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PREFACE

This report gives the results for a finite-rate, stagnation-line
analysis of the radiative heating of a phenolic-nylon ablator. The
analysis includes flowfield coupling with the ablator surface, binmary
diffusion, and a coupled line and continuum radiation model, This
report serves as-a user's manuel and operating instructions for the
computer programs listed in this document. This analysis has been
incorporated into an around-the-body analysis by these same principal
investigators, Copies of the decks which are used to accomplish this
later analysis have been supplied to Dr. James N. Moss, grant monitor,
of the NASA, Iangley Research Center.

This report also served as Guillermo Perez's dissertation require-

ment in obtaining a Doctor of Philosophy degree in Chemical Engineering.
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NOMENCLATURE

English
By Planckian radiation intensity (m/tzx no. of particles)$
Cy Mass fraction (mass of ifunit mass of fluid)

c; = £ T oci=1

D s i

CP Specific heat at comnstant pressure (12/t2 x T)
Cp1 Species specific heat at constant pressure

(L2/t2 X T x mole of i )
D Diffusion coefficient (L2/t)
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f Velocity function defined by Eg. 4.14
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F Gibbs free energy (mLZ/tz)
Fy Species Gibbs free energy (mLzlt2 x mole of 1)
H Total enthalpy, H=h + ﬁ (12/¢2)

2

h Static enthalpy, h = Q +P/p CLZ/tZ), also Planck's constant
hy Species static enthalpy (L2/t2 x mole of i)
iy

Spectral radiation intensity (m/t2 x no. of particles)
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radians

n Dorodnitzyn variable

0 Body angle (radians)

K Local body curvature (1/L)
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Subseripts

D Diffusion

e Edge conditions

i Species i

n Normal component

T Radiation

t Tangential component or total quantity

v Spectral

w Wall quantities
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Superscripts
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ABSTRACT

A mathematical model of the aercothermochemical environment along
the stagnation line of a planetary return spacecraft using an ablative
thermal protection system was developed and solved for conditions
typical of atmospheric entry from planetary missions. The model,
implemented as a Fortran IV computer program, was designed to predict
viscous, reactlve and radiative'coupled shock layer structure and the
resulting body heating rates. The analysis include? flow-~-field
coupling with the ablator surface, binary diffusion, coupled line and
continuum radiative and equilibrium or finite-rate chemistry effects,
The gas model used includes thermodynamic, transport, kinetic and
radiative properties of air and ablation product species, including
19 chemical species and 16 chemical reactions. Specifically, the
impact of non-equilibrium chemistry effects upon stagnation line shock
layer structure and body heating rates was investigated,

The mathematical model forms a set of twenty-six algebraic,
differential and integrodifferential non-linear equations subject to
two~point boundary conditions. The numerical solution was carried
out by decoupling, linearizing and finite differencing the equations
in & iterative, globally-implicit manner,

The model was used to determine the finite-rate chemistry and
chemical-equilibrium stag&ation line heating rate of a 9 foot entry
vehicle protected by a phenolic—nylon ablator and moving at 50,000
feet/second when the free-stream air density is 8,85 x 10_8 slugs/ft3
and the mass injection rate equals .05. The results obtained predict
gignificantly different shock layer properties for the finite-rate

Xiv



case and for the chemical equilibrium case. The ablation products
entering the shock layer through the body wall react much slower than
under equilibrium conditions and the air components enteriﬁg the shock
layer through the shock are not de-ionized, as predicted by the equili-
brium analysis, but remain "frozen" throughout most of the shéck region.
The total heating rate to the body was found to be significantly lower
under non-equilibrium than wder equilibrium chemistry conditions. This
difference was attributed to lower concentrations of optically active
species, such as N and 0, over most of the shock layer in the mon-equili-
brium chemistry case.

On the basis of this research it was concluded that a finite-
rate stagnation-line shock layer solution which contains a reasonable
kinetics model to describe atmospheric entries protected by phenolic-
nylon ablators was successfully developed. It was also concluded that,
for the flight conditions considered, finite-rate chemistry effects are
significant since both shock layer structure and body heating rates are
markedly different from those predicted by chemical equilibrium analyses.
It was recommended that additional studies be carried out on: 1,) im-
proving the computational speed of the solution; 2.) finite-rate chemis-
try effects under flight conditions different from those considered in
this work; 3.) the effect of assuming more realistic shock and wall
boundary conditions; and 4.) determining solutions for coupled non-
equilibrium ablator response and shock layers. The computational speed
of the solution should be improved so that SLAC is developed from a
regearch program to an effective engineering tool., Studies of finite-
rate chemistry effects under flight conditions different from those

considered here should be carried out to determine the range of

Xv



conditions over which solutions may be obtained using the implemented
model, and the range of conditions over which non—equilibrium chemistry
effects are significant and how they affect the body heating rates.

