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A NUMERICAL ANALYSIS OF THE TRANSIENT RESPONSE
OF AN ABLATION SYSTEM INCLUDING EFFECTS OF

THERMAL NON—EQUILIBRIUM, MASS TRANSFER AND CHEMICAL KINETICS

by

Ronald Keith Clark
(ABSTRACT)

The differential equations governing the transient response of a
one-dimensional ablative thermal protection system undergoing stagnation
ablation are derived for the general case of thermal non-equilibrium
between the pyrolysis gases and the char layer and kinetically con-
trolled chemical reactions and mass transfer between the pyrolysis
gases and the char layer. The boundary conditions are written for
the particular case of stagnation heating with surface removal by
oxidation or sublimation and pyrolysis of the uncharred layer occurring
in a plane.

The governing equations and boundary conditions are solved
numerically using the modified implicit method (Crank-Nicolson method).
Numerical results are compared with exact solutions for a number of
simplified cases, The comparison is favorable in each instance.

Numerical results are presented for a typical ablation system
subjected to a square heat pulse, The effects of chemical reactions

and mass transfer are pronounced.
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CHAPTER I

TNTRODUCTION

Space vehicles reentering the earth's atmosphere or entering
other planetary environments are subjected to severe aerodynamic
heating. Several methods of protecting the interior of the spacecraft
have been proposed. Conditions resulting in high aerodynamic heating
rates require use of ablation materials for thermal protection, The
charring ablator thermal protection material (see schematic diagram,
Fig., 1) has been found most effective as a thermal shielding material
for a wide range of heating conditions. In Ref. 1 Swann discusses
weights and efficiencies of various thermal protection systems for a
range of heating conditions.

The favorable performance of the charring ablator is largely
attributable to the tough char layer which forms on the surface of the
material as it is heated. This char layer is capable of withstanding
very high temperatures, and during reentry a significant amount of the
total heat input at the surface is radiated to the environment by the
high temperature char surface. Gases generated in the pyrolysis zone
of the charring ablator percolate through the high temperature porous
char layer to the surface. As these pyrolysis gases flow through the
char layer, they absorb energy by increasing in temperature and under-
going chemical reactions.

The performance of ablative thermal protection systems has been

the subject of extensive research over the past decade. Refs. 2, 3,
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Figure l.- Schematic diagram of charring ablator.



and 4 by Chapman, Dow and Tompkins , and Chapman and Dow are typical

of the many reports presenting results of experimental evaluation of
the ablative performance of thermal protection materials. The experi~
mental programs whose results are reported in Refs. 2, 3 and 4
involved testing candidate thermal protection materials in arc-heated
tunnels to compare their performance as thermal protection systems for
reentry applications.

Many analytical reports have been devoted to developing theories
of ablation. In Refs. 5, 6 and 7 Roberts considers the effects of
mass transfer processes near the stagnation point on heat transfer to
two~dimensional or axisymmetric bodies. Ref. 5 presents a simplified
analysis of mass transfer cooling near the stagnation point for two
dimensional or axisymmetric bodies, showing the reduction in heat
transfer in terms of the properties of the cooling fluid. Ref. 6
presents a simplified analysis of the shielding mechanism which reduces
the stagnation point heat transfer when ablation takes place at the
surface, Ref, 7 presents a theoretical study of the shielding mechanism
whereby the rates of heat transfer are reduced near the stagnation
point of two-dimensional and three dimensional bodies when melting
and vaporization occur simultaneously.

A large body of literature exists which describes the experimental
and analytical effort directed toward studying the performance of
ablative thermal protection systems including the interaction of the

ablator with the boundary layer. In Ref. 8 Scala and Gilbert present



a theoretical analysis of the overall response of a char-forming
plastic during hypersonic flight. The rate of pyrolysis of the plastic
is calculated by means of a chemical kineti¢ equation, A mathematical
description of the gas flow through the char is included. Hypersonic
boundary layer mass transfer effects are also considered in the over-
all energy balance. Results are presented for the forward stagnation
line of an unyawed cylinder in hypersoric flow undergoing quasi-steady
ablation,

An analysis of the effects of environmental conditions on the per-
formance of charring ablators is presented in Ref. 9 by Swann, Dow and
Tompkins. Equations relating different environments which produce the
same material response are derived for the case of surface removal by
oxidation. The effects of environmental parameters on the thermal
performance of ablators are examined.

In Ref. 10 Swann presents an analysis of the performance of char-
forming ablators, It includes a derivation of the equations governing
the response of charring ablators subject to char removal by diffusion
controlled oxidation. Results are presented for the case of a constant
enthalpy level and the effects of various material properties and
environmental parameters are discussed.

A study of the effects of oxidation on the performance of charring
ablators is presented in Ref. 11 by Dow and Swann. Char-forming
ablation specimens were exposedvto high energy gas streams of nitrogen

and different oxygen concentrations. Surface removal data from these



tests were correlated in terms of a diffusion limited oxidation
mechanism. An energy balance calculated for specimens exposed to 11.5
percent oxygen concentration showed that the heat input from combustion
is a significant part of the total heat input,

Further attempts at defining the effects of environment and
material properties on the performance of ablators are discussed by
Clark in Ref; 12 and Swann, Brewer and Clark in Ref. 13.

Because of the many complex factors involved, the usefulness of
developing computer simulation programs as a practical tool for solving
ablation problems was obvious early in the previous decade. Early
analyses of ablative thermal protection systems neglected or greatly
simplified the complex processes and rate controlling mechanisms that
occur in charring ablation systems. Ref. 14 by Swann and Pittman
represents an early numerical treatment of an ablative thermal protec-
tion system. It presents a derivation in finite difference form of
the energy transfer equations for a charring ablator system in which
thermal equilibrium exists between the char layer and the pyrolysis
gases. Removal of material at the surface by chemical and/or mechani-
cal processes is achieved by modelling any of the following mecﬁanisms:

1) ablation at a given temperature

2) material erosion as a given function of time

3) material erosion such that the char thickness is a given function

of time, |
Pyrolysis of the uncharred material occurs at a single given tempera-

ture, so that a well-defined interface exists between the char layer



and the uncharred layer. Reduction of aerodynamic heating at the sur-
face resulting from injection of pyrolysis gases into the boundary
layer is accounted for by using a second-degree approximation to the
boundary layer solutions for air-to-air injection., The effect of
chemical reactions involving the pyrolysis gases as they flow through
the char layer is included by using an effective specific heat for the
pyrolysis gaées which is adjusted to account for endothermic and exo-
thermic chemical processes. Ref. 14 presents some typical results from
computer calculations and some comparisons with experimental results,

In Ref. 15 Kratsch, Hearne and McChesney present a sound effort at
developing and experimentally verifying a theoretical model of a
charring ablatién thermal protection system., They present the coupled
energy and mass transfer equations for a two-component resin-fabric
composite with a complete description of the chemical processes in-
volved. However, it invokes the assumption of thermal equilibrium
between the char layer and pyrolysis gases. It also assumes steady
state conditions exist. Experimental and computed results are presented
for comparison,

Ref. 16 by Swann, Pittman and Smith presents what is perhaps the
most widely employed numerical ablation analysis. Basically it repre-
sents a greatly improved version of the earlier analysis by Swann and
Pittman (Ref. 14)., The improvements include the following: (1)
treatment of surface removal by chemical oxidation with consideration

of rate controlled and diffusion controlled regimes; (2) pyrolysis



of the uncharred layer as an exponential function of temperature, and
(3) transformation of governing equations to a moving coordinate
system to accommodate changes in location of the surfaces of the abla-
tor. However, their analysis also invokes the assumption of thermal
equilibrium between the char layer and pyrolysis gases. Ref. 16 pre-
sents a comparison of computed results with exact solutions for
simplified cases. The agreement between the numerical and exact
solutions is good.

More recently strong interest has been directed toward the chemical
processes occuring within the char layer of an ablation system. The
experimental work by Clark which is reported in Refs. 17 and 18
demonstrates the intensity of these processes. This work also shows
that the pyrolysis gases and char layer are not always in thermal’
equilibrium, Ref, 19 by Brewer, Stroud and Clark shows a thirty
percent variation in thermal protection requirements for a typical
reentry vehicle depending on whether the pyrolysis gases in the char
are in chemical equilibrium or frozen as they flow from the pyrolysis
zone to the surface.

This report presents an analysis of the transient response of a
one~dimensional ablative thermal protection system undergoing
stagnation ablation, The differential equations governing heat and
mass transfer are derived out for both the char layer and the
pyrolysis gases flowing through the char layer. These equations are
coupled through a convective heat transfer term which represents

energy transferred from the char layer to the pyrolysis gases. The



differential equation governing the pressure distribution in the char
layer is formulated. Chemical rate equations describing the chemical
reactions occupfingin the char layer are formulated.

The boundary conditions are written for the particular case of
stagnation heating with surface removal by oxidation and/or sublimation,
and temperature dependent pyrolysis of the uncharred material occu;¥ing
in a plane.

The governing equations and boundary conditions are solved
numerically using a digital computer. Numerical solutions are obtained
for a number of simple problems where exact solutions are available
to test the integrity of various parts of the total program. Results
are presented for a body subjected to stagnation heating with surface
removal by oxidation and finite-rate chemistry occur%ingin the char
layer to illustrate the form of results obtained using this tool.

A discussion of the use of this program in design of thermal protection

systems is included.



CHAPTER 1I
GOVERNING EQUATIONS

A charring ablator system can be described by three distinct
layers as shown in Fig. 1. These layers are the char layer and the
uncharred material, which make up the ablator, and the heat sink and
substrate insulation which are behind the ablator. The char layer
is exposed to aerodynamic and/or radiant heating at the front surface.
The surface of the char layer may also interact with the external
boundary layer resulting in erosion of the char layer by chemical
reactions and/or mechanical means. The region separating the char
layer and the uncharred material is labeled the pyrolysis zone and
is assumed to be a plane. The uncharred material undergoes pyrolysis
at this interface at a rate given by an empirical Arrhenius type
relation producing gaseous pyrolysis products and a porous char layer,
The gaseous products absorb energy and undergo chemical reactions
as they flow through the porous char layer to the front surface where
they are injected into the boundary layer. From this discussion it
is seen to be necessary to consider the three layers separately in
deriving the differential equations which govern the behavior of an
ablative system,

The char layer consists of two phases - the porous solid residue
or chaf and the gaseous pyrolysis products, or pyrolysis gases, flowing
through the porous residue. The porous residue experiences heat con-

duction and mass and heat transfer from interaction with the flow of
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pyrolysis products. The pyrolysis products flowing through the porous
residue undergo chemical reactions in addition to interacting with the
solid. The uncharred layer and the substrate insulation experience

heat conduction only.

Char Layer Equations
The char layer requires two differential equations for conserva-
tion of energy -~ one for the char and one for the pyrolysis gases,
Mass transfer processes affecting the char must be considered to obtain
an equation for variation of the char porosity. The pyrolysis gases
also require differential equations for conservation of chemical
species, total mass and momentum, and chemical reaction rate equations.

Char temperatufe differential equation.~-The energy conservation

equation for the char is obtained by considering a control volume V
within the char layer. The char occupies a fraction of this volume
equal to (1 - n) where n 1is the char layer porosity. The energy
coﬁservation equation applied to the solid phase of the char layer
states that the rate of change of energy contained in the solid phase
of the char within the control volume V equals the sum of the net
ratio of energy transfer into the solid phase by conduction heat
transfer, convection to the pyrolysis gases; mass transfer from the
pyrolysis gases to the solid resulting from homogeneous chemical
reactions and heterogeneous chemical reactions (reactions occurring
on the solid surface), heats of reaction given up by the solid in

heterogeneous chemical reactions involving the pyrolysis gases and
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the solid, radiation of energy to the solid and energy produced within
the solid by any internal source.

The total energy contained in the solid phase of the char within
a unit volume of the char layer is equal to the product of the theoreti-
cal solid density, enthalpy and solid phase volume fraction which is
(1 - n). The terms of the char energy equation may be written as
follows:

Non-stationary volume term

a ~
fV 57 [ -n) p H_T v

Conduction heat transfer term

Convection to the pyrolysis gases
- fV H, (T -T) dv

where the volumetric heat transfer coefficient for convective energy

transfer from the char to the pyrolysis gases is given by Bland in

Ref. 20 as
Khv p.C
B e—— i —
HA T X _RiM, (2-1)
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Mass transfer from the pyrolysis gases to the solid resulting

from homogeneous chemical reactions

/.

vy N T H(T)S dv

Mass transfer from the pyrolysis gases to the solid resulting

from heterogeneous chemical reactions

fV n hs s

Heats of reaction given up by the solid in heterogeneous chemical

reactions
(r) (1)
- fV ni r, AH av
T
Radiation of energy to the solid
J, (L -n)(A -¢€) av
Energy produced within the solid by any internal source

- 119
fV (1 -1 a; dv

Combining these terms in equation form gives
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fv [(Q-n)p H] dV=-] qs‘ndS—fVHA(TS-T)dV

a_
ot S

() ag(D) gy

s Hs dv - fV nZI ry

+ fV nor H(TS) dv + fV nr z

h

+ fV (L -n)(A-¢) dv + fv (1 -n) q;" dv (2-2)

which is a sﬁatement of conservation of thermal and chemical energy
for the portion of a control volume in the char layer occupied by
solid. The energy term associated with stresses has not been included
since that term is negligible with respect to other terms. The use

of enthalpy in this equation is consistent with its nearly universal
usage as a measure of the energy content of solids; however, implicit
with its use is the assumption that enthalpy and internal energy are

equal. This assumption is valid for incompressible solids.

The term associated with the heats of reaction for he;erogeneous
chemical reactions is obtained by assuming that the heat of reaction for
each reaction is supplied by the char. As an example, consider the rEE
heterogeneous chemical reaction which is the oxidation of solid carbon

to form carbon monoxide. The stoichiometric equation representing this

reaction is

0o, + 2Cs -+ 2C0 (2-3)

2

and the heat supplied to the reaction is just the difference in

enthalpy of the products and the reactants, or in equation form
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m® = 2 u(reo - H(T)0, - H(Ts)c, (2-4)

Applying Gauss's Theorem to the surface integral to obtain a

volume integral results in the following equation

A

a A > A
Lo U @ - o B )+ g  +H, (T, - D - nr B, -nr B
+nze® m® o a-m@-e - (1-n q'')av=0. (2-5)
r
This equation is true for any volume V; therefore, the integral can
vanish only if the integrand vanishes everywhere. Thus, the differen-

tial form of the char energy equation is

a A > ~ A
== [ -n) o B+ V. q, +H, (T, =T -nr H(T) -nr H

s
rnesPm® - a-ma-e-a-matt=0, @26
r
The non-stationary term is expanded to obtain
3 o aﬁs ~ 00 ~
3;'[(1 -n) Pg HS] = (1-mn) Ps 3t T (1 -n) H, =7 - pg By 3{@(2-7)

But the theoretical density of the char is constant; therefore,

A

~ oH ~
9 - = (1 - S _ an
Y [@Q-n) pSHS] (1-n) s Pg Hy Fp+° (2-8)
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The char layer energy equation now takes the form

- OHg _ _F .2 _ - -
1 n)pS ~ v qg HA(TS T) +n r, H(T)s +n rhSHS

(a4

-nze® ™+ a-m@a-e) + Q-+ g Hy %%.. (2-9)
r

It is more convenient to work with temperature than enthalpy. The

char enthalpy may be written as
¢ dr +H_ . (2-10)
P s s

The time rate of change of char enthalpy is obtained by differentiating

Eq. 2-10,
oH T A ~
s _ 9 s 3
St - 3¢ fO CpS dT 3— o. (2-11)

The derivative of the integral appearing here is obtained by applying
the Leibnitz Rule for differentiation under the integral sign as in

Hildebrand (Ref. 21). Thus Eq. 2-11 becomes

oH T A ~ oT
~S_ s s, 9 7
5t =l 0l Tt G FtiTHg o (2-12)

S s (o]
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A

A
" but Cps is not a function of time and HS is constant so

o
BHS ~ 3T,
3 % I - -1

]

Combining Eq. 2-13 and Fourier's conduction equation,

->

q = -k VT o, (2-14)

with Eq. 2-9 gives the differential equation for conservation of energy

in the char layer as

(1 -1 Pg Eps ;;5 =V . (ks v TS) - HA (TS - T) +n r, ﬁ('l‘)S

+n LN ﬁs -n E r}(lr) Aﬂ(r) + (1 -nN(A-¢)

+ (1 -n)ql'" + o ﬁs %% . (2-15)
The specific quantities Gps, ﬁS(T), Aﬁj and ﬁs and the chemical
production terms r, and rhs may be expressgd in terms of the

respective mole quantities and Eq. 2-15 becomes

p C_ 9T
(1-n)—;—sl’-ﬁ-a—t—s=§. (ksﬁrs)-HA(TS-T)+nRSH(T)S
+N R _H - i rér) <+ (1 - - e

p H
+(1-n) q" +—§-—S--g-’tl (2-16)
S
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Char porosity differential equation.- The porosity differential

equation results from consideration of mass transfer between the char
and the pyrolysis gases, Mass transfer between these two phases re-
sults from two sources. One source is the so0lid material formed by
homogeneous chemical reactions in the pyrolysis gases. This solid
material is deposited from the gas phase to the solid phase. The other
source is thé solid material formed or consumed by heterogeneous
chemical reactions which occur at the char-gas interface.

The rate of formation of solid material by homogeneous chemical
reactions in the pyrolysis gases is determined from the
appropriate chemical reaction rate equations to be RS (moles solid
per unit volume of gas per unit time). The product of the char porosity
(void fraction of the char layer), the molecular weight of the solid,
and the rate of formation of solid gives the rate of material deposited

in mass units per unit volume of char layer. Or, in equation form
Mass Rate of Deposition = n MSRS . (2-17)

This deposit occupies a volume equal to %— volume units per unit mass
s

and this volume represents a decrease in the porosity of the char

layer. Thus the time rate of change of char porosity due to homo-

geneous chemical reactiong:is

(ﬁl =-n ==, . (2-18)
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Similarly, the rate of formation of solid by heterogeneous chemi-
cal reactions, Rhs’ is determined from the appropriate
chemical reaction rate equations. Thus the time rate of change of

char porosity due to heterogeneous chemical reactions is

cll I (2-19)
ot] h n Pq Rps -

Summing Eqs. 2-18 and 2-19 gives the time rate of change of char

layer porosity as

nM
%% ST - (Rps * RS - (2-20)
S

Pyrolysis gas energy differential equation.,- The energy conserva-

tion equation applied to the fluid phase of the char layer states that
the time rate of change of internal and kinetic energy contained in
the pyrolysis gases within the control volume V equals the sum of the
net rates of convection of internal and kinetic energy transferred

into the pyrolysis gases due to the mass average velocity, conduction
of energy in the pyrolysis gases, radiation of energy to the pyrolysis
gases, work done on the pyrolysis gases by external forces, work done
on the pyrolysis gases by pressure forces, work done on the pyrolysis
gases by viscous forces, energy transfer to the pyrolysis gases by
convection from the char, energy loss by the pyrolysis gases due to

mass transfer and energy gained by the pyrolysis gases due to
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heterogeneous chemical reactions, The terms of the pyrolysis gas
energy equation may be written as follows:

Non-stationary volume term

9 - 1 .2
fV 3t [Tl Q(U+'§'V)] dv

Convection by mass average velocity

~ 1 2 -»> -
-fS @ 5V ) p v, n ds

where v is the velocity of the pyrolysis gases in the char layer and
v, is the superficial velocity (volume rate of flow through a unit
cross—sectional area of the char plus pyrolysis gases).

Conduction term

Radiation term
fV n(A' - ") av

Work by external forces
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..)
where n, is a mass flux vector equal to the sum of the mass flux due
to mass average velocity and the mass flux due to diffusion, or in

equation form

n, = o v+ 3. ; (2-21)

Convection from the char
fV H, (Ts - T) 4V

Energy loss by mass transfer resulting from homogeneous chemical

reactions
- fv nr, H(T)s dv

Energy loss by mass transfer resulting from heterogeneous chemical

reactions
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-/ nr HS dv

Energy gain resulting from heterogeneous chemical reactions

(r) AH(r) av ..

anZrh
r

Combining these terms in equation form gives

p ~ 12 _
fV ye n p(U + >V )] av =
-~ 1 2 - > > >
- fS U+5v)pv *nds- IS q » n dS
y vt > 7
+fvn(A s;)dv+fvn§n:.L g; dv

1

-J. PV .de+fS [%.Co] <1 ds
+ JyH, (T, - T) dV - Synr H(T)  dV
_ o (r) pu (D)
fv n T HSdV + fv n i N AH dv . (2-22)

Applying Gauss' Theorem to convert the surface integrals to

volume integrals gives
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Ltk moeu+3 A+ (05D 07

+§.3-n(A'-e')-ani-gi+$.Pv,
i

-> = - ~ ~
-V [t . vo] - HA(Ts -T) +n T H(T)S + n e HS

-nz rf_r) My av=0 . (2-23)
Y

This equation is true for any volume V; therefore, the integral can
vanish only if the integrand vanishes everywhere. Thus the
differential form of the pyrolysis gas internal and kinetic energy

equation is

-g;[n p(u+-21-v2)]+?7- [(U+-%-v2) pv 1+V.q

= -> - ~ ~
-V, [T - V] -H,(T - T) +nr HTD, +nr, H

-n: rﬁr) m® <o, (2-24)
r

This equation can be simplified by subtracting from it the

equation of mechanical energy., The equation of mechanical energy for
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a fluid flowing through porous media results from taking the scalar
product of the fluid velocity with the equation of motion. The equation
of motion for a fluid flowing through porous media states that the

time rate of change of momentum contained in the pyrolysis gas within
the control volume V equals the sum of the net rates of momentum
increase resulting from momentum convection by mass average velocity,
pressure forée per unit volume of pyrolysis gases, viscous transfer

per unit volume of pyrolysis gases and gravitational force per unit

volume of pyrolysis gases. In equation form

9 > _ > > > - >
Jysgmewv) dv=-/ (pv) v +ndS-/, NP3+ ndS
+fsn?-§ds+fvnp'§dv. (2-25)

Gauss's theorem may be applied to Eq. 2-25 to convert the surface

integrals to volume integrals giving

S (np3)+§°p330+§nP

9
v { ot

-§7-n~=r-np§}dv=o.. (2-26).

This equation is true for any volume V; therefore, the integral can

vanish only if the quantity in brackets vanishes everywhere. Thus the
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differential form of the equation of motion for flow through porous

media is
3 -> > >
e (nOV)+v-vao+§nP
> =
-Vent-npg=0 . (2-27)

Forming the scalar product of the pyrolysis gas velocity with

Eq. 2-27 gives the equation of mechanical energy for the pyrolysis

gases as
18 oy el 230 1 200 1y 2 >
2 3¢ PV 2N Y TPV T2V PV Y,
1 22> 1 2 > R
+ E-v v, ot 6 p + E-p v 6 A + § P v,

il
o

-npveg (2-28)

Equation 2-28 is subtracted from Eq. 2-24 to obtain the thermal

energy equation of the pyrolysis gases as
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ne e +o(U——V)-])-rl+n(l?——V)(—9-+o§-3)

tnp¥eTonTiVvonzd -F 4V
i

n (A e") HA(TS T) + n r, H(T)s +n T HS

-nz P P -0, (2-29)
. h|

Equation 2-29 can be simplified somewhat by expressing the
internal energy in terms of the enthalpy and the state variables
pressure and density and by making use of the mass conservation

equation. The internal energy=enthalpy relation

A

U=H--P/p (2-30)
yields

(2-31)

Chemical species continuity equation.- The chemical species

continuity equation applied to the pyrolysis gases flowing through
the char layer states that the time rate of change of mass of some
species within the control volume V equals the sum of the net rate

of mass of that chemical species transferred into the control volume
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by the mass average velocity and mass diffusion and the net rate of
formation of that chemical species by chemical processes. Writing this

equation in integral form gives

3 _ > >
Ty oy (n pi) dV—-fS p; Vv, " mdS
- -
+J'Vnr,ri dV—fST]Ji «n ds . (2-32)

Applying Gauss's Theorem to convert the surface integrals to

volume integrals gives

fv[g—t(npi)+'v'-(pivo)_nr,ri+§7’.n3?i]dv=o 23

which yields the chemical species conservation equation

-g;(noi)+§-(pi30)+§-n31-ani=o.. (2-34)

Total mass conservation equation.- The total mass conservation

equation is obtained by summing the chemical species conservation

equation over all species. Thus

%;(np)ﬂf-(p?r’o)—nirT;o, (2-35)
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Equations 2-29, 2-31 and 2-35 are combined to give the pyrolysis

gas energy equation in terms of enthalpy as

~

DH _ ~ DP Dn _ S _ 1.2
NPT N ot + P e~ N (H >V ) I rTi
+n?:-v’3+n>:§i-'g’i—§-3+n(1\'—e')
1

(r) AH(r) . (2-36)

+nti rh

r

It is more convenient to work with the pyrolysis gas energy
equation written in terms of Ep rather than ﬁ. The desired form
of the pyrolysis gas energy equation is obtained by combining Eq.
2-36 with the Gibbs equation written in terms of ﬁ and the First Law
of Thermodynamics.

The Gibbs equation for a system in equilibrium as written by
Hatsopoulos and Keenan (Ref. 22) is

~ ~ A ~

dH =TdS+VdP+1L W d(pi/p) . (2-37)
i
It will now be assumed that, although the pyrolysis gases are not in
true eduilibrium, there exists within small mass elements a state of
local equilibrium for which a bulk gas temperature can be defined and

~

for which the local entropy S is a well-defined function of the
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various parameters which are necessary to define the macroscopic state
of the system completely. With this assumption Eq. 2-37 becomes valid

for a mass element followed along its center of motion, thus

DH _ DS, ¢gDP,s" D
e - Ipe v Vpet i M pe (Py/P) - (2-38)

Equation 2-38 can be made more useful by expressing entropy in

terms of P, V and T. Assuming the system is composed of a mixture

of thermally perfect gases the entropy may be expressed as a function
¢

of P, T, and —% s O
S§=5(, T, Oi/p) (2-39)
which yields
~ s 38
= (X2 + (=
ds = (35 )T,pi/p P + (57 )P,pi/pdT
S . . )
+ %—-— d(p,/0) . (2-40)
1\ %y/0 '
P,T

Writing Eq. 2-37 in terms of specific heat

.~ C ~ R
v
ds = 2 dr - ap --Tl-z u, d(p,/0) .. (2-41)
i
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Equating the coefficients for dT in Eqs. 2-40 and 2-41 gives

o
==L . -
T (2-42)

The coefficient of dP in Eq. 2-40 is replaced by its equivalent from

the Maxwell relation

3S A -
(o )T.pi/p R )P,oi/p ) (2-43)

Equations 2-40, 2-42 and 2-43 are combined to give a differential

A
entropy expression in terms of P, V and T.

)

ds = =2 aT - ( %% )

-a}cca)

9S
P.Di/DdT + i ( ) pi/p )p,T d(pi/p) . (2-44)

This equation may be written for a mass element followed along its

center of motion as

~oc
s_Spr_ ] s, D
Dt =T bt - ' oT )P,pi/p T i (3 NG dp,r e (P1/P) (2-45)

Equation 2-45 may be combined with Eq. 2-38 to give

DP

DP DP
P,pi/p Dt

o Vv
Dt p Dt TV - T Cap)

~ 39S D
+ i [ui + T ( 3-5175 )P’T] o (py/0) - (2-46)
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The summation term in this equation can be reduced by considering
the relation between partial properties. The entropy of a system is

written as

S = );(pi/p) 8; ° (2-47)
1
From Eq. 2-47 we have that
A p A A p.
-x-tas . +1s, a2, (2-48)
i P it P

Since entropy of a pure substance may be expressed as a function of

P and T, Eq. 2-48 written for a constant pressure and temperature

process is

ds = ¢ S, d(oi/p). (2~49)
i
Thus
s _a
( 5 570 )P’T = si . (2-50)

The partial specific Gibbs function is defined as

= ( aM ) . (2-51)
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But
G=H-TS (2-52)
or

G = ? Mi (Hi - TSi) . (2-53)

Equation 2-53 is combined with Eq. 2-51 to give the partial specific
Gibbs function as

u, =H, - TS, . (2-54)

Equations 2-50 and 2-54 are combined with Eq. 2-46 to satisfy the
First Law of Thermodynamics applied to an element of mass near equili-

brium followed along its center of motion. In equation form

DH _ . DT o DP v op
Dt Cp e TV~ T (o7 )P,pi/D Dt
v 2 /0 . (2-55)
; 1Dt i

Equation 2-55 is combined with Eq. 2-36 to give the pyrolysis

gas energy equation in terms of Cp as
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c Db _, @dnp P _ g D
ne Cp Dt n (3 n T) P,pi/p pe ~ NP ? Hi Dt (pi/p)
PD__ A—_l_z =. -> <> .+
+ P Dt n (H 2 v7) i rTi +NnNT: 6 v +n i Ji gi

_ . _) , _ ' _ _ Pa _ A
V.eg+n (A' —€") + Hy (I~ T) -nr BT, -nr_H

+n g O™, (2-56)
r h

p
The derivative of El can be expanded and combined with the

chemical species and total mass continuity equations (Egs. 2-34 and

2-35) to give

Y
D 1 1 > i
—'(p./p)=—r ———-%-j,——-—Zr . (2-57)
Dt i o] Ti np i p2 1 Ti

Equation 2-57 1is combined with Eq. 2-56 and the specific

quantities Cp’ H, Hi’ and HS(T) and the chemical production

e

terms Tis T and r, are written in terms of their respective

mole quantities to give the pyrolysis gas energy equation in terms

of mole quantities as
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i py DT _ _ 9 n p DP_ o5
N e "3 mrtle,x. oe A R
1 1 1
. Dn 1 2
+IH OV J 4P ptegn v IR, M
i i i
>
= -> Ji ->
+nT:Vv4nc 8T v - qg+n (A' -€")
i i 1

+ HA (TS -T) - n RS H(T)S -nN RhS HS
+n % 0 a0 (2-58)
r

Pyrolysis gas pressure differential equation.- The basic law

governing the velocity of fluids flowing through porous media is the
phenomenological law of Darcy which states that the rate of flow through
porous media is directly proportional to the pressure gradient causing

flow.  Darcy's law written in equation form as in Scheidegger (Ref. 23)

is

> __K

v = u'v’p (2-59)
or

v--K3%p., (2-60)
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Equation 2-59 may be combined with the total mass conservation
equation to give

9 pK
— - O -— =O. 2"61
T oo -V (V) -nir 1 (2-61)
i i
The equation of state for the pyrolysis gases,
P=op RuT/ﬁ (2--62)
and the identity
PVE =27 P (2-63)
are used in Eq. 2-61 to give the differential.equation for pyrolysis
gas pressure as
§-§P2+H§§(—K¥)='\7P2
KM
2UR T
- [gg(np)—nZ.RT.Mi]=0. (2-64)
KM i i

Chemical reaction rate equations.- The rate of chemical reactions

occurring within the char layer must be computed using an appropriate
chemistry model.

The model considered here treats homogeneous and
heterogeneous reactions.

The rate of removal of chemical species by
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homogeneous reactions is governed by the Law of Mass Action which states
that the rate of removal of a chemical species is proportional to the
product of the concentrations of the reacting species where each and
every chemical species concentration is raised to a power equal to its
stoichiometric coefficient. In equation form, the Law of Mass Action

as written by Clarke and McChesney (Ref. 24) for a one;step chemical

reaction described by the following stoichiometric relation

z vi A, >~ I v!' A, (2-65)

is

reaction rate (2-66)

]
=
Ll =1
»>
e
e

where the reaction rate constant k 1is considered to be independent
of the concentration of chemical species and dependent on temperature.

The reaction rate constant is given by

k=AT exp (-B/T) (2-67)

where A and B are the frequency factor and activation energy for
the reaction,
Simultaneous forward and reverse chemical reactions are repre-

sented by
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(r)
ke

N g oM, (2-68)
1 1 < 3+ 1 1

k(r)k
Y

O~

where

r = 1,2, -——- m independent reactions,

The rate of forward reaction for the chemical reaction represented by

h .
the rt= equation is

v ('
rate of forward reaction = k(r) I [A,) i (2-69)
f i i
and the rate of reverse reaction is
(!
Y
rate of reverse reaction = k(r) T [A,] 1 . (2-70)
T i

i

Thus the net rate of progress of the r&? reaction in the forward

direction is given by

\)(r) ] \)(r)"

nialt P mngt (2-71)
1 1

(r)

r(r) :

=k

Now this reaction yields a predetermined number of moles of chemical

species 1 as indicated by the coefficients in the stoichiometric
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representation of the chemical reaction, Therefore, the molar rate of

production of chemical species i 1is given by

N ¢ LIS e vy (0!
R, = T [\)i - vy ]{kf H [A1]
T 1
v 0"
-yt oy (2-72)

1

Equations 2-69 and 2-70 are based on the Law of Mass Action and
are general exprecssions for the forward and reverse reaction rates of
some chemical reaction occurring in a gaseoué system. Most frequently
the chemical kinetics data for a particular reaction are based on
empirical curve fits to experimental data. Such chemical kinetics
data are usually presented with a rate law which best describes the
particular chemical process.,

The theory describing heterogeneous chemical reactions or
reactions occurring at the gas-solid interface is somewhat more compli-
cated than for homogeneous chemical reactions. It was assumed by
Laidler (Ref. 25) that there are four steps involved in the interaction
of the gas molecules with the solid phase. These steps are: (1)

The reacting molecules diffuse to the solid surface. (2)‘The molecules
are adsorbed on the surface. (3) The molecules undergo chemical
reactions giving gaseous and or solid products. (4) The gaseous
product molecules diffuse from the surface. The usual treatment of

surface reactions is based on a concept due to Langmuir and Hinshelwood
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which is discussed in Emmett (Ref. 26). The Langmuir-Hinshelwood
mechanism assumes that the reactants are in adsorptive equilibrium
with the solid surface. The reaction then involves the adSofbed
molecules. Quantitative treatment of the reactions by this mechanism,
therefore, involves obtaining an expression, using the adsorption
isotherm, for the concentration of the reactant molecules on the
surface. Thﬁs, expressing the rate of‘reaction in terms of these
surface concentrations, the rate of reaction can be expressed in terms
of the concentrations of the gaseous reactants.

Following the development of Alekseyev (Ref. 27), the Law of

Surface Action for the heterogeneous reaction

§ vj Aj + § vj Aj (2-73)

states that the rate of the process is proportional to the product of
the portions of the surface occupied by reacting species raised to
powers equal to the corresponding stoichiometric coefficients. 1In

equation form

\)'
reaction rate = k II [6,] 3 " (2-74)
y e

where the reaction rate constant is given by an equation of the form

k = A exp (-B/T) (2-75)
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and

= Z \)'.' - \)! ‘. 2-76
n ; ( j J) ( )

Simultaneous forward and reverse heterogeneous chemical reactions

are represented by

(r)
kf
(n)!' > (r)" _
; vj Aj - z vj Aj (2-77)
b h|
1 (0
r

where r =1, 2, ———, m independent reactions. The rate of the forward

reaction for the chemical reaction represented by the r—t-t-l equation is

(!
(r) vj atr)
rate of forward reaction = kf Il [Gj] 60 (2-78)
]
and the rate of the reverse reaction is
1"
() vgr) n(r)
rate of reverse reaction = kr i [Gj] : 60 (2-79)
h|
Thus the net rate of the r'g-l reaction is given by
(' ("
v \Y (r)
r}(lf) - kgr) I (e, I kf_r) I (e,] 3 o A (2-80)
R ]

and the molar rate of production of chemical species j resulting from

the set of reactions (Eq. 2-77) is
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(n)!
_ " @' [, @ V3
(r)ll
v (r)
R SRR } A o° (2-81)
r 3 j s o

where the factor AS is the surface area per volume and is included to
give rate of production per volume for heterogeneous chemical reactions
occurring in porous media.

There is very little chemical kinetics data available for reactions
and conditions of interest in the field of ablation. When data are
available it is presented with a rate law which best describes the

particular chemical reaction,

Uncharred Material and Substrate Insulation Equations
The single energy transfer mechanism occurring in the uncharred
material and substrate insulation is heat transfer by conduction. Thus
the differential equation governing the thermal behavior of these

regions is the conduction equation given by

~ oT'
e 1Lt t = At ' S _
v k! v T! = p! cps = (2-82)
and
" ~ aT"
V. k_ v ™ = pt C " 2 (2-83)

s p ot ’
s

respectively,



CHAPTER III

BOUNDARY CONDITIONS AND INITIAL CONDITIONS

This énalysis refers to the stagnation point of a body, hence the

governing equations derived in Chapter II are reduced to one dimension

in space. The equations to be solved are:
Char Layer Equations,-

Char temperature

ps Ps aTs 9 aTs
A-m =" " (s ) BTG

MR KD, +nR_H_ -nI r}(f) m® 4 a-ma-e
r

. ver P H
F(-mq +—S—=

Char porosity

on _ _ Ei ( + R )
t n pS Rhs s

=

L%

Pyrolysis gas temperature

. Py CEI (él vy 22) =;ﬂ (8 n Q) 3P
P,x

i Mi ot dy 3 &n T i ot
ap) _ 2 M, p 0
+v By) n i Hi RTi + ? Hi Sy Ji + P Ye + P\ray

41

(3-1)

(3-2)
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J, g
1 2 = v i ®i 3

+—nv Z M +nT _—+nz.___.._-— .
2 i Ti i yy oy i Mi dy ly

] - ] - - -
+n (A e') + HA (TS T) n RS H(T)s n Rhs Hs

(1) (D)

+nti rh
T

Chemical species continuity equation

2 2 2 -
3¢ (M Py 57 (py v + sy - T, - 0

Total mass conservation equation

d d
5c M P+ v)-nirn =0

i 1
Pressure of pyrolysis gas
2 2 e 2 2uRT
a_ P ML 3 KM | 9P u 3
-+ E S () - (-
dy K dy - uT y ki ot

-nZ M, ] =0
T B M

Uncharred Layer and Substrate Insulation Equations.-

Uncharred layer temperature

oT! oT!
s

b —s8]= o o1 _8
dy (ks dy Ps Cpé t

(3-3)

(3-4)

(3-5)

(3-6)

(3-7)
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Substrate insulation temperature

_3__ 1] _a_'I_‘_S_ = pu . " E_T_ﬁ_ (3"8)
dy \'s dy s pg ot

It is convenient to treat the equations for char temperature,
uncharred layer temperature and substrate insulation temperature as a
set of coupléd equations. That is, the char temperature equations are
related to the uncharred layer temperature equation through the boun-
dary condition at the char-uncharred interface. The equations for the
uncharred layer and the insulation layer are similarly related. From
this point forward, reference to the solid temperature will mean

the temperature of the particular layer of interest.

