E-2-4,0620F-6 T.137TE-10-4.,T749€E-14~9,8556E03 1.,2506E01
4.249768E0-6.9127F~-3 3,1602€~5-2,9715F-89,5103F~12-1.01866FE4-9,1755F-1
1.GOCOCED 4,0000E20 0.0000E0Q NLO0DQE0D
1000.E0 26.C38EG.390335€E-7 C2H2 0
4.4966E00 5.2698E-3-1.840E-063.1054E-10-2.,000E~-142.563TEQ0C4-3,14481F0
T.90333F~1 2.3466E-2-3,5542E~5 2.7951E-8-8,448E-12 2,6255604 1.4005€EQ1
2.00000EC 2.30920EC 0. COC0CEC 0.,0000NEO
1000E3  28B,054EN.286425F-5 C2H4 0

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
NDATA
DATA

‘DATA

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

VO NOMSWN -

W WWWNNNNNNNN NN o pos g pod ot ot b pt ot
PBUWN=~OODONTRPLUNMDODODORANDWN=O
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3.5023ED0 1,159E-02-4,.4T45FE-6 T7.945E-10-5.323E-14 4.5439E03 2.466TEQC
1.120244E9D 1.3906E-2 2.6568E-6-1.1560€-85,238TE-125.332889E3 1.58378F1
2.00000EC 4.0000CEC 0.00000E0 0.00000E0
1090.E0 3C.070E0.208273E-5 C2H6 0
«1430799E1.188898E-1-.,70440E-5,118720E-8-,7445€E-13-,114311€E5.1401321€2
«2882039E1.103219E-1,119142E-4-,14832E-T7.447T49E-11-,116209E5.7597900F1
2.00000EC 6.,00000EC 0.COO00EG C.0N000EO
1000.,E0 28.016EQ0 0.1880617 N2 0
2.8545T6EC 1.5976E-3-6¢2566E-T1,1316E-10~7.,69E~ 15-8,90174E2 6.390 Z9€E0
3.691615E0~1.3333E-32, 65031E-6-9,769E~-10-9.977E-14~-1,06283E3 2.28750E0
0.000000E0 0.00000EC 2.CO000E0 0.00000€0
1000.E0 17.032E0.261467E-3 NH3 0
2.149399E06.49285E~3-2,2695E-63.7394E-10-2.361E~14-6.40196E3 9,23891E0
3.77T162E00~4.8621E-49.8742E-06-9.,567T9€-93.,1313E-12-6.72810E3 1.4654E00
0.00000EOQC 3.000800EC 1.,00000EQ0 0.00000E0
1090,EC  27.027E0.206307€E-4 HCN 0
3.653803E03.44363E-3-1.2585E-62.1692E-10-1.430E-141,.442180E42,.372602E0
2.168115E01.07290€E-2-1.5088F-51,19330€-8-3,700E-121,.468290€49,281020E0
1.000000ED 1.CO0C0QEC 1.00000E0 0.00000ED
1000.EC 18.,016E0 0.,1063185 H20 0
2.67T075E9Q 3.03176-3 -8,535E-7 1.,179€-10-6.197E-15-2,.9889E04 6.88383ED
4.15650E00~1,7244E-35,6982E~06-4,5930E~-91.4234E-12-3,02888E4-6,.8616E-1
0.000000E0 2.90000EC 0.CO000EQC 1.00000E0 '
1000.,E0 17.008E0 1.0000€-9 OH 0
2.889554E09,983506-4-2.18806-71.9803E-11-3.845E~-163.881179E35.559701E0
3.823470E0~1.1187TE-31,24668E-6-2,103E-10-5.254E-143,5852T8BE3S5., 8253E 01
0.0C0000F0 1.0000CEC 0.CQ0000EC 1.00000ED
L1OANEC 44,011EQ 02711201 co2 0
4,4129E003.19236-03 -1,298E-6 2,415E-10-1.674E-14-4.8944E04~-T,.,2876E-1
2,170100E0 1.0378E-2-1.0734€E-56,34592E-9~1.628E-12-4. 83526&4 1.06644E1
1, 00060080 C.N900CEC G.GO00CEDQ 2.00000EQ
1000, E0 28,011E0 0,1077713 co 0
2:9512E00 145526E-3-6.1911E-7 1.135€E-10-7,788E-15-1,4232E04 6.5314F00
3.787133E0~2.171E-035.07573E-6-3,4T38E-97.7217E-13-1.43635€E4 2.63355E0

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

DATA.

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

"DATA

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

35
36
37
38
39
40
41
42
43
44
45
46
47
48
%9
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
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1.00000E0 0.CO000ED 0.00000E0 1.00000ED
1000.F0C 26.,019ED0 1.000NE-9 CN 0
3.6C2263E03.,4C062F~49,71624E-8-1.582F-11-4.,142E-164.731037E43,552052€E0
34852814E0-2.7632E-36485T04E-6-5.413E-091 .4906E-124.740969€42,971802F0
1.0C0000ED Q.00000€E0 1.COC00ED 0.0C000ED
1000.E0 25.,030E0 1.0000€-9 C2H 0
«3513479E1.358906E-2-.13231E-5.230520E-9-.,1530E-13.5788759E5.,4523285E1
e 3006269E1.553788E-2-435112E-5,124860E-8-,1896E-12,.579696NES5.6920349E1
2.0C000CEC 1.C00G0EC C.00Q00ED0 0.000COEC
1000.E0 37.041E0 1.0000E-9 C3H 0
¢3964709E1.620030E-2-.22655E-5.371T12E-9-.2262E~-13.,6283285€E5,346T072E1
«2473840E1.117509E-1-.,80448E-5,2T72896E~-8-,3544E-12.630T7T21E5.1054254E2
3.0C0000EQ 1.C00C0EC G.QOCCOOEC 0.CO0000EQ
1320.E0  39.,052E0 1.00D0E-9 C4H 0
+5873679E1.740338E-2-,27289E-5.443720E-9-.263T7€E-13.,7605163E5-,401004€1
«26G5820E1.226768E~1-,24508E-4,1314T4E-T-,2673E-11.7648881E5.103980TE2
4.0C000CED 1.000008C 0.C0000EC 0.00000ED
100C.EC 36.,033€E0 1.0000E-9 c3 0
4¢T124T4EQ02490265F-3-142142E-62.284TE-10-1,599E-149,.375270E4-2.53044E0
2.632587E709.41857E-3-9,5932E~-65.57955E-9-1.424E~-129.,431148E48.0T8826E0D
3.000000EQ 0.0NCOCEQ C.GOOOCEO 0.GOOO0EN
1000.E0 12.011E0 7.125731 C 1
1.36325E001.85605E-3-T7.66756-71.5104E-10-1.139E-14-6.496TED2-7.9890F00

=T7.1244E-17.34G65E-3-5.5262E~-6 1.514E-09-2,382F-14-6.80533E1 2,T79326E0

1.0000ECO C.2TO00EC 0.C000E0D N.Q00C0END

33,3 2.986 H
33,3 2.986 H2
136.5 3,822  CH3
136.5 3,822  CH4
185,0 4,221 C2H2
235.0 4,232 C2Hé4
239, 7 4,418 C2H6
91.5 3,681 N2

356,10 2.649 H20

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
NATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

69
70
71
72
73
14
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

1C0

101

102
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34
D.30
0.35
0.40
0.45
0.50
0.55
Q.69
0.65
0.70
.75
D.80
0.85
0490
0.95
1.99
1.19
1.20
1.39
1.5
1.790
IOQ{‘,
2.2
2.6

335,

312.0
113.0
190.0
110.0
335,

185.0
185,0
185,40
185,0

2.785
2.628
24492
2368
2257
2.156
2.065
1.982
1.908
1.841
1.780
1.725
1.675
1.629
1.587
1.514
1.4652
1.399
l.314
1.24%

- 1.197

1.138
1.081

4,31

3.432
3,433
3,996
3.590
4.31

4,221
4,221
4,221
4,221

HCN
NH3
OH
€02
co
CN
C2H
C3H
C4H
c3

DATA

DATA

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

‘DATA

DATA
DATA
DATA
NATA
DATA
DATA
DATA
DATA
DATA

103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136

shé



3.2 l.G22 DATA 137

200.0 0.5320 DATA 138
400.0 0.4811 DATA 139
0.37CCO70EQ D.7367133E~4 .1532518E~-5-,1962704E-8.8857809€E~-12 DATA 140
0.1056179E0 -1.836062E-2 1.758049E-3-1,678598E~-5 4.,T31G57€-8 DATA 141
—e3564266E-1 4.5T9DT3E-2 1.2298B1TE-4—-,827T66TE-T—,22T9T4BE-T7 DATA 142
173.99268EC -4.816270EQ .50990242E-1-2,383797E-4 4.,135187E-7 DATA 143
-50,09959E0 1.7C7T140E0 -.1945725E-1 .9382376E~-4-,1648646E-6 DATA 144
52.578338E9 -,8455753E0 +51867970E-2-,124232TE-4 1021600E-7 DATA 145
-169.8485E0 3.907641E0 -.3215650E-1 ,1127232E-3-,1410145€E-6 DATA 146
7.0 G. 8727 DATA 147
10.90 CeR242 DATA 148
20.9 0.7432 DATA 149
40.90 C.6718 DATA 150
70.0 N. 6194 DATA 151
100.0 C.5882 DATA 152
4.0 C.9700 DATA 153

5.0 C.9269 DATA 154
=1731.992E0 20.881448EC —.9146933E-1 .1739896E-3-,1218719€-6 DATA 155
3 7 : DATA 156

1 8.3000E14 232.000EQ0 1.,00000E0 DATA 157

2 5.10000E8 114.000E0 3.,00000EQ DATA 158

2 2.50000E5 100.000E0 1.30000€E0 DATA 159

2 2.0000CFE7 140.000E0 3,10000E0 DATA 160

3 2.00000E5 7TC.000E0 2.00000€E0 "DATA 161

3 9,72000E6 122.000E0 2.00000E0 DATA 162

3 1.3000E10 172.C00EC 3.CO0NNDOED DATA 163
68.6000ED 5.,14500EC 0.4000EO DATA 164
B8O.0000€E3 43.2890EC 0.2500€E0 DATA 165
17.8000E0 9.64760EQ C.35C0ED DATA 166
1 : : DATA 167
-855.34080E2 10.103099EC -.43434576~1 .81227R8E-4-,5603327E-7 DATA 168

97y



TABLE B~3. Typical Output for Equilibrium Analysis

INDEPTH FLOW ANALYSIS(EQUILIBRIUM FLOW)

THEORETICAL
CHAR BACK TEMPERATURE (OF)= i524.8 NUMBER OF GAS COMPONENTS= 19
INITIAL SLOPE(OF/FT)= 3000.0 ‘INITIAL DENSITY QOF COMPOSITE(LBS/FT%x%3)= 34,94
THICKNESS OF CHAR(INCHES)=0.022392 THICKNESS OF DECCMPOSITION ZONE=0,.053250
TOTAL MASS FLUX{LBS/FT2-SEC)=.034942 GAS MASS FLUX AT THE SURFACE= ,074805
FRONT SURFACE TEMPERATURE(OF)=5500.0 SURFACE RECESSION VELOCITY(FT/SEC)=0.00100

RATE OF HEAT ABSORBED IN THE CHAR ZONE(RTU/FT*%2-SEC)I=16872,277

RATE OF HEAT ABSORBED IN THE DECOMPOSITVION ZONE(BTU/FT2-SEC=) 20.638
PERCENT OF TOTAL HEAT ABSORBED IN THE CHAR ZONE= 0.9987781E 02 |
PERCENT 0OF fOTAL HEAT ABSORBED IN DECOMP-70NE= 0.1221668E 00

PERCENT OF HEAT ABSORBED BY THE GAS IN THE CHAR ZONE= 0.4576713F 00
PERCENT OF HEAT ABSORBED BY THFE SOLIDS IN THE CHAR ZONE= (.8026010E-01

PERCENT OF HEAT ABSORBED BY REACTION IN THE CHAR ZONE= 0.9946208E 02

Lvv
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CHAR DEPTH (FT)
TEMPERATURE (OF)
PRESSURE (LB/FT2)
MASS FLUX(LB/FT2-SEC)

GAS COMPONENT

H

H2
CH3
CH4
C2H2
C2H4
C2Hé6
N2
NH3
HCN
H20
CH
Co2
co
CN
C2H
C3H
Ca4H
c3

o

INDEPTH FLOW ANALYSIS(EQUILIBRIUM FLOW)

TEMPERATURE DROP (OF) = 3981.0
PRESSURE DROP (LB/FT2) = 9.6
SURFACE HEAT FLUX (BTU/FT2-SEC) = 16892.92
RADIANY HEAT FLUX BTU/FT2-SEC)=, 547.71
AERCDYNAMIC HEAT FLUXIBTU/FT2-SEC)= 17440.63
0.0044 0.0045 0.0045 0.0046
1524.8 1533.0 1542.2 1552.3
2169.6 2169.5 2169.4 2169.3
0.0216 0.0266 0.0266 0.0265
COMPOSITION (MOLE/MOLE GAS)
0.7395E-07 0.2825E-07 0.3112E-07 0.3528E-07
0.4578E O1 0.B8869E 00 0.8880FE 00 0.88934E 00
0.1038E-06 0.3446E-07 0.3658E~-07 0.3952€E-07
0.16C5E 0O 0.2709E-01 0.2605€-01 0.2476€E-01
- 043903€-07 0.1627€E-07 0.1794E-C7 0.2036E-07
0.2864E-05 0.7532E-06 0.7683E-06 0.7881E-C6
0.2083E-05 0.3445E-06 0.3289E-06 0.3097F£-06
0.1881E €O C.3549E-01 0.3545E-C1 0.3539€-01
0.2615€E-03 Cs4901E-04 0.4783E-04 0.4634E-04
0.2063E-C4 Q.7020€-"5 0.7429E-05 0.7995€E-05
C.1063E 00" 0.3443E-02 Ne3247TE-02 0.3010€-02
C.1000F-08 0.5333E-12 N.5719E-12 0.6259E~12
0.2711€-01 0.1753E-03 N.1630E-03 C.1484£-03
0.1078£ 00 | 0.4684F-01 0.4700€E~01 0.4719E-C1
0.1000CE~-08 0.3660€E-14 D.4324E-14 0.5360F-14
0.100CE-08 0.6916F-16 O.BR44QE-16 0.1091F-15
0.1000E-08 0.2759F-17 0.3422E-17 0.4499€-17
0.1C000€E-08 N0.3247c-21 N.4701E-21 0.5797E-21
0.1000E-08 N.6734E-27 0.9151E-27 C.1329E-26
C.T126E 01 0.1326E 01 D.1326F 01 C.1325€ 0l

0.0046
1563.3
2169.,2
0.0264

0.40T4E-07
0.8908€ 00
0.4299E-07
0.2355E-01
0.2353€-07
0.R090E-06
0.2919E-06
0.3534E-01
0.4489E-04
0.8661F-05
0.2797E-02
0.6912E-12
0.1356E£-03
0.4736E-01
C.7033F-14
0.1533E-15
Deh540E-17
C.9316F-21
0.2437€E-26
N.1324E 01

8vv
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CHAR DEPTH (FT)
TEMPERATURE (OF)
PRESSURE (LB/FT2)
MASS FLUX(LB/FT2-SEC)

GAS COMPONENT

H

H2
CH3
CH4
C2H2
C2H4
C2H6
N2
NH3
HCN
H20
OH
co2
co
CN
C2H
C3H
C4H
C3

C

INDEPTH FLOW ANALYSIS(EQUILIBRIUM FLOW)

0.0047
1575.3
216G.1
0.0264

0.4693E-07
0.8921E 00
0.4682E~-07
0.2231€-01
0.2713€E-07
0.B312E-06
0.2738E-06
0.3529E-01
0.4340E-04
0.9292E-05
0.2581E-02
0.7636E-12
0.1228E-03
C.4753E-01
0.9050E-14
0.2083E-15
0.9113€E-17
0.1395E-20
C.3976E-26
C.1323E 01}

0.00647 0.0048
1588.3 1599,.4 1614.9
2169,0 2168.9 2168.8
0.0263 0.0263 N.0262
COMPOSITION {MOLE/MOLE GAS)
0.5412€6-07 0.6186E~-07 0.7411E-07
0.8935E 00 0.8946E 00 0.8960E 0O
0.5109E-07 0.5529E-07 0.6153E-07
0.2103€-01 ~ 0.2003E-01 0.1873E-01
0.3131E-07 0.3580E-07 0.4293€E-07
0.8552E-06 0.8765€-06 0.906CE-06
0.2552E-06 0.2409E-06  0.2225E-06
0.3524E-01 0.3520E-01 0.3515E-01
0.4183E-04 0.4057E-04 0.3890E-04
0.1021E-04 0.1101E-04% 0.1219E-C4
D.2361E-02 0.2197€E-02 0.1989E-02
0.8451E-12 0.9270E-12 0.1050F-11
D+1099E-03 0.1006E-03 0.8893FE~04
0.4770E-01 0.4782€E-01 0.4798E-01
2.1159€E-13 0.147T7TE-13 0.2056E-13
0.2804€E-15 0.37T76E-15 0.56T4E-15
0.1256F-16 0.1735€E-16 ~ 0.2704F-16
N.2055E~20 0.3057€E-20 0.5297E-20
0.6346E-24 0.1033E~-25 0.2042F-25
0.1322F 01 0.1321€ C1 0.1320F 01

0.0048

0.0049
1632.2
2168.6
C.0261

0.9005E~-07
0.8375E 00
0.6912E-07
0.1737E-01
0.5220€E-07
0.9395E-06
C.2034E-06
C.3510E-01
0.3710E-04
D.1363E-04
0.1777€-02
0.1202€E-11
N0.T733E-04
0.4814E-01
0.2916F-13
0.8686E~-15
0.4293E-16
0.9335€-20
0.4091E-25
Cs1319F 01
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INDEPTH FLOW ANALYSIS{EQUILIBRIUM FLOW)

OB NN D W

CHAR DEPTH (FT) 0.0049 0.0050 0.0050 0.0C51 0.0051
TEMPERATURE (OF) 1651.6 1672 .9 1690.8 1718.2 1749.7
PRESSURE (LB/FT2) 2168.5 2168.4 2168.3 2168.2 2168.0
MASS FLUX{(LB/FT2-SEC) 0.0260 0.0259 0.0259 0.0258 0.0257
GAS COMPONENT COMPOSITION (MOLE/MCLE GAS)

H 0.1103E-06 0.1391E-06 0.1690E~-06 0.2226E-06 0.3076E-06

H2 0.8990E 0O 0.9005E 00 0.9016E 0O 0.9032E 00 0.9048E 00

CH3 0.7817€E-07 0.8973€E-07 0.1006E~06 0.1187E-06 0.1435€E-06

CH4 0.1597E-01 0.1460E-01 0.1357E~-01 0.12128-01  0.1070€E-01

C2H2 0.6394E-07 0.8072E-07 0.9807E~-07 0.1292E-06 0.1785E-06

C2H4 0.9769E-06 0.1019E-05 0. 1055E~05 0.1110€E-05 0.1175E-05

C2H6 0.1839E-06 0.1654E-06 0.1515E-06 | 0.1324E-06 0.1141E-06

N2 0.3504E-01 0.3498E-01 0.3494€-01 0.3489E-01 0.3483E-01

NH3 0.3521E-04 0.3329€-04 0.3179E-04 0.2964E-04 0«2741E-04

HCN 0.1534E-04 0.1752E-04 N.1955E~04 0.2293E-04 0.2756E-04

H20 0.1564F-02 0.1369E-02 0.1227TE-0Q2 0.1035E-02 " 0.8588¢£-03

OH 0.1386E-11 0.1626E-11 0.1857E~-11 0.2247E-11 0.2801E-11

co2 0.6591E~-04 0.5590E-04 0.4880E-04 0.3947TFE-04 0.3133E-04

co 0.4830E-01 0.4843FE-01 0.4853€E-01 0.4866E-01 Ne48T7E-01

CN 0.4139E-13 D.6286E-13 CeB968F~-12 0.1452E-12 2.2614E-12

C2H 0.1322€-14 0.2198E-14 0+3401E~-14 0.6CT73E~-14 O.1247E-13

C3H 0.67T48E-16 0.1171E-15 C.1884E~15 0.3522E-15 C.7T705E-15

C4H 0.1607€-19 0.3149E-19 C.5682E-19 C.1208E-18 0.31776-18

C3 0.7836E-25 0.1777E-24 Ce3704E-24 0.9182E-24 0.3032€E-23

C 0.1318E 01 0.1317€ 01 C.1317E 01 0.1316F 01 C.1315€ 01

oSy
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CHAR DEPTH (FT)
TEMPERATURE (OF)
PRESSURE (LB/FT2)
MASS FLUX(LB/FT2-SEC)

GAS COMPONENT

H

H2
CH3
CH4
C2H2
C2H4
C2H6
N2
NH3
HCN
H20
OH
co2
co
CN
C2H
C3H
CaH
C3

C

INDEPTH FLOW ANALYSIS(EQUILIBRIUM FLOW)

0.0052
1785.2
2167.9
0.0256

0.4346E-06
0.9063E 00
0.1760E-06
0.9310€-02
0.2521E-06
0.,1250€E-05
0.9659E-07
0.3477E-01
0.2514E-04
0.3359E-04
0.6975e-03
0.3549E-11
0.2419E-04
0.4887E-01
0.4838E-12
C.2630E-13
0.1729E-14
0.8524E-18
0.1011E-22
0.1314E 01

0.0052
1824.9
2167.8
0.0255

0.0053
1860.8
2167.6
0.0255

C.0053
1913.7
2167.5
C.0254

COMPOSITION (MOLE/MOLE GAS)

0.6357€-06
0.9077E GO
0.2200E-06
0.8021E-02
0.3682E-06
0.1335€E-05
0.8083E-07
0.3472E-01
0.2291E-04
0.4169E-04
0.5585F-03
0.4595€-11
0.1837E-04
0.4895£-01
0.9605E-12
0.6068E-13
0.428TE~-14
0.2603E-17
0.3991E-22
0.1313€E C1

D.8825E-06
0.9087€E 00
C.266TE-06
0.7032E-02
0.5105€E-06
0.1414F-05
0.6904E-07
Ce3468E-01
0.2110E-04
0.5028€E-04
0.4588€E-03
0.5745€E-11
0.1440E-04
0.4901E-01
0.1726E-11
D.1236E-12
D.9273€E-14
D.6695E-117
J.1263E-21
0.1313F 01

0.1406E-05
0.9100€ 00
0.3503E-06
0.5831E-02
0.8112E-06
0.1532€-05

- 0«5515E-07

0.3463E€-01
0.1878E-04
C.6558€-04
0.34T7CE-03
0.78856-11
0.1019€-04
C.4906E-01
0.3964E-11
0.3389€-12
0.2767E-13
0.2552€-15
0.6517E~21
0.1312E 91

0.0053
1974.2
2167.3
0.0253

0.2327E-05
0.9112E 0O
0.4706E-06
Q.4745E-C2
0.1338E-05
0.1671E-05
0.4308E-07
0.3458E-01
0.15652E-04
0.8749€-04
0.2552E-03
C.1112F-10
0.6964E-05
0.4910E-01
CeI6G4E-11
0.,9994E-12
0.3921€E-172
0.1064E-15
CG.3708E-20
N.1312E 01

sy



CHAR DEPTH (FT)
TEMPERATURE (OF)

.PRESSURE (LB/FT2)

MASS FLUX(LB/FT2-SEC)
" GAS COMPONENT

H

H2
CH3
CHa
C2H2
C2H4
C2H6
N2
NH3
HCN
H20
OH
co2
Co
CN
C?2H
C3H
C4H
C3

C

INDEPTH FLOW ANALYSIS{EQUILIBRIUM FLCW)

0.0054
2042.4
2167.2
0.0253

0.3734E-05
0.9121€E 0C
0.6200E-06
0.3916E-02
0.2138E-05
0.1810E-05
0.3420E-07
0.3453E-01
0.1466E-04
0.1145E-03
0.1917E-03
0.1533E-10
0.4893€-05
0.4913E-01
0.22476-1C
0.2765E-11
0.268B7E-12
0.4091E-15
0.1921E-19
0.1311E Ol

0.005¢
2112 .4
2167.0
0.0252

0.0055
2197.7
2166,8
0.0252

0.0055
2292.8
2166.6
0.0252

COMPOSITION (MOLE/MOLE GAS)

0.6813E-05
0.9130E 00
C.8796E-06
0.3064E-02
0.3878E-05
0.20C2E-05
0.2547€E-07
0.3448E-01
0.1258E-04
0.1613E-03
0.1332E-03
0.2307F-10
0.3125E-05
0.4914E-01
0.6526E-10
0.1004E-10
0.1085E~-11
Ne2246FE-14
0.1529E~18
0.1311€E 01

0.1164E-04

"0.9136E 00

0.1200E-05
0.2465E-02
0. 6586E-05
0.2189€E-05
0.1962E-07
0.3443E-01
0.1099E-04
0.2186E-03
0.9657TE-04
N.3320F-10
0.2104E-05
0.4915E-01
0.1591E-09
N.3179E-10
0.3781E-11
0.1034E-13
0.9847€E-18
0.1310F 01

0.2371€-04 -
0.9142E 00
0.1806E-05
0.1851E-02
0.1328E-04
0.2459E-05
0.1391E-07
0.3436E-01
0.918R8E-05
0.3265E-03
0.6331E-04
0.5375E-10
0.1255F-C5
C.4915€-01
C.6012E-09
0.1483E-09

0.2C1CE-1D

0.8052£-13
C.1226E-16
0.1310F 01

0.0056
2397.8
2166.4
0.0251

0.4163E-04
0.9145E 00
0.2503E-05
0.1460E-02
0.2311E-04
0.2701E-05
0.1046E-07
0.3428E-01
0.7927€-05
0.4499E-03

. Ce4454E-04

0.7901F-10
0.8153E-06
0.4915E-01
0.1607E-08
0.4848E-09
C.72728E-10
0.3819F-12
0.8116F-16
0.1310F O

sy



VOV HWN

INDEPTH FLOW ANALYSIS(EQUILIBRIUM FLOW)

CHAR DEPTH (FT)
TEMPERATURE (OF)
PRESSURE (LB/FT2)
MASS FLUX(LB/FT2-SEC)

GAS COMPONENT

H

H2
CH3
CH4
C2H2
C2H4
C2H6
N2
NH3
HCN
H20
OH
Co2
co
CN
C2H
C3H
CaH
Cc3

C

0.0056
2512.8
2166.2
0.0251

C.7908E-04
0.9148E 00
0.3628E-05
0.1113€E-02
0.4340E-04
C.3004E-05
0.7545E-08
0.3417€-01
0.6694E-05
0.6478E-03
0.2981E-04
0.1226E-09
0.4985E-06
0.4915€E-01
C.4914E-08
0.1861E-08
0.3090E-09
0.2231E-11
0.6891E~-15
0.1309t 01

0.0057 C.0057 0.0058
2640.8 2773.8 2915.4
2166.0 2165.7 2165.5
0.0251 0.0252 C.0252
COMPOSITION (MOLE/MOLE GAS)
0.1569E-03 0.3278E-03 0.5949E-03
0.9148& 00 0.9145E 00 0.9140E 00
0.5338E-05 0.8087E-05 C.1135E-04
0.8550E-03 0.6388E-03 0.4988E-03
0.8490E-04 0.1743E-03 0.3115F-03
0.3344E-05 0.3754E-05 0.4130E-05
0.5509E-08 0.3887E-08 0.2890E-08
0.3401E-01 0.3376E-01 0.3347E-01
0.5663E-C5 0.4706€E-05 0.4021E-05
0.9462E-03 0.1422E-02 0.1980E-02
0.2034F-04 0.1329E-04 0.9246E-05
0.1947E-09 Ne3209E-09 0.4828€-09
0.3146E-06 0.1883E-n6, 0.1215F-06
0.4914E-01 0e4914E-01 0.4913F-01
0.1681F-07 0.623G0E-07 0.1754E-06
0.8344E-08 De4114E-07 0.1439E-06
0.1578E-08 0.8920E-0C8 C.3456E-07
0.1672€-10 0.1414E-09 0.7406F-09
0.8254E-14 Nell42E-12 C.8607TE-12
N.13C9F 01 0.1308E 01 0.,1307E 01

0.0058
3064.1
2165,.2
C.0253

0.1055€E-02
0.9131E 00
0.1566E-04
0.3961E-03
0.5433E~-013
0.4515E-05
0.2194E-08
0.3310€-01
0.3464E-05
0.271CE-02
0.6610E-05
0.7135E-929
0.8125E~07
0.4911E-01
0.4790E-06
0.48B86E-06
0.1301E-96
Ne3790E-08
Ceb402F-11
0.1305€E 01

€SP



" INDEPTH FLOW ANALYSIS(EQUILIBRIUM FLOW)

CHAR DEPTH (FT) ' 0.0059 0.0059 0.0060 0.0060 0.0061

TEMPERATURE (OF) 3218.7 3379.1 3545.6 3719.7 3904.3
PRESSURE (LB/FT2) 2164.9 2164.5 2164.2 2163.8 2163.4
MASS FLUX(LB/FT2-SEC) 0.0254 0.0256 0.0260 0.0264 0.0279

VXNV H W -

GAS COMPONENT

H

H2
CH3
CH4
C2H2
C2H4
C2H6
N2

- NH3
HCN
H20
OH
co2
co
CN
C2H
C3H
Ca4H
c3

C

0.1853E-02
0.9115€ 00
0.2142E-04
0.3164E-03
0.9377€~03
0.4917€-05
0.1678E-08
C.3260E-01
0.2989E-05
0.3674E~02
0.4TT6E-05
0.1048E-08
0.5516E-07
0.4909E-01
C.1288FE-05
0.1635E-05
0.4827E-06
0.1909E-07
0.4683E-1C
0.1303€ 01

COMPOSITION (MOLE/MOLE GAS)

- 0.3336E-02

0.9087€ 00
0.2968E-04
0.2489E-03
0.1653€-02
0.5367E-05
0.1260E~-08
0.3189E-01
0.2545E-05
0.5033E-02
0.3377€-05
0.1567E-08
0.3656E-07
0.4905E-01
0.3571E-05
0.5675E-05
0.1860€-05
0.1005€-06
0.3599E-09
0.1299E C1

0.6108E-02
0.9039€ 00
0.4135E-04
0.1938E-03
0.2956E-02
0.5846E-05
0.9331€-09
0.3089E-01
0.2142E-05
0.6918F-02
0.2362E-05
0.2371E-08
0.2401E-07
ND.4898E-01
0.1013E-04
0.2030F-04
0.7403E-05
0.5484€E-06
0.2876E-08
0.1292€F Q1

0.9967E-02

0.8974€E 00

«$383E~-04
0.1575€-03
O.4717E-02
0.6231E-05
0.7268E-09
0.2983E-01
0.8893E-02

0.1763E-05 -

0.3315€-08
0.1709E-07
0.4888t-01
0.2345E-04
0.5684E-04
0.2259E-04
0.2162E-05
Cs1545€£-07
C.1284F 01

0.1672E-01
0.8865E 00
0.7068E-04
0.1253E~03
0.7701E-02
0.6606E-05
0.5509E-09
0.2839E-01
0.1560E~05
0.1151E-01
0.12RTE-05
0.4720E-08
0.1191E-07
0.4871E-01
0.5659E-04
0.1681€-03
0.73156-94
C.9161E-05
0.9072E-07
0.1271F 01

1404



‘INDEPTH FLOW ANALYSIS(EQUILIBRIUM FLDW)

CHAR DEPTH (FT) 0.0061 2.0062 0.0062 0.0063 0.0063

TEMPERATURE (0OF) 4104.5 . 4329.2 4595.6 4943,1 5505,7
PRESSURE {LB/FT?2) 2162.9 2162.4 2161.8 2161.1 2160.0
MASS FLUX{LB/FT2-SEC) 0.0280 0.0296 C.0325 0.0399 0.0748

VRN NP W -~

GAS COMPONENT

H

H2
CH3
CH4
C2H2
C2H4
C2H6
N2
NH3
HCN
H20
oH
Co2
co
CN
C2H
C3H
C4H
c3

C

0.2724E-01
0.8699E 00
0.9046E-04
0.1217€-01
0.6882E-05
0.4155€E-09
0.2666E-01
0.1305€E-05
0.1451€-01
0.947T6E-06
0.6569E-08
0.8452€-08
0.4844E-01
0.1295£-03
C.4686F-03
0.2222€E-03
0.3598E~-04
0.4881€E-06
0.1250€ 0Ot

COMPOSITION

0.4460E-01
0.8431€ 00
0.1142E-03
0.7707E-04
0.1916E-01
0.7004€E-05
0.3010E-09
0.2446E-01
0.1057€-05
0.1808E-01
0.6833E-06
0.9137E-08
0.5926F-08
0.4798€E-01
0.2981E-03
0.1323£-02
0.6844E-03
0.1439€£-03
D.2700E-05
N0.1217€ 01

0.7484E-01
0.7961E 00
0.1413E-03
0.5593E-04
0.3043E-01
0.6804E-05
0.1991€-09
0.2157€-01
0.8019E-06
0.2222€-01
0.46TTE-06
0.1278E-07
0.4007E-08
0.4711€E-01
0.7154E=03
0.3964E-02
0.2253E-02
0.6270E-03
0.1685E-04
0.1154E 01

(MOLE/MCLE GAS)

0.1323E 00 .

0.7019€ 00
0.1651E-03
0.3437E-04
0.4885E-01
0.5840E-05
0.1037E-09
0.1751€-01
0.5170€E-C6
0.2648E-01

0.2796E-06 -

0.1800€E-07
0.2464F-08
0.4520F-01
0.1902E-C2
0.1361E-01
0.8608E~-02
0.3308E-02
C.1383F-03

Q.1012E 01

0.2530E 00
0.4511E 0O
0.1359E-03
0.1034E-04
0.7125g-01
0.2759€E-05
0.1901E-10
0.1086E-01
0.1724E-06
N.26T1E-01
0.9T765E-CT
0.2325€-07
0.1081E-08
0.3923E-01
0.6594E-02
0.6391E-01

" 0.4680E-01

0.2795E-01
0.2438€E-02
D.4824E 0O

GGl
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TABLE B-4. Listing of ABLATIN2 Program

INDEPTH RESPONSE 0OF AN ABLATIVE COMPDSITE
NON-EQUILTRRIUM FLOW ANALYSIS
ALBLATIN2 SYSTEM

REAL®S 722
COMMON/KA/SI(6) 4S2(6)5S3(6),541(6),55(6),A11(6),A22(6),
A33(6)4A44(6),A55(6),FI(30),FIT(30),GI1(30),
GIT(30G),AA(30,6)93S6(6),A66(6)2JCODE(6),CPMX]
COMMON/KB/AT(30) ,BT(30),CI(3CG),DT(30),FI(30),A11(30),
BIT(30),CIT(30),DIT(3M),ETI(30),TLOW(30)
COMMON/KC/TICODE(30),Y(30),FW(30)
COMMON/KCC/SPCIEL1(30),SPCIE2(3N),TABLE(300,26),Z, INDPY
COMMON/KE/XTKF(10D) ,7OMGA(100) ,FK(1INDI1,STIG(100)
COMMON/KFEE /PL yRRyTZERND LEPS 4 KEY 4 NC y NS, MM, NQ
COMMON/KF /CPS,CNO,DCD0,JCHAR,TC
COMMON/KIZKNoy KT 3DTC 4REAC? 3 Wy KMAX 3 AVGFW, N, 72 DELZ,H
COMMON /KJ /DEL TK o TVAR
COMMON /KK /WTOTAL ,RHOT I
COMMON/KM/ZXMOL (30)
COMMDON/XQ/ 1222
DIMENSTON T1(300) 4ZX{41)4ZY(41),TP{41),P(41) ,WFLUX({%1),
TT(21),YCOMP(30,41),PRON{21),PRODCP(21),CP(2D),
PRONR{21) ,COND(30Q) ,CVI3IN) L VIS(30),YI(30),21(300),
TOK(370) ,CHARDN(3INN) '
NDOUBLE PRECTISION 7Z,HIT,ZLL,TTTT,DTCC,REACY,CPR]1,CPR2
FI(A)=+GROUD®A
GULA)=A

DELTFF=CHANGE TN OF FOR AN TNCREMENT OF CHANGE IN H{FFET)
RHD=123,

ABL?2-

ABL ?
ABIL 2
ABL?2
ABL?2
ABL?
ABL2
ABL?2
ABL2
ABL?2

ABL2 |

ABL2
ABL?
ABL 2

_ABL 2

ABL 2
ABL2
ABL2
ARL?2
ABL?
ABL?2
ARL 2
ABL?2
ABL2
ABL 2
ARL?
ABL 2
ABL?
ABL2
ARL 2
ABL 2
ABL 2
ABL?2
ABL 2

[
DO DN NH NN -

NN NVNNNNNN NN ot o v ot ol ok pot pd
OB NPIPAPWUN=DIDODIPIPNDWN -~

3n
31
32
33
24

9g ¥
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[aEelel

MOOONDANONNO0NNON000N0O

Wi=2,01

RR=GAS CONSTANT(1.98726RTU/(LB-MOLE OR)
T7FRO=REFERENCE TFMPERATURF
TEFMAX=MAXIMUM ALLOWABLE TEMPERATURE FOR THIS MODEL ' (OF)

RR=1,98726
TIFRD=298,1%59

HSIMPI=STMPSON'S RULE INCREMENT SIZE(FT) USED
IN THE SCLUTION OF THE MOMENTUM EQUATION
FR2=T7T78.16/32.2

NC=NO, OF GAS SPECIES
NNS=NO, OF LIQUID OR SOLID SPFCIES
NS=NC+NNS{TOTAL NUMBER OF SPECTIES)
MM=NQ, 0OF FLEMENTS
KODE=1 CONDUCTIVITY NF CHAR WITH GAS TN PORFS
INDPT=0 COMPUTATIONS START AT THE BACK SURFACE 0NOF THE CHAR
INDPT=1 COMPUTATIONS START AT THE VIRGIN MATERTAL
PL=PRESSURE AT Z=L(LR/FT2)
DELTK=TEMPERATURFE INCREMENT
TO=TFMPERATURE AT 7=
EPS=PAROASITY
IL=ABLATOR THICHKNESS(IN FEET)
HI=TNTTIAL RUNGE-KUTTA TNCREMENT SIZF(FY) USFD
IN THE SPLUTYTON COF THE ENFRGY EQUATTON,
ALPHA=VISCDYUS COFFFTICTENT TN DARCY'S EQUATTON(L1/FT)
BETA=INERTIAL COEFFICTENT TN DARCY?!S FQUATION{1/FT2)
SIGMA=STEPHAN-RNLTZMAN CONSTANT(N,481X10-12 BTU/FT2-SFC-0F4)
EMIS=CHAR FEMISIVITY,
RFLUXTI=INTTTAL RACK SURFACE HFAT FLUX,
DINC=INCREMENT IN THE HFAT FLUX(FDR PARAMETFR STUDIFS)

ABL?
ABL 2
ABL?2
ABL 2
ABL?
ABL 2
ABL2
ABL 2
ABL 2
ABL 2
ABL 2
ABL?
ABL?2
ABL 2
ABL2
ABL?2
ABL2
AL 2
ABL 2
ABL?2
ABL?
ARL 2
ABL?2
ABL?2
ABL?2
ARL 2
ARL 2
ABL?2
ABL 2
ABL2
ABL?2
ABL?
ARL?2
ARL?2

35
36
37
38
39
40
41
42
43
44

- 45

46
47
48
49
50
51
52
53
54
55

56

57
58
59
6
61

62
63
64
65
66
67
68

LSY
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DO OD

10
11

12

13

aRaNeNaNeNole NeNolta e Na T

OMAX=MAXIMUM BACK SURFACE HEATYT FLUX.
TCHAR=BACK SURFACE TEMPFRATURFE 0OF CHAR

FR=N.1666667

READ INPUT PARAMETERS

READLI14NC gNNS MM, KODE KEYy INDPT, TFMAX
FORMAT(616,F10,1)

READ 12,PLyTO4FPSyZL 4HT
FORMAT(F1IN.3,1NX,4F10,3)
RFEAD21,ALPHA,L,BETA,SIGMA,EMIS
READI3,DTC,TCHAR VR

FORMAT(TE10.3) '

NN=NC

NS=NC+NNS

NQ=NS

S1...S6(APPLY BETWEEN 10R0-6000 0OK)
All...A66(APPLY RETWEEN 200-1000 0K)

JCODE(JY=D THF REFERENCE ELFMENTY 1S IN THE GAS STATE.
JCODELJ)=1 THE REFFRENCE ELEMENT IS IN THE SOLTD STATE.
Al .o o ET{HEAT CAPACITY CONSTANTS,...1000-6000 0OK)
FI,GI(NEEDED TO CALCULATF THE ENTHALPY,ENTROPY

AND FREE ENFRGY.e.al000-6000 0OK)
ATT,...GII(300-1000 OK)

AA=FNRMULA NUMBER, GIVES THF ATOMS 0OF ELEMENT J

IN SPFCIE I,

ABL?2 69
ABL2 70
ABL2 71
ABL2 T2
ABL2 73
ABL2 74
ABL2 75
ABL2 76
ABL2 77
ABL2 78
ABL2 79
ABL2 80
ARL2 81
ABL? 82
ABL? 83
ABL2 B84
ABL2 B8S
ARL?2 86
ABL2 8”Y
ABL2 88
ABL?2 89
ABL2 or
ARL2 9}
ABL2 92
ABL2 93
ARL2 94
ABL? 95
ABL2 96
ABL2 97
ABL2 o8
ARL?2 Qo
ARL 2 100
ABL2 1N

ARL 2 102

8Sv
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TLOW(T)=MINTMUM TEMPERATURE AT WHICH THE HIGH TEMPERATURE
FIT IS APPLICABLE.

FWlT)I=MIOLECULAR WEIGHT OF SPECTIE I,

YICT)=INITIAL MOLE FRACTION OF SPECTE 1.

YI(T)I=MOLE FRACTION OF SPECIF 1,

SPCIF1 AND SPCIE2 ARF THE SPECTES TDENTIFTCATION

ICODE(T )= SPECTE IS A GAS

ICANE(T)=1 SPECIE TS A SOLTD

RFAD EMPIRICAL CONSTANTS TO CALCULATE THE SENSIBLE
FNTHALPY CHANGE OF THE CONSTITUENT ELEMENTS,

DO 9 J=1,MM

READ 184y S1(J)4S20J)9S3(J)+S40J),S5(J),S61J),ICODE(Y)
READ 18,A1104),A22(J),A433(J),A44(J),A55(J9),A66(J)
CONTINUE . _ : :

DO15I=1,NS

READ 14, TLOW(TI) ,FW(T) ,YT(I),SPCTIF1(I),SPCIE2(I),ICODECT)
FORMAT{1GX,3E10,3,2X,2A3,14)

READ EMPIRIMAL CONSTANTS TO CALCULATE THE HFEAT
CAPACTTY OF THE SOLID PLUS TWO ADDITIONAL CONSTANTS
TO CALCULATE THE ENTHALPY,THE ENTROPY AND THE FREE
ENFRGY 0OF THE SYSTFM

RFADleAI([)vBI(!"CI(I)vDY(I),E‘(I),FI(Y);GI(I)
READIZILATICT) WRTIT(D) CITET) W DITLT) FITCT),FTIELT),GITL(T)

ABL?
ARL 2
ABL 2
ABL?
ABL?2
ABL 2
ABL?
ABL2
ABL 2
ABL 2
ABL 2
ABL?2
ABL 2
ABL2
ABL 2
ABL?2
ABL2

. ABL2

ABL?2
ABL?2
ABL 2
ABL 2
ARL 2
ABL 2
ABL 2
ARL 2
ABL 2
ABRL 2
ARL 2
ABL 2
ABL 2
ARL?
ABL?2
ABL?2

103
104
105
106
107
108
119
110
111
112
113
114
115
116
117
118
119
120
121
122
123

124

125
126
127
12¢
129
13n
131
132
133
134
135
136

6SV
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15

16

17
18
21

DNOOOOD

]

READIZ,(AA(T4J)yJ=1,MM)

FK=PODTENTIAL PARAMETER/BOL TZMAN CONSTANT,
SIG=COLLTISINON DIAMETER(ANGSTRONG UNITS).
THE SE CONSTANTS ARE USED TO DETERMINE THE
VISCOCTTY AND THERMAL CONDUCTIVITY NF THE
REACTING GAS MIXTURE.