The boundary conditions studies should investigate the possible non-
equilibrium composition of air,‘%ncluding detailed studies of the
pertinent kinetics at the shock, (in the present work the chemical

" equilibrium composition was used), and the use of boundary conditions of
the third kind at the wall. Coupled solutions for both non-equilibrium

ablator behavior and shock layers should be determined to obtain a

complete solution to the quasi-steady entry problem.
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CHAPTER 1

INTRODUCTION

THE NATURE OF THE REENTRY PROBLEM

The launching of a suborbital, orbital or superorbital flight re-
quires that some means of propulsion be utilized to propel the space-
craft against the force of gravity. In practice, a chemically-fueled
rocket engine is used. The increase in the speed of the spacecraft
results in an increase in its kinetic energy while its motion through
the gravitational force fileld results in anm increase in its potential
energy. This kinetic and potential energy would be converted into the
same amount of kinetic energy if the spacecraft were allowed to fall
freely towards the Earth and there was no atmosphere. This would result
in fantastic landing speeds and the destruction of the spacecraft upon
its collision with the surface of the Earth. Obviously, additional pro-
pulsive power would have to be used in a direction opposite to the force
of gravity in order to deccelerate the spacecraft until reasonable land-
ing speeds are obtained. This need for additiomnal propulsive power re-
sults in a decrease of the payload since some of the weight of the
spacecraft has to be used for the propulsion hardware. N.A.5.A.'s Moon
landings are accomplished precisely in this manner.

Deceeleration of entry vehicles can he gccomplished by: 1) use of
propulsive power against the pull of gravity, and 2) use of aerodynamic
drag. Landing of spacecrafts on celestiai bodies lacking an atmosphere

1



precludes the use of the second technique. Aerodyna?ic braking requires
transfer of the body's kinetic and potential energy to the atmosphere
and results in the heating of the air in the vicinity of the body, Part
of the energy gained by the air i1s then transferred to the body by con-—
vection and radiation creating a need for thermal protection of the
spacecraft. Both the propulsive and aerodynamic drag braking techniques
require a reduction of the payload since in the former the propulsion
hardware and in the latter the heat shield must be a part of the space-
craft, The optimum technique to be used varies with mission character-—
istics and should be chosen according to a number of factors, such as the
level of heat shielding technolegy and payload, Less payload penalty

is suffered by using aerodynamic braking than propulsive braking for
braking from hyperbolic approach velocities to orbital velocities at
Mars (Ref, 1.,1).

DESCRIPTION OF THE FLOW-FIELD IN THE VICINITY OF THE BODY

0f primary importance, in establishing entry heating levels, is
the magnitude of the speeds that will be encountered. The range of Earth
entry speeds assoclated with several mission objectives is given in
Figure 1.1 (Ref. 1.2). The use of the gravitational field of Venus to
alter the interplanetary trajectories between Mars and Earth (Venus
swingby) 1is shown to result in significantly reduced Earth entry speeds
when compared to direct trajectories., Of particular interest are entry
speeds of about 50,000 fps (about 15 km/sec) since the capability of
entering at these speeds will permit a wide variety of trips to Mars,
Venus and the asteroids,

A blunt body of the type used by NASA in its manned spacecraft
program (Figure 1,2) would show, under conditions prevalent during

atmospheric entry at speeds of approximately 50,000 fps, a standing bow
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Figure |.1 Earth Entry Speeds for Several Mission Objectives
(From Ref, 1.2)
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shock due to the decceleration of the air in the vieinity of the body.
The blunt body of Figure 1.2 is axisymmetric and is shown flying at a
zero angle of attack (its axis of symmetry coincides with the transla-
tional vector), this means that the shock and the flow field between

the shock and the body are axisymmetric. The region of the flow field
between the shock and the surface of the body may be divided into the
stagnation line, so-called because the velocity is zero somewhere along
this line, and the around-the-body region. When the body wall is im-—
permeable, the stagnation point is at the wall where both the normal and
tangential components of velocity are zero,

It 1s important to unote, that even though viscous effects are in
part responsible for the gene}ation of the high temperatures present,
they are not solely responsible since even for inviscid fluids there
would be a decceleration of the fluid at the stagnatiom line, Thus the
difference between viscous and inviscid flow fields would not be basic
in nature,