Solid Temperature Equations
Two conditions must be specified at the front surface of the char
layer., The first condition is an expression for the rate of material
removal or the surface temperature and the second is an energy
balance.

Surface removal by oxidation.- There are two regimes of surface

removal by oxidation. The first regime is the rate controlled regime.
The rate of surface removal by oxidation is rate controlled when
conditions of temperature and pressure are low enough that the rate of
oxygen consumption in the chemical process does not exceed the rate of
oxygen diffusion through the boundary layer to the surface. As the

surface temperature and pressure increase, the rate of surface removal
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goes through a transition from the rate controlled regime to a diffusion
controlled regime. In the diffusion controlled regime, surface removal
by oxidation depends on the rate of oxygen diffusion to the surface.
Nolan and Scala (Ref. 28) express the rate of surface removal by
oxidation in the rate controlled regime in terms of chemical kinetics,

writting the mass loss rate as

n
)w (3-9)

where the exponent n is the order of the reaction. The specific

reaction rate is obtained from
k= A exp(—BS/Tsl), (3-10)

The oxygen partial pressure at the wall may be written in terms of the

mass fraction of oxygen as follows:

(%o = (x)y Pe (3-11)
P, =P, (3-12)
(x5 )y, = C M /M (3-13)

2 w w W 02%

Therefore,
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P . ' (3-14)

Equations 3-9, 3-10, and 3-14 are combined to give the rate of

surface removal by rate controlled oxidation as

n
c, ﬁw .
= Asexp(—BS/Tsl) - Mo Pe . : (3-15)
2

In subsonic and supersonic flow, the stagnation pressure is given
by the solution of the inviscid flow problem. The stagnation pressure

in hypersonic flow is approximated in Truitt (Ref. 29) by

o2 _
Pw,s =72 Pe Ve - (3-16)

In Ref. 30 Chapman relates the heating rate and enthalpy to the free

stream conditions by
q. o VD /Rad v (3-17)
c e e
and
2
H oo v . (3-18)

Thus the wall pressure is approximated by
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6 ~ 32
P s 5.693 x 10" Rad (qc/He) . (3-19)

’

In the current problem,
=P (3-20)
thus
P = 5,693 x 106 Rad (q /ﬁ )2 . (3-21)
w (o] e

In the diffusion controlled regime, surface removal by oxidation
depends on the rate of oxygen diffusion to the surface as expressed in

the following equation
m = At : (3-22)

where A is the ratio of the mass of char layer removed by oxidation
to the mass of oxygen diffusing to the surface.

In Ref, 10 Swann presents an analysis of oxidation of carbon
surfaces near the stagnation region of a body in a nonreacting mixture
of two gases having the same specific heats, Following Swann's

development, the boundary layer equation for conservation of oxygen is

S e, 5,€_3 fu €
pum=+pv 3y - By Nsc By) (3-23)
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and the boundary layer energy equation is

~ O, - OH_3 [u B,y
pPugztePv dy dy N, oy *3 (1

2
- I—q—l—) o ] (3-24)
prl %Y
. . 802
Equations 3-21 and 3-22 are formally similar if NPr = 1 or if 5;—

is small relative to Qﬂ_’ which is valid at stagnation regions. Also
: oy . >

the boundary conditions for these two equations are identical, that is

cC=2¢C
W
at y =0 (3-25)
H=H
W
and
cC=2¢C
e
at y =, (3-26)
H=H
e

Nondimensionalizing Eqs. 3-23 and 3-24 with
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Ceie )
C=tT =%
e W
~ A > (3-27)
_ H-H, |
H = x——a—
H - H
e w
o
gives
- - -
5,8, - & _3 p Ak
Pugtov 3y 9dy N__ 9y
sc
LA, B2 u o
Duaz-i-pvay—ayN T}.; (3-28)

E=ﬁ=1aty=oo, J

Therefore, the solutions of the oxygen'conservation equation and
the energy conservation equation are formally similar. If the solution

of the boundary layer energy equation is

H= F, (z,y,N,) (3-29)

then the solution of the oxygen conservation equation is

C= F1 (z,y,NSC) . (3-30)
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The rate of oxygen transfer to the surface by diffusion may be

expressed as
- - - —86 jo—
m(Oz) (Ce Cw) (EE— 3y (3-31)

and the rate of energy transfer to the surface may be expressed as

fao]

d

q= (H, - H) (ﬁ-“—- )w : (3-32)
Pr

2

Fay and Riddell (Ref. 31) show that the rate of energy transfer

to the surface may be expressed as

' A A du
_ -0.6 0.1 0.4 e
9 et =0.76 N, '~ (p_ W) (pg 1) H, - Hw)vl—dz -+ (3-33)

Therefore, the rate of oxygen diffusion to the surface is

. . du
_ -0.6 0.1 0.4 e .
‘“‘02 =0,76 Ng . (o, M) (pg W) c, - c) I (3-34)

Equations 3~33 and 3-34 are combined to give the rate of oxygen

diffusion to thesurface in terms of the energy transfer rate as

-0,6

) - Sc (Ce B Cw) q

0 -0.6 , o c,net .
2 NPr (He Hw)

N

(3-35)

or
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Ce ™ % 0.6 =
m02 "H - =® NLe M'wqc,net- (3-36)
e w

The rate of surface removal by oxidation in terms of energy transfer

rate is obtained upon combining Eqs. 3-22 and 3-36. Thus,

cC -¢C _
ho=-2__ W, 06y X (3-37)

s He - Hw le wqc,net

Equation 3-15 written for a reaction of order 1 is combined with
Eq. 3-37 to give an equation for the rate of surface removal which

does not contain the oxygen concentration at the wall. Thus,

k Pe Ce Mw
L kP (H -H) (3-38)
My + £
2 X N0.6
Le qc,net
where
k = A_exp (- Bs/Ts ) . (3-39)

1

Front surface energy balance.- The second condition to be

spécified at the front surface is a surface energy balance. Energy
transfer to the surface results from convective and radiative
heating and combustion heating in the case of surface removal
by oxidation. This energy is accommodated by blocking due to

mass injection into the boundary layer, reradiation from the
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surface, conduction to the interior, and sublimation of the char
layer when the surface temperature reaches the sublimation temperature
of the char material.

Figure 2 from Swann, Pittman and Smith (Ref. 16) shows the effect
of mass injection into the boundary layer on energy transfer to the
surface. The exact solution is from the boundary layer solution by
Roberts (Ref; 6) for air-to-air injection. The linear approximation is

) - ~
=q, (L-H/H) [1-7 & H/q] (3-40)

qc,net

where
ﬁT = th +0 (3-41)

and n = 0.6. The second-order approximation, which was obtained by
fitting a curve through points at mT He/qc = 0, 1.0, and 2.5 is
=q, QA -8/m) {1.- [.724 hy Ho/q,

qc,net

- .13 Gay ﬁe/qc)zl} . (3-42)

Figure 2 shows the linear approximation to be good for values of

~ A
T < - i 3
mTHe/qc < 1. The second-order approximation is good for mTHe/qc < 2,25,

In Ref., 16 Swann, Pittman and Smith specify a minimum value of
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c,net
He
1.
0 Exact Analysis
—————— Approximation of Eq. 3-42
8 . == =~ —— Linear Approximation
N o
4
21
L ] AN I

0 .5 1.0 1.5 2.0 2.5
' . A
' mTHe/qt:

Figure 2.- Blocking effectiveness for a laminar boundary layer with air-
to-air injection,
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q P
c,net . _
.0 - B/ of 0.04 at @ H /q = 2.25, where the second order

curve departs the exact curve.

Writing the surface energy balance in equation form (Ref, 16)

Ie (1-H/M) {1-(-8) [0.724mH /q
e Te ¢
Cold Wall Con- Hot~wall e
vective Heat~ correction TTTTTTTTTTTTTT T Aerodynamic
ing Rate
¢ Net Convective

-0.13 (i H_/a)%) - B 7 &y Ho/a )} + o qap

'Blocking __________ \ Radiative
: Heating Rate
Heating— -
+[1-S(T. -T)]m MH =0c¢ T4
s 1 s c s 8
Combustion Heating Rate Reradiation
aT — .
- s +S(T ~T.)m H (3-43)
ks 5;— 8y 1 s ¢
Conduction Heat of Sublimation

to Interior of Char

where
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B = 1 when . He/qc < 1.0
B = 0 when i, He/qc > 1.0

S(Ts - Tl) is a step function defined by
1

S(T -T,)=1whenT =T
sl i s1

_- = <—
S(Ts. Tl) 0 when Ts. T

1 1 L

When the surface temperature is less than the sublimation
temperature, Eq. 3-43 is solved for the temperature gradient at the
surface ;;i which is used as a boundary condition for solving the
char temperature equation.

When the temperature of the char layer surface equals the sublima-
tion temperature of the char material, the specified sublimation
temperature of the material is used as a boundary condition and Eq. 3-43

is used to compute the rate of surface removal by sublimation.

Pyrolysis zone energy balance.- The second boundary condition -

to be specified for the char temperature equation is at the interface
of the char layer and the uncharred layer. This equation is just an
expression of conservation of emergy at the interface énergy conducted
from the char layer to the interface is accommodated by pyrolysis

reactions and conduction into the uncharred layer. In equation form
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AT ar;
— = n - I . -
k 5y ] 1 L. AHP (k! 5 )1 (3-44)

Also, the temperature of the char layer equals the temperature

of the uncharred layer at their interface.

T, =T . (3-45)

Rate of pyrolysis of uncharrced material.- The pyrolysis rate at

the interface is given by an Arrhenius equation as follows:

ﬁg = A' exp (-B'/TSI) . (3-46)

It is sometimes desirable to limit the temperature at the

pyrolysis zone to some value T When such a restriction is used

I’
Eqs. 3-44 and 3-46 are employed as described until the pyrolysis

zone temperature reaches TI’ then Eq. 3-44 is used to determine the
rate of pyrolysis of the uncharred layer and the boundary condition
for Ts at the pyrolysis zone becomes Ts =T

I
Energy balance at the uncharred material-insulation interface.~-

It

The boundary condition at the interface of the char layer and the
uncharred layer also satisfies one of the requirements oflthe uncharred
temperature equation for boundary conditions.A The other boundary
condition for the uncharred temperature equations results from an

expression of conservation of energy at the interface of the uncharred
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layer and the insulation layer--energy conducted from the uncharred
layer to the surface is accommodated by energy conduction into the
insulation and by increasing the temperature of the heat sink at the

interface. In equation form

( BT;) aTg ~ (BT;)
- L. = - "w __ > ——] -
ks ay I+J (ks dy )I +J + pHs CpHS QHS at I+J (3-47)

Also the temperatures of the two layers are equal at their interface.

Thus

T' = TV (3—48)

Back surface energy balance.~ Equation 3-47 satisfies one of the

requirements of the insulation temperature equation for boundary
conditions. The other boundary condition for the insulation temperaturé'
equation results from an energy balance at the back surface--energy
transfer t§ the back surface (conduction through the insulation plus

" energy transfer to the surface from the surroundings) is accommodated

by enérgy radiation to the surroundings and by increasing the

temperature of the heat sink at the back surface. In equation form -

ar"
- w S| = R
(say T+J+k 1T T 14 74+%x
R o
+0p C L (——S) E
HSP pycp HSP 13t ) I+ J+K . (3-49)
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The effect of an adiabatic surface is achieved by setting the rate of
energy transfer to the surface from the surroundings equal to the rate
of energy radiated by the surface to the surroundings. Thus, for an
adiabatic back surface

4
= " omn _
qg o) €g Ts I+J+K. (3-50)

Initial conditions.- Initially, the complete system is at a specified

temperature; thus the initial condition for the solid phase temperature
is

T (y,t) = Tso(y) at t =0 (3-51)

where the superscript on Ts is neglected.

Char Porosity Equation
A single boundary condition is required for solution of the char
layer porosity equation., The condition used in this analysis is a
specified porosity of ;he char layer at the pyrolysis interface.

The initial condition for the char layer porosity is
n (y,t) = n,(y) at t = 0. (3-52)

Pyrolysis Gas Temperature Equation

The pyrolysis gas temperature equation requires a single boundary
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condition. The condition employed is that the pyrolysis gas

temperature is equal to the solid phase temperature at the pyrolysis

zone. The initial condition for the pyrolysis gas temperature is

T (y,t) = To(y) at t = 0. (3-53)

Pyrolysis Gas Pressure Equation

The pyrolysis gas pressure distribution equation requires two

boundary conditions.

Specified pressure at the front surface.- The first boundary

condition is that the pressure is specified at the surface,

P =P , (3-54)

Specified pressure gradient at the pyrolysis zone.- The second is

that the pressure gradient is specified at the interface. In developing

the governing differential equation for pyrolysis gas pressure in

Chapter II, Darcy's law was used to determine the superficial velocity
of the pyrolysis gases in the char layer. In equation form, Darcy's

law for a one-dimensional system is
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(3-55)

Equation 3-55 is multiplied by p and the equation of state is used

to give

KM
pV = -
o uRuT

oP

Pa—},-o

(3-56)

Equation 3-56 is applied at the pyrolysis zone and use is made of the

equation
(p Vo)I = - b
to obtain
(%E) 1= R (ML} m
y u KI-‘-IP g
I
But
o 1007
dy 2P Qdy
therefore

(3-57)

(3-58)

(3-59)

(3-60)
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Initial conditions.- The initial condition for the pyrolysis gas

pressure is

P = P = . 3-61
G,t) w0 3L € =0 (3-61)
Total Mass Conservation Equation
The mass conservation equation is solved for the product pvo,
or the local mass flow rate. It requires a single boundary conditionm.
The boundary condition used is that the mass flow rate is known at the

pyrolysis interface, or in equation form

(p v = -0 . (3-62)

The initial condition for the mass flow rate is

CRRNI —io(y) at t. = 0. (3-63)
Chemical Species Conservation Equation
The chemical species continuity equation is solved for the local
mass flow rate of each chemical species. It requires a single
boundary condition. The boundary condition is obtained from the molar
composition of the pyrolysis gases which is specified at the pyrolysis

interface and the total pyrolysis gas flow rate at that point. This
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boundary condition is expressed in equation form as

X. .
(py VI = - (;ﬁ) Myt - (3-64)
I

The initial condition for the species continuity equation 1s

(g My ¢ = (pyw)  att = 0. (3-65)

s



CHAPTER IV

TRANSFORMATION AND LINEARIZATION OF EQUATIONS

AND BOUNDARY CONDITIONS

The governing equations and boundary conditions presented to this
point are for a physical system with boundaries which move relative to
each other and relative to a fixed coordinate system, In maintaining
a fixed number of stations in layers of varying thickness when obtain-
ing a numerical solution to an equation it is necessary to interpolate
after each iteration as the location of the stations change. Each
such operation introduces a small error. This problem can be eliminated
by transforming to a moving coordinate system in which the locations of
the stations remain fixed and the coordinate system moves to accommo-
date changes in the location of the boundaries. The transformations
presented by Swann, Pittman and Smith in Ref. 16 will be employed here.
The location of the system boundaries with the new coordinate system is
shown in Fig. 3. The finite char layer of thickness 20 at time
t = 0 is required for obtaining a numerical solution to the governing
equations.

The equations and boundary conditions for the char layer are
transformed to a coordinate system with the origin attached to the
front surface. The dimensional moving coordinate system with the
origin attachgd to the front surface results from the following

transformation

62
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Initial Outer Surface

Interface (Pyrolysis Zone

Char Surface at Time t

t m
X Io A—gdt
P

Char Layer °

Pyrolysis Zone at
Time t :

x° £
l Uncharred Layer

Heat Sink
v

l" .
Insulation

/ Heat Sink
» \ Back Surface ‘

Figure 3.- Location of system boundaries and coordinates.
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t Us - :
xg=y - /"= a (4-1)

P
0] S5

where the integral representsthe total surface recession at some time
t. Equation 4-1 is nondimensionalized by the char layer thickness £
to give the transformed dimensionless coordinate for the char layer as

t .
y - /.t /p dt .
x = 0 2'S S . (4_2)

Note that the new coordinate system for the char layer is attaghéd to
the char layer surface and extends to the pyrolysis zone. The
coordinates of the front surface and pyrolysis zone are constant at

x =0 and x = 1 respectively,.

Similarly, the governing equations and boundary conditions for the
uncharred layer are transformed to a moving coordinate system with the
origin attached to the pyrolysis zone, The dimensional moving.
coordinate system with the origin attached to the pyrolysis éoﬁe

results from the following transformation

' e ow L ot _
Xy =y 20 fo mg/Ap dt (4-3)

where lo is the finite char thickness at time t = 0 and the integral
represents the thickness of uncharred material which has been degréded
at some time t. Equation 4-3 is nondimensionalized by the uncharred

material thickness &' to give the transformed dimensionless

coordinate for the uncharred layer as
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(4-4)

Note that the new coordinate system for the uncharred layer is
attached to the pyrolysis zone and extends to the uncharred material -
insulation layer interface. The coordinates of the uncharred layer
boundaries are x' = 0 and x' = 1.

The boundaries of the insulation layer are fixed so the new
coordinate system is stationary with the origin at the boundary between
the uncharred layer and the insulation. The new coordinate system for
the insulation layer results from transforming the initial system by
an amount equal to the total initial thickness of the char layer and
the uncharred layer and nondimensionalizing the result by the thickness
of the insulation layer. In equation form

y- (2 +2")
X" = . (4-5)

The coordinates of the insulation boundaries are x" =0 and x" = 1.

Char Layer Equations
Equation 4-2 is used to transform the governing equations for the

char layer. The following derivative expressions are obtained:

I T A ox By , 2x 3%, dx| 2
(at) old (at) New * [ay 5¢ T 3% e T Bt:l 3% (4-6)

but
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L =2 + /5 [h /0o -h /o ] dt
o B8 s'7s_

., .
ot mg/Ap - ms/psO

Therefore
3) ) L, &
ot ] o1d ot] New c 9x
where
v =L 4+ xG /oo -0 /o )]
c 2 s So g s 's *
o
Also
9 _29x30
dy  dy 9x

or

Y e

(4-8)

(4-9)

(4-10)
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3 _ 13 -
dy R 3x (4-11)
and
2 2
9——2-=1—2—3——2- , (4-12)
oy L7 9x

Char temperature equation.-— Using these derivative expressions

the char temperature equation becomes

| o C 3T 3T Kk 82T 3k T
a-n =P | =2y === s+_%_._s__s_
Ms t ¢ 9x 22 aXZ 2 9x 9x

- H, (T, - T +n R HM +n R B -n E rér) M v - - e

pSHS an an
fL-m ol e2-v, &) . -
( n) qg " St ¢ Bx (4-13)
: s
This equation can be written as
a°r_ aT_ aT
—a_x_z_+°‘1'§§'+°‘2Ts+°‘3+°‘4§E‘=° (4-14)

where
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1 | % 2
a; = = -5-}-{—+p 2 (1-n)-2~°-v] (4-15)
S S
_ 2
o, = = H, £5/k_ (4-16)
a &—Z-HT+ R, H(T)_ + H_ - 2 e m® f - ma-e
3 ks A n n Rh n . rh n

+@-mglt + =8 (5'1 "~ Ve ‘an) "% Rhg AHJ'] (4-17)

_ 2
a, = - (L-n) 2 Py CPS/Msks (4-18)
The form of Eq. 4-12 is convenient for obtaining a solution by
numerical methods. In obtaining a numerical solution to Eq. 4-12 the
o's are considered to be independent of Ts’ thus Eq. 4-12 becomes

linear.

Char porosity equation,- The transformed char layer porosity

equation is

M
an_y a _S = -
ot Vc ox +n Pg (Rhs + Rs) 0 (4-19)

or, writing it in the linear form,

+ € én-= 0 (4-20)

an
+e.n+e¢ 3 3t

ox 1 2
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where

M
——L
E:1 - ps (Rhs + Rs)/vc
82 =0
e3 = 1/Vc

(4-21)

(4-22)

(4-23)

Pyrolysis gas temperature equation.,- The transformed pyrolysis

gas temperature equation is

p, C
nz_l__Ei[ﬂ+(v/g_V)§.1]=_n(a_&2_9) [.@E
i M, at ¢’ 9x P

n - An]; 2
+ P [at + (v/8 - V) el IR U f RTi M,
- J. g
3= v i® 139
+n/t Tyx 3x tnl Mi T2 9x I

Since

(4-24)
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p = Pﬁ/RuT (4-25)
32np - -
(8 n T P,xi 1. (4-26)
Also
3P 9T 3 _
-5—t-—§pi/MR—a-{+RTaZp/M (4-27)
and
5P _ a1 3 _
x ? pi/Mi Ru ox + Ru T ax ? pi/Mi ‘ (4-28)

Therefore Eq. 4-24 can be written as

0, C
- i Py ] T
n (v/k-v) [f M Ry i Pi/™M | 3% H

an _ an
nR[p—- v 8t(ZO/M)

u i at ¢ 9x

+(v/2—V)——(Ep/M)]}T+nZHiRr

i i
2 T

1 ] v XX oV
-=ZLH, =J -nt—2=L M, - 222

I A TS

J. g
18 13 \
-niI vy 5 3% I ~ N (A' = e') - HATs
i i £
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p. C
() pp(® i Pi
+ 1 RS H(T)S+nRhslrls—-n)jrh AH +n(Z.I T
r i i
oT _
- Ru ? oi/Mi) 5= 0
1
or, in the linear form,
T tB THB, B T =0
where
- _ _9._(911_ an é_( )
B) = {Hy - n Ry [n 7 i5e ~ Ve ax) T oe i Py /My

on-vy & = pi/Mi)]} /p1

P.
DL =1 (v/& = V) [z -&—ERL - R, I pi/Mi]

i Mi i
2
- 1 a_ v
8, [” LH Ry - Ll oo J -n5= LR, M
i i i i i
S L I S I 8
3 ox n LM, T2

(4-29)

(4-30)

(4-31)

(4-32)

(4-33)
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Py Cp
B i Pi _
83 =n (E Mi - R, 21: pi/Mi) /D1 (4-34)

Chemical species continuity equation.-~ The transformed chemical

species continuity equation is

) o 129
5—;(71 pi) - V. 3% (n Di) +7L"5;(pi v,

13 =
e

This equation is combined with the identities

e
]

-py v (4-36)
and
v =nv (4-37)

to obtain

\' \Y
Ye 1) o, _g_;)m n_dv
n ( v Q) ox M +.[K v 1 ax ~ v2 o9x

ap
1. 19 ., —i_
"vac:lmi*zaxrﬂi ”RTi My +ng==0 (4-38)
or, in linear form,
a.i Bﬁi
3x Th B tly vy H =0 (4-39)
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where

li pi X
D2 = n(Vv - %
Azi = v (%-%;njl +n ;Si /D2
By, =0

(4-40)

(4=41)

(4-42)

(4-43)

Total mass conservation equation.- The transformed total mass

conservation equation is

3 2 13
at(no)—Vcax(np)+R3X(ov0)—n>i3R»r,.Mi
1

This equation is combined with the identity

to obtain

> . _ .2
La-s[% M) -0y N

- 3P L, ]
Vc (n 9x +tp 9

X

(4-b4)

(4-45)

(4-46)
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It is convenient to integrate this equation numerically rather
than use finite difference methods, hence, it is not expressed in the
linear form. The solution to this equation is used with the total
density obtained from the equation of state to determine the mass

average velocity of the pyrolysis gases.

Pyrolysis gas pressure equation.— The transformed pyrolysis gas

pressure equation is

3%p% _ urT 3 (KH\ 3 2 HRT s
7t e P 2T e (0P
9x KM KM
d -
-V, 5% (np) -n i R, Mi] =0, (4-47) .

This equation is combined with the equation of state to give

—v &) 4, (HA_, M ] p?

c ot T 3% ¢ 9x
T . S (4-48)
Kp RTi 1~ XP 3t -

or, in the linear form,

o ——
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2.2 2 2
o P oP 2 9P° )
ol 1O MCTRAERR C P vl (4-49)
where
- M lé_(w c] _
Y1 K[— 9x \uT + P (4-50)
M
2u M M JT
Y2 7T [”(T"f—t)
MKP
w(n_y A MoT _ B_M] _
th (8t VC x +n T dx Vc 9x (4-51)
= 21m )
Y35k L Rp M (4-52)
i i
- . )
A KP (4-53)

Uncharred Layer Equation
Equation 4-4 is used to transform the governing energy equation
for the uncharred layer. The following derivative expressions are

obtained:

3_) - (a__ [gl{;gl dx' 32 ax']_;_;_
(at o1d - V3t wew T L3y Bt t 307 3c * 5t J ox (4-54)

but
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1
_Q;,L:%'_ 7
X' _ o x'
3Lt

t
"R
L=l - S0 ﬁg/Ap dt

R _ .
So = - hylbe . /
Therefore
3_ = __! Eg,(x' - 1) 3 )
at) 0ld at)New + Ap [l 3%' (4-56)
Also
'3
'237 - g; %" (4-57)
or
9 3
3y 'J%T 3" (4-58)
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and

32 1 2

ay? 2 axr?

(4-59)

These equations are employed to obtain the transformed energy

equation for the uncharred layer as

] 2 t ] Al e - L
k! 3T Nl 3! . Pl CE; mgr(l x T]BTS
2 ax'
2‘12 ax|2 2,' ax' Q'Ap J X
~ ars
- v ] — -
ps CpS Tt 0 (4~60)

where the superscript on TS is omitted. The linear form of this

equation is

X aT 3T
S

! S ' ' ' S _ -
8x'2 + al v + Q) Ts + a3 + o = 0 (4-61)

where

1 [Bk; &' p' C' M

8 Ps
oy o + I s A (1 - x')] (4-62)
ay =0 (4-63)
aé = 0 (4-64)
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LI, | o v 2 -
) ps Cps 2 /kS . (4-65)

Insulation Laye:i Equation
Equation 4-5 is used to transform the governing energy equation
for the insulation layer. The following derivative expressions are

obtained:

Be) 0w -5
at! 01d =19t/ New

(4-66)
3 '3
dy  dy ox"
1 3
gy
32 1 »?
ay>  a? oxn?
The insulation layer temperature equation becomes
S S AT
- AN " = -
Z o I T P G e 7O (4-67)
or
2%r_ aT_ aT
”" " " w .S _ -
) + oy m=w + oy TS + o + S eys 0 (4-68)
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where

"o o_
o3 0

plsl Ell 2"2
"o o_ ____.2§,_____
% K

)

Boundary Conditions

The transformed boundary conditions are as follows:

Rate of surface removal by oxidation

kP C M
. e e w
ms=
k P, (He-Hw)
My +
2 >‘No.e
Le qc,net

Energy balance at the front surface

~ «
H n H n

e T e T

Hw/He) 1-Q@0- B)[§.724 ~ 0.13 ( q )

Cc C

-]
~
o
I

nl wd
)

+0LqR+E.—S(TS -TIEI b AH
1

ks 3TS _
=0€_ T . ——'2-'-5—}{-+S(T81—T)m H

(4-69)
(4-70)
(4-71)

(4-72)

(4-73)

]

(4-74)
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Energy balance at the pyrolysis zone

kS 8TS ké BTS
T\ % x=1" mg AHP - (17'533) x'=0 (4-75)
Rate of pyrolysis of uncharred material
» = ] - 4 -
mg A' exp ( B /Ts X = l‘) (4-76)

Energy balance at the interface of the uncharred layer and the

insulation layer

k' 3T k' 9T
-|1-8_S8 =-]-5_35
LT 9x'] x' =1 LY oax"f X" =0
A (aTS)
* Pus Cp s W5t 1 x =1 (4-77)

Energy balance at the back surface of the insulation layer

k; aTs) 4
N\ vt =17 9 €s Ts n o . dp
x" =1
~ BTS
+ 0 C '3 L__4 "o_
HSP PHSP HSP ‘ot x =1 (4-78)

Specified char porosity at the pyrolysis zone

n = l = n (4-79)

Specified temperature of pyrolysis gas at the pyrolysis interface

T =T (4-80)
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81
Specified pressure at the front surface

P =P (4-81)

Specified pressure gradient at the pyrolysis interface

2
) p) (HT) :
— _, =20 R |&= th (4-82)
9x x=1 ulgifx=1 8

Specified mass flow rate at the pyrolysis interface

W, _ = & (4-83)

Xi .
by V) .= _(-—) ) Mmoo (4-84)



CHAPTER V
FINITE DIFFERENCE EQUATIONS

The system of equations derived in Chapter II of this paper
includes six partial differential equations with variable coefficients
thus it is necessary to solve them numerically. The procedure employed
to solve all.equations except the total mass conservation equation
involves deriving the governing differential equations in finite
difference form and solving the resulting seté of algebraic equations
by iteration. The total mass conservation equation is solved by
numerical integration from the char layer - uncharred layer interface.

Figure 4 shows the locations of the finite-difference stations
and the boundary conditions at each boundary. The distances between
stations in the char layer, the uncharred layer, and the insulation

layer are

Ax=1/I—l \

Ax!

1/3 ? (5-1)

Ax" = 1/k [

The station coordinates are

82
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/— Front Suiface
N -

1
2 Ax
S T
E > Char
: Layer
1-2
_ |/ —Pyrolysis
____-___1_1__.__.__.-_.__/ Zone
I LL -
I+l Ax'
I+2 T
Xt e e e e -
! Uncharred
i Layer
e e e e
I+J-2
I+J-1 Z//—Heat Sink
I+ i <
SRS . 1.2 S
x' T+J+2 t
i Insulation
: Layer
I+J+K-2 Ax"
________ I_"_‘J_'_*_lf‘_l_ L _Z/—Heat Sink
I+J+K - -

N\

Figure 4.- Location of finite

Back Surface

Boundary Conditions:
Energy Balance or Tgy Specified
Specified P
Differential equations:
Solid Temperature
Gas Temperature
Pressure
Total Mass Flux
Species Mass Flux
Porosity

Boundary Conditions:
Energy Balance
Thermal EquiliBrium Between Two Layers
Specified T, 8P4/8x, m, mj, 7

Differential Equation:
Solid Temperature

Boundary Conditions:
Energy Balance
Thermal Equilibrium

Between Two Layers

Differential Equation:
Solid Temperature

Boundary Condition:
Energy Balance

difference stations,
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x = (N - 1)Ax (5-2)

for the char layer,

x' = (N - I)Ax!' (5-3)

for the uncharred layer, and

"= (N-1-1J) Ax" (5-4)

for the insulation layer.

Solid Phase Temperature Equations

The differential equation for the char temperature is

SZTS oT_ aT_
— + al Free + oy TS + a3 + aa-gg— =0, (5-5)

ox

Interior stations of the char layer.- At interior stations the

partial derivatives are replaced by central difference approximations.
The central difference approximations of the partial derivative are
obtained from Taylor series expansions at the station N evaluated
at N+ 1 and N - 1, Thus

2

(BTS) (a Ts) sz
TS(N + 1) = TS(N) + E{" N Ax + 3 -Z—T—
9x N
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3
3T 3
s Ax
+ (a 3 ) N3t
X
(aTS BZTS A2
T - D =T ) - |52 Ak — -
X N
3
TN a3
"3 3Tt -
ox N

Subtracting Eq. 5~7 from Eq. 5-6 gives

3
(BTS TN+ 1) - T (N - 1) ) T a2
ox | N 2Ax 3 12
9x N

Therefore the equation

(BTS\ ) TS(N + 1) - TS(N - 1)
ox I N 2Ax

(5-6)

(5-8)

(5-9)

is accurate to terms of the order sz. Similarly, adding Egqs. 5-6 and

5«7 gives

2 = 2

2
(8 Ts) Ts(N +1) -2 TS(N) + TS(N -1
N Ax

9x

which is accurate to terms of the order sz.

Equations 5-9 and 5-10 are used in Eq. 5-5 to obtain

(5-10)



al(N)

The [T N + 1)

1
X;E [TS(N + 1) - 2 TS(N) + TS(N - 1] + =5

- TS(N - 1)] + az(N) TS(N) + a3(N)
+ o (N) ( ) (5-11)

The finite difference approximation of the last term to the left
in Eq. 5-11 is obtained from Taylor series expansions at time P + At/2

evaluated at time P and P + At. Thus

aTs P aTs P + At/2 At P + At/2
% 3c ) "% 3¢ at 43::

At2[32 aTs ] P+ At/2
+ = 5 1% 5% + —— (5-12)
ot
T P + At T P + At/2 5T P + At/2
o 5 - o —= +A\£[_3_ o __s;]
4 ot 4 3t 2 L3t 4 3t
P+ At/2
+é-t—3—-—(d --i) - (5-13)
4 Ly 2174 3e Tk -
t
T P + At/2
Solving these two equations for (a4 522-) .
P + At/2 P P + At
4 9t 2 4 3t 4 ot

which is accurate to terms of the order Atz. Now
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P + At/2 1 ( P P + At
o, =5 oL4 + o, ) (5-15)
BTS P+ At/2 Tl; + At TZ
3t - At (5-16)
aT P oT P + At
P s P + At s .
and a4 T and a4 Y are obtained from the

explicit and implicit formulations of Eq. 5-11, that is

3T\ ©
s R N P P N
(0‘4 ’JE') =-— It m+1) -2T N +T ®-1)]
N Ax
P
o, (N)
1 P P P P
iy [TS(N + 1) - TS(N -1)y] - az(N) TS(N)
- a3(N)P (5-17)
5T P + At P + At
a__s_) e et Tl o B (v -1
4 ot 2 s s s
N Ax
M[T o+ DE A oo Pt ALY ) EFAtg ()Pt
- 2Ax% s T s T % S
_ 3(N)P + At . (5-18)

Therefore, the modified implicit finite difference equation for TS at

interior stations is



P + At P
P + At] (TS(N) B TS(N) ) 1

[o,)F + a, (V) =+t

At Ax
21+ - D)+ a;ii)P [r v+ DY - T - DY
+a,F T +a,mf L nt A L f T
Ax
b1 - HE * Aty al(le: o [T + NEx T - RERIS
+ az(N)P + At TS(N)P + At + a3(N)P + At =0 (5-19)
or
A(N) T (N - npt toey B_(N) TS(N)P +oe c () T (N + nf +Ae
= D (N) (5-20)
where
A = U8’ —amf 820y (5-21)

P + At

B(N) = a, (V) - 2/0%% + K% [aA(N)P +o,m° " B8Y(5-22)

c ) = /A% + al(NjP + At

f

/2Ax (5-23)

4
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P N L
DS(N) = - a3(N) - d3(N) —[ sz - i ]TS(N ~1)
- {a,®F - 2/8x" - 2 g, " + o, T Ay T F
P
a. (N)
1 1 P
-[sz + s ] TS(N + 1) . (5-24)

Interior stations of the uncharred laver.- The modified implicit

finite difference equation at interior stations of the uncharred layer

is obtained by analogy from Eq. 5~19. The resulting equation is

P + At P + At

P+ At +£C' T (N+ 1)
S S

A;(N) TS(N -1 + B;(N) TS(N)

= Dé(N) (5-25)

where

o (N)P + At

24
1/Ax 24x!