NDATA=NQ. OF XTKE VS. ZOMGA DATA PNDINTS
XTKE=PRODUCT OF TEMPERATURE AND 1/EK VALUF
IOMGA=COLLTISION TNTEGRAL TABULATED VS XTKE

READIOZ{FK(TY,SIG(IY,T=1,NC)
FORMAT(2F15.5)

READLILZNDATA

READI T, UXTKE(LT) , ZOMGA(T) ,1=1,NDATA)
FORMAT(2F15.5)

FORMAT(AEL1Q.4,4,13)
FORMAT(3E15,5,F15.5)

INTTIALTIZATTION NF PARAMETERS

N=COUNTER NF RUNGE KUTTA STEPS

N=1

KT7=1

K7=1(CALL SURPROGRAM INPUT)IKT=2(RYPASS SURPROGRAM
INPUT)

ABL2

ABL2

ABL?2
ABL 2
ABL?2
ABL?2
ARL 2
ABL2
ABL?2
ABL 2
ABL 2
ABL?2
ABL ?
ABL?2
ABL?2
ABL 2
ABL?2
ABL 2
ABL 2
ABL 2
ABL2
ABL 2
ABL 2
ABL?2
ABL?2
ABL?2
ARL?2
ABL?2
ABL 2
ABL2
ABL 2
ABL 2
ABL?2
ABL 2

137
138
139
140
14]
142
143
144
145
146
147
148
149
150
151
152
152
154
155
156
157

158

159
160
161
162
163
164

165

166
167
168
16¢
172

09%
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TO=INITIAL TEMPERATURE QF BACK SURFACE(OF)

IT IS A SPECTFIED BOUNDARY CONDITION.
TC=INSTANTANEDUS TEMPERATURE OF THE SYSTEMIDF)
Kl=1

K1=GTIVES THE TOTAL NUMBER OF DATA POINTS STORFD.
SHOULD NOT EXCEED THE DIMENSION OF VARTABLFS,

NN4=NC+4
NNS=NN4+NN'S

NNS GIVES THE NUMBER OF VARIABLES STORED IN TABLE(I,J),

THE FIRST FOUR VARTABLES ARE,..
1) THE TFMPERATURE(IN OK)
2) THE HEATY ABRSORRED BY REACTIONS(BTU/FT2-SFC)
3} THE AVERAGE MOLECULAR WEIGHT
" 4) THE MASS FLUX(LBS/FT2-SEC)
5) THE REST OF THE VARTABLES ARFE THE MOLE
FRACTIONS, FOR THE SOLIDS, THE TERM STORED
IS THE RATTO OF MOLES OF SOLID TO MOLF OF
GASES.

COANVERT INTTIAL COMPOSITION OF THE GASES TN MOLF
FRACTION AND CALCIHATE THFE RATIO DF THF MOLFS OF
FACH SCLYID SPFCIE PER MALE OF THE GAS MIXTURE. THIS
1S DONE TN CASE THE YT{TI) IS READ IN AS MOLFS.

7L=THICKNFSS OF CHAR IN TINCHES
IL=7L/12..

7INC=ZL /98,

ZINC=Z2INGC/S,
TF(VRGEL1.F=-2)ZINC=7INGC/?.

ABL?2
ABL 2
ABL 2
ABL2
ABL2
ABL2
ABL 2
ABL 2
ABL?2
ABL 2
ABL?2
ABRL 2
ABL2
ABL 2
ABL?2
ABL 2
ABL2
ABL 2
ABL 2
ABL 2
ABL?2
ABL?2
ABL 2
ABL 2
ABL 2
ABL?
ABL?2
ABL?2
ABL 2
ABL 2
ABL 2
ABL 2
AR 2
ABL 2

171
172
173
174
175
176
177

178

179
180
181
182
183
184
185
186
187
188
189
19N
191
192
193
194
195
196
197
198
199
200
201
202
203
206

19V



OO0

o0

22

ITFUVR.GE.2.F-2)ZINC=7INC/2.

IND=D

KMA X=9
K12=90
DELTFF=0,
REAC1=9,
cPBl1=9,
crPR2=9,
Q1=0.
pDCDN=3,
DCNOV=2.

DNELTK=2.

23

24

K1=1

TC=70

Sl,“= '3.
DN23I=1,NC
SUM=SUM+YI (1)
DD241=1,NS
YI{I)=YI(I)/SUM

HI=INITIAL RUNGF-KUTTA STEP SIZE

H=HT

CALCULATE THE INITTIAL AVFRAGE MOLECULAR WFTIGHT OF THE GAS

AVGFW=D,
DN3LT=1,NS
XMOL(TY=YT1(1)
YCTi=YU(T)

IFCICODE(T),,FO.1)GOTN31

ABL?2
ABL?2
ABL2
ABL 2
ABL?
ABL?
ABL 2
ABL2
ABL 2
ABL2
ABL 2
ARL?2
ABLZ2
ABL?2
ABL 2
ARL 2
ABL2
ABL2
ABL 2
ABL 2
ABL 2
ABL 2
ABL 2
ABL 2
ABL 2
AR 2
ABL 2
ABL 2
ABL 2
ABL 2
ARL 2
ABYL 2
ABL 2?2
ABL 2

205
2n6
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231

232
233
234
235
236
237
238

29y
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31

51

AVGFW=AVGFW+Y (T ) %FW(])
CONTTINUE

W=MASS FLUX(LBS- FTZ/SEC)
W=NWI

7=DISTANCE IN FEET
72=0.

222=22

TVAR=(TC+459.69) /1.8
TVAR=TEMPERATURE IN 0K,
17=0.

7LL=2L

PRINT S1,2LL
FORMAT({1X,*'ZLL='D20.9)

INDEPTH RESPONSE OF ABLATIVE COMPOSITES,

FOR BACK SURFACE TEMPERATURE AND HEAY

FLUX SPECIFIFD, THE EQUATION DOF ENERGY

IS A SECOND QRDER, NON-LINEAR, ORDINARY DIFFEPENTIAL
EQUATION WITH VARTABLE CORFFICIENTS,

THE NUMFRICAL TFHCNTQUE USED IS A 4TH ORDER
VARTABLFE STEP RUNGE-KUTTA ANALYSIS,

TCHAR=TEMPERATURE AT WHICH ALL OF THE VIRGIN
MATERTAL HAS OFECOMPGQSED.

DELY =H
H1)=Y
TF{TVAR .GT.TCHAR)GOTN32

ABL?2
ABRL?
ABL?2
ARL?2
ABL 2
ABL2
ABL?2
ABL 2
ABL 2
ABL?2
ABL?
ABL?Z2
ABL?2

"ABL 2

ABL 2
ABL2
ABL 2
ABL?2
ABL 2
ABL?2
ARL 2
ABL?2
ABL2
ABL 2
ABL 2
ABL2
ARL 2
ABL?2
ABL 2
ARL2
ABL 2
ABL2
ARL 2
ABL 2

239
240
241
242
243
244
245
246
247
248
249
25C
251

252
253
254
265
256
257
258
259
260
261
262
263
264
26%
266
267
268
269
270
271
272

€99



CALL INDPTH(TC,CDOV,DCDOV,GASCP,0,CPV,RH(,TVAR,DELTK,

INyDELZ VRyW,H)

Hll=H
DEL7=H

CNOV=THERMAL CONDUCTIVITY OF VIRGIN MATERIAL(
BRTU/(FT-SEC-0OF)

DCNAV=THE DFRIVATIVE OF CDOV WITH TEMPERATURE(BTU/{(FT-2EC))
GASCP=HEAT CAPACITY 0OF MIXTURF(RTU/LB-OF)

Q=HEAT ABSORRED RY OEPOLYMERIZATION OF THE

"VIRGIN PLASTIC COMPOSITE(BTU/FT3-SEC)

CPV=HEAT CAPACITY OF VIRGIN COMPOSITE(BTU/LB-0F)
RHO=DENSITY OF VIRGIN COMPOSITE

NDELTK=TEMPERATURE DIFFERENCE IN OK FOR A DISTANCE H.
N=NUMBER OF INTEGRATION STEPS

-DELZ=INCREMENT OF DISTANCE(FT)

1390

VR=SURFACE RECESSION VELOCITY(FT/SEC)
W=MASS FLUX(LBS/FT2-SEC)
H=RUNGE-KUTTA TINTEGRATION STEP STZE(FT)
DTC=QFLUX/CDOV

WI=W

DTYC1=DTC

QCZI=CDOVEDTC

PRINT 1390,0C21
FORMAT{1X,'QCZ='F15.5)

CALCULATE‘THE HEAT CAPACITY OF THE PYROLYSIS GASFS

CALL CPMIX{TVAR NN,CPMX)
GASCP=CPMX/AVGFW

ABL 2
ABL2
ABL 2
ABL2
ARL?2
ABL?2
ABL?
ABL?2
ABL2
ABL 2
ABL?2
ABL 2
ABL 2
ABL2
ABL 2
ABL?2
ABL?2
ABL?2
ABL?2
ABL?2
ABL2
ABL?2
ABL 2
ABL?2
ABL 2
ABL?2
ABL?
ABL 2
ABL?2
ABL?2
ABL 2
ABL 2
ABL2
ABL 2

273
274
275
276
277
278
279
28n
281
282
2832
284
285
286
287
288
289
290
291
292
293
294
29%
296
297
298
299
300
3IMm
302

30%

304
ans
106

vov



IpNe)

DOOONN

coon

GOTD113
32 CALL CHARPR

----- THIS SURRDUTINE CALCULATES THE THERMO-PHYSICAL
PROPERTIES TN THE CHAR

DEL7Z=H
71(1)=0.
TI(1)=TD
NDTC=QFLUXTI /CDO
PRINT 36,000 \
36 FORMAT(1X,'CNN='F15,6)
NDTCI=DTC
GOT0103
101  TVAR=(TC+459,69) /1.8

TF{TVAR.GT. TCHAR)GOTOL02

----- CALCULATE THE PHYSICO-CHEMICAL PROPERTIES AND DFSCRIBFE
THE DECOMPOSITION OF THE VIRGIN MATERTAL USING INDPTH,

CALL INDPTH(TC,CONV,DCDOV+GASCP,Q,CPV,RHO,TVAR,DELTK,
INyDELZ,VR,W,H)

FOR EXPLANATION OF THE VARTABLES IN THE ARGUMENT SEE
PREVINOUS CALL TNDPTH STATEMENT,

H1l=H
WI=W
ILL=27+3.720R332

ABL 2
ABL 2
ABL2
ABL 2
ABL?2
ABL2
ABY 2
ABL2
ABL 2
ABL 2
ABL 2
ABL2
ABL 2
ABL 2
ABL2
AB| 2
ABL 2
ABL 2
ABRL 2
ABL 2
ABL 2
ABL2
ABL 2
ABL2
ABL?2
ABL?2
ABL?2
ABL?2
ABL2
ABL2
ABL2
ABL 2
ARL2
ABL?2

n7
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327

328

329
330
331
332
333
334
335
336
337
338
339
34N

S9v
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OO0

139
1

102

PRINT 1391TC9*VAR'DTCOGASCP’DCDQV’CDV'Q’COOV'27

ABL 2

FORMAT(LIXy'T='FO,4,"' TK='FO,4," NT="E11.4,' CP="F6,3,' DKE='E11,4,ABL2

' CPP='T11.4," O='Elle4,' KFE='E11.4,D15.7)
QCZI=CDOVXDTC
PRINT 1390,0QC71

CALCULATF THF HEAT CAPACITY OF THE PYROLYSIS GASFS

CALL COMIX({TVAR,NN,CPMX)
GASCP=CPMX/AVGFW
GOTO1113

USE SURRDUTINE CHARPR TO GENERATE NEEDED PHYSICAL PROPERTY
DATA FOR THE CHAR ZONE(HFATY CAPACTITY OF THE CHAR AND THE
OVFR ALL EFFECTIVE THERMAL CONDUCTIVITY OF THE GAS AND CHAR).,

CALL CHARPR
IF(IND.EQ.N)DTC=0CZ1/CDO
IND=1

CALCULATE THF BULK DENSITY 0OF THE CHAR

ROCHAR=BULK NDENSTTY OF THF CHAR({LBS/FT#*x3)
ROCHAR={WTOTAL-W) /VR

DELZ=H

ARL?2
ABL2
ABL 2
ABL 2
ABL?
ABL 2
ABL 2
ABL 2
ABL 2
ABL 2
ABL 2
ABL?2
ABL2
ABL2
ABL?2
ABL 2
ABL2
ABL 2
ABL2
ABL?2
ABL 2
ABL?2
ARL 2
ABL?2
ABL 2
ABL 2
ABL 2
ABL 2
ABL 2
ABL?2
ABRL 2
ABL 2

341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374

9%%



C-m—=- CALCULATE THE CHEMICAL KINFTICS OF THE PYRNLYSTS GASES
AND CHAR ALONG WITH THE HEAT ABSORB BY THESE REACTING
GASES USING KINFT,

103 CALL KINET
Hll=H
GASCP=CPMX1 JAVGF W

-=-—=—CALCULATE THFE GROWUP TERM

OOo0oON

112 REACT=REAC2/DTC
CONVEG=W%GASCP
CPB1=CPBR1+CONVEGXNELTFF
CONVES=CPS*ROCHAR%VR
CPR2=CPB2+CONVESXDELTFF
REACI=REACI+REACT.DELTFF
GRNOUP=(CONVEG+CONVES- DCDO*DTC+REA(T)/(DO

DCOHO=NERTIVATIVE 0OF CDD WITH TEMPERATURE(BTU/FT-SEC-DF2)
CDQ=EFFECTIVE THERMAL CONDUCTIVITY(RTU/FT-SEC-NF)
DYC=GRADIENT 0OF TEMPERATURE WITH DISTANCFI{OF/FT)
VR=SURFACE RECFSSION VELQRCITY(FT/SEC)

GOTOlL4
113 Q2=Q/DTC
IF(02.LT. 0. 1Q2=0,
CONVFG=W®GASCP
CONVEV=CPVFRHO%VR

ARL 2
ABL 2
ABL 2
ABL2
ABL?
ABL2
ABL 2
ABL?2
ABL?
ABL?2
ABL 2
ABL?2
ARL?
ABL?
ABL 2
ABL?
ABL?2
ABL 2
ABL?2
ABL?Z2
ABL 2
ARL 2
ARL 2
ABL?2
ABL 2
ABL?
ARL 2
ABL 2
ABL?2
ABRL 2
ABL?
ARBL?
ARl ?
ABL?

375
376
377
378
379
38n
381
382

383

384
385
386
387
388
389
390
391

392
393
394
39%
396
397
398
399
490
401
4n2
403
4040
ANS
4ne
4n?
4nge

L9V
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D1=Q1+Q2%DELTFF : ABRL2 409

GROUP=(CONVEG+CONVEV-DCNOVENTC+Q2)/COOV ABL2 410
ABL2 411

ABL2 412

----- THE ABOVF GROUP TERM IS USED DURING THE DFPOLYMERIZATION OF ABL2 413
THE VIRGIN PLASTIC COMPNSTTE. ARL2 414
ARL2 415

ARL2 416

114 A=DTC ABL2 417
DT=A ABL2 418
ARK=H*DT . ABL2 419
A1=ARK ABL2 420

DA 1=ARK2GROUP . ABL2 421
DT=A+0. S*DA1 _ ABL2 422
ARK=H&DT . ABL2 423

A2 =ARK ABL2 424

DA 2=ARK*GROUP ABL2 425
DT=A+0, 5%DA2 : ABL2 426
ARK=H#*DT ABL?2 427
A3=ARK S | ARL?2 428
DA3=ARK*GROUP ARL2 429
DT=A+DA3 . ABL2 430,
ARK=H#DT . - ABL2 431
A4=ARK ABL2 432

DA 4=ARK*GROUP : " ABL2 433
DTC=NTCH+DA1+2. 5 (DAZ+DA2I+DAL) /6, ARL2 434
IF(IND.EQ.2)GOTOL1S , : ABL2 435
ACZ=CNOXNTC ABL? 436

115 TPREV=TC . ABL? 437
TE(H.LT.N,8E-R)GNTOL117 ABL2 438
TC=TCH+(AL+42 % (A2+A3)+A4) /6, : ARL? 439
6NTN118 ' ABL? 440

117 IF(K1V.EQ. M) TTTT=TC ABL2 441

K10=1 ABL2 442

89v



118

138

140
142
1

1140
1

DTCC=DTE
TTTT=TTTT+H11*DTCC
TC=TTTTY

DEL TFF=TC-TPRFV
DELTK=DELTFF/1.8

COMPARE THE TEMPERATURE CALCULATED WITH THE MAXTMUM VALUE,

IPREV=12Z

I2=77+H11

H11l=H

=11

TF(TC.GT.TEFMAX)GOTOL150

N=N+1

TF{TVARLELTCHAR)Z2=27

TE(TVARLLE. TCHARIGOTOI0L

IF(72.GT.22)G0TD1N1

PRINT 142, TC4H,DTC,GASCP,DCNO,GROUP,RFACT,(CDO

FORMAT(1X,*TF='FQ,4,' H='El4.,6, * DT='F11,5,' CP='F6,.4,' DKE=?F11
59! GRP='E12.5,4"' Q='FEl11.4,"' KE='F11.5) ~
PRINT 1140,AVGFRH W, TVAR,KMAXCPS,GASCP,RH0D,QCZ

FORMAT(1X, "AVGFW='F 7,3, W='F 7.5, ._ ' TVAR='FT,2,

! UKMAX='TS, ' CPS='F 6.3,' GASCP='F 6.4,% RHO='F8,4,' QC7='F7.2 )

12=72+71NC
LI(KL)Y=2PREY
TOK{ K1) =TVAR
TUHK1)=TPREYV
CHARDN(KI1)=ROCHAR

STORE THE TEMPERATURE PROFTLE FOR LATFR USF TN THF SOLUTIDON
OF THE MUOMENTUM EQUATION,

ABL 2
ABL?2
ABL 2
ABL?2
ABL?2
ABL?2
ABL2
ABL2
ABL2
ABL 2
ABL 2
ABL?2
ABL 2
ABL?2
ABL?2
ABL 2
ABL2
ABL?2
ABL?
ABL?2
ABL 2
ABL2
ABL 2
ABL 2
ABL?
ABL?2
ABL 2
ABL?
ABL?2
ABL 2
ABL?2
ABL?2
ABL?
ABL?2

443
444
445
446
467
448
449
450
451

452
453
454
455
456
457
458
459
460
461
462
463
466
465
466
467
468
469
470
47

472
473
474
475
476

69V



PRINT 153,REAC1,CPB]1,CPB2,7PRFYV
153 FORMAT(1X,'REACYL='D15,7,+* CPB1='D15.7,' CPB2='D15%5.7,
1' ZPREV='F15.,7/) '
K1=K1+1
TF({K1.6F.2991K1=299

THE NUMRFER OF DIMENSIONES OF TARLE,T1 AND 21,

OO

————— K1 SHOULD NEVFR BE GREATER THAN 299 TO AVOID VIDLANTING THE
GOTN1IM

150 Te=TC
WFINAL=W
C TL=FINAL TEMPERATURE
PRINT 1140 ,AVGFW W, TVAR,KMAXCPSyGASCP,RHO,QCZ
PRINT 142,TC +H,DTC ,GASCP+DCDDO,GROUP,RFACT,CDO
PRINT 153,RFAC1,CPRY1,CPR2,ZPRFEV
- TOK(KY1)={(T(+459,69) /1.8
TI{K1)=TL
CHARDN({K1)=ROCHAR
c
(0, e ok o o o o o g o X o e o oo i e o o e o o o o ol ok o oo o e ol e o o e e oo e ok o e ke el e ok ook ok e o
o L R T T T T T T T T T ST T T R T S S L R P R g P P g

C *
Cmmem—- THE TEMPERATURF PROFILE HAS BEEN DEFINED , : %
- *

(oo de dk X o ok 40 ok ok ko oot ot ool o ok o ok ok oo e e el ol oo o e e R g ok e ke e o e o e ol R ot & ok
2 RS 23 2 T T R T L Y Y T I T ST T T T T e T
c .
DELYT=TL-T1(1)
C DELTYT=TEFMPERATURE DROP ACROSS THE CHAR(OF)
71{K1Y=712

ABL?2
ABL ?
ARL?
ABL 2
ABL2
ARL 2
ABL 2
ABL?2
ABL?
ABL?2
ABRL 2
ARL 2
ABL?2
ABL2
ABL?2
ABL2
ABL 2

. ABL?2

ABL 2
ABL?
ABL?
ABL?2
ABL?2
ARL 2
ARL2
ABLZ2
ABL 2
ABL2
ABL 2
ABRL?2
AL 2
ABL 2
ABL 2
ABL 2

477
478
479
480
481
482
483
4R4
485
486
487
488
489
490
491
492
493
494
495
496
497

498

499
S0n
501
502
503
504
508
sSN6
SN7
508
519
510

oLv



OO0

OO0 OO0

154

155
156

PRINT THE TFMPEPKTURE AND THE DENSTTY PROFILE

PRINT 154

FORMAT(1H1y TXy*TI(OF) 'y OX,'TIOK)*, 11X,*2")
DN 156 T=1,K1

PRINT 155, TL(I),TOK(T),Z1(1)
FORMAT({1X,4E15.7)

CONTINUE

DISTAN=Z1(K1)-71(1)

- - —

DISTAN 1S THF THICKNESS OF THE CHAR. |
CALCULATINN OF THE PRESSURE PROFTLE IN THE
CHAR USING STMPSON'S RULE FOR THE INTEGRATION
OF THE MOMENTUM EQUATION FOLLOWS.

45=19

JS=NUMBER OF SLICES IN THE CHAR

HS=D ISTAN/FLOAT (JS)

HS=INCREMENT OF GRID(IN FEET)
INTTIALIJE

SiMpL =1,
STMpP2=1,
ITEMP=K1

ABL2
ABL 2
ABL2
ABL 2
ABL 2
ABL 2
ABL 2
ABL 2
ABL 2
ABL 2
ABL 2
ABL 2
aBL?
ABL 2
ABL 2
ABL 2
ABL2
ABL 2
ABL2
ABL 2
ABL?
ABL 2
ABL 2
AR ?
ABL?
ABL?
ABL ?
ABL 2
ABL 2
ABL 2
ARL 2
ARL 2
ARL 2
ABL 2

511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
53¢
531
532
532
534
535
536
537
538
530
sS40
S41
562
543
544

LYAY



OO,

TTEMP=TOTAL NUMBER OF TEMPERATURE POINTS STORED

LS=JS+1
WELUX( 1 ) =WT
IX(LS)Y=21{K1)
TP{LS)=TL
PILS)=PL

THE INTEGRATION OF THE MOMENTUM EQUATION IS PERFORMED

FROM THE FRONT SURFACE OF THF CHAR TQO THE RACK SURFACE.
THE INTEGRATION OF THE ENERGY FQUATION, ON THF OTHER

. HAND, WAS PFRFORMED FROM THE VIRGIN MATERIAL TO THE FRONT

SURFACE OF THE CHAR. BRECAUSE THE DIRFCTION 0OF INTEGRATION
OF BOTH EQUATIONS ARF DIFFERFNT IT IS NECFSSARY TO RFE-
DEFINE Z=5., AT THE FRONT SURFACE OF THE CHAR,

ACNON1=2,6693E-3
ACONS=2,42/73600.
ACONT=778,16/32.2
MS=2N
HSTMPI=HS/FILOAT(MS)
MDP=MS+1

NO26NMN=1,JS
NBAR=N-1

HN=NBAR

LO=LS-NBAR
ITX(UOY=7X{LSY-HN%EHS
ZY(MP)=ZX(LU’

AR 2
ABL?
ARL 2
ARL 2
ABL 2
ABL 2
ABL?
ABL2
ABL 2
ABL 2
ABL?
ABL ?
ABL?
ABL2
ARL 2
ABL 2
ARL2
ABL2
ABL 2
ABL 2
ABL 2
ABL?2
ARL 2
ARL?2
ABL?
ABL ?
ABL?
ARL ?
ABL 2
ABL?
ABL?2
ABL?
ABL?
ABL 2

545
546
547
548
549
550
551
562
553
554
555
556
557
558
559
560
561
562
5673
564
565
566
567
568
569
570
571
572
573
574
578
576
S77
578

Ly
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——

DEFINE MP AS THF TNTAL ND. OF POINT DVER WHICH SIMPSONS®S

RULE IS 7O BF APPLIFED

NO241M=1,MP
MBAR=M~1

HM=MBAR

MD=MP-MRAR

ZY(MD)=7Y(MP) -HM&HSTMPL
ZVAR=7Y (M)
IF(ZVARLLELZ1(1))ZVAR=71(1)

FOR A SPECIFIED CHAR DISTANCE OBTAIN THF
CORRESPONDING TEMPERATURE FROM THE TEMPE-
RATURE PRNOFTLE

CALL INTRPL{ZVAR 71,71 ,ITEMP,TVIS)

TVIS IS THE INTERPOLATED TEMPERATURE IN OF
WHICH CORRESPONDS TN THE VALUE OF ZVAR

TK=1459.694TVIS) /1.8
TK=TEMPERATURE IN KFLVIN
DO27ST=1,NC

TKE=TK/FK{T)

FOR THFE VALUE OF INTERPOLATED TEMPERATURE FTIND
THE CORBESPONDING COLLISTON INTEGRAL TN CALCULATE
THE PURE GAS VISCOCITY USING THE METHDD OF WILKE=-JNHNSON

ABL 2
ABL 2
ABRL 2
ABL2
ABL?2
ABL?2
ABL 2
ABL?
ARL?2
ABL?
ABL 2
ABL?2
ABL2
ABL 2
ABL2
ABL 2
ARL?2
ABL 2
ABL?
ABL?
ABL?2
ABL 2
ABL?2
ARL?
ABL?2

ABL 2

ARl 2
ARL 2
ABL?
ABL 2
ABL 2
ABL 2
ARL 2
ABL 2

579
580
581
582
583
584
586
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
6N
605
6Q6
6N7T
608
609
610
611
612

ELY
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205
206

215

216

CALL INTRPL(TKE ¢ XTKE o Z0MGA NDATA , IMGA )
OMGA=COLLISTON INTEGRAL

VIS(T)=2.6603E-3%SORT(FW(IIETK)/(SIGLI)*%2%0OMGA)
TVAR=TK
DN218KL=3,NN5

INTERPOLATE FOR THE DATA GENERATED IN KINET

CALL INTRPL (TVAR,TABLE(1,1),TABLE(],KL),KMAX,VARY)
TFIKL.GT.4)G0OT0B216

KMAX=NUMRER 0OF DATA POINTS STORED

IF(KL.EQ.4)GOTD215
AVGFW=VARY

GNTN21R

W=VARY

GDTN218

Y{KL-4)=VARY
TE{VARY.GT.D,IGNTN217
Y{KL=-A)=1,E-70
TF(M,57.1150TR218
ToELOY=TVIS
WELUX(LD) =W
KYCNMP=KL -4
YCOMPIKYCOMP L, L.O)=Y(KYCOMP)
CONTINUT

VMT X=9,

DO236S=T1,NC

TEFaM=],

ABL 2
ABL ?
ABL 2
ABL 2
ABL 2
ABL 2
ABL 2
ABL?2
ARL ?
ABL?2
ABL?2
ABL 2
ABL2
ABL2
ARL 2
ABL2
ABL 2
ARL 2
ABL 2
ABL 2
ABL 2
ABL2
ABL 2
ABL 2
ARl 2
ABL2
ABL?
ABL?
ARL 2
ABt 2
ARL ?
ABL 2
ARL 2
AR 2

613
614
615
616
617
618
619
620
621

622
623
624
625
626
627
628
629
6130
631

632
633
634
615
636
637
638
639
640
6461
642
663
644
645
646

PLY



256

N2 37 =1 ,4,NC

IF(LEQ.JIGNTH23N
TOPY=(1.+SORT(VIS(J)/VISIL)IY%SORTISQRT(FWIL)Y/FW(J))) )&%
BRNTV= SORT(2.)%xSORT(1 ,+FW{J)/FWlL))I%2,
PHIV=TDPV/RADTY
TERM=TERM+PHIVE(Y(L) /Y(J))

CONTINUE .
VMIX=yMIX+VIS{J)/TERM

CONTINLE

VISCNS=VMT X%ACDNS

PRANDIMD)I=TVISEVI SCRS*W/AVGFW
TTMO)=TVIS/AVGFWR(Wx%2)

CONTINUE

IX{LO-1)=72X(L0)~-HS

\

COMMENCE STMPSON'S RULE INTEGRATION

SymM1=0,

SUM?2=0,

SUM1=1,

SuMa=A,

MODND=MP-=2

DO25SKP=3 , MODD 4 2

SUM1=SUML+2, «PRON (KP)

SUMI=SUM342, xTT(KP)

MEVEN=MD-]

NO256KP=2,MEVEN,2

SUMP2=SUM2+4, 2PROD (KP)

SIMA=SUMLH+4 , TT(KP)

SIMP 1= (HSTMPL/3.0) *(PROD (1) +SUMI+SUM2+PRON(MP) ) +STMP)
STMPI=(HSIMPT /3,01 % (TT(1)+SUMR4SUML+TT(MD) ) +STMP?
FR2=T78,16/32,2
PILI=1)=SORT(PL* %2+ {2, %RR)#FR2% (ALPHA*S TMP1+BETA%S IMP2 ) )

ABL?
ABL 2
ABI 2
ABL?
ABL?2
ABL?2
ABL 2
ARL?
ABL 2
ARL 2
ABL?
ABL 2
ABL?2
ABYL 2
ARL 2
ABL 2
ABL?
ABL?
ARL 2
ARL?
ARL 2
AR 2
ABL2
ABL 2
ABL 2
ARL 2
ARL 2
ABL ?
ARL 2
ARL?2
ARL?
ARL 2
AR ?
ARL?

647
648
649
650
651
652
653
654
65%
656
657
658
659
660
661
662
663
664
665

666

667
668
669
670
671
672
672
674
675
676
677
678
679
680

fla

ul
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260 CONTINUE | ABL2

ABL2

ABL 2

----- CALCULATF THE SURFACE HEAT FLUX,QL,THE RERADIATICN, OR, ABL 2
AND THE TOTAL AERODYNAMIC HEATING,QA. ABL2

ABL 2

ABL 2

261 QL=0CZ ABL 2
262 QR=EMIS*SIGMA*(TL+459,69) %%4 ABL?2
QA=QL+0QR ABL2

. , ABL 2
TPI1)=T1(1) ABL 2

ABL 2

----- PRINT QUTPUT | . ABL 2
. ABL2

2603 PRINT 597 ABL 2
597 FORMATULHL////1//7) ABL 2
5982 PRINT 5984 ABL 2
5984 FORMAT(35X, 'INDEPTH FLOW ANALYSIS(NON~EQUILIBRIUM ELONY®//) ABL 2
5986 PRINT 5999 | . ABL 2
5990 FORMAT(12X,51H ~ THEORET ICAL /ABL 2
1/7) . ABL 2
PRINT6D0,TL1(1),NC ‘ ABL 2

600 FORMAT(1RX,'CHAR BACK TEMPERATURE (OF)=*F7.1,13X,*NUMBFR OF GAS CDABL?
LMPONENTS=913/) ABL 2
THICK=D ISTAN%12, ABL?2
THICK1I=Z1(1)*12, - ARL?2
PRINT 672, THICK, THICKL ABL 2

502 FORMAT(18Xy *THICKNESS OF CHAR(INCHES)I='F8.646Xy' THICKNESS OF DECOMARL 2
1POSTTION ZONE='FB,6/) ABL 2
0C77=0C2-0C7T ABL2
PRINT 674, WTOTAL , WELUX (LS ARL ?

604 FORMAT(LIAX,'TOTAL MASS FLUX{LBS/FT2-SEC)I="F7.646X,29HGCAS MASS FLUXARL?
1 AT THE SURFACE=1X,F7.6/) ABL 2

681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
™1
702
703
704
705
T06
07
708
709
T10
711
712
713
114

9LV



611

603

605

606

607

608

619

PRINT A11,TFEMAX,VR

ABL 2

FORMAT(18X, *FRONT SURFACE TEMPERATURE(OF)="Fh.1,5X,*SURFACE RFCESSARL 2
1ION VELDCITY(FT/SEC)I=*FT7.5/) ABL?2

PRINT 6n03,QCZ7,QC271

ABL?2

FORMAT({25X, *RATE OF HEAT ABSORBED IN THE CHAR Z0ONE(BTU/FT2-SFC)=' ABL2
IFQ.44//25Xy *RATE DF HEAT ABSORBED IN THE DECOMPOSITION 7ONF(RTU/FTABL?

22=-SFC)=*F9.4/) ABL?2
HCHAR=QCZZ2/QCZ*1n0, ABL 2

HOECDOM=QCZT/Q0CZ*100, ABL2

SUM=REAC1+CPB1l+CPR?2 ABL2

HGAS=CPR1/SUM*]1 00, ABL?2

HSOLID=CPR2/SUME]1 0N, ABL?2

HREACT=REAC1/SUMX100, ABL 2

PRINT 695,HCHAR ABL2

FORMAT(25X, 'PERCENT OF TOTAL HEAT ABSORBED IN THE CHAR ZONE='F15,TABL?2

17) ' ABL 2
PRINT 606,HDECOM ABL?2

FORMAT(25X, '*PERCENT OF TOTAL HEAT ABSORRBED IN DECOMP-20ONE='F1§,7/)ABL2

PRINT 60N7,HGAS ABL 2

FORMAT(25X, "PERCENT 0OF HEAT ABSORBED BY THE GAS IN THE CHAR ZONF='ABL?2

1€15.77) ABL?2
PRINT 6178,HSOLID ABL 2

FORMAT(25X, *PERCENT OF HEAT ABSORABFD RY THE SOLIDS IN THE CHAR ZONABL?2

1E='C£15.7/) ABL 2
PRINTY 610,HREACT ABL2

FORMAT(25X, *PERCENT NF HFAT ABSORBED RY RFACTION IN THE CHAR 70ONE=ABL?2

1'£15.7/7) - ABL ?
PRINTS86 ABL 2

FORMAT(1HL) ABL2

ABL?

-===PRINT QUTPUT PARAMFTERS CORRESPONDING TO JS, GRID SIZE ABL?
ABL 2

IKE=1 ARL 2

MIKE=5 ABL?

715
716
117
718
719
T20
721
722
723
724
725
726
727
728
729
730
731
732
733
T34
735
736
737
738
739
740
741
742
743
T4
745
T46
747
748

LLY



LIKE=1

2602 PRINT 597

2667 PRINT 5924
IF{LIKE.GT.1)IGO TO 265
PRINT2650,DELTT

2650 FORMAT(35X,23HTEMPERATURE DROP (OF) =,1X,F20.1/)
DELP=(P{1)~-PL)
PRINT2651,DFELP

2651 FORMAT(3S5X,24HPRESSURE DROP (LB/FT2) =,1X,F19,1/)

: PRINT2652,0L

2652 FORMAT(35X,33HSURFACE HEAT FLUX {(BTU/FT2-SEC) =,1X,F1N.2/)
PRINT2653,0R

2653 FORMAT(2I5X,37HRADTANT HEAT FLUX BTU/FT2-SEC)=,1X,F11,2/)
PRINT2654,0A

2654 FORMAT(35X,35HAERODYNAMIC HEAT FLUX(BTU/FT2-SEC)=,1X,FB,2//)

265 PRINT272D,{ZX(KK) 4KK=TKE y MIKE)

2720 FORMAT(14Xy15HCHAR DEPTH (FT)6X,5F13,4)
PRINT2721 4 ( TP{KK) s KK=TKE 4 MIKE)

2721 FORMAT(14X,16HTEMPERATURE (OF),5X,5F13,1)
PRINT2T73D3(P{KK) yKK=TKE yMIKE)

2737 FORMAT(14X,1 THPRESSURE (LR/FT2),4X,5F13,.1)
PRINT2723, { WFLUX{KK) ¢ KK=TKE 4 MTKE)

2723 FORMAT( 14X, 21HMASS FLUX{LR/FT2-SFC),5F13,.4/)
PRINT2724 '

2724 FORMAT()14X,66H GAS COMPONENT . COMPOSITINN (
IMOLE/MOLE GAS)/) :
TF(KEY.GT,116G0TN2727
DN 2723 KICK=1,1S
DO2728LL=1,NS :
YCOMP{LL,KICK)=YT(LL)

2728 CANTINUE

2727 DN2729LL=1,4NS
YCOMP (L L,1)=YT(LL)
PRINT 27254LLySPCIFLILL) 4SPCIE2(LL) o {YCOMP{LL,KK)yKK=IKE,MIKF)

ABL2
ABL 2
ABL?
ABL 2
ABL 2
ABL2
ABL2
ABL 2
ABL2
ABL2
ABL2
ABL2
ABL?2
ABL2
ABL 2
ABL 2
ABL 2
ABL 2
ABL?
ABL?2
ABL 2
ABL 2
ABL 2
ABL 2
ABL 2
ABL?
ABL?2
ABL 2
ABL 2
ABL?
ABL 2
ARL 2
ABL?2
ABL2

749
750
751
752
753
154
755
756
157
758
759
760
761
762
763
7164
765
766
767
768
769
770
771
772
773
T74
T75
116
77
778
779
780
781
782

8LY



2725
27129

2800
300

FORMAT(12X,12,2X42A3,11X,5€E13.4)
CONTINUF

IF{MIKE GE.LS)IGO TO 2800
LIKE=LIKE+]

MIKE=MIKE+S

TKE=TKE+5

G0 TO 2602

PRINTS586

STOP

END

ABL?2
ABL 2
ABLZ2
ABL2
ABL 2
ABL?2
ABL?2
ABL2
ABL 2
ABL2

783

T84
785
786
787
788
789
T90
791
792

6LV
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SUBROUTINE CPMIX{T,NN,CPMX)

THTS SUBROUTINE COMPUTES THE MOLAL HEAT CAPACITY

OF A NDN-REACTING GAS. 1T IS ONLY USE FDR THE

FROZEN FLOW CASE,

COMMON/KB/ATI30) 4BI(30),CT(30),DI(3D),FI(3N),AIT(30),
RITC3C),CTIT(3GY,0TT1(30),ETT(30),TLOW(2D)

COMMON/ZKM/XMDOL(3D)

DIMENSION CP(30)

RR=1.,98726

CPMXYX=HEAT CAPCITY(BTU/LB-MOLE-OF)

CALCULATE THE HEAT CAPACITY OF EACH INDIVIDUAL SPECIE,

CPMXx=7,
DO 3 I=),NN
IF{ T.GT.TLOW(T)YIGOTOL

CPUTI=(ATTI{II+CC(ETIT(IIXT4DTTI(II)I*THCIT(T)I%T+RIT(I)I%TI*RR

GNTO2
CPUTI=(AT(I)+(({FT{I)XT+DI{T))RT+CTI(TIII&T+RI(T))I*T)%RR
CPMX=CPMX4CP(T)xXMOL(T)

CONT INUF

RE TUBN

END

CPMT
ceMl
CPM]
cPMt
cPMI
CPMT
cPmil
cemi
cPMmI
cPM1
CPMIT
CPM]
CPMT
CPMI
CPMI
cemt
cpPM1t
CPMI
164, B
cPMI
cPMl
CPMY
CPMY
cPMI
ceMr
CPMI
CPMT
cemi
CPMI

D DN NA D DN -
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SUBROUTINE INDPTH(TC, CDOV,DCDOV,GASCP Qs CPV,RHO,TVAR,

1 DELTKK, N'DELZ'VR WyH)

DIMENSTON DRHGODT(5)

INDEPTH SUBROUTINE CALCULATES THE PHYSICAL PROPER-
TIES FOR THE VIRGIN MATERIAL AND PYROLYSIS GASES.

T=TEMPERATURE IN FARENHEIT.
IFI(N.GT.1)GOTQ2 ’
DCDOV=.338983€E~-8

READ 14A48,Cy0,E

A THROUGH E ARE CONSTANT FOR THE HEAT CAPACITY OF THE

VIRGIN MATERIAL.

FORMAT(5E12.6)

CDOV=THERMAL CONDUCTIVITY OF THE VIRGIN MATERIAL
(BTU/(FT-SEC-OF))

CDOV=1.266102E-5+.338983E-8%TC

DCDOV=RATE OF CHANGE OF CDOV WITH THEMPERATURE.

T=T1C

IF(T.GT.750.160703

T2=TC*T

T3=TC*T2

T4=TC*T3

CPV=HEAT CAPACITY OF THE VIRGIN MATERIAL{BTU/LB-OF)
CPV=A+RRT+(XT24D2T3+E*T4
IFIDELTKKoGTo2e YJH=H*%2, /DELTKK

CALL PHMCR(TVARDFELTKKyQPHNLC , GMICRO,N)

IF{TVAR.GE.789.)G0TQ2%50

INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDOP
INDP
INDP

-INDP

INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP
INDP

OO NITN D WN -

WWWWWANNNNNNNN NN o o o pot = i s s pt s
DPULWN=DOONPCPANDUNDOONITNDTUN~D

8%
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CALL NYLON(TVAR,DELTKK,QNYLON)
50702190
200G QNYLON=O,

210 CALL ONSITY(RHO4TVAR,DELZ VR yNeDRHODT yWyH)
Q= (ONYLDN*DRHODT(I)*QPHNLC*DRHODT(Z)+QMICRO*DRHODT(3))*l-l 8)
RETURN
END

INDP
INOP
INDP
INDP
INDP
INDP
INDP
INDP

35
36
37
38
39
40
41
42

z8v
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SUBROUT INE CHARPR
CHARPR SUBROUTINE CALCULATES THE EFFECTIVE THERMAL
CONDUCTIVITY AND.HEAYT CAPACITY OF THE CHAR.

COMMON/KF/CPS+CDO,DCDOy JCHAR,TC

T=TEMPERATURE IN RANKINE

TC=TEMPERATURE IN FARENHEIT

CPS=HEAT CAPACITY OF CHAR(BTU/LB-0F)
COO=EFFECTIVE THERMAL CONDUCTIVITY(BTU/FT-SEC-OF)
DCDO=RATE OF CHANGE OF CDO WITH TEMPERATURE

1C2=TC=*TC

TC3=TC2%*TC
IF(TC.GT.2500.1G0T0Q507
T=TC+459.7
CPS=0.434¢3,6E-5%T-8T7.2E3/7(T%7)
IF(TC.LT.1000.)CPS=0.39
CPS=0,.52 . ’
CDO0=11.57TE~-5+5,3E-15%TC3
DCDO=15.9E-15%TC2

RE TURN

END

CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR

CHAR

CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
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"SUBRDUTINE PHMCR(T,DELT,QPHNLC yQMICRN,LK6)
DIMENSION A(4) (B (4)4,C{4),D(4),E(4),AL14),4RB1(4),C1(4),D1(4),F1(4)
THIS SURROUTINE COMPUTES THE HEAT DOF PYROLYSIS OF PHENOLIC,
BASED ON THE DATA OF SYKES AND NELSON(THERMOANALYSIS OF

ABLATION MATERIALS)
IF(K6,G6T.1)GOTO4

NUMBER=4

ARFA=1350,

ARFAl=1464,

READ1,NUMRFR,AREA,AREA1]
FORMAY(16,2F1C, R)

D0O21=1,NUMREFR
READ3ZA(TI)HBLT),CUI) DI, ELI)
READ3,AL(T)4BI(T),CL{I),DY(I),EL(])
FORMAT(5F12.8)

IF(T.LT.623.)6G0T05
IF(T.GT.1NT73,)60T05

1=1

IF(TaGT 748 AND T LT,.798,)1=2
TF{T.GT.798. . AND.T,LT.B98,)1=3
lF(T-GT.quo’I=4

DT=(T~-623.)

DT2=DT%DT

DT3=DT2%DT

DT4=DT3*DT

CALCULATE THF HEAT NF PYROLYSIS NF PHENOLTIC(QPHNOL)
HEA(T)4#B(T)=DT+CUT)%DT2+D(1)12DT3+F(T1)*DT4
APHNLC=H%DFL T%69,3]12/AREA

69.312=TOTAL HEAT ABSORBED BY THE DECOMPOSITION OF
PHENOLIC IN CAL/GRAM,

CALCHULATE THE HFAT 0OF PYROLYSTIS 0OF PHFENOLIC MICRO-
BALLODNS(QMICRO)

PHMC
PHMC
PHMC
PHMC
PHMC
PHMC
PHMC
PHMC
PHM(
PHMC
PHMC,
PHMC
PHMC
PHMC
PHMC
PHMC,
PHMC
PHMC
PHMC
PHMC,
PHMC
PHMC
PHMC
PHMC
PHMC
PHMC
PHMC

- PHMC

PHMC
P HMC
PHMC
PHMC
PHMC
PHMC

ODNONH W=

N N it st st ot g gt posh pod b gt
v-o,‘omqombwmr-c

22
23
24
25
26
27
28
29
3n
31
32

33

34
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)

I=1

IF(TGT 7130 AND T LT, 798.)1=2"
IF{T.GT. 798, ., AND.T,LT,913,.)1=3

IF(T .GT.913.)1=4

H=AT(I)+BI( T *DT4+CLII)*DT2+D1( 1) %2DT3+EL(I) DT
OMICRO=H*DELT*90,822/AREAL

90.822=TOTAL HEAT ABSORBED BY THFE DECOMPOSITION OF
PHENOLIC MICRO-BALLOONS IN CAL/GRAM,

RETURN

QPHNLC=0,

QMICRO=0.

RETURN

END

PHMC
PHMC
PHMC
PHMC
PHMC
PHMC
PHMC
PHMC
PHMC
PHMC
PHMC
PHMC
PHMC

35
36
37
38
39
40
41
42
43
44
45
46
47
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SUBROUTINE NYLON(T,DELT,OQNYLON)

THIS SURRDUTINE COMPUTES THFE HEAT OF PYROLYSIS OF NYLON
BASED DN THE DATA OF SYKES AND NELSON(THERMOANALYSIS OF
ABLATION MATERTALS)

SLOPF=SLOPE OF LINE OBTAIN FROM SYKES AND NELSON'S DATA,
ONYLON=D.
SLOPE=1. 6086957

AREA=1122, :
AREA=AREA UNDER CURVE OF FIGURE-2(DIFFERENTIAL THERMAL
ANALYSIS) BY SYKES AND NELSON
CONST=1590,5T38/AREA
IF(T.LT.647.)1G0TNg
IF(T,G67,699,160TN?2
IF(T.GE.689. ,AND. T.LE.699,)G0TD1
H=SLOPEX{T-647.)

G0T03

H=24,4

GOTND3 .