THERMAL. PROTECTION SYSTEMS

The task of protecting the vehicle from the heat generated during
atmospheric entry may be accomplished in a number of ways: use of heat
ginks, transpiration cooling, radiation cooling, ablative cooling, etc.
The use of a heat sink as a thermal protection system is very limited by
the lack of suitable materials with high heat capacity and low thermal
conductivity, Transpiration cooling involves the injection of a cool
fluid into the shock layer so that it absorbes heat and insulates the
vehicle from the high temperatures. Radiation coocling involves the use
of a highly reflective structure in order to block the transfer of ra-
diative heat into the body. Ablative heat shields operate with materials

that undergo endothermic physical and chemical changes.



Of all the methods of thermal protection, ablative cooling has
been the most successful. This type of thermal protection system may

be either a non-charring or a charring ablator, The former type of ab-

}
lator is one that changes from a solid to a gaseous state and enters the

shock layer counter to éhe heat flow; typical of these materi?ls is Tef-
Iloen. Charring ablators, onr the other hand, decompose to a porous char
and relatively low molecular weight gases. The latter type ablator has
enjoyed widespread use in the space program,

The principal thermal protection mechanisms in a charring ablator
are ghown in Figure 1,3. Blockage occurs when the pyrolisis gases are
injected into the shock layer and prevent most of the convective heat
flux from reaching the body surface, The ablation products in the shock
layer absorb part of the raddiative flux from the shock and also react
endothermically. Char re-radiation stops part of the radiative flux to
the body while, if the temperature is high enough, sublimation of the
char absorbs part of the incoming energy. The further "cracking" of
pyrolisis gases and the process of heating those gases from the temper-
ature at the decomposition zone to the shock layer temperature and thelr
subsequent injection into the shock layer constitute additional protec-
tion mechanisms., The decomposition process in the pyrolisis zome which
initially produces the pyrolisis gas also absorbs heat, Finall&, any
heat not absorbed elsewhere may be stored in the virgin material in
which-case the process acts as a simple heat sink,

THE NEED FOR A BETTER UNDERSTANDING OF THE AERODYNAMIC BRAKING PROGESS

Results from a study of the possible effects of uncertainties in
analyses upon heat shield weight are given in Fig. 1.4 (Ref. 1.2), The

factors considered were uncertainties in: air absorption coefficients,
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boundary layer transition, transpiration effectiveness, surface emissi-
vity, char sublimation, and pyrolisis gas enthalpy. The entry speed
congidered is 50,000 fps and the weights are normalized to those for the
nominal conditions as shown at the top. Results for each perturbation
are stated, It should be noted that the only perturbation causing a de=
crease in heat shield weight is the surface emissivity. Since the ef-
fect of some of the uncertainties can be additive it is evident that a
weight increase of 50 percent or more is possible, For the range of
entry speeds of interest in this gtudy the heat shield is estimated to
represent between 10 and 20 percent of the entry-vehicle weight. Due to
the uncertainties mentioned above this value can represent as high as
15 to 30 percent of the entry vehicle weight with a corresponding reduc-
tion in the payload returnable to Earth. Such an effect is clearly not
negligible.

One obvious way of reducing these uncertainties is by experimental
verification of the thermal environment about the gpacecraft. Such a

verification requires duplication of a number of parameters like: flight

velocity, free-§tream density, enthalpy and flow energy, etc. Unfort-
unately, the presently existing ground testing facilities are not cap-
able of simultaneous duplication of all the importané parameters {Refs.
1.2, 1.4), The alternatives to ground testing are: testing under act-
ual flight conditions or developing accurate mathematical models to de-
scribe the aerodynamic braking process. Because of the wvery high costs
involved in flight testing, the importance of improving existing analy-
tic models 1s evident,
The pyrolisis gas enthalpy uncertainty, being the largest has

since being studied (Ref, 1.4). TFor entry speeds greater than 50,000



fps, the effect of the radiation heat transfer uncertainty should be-
come increasingly important since at these higher speeds the ratio of
heat transfer by radiation to heat transfer by convection increases. A
recent study by Engéi (Ref. 1.5) resulted in development of a model that
includes line and continuum radiation'and-eﬁuilibrium chemistry with no
diffusion. Each (Ref. 1.6) used the same radiation model used by Engel
and obtained solutions for binary and multicomponent diffusion qf gas
mixtures in chemical equilibrium

Radiative properties are dependent, among other things, upon chem—
ical composgition, For this reason it is important to use the correct
chemical model when computing heating rates. The chemical equilibrium
agsumption greatly simplifies the problem since it eliminates the need
for consideration of chemical kinetics. When conditions in the flow-
field are such that the actual chemical composition is close to the
chemical equilibrium composition, then the use of an equ?librium model
is valid., This generally occurs when the pressure and temperature are
high., On the other hand for low pressures and temperatures the differ-
ence between the actual and equilibrium compositions may be large and
a finite-rate chemistry model must be used.