AL(N) (5-26)

. _ oaanPH+ Ot 2 1 P P+ At
BS(N) = az(N) - . 5 + At [aa(N) + aa(N) ] (5-27)
P + At
2
Cé(N) = 1/Ax'" + (5-28)

2Ax"
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' P
, _ Lo P Lo P+ At 1 a; () P
DL = - aj()" - aj(N) - [Ax.z = Thx ]'TS(N - D

- {oy* - Z%—z - g5 Lo +azan® * 24 1 an®

X

P
a! (N)
1 1 p
- [Ax'z T ] TN+ 1) (5-29)

Interior stations of the insulation.- The modified implicit

finite difference equation at interior stations of the insulation layer

is similarly obtained as

" P+ At . _, P+ At , P + At
AT(N) T_(N - 1) + BID) T_(N) +CIN) T (N + 1)
= DI(W) (5-30)
where

y , a;(N)P + At
AS(N) = 1/Ax"" - A (5-31)
Bra)) = agf * A s ame? L an® 4 et A (se32)

11"t "2 a']"(N)P + At
CS(N) = 1/Ax"" + Y P (5-33)

' " P
T

D) = - a3’ - ogen® T O L[ —ho T - )
Ax"
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" P 2 - __],-_ " P " P+ At p
- {ay " - Z;:E i 007 + o) (V) 1} T, (M

all (N)P
1 1 P
- [Axuz t AR ] Ts(N +L . (5-34)

Boundary stations.~ Boundary conditions other than a parameter

being specified at a point are employed by combining the governing
differential equation and the equation expressing the boundary
condition to obtain a differential equation which is valid only at
the boundary. The solution of this equation satisfies both the
boundary condition and the governing differential equation,

At the front surfagce (N = 1).- The front surface boundary

condition is

1 s 4

oT
“ 3 |k 3 N = 1= Ienet ~ 9 8 Ts - (5-35)

The second order derivative term in Eq. 5-5 is written as

BZTS ; (BTS)
7 "o \sx | (5-36)
9x

The derivative of the temperature gradient is obtained from Taylor

series expansions at the station N = 1 evaluated at N =2, N = 3,

and N = 4, Thus



= ) R SR

( ) L bt [_a_“_ m] e 69D
N=1 2hlgd \Oxflyan
( ) ) + 2Ax ( + ZAx ( )
N =
+ ———“A"z [33 (BTS)] b2t [-@i- (?-T-‘?-)] + (5-38)
3 L, 3 \ox | 3 4 \ox -
9x N=1 9x N=1

Y O N Y (2, (2]
+ 3Ax
Bx ]N 3 2 \ox Nel
3 3T 4 aT
+ % AxS [-3—3 (-_—)Bxs ] + %—7- Ax? ['B"Z H)xs :L + - (5-39)
9x N=1 9x =1

Solving for ( )

[a (a'rs ] 1 [ (aTs (BTS
= == = - |- 11 [== +18 |==
9x 9% N =1 64Ax ox N =1 9% N =2

(ars (ars\ ]
-9 {2 +2 | (5-40)
1 y-3 %1y =g

which is accurate to terms of the order Ax3. Therefore,
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BZTS T
5 - 11 + 18 %rfi
ax” Iy . N=1 Xfin=2

()N_;z() Jo e

Combining Eq. 5-41 with Eq. 5-5 written for station N = 1 gives

| aT_
[al(N) - 6Ax ] (——_J Ax ) -9 ZZx ox ) 3
3ix gis) -4 + o, (1) T (1) + 0y(1)
+ o) ( ) =0 - (5-42)
1

The temperature gradient at station N = 1 1is given by Eq. 5-35. The
temperature gradients of neighboring stations are approximated by
central difference expressions, The resulting finite difference

equation 1is

11 2 3 3
{[al(l) - Thx ] ks(l) g e, Ts(l) - 2Ax2 + az(l)} Ts(l)

3 3 1
F 21 (2) + - T,(3) - =T ()
4x? o (2Ax2 6Ax2) 4hx

C net
6A k(D [“ 1 - 6Ax ]

(5-43)

|
o
€

(BTS
* o, 5
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Following the procedure used to obtain the modified implicit
finite difference equation for interior stations, the analogous

equation for the station at the front surface becomes

P + At

At 11 2 P + At,.3 3
{{a, (F T 88 - 21, o e_[T_(1) 1° - =2
1 6Ax ks(l)P + At s s 2Ax2
P + At 1 P P + At P + At
+ Otz(l) + At [Ot,‘(l) + a4(1) ]}Ts(l)
+ 3/4Ax2 TS(Z)P + At + (_3_2_ _ __1__5 Ts(3)P + At _ __3__2_ Ts([‘)HAt
2Ax 6Ax LAx
+ _l__ T (S)P + At - - q (l)P - a (l)P + At + [a (l)P + At
2 ’s 3 3 1
6Ax
P + At P
2 P 11, p 2

_ 11, P+ At + [a. ()" - ==]q

A qc,net ks(l)P + At 1 6Ax" “c,net ks(l)P

P11, 2% P.3 3
- {[0!.1(1) ~ 6hx ] P o Es[Ts(l) 1" - —_-5
ks(l) 20x
P 1 P P + At P

+ az(l) - At [0‘4(1) + aa(l) 1} Ts(l)
- 3 T ()" - ( -1 T3 + 3/40x" W ON

4Ax 2Ax 6Ax
-5 1 (5F (5-44)

6Ax

or
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Bl T(E YAt Lo T )ft AL (Bt At
S S S S S S
+ul T(E Ty r Pty (5-45)
s S s S S
where
P+ At
. P+ At 11 . & P + At,3
Bls - [al(l) T 6Ax ] P + At o Es[Ts(l) ]
ks(l)
3 b e @Al o ()P o @f A (5-46)
2 2 At 4 4
2Ax
2
C1 = 3/8Ax (5-47)
c1, = 3 _ 2 > (5-48)
4Ax 12Ax
H1 =- (5-49)
8 8Ax2
I = 1 > (5-50)
12Ax
P P + At P + At 11 gt * Ae
Dlg = = 0,(1)" - a,(1) + [o, (D) = Bhe) qF + At
) P+At
k (1)

P
P 11 P L P
+ [al(l) T 6hx ] qc,net ks(l)P - {[al(l)

_ag et
6Ax ks(l)P s 2Ax

P.3 3 P
o€ [Ts(l) 17 - — + Otz(l)
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1 P P + At P 3
4Ax
-5 - 5o s 251wk
2Ax 6Ax 4Ax
1 P
- T (5) (5-51)
6Ax2 s

At the pyrolysis zone (N = I).- The boundary condition at the

pyrolysis zone is

1 ( aTs ) 1 aTs
-=k == =t AH - v k' =— (5-52)
L Vs 9x N =1 g p & s 0x N=T1"

The second order derivative in the governing equation for char

layer temperature is approximated by a four-point backward difference

expression analogous to Eq. 5-41. Thus

2

557 IOURE LT = I =
+9( ),M_z-z(

Using this equation in the governing equation for char layer

(5-53)

(=)

e

temperature and solving for the char layer temperature gradient at the

pyrolysis zone gives
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s, L1l
N Iy

az(I) Ax TS(I) - a3(I) Ax

FL

+

BTS
a,(I) Ax —— ) (5-54)
4 ot N=1

The analogous expression for the uncharred layer temperature

gradient is

R T o RS | IO

+ a (I) Ax' ( ) + aé(I) Ax' TS(I)
+ aj (1) Ax' + cx (I) Ax' ( ) (5-55)

Combining Eqs. 5-52, 5-54, and 5-55 gives

oT k (D) aT
—S = 1 3 (=2
ot N =1 Ax k (I)OL (1) . Ax' k'(I)a;‘(I) 2 [ (3}( )N -1-1

2'

1o ), e B smaen
- = =5 + = - a,(I)Ax - a,(I)AxT (I
2 ox N=1-=2 1 X fya1 2 s
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] k(1) T
_a(I)Axl+l—é1'nAH- ( ) -%3—2)
XINn=1+2
T 9T
+% (.f\—i) + ai(I)Ax' (-é-—sr) + Ci,')(I)AX'T @9)
Xl N=1+3 R - °
+ aj (D) Ax' (5=56)

which is Yalid at the pvrolvsis zone.

Approximating the temperature gradient of the char layer and the
uncharred layer by four-point backward difference and forward
difference expressions, respectively, and using central difference

approximations for the temperature gradients at interior stations gives

ot N k (I)a (Dax  k'(I)a) (I)Ax’ 2 6Ax
+ S 4

TS(I - 4)

2'

o (1) ) s 3o (D
+ TS(I - 3) - Thn + > TS(I - 2)

k (1)
3 s 3 11
- (z.Ax - 30‘1(1)) T -1+ = (ZAx g 41 (D

k (I)
- az(I)Ax 4+ —— 2Ax (I) - a '(I)Ax! TS(I)
k (Do, (DAx  k'(Da!(1I)Ax'
il . __s 3 __s 3
+ 5 AHp 7 =
k!'(I) 3a, (I)
- Z. (Azx. + 3a'1(1)) T (I + 1) + (32}(, - ; )TS(I + 2)
3 o, (1)
- LAX! - 3 T (I + 3) + 6A ryw TS(I + 4) . (5"‘57)



99

The modified implicit finite difference equation results from taking
an average of Eq. 5-57 written in explicit form and in implicit form.

The result is

P + At P + At )P+At.

ZIS TS(I - 4) + YIS TS(I -3) + XIS TS(I -2

P + At P + At

+ AL T (I -1) + BI_ T_(I)

P + At P + At

+ CIS TS(I + 1) + EIs TS(I + 2)

P + At P + At

+ FIS TS(I + 3) + GL_ TS(I + 4)

DIs (5-58)

where

P + At P + At

—kS(I) /(12 Ax % )

ZI
s

(5-59)

P+At P+At
x

+

P + AtaZ(I)P + AtAx,

k (D) 4D

P+At

k(1)

L

P + At

o, (x)
3 .1 - 1/%

[+ 3
T (5-60)

s [ksu)? + Ata4(I)P + At:Ax k;(I)P + At '(I)P + At ']

2

+
2P + At z'P + At

P + At P + At

k (1)
i
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P + At
30, (x) .
P + At 4 1 P + At
- ks(I) [3Ax 3 ] /% :
XI = (5-61)
s [ks(I)P + At%(I)P + At:Ax ké(I)P + At .(I)P + AtAx']
2 +
;;P + At Q,P + At
P + At P + At
_ kS(I)P + At [M - 30, (D) ] /%
Al = (5-62)
s [:ks(I)P + Ataa(I)P + AtAx ks,(I)P + Ata[:(I)P +TtAx. ]
2 +
2P + At Q'P + At
BI = - —1-+ 1
s At [ks(I)P + At%(I)P + AtAx k;(I)P + Ataz(I)P + AtAx']
2 +
2P + At
P + At
kg (1) S VR R N
P+ At 28x 6 1 2 *)
P + At .
k' (1) [
s 3 i1 ., P+ A, P + At
top v e Lo t e u® o (D) ]} (5-63)
_ k'(I)P + At[ 3 -+ 3a'(I)P + At] /2.'P + At
cI = s L 4Ax 1 (5-64)
s [:ks(I)P + Ataa(I)P + AtAx ks';(I)P + At (I)P + At <" ]
+
2 ILP + At JL'P + At
k (I)P + At[ 4 -+ 3a ,(I)P + Ac:} /z,P + At
EI, = P T At 3 -?-AAt P + At P + At (5-65)
[ksm @, (1) bx  k!(D) a} (1) Ax' ]
2 P+ At + 3 + At
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3 1 P +At) P+ At
FI = —2

s [kS(I)P + Ataa(I)P + AtAx kg(I)P + AtaZ(I)P + AtAx]
2 P + At + P+ At

(5-66)

L L

_ k;(I)P + At/(12 Ax'R,'p + At)

+
P + At 2'P+At

GI (5-67)

L

DI = '
s [ks(I)P + At%(l)P + AtAx k;(I)P + At '(I)P + AtAx']
2

a
+ .4.

[ks(I)P + Ata3(I)P + AtAx

2P+At

P+ Ataé(I)P + AtAx'

1
+ks(1) -l}-ﬁxP+AtAH]
gvP+At 6 g P

P P
. L l:ks(l) 0 (1) P
[k (I)Pa4(I)PAx k'(I_)Pal"(I)PAx'] P
2 S + =3
oF . g'P

' P, |
ks(I) 0L3(I) Ax 11 . P
+ P -G m AH
X 4 P

P, P
T PkS(I)P/2 P P {} 6ix T (I - 4)P
z[ks(l) 0, (D M k(D) o (1) ax’ ]

+
gF QP
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-
,ud 43 P e er P
* 4Ax 3 ] [3Ax t74M :]Ts(l 2)

-4 3a(I):]T(I-1)}

1 k (D) [ 3
- P P v P P, P | 2Bx
z[ks(I) o, (D Ax k! (D (D) bx ] 2

+
oF o'P

k'(I)
- Lo @F -0 AxJ 5 [ZZ’X. + 5 am’

- a' (1) P Ax! 1
aZ(I) Ax] + 5= TS(I)

k () /2'
+

z[ks(l) a, (D) Ax k! (D) ah(I) ] {[“‘"

ZP

+ 3ai(1)P] T_(1 + 1t +[3Ai, - % a'l(I)P] T_(1 + »HF

=3 _1yF P, __1 P _
[4Ax' 3 al(I) ] TS(I + 3) + Xy TS(I + 4) (5~-68)

At the uncharred material - insulation interface (N = 1 + i).—

The boundary condition at the interface of the uncharred material and

the insulation is



( ars)
T m—
ks ox' N

+ Pys

-

>

-—-T ———
T+ 7 2 ( s ox" N

e s B
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oT

" s

=I+J

(5-69)

This equation is combined with the uncharred material temperature

equation and the insulation temperature equation following the procedure

used for the pyrolysis zone equationms,

finite difference equation is

ZP  T_(I+J - 4)

+XP T (I+J-2)
s s

+ BPs TS(I + J)

+EP T (I+J+2)
s’s

P + At

P + At

P + At

P + At

The resulting modified implicit

+ YR T(I+J - pF + A4t

+AP T(I+J-pETAE
S s

+CP_ T (1+J+ P + At

+FP_T_(I+J+ 5P + At

+6p_ T (I+J+4F Ao pp (5-70)
where
k! ()P (12 10 B
Zp_ =
s [%;(I+J)P+At LD T A ke PO (1) P A . ‘1
+ - PyCy L
g1 PHAE QuPHAE HS P, HS

(5-71)
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k;(I+J)P+At/2'P+At[ 3 +al(I+J)P+At/3:]

Ghx'
YP =
] [:k;(I+J)P+At (I+J)P+At X' k;(I+J)P+At ,,(I+J)P+At " R ]
2 + -0 2
GrBHAE e HSCPHS HS
(5-72)
_ k;(I+J)P+At/2'P+At[:§'£-;r+ % ai(I+J)P+At:]
X =
s [k;(I+J)P+At0L (I+J)P"'At Ax' k-S-(I+J)P+At ot (T+7) Pt g . ]
2 + - PaCo &
grPHAt nBHAE HS Py HS
(5-73)
- k;(I+J)P+At/z'P+At [:TA:—" - 301'1(I+J)P+At]
AP = L
s [k;(I+J)P+Ataz(I+J)P+AtAx' k;(I+J)P+At " (I+J)P+AtAx A ]
2 + -
L PHAT B PysC Pug fus
(5-74)
BPg = P+ V) - P+h P+A
[k;(l-h]) Cay (1+0) T A e Co (4 TP A R
2 + = PucCq 2.
2,P+At “ 9,"P+At HS PHS HS]
P+At
k'(I+J)
S 3 il ., P+At _ , P+At ,]
o 1 PHAE [ZAx' - =5 4 (T+D) ay (I+3) " Ax
P+At
K" (T+J) ] |
L 3 l‘l " P+At . " P+At " - .]._
P At [2Ax" + =5 0 (I+D) 5 (1+3) "J( -z 519
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- k's'(1+J>P*A"/rc"P+At[Z—i- ¥ 3a"(I+J)P+At]

Ax||
CP =
s ké<1+J)P+Ataz(1+J)P+AtAx' k'S‘(I+J)P+At o (T+7) EFAtaxn .
2 o PHAT + RY: - pHSCPHSQHS
(5-76)
_ k"('I+J)P+At/2."P+At[-§Ké-.T- g Ot'l'(I+J)P+At]
EP = S X -
s [k;(I+J)P+At (1+J)P+At Ax' k;(I+J)P+Ata2(I+J)P+ Epx" . ]
2 + - P..C 2
2,P+At 2,,P+At HS PHS HS
(5-77)
k;(I+J)P+At/R"P+At[Z-A§w— 1 a"(I+J)P+At]
FP =
s [%;(I+J)P+Ata (I+J)P+At < k;(I+J)P+At "(I+J)P+At " R :]
2 o + Y - pHsCPHS2 S
(5-78)
- (D PR (12 axmen PO
GP =
s k'(I+J)P+At (I+J)P+At Ax' k"(I+J)P+At "(I+J)P+At " R
. S + S p 2
2,P+At 2"P+At HE PHS HS
(5-79)

[:k; (I+J)P+Ata§ (I+J)P+At Ax /2,P+At+ k,, (I+J)P+Ata" (I+3) P+At Ax"/Q,"P+At]

s k'(I+J)P+Ataz(I+J)P+AtAx' kg(1+J)P+At ot (147) PO Ep A
i Yas

+ - pu.C
P+At 2’,,P+At HS PHS

DP

2'

k! 1+ /2

k! (I+J)P+Ataz (1+J)P+AtAx', K" (I+J) P+At o (I+J) P+At " A
= i " PusCe_ s
PHie QnP+At Hs°p

2"



106

{ 6A,T(I+J-4) +[:4A3,+':'L§0L (I+J)]TS(I+J-—3)P

4 .3 P 3 . P P
[BAx +-§cx (I+J):‘TS(I+J-2) -[Z—A—}F-3a1(1+3)]TS(I+J—1)}

1
[F;(1+J)Paz(1+J)PAx' k;(I+J)PaZ(I+J)PAx" . ']
2 + - pPoC, £
1P P HS P, HS
P P
k' (I+J) K" (I+) [
s 3 _ 11 ot P, , s 3
{ g,'P [ZAx' 3 a (I+J) a2(1+J) Ax] + 2,"P SAR"
a"(I+J) - u."(I+J) Ax"]}+ TS(I+J)P
k"'(I'i'J) /zn
+ s
k' P 1 ] P ? (1] P " P 1
[S(I+J) ap (L) “ax' KU (T+I) ol (T+1) Ax ~
2 + -0
Q,P 2',,P HS PHS HS

——3 ! P P 4 _3_ " P P
{[4Axn + 30y (I+7) ] T, (T+J+1) +[-375?-r - 5 o (I+J) :] T (I+342)
3 _1_u g P, 1
'l:an" 3 al(I+J)] TS(I+J+3) Tha" T (I+3+4) } (5-80)

At _the back surface (N = I + J + K).- The back surface boundary

condition is

!
2
———
=
(2
] @
®] 3
@
e
]

€M T (I+J+ )2
N=TI+J+K

gt o ( ) | ¢ (5-81)
HSPCP HSP N=T+J4K °
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This equation is combined with the insulation temperature equation
following the procedure used for the front surface boundary condition
and char layer temperature equation., The resulting modified implicit

finite difference equation is

ZZ T(I+J+K—4)P+At+YZ T(I+J+K—-3)P+At
S s S s
P + At P + At
+XZ T(I+J+K-~-2) +AZ T (I+J+K-1)
S S S S
+ BZ_ TS(I+J+K)P+At= nz_ (5-82)

where
t
ke rr P (12 ax?em
ZZ =
S A P+A - P+At
Do Co R [ (1+3+) THOE 4 L g e QACTHIHK) B! (14+34K) F
HSP Pygp HSP "1 60%" 4 o
(5-83)
Yoo = 4.5 27 (5-84)
Xzg = 8 22 (5-85)
AZg = - Yig (5-86)
P+At 1

2
= " Lo, - —
BZ [6a2(I+J+K) Ax! 9] zz

At
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P+At P+At

3 11
" " ——
o Es [TS(I+J+K) ] [al(I+J+K) + A" ]

2 8 2 a"(I+J+K)P+At N alK1+J+K)P+AtkS(I+J+K)P+At
Pusp Pyop HSP | 1 60%"

2]"

(5-87)

o¢'l'(I+J+1<)P'+At + 11/6Ax"

DZ_ =
s

R pear 11 c,l'lf(I+J+K)P+Atk'S'(I+J+K)P+At
- " —ar _
2 DHSPCPHSPQHSP[al(1+J+K) + ThaT ] o

" P+At | o, P+AL 0
{: Peic a3(I+J+K) k! (T+J+K) /2 :}

dg
Prit | _11

" +]
al(I+J K) Ch"

a'l'(I+J+K)P + 11/6Ax"

{i N aJKI+J+K)Pk;(I+U+K)P :}
2

P 11
o) C L [0 (I+J4+K) + =7 ] -
HSP Py, HSP''1 6Ax g

b OO PRI (TR TR K (1) T /L
q, + +
ag(I+J+K)P + 11/64Ax" a'l'(I+J+K)P + 11/6Ax"

1 2 TS(I+J+K)P - 5 T (I+J+-K-3)P + 4 5 T (I+J+K-2)P
6Ax" LAX" 5 3AX" s

3
4A%

+

T (R-1)F o] —2— = a0 T (0
wl2 s 2AX"2 2 s

G e" [T (1+J+K)P]4 -l (a0t (5~88)
- €s s At s " '
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Char Layer Porosity Equation

The differential equation for the char layer porosity is

an an
+e. n+¢e, + €3 3t

ox 1 2 =0. (5-89)

The second term in this equation may be much less than 1. Therefore,
to assure that the finite difference form of this equation is suitable
for obtaining a numerical solution, the first order partial derivative
is replaced by a forward difference approximation,

The forward difference approximation of the derivative is
obtained from Taylor series expansions at the station N evaluated

at N+ 1 and N + 2. Thus

3%n 2 3 3
n(N + 1) = n) + (%ﬂ) Ax + (——) AxT (9—‘1) Ax” (5-90)
X 2 2 3 6
N ox ox
N
3 52 I 3
n(N+2)=n(N)+z(§'l) bx + 2 23] axt o+ 2 1ER) ax + —— L (5-91)
X 2 3 2
N 9X N ox N

Eliminating the second order derivative from this pair of equations and

solving for the first order derivative gives:

(%% = [-3n() + 4n(N + 1) - n(N + 2)]/2Ax (5-92)
N

. , 2
which is accurate to terms of the order Ax™.
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Combining Egqs. 5-89 and 5-92 gives

5 2 1
[El(N) - TAx In(N) + o n(N+1) - TAn n(N+2)

oan) -
e, () + e (N) (ac) ) 0 (5-93)

which yields the following modified implicit finite difference equation,

P + At P + At

P+ At + E) 1(N42)

B(N) n(N) + C(N) n(N+1)

= D(N) (5-94)

where

P + At

B = 5 [e,0F + e, () ]

+-;— [e, (™) - i ) (5-95)
ca) = -A—)l; (5-96)
E(N) = - A—i; (5-97)
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DM = - 3 [6,0F + e, 07 F A4

3

1 P 1 P P + At P
Y {El(N) - A% " Ae [€3(N) + 33(N) 1)
- oD’ + = nae)’ . (5-98)

Equatioﬁ 5-93 is valid at all stations from N =1 to N=1 - 2,
At N=1I -1 the third term in Eq. 5-93 would contain n(I + 1) which
is not defined. The finite difference equation for station I - 1 is
obtained in a manner identical to that used to obtain Eq. 5-93 except

that the first order derivative is approximated by a two-point forward

difference equation. Thus:

which is accurate to terms of the order Ax. The resulting modified

implicit finite difference equation for station I - 1 is

B(I - (I - DE YA 4y ca - nmE T A - px - 1) (5-100)

where
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B(I - 1) = 73% (e, - DF + e (1 - 1Py 4 e, - pFHhe o 2L
(5-101)
1
C(I - 1) ='Z— (5-102)
X
D(L - 1) = - [e,(I - »F + e, - 1P - {e, (1 - e - L
- ey - D+ e @ - DT T ma - f
o YRGS (5-103)

The single boundary condition for char layer porosity equation is

n(I) =n (5~104)

This identity is used instead of a finite difference equation at

station I.

Pyrolysis Gas Temperature Equation

The differential equation for the pyrolysis gas temperature is

3T aT _
% + BlT + 82 + 83 e " 0. (5-105)

The single boundary condition for this equation is
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T(I) = TS(I) . (5-106)

The forms of the pyrolysis gas temperature equation and its boundary
conditions are identical to the char layer porosity equation and
boundary condition; therefore, the modified implicit finite difference
equation for pyrolysis gas temperature is of the same form as the

equations for char layer porosity., Thus for 1 <N <TI -2

P + At P + At P + At

B(N) T(N) + C(N) TN + 1) + E(N) T(N + 2)

= D(N) (5-107)
where

BOY) = m¢mp+%mW+Aﬁ+%EﬁmP+“-§§](yma

20t
1
cN) = 7= (5-109)
1
E(N) = - 75— (5-110)
b = - 3 18, + 80" YA - L g 0f - 52

+ At

S P P P_1 L P
o [83(N) + 83(N) 13T (N) o T(N + 1) + " T(N + 2)

(5-111)
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and, for N=1 -1,

B(I-1) T - 8% sca-n P YA - pa- 1y
where
B(L - 1) = 3= (8,(x - 1F + 8, - ¥4
+81(I-1)P+At-%-;
c - 1) = 5=
D(I - 1) = - (8,1 - D + 8,1 - ' T - (g - DT
- pa-vPrea-nt T M- nf
-1’

The equation applied at N =1 is

T(I) = TS(I)

(5-112)

(5-113)

(5-114)

(5-115)

(5-116)
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Pyrolysis Gas Pressure Equation
The differential equation for the pyrolysis gas pressure is
2.2

2 2
97 P oP 2 oP
> + Y1 5% + Y, P° + Y5 + Y, 50 = o . (5-117)

ax

Interior stations.- The form of this equation is identical to that

of the solid phase temperature equation; hence at interior stations
the modified implicit finite difference equations for the pyrolysis
gas pressure are written from the finite difference equations for

the solid phase temperature as

2 P + At 2 P + At
AP(N) P°(N - 1) + BP(N) P (N)
+ G0 PPy + 1P T AL D, (N) (5-118)
where
) Yl(N)P + At
AP(N) = sz - e (5-119)
B, (M) = v, )F O AL ACHES AL (5-120)
X
P + At
C.(N) = ==+ SR (5-121)
P B 2 2Ax

Ax
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Y (N)P
_ P P + At 1 1 2 P
D,(N) = - y,(N)" - Y3(N) —[sz ey ]P N - 1)

- Ly, " - 1—27 - 2y, F v, F T AP’
X

P
Y, (N)
1 1 2 P
-[A 5+ e ]P N+1) - (5-122)

Front surface boundary condition (N = 1).- The boundary condition

for pressure at the front surface is

P(1) = Pw (5-123)
or
p2(1) = Pé (5-124)

which is used instead of a finite difference equation at station 1.

Pyrolysis zone boundary condition (N = I1),- The second boundary

condition for the pressure equation is the specified pressure gradient

at the pyrolysis zone -

2
oF ) =2R % (ET—) T (5-125)
N=1 u

ox =
KM N=1

‘ The second order derivative of Eq. 5-117 is written as the

first derivative of the gradient of P2,
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2.2 2

a°p~ _ 3 9P _

3 2 9x | 9x ’ (5-126)
X

The derivative of the gradient of P2 is then approximated by a four-
point backward difference expression obtained from Taylor series
expansions at the station N =1 evaluated at N =1 -1, N =1 - 2,

and N =1 - 3, Thus
2
ch = |11 (—-———31’2 - 18 (
sz 6Ax 9x N =
N=1

2
oP
+9( ) 2(——- ] . (5-127)
X[ N=1-3

Combining Eq. 5-127 with Eq. 5-117 written for station N = I gives

11, . o 3p> 3 [op? .3 [
6bx * Y1 9x _ Ax \dx 20x {ox _
, N=1I Nel-1 N=1=-2

= —_- .

2
. R + v,(I) P7(I) + v,(1I)
3Ax N=1-3 2 3

+ YQ(I) ( ) . (5-128)

In Eq. 5-128 the gradient of P2 at the pyrolysis zone is replaced
with Eq. 5-125 and the gradients at neighboring stations are

approximated by central difference expressions yielding
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12 p2(1 - 4) - 32 P2(I - 3) + 42 P2 (1 - 2)

6Ax 4Ax 3Ax
3 2 3 2

+ P7(I - 1) + [y, (I) - ] PT(I) + v,(D)

4Ax2 2 2Ax2 3

uT ,
N =1
+ YA(I) ( ) . (5-129)
N=1

The modified implicit finite difference equation for pressure at
the pyrolysis zone is obtained from Eq. 5-129 using the procedure

previously outlined. Writing the equation,

px P2(I - )Y T Ot 4 py p2(r - 3P F At 4, p2(p - nF T AL
+ap P21 - DF T g p?()P * A
- DP (5-130)
where
1
PX = (5-131)
12Ax
3
PY = - 5 (5-132)
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PZ = 5 (5-133)
3Ax
AP = - PY (5-134)
_ 1 P P + At 1 P + At
BP = on= [Y4(I) + Y4(I) ] + 2 [y, (1)
_ 3 51 (5-135)
20x
1 P P + At 11
P p.pfur) F
+y. (D R 2 a (B
1 u g Kﬁ
N =1
P+At
_[_EI%"L Y1(1)1’+At] RURP+Atr‘nP+At (_}J_-'I:_)
g KM
N=1

- p2(1 - 4)F + > p2(1 - »HF - 32 pZ(1 - 2)F

12Ax 8Ax 3Ax

p P

-2 Pa-v' -y, -3 -2 @

8Ax 2Ax
+ YA(I)P iy Pf (5-136)

Chemical Species Conservation Equation

The differential equation for conservation of chemical species is

a . [ 2
e By T WLy H A =0 (5-137)
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The single boundary condition for this equation is

Xy

(fni) = - Mi - ﬁlg . (5-138)
N=1 nM N =1

This equation and its boundary condition are of the same form as the

first order equations and boundary conditions handled previously.

Therefore the modified implicit finite difference equation for conserva-

tion of chemical species is written directly as

P + At P + At

Bi(N) ﬁi(N) + Ci(N) ﬁi(N + 1)

P + At
+ Ei(N) ﬁxi(N + 2)

= Di(N) (5-139)

for 1L<N<I-2

where

P + At

! P
Bi(N) = SAt [Ali(N) + Ali(N) ]
1 P + At 3
v 4 ® ~ Zhx ) (5-140)
C.(N) = —= (5-141)
i Ax
N '
B (V) = - o (5-142)
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1 P P+ At
ACEES SURCIREINC ]

1 P 3 1 p
-2 {Al ™ - 20x ~ At [A3i(N)

i

+ A3- (N)P + At

i

1} hy ™ m w+ D

4§ B (N + ¥ (5-143)

and, for N=1 -1,

B, (1 - 1) (I - E *+ o, ¢, - Da(n’ * A D, (I - 1)

(5-144)

where

(- P *oe

P
Bi(I - 1) = ——-[A (r-1)" + A3 ]

i i

+4, (1 - P + A _ %— (5-145)
i X

1
Ci(I -1) = A (?—146)

Di(T-1) =-8, (x-1F-n @-DFFY_@ q-DnF

t i i i
S N T N SO - P -
aal: [A3i (1 -1 + Asi (I -1) ]}m (1 1) Z;-m (1)

(5-147)
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and, for N=1,

X5
B (D) = - M, (_) hy - (5-148)
N=1

nM



CHAPTER VI
SOLUTION OF EQUATIONS

The equations formulated to this point are solved on a digital
computer, The linearized finite difference equations for solid
temperature gnd pyrolysis gas pressure are solved using the method
suggested by L. H., Thomas of the Watson Scientific Computing Laboratory.
Thomas 'method is presented in Bruce, Peaceman and Rachford (Ref. 32).

Consider the finite difference equations for the solid temperature -

At the front surface of the char layer (N = 1):

P + At P + At P + At
Bl T (1) + Cl T (2) + 61 T_(3)

P + At P+ At _
+ HL T_(4) + Il T_(5) = D1, (6-1)

Within the char layer (1 < N < I):

P + At P + At P+ At _ .
AN T_(N - 1) + B_(N) T_(N) + C (N) T_(N + 1) = D_(N)+

(6-2)

At the pyrolysis zone (N = I):

123
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P + At P + At

ZIS TS(I - 4) + YIS TS(I - 3)

P+ At P + At

+ AS(I) TS(I -1) + BS(I) TS(I)

P + At P + At

+ EIs TS(I + 2) + FIs TS(I + 3)

= D_(I)

Within the uncharred material (I < N < I + J):

P + At P + At

A(N) T (N - 1) + B_(N) T_(N)

+ XIS TS(I - 2)

+ Cs(N) TS(N + 1)

P + At

P + At

+ CS(I) TS(I + 1)

P + At

+ GIs TS(I + 4)

(6-3)

P + At_

D_(N)

(6-4)

At the uncharred layer-insulation layer interface (N =1 + J):

P+ At P + At

ZPS TS(I +J - 4) + YPS TS(I +J - 3)

+ AP '17(1+J—1)P+At
S S

+ cP, TS(I+J+1)P+At

+FPSTS(I+J+3)P+At

= DS(I + J)

+ BPS TS(I + J)

+EP T(I+J+2)
S S

+ GPS Ts(I + J + 4)

+-XPS TS(I +J-2)

P + At

P+ At

P+ At

P + At

(6-5)
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Within the insulation layer (I + J < N < I+ J+ K):

P + At P + At

P+ b +C ) T+ 1) = D,

AS(N) TS(N - 1) + BS(N) TS(N)

(6-6)

At the back surface of the insulation (N =1+ J + K):

P + At P + At

2Zg TS(I +J+ K~ 4) + YZ_ TS(I +J+ K-~ 3)

+X_T (I+J+K- 2)P + bt Az T (I +J+K- 1)P + At

+Bz T (I+J+KP+A4t =Dz . (6-7)
s S S

Equation 6-1 is combined with Eq. 6-2 written for stations 2, 3, and

4 to obtain an equation relating Ts(l) and TS(Z) which is valid

at station 1, Also Eq. 6-7 is combined with Eq. 6-6 written for
stations (I + J+ K- 4), (I +J+K-3), and (I +J +K - 2) to obtain
an equation relating T_ (I+J+K-1) and T, (I + J + K) which is
valid at station (I + J + K), Similarly, the interface equations are
combined with equations for neighboring stations to obtain equations
relating the 1nterface temperature to the temperature at the two
adjacent stations. The resulting set of equations is tri-diagonal and

may be written as
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P+ At P+ At _ ' _
Bs(l) Ts(l) + Cs(l) TS(Z) = Ds(l) N=1

P + At P+ At .

AS(N) TS(N-l) + BS(N) TS(N)

+c M) T (DFF At =D (V) 1<N<I+J+K ?(6—8)
S s ()

P+ At

AS(I+J+K)TS(I+J+K-1) +BS(I+J+K)

P+ At - I1+J+K N=I+J+K
'rs(1+1<+1<) Ds( ) J

Thomas' method for solving Eq. 6-8 is equivalent to Gaussian
elimination, but it avoids the error growth associated with the back
solution of the elimination method and it minimizes the storage
requirements for machine calculations. Ref. 30 summarizes the method

as follows: For the set of Eqs. 6-8

let
W(1) = B_(1) | )
W) = B_(N) - A_(N) B(N-1) 2<N<I+J+K (6-9)
B(N) = C_(N) /W(N) 1£N$I+J+K-1
»

and
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G(1) = p_(1)/w(1) .
(6-10)
G(N) = [D_(N) - A_(N) G(N—- 1)]/w(N) 2<N<I+J+K
The solution is
TS(I+J+K)P+At=G(I+J+K)
.(6-11)
P+ At P+ At :

1<N<I+J+K-1.

TS(N) = G(N) - B(N) TS(N + 1)

The finite difference equations for the pyrolysis gas pressure
within the char layer are of the same form as those for the solid
temperature, hence they are solved in the same manner.,

The finite difference equations for the pyrolysis gas temperature,
conservation of chemical species, and char layer porosity differ from |
the solid temperature and gas pressure equations in that the equations
at internal stations are not symmetric with respect to the diagonal
elements. Treatment of the set of equations for the pyrolysis gas
temperature is shown as an example. |

The set of finite difference equations for the pyrolysis gas

temperature is

\

P + At P + At P + At

+ C(N) TN + 1) + E(N) T(N + 2)
= D(N) 1<NZI-2

B(N) T(N)

BI-1 TI-DE @ - TP FASDI - ) (61

T(I)P + At Ts(I)P + At
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Since each equation relates the temperature at a station to the
temperature at forward stations the solution to this set of equations
is obtained directly by working from the pyrolysis zone toward the

front surface. Thus

P + At P + At

T(I) = TS(I)

P + At P + At

(I - 1) = [D(I - 1) - C(I - 1) T(I) 1/B(I - 1)\ (6-13)

P + At P+ At

T(N) = [D(N) - C(N) T(N + 1)

P+ At

- E(N) T(N + 2) ]/B(N) 1sN<L-2.

The differential equation for conservation of mass is solved by
numerical integration from the pyrolysis zone, where the mass flow rate
of pyrolysis gases is known, to the front surface of the char layer. The

transformed mass conservation equation is written in integral form as
I bl 3_ M
. < = _(p) ~-ntk
fa o (m) dx =2 fa AT ) - n 1'RTi i

-V, - (np)] o (6-14)

The term on the left side of this equation is integrated immediately to

obtain

ﬁ,b = ﬁxa + £ f:[%f mp) - ntk RT,: Mi - Vc g—x- (np):] dx ., (6-15)
i 1 _
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If the lower limit of integration is station N and the upper limit is

the pyrolysis zone (N = I), Eq. 6-14 becomes

h(N) = &(I) - & I}I‘(N)[%; (mp) - n § R’I‘iMi] dx
1

I

+ fx(N) v

d
¢ 5% (MP) dx « (6-16)
Equation (4-9) for V., 1is used in the second integral in Eq. 6-16

and the result is integrated by parts to obtain

. . 1 3 _
a(N) = m(I) - 2 IX(N)[ T (mp) - n 22 RriMJ dx

+ VC(I) n(I) p(I) - VC(N) n(N) p(N)
- (o /8o - thslpso) f>I<(N) n o dx. | (6-17)

These sets of»equations were programmed for solution by a digital
computer., As these equations are quasi-linear it is necessary to
iterate to obtain a solution., A total of nine homogeneous and
heterogeneous chemical reactions involving 12 gaseous species plus
solid carbon were considered.

Table 1 shows the chemical reactions, kinetics data, and rate
laws included in the program. Table 2 gives a set of thermophysical

properties data for a typical ablation material (low density phenolic-
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nylon) which was input to this program. Data for viscosity and thermal
conductivity of the gaseous species were obtained from Svehla (Ref. 33).
The viscosity and thermal conductivity of the pyrolysis gas mixture are
computed using the method presented by Brokaw in Ref. 34. Specific
heat and enthalpy data for the gaseous specles and enthalpy data for
the char layer (solid carbon) were obtained from McBride and Bauer
(Refs. 35 and 36).

Appendix A presents a general flow chart of the program. Appendix
B gives program usage instructions including definitions of the input
terminology. The program Fortran 600 statements are presented in

Appendix C. Appendix D defines the program terminology.



Table 1l.- Chemical Reactions Involving Pyrolysis Gases and Char (Pike, Ref. 37).

Reaction

1 1
6 77 Gl t 3 H,

C2H6 g CZH4 + Hz

C2H4 -+ C2H2 + H2

C2H2*2C+H2

C6H6 -+ 6C + 3H2

c+ C02 + 2C0

Cc + HZO > Co + Hz
1 .
NH3 -+ 2 N2 + 1.5H2

NH3 + C > HCN + HZ

CH

(General reaction:

Type
Homogeneous
Homogeneous
Homogeneous
Homogeneous
Homogeneous
Heterogeneous
Heterogeneous
Homogeneous

Heterogeneous

k

aA + bB + ...
k
k = A exp (-B/T)

Rate law

kph
kph
kph
kFA2
kph

kFB

kFB

kFA

kgh

r

nN + o0 + ...)