DH=SLOPE*{T-693,)

H=28,0-0H

IF( TeGEWLT739,)H=0,

ONYLON=DEL THH*CONST

RETURN

END

NYLOD
NYLO
NYLO
NYLOD
NYLD
NYLD
NYLD
NYLOD
NYLOD
NYLO
NYLO
NYLD
NYLO

" NYLD

NYLD
NYLO
NYLD
NYLOD
NYLOD
NYLOD
NYLO
NYLD
NYLO
NYLD
NYLD

NYLD

DDNOITNP DN -
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SUBROUTINFE DNSITY(RHO,T 4DELZ 4VR K6y DRHODT Wy H)

===THTS SUBROUTINE CALCULATES THE DENSITY OF PHENOL IC-NYLON

COMPOSITES AS A FUNCTION OF TEMPERATURE--BASED ON DATA
NDF SYKES AND NELSON(THERMOANALYSIS OF ABLATION MATERIALS)

COMMON/KK/WTOTAL,,RROTIT
REAL*%8 RHOT

DIMENSION RHOI(5) 4RHOT(5)4RHOC(5)+A(T),E(T)RATERI(T),
1DRHODT{5) ¢ XN{5,7) ,FRAC(S) yRHDVOL(S)

DIMENSTON MASFRC{S5) ,MASFLX(5),VOLUME(S5),VOLFRC(5),DELFLX(S)
DIMENSION RHOCC{S) ,DRHO(S)

INTEGER COMPST

REAL MASFRC,MASFLX

TF(K6.6T.1)60TQ7

--—-READ INPUT

RFEAD 1,COMPST,NREACT
FORMAT(216)

COMPST=NUMBFR OF COMPOSITE MATERTALS DFGRADING DURING
ABLATION,

NREACT=NUMBER OF PSEUDD-KINFETIC REACTIONMS USED TO DES-
CRTIBF THE DEGRADATION OF THE ABLATIVFE COMPOSITES.

DNST
DNST
DNSI
DNST
DNST
ONS1T
DNST
DNSI
DNSI
DNST
DNST
DNST
DNST
DNST
DNSI
DNSI
DNS1
DNSI
DNST
DNSI
DNST
DNST
DNSI
DNS}
DNST
DNST
DNSI
DNST
DNST
DNST
DNSI
DNSI
NDNSTY
DNST

pus
DDDNOO NP WA

NN NN NN o ot pod post st pud et P st
NPWN=DDLDONPPNDWON -

26
27
28
29
30
3
32
23
34
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INITIALTZATION OF XN(T1,J),WHICH IS THE ORDER OF THF
REACTINON

D02J=1,NREACT

DN21=1,C0OMPST
XN(T,J)=0,

A{ J)=FREQUENCY FACTOR(SEC-1)

E(J)=ENERGY OF ACTIVATION{JOULE/{MOLE))

R=8,314

R=8,314{JOULFE S/ (MOLE-0OK))
RHOT(1)Y=68,6(NYLON)
RHOT(2)=8D.N(PHENOLIC RESIN)
RHOT(3)=17.8(PHENOLIC-MICROBALLOONS)
RHOC(1)=68,6%0,075=5.145
RHOC{2)=80,0%0,541=43,28
RHOC(3})=17,8%542=9,6476 -

MASFRC(I1)=D.4
MASFRC{2)=0.25
MASFRC(3)=0.35

INITIALTZE

XN(T,J)=0RDER OF THE KINETIC EXPRESSTON.

DNSI
ONS1
DNST
DNST
DNST
DNSI
DNST
ONSIT
DNST
DNST
DNST
ONST
DNSI
DNSI
DNSI
DNST
DNST
DONST
DNST
DNSI
ONST
DNST
DNSI
DNS1
DNST
DNST
DNST
DNS 1

DNST

DNST
PNST
NNST
DNSY
DNS1

35
36
37
38
39
40
41
42

43 .

44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68

88¥



DD3J=1,NREACT
4 FORMAT(4X,16,3E10,8)

READ 59y (RHOT(I),RHOCIT) MASFRC(I),1=1,COMPST)
5 FORMAT(3EL1N.4)

RHOT(I)=INITIAL DENSITY OF COMPOSITE 1
RHOC(T)=RESIDUAL DENSITY OF COMPOSITF 1
RHOT(1)=DENSITY OF THE COMPOSITE T AT ANY TEMPERATURE

———=-LET RHOT(I)=RHOI{(I) AS INITIAL CONDITION

D0 6 I=1,CNMPSY
RHOCC{ 1 )=RHOC(T)+0,N0Y1%RHOCI])
MASFLX(I)=D,

6 RHOT(I)=RHOI(T)

----- CALCUALTE THE VOLUME FRACTION OF EACH COMPQOSITE

SUMVOL =0,

NoO 6n 1=1,C0MPST

VOLUME(T)=MASFRCIT)/RHDTI(])
60 SUMVOL =SUMVOL+VOLUME(T)

DO 65 T=1,COMPST

VOLFRC(T)=VOLUME FRACTION OF FACH COMPOSITE

65 VOLFRC{T)=VOLUMELT) /SUMVOL

DNST
DNST
DNST
DNST
ONSI
ONSI
DNST
ONSI
ONSI
DNSI
ONSI

DNST -

DNSIT
DNST
DNSI
ONST
DNST
DNSI
DONS1T
DNSI
DNSI
DNSI
ONST
DNSI
ONS1t
ONST
DNST
DNST

DNST

DNSI
NDNSI
DNSIT
DNST
DNST

69
L)
71
72
73
74
75
76
77
78
79
80
81
82
83
84
8s
86
87
88
89
90
91
92
93
94
-1
96
97
9R
99

100

1M

102

687
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----- COMPUTE THE DENSITY OF THE COMPOSITE

RHO=DENSTITY OF COMPOSITE
RHN=1.,/SUMVOL

RHOTTI=INITIAL DENSITY OF COMPOSITE
RHOI I=RHD

----- CALCULATE THE TOTAL MASS FLUX

WTOTAL=TOTAL MASS FLUX{LBS/FT%%2-SEC)

WTOTAL=RHQI T *VR
PRINT 66,RHO,WTOTAL
66 FORMAT(1X,"INTTTAL DENSITY OF COMPOSTTE(LRS/FT%*3)='F10, 5,?x,
1'WTOTAL(LBS/FT%%2-SEC)='E15.7/)
7 RRR=10DIN, /{R%T)
RHOPRV=RHN
NO 9 I=1,C0MPSTY
SuM=1,
NO 8 J=1,NREACT
TEUXNIT2J).EQ.0. )GOTOR

RATER(J)=SPECIFYC REACTION VELOCTTY
ITF{RHAT(I) JLELRHOC (I IRHOT(TI=RHOCC(T)

DNST
DNSI
DNST
DNSIT
DNST
DNST
DNSI
DNSI
DNSI
DNST
DNST
DNST
DNSI
DNST
DNST
DNSI
DNSI
DNST
DNST
DNS I
DNS1T
DNSI
DNS1
DNSI
DNSI
DNST
DNST
DNSI

- DNS1

DNSY
DNST
DNSI
DNST

RATER{J)=-RHOT{ I ) *{(RHOT(I)- RHUF(I))/RHOI(I))**XN(I,J)*A(J)*EXP(— DNST

103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136

oev



D000

1

90

10

E{J)*RRR)

SUM=SUM+RATER (J)

CONTINUE

DRHODT(I)=SUM :
IF(RHOTUI) JLELRHOCCLI))DRHODTLTI)=0,
CONTINUE

CONTROLLING STEP SIZE FOR STABILITY

TEST=0,

D3 90 1=1,COMPST
NDRHO(T)=-NELZ*DRHODT(I) /VR
TEST=AMAX1{TEST,,DRHO(T))
TF(TEST.GT.0. 1) H=H/2,
IFETEST LT, o NS)H=HR2
IF(HGT 2. 0RE-4)H=2.08E~4

DEL7Z=STEP SIZE IN FEET

IF(VR ,GE, 1. F=2.,AND,H.GT, 1.0 E-S)H=1,.E-5
DELZ=H
RHO=n,
W=0.
DOINT=1,COMPST

DELFLX{ T)==-DELZADRHODT(])

-

" DELFLXUT I=CHANGE IN MASS FLUX DUE TN A CHANGF IN THE

DENSITY OF THE COMPOSITES,

RHOT(T)I=RHOT(T)-DELFLX(T)/VR
RHOVOL(T)=RHOT(T)AVOLFRC(T)
RHO=RHO+RHOVOLI(T)

RHO=RULK DENSITY 0OF THE CNMPOSTITE
MASFLX{T)=MASFLX(T)+DFLFLX(T)
W=W+MASFLX(T)

W1=(RHOIT-RHQO) %xVR

//_'

DNST
DNST
ONSI
DNSI
DNSTI
DNST
DNSI
DNSY
DNSI
DNST
DNSI
DNSI
DNSI
DNST
ONST1
DNST
DNST
DNST
ONSI
DNS1
DNSI
DNSI
DNS 1Y
DNS1
DNST
DNST
DNSI
DNSI
DNST
DNST
DNST
DNSIT
PNST
DNST

137
138
139
140
141
162
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
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W=Wl NNSI

NN 190 1=1,COMPST DNST

100 MASFRC{I)=RHOVOL(T)/RHO DNSI
PRINT 11 4,RHO.DELZ VR,Ty¥W DNST

11 FORMAT(1X, '"RHO{DVERALL DENSITY OF ='F10.4," DELZ="E10.4,*'V="E10.4,DNSIT
1* T='E10.44" W="E13,5) NNST
PRINT 12 DNST

12 FORMAT(8X, 'VIRGIN MATERIAL)") DNST
DO 14 I=1,00MPST DNSI
PRINT 13,1 ,RHOT(T) ] ,DRHODT(I) 1 ,NDRHO(T),T,MASFRC(T) ONST

13 FORMAT(LX, *RHOT('T1,")='D12.6," DRODT('I1,*)="F12.6,' DRHO(*I1,*)=DNSI
1'F12.64' MASFRC('T1,')='F12.6) DNSI

14 CONTINUE DNSI
RETURN DNSI

END DNSI

171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
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SUBROUTINE CHARPR CALCULATES THE EFFECTIVF THEPMAL
CONDUCTIVITY AND HEAT CAPACITY DOF THE CHAR,

COMMON/KF/CPS,CD0O,DCD0, JCHAR, TC

T=TEMPERATURFE IN RANKINE

TC=TEMPERATURE IN FARENHETT

CPS=HEAT CAPACITY OF CHAR(BTU/LB-0F)
CDO=EFFECTIVE THERMAL CONDUCTIVITY(BTU/FT-SEC-0OF)
DCDO=RATE OF CHANGE OF CDO WITH TEMPERATURE

TC2=TC%TC

TC3=TC2*TC
IF(TC.GT.2500,)1G0TOSNT
T=TC+459.7
CPS=N.434+3,6E-5%T-87.2E3/(T2T)
IF(TC.LT.1000,)CPS=0,39
CPS=0.52
CON=11.5TE~-5+5,3E-15%TC3
DCDO=15,9E-15%TC2

RE TURN

END

CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR
CHAR

ot .
DOVDBDNFTADVN -
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WA r=e DO DO NDND NN -

g6b



[aNe]

AOOOOODOND

- -, -

607

608
609
610

611

612

613

SUBROUTINE INTRPL(VAR X, FyTMAX, SOM)

THTS PROGRAM PERFORMS LAGRANGIAN INTERPOLATION

. WITH NON-EQUAL.  STEP STZE BETWEEN PDINTS

F=DEPENDANT VARIABLE

X=INDEPENDENT VARIABLE

VAR=-VALUE OF X FOR WHICH CORRESPONDING VALUE OF
F IS DESTRED RY INTERPOLATION

IMAX=NUMBER OF POINTS IN ARRAY X OR F

SOM=VALUE OF INTERPOLATED DEPENDENT VARTABLE
NPTS=NUMBER OF POINTS USED FOR INTERPOLATION

DIMENSION X(100),F(100),XN{300),FN(300)
NPTS=3

XueP=1.E30
DO6111I=1,IMAX
T=VAR-X(1)
IF(T.GE.N.IGOTO6D9
T=-7
IF(T.GE . XUP)IGOTOSG1Y
IP=1

Xup=T7

CONTINUE

IN=1

NPP=NPTS+]
DO61AI=1,NPD
FN(I)=F(1IP)
XN{T)=X{1P)
IFLINGT.OIGNTNELA
10=1P-1

GOTN61S

10=1P+1
IF{IMAX.GF,TQIGODTN6L1S

INTR
INTR
INTR
INTR
INTR
INTR
INTR
INTR
INTR
INTR
INTR
INTR
INTR
INTR
INTR
INTR
INTR
INTR
INTR
INTR
TNTR
INTR
INTR
INTR
INTR
INTR
INTR
INTR
INTR
INTR
INTR
TNTR
INTR
INTR

DODNON D UWN -

pod pot gk ot pd ot kot ot
O BN RNDWN =D

2¢
21
22
23
24

- 25

26
27
28
29
3¢
31
32
33
34

1434



614

615
616

617

618

619
620

1p=1p~-1

GOTNAY 8 _
IF(IQ.GT.0)¥IGOTO617
IP=1P+1

GNTN618

I1P=10

IN=-1IN

CONTINUE

SOM=00

FACT=1,

DO620J=1,NPTS
SOM=SOM+FACTRFN(1)
DN61AI=JNPTS
[Q=1-+1
ENCTQI=(FN(TIQ+1)~=FN(TQ) Y Z{XN(I+1)=XN{TIQ))
FACT=FACT*( VAR=-XN{J))
RETURN

END

INTR
INTR
INTR
INTR
INTR
INTR
INTR
INTR
TNTR
INTR
INTR
INTR
INTR
INTR
INTR
INTR
INTR
INTR

35
36
37

38

39
40
41
42

43 .

44
45
46
47
48
49
50
51

- 52
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SUBRNOUTINFE KINET

--=KINET CALCULATES THE COMPOSITION ,RATE,AND HEAT OF REACTION FOR

THE KINETICS MODEL

REAL %8 C,FK,EK,RATER,722,H]11
REAL*8 CoFKyEKe XMULTR,XMULTP
COMMDN/KC/ICODE(20),Y1(30) 4 XFW(30)

COMMON/KCC/SPCTEL(30) ,SPCIE2(30),TABLE(300,26)42Z, INDPY
COMMON/KD/RSC(30,30) yPSC(30,30),NREX(30,30),NPEX(3N,30),
1AF(30) AEF(30) 4 SF(30) 4AK(30) ,RK(30) ,EKMAX(30), EKMIN(30),NCOEF(30)

COMMON/KEE/PL 4RRHyTZERO,EPSHKEY,NCyNS yMM,NQ
COMMON/KG/ENT(30) ,RATE(30) 4 T,HEAT]1,SUM?
COMMON/KH/KSP1,NEQ :
COMMON/KI /KNy KT yOTC 4HEAT 4 WEPS ,K2, AVGFH'KB 124DELZ,H
COMMON/KJ/DELTK, TVAR

COMMON/KQ/Z222

DIMENSION RATIO(30) ,RATERR(3D)

DIMENSION TAU(3Q®)

DIMENSINN EXKK(20),EK(3D)

DIMENSION FLUXMO(30) ,FLUXMA(30),C(30),PERCE(3D),
1 TEST(30),FK(30),RK(30),RATER(30)
DIMENSTION NSTORE(30),RATEL(30)

DIMENSION DLFLUX(30)

KEY=3({NONFEQUILTBRIUM FLOW)
DFLZ=FINITE DIFFERENCE STEP STZF IN CM,

TF(K7.6T.11G0TNT74
IPRINT=N

KSP1=TNTAL NUMBER NF CHEMICAL SPECIES(SOLID + GASES)

KINE
KINE
K INF
KINE
K INE
K INE
KINE
KINE
KINE
KINE
KINE
KINE
KKINE
CINE
KINE
K INF
K INE

K INE

KINE
KINE
KINE
K INE
KINE
KINE
KINE
K INF
KINE
KINF
KINE
K INE
K INE
KTINE
K TNE
K INE

[
DODNOADUWN -
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KSP=NUMBER NF GASFNUS SPECIES
KSP2=KSP1+1 (USED TO IDENTIFY THIRD BODY REACTIONS)

INITIALIZATION OF PARAMENTERS

KPASS=0
H=1,E-6
KSP1=NS
KSP=NC
KSP2=KSP1l+1l
KOS=NS+4
N=0 '
K2=19

122=12
K44=0

Y1( T )=MOLE FRACTION OF THE CHEMICAL SPFCIES
KSP2=KSP1+1 (USED .TO IDENTIFY THIRD BODY REACTION)

DO 83 I=1,KSP2

Do 83 J=1,KSP2

RSCLIyJ)=D,

PSClI,J)=7,

NREX(I,J)=1 -

NPEX{T,J4)=) /
CONTINUE

RSC(I,4J)=STOCHIOMETRIC COEFFICIFNT OF THE REACTANT
J TN RFACTION [. :

PSCIT,J)=STOQCHTOMETRIC COFFFICIENT OF THF PRODUCTS,
NPEX(T,J)=POWER ON THF CONCENTRATION OF THF PRODUCTS.
NREX(T,J)=POWFR ON THE CONCFENTRATINN NF THE REACTANTS,

KINE
K INE
KINE
KINE
K INE
K INE
K INE
KINE
KINE
K INE
K INE
KINE
KINE
KINE
K INE
K INE
KINE
K INE
K INE
K INE
KINE
KINE
KINE
K INE
K INE
KINE
K INE
KINFE
KINE
KINE
KINE
KINF
K INE
K INE

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
s8
59
60
61
62
63
64
65
66
67
68

Le6V
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CNNVERT TO KINET UNTTS

ACON4=929,03N4/453,59
ACON41=ACON4*30,48
ACON44=1, /ACONG
ACONS55=30.48%%3/252,
WNEW=WEPS/EPS

W=WNEW

WNEW1=WNEW

XFW( I)=MOLECULAR HEIGHT OF SPECIE 1
INPUT SURBROUTINE READS IN THE KINETIC DATA

CALL INPUT1

KT7=2 . :
IF K7 1S GREATER THAN 1 CALL INOUT IS BYPASSED

P=pPL /2160,

P=PRESSURE(IN ATMQSPHERES)

R=82006

R AND RR ARE UNTVERSAL GAS CONSTANTS IN DIFFERENT UNITS,
CALCULATE - INITTAL AVERAGE MOLFECULAR WEJIGHT

SuM=0.

DN1J=1,KSP

SUM=SUM+XFW{J) %Y1 ()

AVGFW=SUM
ACON] =W/AVGFW*ACONSL

KINE
K INE
KINE
KINE
KINF
K INE
KINE
KINE
K INE
K INE
K INFE
K INE
KINE
KINE
K INE
KINE
K INE
K INE
K INE
KINE
K INE
KINE
K INE
KINE
KINE
K INE
KINE
KINE
KINE
K INE
KINE
KINE
KINE
K INE

69
70
71
12
73
74
75
76
77
78
79
80
81
82
83
84
8S
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102

86v
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ACONI=TOTAL MOLAL FLUX IN GRAM-MOLES/(CM2-SEC)

. CALCULATE'INITIAL MOLAL FLUX{FLUXMO--GM-MOLES/CM2-SEC)

DN2J4=1,KSP1
FLUXMO( J) =ACON1 =Y1 ( J)

CALCULATE INITIAL MASS FLUX(FLUXMA)

FLUXMA( J)=FLUXMO( J) *XFW(J)
WNE W2=W
TPREV=TVAR-5,

CONVERT STEP SIZE TO CENTIMETERS

DELZ7=DELZ%*30,.48

T=TVAR ‘
XDELTT=TVAR-TPREV

SuM1 =0, )
RRR=1000./7{RR%*T)
ACDONQ=R%®T/P

NNsJy=1,KSP

SUM] =SUML +FLUXMO( J) *ACONS

CALCULATE THE CONCENTRATION C(J) OF THE SPECTES(GM-MOLES/CM3)

SumM=n,

KINE
KINE
K INE
K INE
K INE
KINE
KINE
K INE
K INE
KINE
KINE
KINE
K INE
KINE
KINE
K INF
K INE
KINE
K INE
KINE
KINE
K INE
KINE
K INE
K INE
K INE
K INE
KINE
K INE
K INE
KINE
K INE
KINE
K INF

103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129

130

131
132
133
134
135
136

667
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s EeNeNeNeRaNaNe!

DO6J=1,KSP
CCII=FLUXMOLJI) /SUML
SUM=SUM+C( J)
C(KSP1)=SUM%Y](KSP1)

"C(KSP2)=SUM

- ——

C(KSP2)=CONCENTRATION USE FOR A THIRD RQDY REACTION

CALCULATE FK AND RK WHICH ARE THE FOWARD

'AND REVERSE REACTTION RATE CONSTANTS,

RY=R*T
EK=EQUILIBIRUM CONSTANT

DOTI=1,NEQ

909
902

7

-—— - — -

IF(SF(T1).£0.0.)GOTO900
FKOTI=AF(T)I&T®%(-SF{1))*EXP(-AEF (1) #RRR)
GOTO9N2

FKUT)=AF(T)*EXP(-AEF (T)*RRR)

A1=AK(T)

A2=RK(T) :
EKK{T)=EXP(A1+A2/T)

X12=EKMAX(T)

TFUEKKOT) W GTLEKMAXIT ) YEKKIT)=EKMAX(T)
TFCEKKET) W LT EKMINCI ) VEKK(T)=EKMINCT)
EK(I)=FKK{T)/(RTH&NCOEF (1))
RK(I)=FK{T)/EK(T)

CONTINUF -

CALCULATION OF REACTION RATE .OF SPECIF(J)

K INE
K INE
K INE
K INE
K INE
K INE
K INE
K INE
K INE
K INE
K INE
K INE
K INE
K INE
K INE
K INE
K INE
K INE
K INE
K INF
K INF
K INE
K INE
K INE
K INE
KINF
K INE
KINE
K INE
K INE
K INE
KINF
K INE
K TNE

137
138
139
140
14)
142
143
164

145 |

146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170

00Ss
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RATER{ 11=FK(1)*(C(3)-C(1)%C(B)/EK(1))
RATER(2)=FK{2)1%{C(3)-C(2)*C(9) /FK(2))
RATER{3)=FK(3)*(C(2)%C(2)-C(4)/7EK(3))
RATER(4)=FK{4)*(C(4)-C(5)%C(B)/EK(4))
RATER(S)=FK(S)*{C(5)-C(6)*C(8)/EK(S))
RATER(6)=FK{6)%(C{6)-C(B)/EK(6))
RATER(T7)=FK(T)®(C{6)-C(TI*C(Q)/EK(T))
RATER(B)=FK(8)*{C(16)-C(14)%C(8)/EK(8))
RATER(9)=FK(9)*{C(15)1-C(14)*C(14)/EK(9))
RATER(10)1=FK(10)%(C(8B)-C(9)*C(I9)/EK(10))

. RATER({11)=FK{111*(C(16)-C(17)%C(9)/EK(11))

RATER(12)=FK(12)%(C(9)%C(15)-Cl14)*C(1T)/EK(12))
RATER(13)=FK{13)*(C(15)-C(14)%C(18)/EK(13))
RATER(14)=FK(14)%(C(11)%C(B)-C(12)*C(16)/EK(14))
RATER(15)=FK(15)*({C(12)~ C(6'*C(6)*C(6'/EK(15))
no 121 I1=1,KSP1

" XJ=RATER(I)

IF(XJLT.O.IRATER(T) =1,
"CONTINUE A

RATE(1)=RATER(1)

RATE(2)=RATER(2) -2, *RATER(3)
RATE(3)=-RATER(1)-RATER(2)
RATE(4)=RATER(3)-RATER(4)

RATE(S5) =RATER(4)-RATER(S)
RATE(6)=RATER(S)-RATFR(6)-RATER(7)+3, #RATER(15)
RATE(7)=RATER(T) ‘

RATE(9)-RATER(1)+RATER(4'+RATER(5)+RATER(6)+RATFR(8) RATFR(IO)-

1 RATER(14)

RATE(9)=RATER(2)+RATER(T)42. #RATER(10) +RATER(11)-RATER(12)

RATE(1D)=D.
RATE(11)=-RATER(14)
RATF(12)—QATFR(14)-RATER(IB)
RATE(13)=0.,

K INE
KINE
KINE
K INE
KINE
KINE
KINE
KINE
KINE
KINE
KINE
K INF
K INE
KINE
KINE
KINE
K INE
KINE
K INE
KINE
KINF
KINE
KINE
KINE
KTINE
KINE
KINE
KINE
K INE
K INF
KINF
KINE
K INE
KINE

j A
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189

190

191
192
193
194
195
196
197

198
199

200

201

202
203
204

T0S



RATE(14)=RATER(8) 42, *RATER(9)+RATER(12)+RATER(13) KINE 205

RATE(15)=-RATER(9)-RATER(12)-RATER(13) KINE 206
RATE(16)=—RATER(8)-RATER(11)+RATER(14) KINE 207
RATE(1T)=RATER(11)+RATER(12) KINE 208
RATE(18)=RATER(13) KINE 209
RATE(19)=RATER(6)%2.-RATER(8)-RATER(9) . KINE 210
RATE(J)= REACTION RATE(GRAM-M/LES/(CM3-SEC)Y) FOR SPECIE J. KINE 211
KINE 212

TPREV=TVAR ' KINE 213
K44=K444+1 . KINE 214
DSUM=0, o KINF 215
DSUMM=0), KINE 216
TESS=0. KINE 217

no 139 1=1,KSP1 KINE 218
DLFLUX{ I )=RATE(I)}*XFW(I)*DELZ? ' KINE 219
RATINOD=DLFLUX(T) /FLUXMA(T) ‘ KINE 220
RATIO(T)I=RATIOO KINE 221
IF(RATIOO.GF.0.)GOTO129 . KINE 222
RATD=ABS(RATION) KINE 223
IF(RATD,GT.0.1)KPASS=1 , KINE 224

129 ADFLUX=ABS(DLFLUX(T)}) KINE 225
TESS=AMAX1(TFSS,ADFLUX) : KINE 226
DSUM=DSUM+DLFLUXI(T) KINE 227
IF(I.GT.KSPIGOTO130 ' KINE 228
DSUMM=DSUM KINE 220

130 CONTINUE KINF 230
. KINE 231
L ———— CHECK STEP SIZE FOR STABILITY , KINE 232
. ‘ KINE 233
ITF(KPASS.EQ.1)H=H/4, : KINE 234
TFIH.GT«1.78FE-4)H=]1.N8BE-4 KINE 235
IF(RATO LT NNINIH=HX2 KINF 236
IF{H.LT 42, 5F-TIH=2,.5E~7 K INF 237

NELZ7=H%3D,48 KINE 238

cos
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NO 13 J=1,KSP]
TEST{J)=FLUXMA( J)

FLUXMA( J)=FLUXMA( J) +RATE (J) #DELZZ#*XEW (J)
TFIFLUXMA(J) .GE.0.)GOTO13

FLUXMA( J)=1,E~40

CONTINUE

KPASS=0 |

WNEW1=WNEW1-RATE (KSP1)#DELZZ*XFW{KSP1)*ACONG
WNE W=WNE W1

WEP S=WNE WXEPS

WNEW2=10,

132

SUM3=0,
DO 19 J=1,KSP]

FLUXMO( J)=FLUXMALJ) /XFW(J)

19

14

111

IF(J.GTKSP)GOTO19
SUM3=SUM3+FLUXMO( )
WNEW2=WNEW2+FLUXMA(J)
CONTINUE

WNEW2=WNEW2 *ACON4

WNE W22=WNEW?2
D014J=1,KSP1
Y1(J¥=FLUXMO( J) /SUM3
PERCE(JI=Y1(JI%100.
SUM=0,

DD 111 I=1,KSP
SUM=SUM+XFWIT)%Y1(T)
CONTINUF

AVGF W=SUM

RHO=ACON4]1 /ACON9*AVGFW
VEL=WNEW/RHD

CONVERT THE UNITS OF THE HEAT OF REACTION
TERM TO THOSE COMPATIBLE WITH GROUP

KINE
KINE
K INF
KINE
K INE
KINE
KINE
KINE
K INE
K INE
K INE
KINE
KINE
K INE
KINE
KINE
K INE
KINE
K INE
K INE
K INE
KINE
KINE
KINE
KINE
KINE
K INE
KINE
K INE
KINE
K INE
KINE
KINE
K INE

239
240
241
242
243
244
245
246

247

248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
27¢C
271
272
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CALL THERM2

HEAT=RATE OF HEAT ABSORBED OR RELEASE BY CHEMICAL
REACTIONS(BTU/FT%%x3-SEC),

HEAT=HEAT1*ACONSS

HEAT3=HEAT/DTC
" H1ll=H

122=122+H11

TF(Z2.LE.222)G0OT037

RE TURN

37 K2=K2+1

IFIK2.6E.299)K2=299

NO17 1=5,K0S °

TABLE(K2,1)=Y1(I-4)

17 CONTINUE

TABLE(K2,1)=T

TABLE(K2,2)=HEAT

TABLE(K2,3)=AVGFW

TABLE(KZ ¢4)=WNEW

PRINT 96, WNEW,WNEW2 yDELZXDELTT

PRINT 776

T76 FORMAT(1H],//11X4*HEAT OF FORMATION®,3X,*MOLE FRACTION®,

1 ‘ SXy "RATE(I) *39X,y "RATERIT) ' 48X, "FLUXMA(T)*'///)
NN 779 1=1,XSP)

PRINT TT7T7+SPCIELI(I) SPCIE2(T) LENT(I),YI(I),RATE(I]Y,
1 RATER(T) FLUXMA(I),DLFLUX(!! RATID( )

TT7T FORMAT(6X,243,7E16.7)

779 CONTINUE
PRINT 781
780 FORMAT(1HD)
PRINT TBY 32 oH K2 4K3,K44,7222,DSUM,DSUMM
781 FORMAT(OX,y'7="1E12.643Xs"H=F12.6+3X,'K2='13,"' K3=']18,1X,

K INF
K TNE
KINE
KINE
KINE
K INE
K INE
KINE
K INE
KINE
KINE
KINE
K INE
K INE
K INE
KINE
K INE
KINE
KINE
K INE
KINE
K INF
K INE
K INE
KINE
KINE
KINE
KINE
K INE
K INE
KINE
K INF
KINE
K TINE

273
274
2715
276
277
2718
279
280
281
282
283
284
285
286
287
288
289

290

291
292
293
294
295
296
297
298
299
300
301
302
303
NG
ans
ane

vos



6022

6023
6024
6025
6026

6032
94

95

1'K44="16,' 722="D18,9,2E16,.7)
PRINT 6022,T

FORMAT{7X,18HTEMPERATURE IN OK=,1F10.3)

TF=T%1, 8-460,0

PRINT 6023,TF

FORMAT( 7X,1 BHTEMPERATURE IN OF=,1F10.3)

FORMATI 7Xy40HHEAT ABSORBED BY REACTIONS{BTU/FT2-SEC)=,1F14,5)
PRINT 6024,HEAT3

PRINT 6025,WNEW

FORMAT( TX, 1 BHOVERALL MASS FLUX=,E14,7)

PRINT 6026,AVGFW

FORMAT({ 7X,32HAVERAGE MOLECULAR WEIGHY OF GAS=,1F10.37/7)
PRINT 6032, SUMY? ' ‘
FORMAT(//10X,36HENTHALPY OF THE REACTING GAS SYSTEM=,1F16.8)
FORMAT(1X,5€E20,8)

PRINT 95,VEL,RHO

FORMAT(lx,'VEL(FT/SEC)—'E15 7+ RHO(LBS/FT3)='E15,7/)

RE TURN

END

K INE
KINE
KINE
K INE
K INE
KINE
KINE
KINE
KINE
K INE
K INF
K INE
K INE
K INE
K INE
KINE
K INE
K INE
K INE

307
308
309
310
311
312
313
314

315 .

316
317
318
319
320
321
322
323
324
325

S0S
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SUBROUTINE THERM2 -

—_——— THERMO SUBROUTINE CALCULATES THE HEAT OF REACTION OF

THE MIXTURE »THE HEAT OF FORMATION OF EACH INDIVIDUAL
CHEMICAL SPECIE, AND THE HEAT CAPACITY OF THE MIXTURE

COMMON/KA/S1(6) +S2(6) +S3(6)5541(6) ,S5(6),A11(6),A22(6),
1 A33(6)4A4416),A55(6),,FI(30),FII(30),GI(30),

2 GII(30)4AA(30,6),56(6),A66(6),JCODE(6),CPMX
COMMON/KB/AI(30) 4B1(30),CI(30),DI(30),EI(30),A11(30),
1 "BII(30),CIT(30),DI1(30),EIT(30),TLOW(30)
COMMON/KC/TICODE(30),Y(30),FW(30)

-COMMON/KG/ENT(30) yRATE(30),T,HEAT1,SUMT

COMMON/KEE/PL 4yRRyTZERO+EPSyKEY 9 NCy NS y MM, NQ

DIMENSION CPDT1(6),ENT1(30),CP(30)

TEMPERATURE [IN . OK,

T1=7
T2=T1*%T
T3=T2*T
T4=T3%T
T5=T4%T
Al=T
A2=T2/2.
A3=T3/3,
A4=T4/4,
A5=T5/5.
CPMX=10,
SUMT7=0,
HEAT1=0.
DOTBI=1,NQ

THER
THER
THER
THER
THER
THER
THER
THER

THER

THER
THER

- THER

THER
THER

THER

THER

THER.

THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER

THER
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1
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1
296

C
1

1
297

C
C

IF(T.LT.TLOW(I))GOTO06207

TLOW(I)=MINIMUM TEMPERATURE AT WHICH THE HIGH
TEMPERATURE FIT CAN BE USED, :

ENT1=SENSIBLE ENTHALPY+CHEMICAL POTENTIAL

ENTI(I)=(AT(T)*AL1+BI(1)*A2+4CI (1) %A3+DI(1)*%A4+EI{])*AS
+F1(1))*RR

CP=HEAT CAPACITY
CPUTI=(AT(II4BI(T)*TLI+CI(I)*T24DI(I)*T3+EI(T)*T4)%*RR
IF(1.GT.116G0T06291

CALCULATE THE SENSIBLE ENTHALPY OF THE CONSTITUENT
ELEMENTS.,

D02S6J=14MM

CPDT1I(J)= (Sl(J)*AIOSZ(J)*AZ*S3(J)*A3OS4(JD*A4*SS(J)*A5
+56(J))*RR

CONTINUE

G0T06291

6207 ENTI(I)=(ATI(I)*AY+BIT(I)*A2+CIT{I)*A34+DTI(I)%A4L+EII(I)%AS

+FITI(I))*RR

CPULY=(ATTC(I)+BIT(I)*T4+CIIC(I)*T24DIT(T)XT3+EII(1)*T4)%RR -

IF(I.GT.1)1G0T06291

D0297J=1,MM |

CPDTI(II=(A1L(JUI*AL+A22(J) *A2+A33 (JI*A3+AL4(J)%A4
+A55(J) ¥A5+A661J) ) *RR

CONTINUE -

THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER

THER
THER

THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER

35
36
37
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39
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41
42
43
44
45
46
47
48
49
50
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55
56
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58
59
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62
63
64
65
66
67
68
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JCODE{J)=0 THE REFERENCE ELEMENT IS IN THE GAS STATE.
JCODELJ)I=1 THE REFERENCE ELEMENT IS IN THE SOLID STATE,

==-==RSUM IS THE SUM OF THE SENSIBLE ENTHALPY OF THE CONSTI-
TUENT ELEMENTS OF THE 1ITH SPECIE AT TEMPERATURE T({OKb,
WITH RESPECT TO THE STANDARD STATE{P=1 ATM AND T=298 }

OO0

6291 RSUM=Q,
DO398J=1,MM
IF(JCODE(J).EQ.1)G0OTO393
RSUM=RSUM+0.5%AA(]1 ,J)*CPDTL1 (J)
6070398

393 RSUM=RSUM+AA(T,J)2CPDTL(J)

398 CONTINUE

C
C——me- CALCULATE THE HEAT OF FORMATION ENT{(I) FOR EACH SPECIE .,
C :
ENTCID)=ENTI(I}-RSUM ;
IF(ABS(ENT(I))LT,3,)ENT(I)=0.
C .
Co—mn CALCULATE HEAT1,WHICH IS THE HEAT ABSORBED BY THE CHEMICAL
c REACTIONS(CALORTES/GM-MOLE) ‘
C .
IF(I.GT.NCIGOTOB00S
HEAT1I=HEAT L+RATE(I)*EPSHENTI(I)
GO TO 787
B0CS HEATI=HEATI+RATE(I)*(1.-EPS)*ENT(I
GO TO 78 . - '

787 SUMT=SUM7+Y(T)*ENTL1(T)
CPMX=CPMX+CP(I)%Y(])
78 CONTINUE -
RE TURN
END

THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER

THER

THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
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70
71
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73
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75
76
77
78
79
80
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85
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94
95
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© 99
100
101
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SUBROUT INF INPUT]
COMMON/KD/RSC(30430)9PSC(30,30),NREX(30,30),NPEX(30,30),

LAF(3D0) 4 AEF (3004 SF(30),AK(30) ,8K(30) ,EKMAX(30),EKMIN(3N),NCOEF(30)
COMMON/KH/KSP1 4NEQ

DIMENSION EQON(30,30)

RSCUT,J)=STOCHIOMETRIC COEFFICTENT OF REACTANT T IN REACTION J.
PSC({1,J)=STOCHIOMETRIC COEFFICIENT OF PRODUCT I IN REACTION J.
NREX(I,J)=POWER ON CONCENTRATION OF REACTANT I.

NPEX{T,J)=POWER ON CONCENTRATION OF PRODUCT I,

AF{J)=FREQUENCY FACTOR OF FORWARD REACTION,

SF({J)=POWER DEPENDENCE ON TEMPERATURE FOR FORWARD REACTION.
AEF( J)=ACTIVATION ENERGY OF FORWARD REACTION,

EQN=ALPHA-NUMERTC STORAGE OF TITLE OF CHEMICAL REACTION,

AK AND BK=EMPIRICAL CONSTANT FOR EQUILIBRIUM CONST. FIT,

INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU

AK AND BK ARE EMPIRICAL CONSTANTS FOR THE EQUILIBRIUM CONSTANT FIVINPU

EXMAX AND EKMIN ARE THE MAX. AND MIN., VALUE OF THE EQUILIBRRTUM
CONSTANTS, THESE VALUES ARE USED TN AVOID EXTREME CASES. THESFE
ARE WHEN THE CONVERSION TS CLOSE YO ONE, OR CLOSE TO ZERO.
COEF(J)=SUM COEF. OF OF CONCENTRATION OF PROD. MINUS REACT,
KSP1=TOTAL NUMER OF GASES AND SOLIDS SPECIES.

NEQ=NUMBER OF CHEMICAL REACTTONS.,

READ INPUTY

CONTINUE
REAND 1,NEQ
FORMAT(T 2}
PRINT 12

INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU

DO~ RDWN

6095



DR WN

12
13

o1

1

DN &6 J=1,NEQ

READ T+ (EQN{J4K) 4K=1419)

FORMAT{19A4)

PRINT 13,(EQN{J,T1),1=1,19)

READ 29 I4RSCUJsT ) oI oRSCUI9 T3 T4RSCUI ) 1,PSCLU,T1),T,PSClI,T),
I1,PSCCJ,1)

QEAD 3'Y’NREX(J'I"I'NREX"(J'I’QIQNREX(J'I’,[’NPEX(J'!"
ToNPEX{JeI) oI ,NPEX(J,yI)

READ 4,AF{J)sSF(J) JAEF( D)

READ 54AK(J)+BKUJ) JEKMAX(J) 4EKMIN(J) 4NCOEF(J)

FORMAT(AK(T13,F3,0)) ‘

FORMAT{1213)

FORMATIEB,. Qe2X2F10,.1)

FORMAT(4E15,7,15)

CONTINUE

CONTINUE

PRINT 12

FORMAT( 1H1)

FORMATI1X,19A4/)

RETURN

END

INPU
INPY)
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU)
INPU
INPU
INPU

INPU

INPU
INPU
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SUBRDUTINE INTRPL(VAR,X,F,IMAX,SOM) INTR

DIMENSTON X(1),F(1)4XN{100),FN(100) INTR
c INTR
C % ot e e ek e o e ok o oot ok e o e e e ol ok ol Sk ok o ook ol ol e o ek ok ok e ko ok ko o el ko ok gkl ok INTR
C THIS PROGRAM PERFORMS LAGRAGIAN INTERPOLATION * INTR
Cx WITH UNEQUAL STEP STZE BETWEEN POINTS. * INTR
ko rk xRk ok ko hdk ko ek kR ko kg INTR
C ' INTR
c F=DEPENDENT VARIABLE INTR
c X=TNDEPENDENT VARIABLE : INTR
c VAR=VALUE OF X FOR WHICH CORRESPONDING VALUE OF INTR
c " F IS DESIRED BY INTERPOLATION INTR
C IMAX=NUMBER OF POINTS IN ARRAY X OR F.(MAX OF 100 ) INTR
C SOM=VALUE OF INTERPOLATED DEPENDENT VARIABLE INTR
c NPTS=NUMBER OF POINTS USED FOR INTERPOLATION INTR
NPTS=3 INTR
607 XUP=1.F 30 INTR
ND 611 T=1,1MAX INTR
T=VAR=X(T) INTR
IF(T.GE.0.)1G0 TO 609 INTR

608 T==T INTR
609 IF (T .GE. XUP) GO TO 611 INTR
610 1P=] INTR
XUP=T INTR
611 CONTINUE INTR
IN=1 INTR
NPP=NPTS+1 INTR
DN 618 T=1,NPP INTR
FNIT)=F(IP) INTR
XN(T )=X(1P) INTR
IF(IN .5T. 2.) GO TO 613 INTR
612 1Q=1P-T . INTR
60 TO 615 TNTR
613 10=IP+I TNTR

DD dPRND NN -

11¢



. 614

615
616

617

618

619
620

IF (IMAX .GE. 10) GO TO 615
IP=1pP-1

GO TO 618

IF (IQ .GT. 0 ) GO TO 617
1P=1P+1

GO TO 618

[P=1Q

IN =-1IN

CONTINUE

SD“=00

FACT=1,

DO 620 J=1,NPTS
SOM=SOM+FACT®FN(1)

NO 619 I=J,NPTS

IQ=1-J+1

FNOIQ)= (FN(IO+1)°FN(IQ’IXN(I*I)-XN(IQ))

FACT=FACT=( VAR=-XN(J))
RETURN
END

INTR
INTR
INTR
TNTR
INTR
INTR
TNTR
INTR
INTR
INTR
INTR
INTR
TNTR
INTR
INTR
INTR
INTR
INTR
INTR

15
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ABLATIN2 ANALYSIS NOMENCLATURE

MAIN:

AA(I,J): Formula number. Gives the gram atoms of
element J in species I.

AI...GI: These are the seven empirical constants for
the high temperature fit (1000°-6000°K) for the free energy
functions. The first five constants (AI through EI) are
used in the heat capacity fit,

AII...GII: These are the seven empirical constants for
the low temperature fit (300°K-1000°K) for the free energy
function.

All...A66: These are the six empirical constants for
the enthalpy fit of the constituent elements (300°K-1000°K).

ALPHA: Viscous coefficient in Darcy's equation
(FT"1) .,

AVGFW: Average molecular weight of the gas mixture.

BETA: Inertial coefficient in Darcy's equations
(1/FT2) .

CDO: Thermal conductivity of the char (BTU/FT-sec-°F).

CDOV: Thermal conductivity of the virgin material,

(BTU/FT-sec-°F).

CPBl: Total rate of heat absorbed by the gases in the
char zone. (BTU/FTzsec).

CPB2: Total rate of heat absorbed by the solids in

the char zone. (BTU/FTzsec).
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CPS: Heat capacity of the char (BTU/1b-°F).

CPV: Heat capacity of the virgin material (BTU/1b-°F) .

DCDO: Rate of change of the thermal conductivity of
the char with temperature. (BTU/FT-sec-°F2),

DCDOV: Rate of change of the thermal conductivity of
the virgin material with temperature. (BTU/FT-sec—on).

DELTF: Differential change in temperature in OF for an
increment of distance H.

DELTK: DifferentialAchange in temperature in Ok for an
increment of distance H.

DELTP: Pressure drop across the char. (1bs./ft2).

DELZ: Increment of distance (in feet).

DISTAN: Char thickness in feet.

DT: Temperature gradient (°F/FT).

DTC: Temperature gradient in the char (°F/FT).

DTCC: Temperature gradient in double precision arith-
metic in the char (©OF/FT).

DTCI: Temperature gradient in the virgin material
(°F/FT) . ’

EK: Potential parameter /Boltzman constant.

EMIS: Char emissivity.

EPS: Porosity of the char (FT2 voids/FT? total).

FW(I): Molecular weight of species I.

GASCP: Is the heat capacity of the gas mixture in

(BTU/1b-°F) . 3
GROUP: This is the bracketted term of Equation (3-36).

(1/FT).
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H: Runge~Kutta step size (in feet).

Hll: Runge-Kutta step size in double precision arith-
metic (in feet),. .

HCHAR: Percent of total heat absorbed in the char
Zone.

HDECOM: Percent of total heat absorbed in the decompo-
- 8ition zone.

HGAS: Percent of heat abscrbed by the gas in the char
Zone.

HI: Initial value of Rungé-Kutta step (in feet).

HREACT: Percent of heat absorbed by the reactions in
the char zone.

HSOLID: Percent of heat absorbed in the solids in the
char zone.

ICODE(I): 1Is a code to identify whether a species is a
gas or a solid. If ICODE is zero, the species is a gas. 1If
ICODE is one, the species is a solid.

IMAX: Number of data points for EK.

ITEMP: Total number of temperature points stored in
temperature profile. |

JCODE(J): Is a code used to determine whether the re-
ference state of the constituent element J is in the gas or
in the solid state.