STATEMENT OF OBJECTIVES

This study was undertaken in an effort to reduce uncertainties in
reentry heating resulting from non-equilibrium chemistry effects, The
state-of-the art upon which improvements will be made is given in Refs.
1.5 and 1.6, Specifically, the current research will try to fulfill
the following objectives:

1., Develop and solve a mathematical model of the flow-field along

the stagnation-line of the shock layer. The model shall
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include the effects of line and continuum radiation, thermody-
namic and transport properties of air and ablation products,
binary diffusion, and finite-rate chemistry.

2, Determine whether finite-rate chemistry effects significantly
change the heating rate from the one obtained by assuming the
flow is in chemical equilibrium,
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CHAPTER 2

DEVELOPMENT OF THE FLOW-FIELD EQUATIONS

The mathematical model which describes the flow-field at the stag-
nation line is developed in this chapter. The conservation equations for
the flow~field between the body and the shock with the appropriate wall
and shock boundary conditions are developed. TFrom these equations, the
stagnation line comnservation equaticns and boundary conditions are
derived,

CONSERVATION EQUATIONS OF THE SHOCK LAYER

The mathematical model of the flowfield from the body surface to
the shock is obtained from the laws of conservation of mass, momentum
and energy and also from the formulation of a gas model. The gas mod-
el used will be discussed in the latter part of this chapter as well as
in Chapter 3. The complete body oriented conservation equations for a
multicomponent, viscous, radiating, chemically reacting fluid at steady
state were developed by Engel (Ref. 2.1). The body oriented coordinate
gystem and shock layer geometrical relations pertinent to these conser-
vation equations are given 4in Figure 2.1,

However, these equations are far too complex to allow solution
with presently available techniqueg, Fortunately, it has been found
that, in general, solution of the complete conservarion equations is
not necessary since some of the terms in the equations do not signifi~

cantly contribute to the solution and may therefore be neglected. Of

12
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course, which terms, if any, are negligible varies with flow conditions
and must be determined in each particular case. It will be shown below

that, for the flight conditions of interest, the shock layer is laminar,
thin is a continum and~these facts can be used to obtain the order of
magnitude of the terms in the conservation equatiom.

According to the results of Hayes and Probstein (Ref. 2.2) the gas
behind a bow shock of a hypervelocity vehicle is a continuum when the

free-stream Reynolds number (Re) satisfies the relation

p_ * U_ * Rk

Re = " > 100 . {2.1)
§,0

Further, for free-stream Reynolds numbers greater than 100, the standoff

distance divided by body radius (§%/R*) has been shown to be approximat-
ely equal to the ratie of the pre-shock density (pi) to the post—-shock

dengity (pg) (Ref. 2,2),

£ = e o (2.2)
Ps

Finally, for hypersonic Mach numbers the density ratio across the shock
(E) is of the order of one tenth and less for dissociating gases,
o < .10 (2.3)

An estimate of the dimensionless standoff distance can be obtained from

Egs., 2.1 and 2.2,

§* < .10 (2.4)

In this chapter a superscript * will denote dimensional variables

unless it is explicitly stated otherwise,

14
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Since the dimensionless distance in a direction parallel to the body
(X#/R*) is of order 1 and greater while the dimensionless distance in a
direction normal to the body is of order %0 and less, this means that the
shock layer is thin.

In order to determine the order of magnitude of the terms in the
conservation equations following the methods of Ref. 2,3, the equations
are nondimensionalized by using constants characteristic of the flow

field, for example

_ X+
S

= y*
7T R (2.5)

_ u#*

==

o

- V¥
Voo

The order of magnitude of the dependent and independent variables is de-

termined by using the largest possible magnitude of the dimensional var-

iable, for example,

R¥ (2.6)

Using the above procedure, the orders of magnitude of the terms in the
conservation equations were determined (Ref. 2.1) and are given in Table
2,1. All terms of order 52 and higher have been dropped from all equa-
tions except the y-momentum equation, The dimensionless variables ap-
pearing in Eqs. 2,7 - 2,12 are defined in Table 2.2, It must be noted

that Eqs. 2.8, 2.9 and 2,10 contain terms of unknown order of magnitude.