Frequency factor, A

Activ%fion energy, B

K

7.6 x 1004

3.14 x 1012

2.57 x 108

2.14 x 1010

1.4 x 1001

1.2 x 1012

9.26 x 10°

2.86 x 10°

8.78 x 10°

4,775
3.019
1.157
2,009
2,622
4,282
3.524
3.055

3.885

104

10%

10°

104

104

104

10%

104

104

TeT
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Table 2.- Thermophysical Properties of Low-Density
Phenolic-Nylon Ablation Material (Dow and Bush,

Char

Oxidation kinet

Specific reaction rate constant, kg/m ~-sec—atm

Activation

Ref. 38).

ics (first order) -

energy, OK. T

Mass of char removed per mass of oxygen reaching

the surface.

Heat of combust
Heat of sublima
Surface emissiv

ion, J/kg . . .
tion, J/kg. . . . .
ity « . .

Theoretical density, kg/m3 . . . . .

Porosity at pyr
Proportionality

olysis zone . . . . . .

constant in equation for gas

char heat transfer coefficient, 1/m.

Permeability, m2 . .
ivity, W/m— K, at temperature

278%. . . .

Thermal conduct

833%. .
1110°K. . .
1390°K. . .
1670°K. . .
1940%. . .
2220°K. . .
2500°k. . .
2780°K. . .
3050°K. . .

Uncharred Mater

e e o o
.
.
.
e o e o
.

-
.
.
.
.

ial

Pyrolysis kinet
Specific re
Activation

Effective heat

Specific heat,
311%. . .
367°K. .

423%. . .

478°K.

533%K. . .
5899K. . .
Thermal conduct
300%k. . .
390°%k. . .
500°K. . .
610°K. . .
710°Kk. . .

ics -

e o * o
* o o o
.

action rate constant, kg/mz—sec-atm .
energy, %K. « « « « « . .

of pyrolysis, J/kg. . .
J/kg~°K, at temperature

. . . . . . . « o o

. o e & e e . ® . .

ivity, W/m-°K, at temperature

e o o e o o

4.90x1010

. 4.25x10%

0.75

. 1.20x10/

5.00x107

. 0.80
. 1.43x103

0.85

1.00x10°3
1.00x10-9

NI ONON U
PPN OONO

NONPWNDNHFEFOOO

7.74x1064
1.289x1
1.28x10

1.51x10>
1.80x103
2.07x103
2.264x103
2.28x103

. 2.28x103

0.080
0.084
0.088
0.092
0.094



Table 2.- Concluded
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Initial composition of pyrolysis gases - mole

fraction of
CHA o o o

Hy. .
C%HA.
CoH

2 .
CO.ZC
Hy0 .
NH .
Sl
Cop .
HCN .
CoHg.
CeHg

chemical species at

pyrolysis

zone -

L
L]
L]
[ ]
L]
oo
. . L] » L) L[] . L3 . [ -
ocuooNnO
= v-} O
o FS

jelel=NolleNoloNoN oo

HOOOOO

(=]
~



CHAPTER VII
ANALYSIS VERIFICATION

The developments presented in Chapters IV and V represent the usual
approach to obtaining numerical solutions to differential equations of
engineering and physics. However, the system of algebraic equations
resulting frdm that procedure were found to be unstable for certain
conditions, This problem was overcome by including a graded finite
difference spacing in the char layer and the uncharred layer and by
rewriting the char layer equation (Eq. 4-12) to include the complete

term, H (Ts - T), in the "03" term. The graded finite difference

A
spacing was used to reduce the spacing in regions of large gradients
(near the front surface of the char layer and in the uncharred layer,
near the pyrolysis zone). Numerical solutions have been compared with

exact solutions for a number of simplified cases. The results of these

comparisons are presented in the following sections.

Comparison of Numerical Results With
Exact Solutions
The set of equations whose solution is presented here is too
complex to obtain an exact solution for a general case to check the
accuracy of the numerical analysis. However, exact solutions have
been obtained for a number of simplified problems to serve as a check

of results obtained using the finite difference equations.

134
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The exact solutions employed here are for the following problems
(1) The Laplace equation for P2.

(2) Flow of a constant property, incompressible fluid through
an isothermal slab.

(3) Heat sink case (flat plate subjected to surface heating).
(4) Quasi-steady ablation case,

Laplace equation for P2.— The differential equation governing the

pyrolysis gas pressure in the char layer is given by Eq. 4-47

2.2 2 2
9 P oP 2 9P
2 Vi PP Yt e =0 (7-D)

where the coefficients are not constant. The boundary and initial

conditions imposed on P2 are

2 _ .2 h
P00 = Py
(7-2)
3P2 T )
e = 2 AR H: m
x =1 u KM &
x=1
2 2
P"(x,0) = Pw,O .
-/

Equation 7-1 written for the idealized case of flow of a constant
property, incompressible fluid through an isothermal slab with the
fluid and slab in thermal equilibrium reduces to the Laplace
equation,

v2p2 = 0.
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The solution of the Laplace equation subject to Eq., 7-2 is

21 2R T @ ) 1/2
P = X + Pw 5, (7-3)

Results obtained from Eq. 7-3 were compared with the results from
the numerical analysis for this idealized case. These results are shown
in Fig. 5a aﬁd 5b for Pw = 0,01 and Pw = 0,1 Atm, respectively. Note
that the error is less than 0.02% for each set of results,

Flow of a constant property incompressible fluid through an

_isothermal slab.- The differential equation governing the pyrolysis
gas temperature is given by Eq. 4-30 |

oT aT

-5-;+ BlT + BZ + 83 3¢ - 0 (7-4)
where the coefficients are not constant. The boundary and initial

conditions imposed on T are

T(1,t) = TS for t > 0
(7-5)

The governing energy equation for the idealized case of a
constant property incompressible fluid flowing from a reservoir of

specified temperature through an isothermal slab (Fig. 6) is
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6
[ P, ~
mg L o
5 -
0.018%
Error
4 e
P/P
w
3 . 9
m_ =0.05 kg/m* sec
p =2.75x 1072 N-sec/m2
T =1750°K
9 K =2.0x 10-10 m2
2 =0.01lm
1
] | ] | )|
0 2 4 .6 8 1.0

Figure 5a.- Comparison of results for numerical and exact solutions to
the Laplace equation for P2 with PW =0.01 ATM.
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Error =0.003%

1.15 P
L /AN
rng L
1.10
— ———J
-—.“x
P/PW

rhg =0.05 kg/mz-sec
p =2.75x 10-5 N-sec/m2

1.05
T =17500K
K =2.0x10"10 2
f§ =0.01m
Error = 0.001%
1.00
| ] 1 | 1 |
0 2 4 .6 8 1.0

Figure 5b.- Comparison of results for numerical and exact solutions to
the Laplace equation for P2 with P =0.1 ATM..
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Reservoir of
Incompressible Fluid

Porous Solid of
Constant Temperature
S
e
—t
——
1 —— ]

Figure 6.- Flow of constant property incompressible fluid through an
isothermal slab.
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oT' aT' _
-a-;r-l- AT' +T—O (7-6)
where
T-T )
T':—-———s——
T0 - Ts
x' = x/v P (7-7
A=—l.I_A—-
np
o

and the boundary and initial conditions for T' are

~

T'(0,t) = 1,0 for t > 0

T'(x',0) = 0. ' (7-8)
J

To solve this set of equations the Laplace transform of T

defined by

S

Pa f‘; e St Tr(xte) ae (7-9)

is introduced. Equations 7-6 and 7-8 become
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%f:—, +(A+S)P=0)
P(0,t) = 1./ ? (7-10)
P(x',0) = 0. >
The solution to Eq. 7-10 is
P = exp (- Ax') i-exp (- sSx") ., (7-11)

]

Performing the reverse transformation of Eq. 7-11 gives the solution to

Eq. 7-6 and 7-8 as

T'(x',t) = exp(- Ax') S(t - x") (7-12)

where 0 when 0 < t < x'
S(t - x') = (7-13)

1 when t > x' .

This is just the mathematical expression for a traveling wave of
diminishing strength.

This idealized case was solved with A = 1,0 and &/v = 1.0
using the finite difference equations., These numerical results are

compared with the exact solution obtained from Eqs., 7-12 and 7-13 in
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Figs, 7a and 7b for dimensionless finite difference spacings of 0.001
and 0.01., The comparison with the transient results is favorable for
the fine spacing, but, as expected, the ability to indicate a step
change decreases with increased grid spacing. The steady profile
solutions differ by less than 0.027 for each case.

Heat sink case.- The exact solution for the temperature response of

a flat plate subjected to a constant surface heating is (Carslaw and

Jaeger, Ref. 39)

k t
TS T, ta(k+R)/k s s+2(1-02-2
0 a '
pSCPS(Z + 4")

© n k t
- .2..2.. X L‘:..ll_'cos [am(l - x)] exp [nz n? ~ 8 2] . (7-14)
pSCP L+ L)
s

This equation was used to determine the transient response of a flat:
Plate using the heating rate and material properties listed in Table 3.
Solutions were obtained for the same problem using the finite~difference
equations.

Figure 8 shows a comparison between the numerical results and
the exact solution for time steps of 0.01 and 0.1 second. It can
be seen that the error at t = 2.0 second is less than 2.0% for the

large time step of 0.1 second.
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Exact Solution

IIK e = Numerical Solution

Transient

8k Profile (t = 0.25 sec)
Steady
Profile

6

Transient

T Profile (t = 0.75 sec)

Figure 7a.- Comparison of numerical results with the exact solution for
flow of a constant property incompressible fluid through an
isothermal slab with Ax = ,001,
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Exact Solution
1.0

Numerical Solution

Transient
8 Profile (t = 0.25)
Steady
Profile
.6 \‘
1 Transient
\ Profile (t = 0.75)
T! '
N |
) \
I
. \
\ \
- \ \
.2 \ \
(Y \
\ Iy
\
A \\
& \\ I l 41) l
0 .4 .6 .8 .

Figure 7b.- Comparison of numerical results with the exact solution for

flow of a constant property incompressible fluid through an
isothermal slab with AX = ,01,
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Table 3.- Inputs Used in Exact Solution to

Heat Sink Case.

Quantity Value
q 1. x 10° w/m?
L 0.01 m
L 0.0l m
kg 0.624 W/m*=°K
o 2140 kg/m>
EP 715,16 J/kg-"K

T 300° K
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surface
2
90 X120

Exact Solution

16

12

Numerical
Solution (At =0.1)

Numerical
Solution (At = 0.01)

| | | _]
0 .4 .8 1.2 1.6 2.0

Time,sec

Figure 8,~ Comparison of numerical results with the exact solution for
the heat sink problem.



147

Quasi-steady ablation case.~ A quasi-steady-state ablating system

is one in which the pyrolysis interface and the front surface recede
at the same rate, that is it maintains a constant char thickness, If
in addition the pyrolysis gases are inert, incompressible, and in
local thermal equilibrium with the char layer, material properties of
the system are uniform and independent of temperature, there are no
energy sources, viscous dissipation or diffusion and conditions exist
such that no energy is transferred into the uncharred layer, an exact
solution to the governing mathematical equations can be obtained.

The equation governing the char layer temperature is (Eq. 4-11)

Ps%_ | ot T |k, BZTS
Q-n 5 " Vesx | 2T
S L5 9%
1 3ks oT

s
+ 22 9x ox HA(Ts -T) +n RSH(T)S

+n R.nsHS -n E rt(lr) Aﬂ(r) + (1 -n(A-¢€)

p H
S

The equation governing the pyrolysis gas temperature is (Eq. 4-27)

p,C
1By 9T
n(v/e - Vc)[:f Mi - Ru Zi: pi/Mi % HA(Ts -

ul _= 3t c ox

I T a_rx)+gt_(z pimi) + o
nM i
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9 1 9
- V) % (? pi/Mi{J T+nlH RT 1 z Hl 3x J1
i i i i
2 T J.g.
v XX oV i°1 1 9
- T M, - == 7~— = X + == =q
2 Rwl 17,3 9 W, T2 %

| IE-Y |
na ') + nRs H(T)S + nRhs Hs

P; Cp

nz ™ o g (z i_r 5 p./M.) 3T _ 0, (7-16)
M. u , "i’7i} ot

r h i i i

With quasi-steady-state ablation, %, @ , and hs are constant and

4
mg/Ap = ms/osow
BTS
3¢ ° 0 (7-17)
9T _
5% - °

<

Using Eq. 7-17 with the assumptions of no chemical reactions,
incompressible pyrolysis gases, constant material properties, and no
energy sources, viscous dissipation, or diffusion, Eq. 7-15 and

7-16 reduce to

aT 2

25 . s 4° _
2t ks CPS Ps x kS HA(TS -TD =0 (7-18)
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~ 9T _ -
n(v/% - ﬁas/psoﬁ) [iocP - R, Eil pi/M;| e HA(Ts -T) =0, (7-19)

Equations 7-18 and 7-19 are combined to eliminate the term, HA(Ts - T,

thus

BZTS . [ aT_ .
+ T‘: CPS ﬁls Fraidl (v - mS/pSo) (DCP

o1 |
- R, i(pi/Mi) A |= 0 (7-20)

Invoking the assumption of local thermal equilibrium between the

aT
_ oT s
pyrolysis gases and char layer (T- TS and il veay gives

azrs aT
N 3 + D e 0 (7-21)
X
where
) - pﬁs (A R
D==|& C.L +fh +n—}|c, - — . (7-22)
kS s PS (g ps P ﬁ
o
The solution of Eq. 7-21 is
Ts = C1 + C2 exp (- Dx). (7-23)

The integration constants are determined from the boundary conditions:
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TS(O) = T1
(7-24)
Ts(l) = TI
and the final solution is
. TI - T1 exp (-D) + (T1 - TI) exp (-Dx) (725
s 1 - exp (-D)

The mass loss rates &s and mg and the char layer thickness &

are obtained from this equation with the following equations

(7-26)

A
‘—’
WIw
’-N
(n

j2s}
(@]

1

0
[
[
[a]
O
rmm—

o~

( )

where energy transfer into the uncharred layer is neglected. Thus

p N\
29,
Ap aero
ﬁs = - ST
=
HC + AHP + D (Tl TI)
q
o= 410 (7-27)
€ W + MM +D' (T, -T.)
¢t fHp 17T

k o MH, + D' (T, - T))
= em— ' -
% =7 | Ho + 8H, + D' (T, - T)) | 4n

AHP

J
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where

e

=

S

- A~ RV,
»=c, +|c - (_Q‘_)__DR) (7-28)
S
o]

The inputs used to obtain an exact solution to a quasi-steady-state
ablation problem are listed in Table 4.

Numerical solutions were obtained using the finite difference
equations. The assumption of incompressibility was satisfied by
specifying the pyrolysis gas density to be constant. In an attempt
to satisfy the assumption of local thermal equilibrium between the
pyrolysis gases and the char layer a very large value was used for the

proportionality constant appearing in the equation for H the

A’

convective heat transfer coefficient,

Khv piCPi
H, = === L ——— , (7-29)
A NPr i Mi

Calculations were made using a value for Kh of 5><105 1l/m yet a
temperature difference of 1.5° K exists between the char layer and
the pyrolysis gases at the front surface. These results are compared
with the exact solution in Table 5. Note that the char thickness
and mass loss rates are within 27 of the exact solution.

An additional set of calculations was made in which the pyrolysis
gas temperature was set equal to the char layer temperature and the
term, HA(TS - T), appearing in the char layer equation was replaced

using the following equation
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Table 4.~ Inputs Used in Exact Solution to

Quasi-Steady~State Ablation Case.

Quantity Value

nero 0.8 x 10° W/m?
k, 0.624 W/m?-°k
s, 320. kg/m>
Ao 320. kg/m’

EP 2090. J/kg-°K
EPS 2090. J/kg-°K
51 2222. %k
Ty 556. °K

M 2.324 x 10% J/kg
H, 2.324 x 10° J/kg

M 0.029 kg/g-mole °K
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Table 5.- Comparison of the Exact Solution and the Numerical Solu-

tion Obtained with K, = 5. x 10° 1/m for a Quasi-Steady
State Conditiom.

Parameter Numerical Exact % Error
Solution Solution
. 2 -2 -2
&, kg/m " sec 7.304 x 10 7.185 x 10 1.66
&g, kg/mzsec 7.301 x 1072 7.185 x 1072 1.61

2,m | 2,924 x 1073 2.973 x 1072 -1.65
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1§ . o R aTs
HA(TS - T) = .Pj mg - npmS/pso [Qp - i_-d— -&——] . (7=30)
Thus the assumption of local thermal equilibrium between the pyrolysis
gases and the char layer was satisfied. Results from this set of
calculations shown in Fig. 9 are within 1% of the exact solution.

Note that the system reached a quasi-steady-state condition after only

30 sec. The near discontinuity in the surface removal rate curve
illustrates the three regimes of mass removal at the surface. The
initial segment of the curve represents that portion of time when
oxidation of the char layer was governed by the exponential rate
equation. The second portion of lesser slope represents the time

period when the rate of oxidation of the char was governed by the rate

of diffusion of oxygen through the boundary layer. The final portion

of the curve represents the time during which the char layer was

subliming.
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Figure 9.- Numerical results for mg, &g, 2, surface temperature, and
pyrolysis temperature for a case run to quasi-steady-state
condition.



CHAPTER VIII
RESULTS AND DISCUSSION

The analysis of heat transfer and ablation mechanisms present in
ablative thermal protection systems during entry is of major importance
in the design of heat shields for aerospace applications. The role
that ablation analysis plays in the total program of heat shield
design is shown in Fig. 10. The first stage of the program involves
defining the entry environment. This definition is obtained from tra-
jectory analysis experts, Once the environment is defined a heat
shield material can be selected - the material may be one of a family
of existing materials or it may be necessary to develop a new material
which possesses characteristics required for a particular trajectory.
Thermo-physical property data are then obtained., The definition of the
environment and the material characterization are then used in a com
puter program to determine the response of the material to entry
conditions. Because of uncertainties in the material characterization
and simplifying assumptions made in the analysis, it is necessary to
have checks on the results. Initially, the material is subjected to
simulated entry conditions in our ground test facilities., Later the
material may be flight-tested. There frequently is feedback from the
analysis and ground test phases to the materials development phase to
obtain improved materials, It is sometimes necessary to adjust the
property data which typically contains many uncertainties to obtain

good agreement between numerical and experimental data. Once the
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Figure 10.- The role of ablation analysis in the design of thermal
protection systems for aerospace applications.
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computed results are found to be satisfactory the analysis is used to
determine the amount of ablation material required for the mission.
Results from a typical computer calculation for an ablation system
subjected to a square heat pulse are presented in Figs. 11-13 as an
illustration of the type of data available from this analysis. The
heating rate, enthalpy, and pressure histories for this calculation
are given in Table 6. The ablation system properties considered in
this calculation are those given in Table 2. Figure 11 shows time
histories of surface removal rate, pyrolysis rate, char thickness,
char surface temperature, and pyrolysis gas temperature at the surface
for this calculation. Of particular interest in Fig. 11 is the
short time during which the mode of performance is highly transient.
After 100 seconds the temperature and mass transfer rates are changing
much slower than initially. The spike in ﬁg occurring at 10 sec
corresponds to the rapid increase in system temperature at initiation
of heating. The sharp drop in ﬁg results from the growth of the char
layer which insulates the pyrolysis zone and the blocking effect of the
pyrolysis gases which reduces the rate of heat transfer to the char
surface. The substantial difference in temperature of the char and
pyrolysis gases at times lesg than 50 sec results from two factors —1)
Because of the thin char 1a§er at early times, the fluid mechanical
time is very small as is the energy transfer per mass of pyrolysis gas;

and 2) For very low surface pressures, the reduction in gas temperature
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Table 6.~ Trajectory Data Used in Making Calculation for a Typical
Ablation System.

Parameter Value

2
qc,w/m , at

time, sec

0 2,162 x 102
10 8.0 x 10g
1000 8.0 x 10

2
Pw’ N/m®, at

time, sec

0 1.0 x 10:2

9 1.0 x 10,

29 9.0 x 107,

39 1.0 x 10",
1000 1.0 x 10
H_, J/kg 3.1 x 10°
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time, 102 sec

Figure 11.- Typical time histories of mg, m,, £, surface temperature,
and pyrolysis gas temperature at the surface for an
ablation system subjected to a square heat pulse,
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associated with expansion of the pyrolysis gas flowing through the char
layer is appreciable. The rate controlled and diffusion controlled re-
gimes of surface oxidation are obvious in Fig. 1l1. The initial steep

slope (highly temperature dependent) is associated with the rate controlled
oxidation regime. The ﬁs curve undergoes an orderly transition on the
much flatter region which corresponds to the diffusion controlled

oxidation regime.

Figures 12 and 13 show profiles of pyrolysis gas temperature,
molecular weight, mass flow rate, and pressure and char layer temperature
and porosity at times of 50 and 500 sec, respectively, for the case
whose data are presented in Fig. 11. Note that x = 0 is the char layer
surface and x = 1 is the pyrolysis zone. Of particular interest in
Fig. 12 is the greater temperature difference between the char layer and
pyrolysis gas near the pyrolysis zone. The difference in temperature is
greater in this region because of the larger gradient in char layer
temperature. As the pyrolysis gas temperature increases to about 1200°
K the chemical reactions and mass transfer processes within the system
become significant. The decrease in molecular weight results from a
breaking down of larger molecular weight species and loss of carbon
through deposition of solid carbon in the porous char layer. The rate
of carbon deposition is reflected in the reduced local mass flow rate
(). The net carbon deposited is indicated by the porosity profile.

The profiles in Fig. 13 are of the same form as those in Fig. 12,
Because of the larger char layer thickness at 500 sec the pyrolysis gas
temperature is nearer the char layer temperature in the region near

the surface.
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Figure 12,.,- Profiles of pyrolysis gas temperature, char layer
temperature, pyrolysis gas molecular weight, char
porosity, local mass flow rate, and pyrolysis gas
pressure at a time of 50 sec for the case repre-
sented in Fig. 11.
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CHAPTER IX

SUMMARY

The differential equations governing the transient response of a
one-dimensional ablative thermal protection system undergoing stagnation
ablation have been derived for the general case of thermal non-
equilibrium between the pyrolysis gases and the char layer and kineti-
cally controlled chemical reactions and mass transfer between the
pyrolysis gases and the char layer., The boundary conditions have been
written for the particular case of stagnation heating with surface
removal by oxidation or sublimation and pyrolysis of the uncharred layer
occurring in a plane.

The governing equations and boundarv conditions have been solved
numerically using the modified implicit method (Crank-Nicolson method).
Exact solutions were obtained for a number of simplified problems.
Numerical results compared favorably with exact results in every
instance.

Numerical results were presented for a typical ablation system
subjected to a square heat pulse. The effects of chemical reactions

and mass transfer are pronounced.
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APPENDIX A
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APPENDIX B
PROGRAM USAGE INSTRUCTIONS

This program calculates the transient response of a one-dimensional
ablative thermal protection system subjected to stagnation heating. It
treats thermal non-equilibrium between the pyrolysis gases and the char
layer, mass transfer between the fluid and solid phases, and a total of
nine chemical reactions involving twelve gaseous species plus solid
carbon. Surface removal by oxidation or sublimation and pyrolysis of
the uncharred material occurring in a plane are considered. It con-
siders a single layer of ablation material backed up by a single layer
of insulation material with heat sinks between the ablation material
and the insulation and behind the insulation, A maximum of 50 stations
each may be considered for the char layer and the uncharred layer of
the ablation material and a maximum of 10 stations may be considered

for the insulation.
INPUT

FORTRAN IV NAMELIST with the names PERM, PIKUP, and LIST is used
to load the input data. PERM contains- physical constangs, program
constants and tables of thermodynamic and chemical kinetics data which
are considered to be permanent inputs, PIKUP contains initial solutions
plus selected program constants and material properties, These data

are changed when beginning a computer calculation at some time other
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than 0. seconds. LIST contains those data and system parameters which
are most frequently changed from one calculation to another. The
following list contains the input variables with the dimensions used

in the program.. The NAMELIST name containing each variable is indicated

in its description. The size of an array is limited to the dimensions

stated.

FORTRAN

VARIABLE DESCRIPTION

AC Specific reaction rate constant for first order oxidation
of char layer (LIST).

ACEF(12) Specific reaction rate constant for forward chemical
reaction (PERM),.

ACER(12) Specific reaction rate constant for reverse chemical
reaction (PERM).

AEXP Specific reaction rate constant for pyrolysis of uncharred
material (LIST).

ALFC Weight factor for transpiration effectiveness of mass
removal by oxidation or sublimation (LIST).

ALFP Weight factor for transpiration effectiveness of pyrolysis
gases (LIST).

ALPHA Absorptivity of char surface (LIST).

BC - Activation temperature for first order oxidation of char
layer (LIST).

BCEF(12) Activation temperature for forward chemical reaction

BCER(12) Activation tempefature for reverse chemical reaction
(PERM) .

BEXP Activation temperature for pyrolysis of uncharred material
(LIST).

CE Mass fraction of oxygen at edge of boundary layer (LIST).
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CPKT (40,12) Table of gaseous species heat capacity versus temperature

CPPPV

CPPT (40)

CPSV

CRNI

DHC
DHP
DIFER

DRHO

DX

DX1

DXP

DXP1

DXPP

EPSP

EPSS
ETA(50)
HC

HE

(PERM) .
Constant heat capacity of insulation layer (LIST).

Table of uncharred material heat capacity versus
temperature (LIST).

Constant heat capacity of char layer (LIST).

Crank-Nicolson factor, 1/2 for modified implicit solutions
(PERM),

Heat of combustion of char layer (LIST).
Heat of pyrolysis of uncharred material (LIST).
Convergence criteria for solid temperature equation (PERM),

Difference in density of uncharred material and density
of char layer at the pyrolysis zone (LIST).

Time increment (PIKUP).

Distance between finite difference stations in char layer
in region of course grid spacing (PERM).

Distance between finite difference stations in char layer
in region of fine grid spacing (PERM).

Distance between finite difference stations in uncharred
layer in region of course grid spacing (PERM).

Distance between finite difference stations in uncharred
layer in region of fine grid spacing (PERM).

Distance between finite difference stations in insulation
layer (PERM).

Emissivity of radiating heat sink surface behind insulation
layer (LIST).

Emissivity of char surface (LIST).
Porosity of char layer (PIKUP).
Heat of sublimation of char layer (LIST).

Enthalpy of free stream (LIST).
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HKT(40,13)
HSTT (40)

HTSK

HTSKP
I
IL

IOPTI
IOPTP
IOPT1
12

ITR

JK
KPPI

KPPV

KPT (40)
KSPI

KSP1

KST(40)

KT

KUPT (40,12)
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Table of gaseous species enthalpy versus temperature (PERM) .
Table of char layer enthalpy versus temperature (PERM).
Value of pa £ for heat sink at uncharred layer insulation
layer interface (LIST).

Value of p§p2 for heat sink behind insulation layer (LIST).
Number of finite difference stations in char layer (PERM).
Thickness of insulation layer (LIST).

Trigger for selecting method of computing pyrolysis rate
(LIST).

Trigger for selecting method of determining wall pressure
(LIST).

Trigger for selecting method of computing surface removal
by sublimation (LIST).

Total number of finite difference stations in char layer,
uncharred layer and insulation layer (PERM).

Maximum iteration count (LIST).

Number of finite difference stations in uncharred layer
(PERM) .

Thermal conductivity of uncharred layer at pyrolysis zone
(PIKUP).

Constant thermal conductivity of insulation layer (LIST).

Table of uncharred material thermal conductivity versus
temperature (LIST).

Thermal conductivity of char layer at pyrolysis zone
(PIKUP).

Thermal conductivity of char layer at surface (PIKUP).

Table of char layer thermal conductivity versus temperature
(LIST).

Number of gaseous species considered (PERM).

Table of gaseous species thermal conductivity versus
temperature (PERM).
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L Initial thickness of char layer (PIKUP).

LAM Ratio of mass char layer removed to free stream oxygen
consumed in first order oxidation of char (LIST).

LP Initial thickness of uncharred layer (PIKUP).
LPMIN Minimum thickness of uncharred layer (PERM).

M(13) Molecular weight of chemical species (PERM),

MCPP Order of interpolation in CPPT (LIST).

MFK(50,12) 1Initial mole fraction of gaseous species (PIKUP).

MFKI(12) Mole fraction of gaseous species at pyrolysis zone (LIST).

MGDOT Initial rate of pyrolysis of uncharred layer (PIKUP).

MKP Order of interpolation in KPT (LIST).

MKS Order of interpolation in KST (LIST).

MNO Order of interpolation in HSTT, HKT, CPKT, MUKT and KUPT
(PERM).

MQC Order of interpolation in QCTAB (LIST).

MSDOT Initial rate of surface removal (PIKUP).

MSQPT Order of interpolation in SQPT (LIST).

MUKT (40,12) Table of gaseous species viscosity versus temperature (PERM).

NCPP Number of entries in KPT (LIST).

NKS Number of entries in KST (LIST).

NNO Number of entries in HSTT, HKT, CPKT, MUKT and KUPT (PERM).
NQC Number of entries in QCTAB (LIST).

NRCT Number of chemical reactions considered (PERM).

NSQPT Number of entries in SQPT (LIST).

P Initial pyrolysis gas pressure (PIKUP).



PMV
PRNTFRQ
PROPC
PTIME
QCTAB (40)
QRS

RAD
RHOPPV
RHOST

RU

SGMA

SQPT (40)
T

T1BAR
TCPP (40)
TEMP (40)
TIBAR
TIME
TIMET (40)
TKP (40)

TKS (40)

TMPRESS (40)

TRAB

TREF

TS
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Constant permeability of char layer (LIST).

Time interval for printing output (PIKUP).
Proportionality constant in expression for HA(LIST).
Time at start of calculation (PIKUP).

Table of cold wall heating rate versus time (LIST).
Radiant heat transfer at surface (LIST).

Vehicle nose radius for hypersonic velocities (LIST).
Constant density of insulation layer (LIST).
Theoretical density of char layer (LIST).

Universal gas constant (PERM).

Stephan-Boltzman constant (PERM).

Table of square root of wall pressure versus time (LIST).
Initial pyrolysis gas temperature (PIKUP).
Sublimation temperature of char layer (LIST).
Temperature table for CPPT (LIST).

Temperature table for HSTT, HKT, CPKT, MUKT and KUPT (PERM),
Maximum temperature of pyrolysis zone (LIST).

Time at start of calculation (PIKUP).

Time table for QCTAB(LIST).

Temperature table for KPT (LIST).

Temperature table for KST (LIST).

Time table for SQPT (LIST),

Trigger for selecting blocking approximation (LIST).
Transpiration effectiveness (LIST).

Initial char layer temperature (PIKUP),.
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OUTPUT

The computed results are available in tabular form. The following

tabular data are printed at time intervals determined by the input

PRNTFRQ.

11,

12,

Time, sec.

Current time increment, sec,.

Number of iterations required to obtain solution.
Temperature of char layer surface, K.

Temperature of pyrolysis gases leaving char layer, K.

Ratio of energy conducted into char layer to cold wall heating

Surface removal rate, kg/mz-sec.

Rate of pyrolysis of uncharred layer, kg/mz—sec.
Pyrolysis gas mass injection rate at surface, kg/mz-sec.
Char layer thickness, m.

Uncharred layer thickness, m.

Temperature at each station of char layer, uncharred layer

and insulation layer, K.

13, Porosity of char layer at each station.

14, Pyrolysis gas temperature at each station, K.

15. Pyrolysis gas pressure at each station, N/mz.

16, Mole fraction of gaseous species at each station,

17. Average molecular weight of pyrolysis gas at each station,,
kg/m-mole.

18, Mass flow rate of pyrolysis gases at each station, kg/mz-sec.



APPENDIX C

PROGRAM IN FORTRAN 600 STATEMENTS
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PRUGRAM ABLATE(INPUT,yOUTPUT,,TAPES=INAUT,TAPE2=0JUTPJIT)

A NUMEKICAL SOLUTION OF THE DIFFERZNTIAL EQUATIONS GOVERNING THE
TRANSIENT RESPONSE OF A ONE~-DIMENSIONAL ABLATIIN SYSTzM INCLJDING
EFFECTS OF THERMAL NON-EQUILIBRIUM, MASS TRANSFER, AND CHEMICAL
REACTIONS .

REFERENCZ-- C(LARK, RUONALD K.- A NUMERIICAL ANALYSIS OF THE TRAN-
SIENT RESPONSE OF AN ABLATION SYSTEM INCLUDING EFFEZCTS OF THER-
MAL NUN-EQUILIBRIUM, MASS TRANSFER, AND CHEMICAL KINETICS.
JOCTOR JF PHILOSOPHY DISSERTATIIN, VIRGINIA POLYTICHNIC IN-
STITUTE AND STATE UNIVERSITYy BLACKSBURG, VA. 1972,

PRIMARY INPUTS

vAC 4ZAT OF COMBUSTICON OF CHAR LAYER

DHP HEAT OF PYROLYSIS

DRHO DENSITY CHANGE ACROSS PYROLYSIS INTERFACE

o7 TIME INCREMENT

EPSP BACK SURFACE EMISSIVITY

EPSS C44R SURFACE EMISSIVITY

HC HEAT OF SUBLIMATION 3F CJH4AR LAYER

HE ENTHALPY OF FREE STREAM

HT SK VALUE OF THeRMAL CAPACITY OF HEAT SINK AT BACK JF
UNCHARRED MATCRIAL

HTSKP VALUE OF THERMAL CAPACITY OF HEAT SINK AT BACK JF
INSULATION LAYER

10PTI TRIGGER FOR SELECTING MZTHOD OF (COMP2UTING PYROLYSIS

RATE. (IOPTI=0 NO RESTRICTION ON TEMPERATURE IJF PY-
ROLYSIS ZONE~ PYROLYSIS RATE COMPUTZID JUSINSG ARR-
HENIUS TYPZ RATE EQUATIJN, [0PTI=)1 TEMPERATURE JF
PYRJLYSIS ZONE LIMITED TJ TIBAR=- PYOLYSIS RATE (OM-
PUTED USING ENERGY BALANCE WHEN TS(I)=TIBAR)

10PT1 TRIGGER FOR SELECTING MIDE OF BEHAVIOR OF SURFATE
TEMPERATURE DURING SUBLIMATION. (I10PT1=0 NO RE=-
STRICTION ON SURFAC:Z TEMPERATURE, I0PTl=1 SURFACE
TEMPERATURE LIMITED TJ T1BAR)

PP BPPPPDPLPDPDDPDLOLPLDODPDLDPRPEPERPPRPDPRPRPRPPEPDPPES>
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IuptP TRIGGER FOR SELECTING METHOOD GF COMPUTING WALL PRES-
SURE. (IOPTP=1 USE TABLFE LOOXUP, IJPTP=0 COMPUTE
wALL PRESSURE FROM HYPERSONIC FLOW THEJRY)

KT NUM3ER OF GASEOQUS SPECIZS CONSIDEZR:=D
Lop INITIAL THICKNESS OF UNCHARRED LAYER
NRCT NUMBER OF CHEMICAL REACTIONS CONSIDERED
QCTAB TABLE OF COLD WALL CONV=CTIVE KHEATING RATE VS TIME
QRS RAJIANT AEATING RATc
RAD RADIUS OF BODY
KRHOST THEJRETICAL DENSITY OF CHAR MATEZRIAL
SQPT TABLE OF wWALL PRESSURZI VS TIME
TIBAR MAXIMUM TEMPERATURE OF PYROLYSIS ZONE JStD WITH
T1BAR SUBLIMATION TEMPERATURE OF CHAR LAYER
CHEMICAL SPECIES IDENTIFICATION-
le CH4 2. H2 3. C2H4
4, C2HZ2 5. (O 6. H20
7« NH3 8. N2 9. C32
lJ. HCN li. (246 12. CoHS

13. € (SOLID)

FUR DOUBLE SU3SCRIPTEU QUANTITIES~ FIRST SUBSCRIPT REFERS T3
RZACTION, STATION, OR TEMPERATJRE AND SECIND SUBSCRIPT RE=ZRS
TO CAEMICAL SPECIES.