JS: Total number of slices in which the char is
divided for the solution of the momentum equation.

Kl: 1Is a counter for the number of temperature points

stored during the solution of the energy equation.
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: Is the number of elements.
: Number of gas species read in.

NDATA: Number of collision integral points tabulated

versus XTKE.

NN: Number of gas species in the system.

NN5: Is the total number of variables stored in TABLE
(,J).

NNS: Is the number of solid species in the system.

NQ: 1Is the total number of gas and solid species in
the system.

NS: 1Is the total number of gas and solid species read

in.

OMGA: Interpolated value of XTKE.

P: Pressure in lbs/ftz.

PL: Pressure at the front surface of the char (lbs/
££2),

Q: 1Is the rate of heat absorbed in the decomposition
zone in (BTU/ft3sec).

Q2: It equals Q/DTC (BTU/FT2-sec-CF) .

QA: Aerodynamic heating rate (BTU/FTz-sec). Equals
QL+QR.

QCZ: Heat flux in the char zone (BTU/ftz-sec).

QCzI: Heat flux in the decomposition zone (BTU/ftzsec).

QL: Is the total heat flux at the surface (BTU/ftzseql.

QR: 1Is the rate of re-radiation from the surface of
the char (BTU/ftz-sec).

REACl: 1Is the total rate of heat absorbed by the che-
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mical reactions. (BTU/ftz-sec).

REAC2: Heat absorbed by the chemical reactions

(BTU/ftz-sec).
REACT: Equals REAC2/DTC (BTU/ft2-sec-°F).
RHO: Bulk density of the virgin material (1bs/£t3).
ROCHAR: Bulk density of the char material (1bs/ft3) .
RR: Gas constant: 1.98726 (BTU/lb-mole °R).
Sl...56: These are six empirical constants for the
enthalpy fit of the constituent elements (1000°K-6000°K).
SIG: Collision diameter (Angstrongs).
SIGMA: Stephan-Boltzman constant (4.81 x 10713 pruy

2-sec-°F4).

ft

T1(Kl): Variable in which the temperature profile is
stored versus distance Z. K1 is a counter.

TC: Temperature in Op.

TCHAR: Temperature at which all the virgin material
has degraded to gas and char (°K).

TFMAX: Maximum specified temperature of the front

surface of the char (°F).

THICK: 1Is the thickness of the char zone, in inches.

THICKl: Is the thickness of the decomposition zone in
inches.

TK: Interpolated value of the temperature (in©K) at
a distance Z in the char. |

TL: Front surface temperature of the char (°F) when
the temperature profile has been defined. |

TLOW(I): Maximum temperature of low temperature fit
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for species I. (°K)

TO: 1Initial temperature (in °F) at 2=0.

TPREV: Temperature (in OF) at the previous step.

'2221: This is the temperature (in °F) in double pre-
cision arithmetic. A provision has been made in the program
that if the step size is less than 8. x 1072 ft., the
Runge-Kutta analysis is calculated in double precision arith-
metic to reduce round-off error.

TVAR: Temperature in °k.

TVIS: Interpolated value of the temperature profile
(in °F) at a distance Z along the char.

VISCOS: Viscosity of the gas (in centipoise).

VR: Surface recession velocity (ft/sec).

W: Mass flux based on the total area (lbs/ftz-sec).

WI: Mass flux of the gases entering the char based
on the total area (lbs/ftz-sec).

XTKE: Product of the temperature in °k and 1/EK.

YCOMP(I,J): Array to store the concentration profile.

<

I): Mole fraction of species I.

|

(2

I(I): 1Initial mole fraction of species I.

2: Distance along the decomposition zone or the char
zone (ft).

ZINC: 1Increment of distance at which the temperature

profile is stored (ft).

ZMAX: Maximum allowable thickness of the char zone.
(Usually 0.25 inches).

2%2: Distance of Z in double precision arithmetic (ft).

——
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INDPTH:

This subroutine calculates the physical properties of
the virgin material and the pyrolysis gases.

A...E: These are five empirical constants for the
heat capacity of the virgin material.

DELTKK: Increment of temperature (°K).

PHMCR:

This subroutine computes the heat absorbed by the de-

composition of the phenolic resin and phenolic microballoons.
AREA: This is the area generated by a plot of calories

versus tempefature (°K) by the decomposition of phenolic

resin during a differential thermal analysis. (1350 cal/

°x).

AREAl: This is the area generated by a plot of calo-

ries versus temperature (°K), by the decomposition of
phenolic microballoons during a differential thermal analy-
sis. (1464 calories / °K).

A(I)...E(I): These are five empirical constants used

to fit a curve through a portion of the plot of calories
versus temperature for the phenolic resin.

Al(I)...E1(I): These are five empirical constants used

to fit a curve through a portion of the plot of calories
versus temperature for the phenolic microballoons.

DT: 1Is the temperature difference in OK from a base
temperature of 350 °C 9623°K). Below 350°C, decomposition

of the virgin material has not been initiated.
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DELT: 1Is the temperature increment (OK) for an incre-
ment of the Runge-Kutta step.

H: 1Is the height (in calories) for the plot of
calories versus temperature (°K) .

K6: 1Is a code used to bypass the read statements.
When K6 is one, the data is read in. When K6 is two, the
read statements are bypassed.

NUMBER: 1Is the number of fits used for the plots of
calories versus temperature.

QMICRO: Heat absorbed by the decomposition of the
phenolic microballoons (calories/gram).

QPHNLC: Heat absorbed by the decomposition of the

phenolic resin (calories/gram).

NYLON:

This subroutine calculates the heat absorbed by the
decomposition of nylon.

AREA: This is the area generated by é plot of calo-
ries versus temperature (OK) for the decomposition of nylon
(1122 calories / ©K) during a differential thermal analysis.

QNYLON: Heat absorbed by the decomposition of nylon

(calories/gram).

DNSITY:

This subroutine calculates the density change of phe-
nolic nylon and the mass flux of the pyrolysis gas.

A(J): Frequency factor of reaction J (sec™1y,

COMPST: 1Is an integer variable giving the number of
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composite in the ablator. In the case of phenolic nylon, it
is three.

DELFLX(I): 1Is the change in mass flux of composite I
due to degradation (lbs/ftz—sec).

DRHO: Differential change in density due to degrada;
tion. This variable is used as a criteria for stability
while the solution is marching through the decomposition
zone (lbs/ft3).

DRHODT(I): Rate of gas generation by the degradation
of composite I (lbs/ft3-sec).

E(J): Energy of activétion of reaction J used to
describe the degradation of the composite (Joules/gram-
mole) .

MASFLX(XI): Rate of change of mass flux due to the
degradation of composite I (lbs/ftz-sec).

MAﬁFRC(I): Mass fraction of each composite in the
mixture of virgin material.

NREACT: Number of pseudo-order kinetic reactions used
to describe the decomposition of the virgin material com-
posite.

RATER(J): Specific reaction velocity of reaction J
(1bs/ft3-sec) .

RHO: Bulk density of the composite (1bs/ft3).

RHOC(I): Residual density of composite I (1bs/ft3) .

RHOCC(I): Lowest value of residual density of compo-
site I (lbs/ft3). |

RHOI(I): 1Initial density of composite I (1bs/ft3).
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RHOII: 1Initial density of the virgin composite,
(lbs/£t3) .

RHOT(I): Density of composite I at temperature T,
(1bs/ft3) .

VOLFRC(I): Volume fraction of each composite I.

CHARPR:
This subroutine calculates the effective thermal con-
ductivity and the heat capacity of the char.

T: Temperature in °R.

INTRPL:

This program performs Lagrangian interpolation with
non-equal step size between points.

F: Dependent variable array.

IMAX: Number of points in array.

SOM: Value of the interpolated dependent variable.

VAR: Value of X for which corresponding value of F
is derived by interpolation.

X: Independent variable array.

THERM2 :

This subroutine calculates the heat of formation of
each chemical species, the heat capacity of the mixture and
the heat absorbed by chemical reactions.

CPDTl: 1Is the sensible enthalpy gain by the consti-

tuent elements from a reference temperature of 298.16°K

(cal/gram-mole) .
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CPMX: Heat capacity of the gas mixture (calories/
gram-mole oK). |

ENT1(I): Enthalpy of species I (caloreis/gram-mole).

ENT(I): Heat of formation of species I (cal/gram-mole).

HEAT1: Rate of heat generated, or absorbed, by the

chemical reactions (calories/cm3-sec)..

KINET:

This program computes the rate of reaction of each che-
mical species.

AEF(J): Activation energy of reaction J (calories/
gram-mole) .

AF(J): Frequency factor of reaction J (sec”1

DELZZ: Runge-Rutta step size (cm.).

DLFLUX(I): Differential change in molal flux due to
the chemical reaction of species I. This variable is used
for the purpose of controlling the step size (gram-mole/

2--sec).

cm
FK(J): Forward reaction rate constant of reaction J.
FLUXMA(I): Mass flux of each chemical species I (gm/
2
cm“~sec) .
FLUXMO(I): Molal flux of each chemical species I,

(gram/moles/cm2-gec) .

HEAT: Rate of heat generated or absorbed by the che-

mical reactions (BTU/ft3-sec).
K2: Is a counter to keep track of the number of tem-

perature points stored in Table (I,J).
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K7: When K7 is one, initialization occurs and sub-
routine INOUT is called. When it is 2, this is bypassed.

KOS: Total number of variables stored in the Table
(1,3) array.

KSP: Number of gas components in the chemical system.

KSPl: Number of gas and solid species in the chemical
system.

NPEX(I,J): Power on the concentration of product I
in reaction J.

NREX(I,J): Power on the concentration of reactant I
in reaction J.

P: Pressure of the system in atmosphere.

PERCE (J) : Méle percent of specie J.

PSC(I,J): Stochiometric coefficient of the product 1
in reaction J.

R: Gas constant (82.06 cm3-atm/gram-mole °K).

RATE(J): Rate of formation of species I (gram-moles/
cm3-sec) .

RATER(J): Specific reaction velogity of reaction J,

3

(gram-moles/cm”-sec).

RK(J): Reverse reaction rate constant of reaction J.

RR: Gas constant (1.98726 calories/gram-mole °K).

——

SF(J): Power on the temperature of the Arrhenius type

kinetic expression.
SPCIE1(J): Species identification name.
T: Temperature (°g) .

TABLE(I,J): Is an array where I represents the number
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of variables stored and J the number of temperature points.
The variables stored are in the following order: T, HEAT,
WNEW, AVGFW and KSPl values of Y1(I).

TESS: Is the absolute maximum value of DLFLUX(I).
This variable is used in controlling the step size for sta-
bility. |

TF: Temperature (°F).

TPREV: Is the previcus value of the temperature (©K).

WNEW: Total mass flux of the gases (1bs/ft2-sec) .
XMW (I): Molecular weight of species I.

Y1(I): Mole fraction of species I.

INPUTL:

This subroutine reads in the kinetic data.

AK (J): Empirical constant for the fit of the equili-
brium constant with temperature.

BK(J): Empirical constant for the fit of the equili-
brium constant with temperature.

EKMAX(J): Maximum allowable value for the equilibrium
constant of reaction J.

EKMIN(J): Minimum allowable value for the equilibrium
constant of reaction J.

NCOEF (J): 1Is the sum of the stochiometric coefficient

of the products minus the reactants.
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INPUT FORMAT: A Typical Input For Non-Equilibrium Flow*

CARD 1: FORMAT (616, F10.1) COLUMNS
NC = 18 1-6

NNS = 1 _ 7-12
MM = 4 o 13-18
KODE = 1 ' 19-24
KEY = 3 25-30
INDPT = 0 ‘ 31-36
TFMAX = 5500 37-46

CARD 2: FORMAT (F10.3, 10 x, 4F10.3)

PL = 2160 1-10

TO = 500 21-30
EPS = .30 | 31-40
ZL = .350000 41-50
HI = .0000001 51-60

CARD 3: FORMAT (3El5.5, F15.5)

ALPHA = ,5E9 1-15

BETA = ,5ES 16-30
SIGMA = ,48E-12 31-45
EMIS = .90 46-60

*See Table B-2 for the complete Input data set.



CARD 4: FORMAT (4E10.3)
DTC = 3000

TCHAR = 1073

VT = 5.E-4

CARD 5: FORMAT (6E10.3,I3)
S1(1) = 1.363250E0

S2(1) = 1.85605E-3

S3(1) = -7.6675E-7

S4(1) = .151043E-9

S5(1) = -1.139E-14

S6(1) = -6.49672E2

JCODE (1) = 1

CARD 6: FORMAT (6E10.3)
All(l) = -.712442E0
A22(1) = 7.34065E-3
A33(1) = -5,526E-6

A44(1) = 1.51400E-9
A55(1) = -2,.382E-14
A66(1) = -6.80533EL

COLUMNS
1-10
11-20
21-30

1-10

11-20
21-30
31-40
41-50
51-60
61-63

1-10

11-20
21-30
31-40
41-50
51-60

CARDS 5 and 6 are read sequentially MM times as

specified by CARD 1.

In this example MM = 4, After CARDS

5 and 6 are read MM tiﬁes, CARD 7 is read in.

CARD 7: FORMAT (10x, 3E10.3, 2x, 2A3, I4)

TLOW (1) = 1000

FW(1l)

14.0

11-20"
21-30



YI(l) = 1.0E-71

SPCIE1 (1)

~ SPCIE2(1)

ICODE (1)

CARD 8:

AI(1)
BI(1)
CI(1)
DI (1)
EI(1)
FI(1)
GI(1)

i}

CARD 9:

AII(1)
BII (1)
CII(1)
DII(1)
EII(1)
FII(1)

GII(1)

CARD 10:

AA(1,1)

AA(1,2)

AA(1,4)

(Blank)

CH2

= 0

FORMAT (7310.3)

2
4

3

«229698E0
.71092E-3
1.7660E-6
.0649E-10

-2.017E-14

3
7

.383295E4
.707984E0

3.551365E0
~-2.5070E-3
1.23550E-5
1.175E-08

3.8124E-~-12
3.366105E4
1.796606E0

FORMAT (4E10.3)
1.

2.0

0.0

0.0

31-40
43-45
46-48
49-52

1-10
11-20
21-30
31-40
41-50
51-60
61-70

1-10

11-20
21-30
31-40
41-50
51-60
61-70

1-10
11-20

21-30-

31-40

528
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CARD 7, CARD 8, CARD 9 and CARD 10 are read sequential-
ly as a group (NC+NNS) number of times. Only the data for
.the first species, in this case CH2 is presented. The data

. for other species is given in Table B-2,.

CARD 11l: FORMAT (2F15.5) COLUMNS
EK(1l) = 136.5 _ 1-15
SIG(1l) = 3.822 16-30

CARD 11 is read NC number of times as specified in

CARD 1.

CARD 12: FORMAT (I6)

NDATA = 34 1-16

CARD 13: FORMAT (2F15.5)

XTKE (1) = 0.30 1-15

ZOMGA (1) = 2,785 16-30

CARD 13 is repeated NDATA number of times as specified
by CARD 12.

CARDS 1 through 13 are read in the MAIN program.
These cards define the physical condiﬁion of the system.

In addition they provide the thermodynamic data and
physical constants for the pyrolysis species. CARDS 14
through 19, below, provide the thermophysical information
for the virgin material and also for the kinetic data for

the degradation of the polymer.
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CARD 14: FORMAT (5E12.6) COLUMNS
A = 0.37000070E0 1-12

B = 0.7367133E-4 13-24

C = 0.1532518E-5 25-36

D = -,1962704E-4 : 37-48

E = .8857809E~12 : 49-60

CARD 14 is read in subroutine INDPTH.

CARD 15: FORMAT (5E12.8)

A(1) = 0.10561790E0 1-12
B(l) = -1.836062E~2 13-24
C(l) = 1.7580490E-3 25-36
D(1) = -1.678598E~5 37~48
E(l) = 4.7310570E-8 49~60

CARD 16: FORMAT (5E12.8)

Al(l) = -.35642660E-1 1-12

Bl1(l1) = 4.5790730E-2 - 13-24
Cl(l) = 1.2298170E~4 25~-36
D1(1l) = -.8277667E-7 37-48
El(l) = -.2279748E-7 49-60

CARD 15 and CARD 16 are read sequentially four times in
subroutine PHMCR. For a thorough explanation of the sources

of data for the phenolic resin see Appendix C.

CARD 17: FORMAT (216)
COMPST ' 1-6

NREACT 7-12
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CARD 18: FORMAT (4x, I6, 3E10.8) COLUMNS
I = _ 5-10
A(J) = | 11-20
E(J) = ' 21-30-
XN(I,d) = 31-40

CARD 18 is read NREACT number of times.

CARD 19: FORMAT (310.3)

RHOI (1) = 1-10
RHOC(1) = 11-20
MASFRC(1l) = 21-30

CARD 19 is read COMPST number of times. CARDS 17, 18

and 19 are read in subroutine DNSITY.

CARD 20: FORMAT (I2)

NEQ = 1-2

CARD 21: FORMAT (19A4)

EQN = Alphameric Reaction Expression 1-76

CARD 22: FORMAT (6(I2, F3.0))

I= 1-2
RSC(1,I) 3-5
I = . 6-7
RSC(1,1I) 8-10
I= 11-12
RSC(1,1) 13-15

I= 16-17
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COLUMNS
PSC(1,1) 13-20
I= 21-22
PSC(1,1I) 23-25
I = : 26-27
PSC(1,I) : 28-30
CARD 23:
I= 1-2
NREX (1, I) 3-5
1= 6~-7
NREX (1, I) | 8~-10
I= 11-12
NREX (1, I) 13-15
I = 16-17
NPEX(1,I) 18-20
I = : 21-22
NPEX(1,I) 23-25
I = 26-27
NPEX(1,I) 28-30
CARD 24: FORMAT (E8.0, 2x, 2F10.1)
AF(l) = 1-8
SF (1) = 11-20

AEF (1) = 21-30
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CARD 25: FORMAT (4El15.7, I5) COLUMNS
AK (1) 1-15
BK(1) 16-30
EKMAX (1) 31-45
NCOEF (1) : ‘ 46-50

CARDS 21,22,23,24 and 25 are read sequentially NEQ
number of times.

In CARD'22, J = 1 through 18 corresponds fespectively
to the following species: CH,, CH4, CH,, CgHg, CaHy, CzH2,

C2H, H2] Hl N2] CGHGO, C6H6, NH3, CO’ C02, HZO, OH, o' Co



TABLE B-5. Listing of Typical Input Data for Non-Equilibrium Analysis

18 1 4 1 3 1 0
2160, 500. .8 0.3500000 .00000001 5821.
« 50000ES «50000ES5 e48lE-12 0.90

1.363252E01.85605E-3-7,6675E-7.151043E-9-1.139E-14-6,496T72E2 1
=e712442E07.340656-3-5,5262€E-61.51400E-9-2,382E-14-6,80533€E1
3.043690E06411871E-4-7¢3994E-9-2,033E-112.4594E-15-8.,54910E2 0
1.0000DED 4.0CD2EO0N 0.COCOEQD 0.,0000EO0O
1000.EC 30.070EO «0034 C2H6 0
+1430799E1.188898E~1-,70440E-5.118720E-8~-,7445€E~-13-.,114311E5.,1401321E2
+2882039E1.103219E-1.119142E-4-,148B32E-7.44T749E-11-.116209E5,7597900E1
2.00000E0 6.00000EC 0,00000€0 G.00000€0
1000.EC 28B,054E0 .0218 C2H4 0
3.5023E00 1.159E-02-4.4745E-6 T7,945E-10-5.323€-14 4.5439E03 2.4667€00
1.120244E0 1.3906E-2 2.,6568E-6-1.1560E-85.2387E-125.332889€E3 1,58378E1
2.00000EQ0 4.00000E0 0.00000E0 0.,00000E0
1N00.E0 26.038E0 «0233 C2H2 0
4.4966E00 5,2698E-3-1,840E-063.1054E-10-2.000E-142.5637E004~-3,14481FE0
T.90333€E-1 2.3466E~2-3.5542E-5 2.,7951E-8-8,.448E-12 2.,6255E04 1,4005€01
2.00000€E0 2.0000CEGC 0.00000€0 0,00000EQ
1000.E0 25.030€E0 1.00€-71 C2H 0
«3513479E1.358906E-2-,13231E-5.230520E-9-.1530E~-13.5788759E5.4523285F1
«3006269E1.553788E~-2-.35112€-5,124860E-8-,1896E-12.5796960E5,6920349E1
2.00000eEC 1.0000CEC 0.00000E0 0.00000EO
1000.EQ 2.016E0 #2372 H2 0
3.04369E00 6.1187E-4 -T7.399€E-9 ~2.03€E-11 2.459E-15-8.5491E02 -1.648E00
2.846085E04.1932E-03-9,6119E-69.5123E-09-3.309E-12-9,.67254F2 ~-1.,4118E0Q
0.000000EQC 2.00000EL 0.COCOCEO 0.00000E0
CLOD0.EQ 1.008E0 1.000E-71 H 0
2.500000E0 C.0CO00QED 0.00000EOQ 0.00000E0 0.00000E02.547050E4~4.6001€-1
2.500000E0 0. 00000eC C.00000EOQ 0.00000ED 0.00000€02.547050E4-4.6001€E-1
0.000022€E7 1.C00D0E0 0.00000E0 0,00000EO
1000.EC 28B.016E0 0277 N2 0
2,854576EC 1.5976E-3-6.,2566E-T1.1316E-10-T.69E- 15-8.90174F2 6.39029F0

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

DATA

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
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3.691615E0-1.3333E~-32,65031E-6-9.,769E-10-9.97TTE-14-1.06283€3 2,28750E0
0.000000EO0 0.00000EC 2.00000EQ 0.00000EO
1500.EQ 94.114E0Q «0385 C6H60 0
=3.93169E06,93818E-2-5,2106E-51.2496TE-82.0915€6-12-1.33038E44.187817F1
—3¢93169E06.,93818E-2-5.2106E~51,2496TE~-82.0915E-12-1,.33038E44,187817E1
6.00000EQ0 6.,00000€E0 0.00000E0 1.00000€0
1500.EC 78.114E0 <0052 C6H6 0
.3511186503 75399E~2-7.9473E-6-7.5092E-93.0385E-128.264418E31.986606E1
4.619872E02.88096E-2-1.1245E-51.95T64E-9-1.25TE-137.391621E4~1,T894TEO
6.00000EQ0 6.00000E0 0.00000E0 0.00000E0
1000.E0 17.032€E0 1.00E-71 . NH3 0
2.149399E06.49285€6-3-2,2695€-63,T394E~10-2.361E~-14-6.40196E3 9,23891E0
3.TT162E00-4.8621E-49. 8T42E-06-9.5679€~93,1313E-12-6,T2810E3 1.4654E00
0.00000E00 3.00000EC 1.00000E0 0.00000€0
1000.E0 28.011E0 «0233 - . CO 0
2.9512600 1.5526E-3-6.1911E-7 1.135E-10-7.788E~-15-1.4232E04 6.5314E00
3,787133€0-2,171E-035.07573E~6-3,4T38E-97,T21TE-13-1.43635E4 2. 63355€0
1,00000E0 0.00000EQ0 0.00000E0 1.00000E0
1000.E0 44,011E0 «0164 co2 o
4.4129E003,1923E-03 ~1.,298E-6 2.415E-10-1.6T4E~14-4.8944E04-7,2876E~1
2.170100E0 1.0378E-2-1.0734E-56.34592E-9-1,.628€E-12~-4,83526E4 1.06644FE1
1.00000€0 0.00000E0 0.00000E0 2.,00000E0
1000.E0 18.016E0 «0492 H20 0
2.6T075EQ0 3.0317E-3 -B.535E-7 1.179E-10-6.197E-15-2,9889E04 6.88383E0
4,15650E00-1.7244E-35.6982E-06-4+.5930E-91.,4234€-12-3,02888E4~-6.8616F-1
0.000000€0 2.00000EC 0.CO0000E0 1.00000€0
1000.E0 17.008€0 1.000E-71 OH 0
2.889554£09,98350E-4-2.1880€E~-71.9803E-11-3.845€E-163,881179€35,559701¢€0
3.823470E0-1.1187E-31.24668E-6-2.103E~10-5.254E-143,585278€35,8253E-01
0.000000E0 1.00000EQC 0.00000EO0 1.00000EO
1000.E0 16.,000000 1.00E-71 0 0
2.537256E0-1.8422E-5-8,8018E-95,9643E-12~-5.574E-162.92300E044.946794E0
3.021889E0-2,1737E-33,75422E-6-2,994TE-99.077TE-132.913719E42,646007€E0Q
0.00C0E0C 0.00000EQ 0.0Q000E00 1,0000E00

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

‘DATA

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

35
36
37
38
39
40

41

42
43
44
45
46
o7
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68

SES



1003.EC  12,011E0 515 C 1
1.36325€001.85605E-3~7.6675E-T1.5104E-10-1.139E~-14-6.496TE02-7.9890E00
=T7e1244E-17.34065E~3-5,5262E-6 1.514E~09-2.,382E~-14-6.80533E1 2.79326E0

1.0000£00 0.0C00CEQO 0.0000EQ00 0,0000ED0

13645 3,822 CH2

13645 3,822  CH3

136.5 3,822 CHe

230.0 | 4.6418 C2H6

205.0 4,232 C2H4

185,0 4,221 C2H2

185, 0 4,221  C2H

33,3 2.986  H2

33,3 2.986 H

91.5 3.681 N2

440.0 5,270 C6H6

400, 0 5.000 PHOH

312.0 3,432 NH3

110.0 3,590 €O

190.0 3,996 €02

356, 0 2.649  H20

113.0 3,433 OH

- 113.0 3,433 0

34

0.30 2.785
0.35 2.628

2.846085E04.19321E~3-G.6119€~69,51227TE-9-3,.309€-12-9.67253E2
3.691615E0-1.3333E-32.65031€~6~,97688E-9-9.977TE-14-1.06283E3 '
3.597613E07.,81456E~4-2.2387E~74.2490E-11-3,346E-15-1.19279E3 0
2.8545T6EC1,59763F-3-6.2566E~-T7,113158€-9-T7.690€-15-8,.90174E2 O
3.718B995EN0-2,516TE-38,583T4E~6-842999E-92.7N82E-12-1.10577€3

1002.E0 14,0080 1.000E-T71 CH2 0
2:229698C04,7T1092E-3-1.7660E~63,0649E-10-2.017TE~-143,383295E47.TOT9B4ED
3.551365E0~2.50T7T0E-31,23550€E~-5-1.175E-083,8124E-123,366105E41.796606€E0
1.,000000€E2 2,GC0CCEC OLOCOQ0ED 0.00000E0

DATA 69
DAYA 70
DATA 71
OATA 72
DATA 73
DATA 74
DATA 75
DATA 76
BATA 77
DATA 78
DATA 79
DATA 80
DATA 81
DATA 82
‘DATA 83
DATA B84
DATA 85
DATA 86
DATA 87
DATA 88
DATA 89
DATA 90
DATA 91
DATA 92
DATA 93
DATA 94
DATA 95
DATA 96
DATA 97
DATA 98
DATA 99
DATA 100
DATA 101

DAYA 102

9¢tS



1000.EG  15.035E0 1.000E-T1

CH3 0

2.802766E06.25045€6-3-2,2892E-63,8993E-10-2.528€E~141,578749E45,684117T¢E0
3.399505€E04.26783€-32,03327€6-7-1.,1548E-94.1288E-131.564979E42.703747ED

1.000000ED 3.00000E0 0.00000E0 0.0NDO0CED
1000.E0  16.043E0

CH4 0

1.18000E0 1.0950E-2-4.06206-6 T.13TE-10-4.T49E-14~-9.8556€E03 1.2506E01
4.249768E0-6,9127E-3 3,1602E-5-2,9715E-89.5103E~-12~1.01866E4~9,1755¢E-1

0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
1.10
1.20
1.30
1.50
1.70

.
Ne]
o

QO WM UWNN -~
® o o o o o o
DO O0ODODONON

N

2.492
2,368
2257
2.156
2.065
1.982
1,908
1.841
1.780
1.725
1. 675
1.626
l1.587
1.514
1.452

1.399

1.314
1.248
1.197
1.138
l1.081
. 1,022
C.9700
N.9269
0.8727
Q. 8242
C. 7432

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

"DATA

DATA
DATA

‘DA TA

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125

126

127
128
129
130
131
132
133
134
135
136

LES



40.0 U.6718
T0.0 0.6194
100.0 c.5882 .
200.0 0.5320
400.9 0.4811
0.37C0070EC 0. 7367133E -4
3 7
1 8.3000E14 232.000E0
2 5.10000£8 114.000EC
2 2.50000E5 1CC.000E0
2 2.00000E7 140G.000EGC
3 2,00000E5 7C.000E0
3 9.T000CE6 122.000EC
3 1.3000E10 172.C00EC
68.6000E0 5.1450CEC 0.4000E0
80.0000E0 43.2800E0 0.2500€E0
17.8000E0 9.64760E0 0.3500E0
15 19

CH4=CH2+H2( 1670-2090 K)KO2LOV,RUSSIAN J.PHYS.CHEM.VOL37,SEP.1963,1-1-4

3 1. 30 0. 300, 11. 81.
3 130 030 0 1 1 8 1
4.,5E+13 Ce. 91.
C.16643G6E+2 <-0.4365610E+5

CH4=CH3+H(1590-1750 K)

3 1. 30 C. 30 0o 2 1. S 1.
3 130 03¢ 0 2 1 9 1
1.0E+15 0. 103.

0e1725283E+2 -0.5315890E+5
2CH3=C2H6

2 2. 30 G. 30
2 2 30 Q0 30
1.5E+10

~0.2030537E+2

C2HO6=C2H4+H2(16D0-3T700 K) 4G V.

. 4 l. 30 O,
¢ 4 1302 0O
C. 28.2
0.4381153E+5

1.00000E0
3.00000E0
1.30000E0
3.10000E0
2.00000E0
2.00000E0
3.00000E0

30 0.
30 0
) 4.0E0
30 0.
30 0
10.0E0
30 0.
30 0
1.E+10

GULYAEV, [-10

01532518E-5-,1962704E~-8,885T809E~-12

5.2E°IQ

-1

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

- DATA

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DAYA
DATA
DATA
DATA
CATA
DATA
DATA
DATA

137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170

8ES



4 1. 30 C. 30 0. 5
4 130 030 ¢ 5
9.0E+13 0. 69.0

1 8 1.

0.1604147E4+2 -0,1715366E+5 1. E¢+4 l.E-1 1
C2H4=C2H2+H2( 1300-2000 K)yRUSSTAN J.PHYS.CHEM.yP1128-1130,SEP1963 *
5 1. 30 0. 30 0. 6 1. 8 1. 30 Oo
5 130 030 €6 6 1.8 130 O
l.1E+13 0.0 72.0
0.1538761E+2 -0.,2100359E+5 2.1E4 1.E-8 1

C2H2=2C +H2( 2000 K)GULYAEV,INST.OF PET SYNTHESIS,ACAD.OF SCI.sUSSR,I-10

6 1. 30 C. 30 0. 19 2. 8 1.

6 130 030 019 0 8 1
1. TE+06 0. 30.
~0.5979611E+1 0.2595788E+5

C2H2=C2H+H (INVERTED ORDER)
6 1. 30 0. 30 0. 7 1. 9 1.
6. 130 03¢0 0 7 1 9 1
4.5E+11 C. 35.5
- 0.1603705E+2 -~0.5805091E+5
C+H20=CO+H2
19 1. 16 1. 30 0. 14 1. 8 1.
19 016 1 30 014 1 8 1
2.3E+11 “0050 7109
0.1717660E¢2 -0,1626795E+5S
C+C02=2C0
19 1, 15 1. 30 0. 14 2. 30 0.
19 015 1 30 014 2 30 O
1.5E+10 C. 85.
0.20682G0E+2 ~0.2015984E+5
H2+M=2H+M LWP-181 1-1, 2-1
8 1, 20 1. 30 0. 9 2, 20 1.
g8 120 133 ¢ 9 2 2¢ 1
3.6E+18 Ue.82 103.2
De146582TE+2 -C.55Q7806E+5

30

30

30
30

30
30

30

30
30

0.

1 8 130 0

O.

30 O

2.E+48

1.E12

8.35E4

1.57E5

+3450

4.17€0

1.0E'2

1.37€-7

loE-Ob

1.5‘11

0

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

‘DATA

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204

6€S



H20+M=0H#H LWP(300-3250 K)
16 1. 20 1. 30 0., 17 1. 9 1. 30 0.
16 120 130 017 1 9 130 O
1. TE+22 1.31 118.0
0.1575620E42 -0.6166211E+5
H+C02=CO0+0H( 1273-2273 K)
9 1. 15 1. 30 0, 14 1., 17 1, 30 O,
9 115 130 014 117 130 O
3006’12 00 33.
0.4460376E+1 -0,1056866€E+5
C02=CO+0(HARPER-BOEING) LWP 181 II-2
15 1. 30 0. 30 0., 14 1. 18 1. 30 0,
1S 130 030 014 118 130 O
2.3E"’11 ‘ "005 7109
0.178T7079E+2 -0.6348669E+5

0.35E0

3.85E0

0.T66E0

CO6HO6O+H2=H20+C6H6 APRIL +PH.D. THESIS. MAY 1969

11 1. 81, 30 0. 16 1. 12 1. 30 O.
11 1 8 13¢ 016 112 130 0
2+0E+13 0. 45,

-0.5793374E-1 0.81C1410E+4 1.00E+7
C6H6=3C2H2 APRIL ¢PH.D., THESIS. MAY 1969
12 1. 30 0. 30 0. 6 3, 30 0. 30 O,

12 130 030 0 6 330 030 O
1.4E+09 0. 52. '

0.3830254E+2 -~C.65628T4E+5 1.,0E+10

loE-IIO

IQE"Q

5.076E-14

1.000€E~-5

1.0€6-08

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

‘DATA

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229

ovs



CHAR BACK TEMPERATURE (OF)= 1471.7

THICKNESS OF CHAR{INCHES)=0.020672
TOTAL MASS FLUX(LBS/FT2-SEC)=.349420

FRONT SURFACE TEMPERATURE {OF)=5500.0

TABLE B-6, Typical Output for Non-Equilibrium

INDEPTH FLOW ANALYSISINON-EQUILIBRIUM FLOW)

THEDQRETICAL

NUMBER OF GAS COMPONENTS= 18

RATE OF HEAT ABSORBED IN THE CHAR ZONE(BTU/FT2-SEC)=1711.8933

RATE OF
PERCENT
PERCENT
PERCENT
PERCENT

PERCENT

HEAT ABSORBED IN THE DECOMPOSITION ZONE(BTU/FT2-SEC)=

arF

OF

OF

OF

OF

TOTAL HEAT ABSORBED IN THE CHAR ZONE= (0.8751294E 02
TOTAL HEAT ABSORBED IN DECOMP-ZONE= (0,1248705F 02

HEAT ABSORBED BY THE GAS IN THE CHAR ZQONE= 0,.,4130847F€ 02

"HEAT ABSNRBED BY THE SOLIDS IN THE CHAR ZONE= 0.2505246E 02

HEAT ABSORBED BY REACTION IN THE CHAR ZONE= 0.3363G607E 02

THICKNFSS OF DECCMPOSITION ZONE=0.,0068569
- GAS MASS FLUX AT THE SURFACE= .16896%

SURFACE RECESSION VELOCITY(FT/SEC)=C,01000

244.2668

1347



INDEPTH FLOW ANALYSIS{NON-EQUILIBRIUM FLCW)

TEMPERATURE DRQOP (OF) = 4028.4
PRESSURE DROP {LB/FT2} = S.1
SURFACF HEAT FLUX (BTU/FT2-SEC) = 1956.16
RADIANT HEAT FLUX BTU/FT2-SEC)=, 546,15

AERODYNAMIC HEAT FLUX({BTU/FT2-SEC)= 2502.31

DO NOV P W~

CHAR DEPTH (FT) C.0006 0.0006 0.0007 C.0007 0.0007
TEMPERATURE (0OF) 1471.7 1556.4 1648.1 1746.2 1848.7
PRESSURE (LB/FT2) 2169.1 2168.9 2168.6 2168.4 2168.2
MASS FLUX{LB/FT2-SEC) 0.1285 C.1606 0.1606 0.1606 0.1606
GAS COMPONENT COMPOSITIGON {(MOLE/MOLE GAS)

CH2 0.1000E-7C 0.3100E-10 0.2112€E-09 0.2614E~-08 0s1767E-07

CH3 0.1200E-70C 0.3152E-11 0.2733E-10 0.4766E-09 0.4591E-08

CH4 0.8250E-01 0.8141E-01 0.8098€E-01 0.8100E-01 0.8100E-01

C2H6 0.7390E-02 0.7292€E-02 0. 7254E-02 0.7253E-02 0.,7245E-02

C2H4 0.4739¢-01 0.4676E-01 0.4651E-01 0.4652F-01 ~0.4654E-01

C2H2 0.5103k-01 C.37GC5E-01 0.3163E-01 0.3184E-01 0.3194€E-01

C2H C.1000€e-7C 0.1330E-01 0.1846E-01 0.1826E-01 0.1816F-01

H2 0.44Q0E OO 0.4342E 00 0.4319E 00 0.4320€ 90 0.4320€E 00

H C.1C00E-70 0.1330E-91 0.1846E-01 0.1826E-01 0.1816E-01

N2 0.4751E-01 0.4688FE~0] 0.4663E-01 0.4664E-01 0.4665E-01

Co6HEN C.8393F-C1 0.8281E-01 0.8238E-01 0.8240E-01 0.8240E-01

C6H6 C.1128F-01 0.1113£~01 0.1107€E-01 0.1108E-01 0.1108€-01

NH3 0.1000E-7C C.9867F~71 0.9815E-71 0.9817€-T71 0.9818E-71

cn N.56T77E-01 0.5601E~01 0.5572E-01 0.5573€-01 0.5574E-01

coz 0.3574r-01 0.3526E-0C1 0.3508F-01 0.3508t-01 0.3509€-01

H2 0 N.1364E 00 0.1346E 00 C.1339FE 0C 0.1339F GO 0.1340E 0O

OH 0. 1000F-70 0.1085€~07. 0.5764E-07 0.2289E-06 0.5032E-06

0 G.1000E-T70 0.1109E-Q9 Ce1103E-09 C.11N04%:-09 N.,1104E-09

C 0.1110F Q1 0.1C95€ 01 C.1C89E 01 U.1088F 01 N.1090F 01

4 4]



VRNV P WN -

CHAR DEPTH (FT)
TEMPERATURE (0OF)
PRESSURE (LB/FT2)
MASS FLUX(LB/FT2-SEC)

GAS COMPONENT

CH2
CH3
CH4
C2H6
C2H4
C2H2
C2H
H2

H

N2
C6HAN
C6H6
NH3
co
ce2
H20
OH

0

c

INDEPTH FLOW ANALYSIS(NCON-EQUILIBRIUM FLQOW)

0.0008
1953.8
2168.0
0.1606

0.2192E-06
0.7686E-07
0.8099E-01
0.7169E-02
0.4659E-01
0.3195E-01
0.1815E-01
0.4321E OC
0.1815E-01
0.4664E-01
0.8239€-01
0.11C8E-01
0.9816E-71
0.5579E-01
0.3508E-01
0.1339€ QO
0.2018E-05
0.1103€-09 .
0.1089F 01

0.000C8 0.0009 0.0C09
2063.0 2172.5 2283.7
2167.7 2167.5 2167.3
0.1606 0.1607 0.1607
COMPOSITION (MOLE/MCLE GAS)
0.1000E-69 0.1734E-05 C.7617E-05
0.1000E-69 0.8569E-06 0.4981€-05
0.8101E-01 0.8093E-01 0.8079€E-01
0.7163E-02 0.6793E-02 0.6194E-02
0.4662E-01 0.4682E-01 0.4713E-01
0.3192E-01 0.3201E-01 0.3216€-01
0.1816E-01 0.1814E-01 0.1811E-01
0.4321E 0OC 0.4325E 00 0.4332€ 00
0.1812E-01 0.1815€E-01 0.1822E-01
0.4665E-01 0.4660E-01 0.4653E-01
0.8239E-C1 0.8231E-01 0.8218€£-01
0.1109E-0C1 0.1108€E-01 0.1107€-01
0.,9818BE-71 0.,9809E-71 0.,9794F-71
0.5571E-01 0.5603E-01 C.5659E-01
0.3513E-01 0.3504E-01 0.3486E-01
0.1340E 00 0.1335€E 0O 06.1327E 00
0.1000E-69 0.1804E-04 0.1105€E-C3
0.1C00E-69 0.1449E-C4 0.1392E-03
0.1090E 01} 0.1088€E 01 0.1086F 01

0.0010
2396.5
2167,.1
0.1608

0.1632E-04
0.1114E-04
0.8060E-01
0.5357E-02
0.4757E-01
0.3238€E-01
0.1807€-01
0.4341E 00
0.1832E-01
0.4643E-01
0.8199€-01
0.1105E~01
0.9772E-T71
0.5741£E-01
0.3459€-01
0.1315E 00
0.2490E-03
0.3274E-03
0.1083E O1

1% 2



VD NON P WN -

Pt o et s Pt ot ok P st pt
VONIPVPWN-=O

CHAR DEPTH

TEMPERATURE (OF)
PRESSURE (LB/FT2)
MASS FLUX{(LB/FT2-SEC)

GAS COMPONENT

CH2
CH3
CHé4

C2H6
 C2H4
C2H2
C2H
H2

H

N2
C6H6D
C6H6
NH3
co
o2
H20
OH

0

C

(FT)

INDEPTH FLOW ANALYSIS(NON-EQUILIBRIUM FLOW)

0.0010
2513.6
2166.9
0.1607

0.9922E-05
0.3257E-04
0.8058E-01
0.3694E-02
0.4981E-01
0.3180E-01
0.1807E-01
0.4340E 00
0.1771E-01
0.4643E-01
0.8200E-01
0.1105E-01
0.9773E-T1
0.5692E-01
0.3393€-01
0.1333E 00
0.1000€-69
0.9881E-03
0.1084F 01

0.0011 0.0011 0.0011
2628 .5 2744.1 2860.4
2166.6 2166.4 21662
0.1609 0.1612 0.1616
COMPOSITION (MOLE/MGOLE GAS)
0.3263E~-04 0.6520E-04 0.1081E-03
0.3727E-04 0.3926E-04 0.3988E-04
0.8016€-01 0.7958E-01 0.7885€-01
0.2602E-02 0.1467TE~02 0.3201€-03
0.4975£-01 0.4918E-01 0.4805E~01
0.3255E-01 0.3369E-01 0.3524E-01
0.1798E-01 0.1786E-01 0.1771€E-01
0.4361E 00 0.4388€E 00 0.4423E 00
0.1823E-01 0.1906E-01 0.2025E-01
0.4620E-01 0.4589E-01 0.4549E-01
0.8158€E-01 0.8101E-01 0.8028€-01
0.1100€-01 0.1094E-01 0.1085€E-01
0.9725€E-71 0.9659E-71 0.9575E~-71
0.5895E-01 0.6185E-01 0.6564E-01
0.3362E-01 0.3332E-01 0.3304€E-01
0.1299E 00 0.1249E 00 C.1181E 0O
0.2156E-03 0.1173E-02 0.2516E-02
0.1132E-02 0.1193€E-02 0.1172€E-02
0.1077€ 01 0.1066E 01 0.1053E 01

00,0012
2976,0
2166,0
0.1622

0.1730E-03
0.7375E-04
0.7782E-01
0.9261€E-04
0.4501€E-01
0.3756E~01
0.1750€E-01
0.4463E 00
0.2257E-01
0.4495E-01
0.7931E~01
0.1074E-01
0.9462E-T71
0.7105€-01
0.3265E-01
0.1080E 0O
0.5017E-02
0.1159€-02
0.1034E 01

1 44°]



—
QLD OWNO VNV H WN -

Pt ot s ot ot pt ot pad pd
O D NV N

CHAR DEPTH (FT)
TEMPERATURE (OF)
PRESSURE (LB/FT2)
MASS FLUX{LB/FT2=-SEC)

GAS COMPONENT

CH2
CH3
CH4
C2H6
C2H4
C2H2
C2H
H2 -

H

N2
CoH6D
C6H6
NH3
Co
co2
H20
OH

0

C

INDEPTH FLOW ANALYSISINON-EQUILIBRIUM FLOW)

0.0012
3092.2
2165.7
0.1639

0.3888E-03
0.1436E-03
0.7485E-01
0.1252E-04
0.3584E-01
0.44C4E-01
0.1690£-01
0.4558E 00
0.3114E-01

- Ce4341E-01

0.7651E-01
0.1C40E-01
0.9137E-T71
0.8547E-01

- 0.3153E-01

0.7827E-01
0.1412E-01
0.1119€E-02
N.9818E OC

0.0013 0.0013 0.0014
3210.0 3329.7 3449.6
2165.5 2165.3 2165.0
0.1660 0.1673 C.1682
COMPQOSITION (MOLE/MOLE GAS)
0.7688BE~-03 0.1362E-02 0.2495E-02
0.2467€~03 0.4062E-03 0.7837E-03
0.7101E-01 0.6788E-01 C.6487E-01
0.5737E~-05 0.2738E£-05 C.8772E-06
0.2418E-01 0.1454E-01 0.5890E-02
0.5225E-01 0.5949E-01 0.6673E-01
0.1614E-01 0.1561€-01 0.1528€E-01
0.46556E 00 LQ.4724E CO 0.4795€ 00
0.4408E-01 0.5338E-01 0«5617TE~-01
D.4148E-01 0.4011E-01 0.3925€-01
0.7299€E-01 0. TC4TE-01 0.6880E-01
0.9979E-02 0.SG688E-02 0.9529E-02
0.8730E-71 0«.8442E-T71 0.8260E-T71
0.1013E 00 0.1106E 00 0.1161€E 0O
0.3012E-01 0.2913E-01 0.2850E-01
0.4099E-01 0.1654E-01 0.4952E-02
0.2770€-01  0.3737E-01 0.401l2€-01
0.1069E-02 0.1034E-02 0.1012E-02
0.9185E 00 C.8758E 00 C.R494F 0O