TABLE 2.1
LISTING OF CONSERVATION EQUATION WITH

ORDER ASSESSMENT RESULTS
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Global continuity:
o[1] of1]
ag(r pu) + '**(ur pv) = 0

Species continuity:

of1] 0[1] of1]

9 A oA - oA ~ A
ag(a: pC,u) + ay(’;r pC,v) = ay(ur J ) +ur

£ - momenturm;
o{1]  o[1] o]

A du . ~A B3u A A 3P
pr u 5S¢ 3E + pur v 3y + pyr uv + r 3

(5] o] 2]

Lo (mA Uy A A Su) _
"R { dy \¥* ay> oy (F B e oo } =0
e

(2.7)

(2.8)

(2.9)



TABLE 2.1 (Cont.)

y - momentum: { O {p] and larger terms)

0lp] olp] o[1]

A v Av v~ A2 ~ A BP
pr u € + priuv 3y PuY u +  yr 3y
17t 17

o= o]

R EE) ¢ 505 )

o] o)
+ 2 (k‘§§ (;rAv)) + '%; (ZHrAp gv) } =0

y - momentum: ( OEEZ] and larger terms)
0fp] ofp] o[t]
g;fa‘%%ir + prA;V g; - mu#%fpy + ;kA %%
o= o=-]
p

- & {ag (A S+ 5 ("g_g )

0[—_——] oi_%—-' 0[1]
& 056W) + 5 (55 ) - § chow
0[1] 0f1] 0[1]

(2.10)

(2.11)

17



TABLE 2.1 (Cont.)

Energy
of1] o[1] o[1] O[1]
A dH A H
Y + urpv—g-); = -Z(A v +AR,y)
1 17
o5 °[- ]
p p
3 ([~ A 3du A

(2.12)

18
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TABLE 2.2

DEFINITION OF DIMENSTIONLESS VARIABLES

_ x* _y¥* u¥* *
TR VTR UTyE o Veym
o -}
* % * -
il e R R
m,o S,O lJ'S,O
_rx «
r_R* # = y*R* P = *P 21—1:——-2**
*
px(U%) $
h
h==2 h = = wyher * = Lywl
i h# vhere HT = 3UZ
~ R*u)l* J* Aﬂ.
=1+ = = 1 _ AR.x
® Y Wy p:U* 1 T RE AR x ___.._.;__3.
@ @ o ! p‘k(U’k)
. © =3
AR,y * *
A’y= *(U)3 D,x % ;3 ADy= *D*3
pco c.o) poo( m) ? pm(Um)
where
A = _@__(r*Aq* ) ¥ .9 W
R,x  ax* R,x AR,y T ay*(r an,y)
* 3 A
= =% ta - Ao
Ap,x T 3T 9 ) Ap,y = ayw(T* xaf )




20

This means that these terms can not be dropped from the equations since
they may or may not be significant,

Two additional assumptions were made in order to simplify the
equations of the flow-field. The first of these consists of assuming
that Stokes' Postulate (Ref. 2.3) is wvalid throughout the flow-field,

This yields

AR = - T (2.13)

W oo

and simplifies Eqs., 2,10 and 2,11, The radiative energy term in Eq,
2,12 was simplified by assuming that the shock layer geometry 1s approx-
imated locally by an infinite plane slab in which radiative transport
properties vary only across the slab. This assumption yields
L = Bd; e 4R, v)
Ry 3y

S (2B, - L) dv (2.14)
o v v v

As a result "of the bulk viscosity assumption and the planar rad-
iative transfer model Eqs, 2.7-2.12 may be written in a more usable form.
The resulting equations are kmown as the thin shock layer equations and
are given in Table 2,3. These equations are alsc referred to as the
second order boundary layer equations with curvature effects.

If all the terms of order ; or higher are dropped from the con-
gervation equations they are then known as the first order shock layer
equations or the first order boundary layer equatioms (Table 2.4).