DIMENSION ALP4A1(110), ALPHA2(1L10), ALPHA3(110), ALPHA4(110), ARH{(
150)y ALPHB3(Ll1J)),y ALPHB4(110), ALPHPL(110)y ALPHPZ2(110), ALP4P3(11
20)y ALPHP4(110), BETAL(50), BETA2(3J), BETA3(5)), YP(50), BRH(50),
3 BETB3(50), BETPL(50), BETP2(50), BETP3(50)s CPK(50412)y BET32(50)
4y CPKT(40,12)y TPKTV(40), CPP{100)s .PPT(40)y CPS(5D3)y ALL1(5)), DE
582(50,12)y DE33(50)y DELL(50,12)y JEL2(50,12)y DZL3(50)y DEPL(50,1
62)y DEP2(50412), DEP3(50)y OETADX(50)y AB2(50)y R0+4M(50)» DKPDX(10
70), OKSDX(50}), JDVDX(50), AB3(50),y TP(52), HA(50), PAMGDOT(50+12),
BEPSB3(50)y HK(50413)y, HKT(40913)y HKTV(4O)y HRSUM(50), HS(50)y HST

PP DPIPLPDPDIDDDPROPLPRPPDDPPIPPEPDDPEPDEEDEPPRPRPRRD

37
38
39
40
41
42
43
44
45
456
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

08T



9(50)y APL(50)y HSTT(4U}y KG(50)y K2(L00)y KPT(40), KS(52}, P(50),
$TIMET(40), QCTAB(40), TMPRES(40), SQPT(40), TCPP(4)), TKP(40), EPS
$PL(50)y RHOP(L10J),y RM(50),y ROM(50), TS(110), £EPSAL1(50)y EPSA2(50},
$ TSP(110), VI(53J)y MFKI(12), EPSA3(50), EPSP2{(52), EPSP3(50), EPSB?2
${(50), PROM(50)y AMDOT(50), AP(50), K>P{110),y CPPP(110), RHOPP(110}
$y DRODX(50), YETA(50)y NRHOK(12)s AT(5J)y ATS(112), YTS(110), YT(S
$0)y YRHO(50), YRHOK(S50,12)y TKS(40)y KST(40), PTS(L10)y PT(5D), VC
$(50), UMBROX(20)y DTDX(500y AINTL(50)y AINT3(50)y SPEZIZS(13)

COMMON ACEF(12)yACER(12)+BCEF(12)+BCER(IL12)4CRNI Wy KUPT(40,912),<JPTV{
1409y MUL3) g MFK(9J912) yMNUSJNNOyMUL 50} ¢y MUKT( 409 12) s 4UKTV{ 40) 4PR(50) 4R
2(90412) yRHOL(S0) y RHOK(50912) yRHOKP(32412)9T(50)yTEMP(40)yNRCTH<T,RU
3yNSTEPHRITPM(50)9RS(50) yRHR(50412)yRAS150) yDHK(50912)9yD4J(50+12)4H
4RJSUM(50)

COMMUN /PDJc1l/ ALPHIL1»ALPHI2yALPHI3, ALPHI4,ALPHIPL,ALPHIP2,ALPHIP3,
LALPHIP4»GAMMT L ,GAMMI2 ) GAMMI 4, GAMMIP ] ,GAMMIP2,5AMMIP3,GAMMIP4, SGMA,
2DXy ALPHALy ALPAHA2  ALPHPL yALPHP2y ALPHB3, ALPHBGyDT oL 1 Q,<SyLP,QPTLKSP1
39TSPsOXPoIPy 14109 INsICLyKP4LPPyLPPP-KSPI KPPI ,MGDOT yDHP,MGDOTP,QNE
4T yQPNETyKPPIPyGAMMI3, IMy EPSSyEPSP4OX1yDXP Ly ALPHA %, ALPHP3,ALP4P4, AL
5PHA3 HTSKyHTSKPLIOPT1,I0OPTI,TIBAR,TI3AR

COMMON /POP/ PALL(50),PAL2(50)9PAL3(50)+PAL4(50),PAPL(50),PAP2(50)
LyPAP3(50) +PAP4(5)) 4PAR3 (50) +PAB4{50)+PWPyPP(52),PM(5)),PMU,PPY,PRH
20(50)+ETA(S50)+=TAP(50))AVGMF(50) yAVGMUFP(50)

COMMON 7TS/ IPLyIZ1+KPPyGAMIPL1,GAMIP2,GAMIP3,GAMIP4,GAMIPP1,3AMIPP
12,GAMIPP3,GAMIPP 4 ,KAPIPL 4KAPIP24KAPIP3,KAPIP4,KAPIPPL,KAPIPP2,1IL K
2APIPP3KAPIPP4,DXPPKPPPIPyKPPPIZ,12

EQUIVALENCE (cPSAz,EPSB24+EPSP2), (AB3,DER3)

REAL KSsMU MUC o KPPVyKPoMyLoyLP ¢MSyMSDIT ¢yMGDOTyMPDIT,KSTsKPT,KUPT yMU
LIKTV ¢ MUKT ¢ KUPTV ¢ KG gLAMy KA G LPPyMFKI o LPPP ¢ MFKy MGDOTP KPP I 4KSPI KSP1,K
ZPPIPyIL yKPPyKPPPIZyKPPPIPJKAPIPLyKAPIP2yKAPIP3,KAPIP4,KAPIPPL,KAP]
3PP2+KAPIPP3I4yKAPIPP4y LPMIN,MSDGTP

NAMELIST /PERM/ SGMA, 1 4JKyCRNIyKT4yRUyMyACEF,BCEFyNRCT,ACER,BLER, DX
11yDXyOXPyDXPPy IZLyGIFERyDXPLyLPMIN,yTEMP yMNOyNNOyHSTT 9CPKT HKT o KUPT,
2MUKT,SPECIES

NAMELIST /PIKUP/ TSePyTHETA MGDOT¢yMSIOToMFKyLgyLPy TIMEZPTIME, DT KSP

PPEPPPEPPDPPLBPPIPPDPLPPRPLPDPPPDLDPRERPERPPDPBDD DD

72
73
T4
75
16
17
78
79
80
81
82
83
84
85

B6

87
83
89
99
91
92
93
9%
95
96
97
98
99
100
101
102
103
104
105

181
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11,KSPIyKPPI,PRNTFRQ
NAMELIST /LIST/ PKOPCyALFCyALFPyALPHA,DHCy ITRyQRSyEPSSHEPSP4HCIyRHO
1STyRAD,T1BAR,D4PyLAM,CE,AC¢BCyHETREF,TRAByMFKI yAEXPyBEXP,IL,CPPPV
2 1KPPVyRHOPPV s HTSKy HTSKPyCPSV yPMV yKPT 9 TKPyMKSyNKSyKST4CPPT,TCPP4MCP
3PyNCPP ¢ MKP 4 TIMET QCTAB yMQC ¢NQC oy TMPRES ySQPT yMSQPT oy NSQPT, TKSyNK P, IOP
4T1,10PT1,TIBAR,IOPTP,DRHO
READ INPUT DATA
READ (5,PERM)
READ (5,.PIKUP)
READ (5,LIST)
INITIALIZE PRIGRAM CONSTANTS
KTT=KT+1
KM=KT=2
IM=]~1
IN=T+]
IN2=1+2
IP=1+JK
101=1P-1
10=1P~-2
NITC=0
‘NITA=0
MS=M(13)
AINTL(I)=0.
AINT3{(1)=0.
IPi=1P+1
I1Z1=11~-1
NIT=0
NITG=0
ICHCOM=0
NTIME=0
CONVERT INPUT DATA TO PKOPER UNITS (SYSTEM INTERNATIONAL)
DATA FOR HEAT CAPACITY OF CHAR LAYER- SOLID CARBIN- ARE INPUT
IN UNITS OF JOULES/KILOGRAM (.012 KILOGRAM/G-MOLE)
DATA FOR HZ AT CAPACITY AND ENTHALPY ARZ INPUT WITH ENERGY IN
UNITS OF THERMOCHEMICAL CALORIE (%.184 J/CAL)
DATA FOR ViSCISITY OF GASEUUS SPECIES ARE INPJUT IN UNITS JF

|

PPPPDPDPIPPDDPPPPP>PPRP
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106
107
108
109
110
111
112
113
114
115
116
L17
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
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POISES (0.0000001 NEWTON=-SECOND/METER SQ PER POISE)

CPSV=.012%CPSV

DO 1 K=14NCT
BCEF(K)}=4.134%8CEF(K)
ACER(K) =0,
BCER(K)}=4.184%3CER(K)

D0 2 N=1,NNO
HSTTI(N)=HSTT(N)*4.184

DO 2 K=14+KT
MUKTIN, K} =MUXT(N,K}*1.E-T7

KUPTINyK)=KUPT(NyK)®4,184E-4

IF (KeGT.KM) GO TO 2
CPKT(NyK)=4.184%CPKT(N,K)
AKTANyK)=4.184%HKT(N,K)
CONTINUE

DO 3 N=1,NNO

WKITE INPUT DATA
HKT{Ny13)=64.184%4HKT{(N,13)
WKITE (29PERM)

WRITE (2+PIKJP)

WRITE (2,LIST)

INITIALIZZ ALL PARAMETERS
KS({1)=KSP1

KS(I)=KSPI

KP{1)=KSP]

MGDOTP=MGDOT

MSDOTP=MSDCT

LPP=L

LPPP=LP
QPNET=SGMA*EPSP*TS(1Z2)%%4
DO 6 N=1o1

DETADX{(N)=0.

DRODX(N)=0.
AMDOT(N)=MGDIT

PP(NI=P(NJ

)

PPPBPPPPDPLPEPPDPLOLPRBPDPEPRPPRPPRPPPI>PPPP>»DP P

142
143
l44
145
146
147
148
149
150
151
152
153
154
155
156
157
159
158
160
lel
162
163
164
165
166
167
168
169
170
171
172
173
174
175
L76
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KHU(N)=Q.
RH3(N)=0.
RS{N)=0.
KUM({N)=0.
DI 4 KI=1.<T

RHOK(NyKI ) =P{N)*M(KI)*MFK(NyKI)/ (RU%T (N))
ROMIN)=RIMIN) 4RADK(N,KI ) /M(KI}

RHOKP{NyKI)=RHIK(N,KI)
DHJ(NyKI)=0D.

R(N’KI)=O.

RHR(NyKI)}=0.
RHIU(N)I=RHI(N)+RHIK(N,KI)
PROM(N)=ROM(N)
VIN)==MGUUTP/(IRHO(N) *cTA(N))
KOCPM(N)=P(N}I*2)) ./ (RUXT (N))
DG 5 K=1¢KT

PAMGDOT (N9 < )==RHIK {N,K )} *V(N)
DVDX(N)=0D.

PRHO(N)Y=RHO(N)

DG 7 N=1,1P

TSPIN)=TS(N)

PTS(N}=30U.

IF (NJGTWI) GO TD 7
PT{N)=300.

AP(N)=0.

TPIN)I=T(N)

ETAP(N) =.85

CONTINUE

DO 8 N=IP,1Z

PTS(NI=300.

TSPIN)=TS(N)

CONTINUE

QCT=SGMAXEPSS*TS( 1) *%4¢KS(L)#*(11.%TS({1)=18.%TS(2)49.%T7S(3)-2.%TS (4

L1}/ (o.*DXL%xL)

OPT=SGMAXEPSS®*TS(1)*%*4+KS(1)*(11e*TS(L)=18.%TS(2)+9.%TS(3)=2.%TS(4%

P PDDPPRPDDPDPDPLPPPLDDPRPLPDLDDPDLDLRDEPPRPPDRP D> EDD DD DD

L77
178
179
180
181
182
183
184
185
186
187
188
149
150
191
192
193
154
165
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
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< O

19
11
12

<Y

13

L1V /{oe®ON1%0L)

GO 10 12

BroIN IT-RATLON

CONTINUE

IF (NITGL.EQI) GO TD 12

cSTIMATE SOLUTION AT NEXT TIME STEP
DO 11 N=l,1Z
TSINI=TSINI+YTSIN)EDT

[F (N.GTL1) G40 TO 11

KHUIN) sRHUIN) #YRACIN) «DOT
TANI=TINI+YT(N}I¥IT
PIN)=P(N)+YP(N)*DT
ETA(NI=ETA(N)+YETA(NI*DT

D0 1J K=l KT

KHOK (N K} =RHIK{IN s K) #YRHUK (N, K ) %DT
CONTINUE

NIT=NIT+]

REHGSU=kHIST®( ] .-:TA(1))

DETERMINE REATINS AT BACK SURFAC:
QNET=5GMAXEPSP*TS (17 )*%x4

CHECK TTeRATION COUNT= RENJCE TIME STED [F MAX ITERY =xC
[F (NTTSLTLITR) 50 Tu 1o
TIME=TIM/=DT

MGRUT=MGLUTP

D0 14 N=1,127

I (NJGTSI) GO T 14

D3 15 k=1,KT

RHUKINy K} =RHIKP (N, K)

TANI=TP(N)

RHUINI=P2HG(N)

PIN)=PPIN)

ETAINI=ETAP(N])

TSINI=TSPIN)

HBE KN =PHBRKN2

HBRKMZ2= PHRKK )2

P
LR}
m
<
™
o

PEPEPDDPPPRPD>DED>DDPDP D> D>DD>DEDEDD DD DD PP DD DD

212
2113
214
215
216
217
218
2169
2290
221

222
223
224
225
226
227
226
229
249
231
2342
2323
234
235
236
237
238
239
240
241
242
243
244
245
246

681



Vi

OGO OO0

14

17

19

29

L=LPP
LP=LPPP

DT=.75%0DT
GU TO luv
CONTINUE

COMPUTE MASS AT: GF PUROULYSIS GAS GENERATEC AT INTGRFACE

CALCULATE PYROLYSIS RATE

CHUCK 10PTI- I3JPTI=1 AND TS(I1)=TI88R USE EQ 3-42 FIR MGOIT
[0PTI=0 USL EQ 3=-44 FIR MGOOT

IF (NIT.5T.1) GO TO 29

SP=1.

IF (TS(1).LEL.(TI3AR-6.)) GU TO 16

SP=(TIBAR-TS(I))/6.

IF (SP.LT.0.) SP=0.

CONTINUE

IF ((MGDITeGT«14E~5) ANDL(NITA.EQ.1)) GO TJ 17

NITP=0

IF (MGDOT.GTeleE~3) NITP=]

IF ((NITP.tQel) ANDS(NITALEQ.O)) DT=.0025

TIME=TIMZI+OT

GO TO 19
MGDOT=AEXP*zXP(-BEXP/TS(I))
CONT INUE

If (MGDOT.GT.0.) GO TO 21
MGDOT=0.

IF (IOPTI.EQ.D) GC TO 21

TS(I)=TS(I)=1l.2-4

CONTINUE

IF (TUPTI.EQ.O) GG TO 18

AMGDOT=AEXP*EXP(=-BEXP/TS(I))
BMGDOT=(=KS(I)*(LLa*TS{I)=18e%*TS(IMI¢F*TS(I=2)=2.%TS(1=-3))/(6.%DX
LEL)=KP(I)®*(11e#TS{I)=18*TSII4+1)49.%TS(142)=2.%TS(I+3))/(6.%IXPL%xL
2P)) /DHP

PP PPPLPPLPPPLPIPPDPPEPRPRPDPDPPPPRPEPPRPDPD>DDBDPEPPDPD>P R

247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
2617
268
269
270
271
272
213
274
275
276
277
278
279
280
281
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21

22

24

26

21

28

OO0

MGOOT=SP*ANGDOT+ (]l «~SP)*BMGDAT

CONTINUE

MGDOT =20 75%*MGDITP+.125%¥MG0AT

IF (NIT.EQ.1) GJ TO 22

GO TO 2o

CONTINUE

IF (NITC.EQ.O0) GJ TD 23

AMDOT (1 )=AMDOT (1) *MGDOT/MGDOTP

CONT INUE

DeTERMINZ SURFACE REATING AND PRESSURE

CALL FTLUP (TIME,QCyMQCUINQC,yTIMET,QCTAB)

IF (IOPTP.EQ.Ll) GO TO 24

PWP=5.69306E6%RAD*(QC/HE ) *%2

GO TO 25

CONTINUE

CALL FTLUP (TIME)PWyMSQPT NSQPT,TMPRZS,SQPT)

PW=PWE%x2

PWP=1,013E5%PW

CONT INUE

P{1)=PWP

CONTINUE

AMDUT (L i=MGDOT

00 27 N=1,NN3

HKTV{N)=HKT (N,3)

CALL FTLUP (TS(1)HBRKN2 yMNOyNNOsTEMP,HKTYV)

DO 28 N=1yNNJ

HKTVIN)=HKT (Ny13)

CALL FTLUP (TS(1),yHBRKOZ,MNO,NNO,TEMP,HKTV)

HW=e79J795%HBRKN2+,209205%HBRKI2

CALCULATE SURFACE REMOVAL RATE

CHECK 10PT1- I0PT1l=1 AND TS(1)=T1BAR USE £Q 3-41 FOR MSDOT
IOPT1=0 USE EQ 3-36 FOR MSOOT

IF (NIT.GT.1) GC TG 29

S:l L

IF (TS{1).LE.(TIBAR-22.})) GU TO 29

PDPDPPPPPPPRPPLPPLPIPPPLDDPDITDPDPPLDDBDEPLP D D> D

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
307
308
309
310
311
312
313
314
315
316
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29

30

31
32

S=(T1BAR=-TS(1l})/22.

IF (S.LT.0.) S=0.

CONTINUE
QCOND=KS(L1)*(11.#TS(1)-18.%TS(2)49,.%TS(3)=2.%TS(4))/{16.%DX1%L)
KA=AC*EXP(-BC/TS(1))

AMSDOT =KA*PWELEX, 901/ ( 1e ¢KAXPHWX(HE=-HA) /(4 032%LAM*XQCT))
BMSOOT=(QCT+ALPHAXCRS=SGMA*®EPSS*TS({1)**4=-QCOND)/HC
MSDOT=S*AMSDIT+(1.=S)%*BMSDOT

IF (MSDOT.GT.0.) GO TO 30

MSDJT=0.

IF (I0OPT.EQ.D) GJ TO 30

TS(1)=TS(l)=1l.E~4

CONTINUE

MSDOUT=4875*MSDOTP+.,125%MS00T

MPUOT=ALFC®MSDOT+ALFP*AMDOT (1)

CALCULATE NET AERGDYNAMIC HEATING RATE TO SURFACZZ~ ER. 3-40
QFAC=HE*MPDOT/(QC*.029)

IF (QFAC.GT.2.25) GJ TO 31
QCT=QC*(le=hW/HE)* (] «~TREFXTRAB¥MPIOT*HE/ (WL %0291~ (1.~TRA3)*(,724

1*HE/ (QC%*.029)*%MPDOT=.13*(HE*MPDOT/(QC*.029))%%2))

GO TO 32

QCT=QC*{le=HW/HEI* Q4

CUNT INUE

Q=QCT+ALPHA®QR S+S*MSDOT*DHC=-( Lo =5} «MSDOT*HC

DDX=DX1 ,

DETERMINE PRIPERTY DATA FOR CHAR LAYER AND PYRJLYSIS GASES
IF (T(20).GT.1000.) ICHCOM=1

X==D0DX

IF (NIT«.GT.1) GC TO 37

DO 34 N=541+5

J=N

IF (NJEQ.5) J=1

NSTEP=J

IF (T(J1.LT.299.) G3 TO 33

CALL SUBROUTINE VISC TO COMPUTE VISCISITY AND PRANDTL NUMBER IJF

P PPDPDPIPPDPPPPPDD>PDDPPLPLPDDPPPRPPEPPDPPDLBPDDPPDPDD

317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
3138
339
340
341
342
343
344
345
346
347
348
349
350
351
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33
34

36

37

38

39,

PYRCLYSIS GASES
CALL VISC
CONTINUE
CONTINUE
00 35 N=2,9
ANJ=(N=-1)/9.
MUIN)I=MU(1) +ANJI*(MU( 10)=-MU{(1))
PRIN)I=PRUL)+ANJ*(PR(10)=PR(1))
DQ 36 N=15+1+5
KON=4
APR=(PR(N}=PR(N=5))/5.
AMU=({MU(N)=MU(N=-5))/5.
DO 36 J=1l+4
PREN=KON)=PR (N=5) +J* APR
MU (N=KON)=MU(N=5) +J*xAMY
KON=KON=-1
PMU=MU( )
CONTINUE
DU 53 N=1,1
CALL FTLJP (TUIN)yHK(NyL13)yMNOJNNDyTEMP,HKTV)
AVGMF(N)=0.
DO 38 K=1,KT
AVGMF (NI =AVGMF{N) ¢ MFK(N, K)®M{K)
CONTINUE
IF (N.EQ.21) DDX=DX
X=X+0DX
VCIN)=(MSDOT/RHOSO+X* (MGDOT/DRHO=-MSDIT/RHOSO) ) /L
IF (NITC.EQ.Q) GO TC 39
IF (ABS(TS(N)=PTSIN))IelLTe5.) GI T2 4)
PTSIN)=TS(N)
CONTINUE
CALL FTLJP (TSIN)sHS{N)yMNOyNNOy TEUP,HSTT)
IF (NITC.GT.J) GO TC 40
AVGMFP (N}=AVGMF(N)
PMIN)=PMV

PP>PPPPPPRPPDPDPPLPDPDDPDIPPEPPDPRPDPIPPPPRPPI>»DPPDI>DDID

352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
3386
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40

42
43

45

46

CPSIN)=CPSYV

CONT INUE

CALL FTLUP (TS(IN)sKS(N) s MKSyNKSyTKS9&KST)

NEGLECT HEAT CONDUCTION IN FLUID

NSTEP=N

IF (ICHCOM.EQ.O) GO TO 41

CALL SUBROUTINE CHCOM TO DETERMINE CHEMICAL REACTIJIN RATES OF
EACH SPECIES

CALL CHCOM (TIME)

CONT INUE

IF (NITC.EQ.Q) GJ T3 42

IF (ABS{T(N)=PTI(N)).LT.5.) GO TO 59

PTIN)=T(N)

IF (T(N)}.LT.300.) GO TO 43

CONTINUE

CONTINUE

CALL FTLUP (T(N)sHST(N)yMNOyNNOyTEMP,HSTT)

DO 45 K=1,KM

DO 44 J=14NNUO

CPKTV(J)I=CPKT(JsK)

HKTV{J)=HKT(J,K)

CONTINUE

CALL FTLJP (TUIN) HK{NyK) ¢MNOyNNO,TEMP ,HKTV)

CALL FTLUP (T(N) s CPKINyK) ¢MNOJNNT,TEMP CPKTV)

CALL FTLUP (TS(N) sDHKIN,K)yMNOyNNO,TEMP KT V)

CONT INUE

NITS3=0

CONTINUE

IF (TIN).GT.L5)04) GO TO 47

CPK(Ny¢11l)=(2.882035E0042.%5.16099E=03%T(N)+3.%3,971L480E=06%T(N)*%2

1=4.%3,708198E-J09%T(N)*%x3+95.%8.949908Z~-13%T(N)*«4) &y

CPK(IN912)={3.511186E~01+2.%]1.8T6996E~02*%T(N)=3,.%2.649)69E=-06%T(N)*

1%2-4,%1 o 8TT7262E~09*T(N)*%345,%6,0770I3E~-13%T(N)**4) %Ry

HK(Ny11)=(2.882035E00*T(N)+5.160995E-03%T(N)**%243.,971480E-06*T(N)*

1*¥3-3.708L98E-09*T(N)*%4+8.949908E-13«T(N)*%x5)%RU=-1.157984E04

PEPDPDDPDDPLOPPDDODPDPPLPDPODDDDDPLDPDPRPPEPPPPDLDLDEDDD>R

387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
495
406

407 -

408
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416
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418
419
420
421
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47

48

49

50

HKIN9l2)={3.511186E-0L%T(N)+1.876996E=02%T(N)%*%2=2,649069E=05%T(N)
1%%3«]1 .877262E-09%T (NI*%4+6,07T093E~13%T(N)%*%*5)%*RJ+1.143849E04

GO TO 48
CPKINs11)={1+430804E00+42.%9¢444913E=J03%T(N)=3.%2.348033C~Q6%T(N)*x
12=4.%2.958006E~10%T(N)*%3=5,%] ,489961E~14*%T(N)*%%)%RJ
CPKINP12)=(4.6198T1EQ00+2.%1+440481Z~02%T(N)=3.%3,T748451E-06%T{N)&x*
1244.%4,.894085E-10%T(N)%%3=-5,%2,515503E=-14%T(N)*%%)%RU
HKINy11)={1e4430804C00%*T(N)+9.444913E~03*T{N)*%2=2,348033E=-06%T(N)*
1%¥3=2,9680006E~10%T (N)**%4~]1,489961E-14*T(N)*%5)%RU-1,157984E04
HKINy12)=(4.6196T1EQO*T(N)+1.44048LE-02*%T(N)%42-3 74845]1E=-J6%T(N)*
1%344.894085E-10%T(N)*%4=2,515503E~-14*%T(N)*%5)%3Ut 1, 143849E04
CONTINUE

IF (NITS.EQ.1) GO TO 49

TSAVE=T (N)

CPSA11=CPKI(N,11)

CPSAL12=CPK(N,12)

HSAL1l=HK(N,11)

HSAL2=HK{N,12)

TIN)=TS(N)

NITS=N1TS+1

G0N YO 46

TIN)=TS5AVE

DHK{Ny11l)=hkK{(Ny1l1l)

DHKIN,12) =HK{N,12)

HK{N,11)}=HSAL]

HK(Ny12)=HSAlZ2

CPK(N,11)=CPSALlL

CPK{Ny12)=CPSALl2

DHJIN»O6)I=2.%¥0AK(N9S)=HKINy9)=HS(N)

DHI(Ny 7T )=DHK (N5 ) #+DHK(Ny 2)=HK Ny 6)=HS(N)
DHJI(Ny9)=DHK(NsLO ) +DHK(N92)=HK(Ny7)=AS(N)

CONTINUE

HRJSUM(N)=0.

HRSUM(N}=0.

RM(N)=0.

PPPD>PDPPPPDPDPPPD>LPOEPPDDPRPPEPPPLPD LR DD

422
423
424
425
426
427
428
429
430
431
432
433
434
435
436

437

438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
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51

52

53

54

55

55

ROCPM(NI)=0.

ROHM(N)=0.

DO 51 K=14KT

RMIN)=RM(N)+R(N,K)IEM(K)

DO 52 K=1,4KT

HRJSUM(N) =HRJISUMINI+RHR (Ny K ) %¥DHJ (N, K )

HRSUMIN) =4RSUM(N )} +R{ Ny K) *HK(N,K)
ROHM(N)=ROHM(N) +RHOK (NsK ) *HK (NyK ) /¥ (<)
ROCPMINI=RUCPM(N) +RHOK(NyK) *CPKIN,KI/MIK)

CONTINUE
DMBRDX(1)=(=11*¥AVCMF(1)+18*AVGMF(2)=9%AVCMF{3)+2.%AV3MF(4)) /(6.
1*Dx1)

DTOX(1)=(=11%T(1)+418.%T(2)=9.2T(3)+2.%T(3))/(6.%¥DX1)

DDx=DX1

D3 55 N=2,1IM

IF (N.EQ.20) GO TO 54

DMBRDX(N)=(AVGMF{N+1)=AVGMF(N=-1))/(2.%DDX)
OTOX(N)I=(TIN+1)=T(N=-1))/(2.%DDX)

GO TO &5
DMBROX(N)I=(DX1*%2%AVGMF(N+1 )= (DX]1%%2=-DX#%x2) *AVGMF (N )=) X**2%AV3MF (N
1=1) ) /(DX1*CX*(DX1+DX))
OTOX(N)=(DXL*#2%T(N+ 1 )= (DXL *¥*2=)X*%2)«T(N)=DX«®2%T(N=-1)) F{DXL*DX*(
1DX1+DX})

DLX=DX

CONTINUE
DMBROX(I)={11.*AVGMF(I)=18.*%AVGMF(IM)+9 . *AVGMF(]-2)=2.%AVGMF(I-3))
1/(6.%0X)

DTOX(II=C11la*T(I)=18*T(IMI+9%T([=2)-2.%T(1-3))/(6.%¥DX)

PPM=PM({T)

DETERMINc PROFERTIES OF UNCHAKRED LAYER AND INSULATION LAYER

DO 57 N=1,1pP

IF (NITC.EQ.0) GO TO 56

IF (ABS(TS{N)=-PTS(N)).LT.5.) GO TQO 57

PTSIN)I=TS(N)

CONTINUE

P o> EPPRPPIPLBDPPPDEPDDDPDPEPIDPPEIEDPDDP D P>

457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
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CALL FTLUP (TSIN)yKPIN) ¢yMKPyNKPyTKP,«£PT) A 492
CALL FTLJP (TSIN)sCPPIN) yMCPPyNCPPyTCPPHCPPT) A 493
RHUOP(N)=576. A 494
CONTINUE A 495
IF (NITC.GT.0) GO TO 60 A 496
DU 58 N=1,1 A 497
HA(N)}=PROPLC*ROCPMIN) V(N ]} /PR(N) A 498
CONTINUE A 499
DO 59 N=IP.IZ A 500
KPP (N} =KPPV A 501
CPPPINI=CPPPV A 502
RHOPP(N)=RHOPPYV A 503
CONTINUE A 504
KPPPIP=KPP(IP) A 505
KPEPIZ=KPP(]IZ) A 506
KSP1=KS(1) A 507
KSPI=KS(I) A 508
KPPI=KP(1) A 509
KPPIP=KP({IP) A 510
CONTINUE A 511
DKSDX(1)=(=11%*KS(1)+18.%KS(2)=-9,%KS(3)+2.%KS(4)) /(6.%DX1) A 512
OKSDX(I)=(11e%KS(I)-1Ba*KS{IMI49 . %{S{[=-2)=2.%KS{I=-3))/(0%DX) A 513
DOX=DX1 A 514
DO 62 N=2,1IM 4 515
IF (N.EQ.20) G50 TO 61 A 516
DKSDX(N)=(KS{N+1)=KS(N=1)}/(2.%DDX) A 517
GU TO 62 A 5138
DOXx=DX A 519
DKSDX{20)=(DXL*%2*KS(21)+(DX*%2~DX1%%2)*KS(20)-DX*%2%KS(19))/{0OX1* A 520
10X*(DX1+0X) ) A 521
CONT INUE A 522
DKPDX(I)=(=11.%KP(I)+18.%KP(IN)=9.*KP(IN2)+2.*%KP(I+4))/(6.%DXP1) A 523
DKPOX(IP)={11e%KP(IP)=18.%KP(IJ1)+9.4KP(I0)=2.%K>(IP=3))/(6.%IXP) A 524
DLX=DXP1 A 525
DO 64 N=IN,101 A 526

€61



s

OO0

65

66

67

IF (NoEQe.{I+20)) GO TO 63

DKPDX(N)}=(KP(N+]1)=KP(N=1))/(2.%¥DXP)

GO TO o4
DKPDX(I+20)=(OXPL#*%2%KP( [+2 L) #(DXP*%2<-DXP L%%2)*KP( [+20)-DXP %% 2%KP (
11+419))/7(IXP1#OXP*{DXPL1+DXP})

DDX=DXP

CONTINUE

SOLUTION OF PARTIAL DIFFERENTIAL EQUATION FOR CHAR LAYER

CALCULATE COEFFICIENTS IN DIFFERENTIAL EQ FGR SOLI) TEMPEZRATURE

DO 66 N=1,1

ATS{NI=TS (N}

ALPHALIN) =(OKSDXIN)+L%%2% (1 o=ETAIN} ) ¥CPSINI*RHOST/MS*VC(N)I/KS(N)
ALPHA2(NI)=0.

ALPHAB(N) =L %% 2 fKS IN)*(HA(N) *{TP(N)=TSP{N))+ETA(N) *(HST(N) *¥AS(N)+RH

1SEN)*HSIN)=HRJISUM(N) ) +RHUST2HS{N)} /MS«((ETA(N)=ETAP(N))/DT=VCINI*DE
2TADX(N)))

ALPHAG(N)==(1.=ETA(N))*L*%2%RHOST®CPS(N)/ (MS%*KS(N))
IF (NITC.NE.O) GO TO 65

ALPHPL(N)=ALPHAL(N)

ALPHP2(N)=ALPHAZ2(N)

ALPHP3 (N)=ALPHA3 (N)

ALPHP4(N)=ALPHA4(N)

CONT INUE

ALPHB3(N) =CRNI*ALPHA3 (N)+(1.~CRNI)*ALPHP3(N)
ALPHB4IN)=CRNI*ALPHA4(N)+(1le-CRNI)*ALPHP&G(N)
CONTINUE

IF (NITC.NE.D) GO Y0 67

ALPHIPL1=ALPFAL(1)

ALPHIP2=ALPHA2(I)

ALPHIP3=ALPHA3(I)

ALPHIP4=ALPHA4(])

CONTINUE

ALPHIL=ALPHAL(I)

PP PPPIPLPPRPEPPLPLPEPDPDPPPRPDEPPRPDPP>PEPD

527
528
529
530
531
532

533

534
535
536
537
538
539

540

541
542
543
544
545
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548
549
550
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552
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555
556
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558
559
560
561

Y61



68

69

ALPHI2=ALPHA2(I])
ALPHI3=ALPHA3(I])
ALPHI4=ALPHA4(])
DDX=DXP1

XP=0.

DO 68 N=I1,1IP
ATSIN)=TS(N)

ALPHAYL(N) =(DKPOX{N)I+LP*RHOP (N} *CPP(N)*MGDOT*(L.~XP)/DRHO)/KPIN)
XP=XP+DDX

ALPHAZ2(N) =0.
ALPHA3(N)=0.

ALPHA4 (N) ==RHOP(N)*CPP(N)*LP*%2/KP(N)
ALPHB3(N}=0.

IF (NITC.NED) GG TO 68
ALPHPL(N)=ALPHAL(N)
ALPHP2 (N)=2LPHAZ2(N)
ALPHP3(N) =ALPHA3(N)
ALPHP4(N)=ALPHA4(N)
ALPHB4{N)=CRNI*ALPHAG (N) +(1 .—~CRNI1)*ALPHP4(N)
IF (NITC.NELD) GO TO 69
GAMMIPL=ALPFAL(])
GAMMIP2=ALPHA2(])
GAMMIP3=ALPHA3(])
GAMMIF4=ALPHA4 ()
GAMIPP1=ALPHAL(IP)
GAMIPP2=ALPHA2(1IP)
GAMIPP3=ALPHA3(IP)
GAMIPP4=ALPHA4(]IP)
COUNTINUE
GAMMI1l=ALPHAL(I])
GAMMIZ2=ALPHA2(1)
GAMMI3=ALPHA3L(I)
GAMMI4=ALPHA4(T)

PERPPPPIPPPPPRPPEBPDPDLEPIPDPPDDRPLEPPDDDPEPEPDRDPRPDDDP L

562
563
564
565
566
567
5¢8
569
570
571
572
573
574
575
576
577
578
579
530
581
582
583
584
585
586
587
588
589
590
591
592
593
594
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70
71

72

GAMIPL=ALPHAL(IP])

GAMIP2=ALPHA2(IP)

GAMIP3=ALPHA3(IP)

GAMIP4=ALPHA4(IP)

DO 71 N=IP,1IZ

ATSIN)=TS(N)

ALPHAL(N)=0.

ALPHAZ2 (N}=0.

ALPHA3(N)=0.

ALPHA4 (N)==RHIPP (N)*CPPP(N)XIL*%2/KP?(N)
IF (NITC.NE.J) GO TO 70
ALPHPL{(N)=ALPHAL(N)
ALPHPZ2 (N} =ALPHA2(N)

ALPHP3 (N)=ALPHA3(N)

ALPHP4 (N)=ALPHA4G(N)

ALPHB3(N)=0.

CONTINUE

ALPHB4 (N)=CINI*ALPHA4 (N)+(1.-CRNI)&ALPHP4(N)
IF (NITC.NE.Q) GO TO 72
KAPIPP1=ALPHAL(IP)
KAPIPP2=ALPHA2(IP)
KAPIPP3=ALPHA3(IP)
KAPL1PP4=ALPHAS(IP)

CONTINUE

KAPIPL=ALPHAL(IF)

KAPIP2=ALPHA2(IP)

KAPIP3=ALPHA3(IP)

KAPIP4=ALPHA4(IP)

CALL SUBROUTINE PDELl TO SOLVE FOR TS
CALL PDEL (TS,CRNI)

CALCULATE COEFFICIENTS IN DIFFERENTIAL EQ FOR P

DDX=DX1

DG 74 N=l1,1
AP(N)=P(N)

IF (N.EQ.1) GO TC 74

PALZIN)=2%MU(N)*ETAIN)I®L %2/ (PM(N)®RHO(N)*KUXT(N)) kK (AVGMF(N) *(T(N

PEPPDPPLPPDLDPDDPDDPDPEPPDDDLDPPLDDEPEDDRPPPDPEPPRPERDPDPDDEDD DD

596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
6l4
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
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13

T4

75
76

[}

1)=TP(N) I/ (DT®T AN} )=AVGMF(N)IXVC(NI®ITIXINI/TIN) VI (NI*IMBROX{(N)=(AV
2GMF (N)~AVGMFP(N))/DT)
PAL3INI=2%MU(N)*ETA(NI®P(N)IXRM(N)I =L &%x2/(PM(N)*RHO(N))
PALA(N)==MU(N)*ETA(N)I®AVGMF (N )%L%x%2/ (PM{N)*RHO(N) *RU*T(N))
IF (N.EQeI) GG TO 74
IF (N.EQ.20) GO 7O 73
PALLIN)=MU(N)*ETA(N)=T(N)/(PM(N)*AVGAF(N) )= (PM(N+1)*AVGMF(N+1)/ (MU
LIN#L)I*ETA(N®L)*T(N+1) )=PM(N=1)*AVGUF(N=-1)/(MU(N=L)*ETA(N=1)%T(N=-1)

2))/(2.%DDX) +MUIN) *ETA(N) ®AVGMF (N) %L %k 2/ (PM(N)*RHI (N )XRU*T(N) ) ¥VC(N

3)

GO 70 74

CONTINUE

DDX=DX
PALL(20)=MU(Z20)*ETA(20)%T(20)/7(PM(20)1®xAVGMF(20) ) *(OX1%%2%PM(21)%AY
IGMF(2L)/(MUL21)*ETA(21)%T(21))=(DX1*%2=-DX#%2 )} %PM{ 20)*AVGMF(2J)/ (MU
2(20)%ETA(201%T{20) )=DX*%2%PM(19)*AVGUF(19)/(MI(L1I)%ZTA(19)1%T{(19)))
3/7(UXTI*DXR{(DXL4DX) I+MU20)I*ETA(20) #AVSMF(20) %L %*%2/ (PM(20)*RHO(20)*T
4(20)*RU)I*VCL{20)

CONTINUE

PALL(I)=MU(II*ETA(I)A*T(LI)/(PM{T )*AVOGMF{TI))%*(1L%PM(I)*AVGMF(I) /(MU
LODI*ETACL)%TUI) =18 %PM(IM)XAVOMF(IM)/Z (MUCTIMI®ETACIMIXT(IM) )+ .%PM
2UI=-2)1%AVOMF(I=2)/ (MU(T=2)%ETA(I -2} %2T{1=2))=2.%PM(I=3) *AVGMF(I~-3)/(
BMUCTI=3)*ETA(I=3)*T(I-3)))/(6.%DX)+MULT)I%ETA (T IRAVGUF (T )L %%2«yC(])
4/7{PMITI*RHC(I)*RU*T(I))

D0 76 N=2,41

IF (NITC.GT.O) GG TO 75

PAP1(N)}=0.

PAP2 (N)=0.

PAP3(N)=0.

PAP4 (N)=0.