0.0014%
3567.1
2164.8
0.1685

0.4413E-02
0.1526E-02
0.6145€E-01
0.1700€E-06
0.1482E-02
0.7059€E-01
0.1511E-01
0.4842E 00
0.5636E-01
0.3881E-01
0.6782E-01
0.9475E-02
0.8168E-71
0.1186E 00
0.2818E-91
0.1275€E-02
0.3974€E-01
0.1000E-02
0.8366E 00
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P e et Pt s Pt Pt gt et .
VONPNDWNN~OODNON P WN -~

CHAR DEPTH (FTH
TEMPERATURE (OF)
PRESSURE (LB/FT2)
MASS FLUX(LB/FT2-SEC)

‘GAS COMPONENT

CH2
CH3
CH4
C2Hé6
C2H4
C2H2
C2H
H2

H

N2
C6H6D
C6H6
NH3
Cco
Co2
H20
OH

0

C

INDEPTH FLOW ANALYSIS{NON-EQUILIBRIUM FLOW)

0.0015
3681.8
2164.6
0.1686

0.7336E-02
0.2718E-02
0.5686E-01
0.2384E-07
0.2476E-03
0.7169E-01
0.1500E-01
0.4862€ 00
0.5716E-01
0.3853E-01
0.6709E-01
0.9459E-02
0.8110€E-71
0.1190F 00
0.,2797E-01
0.2597E-03
0.3946E-01
0.9932E-03
0.8299E 00

0.,0015 - 0.0015 0.0016
3793.8 3903.2 4010.5
2164.3 2164.1 2163.9
0.1686 0.1686 0.1686
. COMPOSITION (MOLE/MCLE GAS)
0.1115€-01 0.1608E~01 0.2132E-01
0.4308E-02 0.6392E-02 0.8602E~02
0.5102€E-01 0.4345€E-01 0.3540€E-01
0.4605E-08 0.32111€E~08 0.1715€E-08
0.6069E-04 C.4416E~04 0.3552E-04
0.7192€-01 0.,7207E-01 0.7237E-01
0.1490E-01 D.1478E~01 0.1464E-01
0.4875€ 00 0.4888E 00 0.4902E 00
J.5839E-01 0.6003E-01 0.6176E-01
0.3828E-01 0.3796E~01 0.3762E-01
0.6634E-01 0.6542E-01 0.6441E-01
0.,9437€-02 0.9387E-02 0.9308E-02
0.8057E-T7T1 0.7990E-71 0.7919&-71
0.1187E 00 0.1181E 00 0.1175E 00
0.2778E-01 0.2754E-01 0.2728E-01
0.1016E-03 0.7977E-04 0.6569E~04
G.3920E-01 0.3888€~01 0.3853E-01
0.9866E-03 0.9784E-03 0.9697E~03
0.8245t QO 0.8179€E 00 c.8108& 00

0.0016
4115.6
2163.6
0.1685

0.2673E-01
0.,1089E-01
0.2708€E-01
0.1804E-08
0.2901€E-04
0.7296€-01
0.1450€-01
0.4914F 00
0.6353E-01
0.3726E-01
0.6325€E-01
0.9190E-02
0.7842E-71
0.1170E 00O
0.,2699E-01
0.5428E-04
0.3816E-01
0.9603€E-03
0.8031E 00
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CHAR DEPTH (FT)
TEMPERATURE (OF)
PRESSURE (LB/FT2)

‘MASS FLUX(LB/FT2-SEC)

VDV NG NS WN

~'GAS COMPONENT

CH2
Ch3
CH4
C2H6
C2H4
C2H2
C2H
H2

H

N2
C6H6D
C&H6
NH3
Co
co2
H20
OH

0

C

INDEPTH FLOW ANALYSISUNON-EQUILIBRIUM FLOW)

0.0017
4218.6
2163.4
0.1685

0.3083E-01
0.1268E-01
0.2068E-~01
0.1303E-09
0.2462E-04
0.7381E-01
0.1439E~01
0.4922€ 00
0.6490E-~01
0.3696E-01
0.6220E-01
0.9056E-02
C.7780E-71
O0.1167E 00
0.4620E-04
0.3785E-01
0.9526E-03
0.7969E 00

4319.4 4418.2 4514.8

2163.2 2162.9 2162.7

0.1685 0.1685 0.1685

COMPOSITION (MOLE/MOLE GAS)

0.34206-01  0.3648E-01 0.3788E-01
0.1430E-01 0.1562E-01 0.,1672€-01
0.1519€-01 0.1119E-01 0.8278E-02
0.3227€E-08 0.3910E-08 0.3615E-08
C.2100E-04  0.1825E~04 0.1608E-04
0.7513E-01 0. 7683E-01 0.7889E-01
0.1428E-01 0.1419E~01 0.1410E-01
0.4926F 00 0.4923€E 00  0.4914E 00
0.6612E-01 0.6711E-01 0.6788E-01
0.3668E-01  0.23644E-01 0.3621E-01
0.6106E-01 0.5993E-01 0.5875€-01
0.8875€E~-02 0.8656E-02 0.8385E~-02
0.7720E-71 0.7670E~71 0.7622€-71
D.1165E 00 0.1166E 00 0.1174E QO
0.2650E-01 0.2625E~01 0.254TE-01
0.3917E-04 0.3358E-04 0.2896E-04
0.3756E-01 0.3732€-01 0.3709E-01
0.9454F-03 0.9530E~03 C.14B6E-02
0.7911E 00 0.7861E 00 0.7813€ 00

0.0019
4609.5
2162.5
0.1684

0.3868€-01
0.1767€E-01
0.,6150€E-02
0.5711€E-08
0.1428E-04
0.8114E-01
0.1420E-01
0.4900E 00

‘0.68T1€E-01

0.3599€~-01
0.5751E-01
0.8060E-02
0.7576E-71
0.,1183E 00
00246QE'01
0.2511E-04
0.3686F-01
0.,2002E-02
0.7767€ 030

LyS



INDEPTH FLOW ANALYSIS{NON-EQUILIBRIUM FLOW)

CHAR DEPTH (FT) o 0.00149 0.0019 0.0020 0.0020 0.0021
TEMPERATURE (OF) 4702.4 4793.9 4884.4 4974.1 5063.1
PRE:SSURE (LB/FT2) 2162.2 2162.0 2161.7 2161.5 2161.2

VR NN LN -

MASS FLUX(LB/FT2-SEC) 0.1684 0.1684 0.1684 0.1685 0.1685

- GAS COMPONENT

CH2
CH3
CHa
C2H6
C2H4
C2H2
C2H
H2

H

N2
C6H60
C6H6
NH3
co
coz2
H20
oH

0

C

0.39C1E-01
0.1797E-01
0.4816E~02
0.1196E-04
0.7816E~-01
0.1926FE-01
0.4853E 00
0.7459E-01
0.3559€E-01
0.5595E-01
0.7654E-02
0.7490E-71
0.1189€ 00
0.2350E-01
0.2175E-04
0.3645E-01
0.2774E-C2"
D.7680E 0O

COMPOSITION (MOLE/MOLE GAS)

0.3870€E-01
0.1835E-01
0.4053€E-02
0.2060€-08
0.1053E-04
0.7972E-01
0.2017€-01
0.4760E 0O
0.8450E-01
0.3519E-01
0.5431E-01
0.7190E-02
0.7406E-T71
0.1199€ 00
0.2204E-01
0.1867E-04
0.3603E-01
0.3794E-02
0.7593E 00

0.3812€-01
0.1856E-01
0.3505€E~-02
0.1336E-08
0.8926E-05
0.7830FE-01
0.2388E-01
0.4645E 00
0.9776E-01
0.3456E-01
0.5249E-01
0.7296E-71
0.12C8E 00
0.2026E-01
0.1594E-04
0.3551E-01
0.5010€E-02
0.7480E 00

0.3749E-01
0.1868g-01
0.3020€-02
0.2239E-08
0.7524E-05
0.7638E-01
0.2808E-01
0.4514E 00
0.1129€ 00

. 0.3409E-01

0.5057€-01
0.6100E-02
0.T175€E-T71

0.1217€ 0O

0.1827E-01
0.1358E-04
0.3494E-01
0.6379E-02
0.7354E 00

0.3681€E-01
0.1872€E-01
0.2594E~-02
0.1513E-08
0.6251E~05
0.7318€-01
0.3345€E-01

0.4378F 00

0.1290E 00
0.3348E-~01
0.4862E-01
0.5522€-02
0.7046E-T1
0.1225E€ 00
0.1613E-01
0.1158€E-0¢4
0.3433€-01
0.7841€E-02
0.7219€E 00

234"



INDEPTH FLOW ANALYSTS(NON-EQUILIBRIUM FLCW)

CHAR DEPTH (FT) 0.0021 04.0022 0.0022 0.0023 0.0023
TEMPFRATYRPE (0OF) 5151.5 5239.3 5326.6 5413.5% 5500.1
PRESSURF (LB/FT2) 2161.0 2160.7 2160.5 2160,3 2160.0
MASS FLUXI(LB/FT2-SEC) 0.1685 0.1686 0.1687 0.1688 0.1690
GAS COMPONENT COMPOSITION (MOLE/MQLE GAS)
1 CH2 0.3614E-01 J.3542E-01 0.3475E-C1 0.3404E-01 0.3321E-01
2 CH3 0.1869E-01 G.1859E-01 0.1847F-01 0.1828E-01 C.1797E-01
3 CH4 0.2231E-02 0.1917E-02 0.1646E-02 0.1419E-02  0.1253€-C2
4 C2H& C.2312F-C8 0.1630E-08 0.2305£-08 0.1704E-08 0.1000E-69
5 C2H4 0.5228E-05 0.4313E-05 0.3641E-05 0.2994E-05 0.2438€£-05
5 C2H2 0.7054E-01 D.6742E-01 0.6521E-01 C.6137E-01 0.5658E-01
7 C2?2H 0.2826E-01 0.4330E-C1 D.4752E-01 0.5296E-01 0.5877€6-01
3 H2 0.4235E Q0 0.4074E 00 043924E 00 0.3753E GO 0.3540F 00
2 H Ce1457F 0O 0.1649E 00 0.1824E 0OC 0.2032E 00 C.23GOF 0O
10 N2 Ne3286E~-01 0.3221F-C1 C.3161E-01 0.3095E-01 0.3020E-01
1l CoHAN Qa466RE-C1 N.4473£-01 De4289E~-01 D.4102E-0D1 0.3909E-01
12 CEHE D44049F~-02 De4394E-02 0.3876FE-02 0.3391E-02 C.2943E-02
13 NH3 Neb691T7F-T1 0.6779E-71 Q.6653E-71 0.6514E-71 C.hA356F-71
14 rn 0.1235E 0¢C 0.1241E OO0 De1248E 09 0.1250E 00  0.1245E 00
15 oez? 2.13G4F~-01 0.1180E-01 0.9822F-02 0.8022E-02 0.6397E-02
1h H2C 0/79E~05% 0.B8391£-05 J37179E-05 0.6105E-05 0.5121F-05
17 AH C.3372E~-01 0.2310£-01 0.3251€-01 C.3136E-01 0.3111E-01
IR 0 C.9%45E~02 J.1076E-01 0« 1207F-01 Ce1317E-01 0.1405E-01
19 C J.7C082E 00 0.6336E 00 0.6800E 00 C.665CE 0OC 0.64783E 0D

6¥%S



APPENDIX C

THERMOPHYSICAL PROPERTIES DATA

This appendix contains all the thermodynamic and phy-
sical property data used in this research along with the
references and methods used to compute the heat capacity,
enthalpy, free energy, thermal conducti?ity and viscosity
of gases. In addition, the thermophysical properties re-
quired to characterize both the char and the virgin material
are also presented. At the end of the chapter, a brief
explanation and a typical input of the Thermochemical
Generation Program (TGP) is presented. This program was
written to develop a uniform thermodynamic data base for
converting thermodynamic information from various sources

to a convenient polynomial form.

Thermophysical Properties of Gases: The thermodynamic

and physical properties data used by the ABLATINl and
ABLATIN2 systems is presented. The thermodynamic data is
presented in table form giving the values of empirical
constants for polynomial fit. In this research it was con-
venient to use the thermodynamic data in functional form.
This procedure not only reduced memory space, but in
addition, it reduced the need for interpolation between
tables of stored values. Coefficient for the polynomial
fits have been obtained from numerous soufces, mainly from

the work of NASA at Lewis (1), Bauer and Duff at Los Alamos

550
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(2), API Project 44 (8) and JANAF (6). The polynomial

equations used for the heat capacity is of the form:

CO
P

R = a+bT+cT2+dT3+eT? _ C(c-1)

If we define the sensible enthalpy plus the heat of

formation at a reference temperature as HOT, then:
T
HE = A HO + f cO ar (C-2)
TR T P

R

Where AHS_ is the heat of formation at the reference
temperature TR. Substitution of Equation (C-1) into (C-2)

and integrating results after some manipulation results in:

o

H

T = a+b T+c T2+d T3+e T4+f (C-3)
RT Z 3 . 7T § | F

The definition of absolute entropy is:

s9 c®

) _

aT (C-4)
A o T

. Hence, substituting Equation (C-1) into Equation (C-4)

and integrating results after some manipulation:

St 2 4
- aln T+br+cT +dT3 +cT (C-5)
R z T

d
3

The definition of Standard Molal Free Energy is
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as follows:

o _o °
F, = E, _ TSp (C-6)

o
T

(C-6) results in a polynomial expression for the free energy

Substituting the deffinitions for H_; and Sg in Eguation

which is, after dividing by RT:

- O (Cc-7)
FT ’ 2 4 :

= a(l-1nT) - b T -c T° - ar3 -~ er? +f - g
RT z [3 ) 20 T

A set of coefficients is presented in Table C-1 for
Equations (C-1), (C-3), (C-5) and (C-7). The coefficients
presented in Table C-1 are two temperature intervals. A
high temperature interval (1000°K-6000°K) denoted by the
letter H and a low temperature interval (300°K-1000°K) de-
noted by the letter L. Most of the data used was from
McBride et. al. (1) of NASA, covering the intervals 300°K
to 1000°K and 1000°K to 6000°K. At 1000°K the low and high
temperature fits were forced to match. The species for
which data of McBride et. al. (1) was used were: C(Graphite),
C(g), Cys Cy, CH, CHy, CHy, CH,, C,H,, CyH,, CN,CyNp, CO,
COZ’ q, H2' HCO, H20, N, N, NH, NH3, NO, NOZ' Nzo, N204,
o, O2 and OH. The coefficients presented for the other
species were obtained using the heat capacity coefficients

of Duff et. al. (2) and the other two coefficients, f and g,

were calculated from them.



TABLE C-1:

Coefficients for the Empirical Fit of
0 [o] -0
Cp/R, Sp/R and Fp/RT

A
c(G) H  .2579E1
I .2541F1

02 H 04045E1
L. «7509E1

C H  .4713El
L .2633El

cy H  .6077EL
L  .5670El

c H <T5TTEL
5 L .7279E

1  .8887El

Cy H  .1057E2
| L  .1049E2
cg ~ H  .1207E2
I  .1211E2

Cq H  J1357E2
I .1371E2

c H  .1508E2
10 L  .15%32E2

B

-.1437E-3
-02210E‘3

11697E-3
-.1065E~1

o2903E-2
09419E-2

¢ 3443E-2
15883E-2

«461TE=2
+6T62E-2

05791E-2
«7643E=2

06963E-2
+8524E-2

c8133E-2

«9308E=-2
.1028E-1

«1048E~1

C

- o T225E-T

+4736E-6

.1585E-6
01007E-4

-.1214E-5
-.9593E-5

-.9479E-6
—04751E‘5

’01271E-5
-.5027TE=~5

-01595E-5
-.5307E-5

-01917E-5
-.5585E-5

-.2238E-5
-.5861E~5

=,6144E-5

-,2885E=5
'06421E-5

D

-.T417E~11

-.4529E~9

—05527E-10

-,8621E~9

+2285E~9
«5579E~8

+9347E~10

+2349E~-8

.1187E~9
+2562E~8

01441E-9
«2779E~8

+.1689E~9
{2995E-8

01934E-9

«3207E~8.

«2189E~9
»3427E~8

«2439E-9
«3641E~8

E
+1370E~16
.1602E-12

+4859E-14
-.1752E=-11

-+1599E-13
~.1424E-11

-.1791E=14
-04648E°12

-.1123E-14
-.5450E~12

-.4628E~15
~.6265E~12

02555E’15
-07075E~12

+9903E-15
~.7T885E~12

.1641E-14
-08705E‘12

»2339E-14
~+9510E~12

F

+8543E5
+8545E5

«9961ES
«9880E5

«9375E5
«9431E5

+1195E6
«1195E6

.1186E6
.1186E6

+1437E6
.1437E6

«1435E6
+1435E6

.1696E6
.1696E6

.1670E6
+1669E6

.1966E6
«1965E5

G
«4321E1
+4573EL

.1281E1
-01607E2

-02530E1
«8079E1

-05995E1
-.4253E1

-.1431E2
-.1311E2

~-.1904E2
-01837E2

-.2736E2
-02722E2

-.3209E2
=.3249E2

-04041E2
-.4134E2

-.4514E2
-04661E2

£G6S



HiE ol B HEH el el Bl vl gl o el Bl

A

.1961E1
«3544E1

3513E1
. 3006E1

.3965E1
«2473E1

«5873E1l
.2695E1

«5465E1
.1021E1

.8361E1
«2T17El

«9024F1
«1743El

.9773E1
.1532E1

.1113E2

-.1099E1

«1255E2
«2248E1

«2229E1
«3551E1

-4497E1
«7903EO

B

«3312E-2

[ 3589E"‘2

«6200E=2

. T403E-2
" 2267E-1

«1118E-1
«3109E-1

«1164E-1
«3941E~-1

01425E-1
+4949E-1

«1663E-1

. 6769E-1

«2011E=2
.T022E-1

[} 4711E"2
-.2507E=2

«5269E=2
«2347E-1

c

e 1469E-5
-01826E"5

-¢1323E-5
e 3511E-5

e 2265E-5
-.8045E-5

e 2729E“5
=,2451E-4

-+3043E-7

-.4637E-5
-.4505E~4

-s5733E-5
e 561 3E"4

-.8198E5
e 6393E"4

-.7453E-5
e 7887E"4

~-.8136E~5
~.8037E-4

e 1766E“5
«1235E-4

-.1840E-5
-.3554E~4

D

. 2929E"9
«4455E-8

«2305E-9
«1249E-8

«3T1TE-9
«2729E-8

«4437E-9
«1315E-7

«1481E-T7

-8085E~-9
) 2 477E"7

+1009E-8
. 3040E—7

-1181E-8
« 34T3E-7

«1318E-8
«4345E-T7

.1440E-8
«4395E-7

«3065E-9
-.1175E-7

. 3105E=9

B

-.2124E=-13
-,2186E-11

-+1530E-13
-.1896E~12

-,2262E~-13
e 354-4E-12

-.2637E~13
-.2673E~11

e 444-1E-13
-.2783E-11

-.5150E=-13
-.5100E-11

~.6175E~11

-.7600E-13
-.TO85E~11

-.8925E-11

'09005E-11

-,2017E~13
«3812E-11

-.8448E~-11

F

« TLO5E5
»TO59E5

«5789E5
«5T97E5

.6283ES
.6307ES

«T605E5
«T649E5

.9152E5
«9217ES

.1053E6
.1050E6

.1184E6
.1193E6

+1418E6
+1429E6

.1435E6
.1448E6

.1707E6
+1713E6

«3383E5
«3366E5

«2563E5
+2625E5

G

.1021E2
.1823E1

«4523E1
.6920E1

«3467E1
«1054E2

e 401 OEJ.
«1039E2

e 284331
«1757E2

-.1363E2
+1184E2

~-.2083E2
+1640E2

-.2718E2
.1813E2

-.2677E2
«1442E2

«T708E1
«1797El

e 3145E1

.1401E2

123



HEX v H@n Bim el Bl el vl B B vl e

o

A
-4501E1
.1668E1

.6375E1
.2071E1

.6655E1
.1006E1

-8T75E1
+2324EL

«8139E1
«2029E1

«1047E2
.1087El

.1006E2
.1691E1

«1322E2
.1810E1

«2803E1
«3399E1

«3481El
«314TE1

.4658E1
«2588E1

«5T49E1
«2636E1

. T099E1
«2649E1

B
+8696E-2
«2219E-1

. 9648E-2
¢3115-1

.1325E-1

«1341E-1

«1757E~1

.1819E-1
+6487E-1

.2185E-1
+6335E-1

+T1857TE-4

«8497E=2
.8039E=2

.1891E~1

«1248E-1
+2633E-1

+1455E-1

c

-.3155E=5
-.2193E-4

-, 3706E=-5
-,3650E-4

-+5105E-5

=, 4555E~-4

e 5232E‘5
-.5461E-4

-,6763E-5
-.5111E-4

-.7243E-5
-.75T1E-4

-.8502E-5

-,8660E=5
-,9245E~4

-,2289E-5
+2033E-6

-.3113E~5
01453E-6

-¢3955E-5
-.1393E-4

-.4751E-5
-.2312E-4

~+5664E-5
-.3266E-4

D
«5242E-9
+1110E-7

+6390E-9
] 2047E-7

«8823E-9
. 2475E"7

«9113E-9
« 3087E-7

.1167E-8
« 2TTTE=T

+1277E=8
«4207E=7

«1477E~-8
* 3834E‘7

«1532E-8

«3899E-9
«1155E-8

+5189E-9
~.2569E~-8

+6723E-9
«5541E-8

+8136E~9
+1093E-7

+9844E-9
«1601E-7

E

-+3264E-13
-.2153E~11

e 4081E"13
e 4 277E"ll

-.5645E5~13
=-.5060E~11

e 5860E"‘13
~-.6480E~11

-+ T450E-13
-.5745E-11

-.8285E-13
-.8700E~11

e 9 480E-l 3
-.7975E-11

-¢9955E-13
-.1072E~10

-.2528E~-13

«4129E-12

-+32325E~-13

«7908E~12

-.4248E-13%
-.9075E~12

-.5170E~13
-.2068E-11

e 6320E-13
-.3088E~11

F
«5191E5
«5230E5

«5391E5
«5449E5

.8063E5
+8139E5

«8223E5
.8307E5

.1079E6
.1088E6

+1099E6
.1112E6

«1331E6
<1342E6

.1381E6
+1396E6

«1579E5
.1565E5

«2L79ES
«3189E5

«3667ES
«3699E5

«4909E5
.4955E5

«6543E5
.6608ES

G
«1827E0
«1305E2

e 9060El
.1033E2

e 8785E1
.1669E2

-+1805E2
+1082E2

e 1389E2
«1366E2

.1567E2

-.2275E2
+1499E2

=.37T73E2
+1359E2

«5684E1
«2703E1

«5172El
«TO097E1

.6294E0
.1031E2

-.3429E1
+1091E2

e 9039E1
«1139E2

SSS



HxX ¢ Pl il gl BHE g Bl vl e el el

A

.8312E1
.2926F1

«-1180E1
+4249E1

«3502E1
.1120El

«4247E1
«2T45E1

.6126E1
+2496E1

«5392E1
+2231El

«5088E1
«2598E1

.T931E1l
«2468El

«6560E1
«2010El

.6258E1
.2211FE1

.TO80FE1
.2522E1

.8014E1
«3073E1

B

01640E-1
.4064E-1

«1095E-1
-06912E-2

01159E-1
01390E-l

01363E'1
«1792E=~1

«1306E~1
«1839E-1

01576E-1
02772E-1

+1614E-1
02399E-1

01635E-1
+4229E-1

»1792E-1
.3603E-1

«1823E=-1
«3393E~-1

«1962E-1
04236E-1

«1965E-1
«3951E~-1

c

-06416E-5
-.3886E~-4

~.4062E-5
«3160E-4

-.4474E-5
02656E'5

-.5114E=-5
-07243E-5

-.5210E-5
-.6755E-5

-06028E-5
-.1885E~4

-.6192E-5
-c1215E“4

-+6293E-5
-.4289E-4

-.6963E-5
’02778E’4

-07078E-5
-02470E-4

-07668E-5
-.3545E-4

-07685E-5
-.3103E-4

D

.1118E-8
.1907E-17

071 E~
-029 E‘;

+T945E-9
-01156E-7

08668E‘9

-.7208E-10

+9194E-9

-08296E-9

.1035E-8
+6522E-8

+1065E-8
+2144E-8

.1086E-~8
«2225E~17

+1208E-8
«1096E-7

»1227E-8
+9332E-8

«1336E-8
+1536E~7

+1339E-8
'1269E-7

E

-07200E-13
-03666E-11

~e4T749E~13

09510E-11

=.2323E~13

«5238E~11

-05465E”13

«5918E~12

-¢5965E~13

08053E-12

-.6590E~13%
-08975E.12

-06790E-13

«T127E~13

-06935E913

+4450E-11

-07750E-13
-e1733E~11

-.78T0E~13
- =.1438E-11

-.8589E~13%
-02672E°11

-.8610E~13
-.2109E~11

F

« T660E5
« TT38E5

-.98§5E4
*1018E5
.4543E4
.5332E4

.2046E5
«20T4E5

«2072E5
«2159E5

« 3484E5
«3535E5

« 3289E5
«3334E5

«4871E5
+494TE5

.5111E5
“5183E5

.4816E5
.4881E5

+6279E5
.6363E5

«6326E5
.6403E5

G

-.1357E2
«.1117E2

+1250E2
-09175E0

«2466E1
.1583E2

«1760E1
«9139E1

‘09286E1
*e9894E1

‘31649E1
«1331E2

-.1819E1
.1028E2

-.1361E2
«1121E2

-.6448E1
+1491E2

-.1868E1
172282

-01179E2
.1369E2

-.1236E2
.1080E2
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A

«5152E1
.8791EO

«4163E1l
«3158E1

+4650E1
. 3082E1

«4710E1
.1593E1

.1430E1
«1430E1

«2530E1
«3013E1l

+2927E1
«1745E1

«4007E1
«3T64E1

«3971El
«2437El

« 3258E1
«1310El

. 2T82E1
«3991E1

.3601E1l
+8735E0

B

«2280E-1
«3417E~1

«1670E~1
01511E—1

«1925E~1
«2100E-1

01999E‘1
«2699E-1

.1889E-1
01889E-1

«2103E~1
«1439E-1

«2041E~]1
«1757E~-1

02255E-l
«1845E-1

«2259E-1
«2913E-1

+2349E-1
«3537E-1

.2591E-1
«2286E-1

«2668E-1
«2770E~1

C

-.8996E-5
-.1292E-4

-.6328E~5

«4407E-5

=« T335E=5
-.2637E-5

-07824E-5
. -07206E-5

-07044E-5
-+T044E-5

=+7953E~5

+1195E-4

-.T6T6E=5

07810E-5

'-8552E-5 .

+6T84E-5

+8575E-5
“01298E-4

-.8975E-5
-.2098E~4

’05997E‘5
'08745E-5

-.1036E-4

04256E-5

D
«1577E-8

~.2030E-8

+1079E-8

‘.9188E—8

«1255E~8

~.4696E-8

+1364E-8

-04060E-8

.1187E-8
.1187E-8

«1354E-8

-01763E-7

+9036E-9

~e1324E-7

+1458E-8

'01369E-7

«1464E-8
06525E-9

+1539E-8
.4492E-8

-04794E-8

+1501E-8

+1799E-8

-01439E-7

E

-.1018E-12
«1584E-11

-,6880E-13%
«2697E-11

'07970E-13
«1634E-11

’08775E-13
.1839E-11

~+7445E-13
-.T445E-13

-.8565E-13

05647E—1l

-.8230E-13
«3826E-11

-09235E-13
04487E-11

-.9285E-13%
.8151E-12

-09780E—13
«2204E~12

.2247E-11
_09550E-13

-.1155E-12
04465E-ll

P

« 5880E5

+5961E5

«1439E5
.1468E5

«3071E5
«3107E5

«3024E5
« 3086E5

-t1143E5
-01143E5

+8170E3
+8268E3

«5054E4
«5422E4

+1546E5
+1560E5

«17T4E5
«1794E5

«1127E5
«1142E5

+1757E5
+1736E5

.8326E4
.8994E4

G

-.8328E0
. 203382

«T926E1
«1374E2

« 3TB4AEL
«1203E2

«9718EQ
+1666E2

«1401E2
«1401E2

«1171E2
+1022E2

+6002E1
«1302E2

+4838E1
+6898El

«5946E1
«1293E2

«8230E1
«1629E2

«1191E2
«6002E1

+4317EL
+1904E2
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CgHgO

CN
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A

«4619E1
«3511E0

.1291E1
+2055E1

«2473E1
«3228E1

«2293E1
«2TT3EL

- «2648El
«2332E1

«264TE1
«3218El

.3216E1
«1990EO

-05417E1

.4285E1
«3190E1

«4285E1
.1879E2

-.3931El

. 3602E1
«3852E1

.6502E1
«3402E1

B

«2881E-1
«3754E~1

+2528E-1

«2980E-1
. 1 9 48E"1

«3011E-1
«2733E-1

02963E“1
«3207E~1

+2959E~-1
«2521E~1

« 2940E~1

3 77 35E"1
«TT35E-1

.2841E~1
+2995E-1

«2841E-1

+6938E-1
«6938E-1

O 3 408E-3
-.2763E=~2

+4053E-2
«1775E-1

c

-«1124E-4
-.7947E-5

-.1047E-4
e 8879E“8

-.1134E-4
.1816E-4

e 11 49E-4
.1802E-5

-.1127E-4
=-.9355E~5

-.1125E-4
«3948E-5

-.1127E-4
e 9240E-5

-,5841E~4
e 5841E-4

«5455E=5

-,1161E~4
+4290E-3

-+.5210E-4

. 9716E-7
«6857E~5

-.1664E-5
e 2686E-4

D

«1957E-8
~.7509E-8

+«1780E-8
e 8879E-8

«1940E-8

.1971E-8
-.1306E-7

.1929E-8

«1923E-8
-.1345E-7

«1939E-8
-.3076E-8

«23T2E=T

.2081E-8

«2081E-8
e 4265E"6

«1249E-7
«1249E-7

-+1582E-10

«3094E-9

E

~+.1257E~12

«3038E-11

~.1124E~12

«3198E-11

-.1231E~12

«8205E--11

~-+1252E~12

3 4737E"11

~+1224E~12

-.1219E-12

«4555E=-11

~-.1235E-12

«1213E-11

e 3986E"11

e 1363E‘12

.5811E-11

-01363]3"12

.2091E-11
«2091E-11

-.4142E-15

«1490E-11

=-+2148E-13
-, 7087E-11

F

«T391E4
.8264E4

-.1407E5
-.1425E5

-.2852E4
-.2828E4

-.1973E4
-.2083E4

-.4064E4
-.4086E4

-.3370E4
e 3452E4

.1076E4
.1711E4

-.1258E4

~-.1751E5

e 1799E5
-,1833E5

-.1330E5

«4731E5
+4T41E5

« 9490E5
«3555E5

G

-.1789E1
+1986E2

+1714E2
+1318E2

+1359E2
«1131E2

+1510E2
«1274E2

+1182E2
«1285E2

«1219E2
«9T06EL

+4977E1
«2040E2

+4924E2
+4924E2

«4799E1
+9987E1

«4816EL
-.4601E2

.4187E2
J4187E2

+3552E1
.2971E1

e 94'41El
«5412E1

84S
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HCO

NO
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A

«2951E1
«3787TEL

.4412E1
«2170E1

«2500E1
«2500E1

«3653E1
.2168E1

«3270E1
. 3864E1

| .3043E1

+2846FE1

« 2670E1
.4156E1

«2442E1

«2514E1

2727EL
«3454E1

«2149E1
«3TT1EL

«3152E1
.4146E1

.4612E)
«3434E1

B

o 15 5 2E-2
e 2171E‘2

«3192E~2
.1037E~1

«0000EO
«O000EO

«1072E~1

«3519E-2
-.5370E-3

.6118E-3
.41932E-2

«3031E~2
bt} 17 24E"2

e 1124E-3

«1419E-2
[ 5280E-3

.6492E-2
e 486 2E"3

. 1406E-2
-e4119E~2

') 2638E" 2
«2223E-2

C

«5075E-5

-+.1073E-4

. 0000EO
.0O000EO

~.1258E~5

-.1508E-4

-a1377E=5
+6903E-5

-.7399E-8
-.9611E=-5

"08535E-6
+5698E-5

-.8499E-7
«2964E-6

-+4582E~6
“01972E“5

-+2269E-5
L] 987 4E-5

-.5707E-6
09692E-5

-.1094E-5
+6T14E-5

D

. 113 5E"9
-+3473E-8

«2415E-9
.6345E-8

.0000EO
.0O000EO

[ 21 69E-9
«1193E-7

-.6645E-8

-.2030E-10
«.9512E-8

«1179E-9

.«2140E-~10
-+3246E-9

«7555E~10
.2957E-8

[ 3739E"9

«2081E-9

E

-.1628E-11

.0O000EO
.0OO000EO

~.1430E~13
e 3700E"11

-.1673E~-13
«2057TE-11

«2459E-14
-+3309E-11

-.6197E-14

-.1251E~14

«1259E-12

e 4617E-14
-.1208E-11

-.2361E~13
«3131E-11

= T3T2E-14
+2230E-11

-.1465E~13

F

-01423E5
-.1436E5

-+.4835E5

«2547E5
«2547E5

«1442E5
.1468E5

-.2782E4
e 2799E4

-.8549E3

« 2988E5
-+.3028E5

«5614E5
«5612E5

«3892E5
«3867TES

.9852E4
.9744E4

.2340E4
.2864E4

G

«6531El
«2633E1

-.7287E0
«1066E2

e 4600E0

«23T2E1 .

+9281E1l

« 7304E1
»4897E1

e 1648El
b } 1411E1

.6883El

- 3 6861EO

.4492E1
«4119E1

.6044E1
«2010E1

«9238El
.1465E1

.6944E1
+2569E1

+1367E1
+8408E1
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A

«2854E1
«3691E1

«4626E1
«2382E1

«1042E1
«3165E1

«2537E1
«3021E1

. 2889E1
«3823E1

«3597E1
.3719E1

B

-.1333E-2

«3021E=~2
.1035E-1

.6036E~2

e 2173E-2

«998%E=-3
-.,1118E=2

. 781 4E-3
=.2516E-2

C

-.1215E-5
-.1116E-4

-.2583E-5
~+2535E-4

-.8801E-8
«3754E-5

-.2188E-6

-,2238E-6
.8583E-5

D

ollSlE-g
-.9769E-9

[ 228 SE-g
.6958E-8

.4928E-9
.1099E-7

.5964E-11

«1980E~10

«4249E-10
~-,8299E~8

E

-.T690E~-14
-.9977E-13

-.1585E~13
-.1878E-11

-+3478E-13
-.1660E-11

-.557T4E~15
.9077E~12

-+ 3845E-15
-+5255E~13

e 3346E-14
«2708E-11

F

-.8901E3
-.1062E4

.8135E4
.8723E4

e 2741E4
e 7673E3

«2923E5
«2913E5

. 3881E4
+3585E4

-.1192E4

G

«6390E1
«228TEl

-0114-6El
.1022E2

-.2582E2
«1147E2

+4946El
«2646E1

«5559E1
«5825E0

«3T49EL
. 3908E1

09¢
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At the end of the appendix a general purpose program is
presented that calculates the seven constants, "a" through
"g", when the heat capacity at different temperature inter-
vals, the heat of formation, and entropy at 298°K are
supplied.

The first card specifies the order of the polynomial
of the heat capécity and the number of data points. From
the second card on, the heat capacity data with-the coxr-
responding temperature in Ok are specified. The last card
gives the temperature range over which the value of the
heat capacity should be calculated and PRINTED out, and
the heat of formation and entropy at 298°K which are

necessary in the evaluation of the constants.

Gas fhase Physical Properties: The gas phase physical
properties required for the solution of the equations of |
change are the thermal conductivity and the viscocity. The
physical property equations are those presented by Sh rwood
and Reid (3).

The thermal conductivity of a pure gas is calculated
using the equation shown below:

T

-5 =
k = 2.66 13x10 M C + 4.47 CcC-8
o M,)  (C, ) (C-8)

2

ag Qv

For an ideal gas the heat capacity at constant volume

is Cpi -R and the collision diameter, o , and collision

integral, Q,, are tabulated for individual gas components
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in Table C-2 and Table C-3 respectively. The thermal conduc-

tivity of the gas mixture is calculated as:

- n n
kKq. = X x.k z p 4
9 i=1 19/ qa1 1

(C-9)

The viscocity of a pure gas is given by a similar

equation:

-3 . 1/2 V ' o 2"
ugi = (2.6693x10 ) (ﬂwl T) {C-10)

2
o Q,
The viscocity of the gas mixture is calculated by the

equation approximating the Chapman-Enskong Theory:

W z {1+ T 0 (ng/m¥t (e
o= M + ; ns/MN c-
i=1 i j=1 i 37

3#i

where the parameter, oij , is calculated by Equation (C-12)

below:
'¢ij = {’1+( ui/ uj)l/z‘ (ij/MWi)l/4}2 {5(1+MWi/ij)l/2}-1

(C-12)

Thermophysical Properties of the Virgin Material and

Char: The thermophysical properties used were those
measured by Southern Research Institute (4). Figure C-1
shows the thermal conductivity plot with temperature for

40% nylon, 25% phenolic resin and 35% phenolic microballoon
virgin composité. As is shown in the plot the thermal con-.

ductivity variation-in the temperature range 200°F to 800°F



Table C-2 Lennard-Jones Potentials
and Enthalpy of Formation

(a)

for the Compounds

Component Molecular Collision Potential Parameter <+ Enthalpy of

Name Weight, M . Diameter, © Boltzmann  Constant Formation (290°K)
A° E°/k, °K cal/gram mole

CH& 16 3.822 136.5 -17889.0
C2H6 30 4.418 230.0 -20316.6
CZHA 28 4.232 205.0 12496.0
CZHZ 26 4.221 185.0 54194.0
C6H6 78 5.270 440.0 19778.8
C6H60 94 5.000 400.0 -23500.0
002 44 3.966 "190.0 -94052.0
co 28 3.590 110.0 -26416.0
H2 2 2.986 33.3 0.0
HZO 18 2.649 356.0 -57797.9
HCN 27 3.630 569.1 31100.0
NH3 17 3.432 312.0 -11040.0
N, 28 3.681 91.5 0.0
02 32 3.433 113.0 0.0
(2)

ed., New York: McGraw-Hill, pp. 632-633.

(b)
1950, pp. 236-243.

Reid, Robert C. and Thomas K. Sherwood, The Properties

of Gases and Liquids, 2nd

(1966).

Perry, John H., ed., Chemical Engineers' Bandbook, 3rd ed., New York: McGraw-Hill,

‘€95



Table C-3 Values of the Collision Integral
Based on Lennard-Jones Potential for Calculating
Pure Component Conductivity and Viscosity

kT/E° Q kT/E° Q

v v
0.30 2.785 1.30 1.399
0.35 2.628 1.50 1.314
0.40 2.492 1.70 1.248
0.45 2.368 1.90 1.197
0.50 2.257 2.2 1.138
0.55 2.156 2.6 1.081
0.60 2.065 3.2 1.022
0.65 1.982 4.0 0.9700
0.70 1.908 5.0 0.9269
0.75 1.841 7.0 0.8727
0.80 1.780 10.0 0.8242
0.85 1.725 20.0 0.7432
0.90 1.675 40.0 0.6718
0.95 1.587 70.0 0.6194
1.00 1.629 100.0 0.5882
1.10 1.514 200.0 0.5320
1.20 1.452 400.0 0.4811

Reid, Robert C. and Thomas K. Sherwood, The Properties of Gases and Liquids, 2nd ed.,
New York: McGraw-Hill, 1966, p. 399.

oS
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Figure C-1, Thermal Conductivity of Virgin Nylon Phenolic

Resin Composite (4).
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is small. No further measurements were made beyond 800°F as
the degradation of the virgin material made the measurements
impractical. However, fof the purpose of the computer
calculations these measurements were further extrapolated.
Figure C-2 shows the thermal conductivity for the low densi-
ty phenolic nylon char. The thermal cqnductivity data was

fitted empirically by Engelke, et. al. (4) and shown to be:

5

kg = 11.57 x 10 ° + 5,3 x 10715 3 (c-13)

for the femperature range between 800° and 5000°F. The
urits of ke are BTU-ft/sec/ftz/OF.

In figure C-3 the heat éapacity plot for the Qirgin
material with temperature is shown. A least square fit of
this data was performed by Engelke et. al. (4) and was
shown to be: ' |

cpv = 0.15 + 4.3 x 10~4,7-1114 772 (C-14)
where T is éhe tempefature in degrees Rankin.

The heat capacity data for the char was that of Wilson

(5) and is shown in Figure C-4.

' Thermochemical Generation Program

Mosf of the thermodynamic data availabie today is
usually reported in Table form; be it free energy data,
enthalpy data, heat capacity data, entrgpy, etc. The major
sources of such thermodynamic daté are repo:ted at the end

of the Chapter (],2,6,8). For an extensive review of other
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thermodynamic data sources see reference (7).

The thermodynamic data required in the development of
both ablating analyses was voluminous. Therefore,'to read-
in the data in tabular form was ruled out. This would have
implied more computer core, and tedious table look up
during the computation, which in itself consumes precious
computing time; The best alternative, therefore, was to
preprocess all the thermodynamic data and reduce them to
convenient polynomiai forms. |

The polynomial forms used for the heat capacity, en-
thalpy, entropy and free energy data were those published
by NASA (1). This format was selected for its conQenience
and ease of programming. It constituted our initial data
base on which we built as our work progressed.

Unfortunately, none of the other major sources of
thermodynamic data had reduced them to the convenient poly-
nomial forms of NASA (l). And in these céses where they
aia (2), the polynpmiéi forms were incompatible'ﬁith NASA's.
It was therfore necessary to develop a Thermochemical Gene-
ration Program (TGP) to develop a uniform data base.

The Thermochemical Generation Program (TGP} is a
double precisioh routine that requifes heat capacity vs.
temperature data, heat of formation at 298°K, and the
standard molal entropy at 298°K. With this information
TGP proceeds to fit a fourth order polynomial to the heat
capacity data as shown in Equation C-1. Once. the five

constants (a through e) are calcuiated, the program proceeds
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to compute the constant £ using Equation (C-3) and the known
value of the heat of formation at 298°K. Finally, the:
program calculates the constant g using Equation (C-5) and
the value for the entropy at 298°K. With these seven cons-
tants the free energy function cquld, therefore, be calcula-
ted with the use of Equation (C-7). A FORTRAN listing of
TGP is presented at the end of the chapter. It is identi-
fied by the symbol API44., This was done in honor of APT
project 44, which waé the first concerted effort to develop

a consistant set of thermodynamic data for hydrocarbons (8).
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TABLE C-4. Listing of Thermochemical Generation Program

API
_ AP 1
DOUBLE PRECISION C(T) AP
NIMENSION A(T),AP(T) AP
THIS PROGRAM FITS A POLYNOMIAL OF THE FORM A+BT+,...+ET(5) TD HEAT API1
CAPACITY DATA USING A LEAST SQUARES DOUBLE PRECISION SUBROUTINE, API
WITH THESE CONSTANTS IT EVALUATES THE TWO CONSTANTS OF INTEGRATIONAPI
AP(6) AND AP(7), THAT ARE NECESSARY IN.THE EVALUATION OF THE FREE API
ENERY FUNCTION FO/RT.THE FORMAT USED FOR THE FREE ENERGY CALCULA- API
TION IS GIVEN IN NASA SP-3001--THERMODYNAMIC PROPERTIES TO 6000 K AP
FOR 210 SUBSTANCES INVOLVING THE FIRST 18 ELEMENTS--BY B.J.MCBRIDEAPI
1963 API
APY

DELH=HEAT OF FORMATION AT 298 0K API
S=ABSOLUTE ENTROPY AT 298 0K AP 1
RR=1,987{UNIVERSAL GAS CONSTANT) API
TZERD=298.15S(BASE TEMPERATURE) APT
FORT=FREE ENERGY AP I
CP=HFAT CAPACITY AP1Y
AP

R=1,987 API
TIZERD=298.15 APT
TZEROL=TZERO AP1
TZERQ2=TIERN*TZERQOL API
YZFRN3=TZERN2*TZERD AP1
TZFRND4=TZERN3I*TZERD AP 1
TZEROS=TZERQ4*T2ERD AP 1
APT

N=TOTAL NUMRER OF CONSTANTS FOR CP POLYNOMIAL AP1
AP1

CALL THE LLEAST SQUARES SUBROUTINE API
AP 1

109 CALL LSQR(C4N) AP
. APT

NS 0 0 pos pat ot pob pusd b poeh pd
DOD AP NDPWUNMDOONP®RND DN -

NNNNNNNNON
DO PN WN -~

wow W N
N~ O 0

33
34

cLS



DO 1 I=1,N
AP(TI=C(I)
PRINT 101
101 FORMAT(1HO)
PRINT 102,AP(1),C(1),1
102 FORMAT(LIX,*AP(T)=*,E20.8,3Xy*HC(I)=",D20,9,16)
CONTINUE '
READ 2, TINTTL s TEENAL s TENCoDELH,S, SNAME
2 FORMATISE10.646X,A4)
PRINT 3, SNAME |
3 FORMAT{//1X,*THE CONSTANTS ARE FOR=1',A4//)

CUI)=POLYNOMTIAL CONSTANT

PRINT 4leNlTL,TFINAL,SNAHE:DELH

4 FORMAT(//1X,9HTINITIAL=,E10.5, 3X,'TFINAL='E10.5 p3X"HEAT OF FDORMAAPIT

ITION DF *3A4,1Xy *AT 298 OK=',E16,5//)
CALCULATE HEAT CAPACITY
T=TINITL

5 T1=7
T2=T1*T
T3=T2%7
T4=T3%T
cp= AP(lD+AP(2’*TI*AP(3)*TZ+AP(4)*T3+AP(5)*T4
PRINT6,CP, T

6 FORMATULXy'CP="3E1B8.543Xy*"T=1,E18,.5)
T=T+TINC
IF(T.LE.TFINAL) GO TO S

PROCEED T3 CALCULATE THE TWO CONSTANTS OF INTEGRATION AP(6)-AP(T)

AP

API
AP1
APl

APT .