The first order boundary layer equations (Table 2.4) were chosen

to describe the flowfield for the following reasong: (1) the Reynolds

numbers encountered during Earth atmospheric reentry from typical Mars


http:2.7-2.12

TABLE 2.3

SECOND ORDER SHOCK LAYER EQUATTONS

Global continuity:

Fe) A 3 o~ A
o (r"pu) + S; (yr'’pv) = 0

Species continuity:

It

3 ,.A 3 ~A
= {r pCiu) + 5y (nr pCiv)

% - Momentum:

Ju ~ A  Bu A A oP
ou el R = - L=
pru 3 + pur v P pur uv r :
s A Bu arA
+_..Gz O L

ay MRy T

y

y - Momentum: (OEE] and larger terms)

A
23 A P

(2.15)

(2.16)

(2.17)

(2.18)

71



TABLE 2,3 (Cont.)

y - Momentum: (O [-p2] and larger terms)

A A A2 ~ A 3P
pru'g'z+prnv%‘—;~puru =-nr-a—y
A
3. A Bu 23 o Bdruy 493 ~A v
w Tea) "3y W) t3yy Gre gy
.22 - 2 u3d A
3 3y (nr uv) (r up,u)+3u.;ax (ru)
A
2 3 Aau 23 ,~ ot
£ Hn3. _ o, H 29
+31_|,~ay(;rv) 2}1, 3337(%”"’3)
H H
Energy:
A A _H _ -3 3,
TP Pt Vg T F[ {k le,y
N, DY g I 34
JE OV i3 (__uz__lﬁ)}]_ ~A Ry
w2l Lom D\ P3 T
i §#1 ] ]
B

(2.19)

(2.20)
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TABLE 2.4

FIRST ORDER SHOCK LAYER EQUATIONS

(Order determined at R_ = p U R/ = 100)
e @ @ pﬁ,o

Global continuity:
(pr u) + (pur V)

Species continuity:

A A ~_ A
Q; (r7pC,u) +-§§ (ux pCiv) = (; ) + ux w;

X = Momentum:

A 3u ~A du_  AQJP 3 [~ A ou ]
pru % + pur v ay 3% + = 3y Hr ay

y =~ Momentum:

2 _ ~ 3P
g = u'%;
Energy:
A H o~ A H ~ T ~ A ,
1
N D.T J J q
N R A (M_M)})_;rﬁs._&z
Ve ™ Piy Py Py ol
5 ()
+ 3 ropu Ay

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)
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are of the order of 10%4* making second order terms even less significant
than was shown by the order of magnitude analysis; (2) there are in-
herent approximations in the theoretical models and experimental data
used to predict thermodynamic, transport, radiation and chemical kinet.
ies properties; therefore, there is no need for more detail in the equa-~
tions solved than in the properties used in the equatiomns,

Further simplification of the conservation equations was obtained
by noticing that for the flight corditions and body radii of interest

in this work the shock layer is very thin, therefore the relation

N N
K = 1 + Ky may be approximated by k= 1., In addition, neglecting thermal

diffusion yields the so-called boundary layer equations (Table 2.5).

BOUNDARY CONDITIONS

As was mentioned above, the boundary layer equations are parabolic
and thus require the specification of boundary conditions on the stagna-
tion liné (x = 0), wall (y = 0) and shock (y =48), The stagnation line
boundary conditions are obtained by taking the limit of Egs. 2.26 - 2.30
as x + 0, The resulting equations form the basis for most of the work
performed in this dissertation and they will be developed in the next
section., Wall and shock boundary conditionms will be discussed below,

Wall Boundary Londitions

The development of wall boundary conditions may be performed in

two different ways. The first, and most frequently used technique

#For typical entry conditions of U(: = 50,000 fps, p * '==10_5

lbm/ft3 (corresponding to an altitude of 214,000 ft (Ref. 2.4)) and
R*«l0ft, a value of T g = 15,000 X is obtained, therefore u 50~ 10~4

* RE 1L % ?
1bm/ft sec (Ref. 2.5) and Re = L= o %™ = 5y 104,

8,0
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TABLE 2.5

BOUNDARY LAYER EQUATIONS

Global coutinuity:

o o A A9 =
o (rw pu) + T 5y (pv) = 0
Species continuity:
I - e -1
LA o By 905w g (o6 o Vi,
W

-

X = Momentum:

u,_ 22,3 (3

o 3y

v oy ax  ay )

o
ox

pu."E +

y - Momentum:

)3
0 3y
Energy:
M, M _3 3,2
Mo TP oy oy Koy T By { ? n

9 ;. oY
Ty oy

.J

i1,y

%R,y
ay

)y +ow.