PAB3I(N)=CRNI*PAL3(N)+(1.=CRNI)*PAP3(N)

PAB4 (N)=CRNI*PAL4(N)+{1.=CRNI)*PAP4(N)

CALL SUBROUTINE PCP TO SOLVE FOK P

CALL PDP (CRNI DT LoDXyDX1L9MGDOTyMG0ITP4LPPy1yIMyR40,PyMU,T,TP,RU)
CALCULATE LOCAL PYROLYSIS GAS DENSITY

PP PPDPPPPPDPPPPLDPDPPRPLPRPPRPPPDPPDDPPEPDDED P> P>
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640
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662
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(&

78

79

80

DO 77 N=1,1

RHO(N)=P(N) *AVGMF{N) /(RU*T(N) )

CUNTINUE
DRODX(1)=(=11.%RHO(1)+18.%RHO(2)=F.%*RHO(3)+2.%RHI(%))/ (5.%DXL)
DCX=DX1

DO 79 N=2,IM

IF (N.EQ.20) GO TO 78

DRUDX(N)=(RHD(N+1)=RHO(N=1))/(2.*DDX)

GO TC 79

DDX=DX
DRODX(N)=(DX1*«*2%¥RHI(N+L )} +(DX*x%2=0X1 «%2 ) *RHC(N)=IX*«2%RAD(N=-1))}/ (D
1X1%0X*(DX1+4DX))

CONTINUE
DRODX(II=(11e%RHI(1)=18¢*RHO(IMI#+9.%2340(]-2)=2.%¥RHI(1=3))/(6.%DX)
CHECK PYROLYSIS RATE-~ IF LESS THAN MIN NEGLELZT THZRMAL NON-
EQUILIBRIUM OF PYROLYSIS GASES AN) CHAR LAYSER AND CHEMICAL
REACTIONS

IF (NITP.GT.Q) GO TO 81

DO 890 N=1,1

ETA(N)=ETA(I)

ATI(N)=TI{N)

TINY=TS{N)

AMDOT(N)=4GDJT

VIN)==MGDOT/ (RHO(N)*ETA(N))

DC 80 K=1,KT

RHOK(NsK)=MFK(Ny K )ERHO(N)*M(K)/AVGUF(N)

CONTINUE

GO TO 101

CONTINUE

CALCULATE LOCAL MASS FLOW RATE OF PYROLYSIS GASES
AINT1(IM)=DX/2.%(ETA(I)*RHO(I)I+ETA(IY)&RHO(IM))
AINT3(IM)=DX/2.%(ETA(TI)*((RHO(I)=PRHI(I))/DT=RM(I))+RHO(I)I®(ETA(T)
1-ETAP(1))/DT#ZTACIM)*((RHI(IMI-PIHI(IM))/DT=RMIIM))+R4O(IMI®{ETA(]

ZM)=ETAP(IM))I/DT)

KUN=[=2

PrPPpPPDPI>DrPIPPRPPLPDDPLPDPDRPEPDDPRPEPDP»RED PP DR
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82

83

84

85

85

a7

LDX=0X

DO 83 N=3,1

IF (KUN.zZQs19) GIJ TO 82
AINTL(KON)=AINTL(KCN42)+DDX/ 3% (ETA(KON+2)%2RHO(KON+2) ¢+ 4, *ETA( KON+1
1)*RHO(KON+L)+ETA(KCN)*RHO(KON) )
AINT3(KIN)=AINT3(KON+2)+00DX/3 % (ETA(CON#2)%{ (RHI( KON#2) =PRHO(XON+2
L))/DT=RMIKON+2) ) +RHO(KON+#2)*(ETA(KIN#2)=ETAP(KON+2)})/DT+4.%(=ZTA(KD
2N+1) % ((RAJ(KON#1)~PRHO(KON+1) ) /DT-RM(KON+1) ) +RHO(KON+1 ) *(ETA(KON+1
3)-ETAP(KON+1} )/ DT )+ETA(KON)I*({ (RHO(CON)=PRHI(KIN)) /DT=RM(KON) ) +RHO(
GKIN)*(ETA(KCN)-ETAP(KON) )/DT)

GO TO 83

DOX=DX1
AINTL(KON)=AINTLI( KON+ L) +DOX/2.*(ETA(KON*+1)*RHO(KION+L)+ETA(KON)%RHO
1 (KONJ)
AINT3(KON}=AINT3(KON+L)+DDX/2.*(STA(KON+1)&((RHO(KON+1)=PRHO(XKON+1
1))/DT=RM{KON) ) +RHG(KON+L)*(ETA(KIN*L)=ETAP(KIN+1) ) /OTH#ETA(KONI=((R
CHO(KUN)=PRAO(KON ) ) /DT-RM(KUN)} ) +RHOCKINIE{ETA(KON)I~-ETAP(KON))/DOT)
KON=KON=-1

DO 84 N=1,IM

AMDOT(N)=MGDOT+L*(VC(I)*CTA(I )I*RHO(I)=VCIN)®ETA(N)*RHO(N))}~=L*AINT3
LIN)=(MGDOY/DRHO-MSCOT/RHOSOI*AINTL(N)

KON=KuUN=1

DO 85 N=1,1

VIN)==AMDOT(N)/(RRCINI*ETA(N))

CONTINUE

DO 86 N=1,1
DVDX{N)=L=((VOIN)=VIN) /L) *{DROUX(N)/RHO(N)+DETADX (N)/ETA(N)} ) ~-{ (RHO
1(N)=PRHO(N} )/ (DTRRHI(NDI)+{ETA(NI=ETAI(N))/(DT*ETAIN)I+RMIN) /R40(N)
2))

DO 91 K=1,KT

NRHOK(K)=0,

DO 87 N=1,1

IF (IMFKIN)K) eGT el eE=5) e ORe{R{NyK)aGTelel=5)) NRAOK(K)=1

CONTINUE

IF (NRHOX(K).EQ.0). GO TO 91

>PPPPPPPPPLPPDRLPPLDPLDPPEPPRPPLDPDERPPDEBPDI>RPDPD>DD D>
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712
713
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715
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88

O

OO0 @

9%
91

92

ARH{T ) =M(K)*MFKTI(K)*MGDOT/(AVGMF(T)*ETA(I))

CALCULATE COZFFICIENTS IN SPECIES CONTINUITY £Q

DO 89 N=1,1

BRH(N)=PAMGDIT(N,yKk)

DEN=ETAIN)I*{VCIN)=V(N)/L)
DELL(NyK)=CETADX(NI/ETAINI=(ETAINISVC(N)I/VIN)IZIVIXINI+(ETA(N)-ETAP

1(N)) /DT )/DEN

DEL2(NsKI=VIN)*ETAINI*X({RHOK(Ny X }=RHICP(NyK )} ) /DT-RINyKIEM(K)) /DEN
DEL3(N)=0.

IF (NITA.GT.0) GO TO 88

DEPL(NyK)=DELLIN,K]}

DEP2(NyK)=DEL2(NyK)

DEP3(N)=DEL3(N)

DEB2(NyK)=CRNI*CEL2(N,K) +(1.~CRNI)*DZP2(N,K)
DEB3(N)=CRNI*DZL3(N)+(1.-CRNIDI=*DEP3(N)
ALL{N)=DEL1(N,X)

APL(N)=DEP1(N,K)

AB2(N)=DEB2(N,K)

CONTINUE

COMPUTE GAS DENSITY THROUGH CHAR LAYZR

CALL SUBROUTINE PDE2 TO SOLVE FOR THE LOCAL ™MASS FLOW OF
SPECIES

CALL PDE2 (ALLyAB29yAB3 APl yBRHyARHy CINTDXyDX1yDTy1)

DO 90 N=1,1

IF (ARH(N)«LTe1leE=100) ARH(N)=1.E-10D

RHOK(NyK)=e 8BTS%KACKP(NyK)=e125%*ARH(N) /V(N)

CONTINUZ

CONTINUE

DO 92 N=1,1

ROM(N)=0.

DO 92 K=14KT

ROM(NI=ROM{N)+RHOK(N,K)/M(K)

DO 93 N=1l,IM

PP DPPEPPDDPPPPPLDPDRDPEALOPDDPDEID>DRDP>>EDPD DD
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DO 93 K=1,4KT A 772

93 MEK(Ny K)=RHOK(NyK)/(ROM(N)I*EM(K ) ) A T73
C CALCULATE COEFFICIENTS IN PYROLYSIS GAS TEMPERATJURE DIFFERENTIAL A 774
c EQUATION A 775
DO 95 N=1,1 A 776
ATINI=T(N) ATT17
DEN=ETA(N)*(VIN)/L=vC(N) }*(ROCPM{NI=H0(N)%¥RU/AVIMF(N)) A 778
BETAL(NI={HA(N)«TPIN)/TAIN)=ETA(N)*RU*( (ROM(N)I-PRIM(N)I/CT+(VI(N)/L- A 779
LVCIN))I*(DRIDX(N)/ZAVGMFIN )=RHO(N) *DMBRIX(N)I/AVGMF{N) *%2))=-RHO(N)«RU A 780

2*¥ ((ETAIN)=-cTAP(N)I/CT-VC(N)*DETADX(N) )/ AVGMF(N) )/ DEN A 781
BETA2(N)=(ETAIN)I*(HRSUMIN)-V(IN)*&2/2, #«kM{N)+RSIN)*HST(N)#RHS(N)*HS A Tg2
L{N)=HRJUSUMIN))=HA(N)*TSP(N))/DEN A 783
BETA3(N)=ETAIN)*«(KOCPM(NI-RHO(N)*RUY/AVGMF(N))/DEN A 784

IF (NITA.GT.0) GO TO 94 A 785
BETPLIN)=BETAL(N) A 786
BETP2(N)=BETA2(N) A 787
BETP3(N)=BETA3(N) A 788

94 CONTINUE A 789
- BETB2(N)I=CRNI*BZTAZ2(N)+{1.-CRNII#BST?2(N) A 790
BETB3(N)=CRNI#BETA3(N)+(1.~CRNI)*BETP3(N) A 791

25 CONT INUE A 792
TLIH)=TS(1) A 793

C CALL SUBRDUTINE PDZ2 TU SOLVE FOR T A 794
CALL PDE2 (BETAL,BETB2,BETB3,BETPLyT23T4yCRNI9yIXyOX1yDT,1) A 795

DO 96 N=1,1 A 796

¢ CALCULATE COEFFICIENTS IN POROSITY DIFFERENTIAL EQUATION A 798
95 TIN)=e8T5%TP{N)+.125%T(N) A 797
DU 93 N=1,1 A 799
EPSAL(N)==MS*(RHS (N) ¢RSIN) )/ (RHOST*VC(N)) A 800
EPSA2(N)=0. A 801
EPSA3{(N)==14/VC(N) A 802

IF (NITA.NE.DJ) GC TO 97 A 803
EPSPL(N)=EPSAL(N) A 804
EPSP3(NI=EPSA3 (N) A 805

97 CONTINUE A 806

102



99

100

101

102

EPSB3(NI=CRNI*EPSA3(NI+{1.~-CRNI1)I*cPSP3(N)

CONTINUE

CALL SUBROUTINE PDE2 TO SOLVE FOR £TA

CALL PDE2 (EPSA1,EPSB2/+EPSB3,EPSPLyETAPETAWCRNI,DXyDX1,DTHI1)
DETADX(1)=(=11.%ETA(L)+18.*%ETA(2)-9.«ETA(3)+2.%ETA(4))/(6.%DX1)
DDX=DX1

DO 100 N=2,1IM

IF (N.EQ.20) GO TO 99

DETADX(N)=(ETA(N+1)-ETA(N=1))/(2.%30X)

GO T0 109

DOX=DX

DETADX(20)=(DX1*#*2*%E TA(LL)=(DX1*%x2=-)X*%2)%ETA{20)-0X**2%ETA(19)) /{(
10X1%DX*(LX14DX))

CONT INUE
DETADX(I)=(11.*%ETA(I)=18.*%ETA(IM)+9.%ETA(I=2)-2.%ETA(I-3))/(6.%DX)
NITA=1

CUNTINUE

NITC=1

CALCULATE NEWA THICKNESS VALUES FOR CHARRCED AND JUNCHARRED LAYIRS
DLP=(MGDOTP/DRHO*4«*(CRNI *MGDOT+( 1. =CRNI ) *MGDOTP) /DRHO+MGDOT/ DRHO)
1*DT7/6.
OL=DLP=({MSOOTP/(Lle~ETAP(L) ) ta* (CRNT#MSDOT/ (1 -ETA(L) ) #(La—-CRNI %M
LSOOTP/ (1a~ETAP (L) }24MSOOT/(L=ETA(L) I I*DT/ (L 6.%RHIST)

LP=LPPP=DLP

IF {(LP.LT.LPMIN) GO TO 110

L=LPP+DL

CHECK SOLUTIONS- IF NO CHECK ITERAT:Z AGAIN

DD 102 N=1,12

IF (ABSC(YS(N)=ATSIN))I/TS(N)).GT.DIFZR)} GU TUO 12

IF (N.GT.I) GO TO 102

IF (ABS((P{N)I=AP(N))/P(N)).GT.DIFER) GO T3 12

IF (ABS((T(N}=-ATI(N)I/T(N))GT.DIFER) GO TO 12

CONT INUE

PART=2.*%DIFER*TS(1)

NITG=0
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815
816
817
818
819
820
821
822
823
824
825
326
827
828
829

830
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103

104

105

IF (ABS(TS(13-TSP{1))eGTLPART) NITS=1

IF (ABS(TIME=-PTIME-PRNTFRQ) .LE.DT/2.) GO TO 1933
IF ((TIME=-PTIME=~PRATFRQ) «GT.0.) GO TJ 103
60 TO 105

CONTINUE

QRAT=Q/QC

PRINT RESULTS

WRITE (2¢112) TIMEGWOToNITSTS{L)»T(L)yQRATyMSOOTyMGIDTHAMDOT(1) 9LyL
1P

WRITE (2,118)

WRITE (29120) (TS{N)yN=1,12)

WRITE (24113)

WRITE (2+120) (ETAIN)yN=1,1)

WRITL (2,117)

WRITE (2,120) (TIN)yN=1,I)

WRITE (2,113}

WRIT (241200 (P{NJ)sN=1,1)

WRITE (2+114)

DO 104 K=1,KT

WRITE (2,111) SP=ZCIES(K)

WRITE (2+12)) (MFK(NyK)gyN=1,1)

CONTINMUE

WRITE (2,115)

WRITE (2+120) (AVGMF(N) ¢N=1,1)

WRITE (24116)

WRITE (2+120) (AMDCTIN) ¢N=1,1)
PTIME=PTIME+1D.

CONTINUE

IF SOLUTIONS CHECK RETAIN CURRENT VALUES OF PARAMETERS
DO 108 N=1,12Z

YTSIN)=(TS(N)=-TSP(N))/DT

IF (N.GT.I) GO TO 107
YETA(N)=(ETA(N)=-ETAP(N))/ODT
YRHO(N)=(RHC(N}=-PRHO{N)}) /DT
YP{NI=(P({N)-PP(N))/DT

PPPPPPPLPDPPIPPRBRPPDRPPDPEDDD>TPPED>PPDRPDD>P D
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843
844
845
846
847
848
849
850
851
852
853
854
855
856
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860
861
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863
864
865
866
867
868
869
3870
871
872
873
874
875
876
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106

107

108

PAPL(N)=PALL(N)
PAP2(N)=PAL2(N)

PAP3 (NI=PAL3(N)
PAP4(N)=PAL4(N)
PROM(N)=R0M(N)
PRHO(N) =RHO(N)

AVGMFP (N)=AVGMF(N)
PP(N)=P(N)
EPSPLIN)=EPSAL (N)
EPSP3(N)=EPSA3(N)
BETPLIN)=BETAL(N)
BETP2(N)=BETA2(N)
BETP3(N)=BETA3(N)
YT(NI=(TI(N)=TP(N)) /DT
DEP3(N)=D=ZL3(N)

DO 106 K=1 KT
DEPL(N,K)=DELL1(N,K)
DEP2(NyKI=DEL2(N,K)
YRHOK{N,K)=(RHOK{N,K}=RHUKP(N,K)} /DT
PAMGOOT (Ny X )==RHOIK (N,K)*V(N)
RHOKP(NyK)=RH40K (N, K)
HA(N)=ABS(PROPC#RGCPMIN) 2V(IN) /PR(N))
TPIN)I=T(N)
ETAP(N}=2TA(N)
CONTINUE
ALPHPL1(N)=ALPHAL(N)
ALPHP2 (N)=ALPHA2(N)
ALPHP3 (N) =ALPHA3 (N)
ALPHP4(N)=ALPAAL(N)
TSP{N)=TS(N])
MSDOTP=MSDOT
ALPHIPl=ALPHIL
ALPHIPZ2=ALPHI2
ALPHIP3=ALPHI 3
ALPHIP4=ALPHI4

P PPID>DPDPPEPPLPDLPDPDPEDLPI>PDPDELPRPDDPRPPRPPPLDPEPDPDDD

877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
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109

110

GAMMIPl=GAMMIL
GAMMIP2=GAMMI 2
GAMMIP3=GAMM]I3
GAMMIP4=GAMMI 4
GAMIPPL=GAMIPL
GAMIPP2=GAMIP2
GAMIPP3=GAMIP3
GAMIPP4=GAN]P4
KAPIPP1=KAPIP]
KAPIPP2=KAPIP2
KAPIPP3=KAPIP3
KAPIPP4=KAPIP4
QAPNET=UNET
PHBRKNZ2=HBRKNZ2
PHBRK{2=H3RKO2
QPT=Q
KSP1=KS{1)
KSPI=KS(I)
KPPI=KP(1)
KPPIP=KP(IP)
LPP=L

LPPP=LP
MGDOTP=MGD0T
CHECK ITERATION

IF (NIT.GT.1) GC TD
IF (NTIME.LT.5) GG TO 109

DT=1.5%DT

IF (DT.GT.10) DT=10.

NTIMeE=0

NIT=0
NTIME=NTIME+]
GO TO 9
CONTINUE

WRITE (2+121) LP

STup

INCREASE TIM:= ST:ZP IF [TSRATION=

PP PEPDPPPDLDDDPDPDDITPPIPPREPDDDDPEPDDEPDPEPDDDPEPDDDEDDDEPDDD>»D>P D P
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919
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OO

111
112

113
114
115
116
117
118
119
120
121

FORMAT
FORMAT
1ATIONS

2FT.4/12XeBHMSDOT = ¢yE15.8911X¢8HMGDOT = 4E15.8913Xy11HAMDOT(L)

(50X,A10)
(/12X THTIME = yFI.4918Xy5HIT = (FTe4y24Xy 23HNUMBER

0= ITER

= o 12/712Xe8HTS(L) = yF9.241TXy7THTIL) = 4FI.2,23X, THQRAT = ,

3EL548/12X9164CHAR THICKNESS =9E154392Xy 14HUNCHAR THICKNESS

4)
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
END

(2xy1I)HCHAR LAYER POROSITY)

(2X9294MGLE FRACTIJN GASEQUS SPECIES)

(2X9490HAVERAGE MOLSCULAR WEIGHT PYROLYSIS GASES)
(2Xy39HLICAL MASS FLOW RATEZ (OF PYROLYSIS GASES)
(//72Ky LTHFLULID TEMP=RATURE)

(//2XyLTHSCLID TCZMPERATURE)D

(2Xy 84PRESSURE)

(2Xy5725.15)

(20X 36HMINIMUM THICKNESS VIRGIN MATERTAL = ,£20.10)

?
) 516.8

PP PPRPPPDPD>PD>D
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950
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SUBRUUTINE VISC
CALCULATION 92F FLUID VISCOSITY AND PRANDTL NUMBER AT LOCAL T=MP-
ERATURE (RcFe. BROKAW- NASA TR R=31)

DIMENSTON MUK(L12), KGK(12)

COMMUN /7DELDE2/ PSI(12912)9PHI(12,12),0UMMY{1032)

COMMON ACEF(12)+ACER(12)BCEF(12)+BCZR(12}sCKRNIWKUPT(40,412)KUPTV{
140) 9y M(13) 4 MFK{50+912) yMNCyNNO,MU(50) yMUKT(40,12),MUKTV(40)4PR(50) R
2050912) yRHO(30) +RHOK(50412) yRHOKP(530912)yT{S0),TEMP(4D )¢ NRCToXKT,RU
34NSTEP,ROCFM{5U),RS(50)

REAL MU MUK Ny KUPT ¢yMUKTV ) MUKT yKUPTV 2 {G+KGK

N=NSTEP

DO 2 K=1.KT

IF (MFK{NyK).LTe1l.E=5) GC TO 2

DO 1 J=1.NNC

MUKTVIJ)=MUKT(JyK)

KUPTV(J)I=KUPT(J.K)

CONT INUE

CALL FTLUP (T{(N) MUK(K) g MNOyNNO,TEMP,,MUKTV)

CALL FTLJYP (TINIsKGK(K)yMNOyNNOy TEMP,KUPTV)

IF {T(N).GE.300.) GO TO 2

MUK(K)}=MUKTV(L)

KGK(K)=KUPTV(])

CUNTINUE

DO 4 K=1,4KT

DO 4 J=1,KT

IF (K.EQ.J) GO TD 4

IF (MFK(NsK).LT.1.E=5) GG TO 3
PHI(KyJI={1e+SQARTIMUKIK)/MUK(J) I*SQRTISQRTIMIII/MIK))) I ®%2/(2,%SQR
LT(2.)%SQRT (L. +M(K)}/M(J)))

PSI(KeJ)=PHI(K yJ ) (Ll e#2.41%{M(K)=M(J) I E(M(K)=o142%M(J) )/ (M{K)+M(J)
1)%%2)

GO T0 4
CONT INUE
PHI(K,sJ)=0.

PSI(KyJ)=0.

CCNTINUE

PEIRRPITPITITIRIRIDTIRPETTOEIRIIIIOOOPRIOEOETIICCTIIODRIORR®R
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7

MU(N)=0,

iF (MFK{Nyl1).LT.1.E=-5) GO TO 5

A=l e +PHI( 19 2) *RHOK (N9 2)*M(L1 )}/ (RHOK(Ny L) %M(2) ) +PHI (1,3)%RHOK(N,3)*M
LCL)/(RHOK(Ng LI %M (3 ) ) +PHI (19 4) *RHOK (N, 4 ) *M( 1)/ (RHIK(N, L) *M(4) ) +PHI(
21y 5) *RHOK(NyS5)*M(1)}/ (RHOK(Ny1 ) %*M(5) ) +PHI(1,6)*RHIOK(Ny6)%M(1)/ (RHOK
3(N, 1 )%M{61))

MUINI=MUK(L)/(PHI(Ly T)*RHOK(iNy7)2M( L)/ (RHOK(NyL)*M( 7)) ¢PHI(1,8)%*RH
LOKAN»8)#M (1) /(RHUK(Ny LI *M{3) ) #PH. (L4 I) *RHOK (N, 9) ¥*M( 1)/ {RHOK(N,L) %M
2{(9))+PHI( Ly 10OV *RHOK(Ny LO)®M(L )/ (RHOK(Ny L)} *M{10) ) #+PHI( Ly LLI*RHIK (N,
311)%MO1) /7 (RHIK(Ns 1 )%=M(1L))+PHI(1,12) *RHOK(N,12)%M{1 )/ (RAOK(N, 1) %M (
412))+A)

CONTINUE

IF (MFK(N+2).LT.1.E=5) GO TO 6

A=1+PHI( 2y L)*RHIK (N9 LI %*M(2)/ (RHOKINy2)ZM (L)) +PHI (243 )%RHOK (N, 3) %M
1(2)/(RHOK(Ny2)%M(3))+PHI (2, 4) *RHOK(Ny4)%=M(2) /7{RHOK(N,2)*M(4)) +PHI (
2295 ) ¥RHOK (N5 ) =M (2 )/ (RHOK(Ny 2 )%¥M(5) ) +PHI(2,6)%kHIK(N,y 6 )*M(2) /(RHOK
3(Ny2)1%M(6))

MUIN)I=MUK(2)/(PHI (24 7T)*RHOK(NyT)%M(2) / (RHOK(Ny2)=M( 7)) +PHI(2,8)*RH
LOK(Ns8)%M(2)}/ (RHOK(N,2)%M(8) ) +PHI (2413 ) *RHOK (N, 9} EM(2)/ (RHOK( Ny 2) %M
2(9))#PHI(2+10) *RHOK(Ny 10)#M{2)/ (RHOK(Ny2)%M(10) ) ¢PHI(2,11)%RA0OK(N,
3L1)%M(2) /7 (KHOK(N 2 )*M(LL)I+PHI(2412)%RHOK(Ny L2)%M (2)/ (RHOK (N, 2) %M
412))+4)+MU(N)

CONT INUE

IF (MFK(Ny3)elTeleE~-5) GO TO 7

A=1 o +PHI (34 1)*RHOK (N, L)*M (3 )/ (RHOK(Ny 3)%M( L)) #PHI (3,2) %RHOK(N,y2)%M
L(3)/(RHOK(Ny3)%M(2) ) +PHI (3,4 ) *RHOK(Ny4)*M(3 )/ (RHIK(Ny3)¥M(4)) +PHI(
2345) *RHOK(Ny5) *M(3)/ (RHOK (N3 )%M(S) ) +PHI(346)*%RHIKI{Ny6) *M(3)/ (RHOK
3(Ny3)*M(6))

MU(N)I=MUK(3) /(P41 (3, T)*RHOK(N,T)%M(3) /(RHOK{(Ny3)*M(T))+PHI(3,9)%RH
LOK(Ny8)%M(3)/(RHOK(Ny3)*M(8) ) +PHI(3,y ) *RHOK (Ny9)*M(3)/(RHOK(Ny3) %M
2(9))+PHI(3,10)*RHCKINy13)*¥M(3)/(RHOK(N,3)*M(10))¢PHI(3,11)*RHOKI(N,
311)*M(3 )/ (RHOKINy 3)%M{11 ) )+PHI(3, 12)%RHOK(NL2)%M(3) / (RAOK(Ny3)%EM(
412))+A)+MU(N)

CONTINUE

IF (MFK(Ny4).LT.1.E~-5) GG TO 8

DI IIIT IR ITIPOEOIOOEBIRTREIORIIOOCIIRETOI®
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70
71
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A=1.+PHI(4) 1) ¥RHCK (N, 1) *M(4 )/ (RHOK(Ny4 )*M(1))+PHI(4,42) *RHOK (N, 2)%M
1(4)/(RHOK(Ny4)%xM(2) ) +PHI (49 3) *RHOK(Ny3) %M (4) /(RAIK(Ny4)*M(3)) +PHI (
2495)%RHOK (N5 ) %M (4 )/ (RHOK (N4 ) =M(5) ) +PHI( 4y 6 ) *RHIK(N,6)*M(4) / (RHOK
3{Ns4)%M(6))

MUCN)I=MUK (4)/ (PHI(4y T)*RHOK(Ny7)*M{4) /(RHOK(N,4) *M( 7)) +PHI(4,8)%RH
LOK(N»8)%M(4)/(RAOK (N4 ) *M(B) ) +PHI(4yF) *RHOK (N, ) &M (4)/ (RHOK (N4 ) %M
2(9))+PHI (49 10) *RHOK(Ny 10) *M( 4}/ (RHIK(N+4)=*M(10) ) +PHI(4,11)%RHOK(N,
31L)%M(4)/ (RHOK (N4 )*M{L L)) +PHI(4 912 )*RHOK(Ny 12)*M (4)/ (RHOK(Ny 4) *M(
412))+A)+MUIN)

CONTINUE

IF (MFK(Ny5)elLTelsE=-5) GO TO 9

A=1 o +PHI(59 L)*RHOK(Ny L) *M(5)/(RHOK(Ny5)*4( 1) )+PHI(5,42) %*RHOK(N,2)%M
LUS5)/(RHOK(NyS)*M(2)) +PHI(543) *RHOK(Ny3)%M(5)/ (RHOK(NyS)*M(3} ) +PHI(
2594 ) *¥RHOK (N9 4) #*M(5)/(RHOK(M,y5)%¥M(4) ) +PHI(5,€) *RHOK(Ny6) %4(5) / (RHOK
3(Ny3)1%M(6))

MUIN)I=MUK (5)/7(PHI (5, 71)#*RHOK(N,7)*M(5) /{RHOK(N,5)«M( 7)) +PHI(5,8)%RH
L1OK(NsBI*¥M(S5)/ (RHOK (NS )%*M(B8) ) +PHI(5y I )*RHNK (N9 9 )IEM(5) F{RHOK(N95) %M
2(9))+PHI(S5410)*RHGK(Ny10)*M(5)/ (RHOKIN,5)%M(10) ) +PHI(5,11)*RHOK (N,
3LL)*M(S)/ (RHIOK Ny SIEM(11) ) +PHI( 5912 )%KHUK({Ny 12)%M(5)/(RHAOK(N,S5)%M(
412))+A)+MU(N)

CONTINUE

IF (MFK(Ny6)aLTsleE=5) GO TO 19

A=1.+PHI(641)*¥RHOK(N 1 )I%®M(O6)/(RHUKIN,6)%M(1)) +PHI (6,2 )% RHOK (Ny2) %M
LO6)/(RHOK (N6 ) XM (2) ) 4PHI (69 3) *¥RHUK(Ny 3} *4( 6}/ (RHUK(N,6)%M(3) ) +PHI (
2694 ) ¥*RHOK (N4 ) %M (6 )/ (RHOK(Ny6 ) *M(4) ) ¢PHI(645) *RHOK(N,5)*M(6)/ (RHOK
3(Ny6)%M(5))

MUCN)=MUK(6)/ (PH1 (64 T)*RHOK (N7 )*M(6)/ (RIHOK(N,6)*M( 7)) +PHI (64 8)%RH
10K(Ny8)%=M(6)/ (RHOK(N6)%M(8) ) +PHI(699) ¢ RHOK (N9} %«M(6) / (RHOK(N,6) %M
2(3))+PHI(6910)¥RHOK(Ny LOIXM(6)/ (RHOK(N»y6)*M{10) ) #+PHI(6411)%*R40K(N,
311)%M(62/(RHOKIN»6I*M(1L1) I+PHI(6412) & RHUK(Ny12)%M(6)/ (RHOK{N, 6 )M (
412))+A)+MU(N)

CONTINUE

IF (MFK(NyT7)eLTeleE=5) GO TO 11

A=l o #+PHI(T 3 1 )*RHOK (N, L) *M(T )/ (RHOK (N, 7)%M( L) )+PHI(T92) %RHOK( Ny 2) =M
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11

12

13

LOT)/ (RHOK (N 7)%M(2) ) +PHI( 74 3) *RHOK(Ny 3)%M(7)/ (RHOK(Ny T)%M(3) ) +PHI(
2794 ) *¥RHOK (N4 ) *M{ 7))/ (RHOKINy 7)2M{4) ) +PHI (T4 5) %*RHOK(Ny5 ) ®*M(7)/ (RHOK
3(Ns7)%M(S) )+PHI(T746)*RHOK(NyO)IE*M(T)/(RHOKIN,T)*M(6))

MUCNI=MUK(T7)/(PHI (7, 8)*RHOK(N3)*M(7)/(RHOK(N,7)€M(8))+PHI(T,9)*RH
LOK(N, Q) %M(T7)/(RHOK(N,7)*¥M(9) ) +PHI( 7y L1O)%RHOK(Ny1D)*M(7) 7{RHOK(N,7)
2¥M(10) ) +PHI (7911 ) *RHOK(N9LL)*M(T)/ (RAOKIN,7)*M(1L1))+PHI(7,12)%RHOK
3UNyL2)*M(T)/(RHCK(N, 7)%M(12) ) #A)+MUIN)

CONTINUE

[F (MFK{N,8)eLT.1l«E~5) GC TO 12

A=]l o +PHI(B 9 1) *RHIK(Ny L)*M(8)/ (RHOK (N, 8)*M(1 ) )+PHI(8,42)*RHOK(N,2)*M
1(8)/(RHOK(N,8)*M(2) ) +PHI (8,31 *RHOK(N,3)*M(8)/ (RHOK(Ny8)eM(3))+PHI(
2894 )*¥RHOK (N, 4)=M{ B8 )/ (RHOK(Ny8)*¥M(4) ) ¢PHI( 8y 5) *RHIK(Ny5)%M(8) 7/ (RHOK
3INyB)*XM(S) ) +PHI(896) *RHOK(NyS)*M(8) /7 (RHOK(N,8)*M(6))

MU(N)=MUK(8)/(PHI(8y 7T)*RHOK(Ny7)*M(8) /(RHOK(Ny8)=M(T7))+PHI(8,9)%RH
LOK{Ny9)*M(8)/ (RHOK(N8)*M(9) ) +PHI(8+10)*RHIK(Ny LI )*M( 8)/(RHOK(N,8)
2%M(10) ) +PHI (B9 11 )*RHOK(N,11)*M(B)/(R4OK(Ny8)*M(LL1))+PHI(8,12)*RHOK
3(Ny12)*¥M(B)/(RHOK(N,B)2M(12))+A)+MI( V)

CONTINUE

IF (MFK(NyS).L T.1.E~-5) GO TO 13

A=l o +PHI(9y 1) *¥RHIK(NyL)*M(9)/ (RHOK(N,I)*A(1) ) +PHI (9,2 ) *RHIK (N, 2 ) %M
LE9)/(RHOK (Ny9) =M (2) ) +PHL (9, 3) *RHOK{ Ny 3 ) %M(9) / (RHIK(Ny9 ) *M(3) ) +PHI (
2994 )*RHOK(Ny4) #M (S )}/ (RHOKIN,9)*M(4) ) +PHI (9, 5) ¥RHIK (N5 ) %M(9) / (RHOK
BINyIIEM(S) ) +PAI (9,6 ) ¥*RHOK(N9y6)*14(9) / (RHOK(N,9) =M(6) )

MU(N)=MUK(9)/ (PHI(9, TI*RHOK (N, 7)*M(9) /(RHOK(N,9)*M( 7)) +PHI(9,8)*RH
LOK(NsB8)%*M(9) /(RHCK(N y9 1 *M(B8) ) +PHI(I4y L0 )I*RHOK(Ny 1) %&M(9)/(RHOK(N,9)
2¥MULO))+PHI(9y 11 ) *RHOK (N9 LL)%M(F) /(RH4OK(N,9)%*M(11)) +PHI(9,12) *RHOK
3(Ny12)%M( ) /(RHCK (N, ) %M {12))+A) +MU(N)

CONT INUE

IF (MFK(Ns10)oLT.1.E-5) GO TO 14

A=1a+PHI(10y1 ) *RHCKIN, L) *M(LO)/({RHOK(N,LI)%=M(1))+PHI(10,2)%RHOK(N,
12)*M{10)/ (RHOK(Ny 10)%M(2) ) +PHI( 10y 3)%RHOK(N,3)*M(L0) /(RAOK(N,10)%M
2(3) ) +PHI(L1094) *RHGK(N9s4 ) XM 10)/ (RHOK(NyLOI%M(4) ) +PHI(10,5)*RHOK(N,
35)%M(L0)/(RHOK{Ny 1O *M(5) }+PHI(10+6) *RHOK(N6)*M(10)/ (RAOK(N,10)%M
4(6))

MUCNI=MUK(10)/7(PHI{10,7)*RHOK(N,7)%M{10)/(RHOK{N,1D)=M(T))+PHI(10,
18I*RHOK (Ny 8)*MULO ) /(RHOK(Ny LUI¥M(B8) ) +PHI(10,9)*RHOK(Ny9)%xM(1) /(RH
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l4

15

16

2UK(N91O)I*=M(9))+PHLI(LOy 11 )%*RHOK(N LLIEM(LO)/(RHOK(Ny LO)*=M(11))+PHI(
310912} *RHOK(N, 12} %M 10) /{RHOK(NyLO)*M(12))+A)+MU(N)

CONT INUE

IF {MFK{N,11).LT.1l.E=5) GO TO 15

A=)l #PHICLL,y L) *RHOK(Ny L)*MULL)/(RHIKIN,JLLI*M( L)) #PHI(11,2)%R40K(N,
L12)*M(LL)/ (RHOK(Ny 11D %M(2))+PHI( 1193 )%RHOK(N,y3)%=M(11)/(RHOK(N,11)&M
2(3))+PHI(11,4)*RHOKIN,4)*M(11)/(RHOK(N,11)%XNM(4))ePHI(L11,5)%RHIK(N,
35)0%M(LL) 7/ (RHOK(Ny11)*M(S5))+PHI(1Lly6)*RHOK(INs6)EM( 11)/(RAJKINy11)%M
4(6))

MUIN)=MUK( LI}/ (PHICLL, 7)*RHOK(Ny7)0%M( L1}/ (RHOK(N, LL)*M(T7))+PHI(11,
13)*RHOK{Ny81%M(L1)}/(RHOK{ Ny LL)*M(B)I+PHI(11+9)%PHOK(N,9}*M(11)/(RH
ZOK(Ny1L1)*M(9))#PH1(11,10)*RHOK(N,10)}*M(11)/(RHOK(NyL1)%M(10)) +PHI(
311012)%RHOK{Ny 12 *M{11)/ (RHOK(Ny11)%*¥(12))+A)#MU(N)

CONTINUE

1F (MFK{Ns12).LT.1eE=5) GO TO 16

A=l o+PHI{1241 ) *RHOKINy L) *M(12)/ (RHOK(N,12)%M{1))+PHI(12,2)*RHIK(N,
12)%¥M 120/ {RHOK(Ny L2) *M{2) ) +PHI( L1293 ) ¢RHOK(N3)%M(12)/ (RADK(N,y12)%M
2(3) ) +PHI(1294)*RHOK(Ny4)*M(12)/ (RHOK({Ny12)%M{4) ) +PHI(12,5)*%RHIK(N,
35)%M{12)7(RHIK(INy12)%M{5))+PHI(12,6) «RHOKIN6)*M(12)/(RADK{N,y 12 ) %M
4(6))

MUIN)I=MUK(12)7(PHI(12,yT)*RHOK(N, 7)%M(12)/(RHOK(N,12)%M(T7))+PAI(12,
L8)*RHOK (N 8)*M{12)/(RHOK(Ny 121 2M(8) JPHI( 122 9) %R {0OK{N,9)%M(12) 7 (RH
2O0K(Ny12)eM(9) ) +PHI(12,10)*RHOK(NsLO)«M(12)/(RHOK{Ny12)%®M(10)) +PHI(
3L2yL1)*RHCK (N, LL)*M{ 12}/ (RHOK(Ny12) %4 (11))+A)+MU(N)

CONTINUE

KG=0e

IF (MFK(Nyl}elLT.1.E=5) GO TO 17

A=(1o+PSI(14s2)*%RHCK(N,2)%M(1)/(RHOK(N91)%M(2))+PSI(1,3)%RHOK(N,3)*
LMEL)/(RHDOK{Ny L)%M(3) )4PST(1 44 )%RHOK(Ny4)XM( 1) /(RHOK(N,1)%M(4))+PSI
2Ly 5)*RHOK(NsS ) =M (1) /(RHOK(NyL)*M(5))+PSI(1,6)*RHOK(N,6)%M(1)/(RHO
3K(Ny L)I%M(6)))

KG=KGK{L)/(PSI{1y7)%RHOK{(Ny 7)%M(L)/(RHOK(NyL)*M(T))+PSI(1,8)*RHOK(
INyB8)*M(1) /(RHAOK(N s L) *M(8))+PSI(1,9)«R4OK(N,G)%*M(1)/ (RHOK(N,1)%M(9)
2Z)+PSI(1y10)*RHOK(Ny1O)*M( L)/ (RHOK(NyL)*M(10))+PSTI (1,11 )%RHOK(N,11)
35M(L)/(RHOK(N L) *M(L 1)) #PSI(Ls12)%RHIK(Ny12)%M(1)/(RHOKIN,1)%M(12)
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17

18

19

20

4)+A)

CONTINUE

IF (MFK(Ny2)sLT.l.E-5) GO TO 18

A=(1le#+PSI( 29 1) *RHCK(Ny L) %M{2) /(RHOK{(Ny2)*M( L)) #+PSI(243)*RHOK{Ny3)%
IME2)/{RHOK(Ns2)%M(3) J4+PST (244 )%RHOK(Ny4)EM(2)/(RHOK (N, 2)%M(4))+PSI
2(295)%RHIK(NyS)%=M(2) /(RAOK(N,2)5M(5)) +PSI(2,6)%RHOKIN,6)%M(2)/ (RHD
3KINy2)%M(0))) .