API
API
AP1T
AP1
APT
API

APT -
APY -

AP1
APl

API

APT -

API
AP 1
API
APY
AP1
AP
AP
AP §
API
AP |
API
API
APT

AP(6)==(AP( 1) %*TZERD+AP(2)XTZERN2 /2., +AP(3)%#TZERD3/3.+AP(4)2TZ2FRO4/4APY

1.#AP(5)%T2ERDS/5,)
X=AP{5)

AP1T
APY

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
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AP(7)=AP(1)}*ALOGITZERQ)+AP(2) *TZERQ+AP(3)%.TZERD2/2.+AP (4 )*TZERN3/3AP]

1.+AP(S)*TIERQ4 /4,
X1=AP(7)

AP(7)=-X1+S

PRINT 7,AP(6),AP(7),S

7 FORMAT (//lXo'AP(6)"vF15 S92Xe 'AP{T)I=",E15.5,"

Ap(6) X+DELH
=N+2
DO 8 I=1,MM
8 A(T)=AP(I)/RR
PRINT 9,(A(T1),I=1,MM).
9 FORMAT(/1IX,TE17.7/)

CALCULATE THE FREE ENERGY

T=TINITL

10 T1=Y
T2=T1#7
T3=T2%7
T4=T3%7
A2=A(2)
Al=A(1)

FORT= Al*(l.—ALOG(Tl)-AZ*T/Z.-A(?)*T?l6.—A(4|*T3/12.—A(5)*74/?0.

1+A06)/7 -ALT)

PRINT 11,FORT,T
11 FORMATULIX,'"FORT=',E15.5,"

T=T + TINC

IF(T.LE.TFINALIGO TO 10

PRINT 13
13 FORMAT(1HL1)

GO YO 120
12 STNP

END

T=¢

1F15.5)

='4E15.51)

AP1T
AP1
AP1
API
API
AP1
APY
AP1
AP1
AP1
API
APl
AP1
Arl
AP1Y
APY
APIY
AP1
AP1I
AP1
APl
APl
API
AP1
APIT
AP1T
API
AP1
APT
AP1T
API
AP

69
™"
71
T2
73
T4
5
76
17
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
o7
98
99
100
101

vLS




17
20

10
11

SURROUTINE LSORICC yMyNUMRER,Y 4X) LSQR

LSOR

: L SQR

LEAST SQUARE CURVE FITTING OF ANY ORDER POLYNOMTAL LSQr
OF ORDER EQUAL 70O OR LESS THAN 10 LSQR
' L SOR

LSQr

LSOR

NUMBER IS THE ACTUAL NUMBER OF X-Y DATA PAIRS.,MAXIMUM NF 200 L SQR
M IS THE DEGREE 0OF THE POLYNOMIAL.,MAXIMUM OF 10 LSQR
N IS THE NUMBER OF EQUATIONS(=M+1) . L SQR
Xy¥ IS THE ARRAY FOR THE DATA PAIRS . . LSQR
A IS THE ARRAY FOR THE SUM, WHICH BECOME THE COEFFICIENTS DF THE LSQR
UNKNOWN TN THE STMULTANEQOUS EQUATIONS. L SQR

B IS THE ARRAY FOR THE CONSTANT TERMS IN THE STMULTANEQUS EQUATTONLSQR
C IS THE ARRAY FOR THE UNKNOWNS, WHICH BECOME THE COEFFICIENS IN LSQR

THE POLYNOMT AL, , L'SQR
P IS THE ARRAY FOR THE POWERS OF THE X(T),FROM 1 TO 2M,’ L SOR
L SOR

DOUBLE PRECISION X{ 30),Y{ 30)9A(T,7),B(7),C(T),P(20),TEMP, FACTOR,L SOR
SUM L SOR

DIMENSION CC{3) - - LSQR
READ 2D,NUMAER,M L SQR
FORMAT( 216} » L SOR
DO 11 T=1,NUMBER L SOR
READ 10,Y(IV,X(1) L SOR
YUI)=1./Y(1) ‘ LSQR
FORMAT(2D10.0) LSOR
CONTINUE LSQR
MX2=M%2 LSQR
DO 13 T=1,MX2 L SOR
P(11=0.0 : L SQR
DO 13 J=1,NUMRER LSOR

POWER=] LSQR

s b otk (b gt pund b s
DONOAVDUWNSDIODNIAD NN -

NN
N =D

NN
s W

NANNNN
O™ ~NO N

N W W W
WN =D

0
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SLS
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13

PEI)=P{I)+X{J)E=XPOWER

DEVELOPING THE COEFFICIENTS AND THE CONSTANT TERMS OF THE NORMAL

- EQUATIONS, -

28
29
30

21

22

4041

400

~

N=M+1
DO 30 I=1,N
DO 30 J=1,N
K=1+4-2
IF(K)29,29,28
Al Ly J)=P(K)
GO TO 30
A(1,1)=NUMBER

‘CONTINUE

B(1)=0, .
DD 21 J=1,NUMBER
B(1)=8(1)+Y(Y)

DO 22 I=2,N

CB(I=0,

DO 22 J=1,NUMBER

BUTI=B(T)+Y(J)EX(I)%%(]-1)
PIVOTAL CONDENSATION
NM1=N-1

DO 300 K=1,NM1

KP1=K+1

L=K

DO 40D I=KP1l,N

TF(DABS(ALT K))-DABSIA(L,K)))I4&N(,400,401
L=1

CONTINUE

L SQR
LSQR
LSQR
LSOR
L SQR
LSQR
L SQR

LSQR'

LSQR
LSQR
LSQR
LSQR
L SQR

LSQR "’

LSOR
LSQR
LSOR
L SQR
LSQR
L SQR
Lt SQR

LSQR

LSOR
LSQR
LSAR
LSOR
LSQR
LSQR

LSQR

LSOR
L SQR
L SQR
LSQR
L SOR

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

52

53
54
55
56
57
58

- 59

60
61
62
63
64
65
66
67
68
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405

- 410

0o

S00

301
300

710
700
800
900

901

9143

IF(L-K)500,500,405
NO 410 J=K,N
TEMP=A(K,J)

A{Ks J)=A1L,J)
A(LsJ)=TEMP
TEMP=8(K)
B(K)=B(L)
B{L)=TEMP

ELIMINATION,BACK SOLUTION, AND PRINTING RESULTS

DO 300 I=KP1l,N
FACTOR=A(T4K)/A(K4K)
A({1,K)=0.0

DO 301 J=KP1,N

AfT4J)=A(14J)-FACTOR®A(K,J)

B{I)=B(I)-FACTOR*B(K)
CINI=B(N)/A(N,N)
I=NM1

IP1=1+1

_SUM=0.0

DO 700 J= 1Pl ,N
SUM=SUM+A(T ,J)%=C(J)
C{T)=(B(I)-SUM)/A(1,]I)
I=1-1

IF(1)800,800, 71D

DO 909 I=1,N
cctn)=CctI)

PRINT 901, T,C(D)
FORMAT(1X,16,5X,4D17.8)
PRINT 9143 ’

FORMAT( //T46, "LINEAR INTERPOLATION®' , ///T7S,'0ORSERVATIONS,

1 727, *'CALCULATION?', T49,
DO 905 I=1,NUMBER

'RESIDUAL®, T6T7,4"READING ND,*///)

LSQR
L SQR
L SQR
LSQR
LSQR
LSQR
LSOR
L SQR
LSOR
LSQR
L SOR
LSQR
L SQR
L SQR
L SQR
LSQR
L SQR

“LSOR

LSQR
LSQR
L SOR
L SOR
LSQR
LSQR
L SQR
LSOR
LSOR
L SOR
LSQR

- LSQR

L SOR
LSQR
L SQR
LSQR

69
70
71
T2
73
T4
75
76
77
78
79

80

81
82
83

84

85
86
87
88
89
90
91
92
93
94
95
96

97

98
99
100
101
102

LLS



904
905
902

XKK=C {1V +CU2)EX(T)+C{3I%X(T)%x%2
XKK=C{1)+C(2) %X 1)

RESID = Y(I)~ XKK

PRINT 904, XKy X( 1)

XK= XKK

YY = Y{1)

XX = X(1) :
PRINT 904, YY XK, RESID4XX
FORMAT(4E20,6)

CONTINUE

FORMAT(1H1}

RETURN

END

LSQR
LSOR
LSQR
LSQR
L SQR
LSOR
L SQR
LSQR
L SQR
L SQR
L SQR
L SQR
L SQR

103
104
105
106
107
108
109
110
1
112
113
114
115

8LS



INPUT FORMAT FOR T G P

CARD 1: FORMAT (2I6)

NUMBER = Number of heat capacity
data points.

M = Order of polynomial fit,

CARD 2: FORMAT (2D10.1)

X(I) = Heat Capacity data
(cal/gm-mole-°K) .

Y(I) = Temperature (OK).'

CARD 3: FORMAT (5E10.6, 6x, A4)

TINITL = Initial temperature of
fit,

TFINAL = Final temperature of fit

TINC = Increment at which data is -

to be printed.

DELH = Heat of formation of the
species at 298°K.

S = Entropy at 298°K.

SNAME = Species name.

579

COLUMNS

7-12

1-10
11-20

1-10
11-20

21-30

31-40
41-50
55-60



1,

2.

3.

4,

5.

6.

7.

8.
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APPENDIX D
ISOTHERMAL ANALYSIS PROGRAM

This program was developed to study hundreds of
possible chemical reactions that could occur in the C-H-O-N
system. With this program we were able to determine if
reactions were important between the temperatu;e range of
500°K to 3500°K.

The procedure was to use stochiometric amounts of
- reactants and célculate the conversion at a given tempera-
ture through a char one quarter of an inch thick. This
érocedure was repeated at higher temperatures and the be-
havior of the reaction was recorded for later analysis.
Those reactions for which the conversions at 3500°K were
less than 5 percent were eliminated. It was felt that since
the actual char would have an average temperature much leés
than 3500°K, it was a conservative criteria to select the
reaction on this basis.

As it turned out many reactions which had a conversion
greater than 5 percent were later ‘eliminated since many of
the reactants were present in trace amouhts, and therefore,
even if their conversion at 3500°K was 100 percent, their
contribution to heat absorption was considered negligible.
These decisions were based on the composition of gases

entering the char. How these compositions were estimated
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is explained in Appendix F.

It should be pointed out that the isothermal analysis
approach used in this research was different from that used
by April (1). April only considered the reactions to be
irreversible. 1In this research, reverse reaction rate
constants were used. The reverse reaction ;ate constants
were computed from the known equilibrium constant calculated
from the chemical equilibrium program. Table D-1 lists the

isothermal analysis program.
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C
C

(aNe o0

o0

[aNelel

1111
129

730

731

A

TABLE D-1. Listing of the Isothermal Analysis Program

CALCULATION OF THE CONVERSION FOR CHEMICAL REACTIONS
THAT POSSIBLY OCCUR IN THE DECOMPOSITION ZONE OF
CHARRING ABLATORS. THE RESULTS COMPUTED ARE FOR THE
ISOTHERMAL FLOW IN THE CHAR ZONE AT TEMPERATURES
FROM 500 0OK-3500 0K

DIMENSION EQN(1 8)
DOUBLE PRECISION R224R33,P11,P22,P33,FR1,FR2,FR3, FPI FP2,FP3,

ZosDELZ ¢yRAyFKKoRKK FKKKyRKKK9CR14CR2,CR3,CP1,CP2, CP3.HH'RADELZp

FTsR444R554R664P44,4P55, P66,HMIN'HloZZ,lINC
DOUBLE PRECISION TTY

READ THE EQUATION R1+4R2+R3=P1+P2+P3
READT729,(EQN(]1) 4,1=1,18)
FORMAT(18A4)

READ THE STOCHIOMETRIC COEFFICIENTS OF THE RATE EQUATION

1112 READ73CyR1,R2,R3,P1,P2,P3

READ EXPONENTS ON THE COMPOSITIONS OF THE RATE EQUATION
READ 730,R4,R5,R6,P44P5,P6
FORMAT(6F4.N)

READ THE MOL WGT OF THE COMPONENTS
READT31,FWR14FWR2FWR3FHPLFWP2,FWP3
FORMAT(6FS5.0C)

READ THE INITIAL COMPOSITION OF THE REACTANTS IN MOLE FRACTION
READSy XR1y9 XR2¢XR3 3 XP1,XP2,XP3
FORMAT(6E10.0)

REAN THE COEFFICIENTS OF THE FORWARD REACTION RATE CONSTANT
UNITS OF AF ARE IN CUBIC-CM,GM-MOLES AND SEC

I1sO7
I1sO7
1SO7T
1SO7
I1sov
1SO7
1S0T
1S0T

- 180T

1so7
1sov
I1sOT
Isov
I1soT
1s07
1sO7
1807
1S07
I1SOT
1s07
1s07
1SO7
1soT
I1s07
I1so7
1507
I1sOoT
I1sov
1S07
Isor
1s07
I1SOT
1S07
I1SOT
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. 133

T34
735
828
829

830

831

8311 FORMAT(1H ,109H R1 R2 ' R3 P1 P2 P3
1 (OF). CONVERSION {MOL/CC-SEC) ) :

UNITS OF AEF ARE IN KCAL PER GM-MOLE
READ733,AF,SFLAEF
FORMAT(E8.0+2F6.0)

READ (54734 ) Al,A2
FORMAT(1Xy2E14.T7)

READ T73S5¢TINIT,TINC,TFINALJHI HMIN
FORMAT(3F10.1,42D10.4)

T=TINIT

PR[NTBZQQ(EQN(I. p1=1,18)
FORMAT( IHI'IBA‘Q)

“PRINT 830

FORMAT( 1X,35HINITIAL COMPOSITION (NULE FRACTION) )
PRINT 833yXR14XR23XR3¢XP14XP24¢XP3 ‘

PRINT 831 »
FORMAT(1HO, "FINAL COMPOSITION (MOLE FRACTION)

1 TEMP FRACTIONAL z DELZ REACTION RATE EKY)

PRINT 8311

MASS FLUX OF DECOMPOSITION PRODUCTS, We IN LB/FT2-SEC
H=O. {)1

INITIAL VALUE OF TEMPERATURE,T,1IS S500-0K
R22=R2/R1 '

R33=R3/R1

P11=P1/R1

p22=pP2/R1

P33=p3/R1

ZINC=1.D-3

R44=R4

1807
1saT
I1S07
I1SOT

ISOT

I1sov
I1soT
ISOT
1sO0T
I1soT
1sor
IsoT
I1SOT
IS0V
IsoT
isarv
1S07
IsoT
1sov
Isov
IS0V
1sov
I1SoT
ISOT
I1SOT
I1sov
IsoT
I1SOoT
1S0T
1S07
1507
1soT
1507

1soT

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68

r8s
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R55=R5
R66=R6

P44=P4

P55=P5

P66=P6

DELZ=HI

INITIAL VALUE OF THE PRESSURE ,P, IS 1.0 ATMS
P=1.0

GAS CONSTANT,R,IN CALORIES/GMMOLE-OK

R=1.,987 ' l

CALCULATION OF THE AVERAGE MOL WGT OF THE GAS,FWA
ENTERING THE CHAR ZONE

FWAR=FWR 1*XR14+FWR2%XR2+FWR3*XR3
FWAP=FWP14XP1+FWP2%XP2+FWP3%XP3

FWA=FWAR+FWAP

CALCULATION OF THE MOLAL FLOW RATE OF THE GAS,FTO
FTO HAS UNITS OF GMMOLES PER CM2-SEC
ACON4=453,59/929.N304

FTO=W/FWA*ACONS

CALCULATION OF MOLAL FLUX OF THE INDIVIDUAL COMPONENTS
MOLAL FLUX UNITS ARF GMMOLES PER FT-FT SEC
FR10=XR1%FTO

FR20=XR2%FTO

FR30=XR3%FTO

FP10=XPLl%FTO

FP20=XP2*FTO

FP30=XP3%FTO

CALCULATION OF THF SPACE TIME,ST,IN CUBIC-CM SEC/GMMOLES
ST=(0.25%144,.0) /(FT0*0.06103)

ISOT 69
ISOT 70
1sor 71
ISOT 72
Isov 713
ISOT 74
Isov 75
IsoY 76
I1sorY 77
I1sOT 78
IsorT 719
ISOT 80
1soy 81
ISOT 82
ISOT 83
ISOT B84
Isor 85
1SOT 86
Isovr 87
ISOT 88
ISOT 89
ISOT 90
IsOT 91
ISOT 92
ISOT 93
ISOT 94
ISOT 95
ISO7T 96
1sav 97
ISOY - 98
I1SO7T 99
IsoT 100
ISOT 101

ISOT 102

G8S
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2221

FT HAS UNITS OQF GM-MOLES/CM2-SEC
FT=FTO

FR1=FR10

FR2=FR20

FR3=FR30 .
FP1=FP10 "
FP2=FP20

FP3=FP30

171=0.

Z=0.

- “CALCULATION OF THE COMPOSITION OF THE REACTING MIXTURE

OO 6000

2222

C/S ARE CONCENTRATIONS IN GMMOLES/CUBIC-CM
RR=82.054
TOK=T

CALCULATION OF RATE CONSfANTS FOR FORWARD AND REVERSE REACTIONS
RATE CONSTANT UNITS ARE IN CUBIC CM,GMMOLES AND SEC

FORWARD REACTION RATE CONSTANT, FK _
© FK=AF*TOK**{-SF ) *EXP{{-AEF*1000.0)/(R2TOK}}

REVERSE REACTION RATE CONSTANT, RK

EK=EXP(A1+A2/T)
COEF=P4+P5+P6~R46—R5—R6
EKK=EK/{ (RR&T)*%COEF)
RK=FK/EKK o
FKK=FK

RKK=RK .

H=P /(RRETOK®F T)

HH=H

CR1=FR1*HH

CR2=FR 2%HH

CR3=FR 3%HH

IsoT
I1SOY
I1s07
1S07
1s07
1S07
I1sov
1sav
1S07
I1SO7
I1S07
I1sO7
1s07
107
I1s07
1S07
ISO7
I1so7

- 1S0T

180T
1507
1807
I1SOT
1sov
I1sor
1s07
1SOT
1s07
1507
Isov
1SO07
ISOY
I1SO7
1507

103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136

98s



520

521

5219

5211

CP1=FP1%HH

CP2=FP2%HH

CP3=FP3%HH
FKKK=FKK%*CR]1*%R44
IF(RS55.LE.O.) GO TO 520
FKKK=FKKK*CR2*%R55
IF{R66.LE.O0.) GO TQ 520
FKKK=FKKK*CR3%*%R66
RKKK=RKK*CP1*%P44 .
IF{PSS5.LE.0.) GO TO 521
RKKK=RKKK*C P2&%P55 :
IF(P66.LE.O.) GO TO 521
RKKK=RKKKECP3*%Ps6
IF(SF.EQ.0.)G0T0521
TTT=T%%({-SF) ’
FKKK=FKKKXTTT
RA=FKKK~RKKK .
IF(RALLT.O.IRA=0,
IF(RA.LE.0.)GOT0S5211

RADELZ=RA*DELZ

RADELZ=RA*DELZ
RATIO=RADELZ/FR1
[IF(RATIO.GT.1.E-T7)DELZ=DELZ/4.
[FIRATIO.GT.1.E~-7)G0OT05210

IF(RATIO.LT.1.E~11)DELZ=DELZ*2.

IF(DELZ.LE.S.D-T7)G0T05211
IF(RATIOWN T.1.E~-11)160T05210
IF(DELZ LT, HMIN)DELZ=HMIN
IF(DELZ.GTY.1.E-4)DELZ=1.E~-4
RADELZ=RAXDELZ
FR1=FR1-RADELZ
FR2=FR2-RADELZ*R22

1soT
I1SO7
Isor
I1SO7
IsOT

10T

ISO7
1so7
[sor
Isov
1s07
I1S0T
I1SOY
1S07
1sOo7
1s0T

1807

I1SO7Y
107
180T
I1SOT
1807
I1S07
1SO7T
1507
[S07
I1s07
1sov
1s07

1soT’

1s07
107
1507
1S07T

137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170

L8S



522

5240

FR3=FR3-RADELZ*R33
FPl1=FP1+RADELZ%*P11
FP2=FP2+RADELZ%*P22
FP3=FP3+RADELZ*P33
FT=FR1+4FR2¢FR3+FP1+FP2+FP3
FTY= FRI*FHRI*FRZ*FHRZ*FR3*FHR3+FPI*FHPI*FPZ*FHPZ*FP3*FHP3
FTT=FTT%2,048172

1=2+DELZ
IFIFR1.LE.0.)G0T05240 -
IF{27.GT. Z)GOTOZZZZ

RAA=RA

FR11=FR1

XCA= 1.-FR11/FR10
YRI=FRL1/FT

YR2=FR2/FT

YR3=FR3/FT

YP1=FPLl/FT

YP2=FP2/FT

YP3=FP3/FT

22=17

0ZZZ=DELZ

PRINT 833,YR1,YR23YR3,YPL,YP2,YP3,T,XCA,22,DZ2ZZ,RAA,EK
PRINT 522 ,FKKKyRKKK FTT

FORMAT(1X'FKKK='D25,16," RKKK='D25.16+" W='F10.7/)
ZZ=7Z+LINC

IFIRALLE.D.)GOTO5240

IF(Z.L7.0,100)60702222

CALCULATION OF FINAL COMPOSITION {MOLE FRACTION)
YR1=FR1/FT :
YR2=FR2/FT

YR3=FR3/FT

YP1=FP1/FT,

YP2=FP2/FT

YP3=FP3/FT

I1SO7
1807
1507
1so7
I1sO7
ISO7
1SO7T
1sO7
1SOT
1S07
[sor
IS0V
ISO7
IsoT
1soY
I1SO7Y
ISOT
1S07
I1SOTY
I1SO7
1S07
1so7
ISOT
1S07
I1SOT
1S07
107
1507
I1S0T
I1s07
I1SO7
1sOo7
1sov
ISO7

171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204

889
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OO O

(m)

123
5220

833

2207

2208

22

o]
O

22190

RAA=RA

FR11=FR1

12=21

DZ27=DELZ

PRINT 833,YR14YR2yYR34YP1sYP2,YP3,TyXCAyZ2,0ZZZ,RAA,EK
PRINT 522,FKKKyRKKKFTT

CONTINUE

XCA=1,-FR11/FR10

FORMAT{1HC s6F 8.4 9F9,1,FB44492X44E12.5)

READ NEW DATA If THE CONVERSION IS 100 PERCENT
CONVERSION WILL BE 100 PERCENT FOR ALL HIGHER TEMPERATURES

THEN REPEAT THE CALCULATIONS AT THE NEW TEMPERATURE

IF{FR1.LE.0.160T02208
IF(XCALTe0.2)T=T+TINC
T=T+TINC
[F{XCA.GT.0.97)1GAT02208
IF(TINC.GT.N.31G0T02207
IF(T.GE.TFINAL)IGOT02221
607102208
IF(T.LELTFINAL)GOTOR2221

RE-INITIALIZE

PRINT 833,YR1,YR2,YR3,YP1,YP2,YP3,ToXCAyZ2,D2Z22Z,RAA,EK
PRINT DATA -

PRINT 2209,FTT

FORMAT(1HD,25H MASS FLUX(LB/FT2-SEC) = , FB.4)
PRINT2210,AF, SFLAEF

FORMAT{ 1HD,3HAF=,E9,2,5H SF=,F6.,2,6H AEF=,F6,.1)
PRINT2211,AR4SR,AER

Isor
1507
1507
Isov
I1s07
IS0V
1s07
Isov
1sov
1S0Y
IS0V
1sov
I1SO7
ISO7
1s07
Isov
1S07
1507
1s07
IS0V
ISO7Y
IS0V
IsO7
ISOT
{sov
IsoT
ISOY
ISO7
1507
1s07
1sov
I1S07
I1SOYV
1507

205
206
207
208
209
210
211
2§2
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238

68S



2211
2212
2213
2218
2214
2215
2219
2216

2217

24

FORMAT(1IHOy3HAR=4E9,2¢5H SR=,F6.,296H AER=,F6.1)
PRINTZ2212

FORMAT(1HO429HFWR1 FWR2 FWR3 FWP1l FWP2 FWP3)
PRINT2213,FWRL1 sFWR2 ,FWR3 4FWPL ,FRP2,FWP3
FORMAT({1Xy6F6,1)

PRINT 2218

FORMAT{1HO,28H STOCHIOMETRIC COEFFICIENTS)
PRINT2214

FORMAT{1HO,24H R1 R2 R3 Pl P2 P3)
PRINT22154R14R24R3,P1,P2,P3

FORMAT(1X,6F4,1)

PRINT 2219 :
FORMAT(1HO+45H EXPONENTS CN THE COMP, OF THE RATE EQUATION)
PRINT 2216

FORMAT(1HC,24H R4 RS R6 P4 PS5 P6)
FORMAT(1X,6F4.1)

READ IN NEW DATA FOR CALCULATIONS OF NEXT EQUATION

GOTO1111
STOP
END

IsOoT
I1sO7
ISO7
1SoTv
1S07
Isor
I1SOT
isorv
ISOT
1so7
IsoT
Isov
Isov
ISOT
IsoT
IsoY
1sov
10T
1sov
Isov
1S07

239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259

06S
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INPUT FORMAT FOR THE ISOTHERMAL ANALYSIS PROGRAM

CARD 1: FORMAT (18A4)

EQN(I) = Alphameric Reaction Expression

CARD

Rl =
R2 =
R3 =
Pl =

P2

R4 =
RS =
R6 =
P4 =
P5 =

Pé

C

2: FORMAT

(6F4.0)

Stochiometric coefficient of

Reactant 1

Stochiometric Coefficient of

Reactant 2

Stochiometric Coefficient of

Reactant 3

Stochiometric Coefficient of

Product 1

Stochiometric Coefficient of

Product 2

Stochiometric Coefficient of

Product 3

3: FORMAT
Exponent of
Exponent of
Exponent of
Exponent of
Exponent of

Exponent of

4: FORMAT

FWR1
FWR2
FWR3

= Molecular
= Molecular

= Molecular

(6F4.0)
Reactant 1
Reactant 2
Reactant 3
Product 1
Product 2

Product 3

(6F5.0)
Weight of Reactant 1
Weight of Reactant 2

‘Weight of Reactant 3

COLUMNS

1-72

9-12
13-16
17-20

21-24

5-8
9-12
13-16
17-20
21-24

1-5
6~-10
11-15
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COLUMNS

FWP1l = Molecular Weight of Product 1 16-20
FWP2 = Molecular Weight of Product 2 21-25
FWP3 = Molecular Weight of Product 3 26-30

C 5: FORMAT (3E10.0)

XRl = Mole Fraction of Reactant 1 1-10
XR2 = Mole Fraction of Reactant 2 11-20
XR3 = Mole Fraction of Reactant 3 21-30

CARD 6: FORMAT (E8.0, 2F6.0)
AF = Frequency Eaétor (cm3/gm-mole/sec) 1-8
SF = Exponent on Temperature 9-14

AEF = Activation Energy (Kcal/gm-mole) 15-20

CARD 7: FORMAT (1X, 2E 14.7)

Al = 1lst Constant of Equilibrium
Constant 2-15

A2 = 2nd Constant of Equilibrium
Constant 16-29

CARD 7 read the constants for the equilibrium constant ’
fit of the form EXP(Al1+A2/T).

CARD 8: FORMAT (3F10.1, 2010.4)

TINIT = Initial Temperature (°K) 1-10

TINC = Temperature Increment (°©K) 11-20
TFINAL = Final Temperature (°K) 21-30
HI = Initial Step Size (FT) ' 31-40

HMIN = Minimum Step Size (FT) 41-50



APPENDIX E

A DESCRIPTION OF THE CHEMICAL

EQUILIBRIUM ANALYSIS PROGRAM

The chemical equilibrium analysis program is based on
the free energy minimization method thét is described in
detail in Chapter IV. This analysis is a general method to
calculate the equilibrium composition of a multi-component,
polyphase system.

As input, the program requires that the userASpecify
the temperature, pressure and an estimate of the composition
of the chemical species of interest which are consistent
with the elemental composition. In its present form the
program reads in the thermodynamic data as seven constants
for a polynomial of the form of Equation (C-7). This me-
thod of reading the data into the program is compact and

flexible. A brief description of the program follows:

The Chemical Equilibrium Analysis Program

The Chemical Equilibrium Program consists of a MAIN
executive program-and four sﬁbroutines. - These subroutines
are THERMO, HOLDl, TRACE, and MATINV, and a description of
each is given in this section.

MAIN: This is the executive routine of the chemical
equilibrium program. This program generates the matrix

necessary to solve the set of algebraic equations.
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These coefficients are calculated following the same
procedure described in Chapter IV. The coefficients are
those shown in Table 4~1. The MAIN program calls THERMO to
get the free energy function, and MATINV to invert the ma-
trix and calculate the Lagrange multipliers. These
multipliers are used to re-estimate the values of the com-
position of the gases for the next iteration as is shown in
Equation (4-32). It should be noted, howasver, that values
of Xj are re-adjusted using the convergence procedure
described in Chapter IV. This is to avoid possible diver-
gence of the solution. It should be noted also that the
composition of the solid species are explicitly solved in
the matrix inversion subroutine and are also corrected by
the same technique.

THERMO: This subroutine provides the main program
with the values of the free ehergy function for each of the
species being calculated. In addition, the program calcu-
lates the heat of_fofmation of each species along with the
sinsible enthalpy bhange per mole.

The THERMO subroutine . uses a polynomial expression
similar to the one shown in Equation (C-7) of Appendix C
to calculate the free energy function. This polynomial
form is a very convenient and efficient way for repetitive
calculation., It is certainly mbre accurate and less time
consuming than a table look-up and reéuires less storage

than the table form.
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MATINV: This subroutine is a standard method for
solving a set of linear equations by inverting a non-singu-
lar nxn matrix. The inversion is performed iteratively by
reducing the original matrix by a series of row operations.
The method is then repeated with the resulting identity
matrix. This subroutine is the same as used in the ABLATIN2
analysis that is described in Appendix A.

HOLDl: One of the major numerical drawbacks of the
free energy minimization technique is that its convergence
speed is reduced quite drastically by the presence of trace
species during the numerical calculations. These trace
species are those whose composition are less than 10”8 and
therefore their contribution to the total free eheééy of
the system is computationally negligible.

This subroutine checks for the presence of trace
species. This is done if the procedure has not converged
within a presét number of iterations. In our case, this
number is ten. After checking for trace species, the sub-
routine re-orders the species in descending order of
compositions and eliminates those less than 1078, However,
the program holds the species in storage for a final check
at the end of the minimization procedure. This check’is
performed by subroutine TRACE which is described below.

TRACE: If species have been eliminated during the
computational procedure, subroutine TRACE-is called to
recompute their value at the end of the convergence '

procedure. The technique used is thoroughly explained in
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Chapter IV. The eéuation used to calculate the trace
species is Equation (4-46). A listing of the program
foilows.

At the end of the Appendix, an example illustrates how
to use the program. The example selected is for silicone

elastomers, and typical results are presented.
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1
1
2
3
1

1
2

1

1
2

TABLE E-~1. Listing of the Chemical Equilibrium Program

THIS PRDGRAM COMPUTES COMPLEX CHEMICAL EQUILIBRIUM FOR
A MULTICOMPONENT, POLYPHASE SYSTEM BY FREE ENERGY MINI-

MIZATION.(

J.CHEM, PHYS,. VOL284N0.5,1958)

COMMON/KA/TCODE(40) ,SPCIEL(4D),SPCIE2(40)4AA(40,5),

£

NT1(40),ENT(40)

COMMON/KB/AT(40),B1(40),CT(40),DI(40),ET(4D),FI(40),
GI(40),ATI(40),BII(40),CII(40),DIT(40),ETI(40),

FII(

40),GIT(40) 4DELH{4D) ,FORT(4D),C(40),TLOW(4OD),

Y{40) o XMW(40) sMLFRC(40)
COMMON/KBB/CPDTL(5) 4PERC(40),4PERC1(40)
COMMON/KC/TICODE(40) 4XPCIEL(4D) XPCIE2(40),XAA{40,5),

XENT(40)  XENT1 {40)

COMMON/KD/XAT(40) 4 XBI(40)4XCI(40) ,XDI(40),XET(40]),

XF I
XDII

40) o XGT(4D) ¢ XAIT(40) ¢ XBII(40),XCYI1(40),
(40), XETT(40) 4 XFIT(40) 4 XGIT(40)XMLFR(40)

COMMON/KDD/XDELH{40) ¢ XCPDT(40) ,XCPDT1(05) 4 XFORT (40),
IXY(40) 4 XCL40) o XTLOW(40) o XXMW{40) , XPERC{40 ), XPERC1(40)
COMMON/KE/S1(5),S2(5) ,S3(5)+54(5),S5(5),A11(5),A22(5),

A33(

5)9A44(5) yA55(5),S6(5),A66(5),JCODE(S5),S(40)

COMMON/KF /NCy NSy MMyRRyMM]1 , NQo NNy KWy IN,KOUT s KCODELKSOLID
COMMON/KG/T,TZERD,TZEROL y TZERO2,TZERD3,TZERD4, TZERDS, P

DIMENSION

DIMENSION
DTIMENSION
NDIMENSTON
NDIMENSTON

YSUM{40) g XMASS(4D) 4 DELTI4D) 4 X (40) 4 XLAM(4D),
FY(40) ,R{T,7)+B(7,1), PI(?)'BB(7) FSUM(QO)o
XMFR{40),YX(40)

AAA(4D)

XMOL (40)

XMASL(27)

XMASSS(30)

REAL MLFRC

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

CHEM

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

CHEM

CHEM
CHEM
CHEM
CHEM
CHEM
C HEM
CHEM
CHEM

. CHEM

CHEM
CHEM
CHEM
CHEM

[
DOVDNO N D WN

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

L6S



DO ON OO0

[ NS

5

MAXNT=109
KX=0
KPASSS=D0
MA=1

 KSOLID=0

- - -

READ INITIAL,FINAL.INCREMENTAL AND BASE TEMPERATURE. ALSO READ CRICHEM

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

FOR CONVERGENCE,NUMBER OF GAS AND SOLID SPECIES,AND NUMBER OF ELEMCHEM

-—=READ INPUT PARAMETERS

READYyXTo TMAX, TINC o TZERD,CRY T, NC y MMy NNS
IF(XT.LT.1.)G60T0333 '
NS=NC+NNS _

FORMAT(5F10.44+316)

MML=MM

READ 2, THCODE yH, I PUNCH
FORMAT(16,1F10.5,13)

COMPUTE THE SIZE OF THE MATRIX

NA=MM+1+NS-NC+THCODE

NA=SIZE OF MATRIX. IT VARIES WITH THE NUMBER OF ELEMENTS
AND THE NUMBER OF SOLIDS PRESENT IN THE SYSTEM,

DO 209 J=1,MM

CHEM
CHEM
CHEM
CHEM
CHEM

‘CHEM

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
C HEM
CHEM
CHEM
CHEM

35
16
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

- 63

64
65
66
67
68

865



C CHEM
C--—<=READ IN EMPIR[CAL CONSTANTS FOR THE ENTHALPY FIT OF THE CHEM
C ELEMENTS. CHEM
C CHEM
C CHEM
C S1 THRU SS5=EMPIRICAL CONSTANTS FOR HEAT CAPACITY OF ELFMENTS CHEM
c . (ABOVE 1000 0K) CHEM
c All THRU ASS=EMPIRICAL CONSTANTS FOR HEAT CAPACITY OF FLEMFNTS CHEM
c (UP TO 1000..0K) CHEM
c CHEM
READ2111, §1(J)o$2(J)gS3(J’oS4(J)vSS(J)'Sb(J)'JCODE(J) CHEM

2111 FORMAT(6F10.4,13) CHEM
210 FORMAT(7E10.8) CHEM

c . ' CHEM
READ 210,A11(9),A220J)4A33(J)4A441(J)+A55(J),A66(9) CHEM

209 CONTINUE CHEM

. C CHEM
- C : CHEM
c NC IS THE TOTAL NUMBER OF MOLES OF GASES USED IN THE ORIGINAL INPUCHEM
c NN WwILL DIFFER FROM NC ONLY WHEN TRACFE SPECIES ARE ELTMINATED FROMCHEM
c THE COMPUTATIONS WHILE BEING HELD IN A TEMPORARY LOCATION UNTIL WECHEM
c ARE REASONABLY SURE THAT WE ARE VERY CLOSE TO THE MINIMUM, . CHEM
c NS IS THE TOTAL NUMBER OF MOLES OF GASES + SOLIDS BEING READ .IN, CHEM
C IT WitL DIFFER FROM NQ ONLY WHEN TRACE SPECIES APPEAR. CHEM
c CHEM
c CHEM
KREAD=0 CHEM

NQ=NS CHEM

NN=NC CHEM

c CHEM
o ' CHEM
C====- READ MOLECULAR WEIGHT,INITTAL GUESS,NAME OF SPECIE,AND CODE CHEM
c TO DETERMINE WETHFR THE SPECIE IS ASOLID OR A GAS CHEM
C CHFM

69
70
7
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
98
96
97
98
99

100

101

102
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eNeNaNeleNeNeReRe]

OO0 OO0

e XeEnEaNeRe Rl

CHEM

NC=ND. OF GAS COMPONENTS ' CHEM
NS=NO. OF CONDENSED PLUS GAS COMPONENTS CHEM
MM=NO, OF ELEMENTS : CHEM

. TZERO=REFERENCE TEMPERATURE (298,15 DK) CHEM
RR=1,98726(CAL/GM=~MOLE-OK) CHEM
ICODE=0 (GAS), =1 (SOLID) : CHEM
SPCIE1l AND SPCEIE2 ARE THE SPECIES IDENTIFICATION NAME CHEM:

- - CHEM

" DB 212 I=1,4NS ) CHEM
READ 208, TLOW(I) ¢XMWI(I),Y(I),SPCIEL(TI),SPCIE2(I), CHEM
-1 ICODE(]I) CHEM
zoa FDRMAT(IOX,3E10 492X42A3,14) CHEM
' CHEM

, ‘ , ; S CHEM

----- READ IN EMPIRICAL CONSTANTS FOR THE ENTHALPY,FREEF ENERGY ’ CHEM
AND ENTROPY FIT OF ‘THE CHEMICAL SPECIES, CHEM

- ; ) CHEM

CHEM

~ - ' CHEM
AT THRU GI=EMPIRICAL CONSTANYS FOR HEAT CAPACITY (ABOVE 1000 OK) CHEM

_ o _ CHEM

READ 210y AT{T),BICYI)oCULI),DILI)LEICI)L,FI(I),GI(T) , CHEM

' CHEM

AIl THRU GII=EMPIRICAL CONSTANTS FOR HEAT CAPACITY (UP TD 1000 OK)CHEM
CHEM

READ 2104ATI(T)4BIT{I) CIT(I),DIT(I)4ETT(I),FIT(TI)oGITLT) CHEM

‘ : ‘ CHEM

. . . . CHEM
----READ IN THE FORMULA NUMBER . CHEM
‘ CHEM

CHEM

CHEM

AA(T,J)=FORMULA NUMBER. IT GIVES THE GRAM ATNMS OF ELEMENT CHEM

103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130

131

132
133
134
135
136

009
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OO0

J IN SPECIE 1.

READ 2104 (AA(T,J) yd=1,MM)
CONTINUE o

READ THE PRESSURE OF THE SYSTEM.

READ34RR,P
FORMAT({ 2F14,.8)

READ IN THE NUNBER'OF'ITERATIONS AFTER HHICH~TRACE SPECIES
SHOULD BE CHECKED.,

READ6yNFREQ
FORMAT(316)

CRIT=CRITERIA FOR CONVERGENCE.

XBETA=CRIY
KSEND=0
KSEND1=9
KORE=0
KOUT=0
BETA=D.
T=XT
KCOnE=n
LU=NN+1

MLERC=MOLE FRACTION(INCLUDING SOLIDS)

SUM=0,

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
17¢

109



OO DO O AN

43273

r

C-=--1
C
-

e

DN 434 1=1,NQ
SUM=SUM+YI(])

CALCULATE THF GRAM-ATOMS 0OF EACH ELEMENT, THIS IS THE
MATERTAL BALANCFEF CONSTRAINT ON THE FREE ENERGY FEQUATION

ARCJ) WILL STAY CONSTANT THROUGHOUT THE CALCULATIONS. VALUES
NF YUI) SHOULD BE TN STOCHIOMETRIC PROPORTION,

BR({JI=GRAM ATOMS OF EACH ELEMENT

PN320J=1,MM

BBLJ)I=0.N

no 320 1=1,NQ
RR(J)I=BR(J)+AA(I,J)%Y(])
CONTINUE

CHECK T0O DETERMINE IF THERE ARE ANY SOLIDS IN THE SYSTEM,

DA 433 1=1,NO
IFLICONE(]) .EN.0CIGDTD433
KCNDFE=1

CONTINUE

F THERE IS NOT AN ENERGY CONSTRAINT GO 7O 500,

[FUIHCODE ,FQ.NGOTASAN
MM =qMe ]
AA(MM) =H / SUM

CHEM
CHEM
CHEM
CHFM
CHEM
CHEM

CHEM

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

CHEM

CHEM
CHEM
CHEM
CHFM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

171
172
173
174
175
176
177
178
179
180
181
1R2
183
184
185
186
187
188
189
190
191
192
193
194
195
196

197

198
199
200
201
2n2
203
204

c09
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s EaFaRa ke

500
4

14
206
45

PRINT4

FﬂRMAT(lHlyISX SHFOIRTpIIXpIZHlNlTlAL Y(T‘)
=0

CALL THERMO

THERMO SUBROUTINE CALCULATES THE FREE ENRGY FUNCION,THE HEAT OF
FORMATION OF EVERY CHEMICAL SPECIE AT ANY TEMPERATURE T,AND THE
SENSIBLE ENTHALPY CHANGE PER MOLE OF EACH SPECIE.

DO 206 I=1,NQ

PRINT 14,1,SPCIELN(I), SPCIEZ(I)'FORT(I) Y(I)
FORMAT(1Xy13,1X+2A3,2E18.7)

CONTTNUE

NTEST=NFREQ

NT=1

BETWEEN STATEMENT 300 TO 1050 THE' R MATRIX AND THE VECTOR
B ARE CALCUALTED.,

N YBAR=D,

TF(THCODE.EQ.D)IGOTO150

207
150

DO 207 1=1,N0Q
AACT JMM)=ENTLI(IY}
CONTINUF
DOS50T=1,NN

YBAR IS THE TOTAL NUMBER OF MOLES OF GAS SPECTES

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

205
206

207 .

208
209
210
211
212
213
214
215
216
217
218
219

220

221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238

€09
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OO0

50

YBAR=YBAR+Y(I)

DOLDT=14NN

10

FAC=Y(1)}/YRAR
TF(FACLT.1.E-7T3)FAC=1,E-73

CALCULATE THE FREE ENERGY PARAMETER OF THE GAS SPECIES
TO RE MINIMIZE ' '

FYCI)=Y(IV%(C(I)+ALOG(FAC))
CONTINUE
IFIKCODE.EQ.N)GOTOL11

IF THERE ARE NO SOLIDS PROCEED TO STATEMENT lli

CALCULATION OF THE FREE ENERGY PARAMENTER FOR SOLIDS

DO 11 T=LL,NOQ
FY({TI)=Y{TI)%FORT(I)
CONTINUE

PROCEED TO CONSTRUCT THE R MATRIX

N030J=1,MM1
DO3INK=J,MM1]
SUM=N
DO271=1,NN

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

239
240
241
242
243
244

245

246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261

262

263
264
265
266

267

268
269
2710
271
272
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20 SUM=SUM+AA(T 4 J) #AA(T,K) %Y (T) _ CHEM 273

R{JyK)=SUM ' : CHEM 274

. R{KsJ)=SUM ' CHEM 275
30 CONTINUE CHEM 276

c, - - CHEM 277
c : CHEM 278
C----=-GO TO 3000 IF THERE 1S NOT AN ENERGY BALANCE CONSTRAINT CHEM 279
c - ‘ CHEM 280
o o CHEM 281
IF(THCODE.EQ.N1GOTO3000 CHEM 282

DO 3001 K=1,MM . « : CHEM 283

Yo SUM=0, ' - . CHEM 284

, DO 3002 T=1,NN CHEM 285
3002 SUM=SUM+AA (T 4K) *AA( T, MM)%Y(T) CHEM 286

. RUKyMM)=SUM . CHEM 287
RUMM,K ) =SUM CHEM 288

3001 CONTINUE , CHEM 289
3000 JJ=MM+1 - ' CHEM 290
DO 103 K=1,MM CHEM 291
SuM=0. . : CHEM 292

. DD 101 1=1,NN CHEM 293
101 SUM=SUM+AA(T,K)2Y(T) ' - : CHEM 294
RUKyJJ)=SUM . " CHEM 295

C REJI9K) =SUM CHEM 296

103 CONTINUE T CHEM 297
KL=NS=-NC+JJ ' CHEM 298

DO 1044 J=JJ,KL : CHEM 299

DO 1045 K=JJ,KL “ CHEM 300

1045 R{J,K)=0.D . ‘ CHEM 301
1044 CONTINUE - CHEM 302
NOTNJ=1,MM ' . CHEM 303

c - CHEM 304
c : ' ' CHEM 1305
C ----PROCEED. TO CALCULATE THE VFCTOR B, CHEM 306

S09



OO0

SUM=0,
DDO13Q1=1,4,NN .