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

?5



consists of writing mass, momentum, and energy balances across the
ablator-shock layer interface (Fig. 2.2). A second technique inveolves
the use of the conservation equations of the flow-field which are inte-
grated from y+ toe ¥ and then the resulting equations are evaluated as
Ay -+ 0, Both of these methods should yield identical results since the
conservation equations used in the second technique are mass, momentum,
and energy balances at any point in the flow-field., The first method has
the advantage that the physical significance of each term in the resqlt—
ing equations is more readily evident. The second technqiue, on the o-
ther hand will assure that all the necessary terms have been considered.
In this work the second technique discussed above was applied to
the boundary layer equations (Egs. 2.26 - 2,30) in order to obtain the
surface balances needed., For example, the global continuity equation is

multiplied by dy and integrated from y' to y_

tloawew oo Y v
~ = Y+ - ©
y© or_ 90X ¥y 9y
W
to yield
1 3(Tw pu) + - _
£ - =0
[rw x 1, Ay + (pv) (pv)

where Ay = y+

= ¥y~ and use has been made of the mean value theorem to
integrate the first term. When the limit as Ay + 0 of the equation above

4s taken the result is
- +
(pv) = (pv) (2.31)

This same procedure was used with the other equations and the resulting

relations are given in Table 2,6.

?6
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TABLE 2.6

SURFACE BALANCE EQUATIONS
Global Mass Balance:
- +
(pv) = (pv)

Species Mass Balance:

(pvci - Ji) = (pvci - Ji)

X-momentum:

Ju, "~ _ _osu.+
(pvu - 1 ay) = {(pvu - n ay)
y-momentum
p” = p"
Energy:
9T du
PvH - ks=—+ X h, J + - —
(v oy i 1 i,y qR,y Hou 3y )

T
= (PvH - k 5y + i hi Ji,y + Qg , ~ MU =)

(2.31)

(2.32)

(2.33)

(2.34)

(2.35)
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In these surface balance equations all the dependent variables on
the char side of the interface (those with a'superscript -) must be in-
terpreted as being dependent upon both the solid and gaseous phases. For
example p = pg + Po and (pv}_ = pgvg + PV In addition it must be no-
ticed that if the flow in the char is one dimensional (u = 0), as it is
usually assummed to be, the x - momentum equation is identically zero
while the terms with arrows through them in the energy balance alsc be-
come zerc. This same situatdon exists on the stagnation line since u

ie zero for all wvalues of y.

Shock Boundary Conditions

The bow shock 1s governed by three basic conservation equatioms,
corresponding to the three physical principles of conservation of mass,
momentum, and energy. These equations, commonly known as the Rankine-—

Hugoniot equations are given in rectangular coordinates by (Ref. 2.6):

Continuity

oL * V= P% Vim (2.36)
Momentum

2 = 2
(normal) X +P % VA =PEk oy VE (2.37)
* = %
(tangential) Q»,t 5.t (2.38)
Energy
1 2 1 a2 R s
* = % = ygx = h* = V& — V% .
h:o,+2 vco,n-]-zvoo ,t h5+2va,n+2v5,t (2.39)

Using Figure 2.3 the above equations can be written in body oriented co-
ordinates. The development of these equations in curvilinear coordinates
was performed by Engel (Ref. 2.1) and the resulting equations are given

below in dimensionless form

f

Ve sin ¢ sin e - p cos ¢ cos ¢ (2.40)

Ug sin ¢ cos e — p cos ¢ sin ¢ (2.41)

29
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0

- 2
B, = (1) cos” ¢ + 77 (2.42)
hy = (15%) cos ¢ + 3A° (2.43)

Again, the dimensionless variables used above were defined as given in
Table 2.2. As shown in Eqs. 2.42 and 2.43 the terms P and h ~ may be
neglected since they are of order 52.

For a given shock shape and flight conditions, if the post-shock
fluid is assumed to be pure air in chemical equilibrium, i.e., no dif-
fusion of ablation products to the shock, then the velocity of the fluid
at the shock and also its thermodynamic state (pressure, enthalpy, com=-
position, etc.) can be found from Egs. 2.40 - 2.43 and a technique for
obtaining the equilibrium composition of a fluid. In practice a chemf-
cal equilibrium program is usually available and a value of p is guessed,

from Eqs. 2.42 and 2.43 PG and h, are computed and the equilibrium pro-

é
gram is used to obtain the composition and a new value of § is obtained.
This procedure is repeated until the guessed and computed values of p
agree.

Therefore, boundary conditions of the first kind, i.e., the de-
pendent variables are specified, may be used at the shock (y = §). These

boundary conditions are given below

u=1u

§
v = v
(2.44)
P = P6
h = h6
Ci= Ci6 (2 , h) (Assuming chemical equilibrium
Iv'(Twﬁ ) = 0 (No precursor radiation)

The additional boundary condition shown above results from assuming that

no radiation from the free-stream air crosses the shock.