KG=KGK(2)/{PSI (24 7)%RHOK(NyT)*M(2)/ (RHOK{N,2)*M{T))+PST(2,8)*RHOK(
INy8IEM(2}/(RHOK (N 2)*M{8))+PST(29)F) % AHOK (N, 9) 2M(2) / (RADKI{N,2) %M (9)
214PSTI(2,10)%RHOK{NyLO}EM(2)/(RHOK(Ns2)%M(10) ) +PST (2,11 )% RHOK(N,y11)
35M{2)/(RHOKIN 2} &ML L1})+PSI(2912)%RHIK(NyLZ2)I%M(2) /(RHOK(N,2)%M(]12)
4)+A)+KG

CONTINUE

IF (MFK(Ny3).LT.1l.E~5) GO TO 19

A=(1e+PSI(391)*RHOKINyL)I®M(3}/(RHOK(Ny3)AM(1))+PSTI(3,2)*RHOK(Ny2)*
IM{3)/(RHOK(Ny3)%M(2) )+PST(3,4)%RHOK (N9 4)%EM(3)/(RHOK(N,3)%M(4))+PS1
2(335)%RHOK(INyS)*NM(3)/{KHOK(Ny3)EM(5))+PSI(3,6)%KHOK(N,6)}%M(3)/(RHD
3K(Ns3)%M(6)))

KG=KGK(3 )/ (PSI(3,7)*RHOK(Ny7)*M(3)/ (RHOK{N,2)%M(T7))+PSI(3,8)*RHOK
INgBI*M(3) /(RHOK(N,3)*M(8))+PSI(3,9)*RHOK(N,3)%*M(3 )/ (RHOK(N,3)%M(9)
2)4PSI(3910)*¥RHOK (NS, LO}Y*M (3 )/ (RHOK(Ny3)%XM(10))+PSI(3,11)*RHOKI(N,11)
3MO3)/(RHOK(N3)«M(LL1) ) +PST(3412)%RHIK(Ny12)%M(3)/(RHOK(N,3)%M(12)
4 )+A)+KG '

CONTINUE

IF (MFK(Ny4).LT.1.E=-5) GO TO 20

A= (L «+PST (491 )*RHOKINy L) *M{ 4}/ (RHOK(Ny4 ) =M 1) ) ¢PST1( 442 ) *%RHOK(Ny2)*
IM{4)/(KHOKINs 4 %M(2) )#PST (493 )*RKHOK{Ny3}*M(4)/(RHOK(N,4)}%M{3))+PSI
2(495)%RHADK(Ny S )E*M(4) /(RHOK{Ns 4} M(5))+PST(4,6)%RHOKIN,6)%M(4) 7 (RHQ
IK(Ny4)EM(6)))

KG=KGK (4 )/ (PSI (4, 71)*RHOK(Ny 7)%*M(4)/ (RAGK(Ny4)=M(T))+PSI(4,8)%RHOK(
INy8)*MU4) / (RHOK(N 4 ) *M(8 ) ) +PST(49y9)*RHOK(Ns9)*M(4)/(RHOK(Ny4) =M(9)
2IPSI(4910)*RHOK(N,10)%M{4)/(RHOK(N, %) *M(10) )+PSI (4,11 )%RHOK(N,11)
3xM(4 )/ (RHOK (N4 )EZM{L 1)) #PST {4y 12)%RHIK(Ny12)%2M(4) f{RHOK{Ny4)%.M(12)
4 )}+A) +KG

CONTINUE
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21

22

23

IF (MFK(NyS5)eLTelE-5) GO TO 21

A=(Le+PSI(5yL)*RHOK{Ny L) *XM(5) /(RHOK (NyS)EM{L ) )+PSTI (542 )*RHOK(N,2)*
LM{5)/(RHIK(NyS)*M( 2) J4PSTI(5y3)%RHOK(Ny3)%M(5) /(RHOK(N,5)%4(3))+PSI
2(5y4)*RHUOK(Ny4)*4(5) / (RHOK(Ny5)*M(4)) +PSI(5,6)*RHOC(Ny 6)*M(5) /(RHO
3K{NsSI®ML6)))

KG=KGK(5 )/ {(PST(5y TI*RHOK(Ny 7)%M(5)/ (RHOK(N5)*xM{T))+PSI(5,8)*RHOK (
INe B)*¥M(5) /(RHAOK(Ns5) *M(B8)I+PSTI(599) *RHOK(N,9 ) #M(5)/ (RHOK(N,5) *M(9)
Z)+PST(59y LO)*RHOK(Ny10)*M(5) /7 (RHUOK(N»5) %M 10) ) +PSI(59y11)%RHOK(Ny11)
3¥MIS)/(RHOK(Ny2 ) *M(LL) ) +PST(5,12)%RHIK(Ny 12)*M(5) /(RHOK(Ny5)*M(12)
4)+A) +KG

CONTINUE

If (MFK(N,6).LT.1.E=5) GO TO 22

A={1.+PST(6, 1 )*RHOKI(N, L)*M(6) F(RHIK(N,6)*M( 1)) +PSI(6,2)*RHOK(N,2)%
IMUo) /{RHOK(Ns6)I*4(2) }+PST1 (093 )*RHIKIN,3)=M(6)/(KHOK(N,6)*M{3))+PSI
206y 4)¥RHIK(Ny4)*M(€) /(RHOKIN,6)%M(4) ) +PSI(645)«R40K(N,5)%xM{6)/ (RHO
3K{Ny6)%M(5) 1))

KG=KGK(6)/(PST(€&sTI*RHOK(N,T)%M(6)/(RHOKIN,6)XM(T))+PSI(6,48)*RHOK (
INyBI%M(6)/ (RHOK(N6)2XM(B) ) ¢+PST(6,9)*RHOK(N,S)I%M(6 )/ (RHOK(N,6) %M(9)
2I+PSI(69 10 XRHOK(N,13)*M(6)/(RHOK(N,>)*M(1D))+PSI(6411)%RHOK(N,y11)
3XMIO)/ (RHOK (N 6 )*M (1 1) )+PST( 6912 )*¥RHOKINy 12)%M(6) F(RHOK(N,6)«M(12)
4)+A) +KG

CONTINUE

IF (MFKIN+7).LT.1.E=5) GO TO 23

A=(PST(751)*RHOK (N1 IXM(T7)/(RHOK(Ny7) ¥ M(L))+PSI{T42)*%RHCK(Ny2)%M(7
L)/ (RHOK (N7 )%#M(2) J4PST( Ty 3)*RHOK Ny 3)%M(7) /(RHOK(N, 7T)%M(3))+PST(T,
24)*RHOK(N ¢4 ) %M (7) /(RHOK(Ny7)%M(4))+PST(7,5)%RHOK(Ny5)%M(T7)/ (RHOK(N
397)%MU5))+PST( 746 )*RHOK(N6)*M(T)/(RHOKIN4T)I%M(6)))

KG=KGK(7)/(1o+PSI(T7,8)%RHOK(N8 ). M(7 )/ (RHOK(N,7)%M(8))+PSI(T49)%RH
IOK(Ny9IXM(T )/ (RHUK(Ny7)*M(9) ) #PSI( Ty 10)*RHOK(N,L10)*M(T)/(RHOKIN,7)
2¥M{10))+PSI(7411)*RHOK(Ny1L)*M(T)/(RADK(N7)%M(LL))I+PSTI(7,12)%RHOK
3INy12)1%MU7) /(RHOK (N, T)%M(12))+A) +KG

CONTINUE

IF (MFK(NsB)eLT.1.E=5) GO TO 24

A=(PST(8s L)*RHOK (N1 )%M(B)/(JHOK(N,8)*M(1))+PSI(8,2)%RHCK(N,2)%M(8
L)/ (RHOK (N B)*M(2) ) +P ST (893 ) *RHOK(Ny3)=M(3 )/ (RHCK(Ny 8)%M(3))+PST(8,
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24

25

26

24)%RHOK(N¢4 ) *M{E) / (RHOKINBI*M(4))+PST(8y5)*¥RHOK(Ny5)%¥M(8)}/ (RHOK (N
3,8)%M(5))+PST(8+6)*¥RHOK(NS)I=M(8)/(R40K(N,8)%M(6)))

KG=KGK(8)/(L1+PSIT(8T7T)*RHOK(Ny7)%M(8)/ (RHOK(NyB)IXM(T))+PSI(8,y3)*RHO
LKINy9)*M(8) /(RHCK(N,B)*M{9)})+PSI(891J)*RHOK(N,10)*M(8)/ (RHOK(N,8)*
2M(10))+PST(8y11)*REOK(Ny LL)®M(8)/(RHIKIN,B)®M(11))+PSI(8,12)*%RHOKI(
3Ng12)%M(8) /(RHOK(N,8)%M(12))+A)+KG

CONTINUE

IF (MFK{NyS)eLT.l.E=-5) GG TO 25

A=(PSI(9, 1) *RHCK(NyL)*M(9)/{RHOK(Ns Q) %=M(1))+PSI(9,2)*RHCK(N,2)}%M(9
L)/ (RHOK(Ny9)%*M(2) ) +PST(99y3)*%RHOK (Ny 3)%M (I )/ (RHOK(N, ) %M( 3))+PSI(9,
24)¥RHOK(Ny4)*M(G) / (RHOK(Ny9)=M(4))+PST(9,5) ¥RHOK (N, 5)%M(9)/ (RADK(N
399)15M(S5))+PST(Sy6 )*¥RHOK(N96)}%M(I)/{RADK(N,9)%M(6)))

KG=KGK(9) /(1L+PSI (997 I*RHOK(Ny7T)%=M(I)/ (RHIK(N,9)}%M(T7))+PS1(9,8)%RHO
LK{Ny 8)%=M(F)/(RHCK (N, ) =4 (8))+PSI(9y10)*RHOK(N,10)*M(9) /(RHOK(N,9)*
2M(10) ) +PST (9911 )*RHOK(Ny LL)*¥M(9)/(RHIKINy9)#M(11))+PSI(3,12)=RHOKI
BNy L2)%MU9) /(RHOK(NyG)*M(12) )+A)+KG

CONTINUE

IF (MFK(N,10).LT.1.E-5) GO TO 26

A={(PST(10+s 1 )*RHOK (Ny L) %M (L10)/(RHIK(N, LO)*M( 1)) +PSTI(10,2)*RHOK(N,2)
1*M(10)/(RHOK(Ns1O)*M(2))+PST (1093 )%RA0OK(Ny3)=M(10)/ (RHOK (N, 1J)%M(3
2))1+PSI(10+4)*RHOK Ny 4)*M(10)/(RHOK(N, 1O)*M(4))+PST(10,5)%RHOK(N,y5)
3%M(1O)/(RHCKINyLI)*M(5) )+PST(L10,6)*RAOK(N,6)*M(10)/ (FHOK(N,1D)%M(6
4)))

KG=KGK(LO )/ (Lo +PSI(L1Oy T)I*RHOK(Ny T)I*M( LI}/ (FHOKINy10DEM{T7))+PSI(10,
18)%RHOK(N+8)*M(10) /(RHOK(N,1O)*M(8))+PST(10+9)%RHOK(N,9)%*M(1D)/(RH
2OK(Ny10)%M(9) ) +FST(10s11)*RHOK(NyL11) «M( 1O} /(RHOK(N, 10} %M(11))+PSI(
310012)%RHOK{Ny12)*M(10)/ (RHOK(Ny LODI%®M(12))+A)+KG

CONTINUE

IF (MFK{Ny11)eLT.1l.E=5) GO TO 27

A=(PSI(1141)%RHCK(Ny1)*M{11)/(RHOK(NsL1L)*M(1))+PSI(11,2)*RHOK(N,2)
1%M{11)/ (RHOK(Ny L1)*M(2) )+PSI( 1Ly 3)%¥R40OK(N3)*M(11)/(RHOK(N,11)%*M(3
2))+PSI(1Le4)*RHOK(Ne4)*M(11)}/ (RHOK(N, 11)*M(4))#PST(11,5)%RHDK(N,5)
3XM{LL)I/(RHOK(Ny LL)}*M(5) i+PSI(L1Lly6)*R40OKINy6I*XM(L1)/(RADKIN,LL)%M(6
4)))

KG=KGK(11)/(La#PST(Ll1,7)*RHOK(NyT)&M(LL)/(RHOK(NyLL)*M(T))+PSI(11,
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21

28

18)%RHOK (N8I *M{11)/(RHOK(Ny LL)%M(8))¢+PSI(11,9)%RHOK(Ny9)%M{(11)/(RH
20K{Ny11)%=M(9))+PST(LLy10)*RHOK(Ny1O)*MUILL)}/(RHOKIN,11)%M(10) ) +PSI|(
311,12)*RHOK (N9 12)*M{11) /{RHOK(Ny11)%M(12))+A)+KG

CONT INUE

IF (MFK(Ny12).LT.1l4E=-5) GO TO 28

A=(PSI(L12,1)*RHOK(Ny 1)%M(12)/(RHOK(Ny12)*M(1))+PSI(1242)*RHOK(N,y2)
1M 12) F (RHCKIN,L2)*M(2) ) #PST(12+3)%RA0K(Ny3)%M(12)/ (RHOK(Ny12)%M(3
2))4PST(1244)*¥RHOK(Ny @) *M(12) /7 {RAOK(N, L2)%M(4) ) +PSI(12,5)*RHOK(Ny5)
3M(L2)/ (RHOK(N912 1%M(5))+PST(1296)%R4OIK(N+6)*M(12)/(RHOK(NyL2)%M( 6
4)))

KG=KGK{12)/ (1e+PSI{12,7T)*RHOK(NyT)*M(12)/(RADKINy12)%M(T7))+PSI (L2,
L3)*RHOK(N8)*M(L2)/(RHOK(NyL2)*M(8) ) +PST(12+9)*RHOK(N+9)*M(12)/(RH
20K(Ny12)%M(9) ) +PST (124 LOI*RHOK(N10) *M(12)/(RHOK(Ns12)%M(10))+PSIH(
312,11 )%RHOK(Ny L1 )%#NM( 12}/ (RHOK(Ny12) %4 (11))+A}4KG

CONTINUE

PRIN)I=MU(N)/KG*ROCPM(N}/RHO(N)

RETURN

END
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C

SUBROUTINE PDEL (FS,CRNI)
SUBRUUTINE FOR SOLVING SECOND ORDER LINEARIZED DIFFERENTIAL EQUA=-
TIONS FOR TEMPERATURE OF THE CHAR AND UNCHARRED LAYERS.

DIMENSION AS(112), BS(110), CS(110), DS(110)y BP{110)}, FS(11D}), GP
1(110)y ALPEHB4(110)y ALPHA2(110), ALPHAB3(110), TSP(110), ALPHP2(11l0D
2)y KS(50), ALPHPL(110)y ALPHAL(L110)y TP{(50)}, KP({100)y KPP(11D)}, TF
3S(110)y ALPHA3(110), ALPHA4(110), ALPHP3(110), ALPHP4(110)

COMMON /DELDE2/7 AS+BS+CS+DS+BP,GP

COMMON /PDEL1/ ALPHI1 JALPHI2 ALPHI3 ALPHIG ALPHIPL,ALPHIP2,ALPAHIP3,
1ALPHIP4GAMMILl ,GAMM]I 2, GAMM1 4, GAMMIP 1, GAMMIP2,GAMMIP 3,GAMMIP4,5GMA,
20X ALPHAL yALPHAZ y ALPHP1 ) ALPHP2, ALPHB3 ) ALPHB4 s DT L s QeKSyLPyQPT,KSP1
33TSPoOXPoIPy I o139 INsIOLsKPyLPPoLPPPyCSPIJKPPI ¢MGDOT yD4P 4 MGDOTP,QNE
4T +sQPNET o KPPIP+GAMMI3, IM, EPSS,EPSPyDX19yOXPLlyALPHASL,ALPHP 3, ALPHP 4, AL
5PHA3 yHTSK yHTSKP ,ICGPT1,I0PTI,T1BAR,TIBAR

COMMON /TS/ 1IP1,I214KPP,GAMIPLl,GAMIP2,GAMIP3,GAMIP4,GAMIPP],5AM]IPP
12+GAMIPP3,GAMIPP4 sKAPIPLyKAPIP2,KAPIP3 ,KAPIP4 KAPIPPLKAPIPP2,yILsK
2APIPP3,KAPIPP4,DXPP,KPPPIP,KPPPIZ,y11

DOUBLE PRECISION AS,BSyCSyDSeGSCNSTyHSCNST,AISCNST,y ZSCNSTYSINST X
1SCNSTHAISyBIS+CIS,DISyBPyGPyWS,TFS

REAL KSyKPosLsLPyMCDCT,LPP,LPPPyMGDOTP,KPPI,KSPI+XSPLl,KPPIP,KAPIPI],
1IKAPIP2+KAPIP3,KAPIP4 ,KAPIPPL KAPIPP2,KAPIPP3,KAPIPP4,IL,KPPPIZ,KPP
2P1IP KPP

CALCULATE TRI=-DIAGCNAL MATRIX COEFFICIENTS

DOX=DX1

IF {10PT1.EG.Q0) CG TO 1

IF {(FS{1)-T1BAR) «GT.leE=6) GO TO 2

CGNTINUE
BS(L1)=CRNI*{(ALPHAL(1)=11+/(6%DDX) ) &L %SGMASEPSS*FS(1)%%x3/KS(1)=-3.
17(2.%DDX%%2 ) +ALPHA2( 1) )+ALPHB4(1)/DT

CS(L)=3.%CRNI/(4.*DDX%%2)
GSCNST=CRNI*(3./(2.%DOX%¥%2)=14/{6%¥DIX%%2))
HSCNST==3,%CRNI/(4.%DDX%%*2)

AISCNST=CRNI/ (6. *CDX%%2)

DS(L)==ALPHB3 (1) +CRNI*(ALPHAL(L)=11e/(6.¥DDX))%Q*L/KS(L)+(1le=-CRNI)
1*(ALPHPLI(1)=114/{ 6%DDX) ) *QPT%LPP/KS?PL1l=((1.~CRNI)*((ALPHP1(1)~-11./
2{6.%D0X) 1 *LPP*SGMAXEPSSATSP(1)%%3/KSP1=3./(2.%DOX%%2)+ALPHP2(1))-A

OO0 OO0
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BLPHB4(L)/DTI*TSP{1)=(1o~CRNI)*(34/{4.%DDX*%2)%TSP(2)¢(3./(2.%DDX*x*
42)=1 /(0. %COX%%2) J¥TSP(3)=3./(4.¥DIX*¥*2)%TSP(4)+1./(6.%DDX%x&2)%TSP
5(5))

GO T0 3

CONTINUE

BS(l)=1.

CS(1)=0.

GSCNST=0.

HSCNST=0.

AISCNST=0.

DS({1L)=T13AR+1l.c-4%

CONTINUE

DO 5 N=2,1IWM

IF (N.NE.20) GO TC 4

DDX=0X

GO TO 5

AS(N)=CRNI*(1l+/DDXx*%2~ALPHAL(N)/ (2.%DDX))
BSIN)=CRNI*(ALPHAZ2(N)=2./00X**2+ALP2H34(N)/(DT*CRNI))
CSUN)=CRNI*(la/DOX*%2+ALPHALIN)/ (2.%DDX))
DS(N)I==ALPHB3(N}=(1=CRNI)*((1./DDX%**2=ALPHPL(N)/{2.%DDX))%TSP(N=-1)
L+ (ALPHP2(N)=2./DOX%%2=ALPHB4(N) /(DOT*(1.=CRNI)))I&TSPINI+(1./DIX%%2+
ZALPHPLINY/{2.#%DDX))I*TSP(N+1))

CONT INUE

BS(L)=AS(2)/CS(2 )% (CS(3)%CS(4)*GSCNST=AS(4)*CS(3)*AISCNST=BS(3)=((C
1S(4)*HSCNST=3S5(4) *AT SCNST))-CS(3)*CS(4)*BS(1)
CS(1)=BS(2)/CS(2)%(CS(3)*CS(4)*GSCNST-AS(4)*CS(3)*AISCNST-BS(3)*(C
1S(4)*HSCNST=-BS(4)* Al SCNST) )=CS(1)*CS(3)*CS(4)+AS(3)*(CS(4)*HSCNST-
2BS(4)*AISCNST)
DS(LI=DS(2)/CS(2)*(CS(3)*%CS(4)*GSCNST~-AS(4)*CS(3)*AISCNST=-BS(3)*(C
15(4)*HSCNST=BS(4 ) *AI SCNST) )-CS(3)%CS(4)*0S(L)+CS(3)*DS(4)*AISCNST +
20S(3)*(CS(4)*HSCNST-BS{4)*AISCNST)
AS{20)=CRNI*{ALPHAL(20) *DX/ (DXL*(DXL+DX))=2./(DX1L*(DX1+CX)))
BS(20)=CRNI*(2./(DX*¥DX1)=ALPHA2{20)=ALPHAL(20)*(IX~DX1)/7(DX1%DX))~-
1ALPHB4(20) /07

CS(20)=CRNI*(=2./(LX*(OX1+#DX) )=ALPHAL(2))*DX1/(DX*(DX1+0X)))

OO0 OO0
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DS(29)==ALPHB3 (20 )=(1e~CRNI)*(ALPHPL{20)%DX/(DX1x(DX1+DX))=2.7(IX1
L*(DX1+0X) ) )I%*TSP(19)=((L~CRNI)I*{2./(IX*DX1)=ALPHP2(20)~ALPHPL1(20)*
2(DX=DX1)/(DX1*D0X) }+ALPHB84(20)/DT)I*TS?(20)+(1—=CRNI)I*(2./(DOX%(DX1+D
3X))+ALPHPL(20) *DX1/{DX*(LX1+DX) ) )I*TSP(21)

DOX=DXP1

DO 7 N=IN,ICl

[f (N.EQ.(I+20)) GO TO 6

AS(IN)=CRNI*(1./00Xx%%2-ALPHAL(N)/(2.%DDX))

BSIN)=CRNI*(ALPHAZ2 (N)=2./DOX**2+ALPHB4 (N)/(DT*CRNI))

CSUN)I=CRNI*(1./0DX*x2+ALPHAL(N)/(2.%DDX))

DSIN)I==ALPHB3(N)=(1=CRNI)I*( (1 /DOX*%2=ALPHPL(N)/(2.%DDX))*TSP(N=-1)
1+(ALPHP2(N)=2./DDOX** 2= ALPHB4(N) /{DT%(1.=CRNI) ) )*TSP(N)}+(1./DDX%%2+
2ALPHPLIN)I/(2.%DDX ) )*TSP(N+1))

GO 10 7

DDX=DXP

ASUN)=CRNI* (ALPHAL(N}*DXP/(DXPL*(DXP+DXP1))=2./(OXP1%(DXP+DXP1))})

BSINI=CRNI*(2./(UXP*DXP1)-ALPHA2 (N)=ALPHAL(N)*(OXP=-DXPLl)/(DXP1%DXP
1))-ALPHB4(N)/DT

CSIN)=CRNI*(=2./(LXP*(DXP1+DXP))=ALPHAL(N)*DXPL1/(DXP*{DXP1+DXP}))

OS(N)==ALPHB3 (N)=(1.=CRNI)*(ALPHPLI{N)®IXP/(DXPL1*(DXPLl+DXP))=2./{DX
LPL1*{DXPL1+DXP) )} )*TSPIN-1)=((1.~CRNI)I*(2./(DXP%DXP1)~ALPHP2(N)=-ALPHP
ZLIN)*(DXP=DXPL)/(OXP L®IXP) ) +ALPHB4(N) /OTI*TSPIN) ¢ (1.=CRNI)®(2./(DX
3P%¥(DXPL+OXP)) +ALPHPL (NI*DAPL/ (DXP:(DXPL+DXP)) )XTSP(N+1)

CONTINUE

If (IOPTI.EQ.0) GG TO 8

IF ((FS(I)-TIBAR) .GT.1l.E=-6) GO TO 9

CONT INUE

AKSL=DX*KS(I)*ALPHI4/L

AKPL=DXPL*KP{ I }*GAMMI4/LP

AKAL=CRNI/({AKSL+AKPL)

AKSLP=DX*KSPI*ALPHIP4/LPP

AKPLP=DXPL*KPPI*GAMMIP4/LPPP

AKALP=(1.~CRNI)/(AKSLP+AKPLP)

LIS==AKAL*KS(I)/ (6 *DX%xL)

sXzsisXsisisisisEeiglelgliaelNsReNaNelaleNalaNeNeNalala el aNeNeNeNaNel
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YIS=AKAL®KS (1) /L% (7H/DX+ALPHIL/3.)
XIS==AKALXKS{II/L*(4e/{3.%DX)+].5%ALPHIL)
AIS==AKAL*KS({I)}/L*(75/DX=3.%ALPHI1)
BIS=AKAL*(KS{I)/L*(1e5/0X=11e*ALPHIL/6.~ALPHI2%DX)#KP(1)}/LP%(1.5/D
1XP1l+1ll.*%GAMMI1/6.~GAMMI2*DXPLl))}=1./0DT

CIS==AKAL*KP(I)/LP*( 75/CXP1+3,%GAMMI 1)

EIS=-AKALXKP(I)/LP*(4./(3.%DXP1)=1.5%GAMMIL)

FIS=AKAL*KP(I1)/LP*(,75/DXP1=-GAMMI1/3.)

GIS==AKAL*KP(1)/(LP*DXPl%*6.)

DIS==11+%AKAL/ 6. *(MGDOT*DHP=6*ALPHI3/11.%¥DX%.KS(1)/L=6.%«GAMMI3*DXP
LIXKP(I)/(11a%LP))=11.%AKALP/6 *(MGDOTP*DHP=6,%AL?>HIP3%*DX*KSPI /(1.
2¥LPP =0 *GAMMIP3%DXP 1*KPPI/(LPPP*11.) ) +AKALPXKSPLI/LPP®(TSP(1-4)/(6
3#DX)={T5/0X+ALPHIP /3. )#TSP(I=3)4(4a/(3.%DX)+15%ALPHIPL)®RTSP(]~
42)+(75/DX=3,«ALPHIPL)I*TSP(I-1) )-(AKALP*{KSPI/LPP*(1.5/0X=11.,%*ALPH
51PLl/6.=ALPHIP2*DX) +KPPI/LPPP*(1.5/DX?1+11.%GAMMIP1/6.-GAMMIP2%DXP1
6))+1./DTI.RTSP(I)+AKALPEKPPI/LPPP¥((75/DXP1#3 . %GAMMIPL)®TSP(1+1)+(
T4e/(3%0DXP1)=1.5%GAMMIP L) *TSP(1+2)=-(.75/DXP1=-GAMMIPL1/3,)*TSP(I+3)+
8TSP(I+4)/(6.%DXP1))

AS(I)==(BS(I-1)%XIS/AS(I=-1)=CS(I1=3)%3S(I-1)«ZIS/(AS(I=-1)%AS(I=3))~
1BSCI=-1)%*BS(I1=2)*YIS/(AS(I=1)%AS(I=-2))+#BS{I-1)*8S([=-2)%BS(1=-3)%21S/
20AS(I=1)0%AS(I=2)%AS(1-3))=AIS+CS(I=2)*%YIS/AS(I-2)-BS(I=3)%CS(1=-2)%
3ZIS/(AS(I=-2)%AS(1-3)))

BS{I)==(=BIS+AS(I+L)*EIS/CS(I+LI-AS(I+1)*AS(I+3)%GIS/(CS(TI+3)=CS(I
141l ))-AS(TI+1)*BSUI#2)*FIS/{CSII+1)%CS(T+2))+AS(I+1)%BS(1¢2)%B8S(1+3)
2%GIS/(CSUI+1)I*CS(T42)%CS(I+3) )+CS(I-1)%XIS/AS(I-1L)=CS{I-1)*CS(I-3)
3%ZIS/(AS(I=1)%AS(1=3))=BS(I=2)%CS(I-1)*YIS/(AS(I=-1)%AS(I=2))+BS(I~-
42)%BS(I=3)*CS(I=1)*ZIS/(AS(I-1)*AS(I-2)*AS(I=-3)))

CS(IN==BSUI+L)*EIS/CSUI+1)+AS(I+3)*BS(I+1)*GIS/(CS(I+1)%*CS(I+3))+B
LSEI+1)#BS(T+2)*FIS/(CS(I+1)%CS(I+2))-BS{I+1)*BS(I+2)%BS(1+3)&GIS/(
2CS(I+1)*LSUT#2)%CSCI43))4CIS=-AS(I42)%FIS/CS T+2)+AS(I+2)*%BS(1+3)%G
BIS/(CS(I#2)%CS(I+3))

DS(L)==DS(I+LI*EIS/CSCI+1)+ASCI+3)*DS{I+1)%GIS/(-S(I+1)*CS(I1+3))+8B
LS(I#2)%DS({I+L)*FIS/(CS(I+1)*CS(I+42))-BS(I+2)*BS({I+3)%DS(I+1)%GIS/(
2CS(T+1)*CS(I+2)%CS(I1#3))401S-DS(I+3)%GIS/CS(I+3)-DS(I+2)*FIS/CS(I+
33)+BS(I+3)%DSCI+2)%CIS/(CS(T+2)*CS(1+3))+DS(I-1)*CS(1-3)%21S/(AS(]
4=1)*%AS(1-3))+BS(1=2)*DS(I=-L)*YIS/(AS(I=-1)%AS(1=-2))=8S(1=-2)%B8S(1-3)

OO OO0 OO0
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10

11

S*¥DS(I=1)*ZTS/(AS(I=1)*AS(I=2)*AS(I~3})-DS(I=-3)*2]1S/AS(I-3)-DS(][-2)
O6*YIS/AS(I=2)+BS(1-3)%DS(I=2)%ZIS/{AS(I-2)*%AS{1=-3))-DS(I~-1L)%XIS/AS(
71-1)

GO 70 10

CONTINUE

AS(1)=0.

BS(I)=1.

CStl)=0.

DS(I)=TIBAR+]l.E~=4

CONTINUE

DO 11 N=IPl,121

ASINI=CRNI*(1./0XPPx%x2=-ALPHAL(N) /(2 .%DXPP))

BSIN)=CRNI*(ALPHAZ(N)=2./DXPP*%x2+ALP4B4(N)/(DT%CRNI))
CSINI=CRNI*(1./0OXPPxx2+ALPHAL(N)/(2.%DXPP))

DS(N)==ALPHB3(N)=(1e=CRNI)I*((1le/DXPP%%2-ALPHPL(N) /(2.%DXPP))%RTSP(N
L=1)+(ALPHP2(N) =2, /CXPP%¥2<ALPHB4 (N} /(DT*(1.=CRNI))}I*TSP(N)+{1./DXP
2P*%24¢ALPHPL(N) /(2.%DXPP))I*TSP(N+1))

CONT INUE

AK=CRNI/(KPUIP)*GAMI P4%xDXP/LP+KPP(IP)*KAPIP4*DXPP/IL-HTSK)

AKP=(1l.=CRNI)/(KPPIP*GAMIPP4*DXP/LPPP+KPPPIP*KAPIPP4*DXPP/IL-HTSK)

LIS==AKEKP(IP)}/ (6. *CXP%xLP)

YIS=AK*KP({IP)}*(.75/DXP+GAMIPL/3.)/LP

XIS==AK%KP(IP) % (4 ./ (3. %DXP)+1 .5%GAMI21)/LP

AIS==AK*KP{IP)*(.75/DXP-3%GAMIPL)/LP

BIS==1o/DT+#AK*(KP(IP)/LP*(1.5/0XP=11.%GAMIPL1/6.-GAMIP2%DXP)+KPP(IP
LY/ IL*(Lo5/CXPP+11%KAPIPL/6.-KAPIP2%DXPP))

CIS==AK*KPP(IP)I*( .75/DXPP+3.%xKAPIPL)/IL

ELS==AK*KPP(IP)* (4 o/ (3.%DXPP)=1.5%XAPIPL)/IL

FIS=AK*KPP(IP)*(.75/DXPP-KAPIPL/3.)/1L
GIS==AK*KPP(IP)/{6.*DXPP*]L)
DIS=AK*X(KP(IP)*GAMIP3%0OXP/LP+KPP(IP)*KAPIP3*%DXPP/ IL )=AKP*KPPIP/LPP
IP*(=TSP(IP=4)/(6.%DXP)I+( . 75/DXP+GAMIPP1/3.)*TSP(IP=3)~(4./(3.%DXP)
241 5%GAMIPPLI®TSP(IP=2)=(+75/DXP=3*%GAMIPPL)%TSP(IP=-1))~(AKP*(KPPI
3P/LPPP#(145/DXP=11.%GAMIPPL/6.-GAMIPP2%DXP) +KPPPIP/IL*(1.5/DXPP+11
4 ¥KAPIPPL/I6 ~KAPIPP2*DXPP))+1 /DT )®TSP(IP)+AKP*KPPPIP/IL*((.75/DXP

OO0 OO0 OO0 0O00O0n
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SP+3.%KAPIPPLI*TSPUIP+1L) 4+ {4/ (3. %DXPP)=1.5%KAPIPPL)*TSP(IP+2)-(.75/
6DXPP=KAPIPPL1/3.)5TSP(IP#3)+TSPLIP+4)/ (6.%DXPP))+AKPE(KPPIP*GAMIPP3
T*DXP/LPPP+KPPPIP*KAP IPP3*DXPP/IL)

ASCIP)==(BS(IP=1)%XI S/AS(IP=-1)~-CS(IP-3)%BS(IP=1)¥ZIS/(AS{IP=1)%AS(
LIP=3))=BSUIP=1)%BS(IP=2)%YIS/(AS(IP=1)*AS(IP=2))+BS(IP-1)%BS(I+=2)
2*BS(IP=3)%LIS/(AS(IP=L)*AS(IP=2 )*AS([P=3))-AIS+CS(IP-2)*YIS/AS(IP~
32)=BS(1IP=3)*CS(IP=2)%ZIS/(AS(IP=2)*AS(IP~3)))

BS(IP)==(=BIS+AS(IP+1)*EIS/CSCIP+1L)=AS(IP+1)*AS(IP+3)%GIS/{CS(IP+3
1)*CSUIP+1))=AS({IP+1)*BS(IP+2)*FIS/(CS(IP+1)%CS(IP+2))+AS{IP+1)*BS(
2IP+#2)%BS(IP+3)*CIS/(CSCIP+1)*CS(IP+2)*CSUIP+3))+CS(IP=-1)%XIS/AS(IP
3=1)=CSOIP=L)%CS(IP=3)*ZIS/(AS{IP=1L)1*AS(IP=3))=-8S(IP=-2)%CS(IP=-1)%Y]
4S/(AS(IP=1)*AS(IP=2))4BSUIP=-2)%BS(IP-3)%CS(IP=-1)%Z2IS/(AS{IP~1)%AS(
5[P=2)%AS(IP=3)))

CSUIP)==3SUIP+L)*EIS/CSUIP+1)+AS(IP+3)*BS(IP+L)*GIS/(CS(IP+1)*CS(1
1P+3) )#BSCIP#L)*BSCIP+2)*FIS/(CS(IP+1)*CS(IP+2))-3S(IP+1)%*BS(IP+2)=*
2BS(IP+#3)%GIS/(CSUIP+L)*CS(IP+2)*CS(IP+3))+CIS=AS(IP+2)%FIS/CS(IP+2
3I+AS(IP+2 ) *BSUIP+3)*GIS/(CS(IP+2)%CS([P#+3))

OS(IP)==DS(IP+L)*EIS/CSUIP+1)+AS(IP+3)&DS(IP+1)*GIS/(CS(IP+1)%CS(I
LP+3))+BSUIP#2)*x0S(IP+L)*FIS/LCS(IP¢L)%CS(IP+2))-3S(IP+2)%BS(IP+3)x%
2OSUIP+L)%GISA(CSUIP+L)I*CS{IP+2)*CS(IP+3))+DIS-DS(IP+3)%GIS/CS{IP+3
3)=DSUIP+2)xFIS/CS(IP#3)+BS(IP+3)%DS(IP+2)%GIS/(CS(IP+2)%CS(IP+3))+
4LS(IP=L)*CS(IP=3)%ZIS/(ASCIP=-1)%AS(12=3))4BS(IP=2)%2S{IP=-1)%YIS/(A
S5S(IP=1)%AS{IP=2))=BS(IP=2)%BS(IP=3)1%)S(IP=1)*ZIS/ (AS(IP=-1)%AS(IP=-2
6)1%AS(IP=3))=DS(1P=3)*IIS/AS(IP=3)~-0S(IP=2)%YIS/AS(IP=-2)+8S(IP=3)%*D
ISUIP=2)*21S/(AS(IP=2)%AS{IP=-3))=0S(IP=-1)*XIS/AS(IP~1)

LZSCNST=CRNI*KPP{IZ)/ (6. *DXPPx%2& L% (4TSKP*({ ALPHAL(IZ)¢11l./(6.%DXPP
1))=ALPHAG (I Z)%=KPP(IZ)/IL))

YSCNST==4.5%ZSCNST

XSCNST=8.*%ZSCNST

AS{IZ2)==YSCNST

BS(IZ)={63DXPP¥¥2%ALPHA(IZ) =9« )% ZSCNST-CRNI*SGMAXEPSPEHFS(IZ )*%3%
LOALPHAL(IZ)+11e/(6%DXPP) )/ (HTSKP*(ALPHAL(IZ)+11/(6.%DXPP))=ALPHA
24(12)*KPP(IZ2)/1IL)=1./0T
DSUIZ)==CRNI*(ALPHAL(IZ)#11./(6.%DXP2) ) /(HTSKP*(ALPHAL{IZ)+1l1l./(6.
1¥DXPP)I~ALPHAG(IZ)®KPPILIZ)/IL)*(CNET+ALPHAZ(IZ)%KPP(ILZ)/ (1L*(ALPHA
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21(IZ)+11e/(6.%0DXPP)) I )=(1a=CRNI )% (ALPHPL(IZ) #1114/ (6.%DXPP))/(HTSKP
3% (ALPHPL(IZ)+114/ (6*DXPP))=ALPHPAG(IZ)*KPPPIZ/IL)*(QPNET+ALPHP3(1Z
GI*¥KPPPIZ/(IL*(ALPHPL(IZ) #1147/ (6.%DXPP))I+KPPPIZ/ (IL%(ALPHPL(IZ)+11
5./ (6%DXPP) )V I*(TSP(IZ=4)/(6.%DXPP%%2) =, 75%TSP(IZ=3) /DXPP& %244 ,%TSP
6(1Z=2)/(3.%DXPP*%2 )+ . T5%TSP(IZ=1)/DXPP*%2=(]1.5/DXPP%%2-ALPHP2(1Z))
T%TSP(IZ2))=SGMAEPSP*TSP(IZ2)%%4)~TSP(IZ)/DT
AS(IZ)=AS(IZ-2)%BS(IZ=-1)*(AS(IZ=-3)%XSCNST-CS(IZ=3)%ZSCNST)=BS(I2-1
1)%BSUIZ=-2)%{ASLIZ=3)*YSCNST-BS(IZ=3)%ZSCNST)+AS{I1Z-1)%CS(IZ=2)%(AS
2(1Z-3)%YSCNST=BS(IZ~=3)*ISCNST)-AS(IZ)*AS(IZ=-1)%AS(IZ=-2)%AS(1Z~3)
BS(IZ)=AS(IZ=-2)1%CS(IZ-1)%(AS(I1Z=-3)%XSCNST=CS(IZ=-3)*2SCNST)=BS(12~-2
LI*CSOIZ=1 )% (AS(12=-3)%YSCNST=-BS(IZ=3)%ZSCNST)=AS(IZ=1)%AS(1Z=2)%AS(
212-3)*BS(12)
DS(IZ)=AS(1Z~2)%DS(IZ=1)*(AS(IZ-3)*XSCNST=CS(I1Z=3)%2SCNST)=8BS(I2~2
LI*0S(1Z=1)*(AS(IZ~3)*YSCNST=-BS(IZ-3)%ZSCNST)=AS(IZ=1)%AS([2-2)%(AS
2(12-3)%DS{1Z)=DS(I12-3)%ZSCNST)I+AS(IZ-1)*DS(IZ-2)%(AS(1Z=3)%YSCNST~
3BS(IZ=-3)%ZSCNST)

CStIZ)=0.