130 SUM=SUM+AALL ,J) %xFY(])

70 8(J,11=SUM+BRB () -
SUM=0,
DDBNT=1,NN

80 SUM=SUM+FY({T)
B(JJ,»1)=SUM
IF(KCODE.EQ. ﬂ‘GOTOlOSﬂ
KK=MM+1
DO 29 I=LL,NQ
KK=KK+1
DO 29 J=1,MM
RUJKKI=AA(T, )
RIKKsJ)=R{J4KK)

29 CONTINUE
KM=MM+1
DO 1953 T=LL,,NQ
KM=KM+1

1053 B(KM,1)=FORT(I])
1050 CONTINUE
‘ IF{KCODELJEQ.NDIR(JIeJJI) =0,
C

C

C-~=-==MATRIX INVERSION IS CALLED TO PRQOVIDE THE SOLUTION FOR.
THE LINEARIZED EQUATIONS. THE SOLUTION OF THE EQUATIONS
GIVES THE LAGRANGTAN MULTIPLIERS NEEDED TO COMPUTE THE MOLES
QF EACH GAS SPECIFS. THE SOLUTION OF THE EQUATIONS GIVES,
IN ADDITION, THE MOLES OF EACH SOLIOD SPECIE.

OO0

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

. CHEM

307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
33)
332
333
334
335
336
337
338
339
340

909
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OO0

M=MA
CALL MATINV(R,NA,B,MA,NMAX)
pDo10oI=1,J4

. PI{TI=LAGRANGINA MULTIPLIERS

" 100

59
60

120

- - -

PILI)=BLI,M)

U=PT(JJ)

XBAR=UXYBAR ,
1F {KCODE.EQ.0)GOTO59
KK=MM+ 2

Lw=LL

DD 1002 J=KK,KL
XCLW)=B (s M)

LW=LW+1

BETWEEN STATEMENT 59 TO 110 A PROCEDURE IS FOLLOW TN
COMPUTE THE NECESSARY DATA TO CALCULATE THE MOLES OF EACH

GAS SPECIE.

DD6DI=1,NN

FSUM(T)I=-FY(TI1+(Y(T)/YBAR) *XBAR

DD11NI=1,NN

PSUM=0,

DO12NJ=1 MM
PSUM=PSUM+PT (J) SAAC( T, S}
YSUMI{T)=PpSUMEY(T) '

CALCULATE THF MOLES OF GASEOUS SPECIES

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

CHEM

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
C HEM
CHEWM
CHEM
CHEM
CHEM
CHEM

"CHEM

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
-CHEM

341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368

369

370
3N
372
373
374

LO9
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DO OO0

110

86

27

-~ — -

X{TI=FSUM(T )+ YSUMI(T)

COMPUTE THE CONVERGENCE PARAMENTER XLAMBD

XLAMRD=1,

DN 86 I=1,NQ
DELT(I)=X{I)-Y( 1)
IF(DELT(1),.,GE.0.)G0T086
[F(X(I).GT.0.)GQTO86
XUAM(I)=-Y(1)/DELT(T)
XLAMBD=AMIN]{ XLAMBD, XLAM(T))
XLAMBD=,99%XL AMRD

CONTINUE

XLAM1=XLAMBD
IFIXLAM]L.EQ.DN.)XLAMLI=]1,E-5
NDEBAR=0,

DOBTI=1,NN
DEBAR=DEBAR+DELT( V)

DETFRMINE THE SIZE OF THE UNIT VECTOR XLAMARD,

APPLY THE CORRECTIONS TO OBTAIN A NEW SET OF ESTIMATFS FNR THE
NEXT TTERATION. WHEN THE VALUF OF XLAMRD IS VERY SMALL SET THE
VALUES OF Y(T) FQUAL TO X(1) TO AVOID USING THE SAME VALUES NF
Y(T) AS WAS USED JN THE PREVIOQUS TTERATION

DETFERMINF THE FREE ENERGY GRADIENT, IF POSITIVE REDUCFE XL AMADA

CHEM
CHEM
CHFM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
HFM
CHEM
CHEM
CHFM
CHEM
C HEM
CHEM
CHEM
CHEM
CHEM

"CHFM

CHEM
CHEM
CHEM
CHEM
CHEM
CHFM
CHEM

375
376
377
378
379
380
381
182
383
384
385
386
3187
388
389
3an
391
392
393
394
395
3196
397
19p
299
400
40
4n2
4n3
404
408
406
4n7
408

‘809



A0 0o

93

96
.98
991

82

83
88

89

DFDL=00

. DFDL=FREE ENERGY GRADIENT

DO88I=1,4,NQ

IF(ICODE(T) .,EQ.1)GOTO83

FAC= (Y(I,*XLAHBD*DELT(I))I(YBAR+XLAMBD*DEBAR)
IF{FAC.GT,0.1607082

XLAMBD=, 9%XLAMBD

- IF(XLAMBD.GT,.1.0€- 09)GOT096

TF(FAC.LT.1,E-T3)FAC=1,E-73

DFOL=DFDL4DELT(I}*(C(I)+ALOG(FAC))

IFLICODE(T).EQ.1)60T088

AAA{ T1=DELT(T)*(C(T1)+ALOG(FAC))
G0T088 ,

DFDL = DFDL+D§IT(I)‘FORT(I)

"CONTINUE

IF(DFDL.LT.0.000)GOTO89
XLAMBD=,8%XLAMBD
IF{XLAMBD.GT. 1. 0E-08)G0OT093
DO 881 I=14NN

. CONTINUE

THE VALUE OF XLAMBD THAT .ASSURES CONVERGENCE HAS BEEN FOUND

DO76I 1,NQ

[FCXLAMBD.GT.1.E~- 6)GOT090
[F(DFDL JLT.0.1IGOTO90
IFOXLAMYL LTl E=6)XLAMI=1,.F-6

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

409
410
411
412
413
414
415
416
417
418
419
420

421

422
423
424
425
426
427
428
529
430
431
432
433
434
435
436

437

438
439
440
441
442

609



90

900

76

ENES

371
372

34N

- ——

CALCUALTE THF NEW COMPOSITION FOR THE NEXT ITERATICON

YOOI =Y( 1)+ XLAMIXDELT(I) %,
GOTODDY

CONTINUE
YEIY=Y(T)+XLAMBD®DELT(I)
CONTINUE
ITFLY(I) LT 0)Y(I)=1,E~T3
CONTINUE '
SUMY=0.

SUMY1=0.

DO3T7DI=1,4,NN
SUMY=SUMY+Y (1)
TF{KCONDELER.Q)GOTN3 72

DN 371 I=LL4NO
SUMY1=SUMY1+Y(1)
SUMY1=SUMY1+SUMY
NN34NT=1,NQ
PERCAI)=(Y(I)/SUMY)*100,
MLFRC(IT)=Y(T) /SUMY]
PERCI(IN=MLFRC(I}*100.00

CHECK TF CONVFRGENCE CRITERTIA HAS REFN MET,

STATEMENT 304,

RETA=1),
GSUM2=1,
DY 341 I=1,NQ

TFIKX EG N ANDLNTL LT NFREQOIGNTN341D

IF(Y(T) LT, 1.E-30GOTO534

IF NOT GO BACK TO

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
. HEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHFM

443
444
445
446
467
4648
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476

019
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ODOO0

3410

342

341

3411
85

532
533
534

560

IF(ICODE(I).EQ.1)G0OTN342
FAC=Y(T)/SUMY
TF(FAC.LT.1.E=73)FAC=1.F-T73
FY(T)=Y(T)*(C(1)+ALOG(FAC))
GSUM2=GSUM24F Y(T)

GOTN 341

FY(T)=Y{TI)=FQRT(])
GSUM?2=GSUM2+FY(1)

CONTINUE ,
TF{XLAMBD . EQ.Q0.)GOT0DS534
NNB8SI=1,NQ ’
BETA=BETA+ARS(DELT(I)) :
TF(DFDL.GT.0s.AND. XLAML .GE .0, 9990)60T0534
IF(BETA.LT.XBRETAIGOTOB00
IFINTEST.NE NT)GOTO560

NTE ST=NT+NFREQ

KCALL=]

INIT=LL

NCOUNT=NQ

PROCEED TO CHECK WHETHER THERE ARE TRACE SPECIES

CALL HOLDYI(KCALL INIT,NCOUNT,LL)
IF(NT.GE.MAXNT)GOTO6ON
NT=NT+1

IF THE NUMBER OF ITERATIONS EXCEED 900 STOP COMPUTATIONS

IFINT.GT.900)G0T0323
60TO300.

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHFM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
C HEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHFEM
CHEM

477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
496
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
514

119



aNeNalaNeNe)

C
C ) : t
o ADJUST CONVERGENCF CRITERIA, THEY ARE TOO STRINGENT,
C .
C .
600 XBFTA=XBETA+, 001
' MAXNT=MAXNT+10
NT=NT+1 ‘
GOT0300 .
800 IF(KOUT.NE.11G0T0801
IFLIN.EQ.NC)GOTOBO1L
----- COMPUTE THE VALUES OF THE TRACE SPECIES THAT WERE LEFY OUTY OF
COMPUTATIONS.
'CALL TRACE(PI) .
802 NN=NC "
NQ=NS
KOUT=0
KR TRN=0 - .
CHEREERRRRRKEEEEREKEEKEREREEERAEEKEE KR EEE KR RRERKREKEREERRER AT REXER kR RE KK
CEREXXETRREEEEB kX REE KA XA EE TR AR AEEEEREEE LR AR R RS R ER AR R SR XA SRR AR KK
C : ' *
o *
C----- CONVERGENCE HAS BEFN ACHIEVED. PRINT QUTPUT : *
C : x
c . . x®

22 EL st R 22222t 2R RS 222 22322222 2232232223222 3

€ e oot e e e ool e o e e ot e e o e oke Ak okt e s oot e ok e sl ol e ol o e g o e ol ook oo e ke e ek e e ok kode ok o e ok ek e ok e o o o
801 PRINT 16,NT,U
16 FORMAT({//1X,30HNT = NO. LTERATIONS REQUIRED = 15,5X,
1'U=X/Y=1F15.7//) ‘

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532

533

534
535
536
537
538

‘539

540
541
542
543
544

(A%)



DO 2190 J=1,MM C HEM
PRINT 2189,BB8(J) CHEM
2189 FORMAT(1X,6HBB(J)=,F15, 8) CHEM
2190 CONTINUE CHEM
© PRINT201,BETA,SUMY1 M ' CHEM
201 FORMAT(//1X,THBETA = E12.4,5X,' TOTAL NO., OF MOLES='F8.4, CHEM
15X, *H='E13,6//) 3 ‘ CHEM
PRINT 161,GSUM2 CHEM

161 FORMAT(1X,4THFREE ENERGY FI(Y) OF THE SYSTEM AT EQUILIBRIUM =FE16,8)CHEM
"PRINT204,P,T CHEM

204 FORMAT( ///71X, 9HPRESSURE=513.5.Sx.butenp.=El3.5//) CHEM
PRINT32 CHEM

32 FDRMAT(//6X.'I',21X.‘Y(I)'.9X.'NOLE FRACTION'.SX. CHEM
1*MASS FRACTION®) CHEM

. DD580I=1,NQ CHEM
XMOLtT)=PERC(1)/100. CHEM

580 CONTINUE CHEM
.ENTRPY=0, CHEM
XMWGAS=0, CHEM
TMASMX=0. CHEM
TMASS=0, CHEM
DO811=1,NQ CHEM
IF(ICODE(I).EQ.I!GOT0790 CHEM
TMASS=TMASS+XMW(I)2Y(I) CHEM
XXXX=XMOL (1) %XMW(I) CHEM
XXX=PxXMOL{]) ‘ ‘ CHEM
S{TYI=S{I)-RR*ALOG{ XXX) CHEM
ENTRPY=ENTRPY+S(I)%*XMOL(]) CHEM
XMWGAS=XMWGAS+XMOL (1) *XMW(I) CHEM
6071081 - CHEM

790 TMA SMX= TMASMX+xmu(I$*V(I) CHEM
81 CONTINUE CHEM
TMA SMX=TMASMX+TMASS CHEM

DO 1911=1,N@

CHEM

545

546

S47

548

549
550
551
552
553
556
555
556
557
558
559

560 °

561

562

563
564
565
566
567
568
569
570
5ST1
572

‘5713

574
575
576
577
578

£19



1

19

12

7

79

XMASI(D)=Y( L) %xXMW(I) /TMASMX
XMASSUT)=XMW(T)*XMOL(T) /XMWGAS
91 CONTINUE
DD441=1,NO
. IFCIPUNCH.EQ.D0)GOT0D43 -
PUNCH 46, XMOL{I),SPCIEL(]),SPCIE2(I)
46 FORMAT(2E14,7410X,2A3)
43 PRINT l9vloSPCIEI(I)'SPCIEZ(I)oY(I)oXMOL(I) XMASS(1)
44‘CONTINUE
FORMAT(1lebu3xo2A302X’3E18 7
. ENTGAS=0, | S .
PRINT12 ‘ '
FORMAT( ///36X,*MASS FRACTION' /15X ,*HEAT OF FDRMATION
. 1'0F THE MIXTURE‘.SX"ENTROPY') .
DO 781 I=1,NQ :
aleNTGAS—ENTGASOENTIIl)‘PERC(I‘/lOO.
"DO.- 79 I=1,NQ
"PRINT 24, 1,SPCIEL(I) SPCIE2(T1),ENT(I), XMASI(I)-S(I)

'24“F0RHAT(1X71593Xv2A393517 1A

ENTRPY=ENTRPY/XMMWGAS -

ENTGAS=ENTGAS/XMWGAS

PRINT18,ENTGAS
18 FORMAT(//1X, 'ENTHALPY OF GAS MIXTURE(CAL/GM~-MOLE='E17.7)

PRINTL 7, XMWGASL,ENTRPY '
17 FORMAT(//1X,28HMOLECULAR WEIGHT OF GAS MIX=El6. BybX,

1*ENTROPY( CAL/(GM-MDLE-DK)} 1='E17.6//)

XBETA=CRIT - .

LU=NN+1

NTEST=NFREQ

KSOLID=9

KX=0

IF{ IHCODE .EQ. 0)GOTO332

H=H-1000. ‘

v 92X,

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHENM
CHEM
CHEM
CHEM

- CHEM

CHEM
CHENM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEM

579
580
581
582
583
584
585
586
S87
588
589

590 °

591
592
593

594

595
596
597
598
599
600
601
602
603
604
605
606

607

608
609
610
611
612

LAY



332

333
5119

BB(MM) =H/SUMY1

IF(H.LT,.(-30000.))G0T0332

1F( IHCODE.EQ.1)GATOS00
T=T+TINC
IF(T.GE.3373.)TINC=10,
IF(T.GE.TMAX)GOTOS
GOTO500

PRINT 5119

FORMAT( LH1)

STOP

END

CHEM
CHEM
CHEM
CHEM
CHEM
CHEM
CHEMN
CHEM
CHEM
CHEM
CHEM

613
614
615
616
617
618
619

620

621
622
623
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OO0

SUBROUTINE THERMO

FORMATION OF EVERY CHEMICAL SPECIE AT ANY TEMPERATURE T,AND THE
SENSIBLE ENTHALPY CHANGE PER MOLE OF EACH SPECIE.

CUHMON/KA/ICODE(QO) SPCIEI(#O! SPCIEZ(#O)gAA(#OvS)v

1 ENTl(#O)'ENTCQO)
COMMON/KB/AI(4O)'81(4039Cl(40!90!(40).€l(40) FI1(40),

) S GI{40),ATTIl40)+BII(40),CII(40)DIT(40),EIT(40),
2 v FII(40)gGll(éOloDELH(#O!,FORT€4Ol'C(4O$.TLOH(40’9

.3 Y(40) o XMW(40) 4 MLFRC (40)

COMMON/KBB/CPDTL(5) 4PERC(40) 4PERC1(40)
COMMON/KE/S1(5)3S2(5),S3(5),5415),55(5),A11(5),A22(5),
1 A33(5)4A44(5),A55(5) 4S615) 1A66(5) ,JCODE(S5) S (40)

" COMMON/KF /NC ¢ NS s MM RR 9 MM1 s NQ s NN ¢ Ki¥ g EN o KOUNT ¢ KCODE ,KSOL 1D

- COMMON/KG/T,TZERG,TZERO1 4 TZERD2,TZERQO3 4T ZERQ4, TZERDS, P
REAL MLFRC

'T=TEMPERATURE IN 0K

T1=T
T2=T1*7

T3=T2%T

T4=T3%7

T5=T4*T ' -
Al=T

A2=V2/2.

A3=T3/3.

A4=T4 /4,

AS=T5/5. .

THER
THER
THER
THER

THER .

THER
THER
THER
THER
THER
THER
THER
THER

'THER

THER
THER
THER
THER

THER |

THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER

CDNO NP WN

919
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C~-—--CALCUALTE THE FREE ENERGY FUNCTION FORT{I), THE ENTROPY S(I), THER

c

c AND THE CHEMICAL ENERGY ENTL(I) - THER
C o THER
c ' THER
c » : : THER
(o ‘FORT(I)=FREE ENERGY FUNCTION : THER
C S{1)=ENTROPY ' THER
C ENT1(I)=HEAT OF FORMATION AT’ 298 oK + THE SENSIBLE THER
c ENTHALPY GAIN FROM 298 ro Te THER
C , . : : THER
NQ NS : R THER

y DO 41 1= 1,No - ' o THER
IF(T.GT.TLOW(I))GOTO6205 THER .
FORT(I)= AII(I)*(l.-ALOG(T))-B!I(!)*T/Z.-C!I(Il*TZ/b.-DIIGl)*TBIlZ THER

1 v =ETICI)*T4/20.,¢FII(I)/T-GII(T) THER
S(l) (AII(I)*ALOG(T)*BI!(l)*T+CII(lD$T2/2.¢DII(!l*T313.¢EII(1)3T4/FHER
14.+GII(I))%*RR THER
ENTL(I)= (AII(I)*AI#BII(I)*AZ*C!I(I)*AB#DII(XD$A40Et1(19*A5 THER
14FTICI))*RR THER
IF(ICODE(I).EQ.1)G0T041 : : " THER
C(I)=FORT(I1)+ALOG(P) . THER
GOTO41 : THER

6205 FORT(I)=AI(I)*{1.-ALOGI(T))-BI(I)*V/2. -CI(ID*TZIb.-DI(I!*TB/IZ. THER
1 —EI(I)%T4/20.+FI(I)/T-GI(1) THER
SCII=AT(TIV*ALOGIT)I+BIC(I) 2T+CI(1V%T2/2.+DI(T1)%T3/ 3. +E1(1)%T4/4,.4 THER
1GI(1) THER
S(I)=S(T1)%*RR : THER
ENTL(I)=(AT(I)*A1+BI(I1)*A2+4CTI(I)*A34DI (1) *A4+EI(T)*AS THER

1+F I (1) )%*RR ‘ THER
IF(ICODE(1).EQ.1)GOTO41 - ~ THER
C(IV=FORT(I)+ALOG(P) THER

41 CONTINUE ' THER

DO 78I=1,NQ THER

ELEMENTS FOR TEMPERATURES GREATER THAN 1000 (0K) THER

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

52

53
54
55
56
57
58
59
60

61

62
63
64
65
66
67
68

LT9



IF(1.6T.1)60T06291
IF(T.LY.TLOW(I)IGOT06207

C
ec . "
Cee— CALCULATE THE SENSIBLE ENTHALPY OF THE CONSTITUENTY
c :
c ‘ o

DO 2%6J=1,MM]1

CPDT1I(I)= lSllJ)*AI#SZ(J)*A2+53lJI*A3454(J)*A4+SS(J1*AS

A X +S6(J) ) *RR
296 CONTINUE

T 60706291
c ..
c , : .
'C—==~-—~CALCULATE THE SENSIBLE ENTHALPY OF THE CONSTITUENT
C ELEMENTS FOR TEMPERATURES LESS THAN 1000(0K).
C- ’ - : ‘ '
C

6207 DOZ97J‘1¢MM1
CPDTI(J)={A11(J)*AL+A22(J) *%A2+A33 (U1 %A3+ALL(J)*A4
1 +A55(J)*AS5+A66(J) ) *RR

297 CONTINUE :

AT TEMPERATURE T(OK)WITH RESPECT TO THE STANDARD STATE(P=1ATM,
TZERO=298,150K)

----- COMPUTE THE HEAT OF FORMATION OF EACH CHEMICAL SPECIE

'ENT(I)‘HEAT OF FORMATION OF EACH CHEMICAL SPECIE AT TEMPERATURE
Te

OO0 0

RSUM IS THE SENSIBLE ENTHALPY OF THE ELEMENTS OF THE ITH SPECIE.

THER
THER
THER
THER

THER -

THER
THER
THER
THER
THER
THER
THER

‘THER

THER
THER

THER -

THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER
THER

© THER

THER
THER
THER
THER

819



6291

393
398

78

RSUM=0., .
D0 398 J=1,MM1
IFCJCODE(J).EQ.1)GOTD393

RSUM= RSUH#O.B*AA!I'J)*CPDTIIJ)

GO TO 398

RSUM=RSUM+AALIT, J)*CPDTl(J)
CONTINUE

ENTCI)=ENTI(T1)-RSUM
IF(ABS(ENT(I)).LT, 3.'ENT(ID—0.
CONVINUE

‘RETURN

END

THER
THER
THER
THER

THER.

THER
THER
THER
THER
THER
THER
THER

THER

103
104

105

106
107
108
109

110 .

111
112
113
114
115
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XBI{J)=BI(K)
XBIT(J)=BTE(K)
XCI(J1=CI(K)
XCTT(J)=CITIK)

- XDICJ)=DT(K)

XDIT(J)=DIT(K)
XET(J)=ET(K)
XETI(JI=ETT(K)
XFI(JI=FI(K)
XFIT(JI=FIT(K)
XGI( J)=G1(K)

XGIT(IV=GIT(K)

XC{J)=C(K)
XPERC(JI=PERC (K)
XPERC1(J)=PERC1(K)

XMLFR( J)=MLFRC(K)

XFORT{JI=FORT(K)

CXENTU{JY=ENT(K)

540
530

521

XENT1(J)=ENTL(K)
XTLOW( J)Y=TLOW(K)
XDELHI J)=DELH(K)
XXMW( J)=XMW(K)
XPCIELI(JI=SPCIEL(K)
XPCIE2(JI=SPCIE2(K)
TICODE( JV=1CODE (K)
DNS4NI=1,MM
XAAC I, TI=AA(K,T)
CONTINUE
L1=NN
NN 510 I=1,tL1
ATCTYI=XAT(T)
ATT(I ) =XATE(])
BICI)=XRI(T)
BLI(1)=XRTII(T)

HOLD

HOLD |

HOLD
HOLD
HOLD
HOLD
HOLD
HOLD
HOLD
HOL O
HOLD
HOLD
HOLD
HOLD
HOLD
HOLD
HOLD
HOLD
HOLD
HOLD
HOLD
HOLD
HDL D
HOLD
HOLD
HOLD
HOLD
HOLD

HOLOD

HOLD

HOLD

HOLD
HOLD
HOLD

35
36
37
38
39
40
41
42
43
44

45
46

47
48
49

50

51

52

53
54
55
56
57
58
59
60N
61
62
63
64
65
66
67
68

129



CItIN)=XCI(1)
CTICI)=xXCII(I)
DICI)I=XDI(I)
DITCL)I=XDII(I)

CEICIY=XEL(])

EITCT)I=XETT(T)
FICT)I=XFI(T)
FIT(I)=XFTI(T)
GI(L)=XGI(T)
GITC(I)=XGIT(I)
SPCIELL 1)=XPCIEL(I)

CSPCIE2(I)=XPCIE2(1)

FORTL(I)=XFORT (1)
ENT(T)=XENTI)
ENTI(I)=XENTL(I)

"TLOW(T ) =XTLOW(I)

5211
590

510

5500

DELH{ 1)=XDELH(TI)

CXMWO T ) =XXMWLT )

ICODE(I)=TICODE(T)

PERCIUI)I=XPERC(I)

PERCILTI)=XPERCI(I)
MLFRC( T I=XMLFR(I)

IFLICODE(TI).FQ.1)G0TDS5211

C(I)=xC(T)

DO 590 J=1,MM
AACT,J)=XAA{I,J)
KouT=1
Y{I)=xy(1n)
KW=0

IN=NN
DNS550T=1,NN

[FIPERCII)GT,1.E~9)GNTNSSN

IN=IN-1
KW=KW+1.

HOLD 69
HOLD 70
HOLD T1
HOLD T2
HOLD 73
HOLD 74
HOLD 75
HOLD 76
HOLD 77
HOLD 78
HOLD 79
HOLD 80
HOLD 81
HOLD 82
- HOLD 83
HOLD B84
HOLD 8S
HOLD 86,
HOLD 87
HOLD 88
HOLD 89
HOLD 90
HOLD 91
HOLD 92
HOLD 93
HOLD 94
HOLD 95
HOLD 96
HOLD * 97
- HOLD 98
HOLD 99
HOLD 100
HOLD 101

HOLD 102

(£4)



550

5050

CONTINUE

NN=TN

NL=NN+1
IF(KCODE.EQ.0)GO0TO5600
D0 507 I=INIT,NCOUNT
IF{KCALL.EQ.2)G0T05051
AT(NL)=AT(I)

“ATTINL)=ATICI)

- BIINL)=BI(I)

"BIT(NL)=BIT(I)

CHINL)=CTLT)

CTHINL)=CTI(])

DICNL)=DI(T)
DIT(NL)=DIIA(I)
EI(NL)=ET(I)

ETTINLI=EIIC(T)

5051

FI(NL)=FI(I)

_FTIUINL)=FII(])

GI(NL)I=GI(T)
GITINL)=GII(])
SPCIELINL)=SPCIELI(])
SPCIE2(NL)=SPCIE2(1)
FORT(NL }=FORY (1)-
ICODE(NL)=ICODE(T)
XMW{NL) =XMW(])
ENTU{NL)=ENT(T)
ENTLINLI=ENTI{(T)
TLOWINL)I=TLOW(T)
DELHINL)=DELM(I)

PERC (NL)=PERC (1)

PERC 1{NLI=PERC1(T)
MLFRCUNL)I=MLFRC(I) .
IF(KSOLID.EQ. 11GOTA551
XAT(T)=AT(T) '

HOLD
HOLD
HOLD
HOLD
HOLOD
HOLD
HOLD
HOL D
HOLD
HOLD
HOLD
HOLD

HOLD

HOLD
HOLD
HOLD
HOLD
HOLD
HOLD
HOLD
HOLD
HOLD
HOLD
HOLD
HOLD
HOLD
HOLD
HOLO
HOLD

- HOLD

HOLD
HOLD
HDL D
HOLD

103
106
105
106
107
108
109
110
111
112
113
114
115

116

117

118

119

120

121
122
123
124
125
126

127 -

128
129

130
131

132
133
134
135
136

€29



551

5510

XATI(T)=ATIC(])
X8H{I1)=8B1(1)
XBIT(ID=BII(Y)
XCI(1¥=CI(T)
XCII(I}=CI1(])
XDICI)=DI(])
XDII(T)=DII(1)
XEIC(I)=EI(T]) ‘
XETI(I)=EQ1(1)

CXFI(IV=FI(1)

XFIICI)=FII(I)

XGI(INI=GIUIY

XGIT(I)I=GII(])
XPCIEL(1)=SPCIEL(T)
XPCIE2(1)=SPCIE2( 1)
XPERCUI)I=PERC({T1)

‘XPERC1(1)=PERC1(I)

XMLFR(T)=MLFRC(1)

" XFORT(I)=FORT(I)

TICODE(IV=ICODE(T)
XXMW(T ) =XMW ()
XTLOW(I )=TLOW(I)
XDELH( 1)=DELH(I).
IF(KCALL.EQ.2)G0T0551
XENTCT)=ENT(1)
XENTI(T)=ENTI(])

DO 591 J=1,MM

IF(KCALL .EQ.2)GOTG5510

AA(NL,JI=AA(T,J)
IF(KSOLID.EQ,1)GOT0O591
XAA( 1+J)=AA(T,J) -

591 CONTINUF ‘

IF(KCALL,.EQ.2)G60TNS60
YINLI=Y(T) -

HOLD
HOLD
HOLD
HOLD
HOLD
HDOLD
HOL D
HOLD
HOLD
HOLD
HOL D
HOL O
HOLD
HOLD
HOLD
HOLD
HOLD
HOLD
HOLD
HOLD
HOLD
HOLD
HOL D

- HOLD

HOL D
HOLD
HOLD
HOLD
HOLD
HOLD
HOL D
HOLD
HOL D
HOLD

137
138
139
140
141
142
143

144

145
146
147

148

149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164

‘165

166
167
168
169
170

1X4°)



507

5600

560

NL=NL+1

CONTINUE

KSOLID=1

LL=NN+1

NQ=NQ-KW
IF(KCODELEQ.D }INO=NN
RETURN

END

HOLD
HOLD
HOLD
HOLD
HOLO
HOLD
HOL D
HOLO

1M
172
173
174
175
176
177
178

SZ9
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C

SURROUTINE TRACE (PI) |
COMMON/KA/ICODE(40) ySPCIEL(4D1,SPCIE2(40) 4AA(4D,5),

1 ENT1{40) +ENT(40)

COMMON/KB/AT(40) ,BI(40),CT(40),0T(40)ET(40),FI(40),
1 GI(40)AIT(40),BIT(40),CIT(4001,DTT(40),ETT(40),
2 FIT(40),GI1(40) 4DELH(40),FORT (401,C(40),TLON (40},
3 Y(40) o XMW(40) , MLFRC (40)

COMMON/KBB/CPDT1(5) yPERC(40) 4 PERC1{40)

COMMON/KC/TTCODE(40) ,XPCTEL (401, XPCTE2140) +XAA(4055),
1 XENT(40) , XENT1(40)

COMMON/KD/XAT(40) ¢XBI(40) 4XCI(40) XDI(40) 4XET(40),
1 XFI040)oXGI(40) XAIT(40)+XBIT(40)sXCT (40,

2 7 XDIT(A0)4XEIT(40) ) XFIT(40) 4XGIT(40) 4XMLFR(40)

COMMON /KDD/XDELH(40) 4 XCPDT(40) ,XCPDT1(05) 4 XFORT (40),

- L1XY{40) y XCU40) 4 XTLOW(40) s XXMW(40) 4 XPERC(4D ), XPERC1(40)
COMMON/KF /NC ¢ NS'"M'RR'"MIONOONNVKH'lN'KOUT'KCODE’KSOLID
DIMENSION YTRACE(40),PI(T7)

REAL MLFRC

L1=TN+1

STORE THE VALUES OF Y(I) OF THE SOLID SPECIES BEFORE BEING ERASED
BY THE CALCULATIONS OF THE TRACE SPECIES WHICH FOLLONS.
. .
IF(KCODE.EQ.N1GOTOT7428
NP=NC+1
L 4=NN+1
DO 7427 1=L4,NQ
XY{NPY=Y{(T)
XPERCINP)I=PERCIT)
XMLFRINPI=MLFRCIT)
XPERCLINP)=PERC1( )
7427 NP=NP+1
7428 YBAR=Q,

TRAC

TRAC

TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC

TRAC

TRAC
TRAC
TRAC
TRAC

- TRAC

TRAC
TRAC

TRAC

TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC

TRAC

TRAC

TRAC

TRAC
TRAC
TRAC

~

OO IR PUN

N
[

NN N
HwWN

NN
~owm

w W NN
[audk®™ Vo JKs -

-

w
N

w W
dw

NN o b pt (b et gt b b s pud
DIOPNIPAPAUN=D

929



7429

7430

7431

7432
7433

7434

521

PROCEED TO CALCULATE THE TRACE SPECIES.

DO 7429 1=1,NN
YRAR=YRAR+Y(1)

DO 7433 I=L1,NC

SUM= Qo

NO 7430 J=1,MMY
SUM=SUM+XAA(T ,J) *P1( J)
SUM1=-C(T1)+SUM
IF(SUM1.LT.0.)G0T07431
YTRACE({ I)=YBARK(EXP(SUM1))
GDTN 7432 '

SUM2=-SUM1
YTRACE(T)=YBARX(1.,/(FXP{SUM2)))
XPERC(T)=(YTRACE(1)/YBAR)*100,
XY{I)=YTRACF(I)
CONTINUE

DO 7434 1=1,NN
XPERC (I )=PERC(I])
XY(I)=Y(1])

L1=NS
DO 51D 1=1,L1
AT(T)=XAT(T)
ALT(T)=XATTI (1)
RICTII=XBTI(T)
BIT{I)I=XBII(])

CI(I)=xCI{I)

CII(I)=XCIT(T)
DICTI=XDI(T)
DITEI)=XDIIA(TI)
ETCTI=XET(T)
EITCT)=XETI(T)
FI(IY=XFI(I])

TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC

- TRAC

TRAC
TRAC
TRAC
TRAC

35
36
37
38
39
40
41

42
43
4H4
45
46
47
48
49

50

51

52

53
54
55
56
ST
58
59
60
61
62

63

64
65
66
67
68
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FII(I)=XFIT(T)
GI(T)=XGI(I)
GIT{T)=XGTI(])
SPCIEL(D)=XPCIELLI)
SPCTIE2(I)=XPCTE2(TI)}

" FORTII)=XFDORT(T])

5211
590
510

ENTLT)=XENT(I)
ENTI(I)=XENT1(])
TLOW(T ) =XTLOW(T)
DELH(TI)I=XDELH(I)

XMW I)I=XXMW(T)

ICODE( I)=1ICODE(T)

PERC (T )=XPERC(I)
PERCI(I)I=XPERCI(])
MLFRC(T)I=XMLFR(T)
IFCICODE(T).EQ.1)GOTO5211

ClI)=xXC(I)

DO 590 J=1,MM
AA(T,J)=XAALT,J)
Y{I)=xXY(I)
RETURN

END

TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC

"TRAC

TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC
TRAC

69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

829



e NeRe

10
15
20
30

40
45
50
60
70
80
85
90
- 95
100
105

106

SUBROUTINE MATINV(A,N,B,M,NMAX)

MATRIX INVERSION WITH ACCOMPANYING SOLUTION OF LINEAR EQUATIONS
. DIMENSTON A(T747)48B(T741),IPIVOT(T7)L,INDEX(T,2)
EQUIVALENCE (TROW,JRNW), (TCOLUM,JCOLUM),

INTTIALTZATION

ISCALE=0
R1=10,0%%18
R2=1.0/R1
DETERM=1.0
DO 20 J=1,N
IPIVOY(LJ) =0

00 550 I=1,N

'SEARCH FOR PTVOT ELEMENT

AMAX=0,0

DO 105 J=1,N

TF (IPIVOT(J)-1)60,105,60
DO 100 K=1,4N _ _
IF (IPIVOTIK}-1)80,100,740
IF (ARS(AMAX)-ABS(A(J,K)))85,100,100
IRDOW=J

ICOLUM=K

AMAX=ALJ,K)

CONTINUE

CONTINUE

IF (AMAX)117,106,110
DETERM=0,"

I SCALE=A

GN TO 74"

(AMAX,T,SHAP)

MATT

MATI

MATI
MAT1
MATI

MATY

MATT
MATT
MATY
MATT
MATI
MATI
MATI
MATT
MAT T
MATT
MATI
MATT
MATT

MATT

MAT1

MATT -

MATT
MATT
MATT
MATI
MATI
MATT
MATT

- MATY

MATI
MATY
MATI
MATIY

et pub gt ~
PWN=OODNOW S NN~

15
16

17
18

19

20
21
22
23

‘26
. 25

26

27 .

28

-29

30
31
32
33
34

629



[aNale]

s NeNe]

130
140
150
160
170

200

205

210

220
230
250
260
270

310

1000
1005
1010

1020

1030
1040

1050

IPIVOT(ICOLUM)I=IPIVOT(ICOLUM) +1
INTERCHANGE ROWS TO PUT PIVOT ELEMENT ON DIAGONAL

IF (IROW-ICOLUM) 140,260,140
DETERM=-DETERM

DO 200 L=1,N
SWAP=A(IROW,L) "
AULIROW,L)=A(ICOLUM,L)
ALICOLUM,L)=SWAP
IF(M)2604260,210

DO 250 L=1,M

SHAP=B(IROW,L)

‘BCIROW,L)=BLICOLUM,L)

BOICOLUM,L)=SHWAP
INDEX(I41)=TROW

INDEX{T42)=1COLUM

PIVOT=A{ICOLUM, ICOLUM)
SCALE THE DETERMINANT

PIVOTI= PIVQT
IF(ABS(DETERM)-R1)1030,1010,1010
DETERM=DETERM/R1

ISCALE=TISCALE+]

- TF(ABSIDETERMI-R1)1060,1020,1020
DETERM=DETERM/R]

ISCALE=ISCALE+]

GO 1O 1060
IFIABS(DETERM)-R2)1040,1040,1060
DETERM=DETERM*R]

ISCALE=ISCALE-)
!F(AGS(DFTFRM’-RZ)IOSO 1050,1060
DETFRM-DETFRM*R! '

MATI
MATI
MATT
MATI
MATI
MAT!
MATI
MATI
MATI
MATT
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATIY
MATI

" MATI

MATI
MATY
MATI
MATI
MATY
MATT
MATI
MATT

MATT -

MATI
MATI
MATTY
MATI
MATI

35
36
37
38
39
40
41
42
43
46
45
46
47
48
49

50

51
52

53

54
55
56
ST
58
59
60
61
62
63

64

65
66
67
68

0e9



1060

7

e XaXal

1070

TSCALE=TSCALE-1
IF(ABS(PIVOTT)-R1)11090,1070,1070
PIVOTI=PIVOTI/R]
ISCALE=ISCALE+] -

. TF(ABS(PIVOTI)=-R1)320,1080,1080

“4;080

1090
2000

2010

320

330

340
350
355
360
370

380
390
400
420
430
450
455

PIVOTI=PIVOTI/R]
TSCALE=ISCALE+1

GO TO 320
IFCABS{PIVOTT1)-R2)12000,2000,320
PYIVOTI=PIVOTI %Rl
ISCALE=ISCALE-1

IF(ABS(PIVOTI )~ R2)2010920109320
PIVOTI=PIVOTI *R1
TSCALE=ISCALE-1
DETERM=DETERM%PIVOTI

DIVIDE PIVOT ROW BY PIVOT ELEMENT

ACTCOLUM,ICOLUM)=1,0

DD 350 L=1,N
ACTICOLUM,L)=A(ICOLUM,L) /PIVOT
TF(M) 380,380,360 ‘

no 370 L=1,M .
BICOLUM,L)I=B(ICOLUM,L) /PTVOT

"REDUCE NON-PIVOT ROWS

DO 550 Ll=1,N
IF(LI-TCOLUMI4004+550,400
T=A(L1,ICOLUM)

ALY, ICOLUMY=0,0

DO 450 L=1,N
A(quL)—A(LlyL’-A(ICOLU“vL)*T
IF(M) 550,550,460 '

MATT 69
MATT . 70
MATI 71
MATI 72
MATT 73
MATI 74
MATT 75
MATI 76
MATT 77
MATL 78
MATI 79
MATI 80
MATI 81
MATT 82
MATI 83
MATI 84
MATT 85"
MATT 86
MATI 87
MATI 88
MATT 89
MATT 90
MATT 91
MATI 92
MATT 93
MATT 94
MATT 95
MATT 96
MATT 97
MATT 98
MATT 99
MATI 100
MATI 1C1
MATI 102

€9



460
500
550

DD 5HDD L=1,M
BILL1yL)=B(L1,L)-B(ICOLUM,L) *T
CONTINUE

. INTERCHANGE COLUMNS

600

610
620
630
640
650
660
670
700
705

710

T40.

DO 717 T=1,N

L=N+1-1
IFCINDEX(Ly1)-INDEX(L42))1630,710,630
JROW=INDEX{Ly1)

JCOLUM=INDEX(Ly2)

DD 705 K=1,N

SWAP=A{ K, JROW)

AlKy JROW) =A (K, JCOLUM)

A(Ky JCOLUM) =SWAP

CONTINUE

CONTINUE
RETURN
END

MATT
MATI
MATI
MATIT
MATY
MATT
MATI
MATT
MATT
MATT
MATT
MATY
MATT
MATT
MATT
MATT
MATI
MATI
MATI

103

104

105
106
107
108
109

‘110

111
112
113
114
115
116
117

118

119

120,

121

(A%



633

CHEMICAL EQUILIBRIUM ANALYSIS NOMENCLATURE

MAIN:

AA(I,J): Formula number. Gives the gram atoms of
element J in Species I.

AI...GI: These are the seven empirical constants for
the high temperature fit (1000o -6000°K) for the free ener-
gy functiong. The first five constants (AI through EI) are
used for the heat capacity fit.

AIl,..GIX: These are the seven empirical constants for
the low temperature fit (300°K-1000°K) for the free energy

function.

All...A66: These are the six empirical constants for

the Enthalpy fit of the constituent elements (300°K-1000°K).

B(J,1l): 1Is the vector formed from the right hand side
of Equétions in Table 4-1.

BB(J): Gram atoms of the constituent element J.

BETA: Criteria for convergence. It varies if conver-
gence has not been achieved after 100 iterations.

-C(I ¢ Defined by Equation (4-12).

CRIT: 1Initial criteria for convergence.

DELT(I): Difference between the values of Y(I) and the
calculated value of X(I) (gram/moles).

DFDL: 1Is the gradient dF/d\A defined by Equation (4-41).

DEBAR: Is the-sum of DELT(I) (gram/moles) .

ENT(I): Is the heat of formation of species I,

(calories/gram-mole) .
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ENTL1(I): The enthalpy of each species I, (calories/
gram-mole) .

ENTGAS: The total enthalpy of the gas mixture,
(calories/gram-mole) .

ENTRPY: The total entropy of the gas mixture,
(calories/gram-mole °K).

FY(I): Defined by Equation (4-11).

FORT(I): 1Is F’T/RT.

FSUM(I): 1Is thé sum of the first two terms of the
right hand side of Equation (4-32).

GSUM2: 1Is the total free energy of the system at
equilibrium, (calories/gram-mole).

H: This variable is used for restricted equilibrium,
and is the heat balance constraint (cal/gram-mole of po-
lymer) .

ICODE(I): 1Is a code used to identify whether a specie
is a gas or a solid. 1If ICODE is zero, the species is a
gas. If ICODE is one, the species is a solid.

IPUNCH: If IPUNCH is one, punch output. Otherwise,
IPUNCH is zero.

JCODE: Is a code used to identify whether the re-

ference state of the constituent eleménts are in the gas or
in the solid state.

KOUT: When KOUT is zero, trace species computations
are bypassed. When KOUT is one, trace species are computed
after convergence to equilibrium has been achieved.

RCODE: When the system is an all gas system KCODE is
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is zero. When there is a solid, RCODE is one. This is
used to adjust the size of the matrix that needs to be in-
verted.

MM: Is the number of elements.

MAXNT: Number of iterations after which the criteria

for convergence CRIT is adjusted.
MLFRC(I): Mole fraction of species I in the mixture.
NA: 1Is the size of the R matrix. ’ .

NC: Number of gas species read in.

2 |

: Number of gas species remaining after trace
species are eliminated.

NQ: 1Is the total number of gas and solid species
after trace species are eliminated.

NS: is the total number of gas and solid species read
in,

NT: Total number of iterations.

NFREQ: Nﬁmber of iterations after which the system is
checked for trace Spécies.

P: Pressure of the system in atmosphere.

PI: The Lagrange Multipliers.

R: Is the matrix formed from the coefficients of the
ﬁquations in Table 4-1.

S(I): Entropy of species I.

Sl...S6: These are the six empirical constants for
the enthalpy fithof the constituent elements (1000°k~
6000°K) .

SPECIE(I): Specie identification number.
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T: Temperature in °K.
TLOW(I): Maximum temperature of low temperature fit
for species I.
X(I): Calculated value of the moles of species I.
XMW(I): Molecular weight of species I.
Y(I): Moles of Y(I) guessed; or improved values of
Y(I), based on the calculated values of X(I).
THERMO:  Only those variables not previously defined
will be mentioned in this section. This subroutine calcu-
lates the thermodynamic properties of the gas-solid system.
ENT1(I): Enthalpy of species I. (Calories/gram-mole).
CPDT1(J) : Sensible enthalpy gain by the constituent
elements. (Calories/gram-mole).

HOLD1l: This subroutine stores the variables of the

trace species in temporary location.
IICODE(I): Temporary location of ICODE(I).
XAA(I,J): Temporary storage for AA(I,J).
XAI...XGI: Temporary storage location for AI...GI.
XC(I): Temporary storage location for C(I).
XXMW(I): Temporary storage location for XMW(I).
XFORT(I): Temporary location fof FORT(I).

XPCIEl(I): Temporary storage location for SPCIELl(I). -

TRACE: This subroutine computes the value of the trace

species once convergence to the minimum free energy has

been achieved.

YTRACE(I): Value of the moles of Y(I) calculated for
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the trace species.
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INPUT FORMAT FOR THE CHEMICAL EQUILIBRIUM PROGRAM

This program calculates the equilibrium composition of
any system at specified temperatures and pressures. Multi-
Ple cases can be run with the same data base by specifying
the initial temperature at which equilibrium composition is

desired, the temperature increment and the final temperature.

CARD 1: FORMAT (5F10.4,3I6) COLUMNS :
XT = Initial Temperature (°K). 1-10
TMAX = Final Temperature (°K). 11-20
TINC = Temperature Increment (°K) 21-30

CRIT = Convergence Tolerance (0.001
moles is recommended). 31-40

TZERO = Reference Temperature (298.16°K) 41-50

NC = Number of Gas Components 51-56
MM = Number of Elements ' 57-62
NNS = Number of Solid Species ‘ 63-68

CARD 2: FORMAT (16, F10.5, I3)

IHCODE = 1 (Restrictive Equilibrium Optlon)
otherwise, ieave blank. 6

H = Enthalpy for Restrictive Equili-
brium Option. 7-16

IPUNCH = 1, Punch Mole Fraction and
species name, otherwise,
leave blank. : 19
CARD 3: Reads the empirical constants for the heat ca-

pacity of the reference elements for the temperature range
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1000°K to 6000°K. These are stored in the constants S1
through S6. If the reference element is a solid, JCODE

should be set to one. CARD 3 is read MM number of times.

CARD 3: FORMAT (6E10.4, I3) COLUMNS:

81(J) = 1-10
S2(J) = | Empirical constants for the 11-20
S3(J) = heat capacity of the refe- 11-20
84(J) = \ rence elements for the | 21-30
S5(J) = [ temperature range 1000°K 31-40
S6(J) =) to 6000°K. 51-60

JCODE (J) = Zero 1f reference element is
a gas, one if it is a solid

or a liquid. 66

CARD 4: FORMAT (6E10.4)

All(J) =“) 1-10
A22(J) = | Empirical constants for the 11-20
A33(J) = >’heat capacity of the refe- 21-30
A44(J) = | rence elements for the 31-40
AS55(J) = | temperature range 298°K to 41-50
a66(3) =/ 1000°x. o 51-60

CARD 4, as with CARD 3, is read in MM number of times. -

CARD 5: FORMAT .(10x,3El0.4,2x,2A3,I4)
TLOW(I) = Maximum temperature of low tem-
perature fit (usually 1000°K) 11-20

YMW(I) = Molecular weight of species 21-30



¥(I) = Mole fraction of species
SPCIEl (I) = Alphameric representation

of chemical species

SPCIE2(I)
ICODE(I) = Zero for a gas, one for a

solid or liquid species.

CARD 6: FORMAT (7E10.4)

AI(I) = .
BI(I) = | Empirical constants for the
CI(I) = free energy fit of the che-

DI(I) mical species for the

EI(I) temperature range of 1000°K
FI(I) to 6000°K.

GI (I)

CARD 7: FORMAT (7E10.4)

i

CII(I)

AII(I) =
BII(I) =/ Empirical constants for the
free energy fit of the che-

DII(I) = ymical species for the

FII(I) = {1000 °K.

GII(I)

CARD 8: FORMAT (8E10.4)

AA(I,1)

Formula number of the
Ith species (continued).

AA(I,2)

EII(I) =§ temperature range of 298°K to

640

COLUMNS :

31-40

41-43

51

1-10

11-20
21-30
31-40
41-50
51-60
61-70

1-10
11-20
21-30
31-40
41-50
51-60
61-70

1-10
11-20



AA(I,3) = '
Formula number for the
AA(I,4) =
Ith species.
AA(I,M) =

CARDS 5, 6, 7 and 8 are read.

CARD 9: FORMAT (2F14.8)
RR = 1.98726

P = Pressure in atmospheres.

CARD 10: FORMAT (I6)

NFREQ = Maximum number of iterations.
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COLUMNS :
21-30
31-40
71-80

1-14 -
15-28



TABLE E-2. TYpical Chemical Equilibrium Input Data

10 2 4 1 2 5500. '
2160, 500. «8 0.3500000 .00000100
«50000E9 » 50000€5 «4805555€E-12 0.90
3000.0E0 1073.00 2.E-4

1.363252E01.85605E-3-7.6675E-7,151043E-9-1.,139€E~
-eT12442F07.340656-3-5,5262E-61+51400E-9-2,382€~
3.043690E0641187T1E~4-7.3994E-9-24033E-112,4594E~

- 2.846085E04.15321E-3-9,6119E-69.51227E-9-3,309E-
3¢597613E07.,81456E-4-2.2387E-T4.2490E-11-3.,346E-
3, 718995E0~2,5167E-38,58374E-6-8,2999E-92,7082E~
2.220792E01.74309E-3-1.2008E-65,0841E~-10-8.169E~

44245929E01.11866E-2-1.9539E-51.6109E-08-4,991E~-

1000.00E0 15.0350E0 .30420E-4 CH3

2.802766E06,25045E-3-2,2892E-63,8993E-10~-2,528€E-
3.399505E04.26783E-32,03327E-7-1.155€E-094,1288BE-

1.00000E0 3.CO00CEQ
. 1000.,00E0 1.6043E01 .3832BE-3 CH4
1.18000EQ0 1.095%E-2-4.,0620€-6 T.137E-10-4,749E-
4.24S768E0~6,9127€E-3 3,1602E-5-2.9T15€-89,5103€-
1.00000E0 4.00000EQ-
‘ 1000.0060 2.6C38E01 .17288€E-2 (C2H2
4.4966E00 5.2698E-3-1,840E-063.1054E-10-2.,000E~-
Te90333E-1 2.3466E~2-3,5542E-5 2.7951E-8-8 ,448E~-
2.0C0020EQ0 2.0000CED
1000.00F0 2.01600ECQC 2.00385E0 H2

3.04369E00 6.1187E-4 -T7.399E-9 -2,03€-11 2.459E-
2.846085E04.19326-03-9.6119E-69.5123E-09-3,309€-

D.EO 2.E0
10C0.00E0 1.G0800EQC .47481lE-2 H

14-6.,49672E2 1
14-6,80533E1
15-8.54910€2
12-9,67253€2
15-1.19279E3
12-1,10577E3
14-7.49661€2 1
12-4,80666E2
0

141.578749E45.684117E0
131.564979€42.703747€0

=2

0
14-9, 8556503 1. 2506E01
12~1.01866€E4-9,1755€E-1

0
142. 56375004 3. 14481E0
12 2.6255E04 1.4005E01

0
15-8.5491E02 -1.,648E00
12-9.,67254E2 -1.4118€E0

0

2,500000E0 D.,00070FC 0.00000EC 0.00N00E0 0.00000E02.547050E4-4.6001€~1
2.5CO00N0EN "G, SAONCEQ (. ONDO00ED 0.00000E0 0.00000E02. 547050E4 4.6001€-1

V.EQ l.EG
13C5.00FEC 18.0160E0 +10954E-3 H20

0

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

‘DATA

DATA
DATA

DN bt bt ot pod et pt et b et s
QOO dOPVNVPUWNEFOODOAOOVMSUWN -

NN
G N\

NNN
o wnd

NN
® ~

WWWWwWwWN
PWN=DO D

(A4



2.67075E0 3.0317E~3 -B.535F-7 1.,179E-10-6,197E-15-2,9889F04 6,88383E0
. 4+ 15650E00~1,7244E-35.6982E-06-4.5930E6-91.4234E-12-3.02888E4~6.8616E~1
0.E0 2.0EC 1,€0 '
1000.00E0 2,8011F01 1,97510E0 co 0
2.9512E00 1.5526E-3-6,1911E-7 1.135€6-10-7.788BE~15-1,4232E04 6,5314E00
3.787133€0-2.171E-035,07573E-6-3.4T38E-9T7.7T21TE=13-1.43635E4 2.63355€0
" 1.EO 0.EO 1.0E0 -
1000. 0060 44.011E0 +23651E-4 CO2 0 '
444129E003,1923E-03 -1.298E-6 2.415E-10-1.674E~14-4.8944E04~7.2876E~1
2.170100E0 1.0378E~2-1,0734E-56.34592E-9-1,628E-12-4,83526E4 1.06644E1
1.E0 0.E0 2.0E0 o : ‘ R
- 1000.006E0 29.09800 .17321E-3 SIH 0 '
3,067823E01.50816E-3-5,8923E-T,108543E~9-7,4T6E~154. 402100E45. 916108EO
4.236578E0-4,3652E-39, 69889E-6-T.551TE-92.0693E-124. 385927646.06156E°l
D.0E0 - _ 1.E0 0.E0 '1+EO .
1000.00E0 44.0900E0 .306063E0 SIO 0

3 T29516E08,63359E~4-3,5894E-T6.8213€E-11~-4,784E~15-1. 20083643.74728350f
3.349588E0-2.6538E~45,48140E-6-6.879E-092.6111E-12-1.179T1E46. 24218350§

0.ED ' 0.ED 1. EO- 1.E0
1000. 0060 28.0900E0 1.03944E0 SI 1
2 220792E01,.74309E-3-1.2008E-65.0841E-10-8,169E-14-T7.49661E2-1.09166E1
4.245929E01,11866E~2-1,9539E-51.6109E-08-4.991E-12-4, 8066682 2.75544E0
0.EQ 0.EQ . 0.E0 1.EO0
1000.0060 12.000EC0 2.32170€0 c 1
1.363256001.85605E~3-7.6675E-T1.5104E-10~-1.139E-14-6.4967E02-T7.9890FE00

=T+1244E-17.34065€~3-5,5262E-6 1.514E-09-2,382E-14-6.80533€1 2. 7932660'

l ED J.E0 ~0.E0 . 0. EO

DATA
DATA
DATA
DATA

DATA,

DATA

DATA

DATA

DATA

DATA
DATA _
DATA
DATA'

DATA . - :
DATA .80

35
36
37
38
39

.- 40
a1

42

43
44
.45

. 46

s
48
yd

2.

DATA 261
DATA |

DATA - 53
DATA. ‘S§
DATA S5
DATA S6
DATA 57
DATA 58
DATA ~ 59
DATA 60

£Evo



TABLE E-3, Typical Results From the Chemical Equilibrium Program

FO/RT INITIAL Y(I)

1 CH3 -0.2125516E 02 0.9999996E-01 _ ,
2 CH4 -0.3390263E 02 - 0.9999996E-01 : S
3 (C2H -0.1620010E 01 0. 9999996E-01
4 C2H2 -0.1795241€ 02 0.9999996€E-01
5 H2 -0.1946587E 02 0.5000000E 00
6 H -0.3306983F 01 0.1817857E 01
7 H20 -0.4199399€ 02 - 0.5000000E~-01
8 OH -0.2355809E 02 0. 9999996E~01
9 co -0+3433722F 02 0.1781250E 01
10 (C02 -0.5534689€ 02 = 0.9999996E~01
11 C2H4 ~0.3240714€ 02 0.9999997€~-07
12 SIH ~0.53377C8F 01 0. 9999997E~-07
13 SIH4 -0.3107219€ 02 0.9999997E~-07
14 SIO -0.3503526F 02 0.5000000€~-01
15 s102 -0.5489357€ 02 0. S000000E~Q1
16 S1 -0.5333599E 01 0.1245673€ 01
17 C  =0.2770977€ 01 0. 1819402E 01
NT = NO. ITERATIONS REQUIRED = 15 U=X/Y= 0.9999992
BB(J)= 4.30065060 -
BR{J) = 4.01785469
BBlJ)= 2.28124809
BB{J)= 1.34567261
BETA = 0.1358E-03 TOTAL NO. OF MOLES= 7.6%33 H= 0.0
FREE ENERGY F(Y) DOF THE SYSTEM AT EQUILIBRIUM = -0.,13351440E 03

1A%



PRESSURE= 0.10000E 01

— )
QO XNV L WN - -

3

(o)
-

P-‘p-;"-r'"
S WN

15

—
T~

TEMP =

Y(1)
“H2 0.2003845E 01
co 0.1975098E 01
- SIO 0.3060627E 00
H 0.4748080E-02
C2H2 0.1728777€-02
CHa 0.3832877€-03
SIH 0.1732134E-03
H20 0.1095384E~03
CH3 0.3042049E-04
- €02 0.2365047E-04
C2H4 0.5377922E-05
C2H - 0.344376%6-05
SIH4 0.1743203€-05
S102 0.1158856E-05
OH 0.2662728E-07
St 0.1039440F Ol
o 0.2321698E 01

HEAT OF FORMATION

H2 0.C
€O -0.2842813E 05

G.20000E 04

MOLE FRACTION

0.4668565€ 00
0.4601589E 0O

. 0. 7130653E-01
. 0.1106209E-02
0.,4027709E-03 .

0.8929848E-04

0.4035531E-04:

0.2552029E-04
0.7087376E-05
0.5510093E-05
0.1252949E-05
0.8023304E-06
0.4061320E-06
0.269990TE-C6
0.6203628E-08
0.2421690F 00
0.54C9100E 0O

MASS FRACTION
OF THE MIXTURE
0.31079456-01
0.4256333E 0O

'MASS FRACTION
0.5539759E~-01

0.7586706E QO

'0.1850488E 00

0.6563182E-04
0.6172804E-03

- 0.8432310E-04

0.6911633E-04
0.2706204E-04
0.6271996E-05
0.1427371E-04

* 0.2068926E~-05

0.1182037E-05
0.7678682E-06
0.9549212€-06
0.6210342E-08
0.4003937E 00
0.3820527€ 00

ENTROPY -
0.7275468E 02
0.7500C09E 02

Sv9



3 S10

4 H

5  C2H2

6 CH&

7 SIH

8 H20

9 CH3

10 c02

11 C2H4

12 C2H

13 SIH4

14 - S102

- 15. ~ OH
, .16 ©  SI

1T c

~ ENTHALPY OF GAS MIXTURE(CAL/GM-MOLE=

-C.2500515E

0.5422250¢

0.5257357€
-0.21€4932E
0.8607963E
-0.6012953E
0.3051525€
-0.9484888E
0.8626629E
0.1145694E
0.5439773E
-0.8350925E
0.8755605E
0.0
0.0

05
05
G5

05

05
05
05
05
04
06
04
05
04

0.1038171€ CO

C.3682109€E-04
C.3463100E-03
0.4730739€-04

0.3877601E-04

0.1518250E- 04
0.3518747€E-05
0.8007G15E-05
0.1160720E£-05
0.6631526E-06
0.4307934E-06

0.5357354E-06.

0.3484]1 64E-08
0.2246310E 00
0.2143411F 00

MOLECULAR WEIGHT OF GAS MIX= 0.16989594E 02

0.7741382€

0.9031674E

0.6054889€
0.5537646E
0.8336095E
0.7891264E
0.8537036€
0.9794763E
0.1168788E
0.9015688E
0.1118265¢
0.9616628E

- 0.1174121E

0.1605104E
0.9754942E

0.4021755€ 03 - -

ENTROPY( CAL/{GM-MOLE-0K) )

0.436349E 01

9%9



APPENDIX F

METHOD FOR ESTIMATING

PYROLYSIS PRODUCT COMPOSITION

Estimating the Pyrolysis Composition for a 40 Percent by

Weight Nylon, 60 Percent by Weight Phenolic Resin

The most direct method of determining the products of
degradation is the analysis by pyrolysis gas chromatogra-
Phy. This has been done by Sykes (1, 2) in which the hot
degradation products were injected directly into the gas
chromatoéraph. Howevér, even with this procedure certain
amount of condensation of heavy molecular weight species
occur which remain unidentified and a possible source of
error. The method has,'however, reduced the total amount
of unidentified material. Sykes has reported typical pyro-
lysis gas compositions for eighty-thrée percent of the
total decomposition products evolved during the thermal
degradation of nylon-phenolic resin composites (1, 2). The
remaining seventeen percent was reported és an unidentified
dark, tarry substance. This data is presented in Table F-1..
The data of Friedman (5) for phenolic resin is presented in
Table P-2 and there are fifteen percent unidentified mate-
rials. In addition, the data of Friedman (5) for nylon
phenolic resin is presented in Table F-3. April (3) estima-~
ted a pyrolysis gas composition for his experimental work,

647
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TABLE F-1: Pyrolysis product composition resulting
_from the degradation of a 40 percent
nylon, 60 percent by weight phenolic
resin, as reported by Sykes (2).

SPECIES MASS FRACTION ’
Phenol- 0.118
Methylphenol 0.064
Dimethylphenol ' 0.051
Trimethylphenol 0.041
Benzene ' 0.003
Toluene ‘ 0.001
Cyclopentanone 0.029
Hydrogen 0.010
Methane ‘ 0.010
Carbon Monoxide ‘ 0.021
Carbon Dioxide 0.067
Water | 0.062
Ammonia | 0.002
Unidentified 0.173

Carbon Residue 0.340
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TABLE F-3: Pyrolysis product composition resulting
from the degradation of nylon phendlic
resin, as reported by Priedman (5).

—

SPECIES: MASS'FRACTION
Hydrogen | 0.011 |
Methane 0.015

Ammonia | 0.016

Water 0.064
Acetylene ' 0.066
Hydrogen Cyanide 0.022

Carbon Monoxide , 0.071
Nitrogen 0.001
Ethylene o 0.091

Ethane 0.001

Carbon Dioxide 0.023
Diacetylene 0.011
Acetone | 0.010

Benzene | 0.016

Toluene ’ 0.011

Xylene ~0.007
Isopropanol 0.018 -
Propane - 0.015

Carbon Residue . 0.529
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TABLE F-2 Pyrolysis product composition resulting.
from the degradation of phenolic resin,
as reported by Friedman (5).

SPECIES ' MASS FRACTION
Carbon Dioxide 0.019
Ca;bon Monoxide ' 0.042
Benzene 0.004
Toluene 0.009
Phenol 0.181
Methylphenol 0.060
Methane 0.043
Water . 0.114
Hydrogen | 0.027
Unidentified  0.150

Carbgn Residue 0.350
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based on a comparison of the experimental and calculated
heat of pfrolysis. His approach Qas, knowing thevheat of
pyrolysis, or heat of degradation,.the heat of formation
of these species and the reported analytically determined
composition, estimate a new composition in such a way that
the experimental and calculated values 6f the heat of
pyrolysis agree within a few percent. His results are.
shown in Table F-4.

Since the qompositions reported by Sykes (1, 2) and
Friedman (5) have unidentified products and since the
composition of April (3) does not agree with thé elemental
balance, a new composition based on the elemental balance
constraints was arrived at in this research. The elemental
composition for a 40 percent nylon, 60'percent by weightl
phenolic resin is shown in Table F-5. It is shown that for
every 100 grams of polymer there are 73.80 grams of carbon,
7.36 grams of hydrogen, 3.95 grams of nytrogen and 14.89
grams of oxygen. The procedure is then to distribute the
gram of these elements to each of the identified species in
such a way that the elemental balance requirements are
satisfied. A more detailed presgntation‘is given by

Hacker, et. al. (6).

Distribution of Oxygen Element

To accomplish the distribution of the oxygen element,
an initial estimate based on the data of Table F-2 through

Table F-4 is used. Table F-6 shows the initial estimate
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TABLE F-4: Estimated pyrolysis gas composit;on of

April (3).

SPECIES

Hydrogeﬁ

Water

Methane

Phenol

Carbon Monoxide
Dimethylphenol
Carbon Dioxide
Toluene

Benzene

MASS FRACTION

0.036
0.478
0.058
0.241
0.057
0.087
0.025
0.012
0.006
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TABLE F-5: Elemental composition of a 40 percent nylon,

60 percent by weight phenolic resin
composite.
ELEMENT MOLES ELEMENT MASS ELEMENT
R 100 GRAMS OF POLYMER
Cc 8.19 73.80
H 9.87 7.36
N 0.376 3.95
0 1.240 14.89
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TABLE F-6: Initial and final estimates of the composi-
tion of the oxygen containing species.

INITIAL ESTIMATE . FINAL ESTIMATE
__(®) (8)
Phenol . 25 23.13
Water 7.5 7.20.

Carbon Dioxide ’ 5 S 4.61

Carbon Monoxide 5 ' 4,66
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and the adjusted final estimate which satisfies the
elemental balance on oxygen. The'dimethyi phenol, and
trimethyl phenol were lumped into phenol for lack of
thermodynamic data on these species. The total number of

grams distributed among thesé species is 14.89.

Distribution of Hydrogen

The number of grams of hydrogen to be distributed
among the hydrogen containing species is 7.36. However,
only 4.80 grams are available since 2.86 grams were
already distribuﬁed in phenol and water. The results of

this distribution is shown in Table F-7,

Distribution of Nitrogen

The only nitrogen containing species is Nitrogen (N2)

and the grams are 3.95 as shown in Table F-5.

Distribution of Carbon

The total grams of carbon available is 73.80..0f these,
34.50 have been distributed among some of the oxygen and.
hydrogen éontaining spe¢ies, which are also carbon contain-
ing species. Hence, this leaves 39.30 grams of carbon
which are to be assigned to the_carbon.species. The

composition of all the species is presented in Table F—B;
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. TABLE F-7: Initial and final estimate of the composition
~ of the hydrogen containing species. :

INITIAL ESTIMATE FINAL ESTIMATE
(%) | (8)
Methane 3 3.87
Acetylene 3 3.89
Ethylene 3 3.89
Ethane 0.5 0.65
Benzene 2 2,58
Hydrogen 2 2,58
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TABLE F-8: Estimate of the representative composition of
the pyrolysis products for a 40 percent nylon,
60 percent by weight phenolic resin ablative

composite.
Speciés Mass Percent Mdle'?erggnt"
H, ‘ 2.57 | 20.92
CH, 3.86 - 3.90
C,H, - 3.88 2.41
C,H, f 3.88 2.24
CoHg | 0.64 .35
Cellg - 2.57 » .53
CgHgOH | 23.10 3.97
co 4.65 12.40
co, | 4.60 1.69
H,0 7.29 | 6.45
Ny 3.95 2.20
C(solid) | ‘39.01 | 52,94
Element - Elemental Composition (mass percent)
c 73.80
H | 7.36
0 3.95
N 14.89

Total 100.00
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APPENDIX G
RESTRICTIVE EQUILIBRIUM ANALYSIS

In Chapter IV the equations for the chemical equili-
brium analysié were developed. The analysis developed in
Chapter IV consists of finding the equilibrium cémposit;on
of a multicomponent, polyphase system by minimizing the
free energy. ‘

In reference (1) a method developed by del Valle and
Pike was proposed whereby a réstricted equilibrium state is
defined. This équilibrium state is defined by adding ﬁo the .
free energy minimization algbrithm an additional const:aiﬁt;
this constraint is in the nature of an energy balance
constraint,

This constraint addé one extra equation to the free
energy minimization technique. This technique was implemen—‘
ted at the suggestion of Swann from NASA (2). The reason for
his suggestion was that at 10& temperatures .the equilibriuﬁ
composition of the degradation produéts of nylon-phenolic
resins are not in agreement with experimentally determined
values, In trying to improve the agreément the approach _
briefly described in this appendix was pfoposéd. Therefore,
it was developed for heuristic reasons and hot for its

theoretical value.

Heat Balance Constraint

The heat of pyrolysis of a degrading plastic can be

659
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computed using the following equation (3):

> T
A g { AH dT}
H = X + x ‘-
pyr =1 p,i % P, "p.i
o
298 K
T
1 P | ~
X : ' -
§=l {.xrlj Anflj + ) J r,J Cplj dr} S (6-1)
| 2980K

where the shbscript P andA: denote products and-reactantg
respectively, q the total number of species present in the
pyrolysis products and 1 the total number of cemponents

in the ablative composite. For nylon—phenelic fesin coh-
posites, the temperature, Tr' where the degradation starts, 
is approximately 300°C, and the final temperature is
approximately.looooc. Pyrolysis products are generated
over this temperature range and Tp_is the apprOpriate
average temperature which givee the correct energy
associated with the pyrolyeis products. It was determined
to be 700°C as a weighted average based on the mass loss
rate (3). Rearranging Equation G-1 gives,

1 T

. .
Ypyetl e,y Mgy ,__,_,f_g_;g_,__j__cp,j ar} =
298°K
g { A TP , |
jo= 1 P. 3j.i + \I‘_ %, 4 Cp,q AT} (6-2)

298°K
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The left hand side of Equation (G-2) is known from
experimentally determined values. Lets define b, as
the left hand side, and let's drop the subscript p on the
X's since we are going to deal only with the products.

T
Pmil T I % Me %y Cp,s 4T (6-3-
298°K
Notice that the X,;'s are unknown. However, the right
hand side of the equation which is unknown must satisfy‘

the left hand side which is known. Equation (G-3) can be

expanded to the form below:

n -
bre1 = §=1 {xi Aﬁf,i‘+ ug' X Cp,i aTt} +
298°k
1 "p -
z {xi A, ; + | X% C ar} : (G-4)
i=n+1 3.1 f i p. " _
298°k

Note that Equation (G-4) has been written in the same
form as the material balance expression'shbwn'in Equétion
(4-1). This simplified considefably the final form of the

equations to be solved.

In addition, define H; as:
T

' P
Hy= 8H, 4 + ~§ Cp,i AT
298°K ‘



662

This is done to avoid carrying the integral term in
the derivation; and the resulting equation is:

1
Hyxy + L H. x, N (G-5)

n
b = 3 i
i i=n+l

m+l {=1

Lagrange Multiplier Formulation and Minimization

To form the augmented function, the additional cons-~
traint, Equation (G-5) is added to Equation (4-25) and

this results:

m 1l
G(X) = Q(X) + L 9, (b, - L a X;) +
1

Tme1 (Ppey - i=1 x; Hy)

Following a similar procedure to that developed in-
Chapter IV the resulting set of equations to be solved is

as follows:

1

m ‘ : . n -

'y ' =-
§=1 rjg U5 + bru + §=h+1 ajy%y = byt icl a;, £5(Y)

k=1l...m | S | (6-7)
n 1l : n '
' =

;_ rjk “j + bku + I aijxi bk + I aiy fi(Y)
j=1 i=n+l i=1

k = m+l - | | (G-8)



663

n
T b9, =L £ (¥) . (G-9)
i .

T a,, 1, = ‘{§; }. i=n+l...1 (G-lO)'

It should be notedhfhat Equations (G-7) and (G-8) have
the same forﬁ. Howéver,'they are shown to emphasize the

difference between the a The a,, 's for k<m are the

's
ik ©° ik
formula numbers as defined in Chapter 1IV. But'ai n+l & Hye
14

arison of Results Among Equilibrium, Restricted
Ilbrium Analysis and Experimental Results.

The chemical composition of the pyrolysis products
resulting from the degradation of a 40 percent nylon, 60
percent phenolic resin ablative composite and computedvby
a restricted equilibriuﬁ analysis is presented in this’
section. The computations have been done for two dgcom—
position temperatures because of the uncertainty involved
in the properties to calculate the average témperatures.‘
In addition two different energy constraints were used
because of uncertainties in the heat of pyrolysis. The
assumed average temperatures were 600° and 700°C and the
energy constraints were -17,000 and -29,000 calories/gram-
mole of polymer which correspond to -228 and -390 BTU/1lb of
composite. The results are presented in Table G-1 and
Table G-2. |

In Table G-l a comparison of restrictive equilibrium

with the experimental data of‘Sykes (4, 5) is given for two



TABLE G-1: Comparison of Restricted Equilibrium Analysis Compositions with
' the Experimental Data of Sykes (4,5) for a 40% Nglon, 60%
Phenolic Resin Composite at a Temperature of 700°C.and .l atm.

Regstricted Equilibrium Restricted Equilibrium

Mass Fraction for Mass Fraction for

H= -29,999 cal/mole H ==17,000 cal/mole Experimental
Species of polymer of polymer Mass Fraction
Phenol 10~13 | 10-13 0.118
Methyl Phenol - . -. 0.064
Dimethyl- Phenol - ' : - - . 0.051
Trimethyl Phenol - - _ 0.041
Benzene 10-17 10”17 0.003
‘Toluene : | 10-13 - 10-13 | 0.001
Cyclopentanone - , - 0.029
Methane . 0,025 0.024 0.010
Hydrogen ‘ 0.065 0.066 0.010
Carbon Monoxide 0.205 0.210 - 0,021
Carbon Dioxide 0.014 : 0.012 0.067
Water . , 0.021 . 0.019 0.062
NH, ' 10-4 : 104 - 0.002
No™ ' ' 0.039 ‘ 0.038 - -
Unidentified - , - : 0.181
Carbon 0.631 . : 0.630 0.350

$99 -
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energy constraints (H = -17,000 and -29,000 cal/mole of
polymer) at a temperature of 700°c. The results show an
order of magnitude agreement with the low molecular weight
species identified by Sykes (4, 5). These are methane,
hydrogen, carbon monoxide, carbon dioxide, water and ammo-
nia. The agreement with the high molecular weight species;
phenol, toluene, benzine, etc., was rather poor. The .
change in the energy constraint, H, from -17,000 td -29,000
cal/mole of polymer has differen; and opposite qffeqts in |
several of thg épecies, Por example, an increase in the
value of H had the effect of-decreasing the amount of
hydrogen, carbon and carbon monoxide, while increasing the
concentrationsiof carbon dioxide and water. It should be
noted that the mass fraction of unidentified species plus
that of carbon makes up 0.521 of the total mass fraction

of the experimgntal composition, while the restricted equi-
librium predicts a mass fraction of 0.634 carbon. It
should be  further noticed that the mass of hitrogen makes
up about four percent'of the mixture. No nitrogen was
reported in the experimental results (4, 5). \

‘In Table G-2 a similar comparisén is madé, but thé.
decomposition zone temperature is taken to be 6009C. Again
an order of magnitude agreement is observed among the
composition of the lower molecular weight species. Changing

H affects the composition in the same fashion as was for

the 700°C case.



TABLE G-2: Comparison of Restricted Equilibrium Analysis Compositions with
the Experimental Data of Sykes (4,5) for a 40% Nylon, 60%

Phenolic Resin CO@BQSite at a Temperature of 600°C and .1 atm,

Restricted Equilibrium Restricted Equilibrium
Mass Fraction for Mass Fraction for
o H = -29,000 cal/mole H = -17,000 cal/mole Experimental

Species of polymer ‘ of polymer Mass Fraction
Phenol 10713 10713 0.118
Methyl Phenol - : - 0.064
Dimethyl Phenol - . ' - 0.051
Trimethyl Phenol 10-13 10-13 0.041
Benzene 10-13 10713 -~ . 0.003
‘Toluene . 10-13 10-13 , 0.001
Cyclopentanone - : - 0.029
Methane 0.039 0.036 0.010
Hydrogen : © 0.060 0.061 0.010
Carbon 0.160 0.167 0.021
Carbon Dioxide 0.027 0.024 0.067
Water © 0.038 . 0.036 0.062
NH3 - 10-4 : 10~ : 0.002
Nj 4 .040 .040 ' -
Unidentified - - 0.181
Carbon 0.635 . 0.635 0.340
TOTAL 1.000 1.000 1.000

999
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‘ In general, restricted equilibrium provided an order
of magnitude agreement for the composition of low molecular
weight compound. It failed to give any agreement with the
higher moleéular weight component.

In table G-3 a comparison of restricted equilibrium
with the general equilib:iuﬁ analysis is given. It is
shown that the compositions are within an order of magni-
tﬁde of each other. The only mass fractiohvthat is the.
same is that of‘nitrogen, since it is practically an iﬁert,

and that of carbon which agrees within one percent.
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- TABLE G-3: Comparison of Restricted Equilibrium Analysis
With the General Equilibrium Analysis for a
40% Nylon, 60% Phenolic Resin Composite at
700°C and 1 atmosphere.

Species

Phenol

Benzene

Toluene

Methane
Hydrogen
Carbon Monoxide
Carbon Dioxide
Water

NH3

N2

C

Restricted Equilibrium
Mass Fraction for

Equilibrium

H= -29,000 cal/mole

of polymer Composition_
1013 10~18
10-17 10-13
10”13 10-13
0.025 0.043
0.065 0.059
0.205 0.156
0.014 0,031
0.021 0.043
1074 1074
0.039 0.039
0.631 0.636
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APPENDIX H
EQUILIBRIUM CONVERSIONS OF CARBON-HYDRO,GEN:—
OXYGEN~-NITROGEN REACTIONS
’ThiS'apéendix presents the equilibrium conversions at“
temperatures between 500°K and 3000°K for 100 chemical reac-
tions in the C-H-0O-N system; |

The resulis presented in this appendix were‘used as a
tool to help select the reactions of importancgifot the 
kinétics modei. This is by no means an exhaustiyé search
but it is indeed an extensive one.

Sources of these reactions were too many and varied to
list them ali. However, there were several sources tha£
were extensive éurveys of chemical :eactions. One was a
very specialized survey done by Pike (1) coverinq péssible
reactions resulfing from the decomposition product of
gharring ablators. Another was an extensive Bibliography
by Hockstein (2), and finally the work of Bahn (3). Bahn
had a massive compendium of several hundred-chemical reac-
tions in the C-0-N system. Many of Bahn reactibns were not
analyzed because of the lack of available thermodynamic data.

The C-H-O-N system was divided into'eight categories. |
These are carbon-hydrogen,~cérbdn-oxygen, nitrogen-oxygen,
hydrogen-oxygen, carbon-hydrogen-oxygen, carbon-hydrogen-
nitrogen, hydrogen-nitrogen-oxygen and carbon-nitrogen-
oxygen reactions. |

A total of 47 reactions for the carbon—hydrogenlreac-

670



671

tions are presented in Table H-1 with hydrocarbon reactions
with up to four carbqn atomé. Benzene and phenol reactions
were not considered because the reactions for these compo-
nents had already been selected and the kinetic data availa-
.ble:was rather minimal, |

Table H-2 presents ééven carbdn—oxygén reactions.
Table Hr3 lists 18 reactions in the nitrogen-oxygen sys£em,
except'the last reaction in the table which is nitrogen
dissociation. As can be seen, Ny is a pretty stable compo-
nent even at the very high temperature of 3000°K;~‘The same
can be said about the dissociation of CO (reaction 5 in
Table H-2),. | |

Table H-4 is a.compendium of 11 hjdrogen-oxygen reac-
'tions. In contrast to the reactions éf_Tables H-1 through
H;3, every reaction in this table has an equilibrium
conversion greater than zero at 3000°K. It is interesting
to note that reﬁctions 1 and 3 have practically the.same
“equilibrium conversion, at leat to the numbér of significant
digits shown; reaction 4 shows a ver& similar equilibrium
conversion behavior as Equations 1 and 3. Reactions 9, 10,
and 11 show the dissociation of hydroxyl radical, hydrogen
and oxygen molecules respectively. As can be seen from the
tabulation of the equilibrium conversibn, there is no
significaht dissociation of these components until they
reach a temperature of 3006°K.

Table H-5 lists 10 carbon-hydrogen-oxygen reactions.

Except for the methylene radical reaction with CO, all other
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TABLE H~l: EQUILIBRIUM CONVENSION AT FOUR TEMPERATURES
" FOR CARBON-HYDROGEN -REACTIONS

Equilibrium Conversion

500°K 1000°K  -2000°K 3000°K
CH, + H ' A 0. 0. 0.9% 48.01
1/2C,H, + 1/28, o 0. 2.83 19.56 33.11
4 | L R |
172C,H, + 1, T 0. 5.05 91.27 98.71
1/2C,1, + 3/21, : 0. 1.71 - 99.05  100.0
'CHZ + H.2 . | " : .0. ) 0. | 7.39_ 94 .42
cC, .+ 24 S © 3.0 84.77 99..92 100.00
(s) 2 . ‘ .
CH, + H . o 0. 0. 1.27 -49.37
CH + H | s 0. 0. 0.3 8.63
+H - 0. 0. 1.58 47.46
(8) 4 - . .
@ *E o T 100.0  '100:0 100.0 100.0

ZLY



11.
12.
13.
14.
15.

‘16.
17.
18.
19.

20.

TABLE H-l:

CZH6 = ZCH3

Coltg = CoH, + Hy

C2H6 = CH4 + 1/2C

CZH6 = CH2 + CH4

C,H, = C2H + H

24 2 2
C,H, = 2C + 2H2
C,H, = 2C + &,
C,H, = C,H +H
C,H=¢C,+H
C,Hy = CH, + H

2

EQUILIBRIUM CONVERSION AT FOUR TEMPERATURES
FOR CARBON~HYDROGEN REACTIONS (CONTINUED)

Equilibrium Conversion(5)

506°K  1000°K ~ 2000°K
0. 0. 22.03
0. 50.52 99.99
53.62  98.63 99.87
0. 0.01 52.51
0. 4.51 99.77
100.0  100.0 100.0
100.0  100.0 99.96
0.0 0.0 0.15
0.0 0.0 0.01
0.0 1.29 96.07

3000°K
100.0
100.0
100.0
99.52
100.0

100.0

99.21

18.75
1.56

100.0

€L9



TABLE H-1 : EQUILIBRIUM CONVERSION AT FOUR TEMPERATURES
FOR CARBON-HYDROGEN REACTIONS (CONTINUED)

Equilibrium Conversion

500°K  1000°K _ 2000°K  3000°K
G,y = C,H, + CH, : | 0. 0. 11.37 98.31
CHg = CH  + H : : 0. 0. 72.37  100.0
C i, = C,H, + H 0. 0. 207 30.88
CjH, = 3C + 2, | - 100.0 . 100.0 - 100.0 100.0
C4Hg = C,H, + H, 0.01 87.15  100.0 100.0
CjHg = CH, + C)H, | 19.61  99.90 100.0 "~ 100.0
CgHg = 3C,H, ' ' 0. 0.  -99.48 -100.0
CoHg + CH, = CH, + C,H, 0.01 0.0  0.87  2.30
CH, + C,H, = CH, + C H, 0.0 0.42 . 5.69 ~ 12.66
.'02H4 + CH, = CHi, + H, . 0.38 = 6.63  24.34" 25.27

PLY



PABLE H-l : EQUILIBRIUM CONVERSION AT FOUR TEMPERATURES
FOR CARBON-HYDROGEN REACTIONS (CONTINUED)

Equilibrium Conversion’

31.
32.
33.
34.
35.
-36.
137.

38.

39.

40.

273 & 274 3

500°K 1000°K 2000°K 3000°K

CHy + H, = CH, + H 13.37 13.61 14.73 16.50
CH, + H = CH + H, 0. 1.54 18.69 35.24
C,  +H =CH+H 0. 0.58 9.27 - 22.56

(8) 2 ‘
C(s) +H, = CH+H 0. 0. 0. 0.20
CH+C .y =C)+H 0.. 0.01 3.80 16.77
C,+H=CH+C 0. 0. 0.15 1.81

2 (8) .
CH+H=0C,+H 0. 0.11 2.91 9.02
C,H, + H, = C,H, + H 0. ;o. 0.04 . 0.75
C,H, + H = CH+H, 1.90 22.33  47.83 ‘54.87.
C,H, + CH, = C.H, + CH -33.37 33.38 33.55 45.55

SL9



TABLE H-1l : -EQUILIBRIUM CONVERSTION AT FOUR TEMPERATURES '
FOR “CARBON-HYDROGEN -REACTIONS (CONTINUED)

-Equilibrium Conversgion -

4].
42.
43.
44 .

ll&S».

46.

I-CjH,9 = C4Hlg 4

100.0

500°K  1000°K . 2000°%K  3000°K
CqH + Hy = Cﬁ“s + H 0. . 0. 0.2 0.52
I-C,Hy = 2CH, 0.29 93.90 100.0 100.0
A N-éaglo =-C H, + CH, 69.67 . ioo,p ;od.q 100.0
:N-¢4H10 = 2c,H, + B, 0.01 599.27 100.0 100.0
N-CH g = CHe + Cyff, 5.13  99.72  100.0 100.0
= C,H_+ CH 60.90 100.0 1100.0

9L9



TABLE H-2:.: EQUILIBRIUM CONVERSION AT FOUR TEMPERATURES
FOR THE CARBON-OXYGEN REACTIONS

Equilibrium Conversion:

500°K 1000°K 2000 °K 3000°K

c+ 0, =CO . 100. 100. 100. 100.
Q, 2 2 .
C + 1/20, = CO 100. 100. 100. 100.
@ 2 :
CO2 = CO + 0 . 0. 0. 0. 19.0
C + CO0, = 2CO . 0. 54.96 100.0 100.0
(s) 2
co=¢ + 0 0. 0. 0. 0.
_ (8)
co, =C +0 . 0. 0. 0. 0.

2 (g) & : .
CO2 + 0= C0 + 02 . 8.32 39.36 - 59.44 63.14

LLY



PABLE H-3 : EQUILIBRIUM -CONVERSION AT FOUR TEMPERATURES
: FOR THE NITROGEN-OXYGEN REACTIONS

Equilibrium Conversion(%)

500°K 1000°K - 2000°K . 3000°K
NO = N+ O ' 0. 0. 0. 0.04
N, + 0, = 2N0 | : o 0. 0. - 0.98 5.73
2NO = N,0 +0 | ' 0. 0. 0.03 1.50
2N0, =.2N0 + 0, - 4.91 93.99 99.79 100.0
N,0 = N, + 0 - 4 | 0. 14.55 - 99.91 100.0
N, =NO+0 - o.' - 0. S 39.26 99.47
N,0 =NO + N ‘ 0. 0. 3.81 1000
NO + 0, = NO, + O | 0- 0. . 0.02 1.18
NO + N = Né +0 , 0. 0. 0.01 0.4
2NO = NO

9 + N . v 0. 0. = 0. 0.

8L9



TABLE H~3 : EQUILIBRIUM CONVERSION AT FOUR TEMPERATURES
FOR NITROGEN-OXYGEN REACTIONS (CONTINUED)

Equilibrium Conversion '

500°K 1000°K 2000°K 3000°K
NO2 + N2 = NO + NZO ) 0. 0.04 1.88 7.62
N2 + 0=2N+ 1/202 0. 0. 0. - 0.
N2 + 02 = NO2 + N 0. 0. 0. 0.
NO+ O0=N+ O2 0. 0. 0.00 3.7
N2 + O2 + N20 + 0 0. 0. 0. 0.01
NO + N2 = N20 + N 0. 0. 0. 0.
N20 + O2 =2NO+ O 0. 0. 0. 0.
N2 = 2N 0. 0. 0. 0.

6L9



TABLE H~4 - EQUILIBRIUM CONVERSION AT FOUR TEMPERATURES -
FOR THE HYDROGEN-OXYGEN REACTIONS

Equilibrium Conversion(%)
500°K - 1000°K 2000°K 3000°K

10.

11.

H,0 = OH + H 0.01  2.20 15.94 27.33
H,0 = 0 + H, - 0. 0. 0. C7.19
H,0 + 0 = 20H 0. 2.20 15.94 27.33
H, + 0, = 208 . 0.03 2.26 16.79 27.93
0+ H, = OH + H | 37.06  48.31 54.25 56.29
0.+ OH = H, + OH | 100.0 100.0 100.0  97.1
H)0 + H = H, + OH 0.37 4.57 24.26 36.87
H+0,=0H+0 | ' 0.18 © 6.1 32.73 47.96
OH =0+ H - ' 0. 0. 0.17 12.11
H, = 28 0. 0. 0.01 7.82
0, = 20 0. 0. 0. 5.71

089
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TABLE H-5:

C02+H=CO+0H

CH3 + 02 = CH + 20H
CO2 + H2 = CO + HZO
CH2 + CO = 02H2 +0

C,H+ H,0=C,H, + OH -

2 2 272

. CH,+HO0=CH + OH

273 7 F20 T oty

CI-I2 + 0 =CO +.H2

+ =
CH4 0 CH3 + OH

CI’I3 + H20 = CH4 + OH

= CO +
C+ H,0=0CO+H,

EQUILIBRIUM CONVERSION AT FOUR TEMPERATURES
FOR THE CARBON~HYDROGEN-OXYGEN REACTIONS

Equilibrium Conversion

500°K
0.
0.

7.86

5.05
0.01
100.

79.23

1000°K 2000°K 3000°K
3.86 40.53  61.22
0. 2.24 65.59
45.49 68.12 73.00
0. 0.02 0.23
14.33 25.88 32.44
1.35 7.49 13.66
100. 100. 100.
95.59 100. 100.
0.71 5.24 10.36
100.0

84.45 100.0

189
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reactions show a measurable degree of conversion.

Table H-6, the last table of this appendix, is a com-
pendium of carbon-hydrogen-oxygen, hydrogen-nitrogen-oxygen'
and carbon-nitrogen-oxygen reactions. A total of 8 reactions.'

are presented in this table.



TABLE H-6 : EQUILIBRIUM CONVERSION AT FOUR TEMPERATURES
FOR THE CARBON-HYDROGEN-NITROGEN, HYDROGEN-
NITROGEN=OXYGEN AND CARBON-NITROGEN-OXYGEN REACTIONS

Equilibrium Conversion .

| 500°K  1000°K  2000°K  3000°K
Cc+ 1/2N2 = C,N, ' - 0. | 0. 0. 0.01~
HCN = H + CN 0. 0. 0. 9.59
NH, + C = HCN + H, . o. 12.12 99.92 100.0
N, = 1/2N, + 3/2H, 83.26  99.96 100.0 100.0
N2 + OH = N20 + H 0. 0. 0.0 0.1
NO + OH = N02 + H 0. 0. 0.36 1.20
No + CO, = N0, + CO | 0. 0. 0.21 1.88
NO + €O = CO, + N 0. 0. 0.06 1.86

€89
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