SOLVE TRI-DIAGONAL MATRIX FOR TS

BP(1)=CS{1i/8S(1)

GP(1)=0S(1)/8S(1)

DO 12 N=2,11Z

WS=BSIN)=AS(N)*EP(N-1)

BP(N)=CS(N)/4S

GP(N)=(DS(N)=AS(N)*GP(N=1))/WS

CONTINUE

TESCIZ)=GP(1Z)

FS(IZ)=TFS(IZ)

KON=1171

DO 13 N=1,1121

TFS(KON)=GP (KON )=BP(KON)*TFS(KON+1)

FS(KON}=TFS(KON)

KON=KON=-1

RETURN

END
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SUBROUTINE PDP (CRNIsDTyLsDXsDXLeMGDITyMGDOTP 4LPP? 41 yIMyRHO WP MU,T,
LTPsRU)

SUBROUTINE FOR SOLVING SECOND ORDER LINEARIZED DIFFERENTIAL EQUA-

TIONS FCR PYRCLYSIS GAS PRESSURE IN THE CHAR LAYER.

DIMENSION RHO(50), P(50), MU{S50), AS(50), BS(50), CS(50), DS(50),
18P(50), GP(52), T(50), TPI(50)y LP(50)

COMMON /PDP/ PALL1(50),PAL2(50),PAL3(50),PAL4(50),PAP1(5]),PAP2(50)
19yPAP3(50)+PAP4(50)yPAB3(50)4PAB4(50)+PWPPP(50)yPM{50) PMU,PPM,PRH
20(50)4ETA(50) +ETAP(50) sAVGMF(50) yAVGMFP(50)

COMMON /DELDEZ2/ ASBSyCS4yDS+BPyGP

REAL MU,LMGDOT,LFPyMGDOTP

OOUBLE PRECISION ASyBSyCSyOSyPXyPY,PLyPAyPByPDyBPyGPyWyZP

CALCULATE TRI-DIAGCNAL MATRIX COEFFIZIENTS

IN=I-2

DOX=DX1

DO 2 N=2,1IM

I[F (NeNEe2U) GO 10 1

DOX=0X

GO TO 2

ASIN)I=CRNI* (1 /DDX*¥%2=PALLIN)}/(2.%2DX))

BSIN)=CRNI*®*(PAL2{N)=2./DDX%%2)+PAB4{(N) /DT

CSUN)=CRNI*(1la/DDX%%x2+PALL(N}/(2.%2DX))

DSIN)}==PAB3 (N)={]1 c=CRNI}*{((1./DDX%%2=-PAPL(N)/(2.%¥DDX) )%PP(N=1)%%2~
1(2./00X%%2=PAP2(N)}+PAB4(N)/(OT*(1.=CRANI) )} I*PP(N)*%24+(]1./DDX%%2+PAP
2LIN)/(2.*%DCX)I)%PP(N+]1)%%2)

CONTINUE

AS(20)=CRNI*(PALL(20)*DX/(DX1%{(DX1+DX))=2./(DX1*(DOX1+DX)))

BS(20)=CRNI*(2./7(DX*DX1)=PAL2(20)=PALL(2D)%(DX=-DX1)/(DX1%DX))=-PAB4
1(20)/07

CS(20)=CRNI¥*(«2,./ (OX%{DOX1+DX) )=PALL(20)%DXL/(DX*{DX1+DX}))
DS(20)==PAB3(20)=(1le~CRNII®(PAPL(20)*DX/(DX1*(DX1+DX))=2./(DX1%(DX
114DX) ) ) %PP(19)%%2=(( Lo=CRNI VX (2. /(DX¥DX1)=PAP2(20)=PAPL1(20)*(DX=-DX
21)/7(DX1*DX))+PAB4(20)/DT)%PP(20)%%2+ (1 =CRNIDI®(2./7(DX*(DX1+DX))+PA
3PLU20)%DXL/ (DX%{DX1+DX) ) )*PP( 21 ) %%

DS(2)=DS(2)=AS(2)%P(1)*%2

AS(2)=0.
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PX=CRNI/(6+*DX%k%2)

PY==,T5%CRNI/OX*42

PZ=6 .%CRNI/ (3 .,%DX*%2)

PA==-PY

PB=PAB4(I)/DT+CRNI*(PAL2(I)=3./(2.%DX%x%2))
PD==PAB3(I)=(1~CRNT)*(11+/(6.%DX)+PAPL(I))*(2.%PMURLPP*MGDOTP*RU*%
lTP(I)/(AVGMFP([)*PPM))-CRNI*(ll./(o-*DX)*PALl(I))*‘Za*MU(I)*L*MGDO
2T*RUST(I)N/ (AVOMF (1) *PM(I)))=(1e~CRNIDX(PP{I=4)%%x2/ (6 %¥DX*%2)-,T75%P
BP(I=3)%*¥2 /DX*% 244, #PP([=2)%%2 /(3 %DX&%2)#,T5%PP([=1)%%2/DX%%2+(PAP
42(1)=15/0X*%2~PAB4(I)/(DT*(L~CRNI)))*PP(])%%2)
AS(I)=PA=CS(I=-2)1/AS(I-2)*(PY=-PX%¥BS(1=-3)/AS(I=3))}=BS(I=1)/AS(I=1)%(
1PZ=PX¥CS(1=3)/AS(1=3)=BS(I=-2)/AS([-2)%(PY=PX%BS(I=3)/AS(I~-3)))
BS(I)=PB=CS(I=-1)/AS{I-1)*(PZ=PX%CS(I=3)/AS(1=3)=BS(I=-2)/AS(1-2)%(P
LY<-PX%BS({I=3)/AS(I-3)))
OS(I)=PD=PX/AS(I=3)%DS(I=3)-DS(I=-2)/AS(I=2)%(PY=-PX*BS(I-3)/AS(I=-3)
1)=DS(I=-1)}/AS(1=-1)2(PZ~PX%*CS(1=3)/AS(1=3)=BS(I1=2)/AS{1=2)%(PY-PX%BS
2(1-3)/7AS(1-3)))

CS{11=0.

SOLVE TRI-CIAGONAL MATRIX FOR P
BP(2)=CS(2)/BS(2)

GP(2)=DS(2)/8S5(2)

DO 3 N=3,1

W=BS(N)I-AS(N)*B8P(N-1)

BP(N)=CS(N) /W
GPIN)=(DS(N)-ASIN)*GP(N=1) ) /W

CONT INUE

IP(I)}=DSQART(GP(I1))

P(I)=ZP(])

KON=1M

DO 4 N=1,IN
LP(KUN)=DSGRT(GP (KCN)=BP (KON)*ZP(KON+1)}%%x2)
P(KON)=ZP (KCN)

KON=KON-1

RE TURN

END
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SUBROUTINE POF2 (BETAL,BETB2yBETB3,BZTPLl,TP+F,CRNI,DX,DX1,DT,1)
SUBROUTINE FOR SOLVING FIRST ORDER LINEARIZED DIFFERENTIAL
EQUATIONS GOVERNING PYROLYSIS GAS TEMPERATURE AND FLCW RATE AND
CHAR LAYER PCRCSITY.

DIMENSION B(50), C(50)y D(50)y E(50)y F(50), TP(50), BETAL(5)), BE
1T82(50), BETB3(501), BETPL(50), TF(50)

COMMON /DELDEZ2/ B,CyDyE

O0OUBLE PRECISION B,C+DyE,TF

CALCULATE TRI-DIAGCNAL MATRIX COEFFICIENTS

IM=]~-1

IN=]=2

IQ=1-3

DDX=DX1
B(L9)=BETB3(L9I)/OT4+CRNI*(~(DX*%2 42 . %IXL*¥0X)/{DX1L¥*DX*(DX1+0X))+BETA
11(19))

COLlI9)=CRNI*(OX14DX)/ (DX1%*DX)

E{19)==CRNI*DX1/({CX*(DX1+DX))
D(19)==BETB2(19)+(BETB3(19)/DT=(1e=CAINII*(=(DX*%242,DX1%xDX) /{DX1%
10X*{DX1+DX) ) +BETPLI(L9)))I*TP(19)=(1.~CRNI)}*(DX1+DX )/ (DX1*DX)*TP({2])
2+(Le~CRNIDI*DXL/{IXx%(DX1+DX) )2TP(21)

DO 2 N=14IN

IF (N.NEel9) GOI TC 1

DDX=DX

GO TO 2

CONT INUE

BIN)=CRNI*{BETAL(N)-1. b/DDX)*BETB3(N)/DT

C(N)=2.*%CRNI/DDX

E(N)==45%CRNI/DDX
DIN)==BETB2(N)=({1.~CRNI)*(BETPL(NI=1.5/DDX)=BETI3(N)/DTI*TP(N)-(1
1o=CRNI}*(2.%TP(N+1)/DDX=TP(N+2)/(2.%DDX))

CONTINUE

B(IM)=CRNI*(BETAL(IM)=1./DX)+BETB3(IM) /DT

C(IM)=CRNI/DX

g(IM})=0.
D(IMI==BETB2(IM)~( (1l ~CRNI)*(BETPL1{IM)~-1./DX)-BETB3(IM)}/DT)I%RTP(IM)
1=(1.=CRNI)/DX*TP(1)
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SOLVE TRI-DIAGCONAL MATRIX
TR(L)=FLI)
TECIM)I=(DCIM)=COIMIXTF(I)I/B(IM)
FCIMI=TF(IM)

KON=IN

DG 3 N=1,IN
TF(KONI={D{KON)=C (KON} *TF{KON+1)=E(KIN)I*TF(KON+2) )/B(KON)
FCKON)=TF (KON)

KON=KON=-1

RETURN

END
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SUBROUTINE CHCOM(TIME)
SUBKOUTINE FOR CALCULATING THE CHEMICAL REACTION RATES OF EACH
SPECIES.

COMMON ACEF{12)4,ACER(12},BCEF(12),+BCER(L2)yCRNIKUPT{40,12) KUPTV{
140}y M(L13),MFK(50412) yMNOyNNOyMU(50)s MUKT(40,12)4yMUKTV(40),PR(50),R
2(50912)9RHO(50) yRHOK(50,512) yRHOKP(50412)4sT(50),TEMP(40)4yNRCT,4KT,RU
3yNSTEPyROCPM(50)yRS(50)yRHR(50¢12)9R4S(503)yDHK(50+912) 4DHJI(50,12)H
4RJISUM(50) '

DIMENSION KMP(9)s»RMR(9)4yRIN(9)

REAL M

N=NSTEP

RMR({L)I=RHCK(NyL)/M(1)

RMP(1)=1.

RMR{2)=RHOK (N, 11)/M(11)

EMP (2)=RHOK(Ny3) /M(3 )%RHCK(Ns2)/M(2)

RMR(3)=RHOK({N,3)}/M(3)

RMP (3)=RHOK(N,4 )/ M(4)%RHOK(N,2)/M(2)

KMR({4)={(RHOK{Ny&)/M{4))%%2

RMP(4)=1.

RMR(5)=RHOK(N,12)/N(12)

RMP(5)=1.

RMRK(6)}=RHUOKI(N,9)/M(9)

RMP(6)=1.

RMR(7}=RHCK(N,6)/M(6)

RMP(T)=1.

EMR(8)=RHOK(Ns7)/M(T)

RMP(8)=1.

RMR(9)=RHOK(N,T7)}/M(7)

RMP(9)=1.

DO 1 J=1,69

AKF=ACEF(JI*EXP(=BCEF(J)/(RUXT(N)}))

AKR=ACER(JI*EXP(~-BCER(JI/(RUXT(N]}))

RIN(J)= AKFRRMR({J)-AKR*RMP(J)

CONT INUE

RANyl)==RUN(]1)

m
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R(Ny2)=e5%RINCL) +RIN(2)+RIN(3I+RIN(4) +3.%RIN( D) +RUN(TI+1.5%¥RIN(8) +
1RINI( )

R(Ny3)=RJIN(2)=RJINIL(3)
KINy4I=RIN(3)=RIN(4)
R{N9yS5)I=2.%RIN(6) +RIN(T)
RINy6)==RINI(T)

RINy 7)==RJIN(8)=-RIN(9)

RNy 8)=e5%RIN(B8I-KIN(Y)
R{NyII==RIN(6)
RINy10)=RIN(9I)
RINgLL)=e5%RIN(L)I=-RIN(2)
R{Ny12)==RJINI(5)
RS(IN)I=2.%RIN(4 )+6 *RIN(5)
RHS{N) ==RJIN{6)=RINI(T)I=RIN(I)
RHR{N, 6)=RJIN(6)
RHR(Ny7)=RJIN(T)
RHR(Ny9)=RJIN(9)

RETURN

END
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AB2

AC

ACEF

ACER

AEXP

AINT

AINT3

AIS

AISCNST

AK

AKAL

AKALP

AKF

APPENDIX D
PROGRAM TERMINOLOGY

Dummy parameter used in computing viscosity of pyrolysis
gas

Dummy array defined in solution of species continuity
equation, single subscript

Specific reaction rate constant for first order oxidation
of char layer

Specific reaction rate constant for forward chemical
reaction, single subscript

Specific reaction rate constant for reverse chemical
reaction, single subscript

Specific reaction rate constant for pyrolysis gas of
uncharred material

1

Single subscripted parameter defined as fx(N

)no dx

1 3
Single subscripted parameter defined as fx(N)[?t np -
nk M, | dx
Ty i]

Coefficient in solid temperature finite difference equation
evaluated at the pyrolysis zone and the uncharred layer -
insulation layer interface

Coefficient in solid temperature finite difference
equation evaluated at the front surface of the char layer

Parameter defined in solution of so0lid temperature equation
Parameter defined in solution of solid temperature equation
Parameter defined in solution of solid temperature equation

Rate of homogeneous chemical reaction in forward direction,
single subject

229



230 .

AKP Parameter defined in solution of solid temperature
equation

AKPL Parameter defined in solution of solid temperature
equation

AKPLP Parameter defined in solution of solid temperature
equation

AKR Rate of homogeneous chemical reaction in reverse

direction, single subscript

AKSL Parameter defined in solution of solid temperature equation
AKSLP Parameter defined in solution of solid temperature

equation
ALFC Weighting factor for transpiration effectiveness of char

mass loss

ALFP Weighting factor for transpiration effectiveness of
pyrolysis gases

ALPHA Absorptivity of char surface

ALPHA 1

ALPHA 2 Coefficients in linearized differential equations for solid

ALPHA 3 temperature evaluated at end of time step, single subscript

ALPHA 4

ALPHB3 Coefficients in finite difference equation for solid

ALPHB4 temperature evaluated at mid point of time step, single
subscript

ALPHIP1

ALPHIP2 Values of ALPHAl, etc. for the char layer at the pyrolysis

ALPHIP3 zone evaluated at the start of the time step

ALPHIP4

ALPHI1

ALPHI2 Values of ALPHAl, etc. for the char layer at the pyrolysis

ALPHI3 zone evaluated at the end of the time step

ALPHI4

ALPHP1

ALPHP2 Values of ALPHAl, etc. evaluated at the start of the time

ALPHP3 step, single subscript

ALPHP4



ALl

AMGDOT

AMSDOT

AT

ATS

AVGMF

AVGMFP

BC

BCEF

BCER
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Dummy array defined in solving species continuity
equation, single subscript

Local mass flow rate of pyrolysis gas, single subscript

Rate of pyrolysis of uncharred material given by rate
equation

Rate of char layer removed by oxidation

°

Dummy parameter defined in computing pyrolysis gas viscosity

Solution of pyrolysis gas pressure equation for previous
iteration, single subscript

Dummy parameter defined in computing pyrolysis gas
Prandtl number

Dummy arrays defined in solution of species continuity
equation, single subscript

"AS"coefficient in matrix formed by second order
differential equation, single subscript

Pyrolysis gas temperature for previous iteration, single
subscript

Solid temperature for previous iteration, single subscript

Averag. molecular weight of pyrolysis gas at end of time
step, double subscript

Average molecular weight of pyrolysis gas at start of
time step, double subscript

"B" coefficient in matrix formed by first order equations,
single subscript

Activation temperature for first order oxidation of char
layer

Activation temperature for forward homogeneous chemical
reaction involving gaseous species, single subject

Activation temperature for reverse homogeneous chemical
reaction involving gaseous species, single subscript



BETAl
BETA2
BETA3

BETB2
BETB3

BETP1
BETP2
BETP3

BEXP

BIS

BMGDOT

BMSDOT

BP
BRH

BS

CIS

CPK

CPKT

CPKTV

232

Coefficients in linearized differential equation of
pyrolysis gas temperature evaluated at end of time step,
single subscript

Coefficients in finite difference equation for pyrolysis

gas temperature evaluated at mid point of time step,
single subscript

Values of BETAl, etc. evaluated at the start of the time
step, single subscript

Activation temperature for pyrolysis of uncharred

‘"material

Coefficient in solid temperature finite difference
equation evaluated at the pyrolysis zone and the uncharred
layer-insulation layer,

Rate of pyrolysis of uncharred material given by energy-
balance '

Rate of removal of char layer by sublimation

Parameter defined in algorithm for solving set of finite
difference equations, single subscript

Dummy array defined in solution of species continuity
equation, single subscript

"BS" coefficient in matrix formed by second order
dif ferential equation, single subscript

"C" coefficient in matrix formed by first order equationms,
single subscript

Mass fraction of oxygen at edge of boundary layer
Coefficient in solid temperature finite difference
equation evaluated at the pyrolysis zone and the uncharred
layer-insulation layer interface

Heat capacity of gaseous species, double subscript

Table of gaseous species heat capacity versus temperature,
double subscript

Dummy array defined for use in table-look-up routine to
obtain CPK, single subscript
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CpP Heat capacity of uncharred material, single subscript
CPPP Heat capacity of insulation layer, single subscript
CPPPV Constant heat capacity of insulation layer

CPPT Table of uncharred material heat capacity versus

tempe "ature, single subscript

CPS Heat capacity of char layer, single subscript

CPSAl1l .

CPSA12 .Dummy parameters defined in computing CPK

CPSV Constant heat capacity of char layer

CRNI Crank-Nicolson factor ~ 1/2 for modified implicit
solution

CS : "CS" coefficient in matrix formed by second order
differential equation, single subscript

D "D" coefficient in matrix formed by first order
differential equations, sinble subscript

DDX Distance between finite difference stations

DEB2 Coefficients in finite difference equation for conservation

DEB3 of species evaluated at mid point of time step, single
subscript

DEL1 Coefficients in linearized differential equation for

DEL2 conservation of species evaluated at end of time step,

DEL3 double subscript

DEN Cenominator defined in solution of first order equations

DEP1 Values of DEL1l, etc. evaluated at start of time step,

DEP2 double subscript

DEP3

DETADX Porosity gradient in char layer, single subscript

DHC Heat of combustion of char layer

DHJ Heat of reaction for heterogeneous chemical reaction,

double subscript



DHK

DHP

DIFER

DIS

DKPDX

DKSDX

DL

DLP

DMBRDX

DRHO

DRODX

DS

DIDX

DVDX

DX

DXP

DXPP
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Enthalpy of chemical species evaluated at solid
temperature, double subscript

Heat of pyrolysis of uncharred material

Convergence criteria

Coefficient in solid temperature finite difference
equation evaluated at the pyrolysis zone and the uncharred

layer-insulation "“zyer interface

Gradient of uncharred material thermal conductivity,
single subscript

Gradient of char layer thermal conductivity, single
subscript

Change in thickness of char layer
Change in thickness of uncharred layer

Gradient of pyrolysis gas molecular weight, single
subscript

Difference in density of uncharred material and density
of char layer at the pyrolysis zone

Gradient of pyrolysis gas density at end of time step,
single subscript

"DS" coefficient in matrix formed by second order
differential equation, single subscript

Time increment

Gradient of pyrolysis gas temperature at end of time step,
single subscript

Gradient of pyrolysis gas velocity, single subscript

Distance between finite difference stations in char
layer in region of course grid spacing

Distance between finite difference stations in uncharred
layer in region of course grid spacing

Distance between finite difference stations in
insulation layer



‘DXP1

DX1

EIS

EPSAl
EPSA2
EPSA3

EPSB2
EPSB3

EPSP

EPSP1
EPSP2
EPSP3

EPSS

ETA

ETAP

F1S8

GAMIPP1
GAMIPP2
GAMIPP3
GAMIPP4

235

Distance between finite difference stations in uncharred
layer in region of the fine grid spacing

Distance between finite difference stations in char
layer in region of fine grid spacing

"E" coefficient in matrix formed by first order equatioms,
single subscript :

Coefficient in solid temperature finite difference equation
evaluated at the pyrolysis zone and the uncharred layer -
insulation layer interface

Coefficients in linearized differential equation for char

layer porosity evaluated at end of time step, single
subscript '

- Coefficients in finite difference equation for char
. layer porosity evaluated at mid point of time step,

single subscript

Emissivity of radiating heat sink surface behind
ingulation

Values of EPSAl, etc. evaluated at the start of the
time step, single subscript

Emissivity of char layer surface

Porosity of char layer at end of time step, single
subscript '

Porosity of char layer at start of time step, single
subscript ,

Dummy array defined in solution of first order
differential equations, single subscript

Coefficient in solid temperature finite difference
equation evaluated at the pyrolysis zone and the
uncharred layer insulation layer interface

Dummy array defined in solution of solid temperature
equations, single subscript

Values of ALPHAl, etc. for the uncharred material at the
uncharred layer-insulation layer interface evaluated at
the start of the time step



GAMIP1
GAMIP2
GAMTP3
GAMIP4
GAMMI 1
GAMMI?2
GAMMI 3
GAMMI 4

GIS

GSCNST

HBRKN2

HBRKO2

HC

HE

HKTV

HRJISUM
HRSUM

HS

236

Values of ALPHAl, etc., for the uncharred material at the
uncharred layer-insulation layer interface evaluated at
the end of the time step

Values of ALPHAl, etc. for the uncharred material at the
pyrolysis zone evaluated at the end of the time step

Coefficient in solid temperature finite difference
equation evaluated at the pyrolysis zone and the uncharred
layer-insulation layer interface

Parameter defined in algorithm for solving set of finite
difference equations, single subscript

Coefficient in solid temperature finite difference
equation evaluated at the front surface of the char
layer

Coefficient of convective heat transfer between char
layer and pyrolysis gas, single subscript

Enthalpy of N9 at char surface temperature evaluated at
end of time step

Enthalpy of 09 at char surface temperature evaluated at
end of time step

Heat of sublimation of char layer material
Enthalpy of free stream
Enthalpy of gaseous species, double subscript

Table of gaseous species enthalpy versus temperature,
double subscript

Dummy array defined for use in table loock-up routine for
single subscript

Parameters defined in computing coeffcients in pyrolysis
gas temperature equation, single subscript

Enthalpy of char layer evaluated at the char temperature,
single subscript



HSAll
HSA12

HSCNST

HST
HSTT
HTSK

HTSKP

L
M
IN
IN2
10
101
P
IPP
1Pl

1z

{fl:)
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Dummy parameters defined in computing HK

Coefficient in solid temperature finite difference
equation evaluated at the front surface of the char
layer :

Enthalpy of char layer evaluated at the pyrolysis gas
temperature, single subscript

Table of char layer enthalpy versus temperature, single
subscript

Value of p€ £ for heat sink at uncharred layer-insulation
layer interface

Value of pébl for heat sink behind insulation layer
Enthalpy of air at char surface temperature
Number of finite difference stations in the char layer

Thickness of insulation layer

Indices

Total number of finite difference stations in char
layer and uncharred material

Indices

Total number of finite difference stations in char layer,
uncharred material, and insulation layer

Dummy indices

Number of finite difference stations in uncharred material
Dummy index

Parameter defined in computing rate of char layer removal
by first order oxidation
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KAPTPP1 Value of ALPHAl, etc. for the insulation layer at the
KAPIPP2 - uncharred layer-insulation layer interface evaluated at
KAPIPP3 the start of the time step

KAPIPP4

KAPIP1 Value of ALPHAl, etc. for the insulation layer at the
KAPIP2 uncharred layer-insulation layer interface evaluated at
KAPIP3 the end of the time step

KAPIP4

KG Conductivity of the pyrolysis gas

KGK Conductivity of gaseous species, single subscript

KI

KM Dummy indices

KON

KP Conductivity of uncharred material at end of time step,

single subscript

KPP Conductivity of insulation layer, single subscript

KPPI Conductivity of uncharred material at pyrolysis zone
evaluated at start of time step

KPPIP Conductivity of uncharred material at uncharred layer -
insulation layer interface evaluated at start of time
step

KPPPIP Conductivity of insulation layer at uncharred layer-

insulation layer interface evaluated at start of time step

KPPPIZ Conductivity of insulation layer at back of insulation
evaluated at start of time step

KPPV Data input for insulation layer conductivity

KPT Table of uncharred material conductivity versus

temperature, single subscript

KS Conductivity of char layer at end of time step, single
subscript
KSPI Conductivity of char layer at pyrolysis zone evaluated

at start of time step

KSP1 Conductivity of char layer at front surface evaluated at
start of time step



KT
KTT
KUPT

KUPTV

LPMIN

LPP

LPPP

MCPP

MFKI

MGDOT

MGDOTP

MKP

MPDOT
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Table of char layer conductivity versus temperature,
single subscript

Indices

Table of gaseous species conductivity versus temperature,
double subscript

Dummy array defined for use in table-look-up routine for
KGK, single subscript

Char layer thickness at end of time step

Ratio of mass char layer removed to free stream oxygen
consumed in first order oxidation of char

Uncharred material thickness at end of time step
Minimum thickness of uncharred layer

Char layer thickness at start of time step

Uncharred material thickness at start of time step
Molecular weight of chemical species, single subscript
Order of interpolation in obtaining CPP

Mole fraction of gaseous species, double subscript

Mole fraction of gaseous species at pyrolysis zone,
single subscript

Rate of pyrolysis of uncharred material at end of time
step

Rate of pyrolysis of uncharred material at start of time
step

Order of interpolation in obtaining KP
Order of interpolation in obtaining KS

Order of interpolation in obtaining HS, HST, HK, CPK,
HBRKN2, HBRNKO2, MUK, and KGK

Effective mass injection rate at char surface



MQC

MSDOT

MSDOTP

MSQPT

MUKT

MUKTV

NCPP
NIT

NITA

NITC

NITG

NITP

NITS

NNO

NQC
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Order of interpolation in obtaining QC
Molecular weight of carbon

Rate of char layer removal by first order oxidation at
end of time step

Rate of char layer removal by first order oxidation at
start of time step

Order of interpolation in obtaining SQPT

" Viscosity of pyrolysis gas mixture, single subscript

Viscosity of gaseous species, single subscript

Table of gaseous species viscosity versus temperature,
double subscript

Dummy array defined in computing pyrolysis gas viscosity,
single subscript

Dummy index
Number of entries in CPPT table
Iteration count

Trigger, set to 1 after first iteration following & =
1.0 x 103 kg/m?-sec &

Trigger, set to 1 after first iteration

Trigger, set to 1 if surface temperature changes more
than .27 with respect to previous times

3 kg/mz—sec

Trigger, set to 1 when ﬁlg = 1,0 x 107
Trigger used in computing CPK and HK
Number of entries in KPT-

Number of entries in KST

Number of entries.in HSTT, HKT, CPKT, MUKT, and KUPT

Number of entries in QCTAB



NRCT

NRHOK

NSQPT

NSTEP

PA

PAB3
PAB4

PAL1
PAL2
PAL3
PAL4
PAMGDOT
PAP1
PAP2
PAP3
PAP4
PART

PB
PD
PHBRKN2
PHBRKO2

PHI
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Number of homogeneous chemical reactions treated

Trigger used in solving species continuity equation,
single subscript

Number of entries in SQPT
Dummy index

Pyrolysis gas pressure at end of time step, single
subscript

TPA" coefficient in finite difference equation for

pyrolysis gas pressure evaluated at the pyrolysis zone

Coefficients in finite difference equation for pyrolysis
gas pressure evaluated at mid-point of time step, single
subscript .

Coefficients in linearized differential for pyrolysis

gas pressure evaluated at end of time step, single
subscript

Product of chemical species density and velocity at
start of time step, double subscript

Value of PALl, etc. evaluated at the start of the time
step, single subscript

Parameter defined by |TS(1)—TSP(1)|

"PB" coefficient in finite difference equation for
pyrolysis gas pressure evaluated at the pyrolysis zone

"PD" coefficient in finite difference equation for
pyrolysis gas pressure evaluated at the pyrolysis zone

Enthalpy of N, at char surface temperature evaluated at
start of time step

Enthalpy of 0y at char surface temperature evaluated at
start of time step

Parameter defined in coﬁputing viscosity of pyrolysis
gas, double subscript



PM

PMU

PMV

PP

PPM

PR

PRHO

PRINTFQ

PROM

PROPC

PSI

PT

PTIME

PTS

PW
PWP
PX

PY
Pz
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Permeability of char layer at end of time step, single
subscript

Pyrolysis gas viscosity at pyrolysis zone, evaluated at
start of time step

Data input for permeability of char layer

Pyrolysis gas pressure at start of time step, single
subscript

Permeability of char layer at pyrolysis zone, evaluated at
start of time step

Prandt number of pyrolysis gas

Pyrolysis gas density at start of time step, single
subscript

Time interval at which output is printed

Sum of mole density of all chemical species, single
subscript

Proportionality constant appearing in equation for HA

Parameter defined in computing conductivity of pyrolysis
gas, double subscript

Pyrolysis gas temperature at last table look up of data,
single subscript

Print time

Solid temperature at last table-look~up data, single
subscript

Dimensionless pressure at surface of char layer
Dimensional pressure at surface of char layer
"PX", etc. coefficients in finite difference equation for

pyrolysis gas pressure evaluated the pyrolysis zone

Net heat transfer at char surface by conduction at end of
time step :



Qc
QCOND
QcTt
QCTAB

QFAC

QNET

QPNET

QPT

QRAT

QRS

RHO

RHOK

RHOKP

RHOP

RHOPP
RHOPPV
RHOSO
RHOST

RHR
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Heat transfer to cold, non-ablating body

Rate of energy transfer by conduction at char layer surface
Aerodynamic heat transfer to hot, ablating body

Table of QC versus time, single subscript

Parameter define in computation of aerodynamic heat
transfer

Heat transfer to back surface of insulation layer at end.
of time step

Heat transfer to back surface of insulation layer at start
of time step

Net heat transfer at char surface by conduction at start
of time step

Ratio of set heat transfer at surface by conduction to
cold wall, non-ablating heat transfer

Radiant heat transfer at surface
Vehicle nose radius
Pyrolysis gas density at end of time step, single subscript

Density of chemical species at end of time step, double
subscript

Density of chemical species at start of time step, double
subscript

Density of uncharred layer at end of time step, single
subscript

Density of insulation layer, single subscript
Data input for insulation density

Density of char layer at front surface
Theoretical density of char layer

Rate of function of chemical species by heterogeneous
chemical reactions, double subscript



ROCPM
ROHM

ROM

RU
S
SGMA

SP

SPECIES
SQPT

T

TCPP

TEMP

TF
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Rate of formation of solid by heterogeneous chemical
reactions, single subscript

Rate of reaction of chemical reaction, single subscript

Total mass rate of production, single subscript
1"

Parameter defined by (pi/Mi) i , single subscript

L
Parameter defined by (pi/Mi)vi , single subscript
Parameter defined by piCP./Mi , single subscript
i

Parameter defined by piHi/Mi , single subscript

el beD b e

Total mole density of pyrolysis gas, single subscript

Mole rate of production of solid carbon at end of time
step, single subscript

Mole rate of production of chemical species, double
subscript

Universal gas constant
Trigger for surface removal mechanism
Stephan-Boltzmann constant

Trigger for selecting mode of calcualtion of pyrolysis
rate of uncharred layer

Identification of gaseous species, single subscript
1/2
Table of (PW) / versus time, single subscript

Pyrolysis gas temperature at end of time step, single
subscript

Temperature table for CPPT, single subscript

Temperature table for HSTT, HKT, CPKT, MUKT, and KUPT,
single subscript

Pyrolysis gas temperature in double precision, single
subscript



TFS

TIBAR

TIME

TIMET

TKP

TKS

TMPRES

TP

TRAB

TREF

TS

TSAVE

TSP

T1BAR

Ve

WS

XIS
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Solid temperature in double precision, single subscript
Maximum temperature at pyrolysis zone

Time from start of program

Time table for QCTAB, single subscript

Temperature table for KPT, single subscript

Temperature table for KST, single subscript

fime téble for SQPT, single subscript

Pyrolysis gas temperature at start of time step, single
subscript

Trigger for selecting blocking approximation
Transpiration effectiveness

Solid temperature at end of time step, single subscript
Parameter used in calculating DHK

Solid temperature at start of time step, single subscript
Sublimation temperature of char layer

Average velocity of gas in char layer, single subscript
Velocity of moring coordinate, single subscript

Parameter defined in algorithm for solving finite difference
equations for pyrolysis gas pressure

Parameter defined in algorithm for solving finite
difference equations for solid temperature

Dimensionless char layer coordinate
Coefficient in solid temperature finite difference equation
at the pyrolysis zone and the uncharred layer insulation

layer interface

Dimensionless coordinate in uncharred layer
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XSCNST Coefficient in solid temperature finite difference
equation evaluated at the back surface of the insulation
layer

YETA Time derivative of char layer porosity, single subscript

YIS Coefficient in solid temperature finite difference

equation evaluated at the pyrolysis zone and the uncharred
layer-insulation layer interface

Yp Time derivative of pyrolysis gas pressure, single sub-
script

YRHO Time derivative of pyrolysis gas density, single
subscript

YRHOK Time derivative of gaseous chemical species density,

double subscript

YSCNST Coefficient in solid temperature finite difference
equation evaluated at the back surface of the insulation
layer

YT Time derivative of pyrolysis gas temperature, single
subscript

YTS Time derivative of solid temperature, single subscript

218 Coefficient in solid temperature finite difference

equation evaluated at the pyrolysis zone and the
uncharred layer insulation layer interface

Zp Pyrolysis gas pressure in double precision, single
subscript
ZSCNST Coefficient in solid temperature finite difference

equation evaluated at the back surface of the insulation
layer
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