STAGNATION LINE BOUNDARY LAYER EQUATIONS*

The stagnation line boundary layer equations are obtained by for-
mally taking the 1limit as x + 0 of the boundary layer equations (Egs.
2.26 - 2.30). The resulting equations were obtained by Engel (Ref. 2.1)
and are given here in dimensional form for axisymmetric flow in Table 2.7.
Some comments concerning the derivation of the equations in Table 2.7 are
pertinent: 1) at the stagnation line the component of velocity tangen-
tial to the body (u) is zero because of symmetry; 2) the stagnation line
x-momentum equation ig obtained by first differentiating the x-momentum
equation (Eq. 2.28) with respect to x and then taking the limit as x > 0
of the resulting eguation. This procedure is used because taking the

limit of the x-momentum equation yields (BP/ax)X _ o =0, a relationship

0
which does not contain any useful information.

The wall and shock boundary conditions needed in order to be able
to integrate Egqs. 2.45 - 2.49 were obtained by taking the limit of Egs.
2.31 - 2.35 and 2,40 - 2.43 as x + 0. Before taking the limit of the
surface balance equations the flow in the char was assumed to be one-
dimensional (u = u+ = 0). As was discussed earlier, this condition
implies that the terms crossed by an arrow in the energy balance equation
are zero while the x-momentum balance 1s identically zero. In lieu of
the x-momentum bhalance, the fact that u is zero for all x locations at

the wall ((3u/3x)+ = Q) may be used with the stagnation line global con-

tinuity equation (Eq. 2.45) to yield

+
5 {pv)

oy

*#In this section all variables are dimensional.
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TABLE 2.7

STAGNATION LINE BOUNDARY LAYER EQUATIONS

Global continuity:

(pv) (2.45)

Species continuity:

oC,

i _ 9 2,46
Iy T Ty Ty T (2.46)

X - Momentum:

. 9 (2.47)
D (._.Q_ ) ( oF -
2 \ 5 3y (pv) ) + 2 axz ) i 0
y - Momentum:
oF _ 4 (2.48)
oy
Energy:
o, .2 [— Eyshg
Moy T Tl Fay TR
(2.49)
- E?M
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The stagnation line wall boundary conditions are given in Table 2.8. At
the shock $ = 0 and the shock boundary conditions simplify to those given
in Table 2.8. The reader should notice that while all the shock boundary
conditions are of the first kind, the wall boundary conditions are of
the first, second and third kind.

MATHEMATICAL DESCRIPTION OF THE PROBLEM

Before any attempt is made to describe the mathematics of the
problem, it is convenient to introduce into the equations the binary

diffusion assumption
3

e o0 B (im
Ji,y = - pD §§1. did=1,...,n) {2.51)

and use the relation
H=nh-+ v2/2 (2.52)

to write the energy equation (Eq. 2.49) in terms of static enthalpy in-
stead of total enthalpy. When this I1s done the resulting conservation
equations are:

Global continuity:

24, = -1 46V
2 Gy =0 o dy 1 (2,45)

Species continuity:

dei

aep dy) -pv i T 0 @=L @59
y
dy
X - momentum:
.!:Q.(P_v) 1 g_p,_v)

d(p dy d {p dy )
dlud ] -pv Fe (2.47)
dy Y
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TABLE 2.8

WALL AND SHOCK BOUNDARY CONDITIONS FOR STAGNATION LINE PROBLEM

Wall (y = Q): Shock (y = 6):
- P T
pv = (pv) (2.50a) VE Vs ® Cos € (2.50%)
_ §,0
pVCi - Ji = (DVCi - ._Ti) (2.50b) . U
u = ug wP 80 sin € (2.50g)
8,0
e o (2.500) ;
s P=P =(l -=w) = Ua (2.50h
P=Pr (2.504) § P‘S o
3T P 2 U
PvH - k——+ £ h.,J + = hed o 2.501
(oo =gy * L Py Ry h=hg = (L- Gem) ) 250D
8,0
(PvH-ka—T-+Zh,J +q. )
3y 1 i,y R,y C:L = Ci (96 o.hﬁ) (2.50%)

(2.50e)
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¥ — momentum:

P _ (2.48)
dy
Energy:
dc
L NI T

o dh g p2dv _dCay TP R )

dy dy dy

dq
.y

Fre (2.54)

The mathematical model of the stagnation line is given by the above set
of 4 + n (for a system with n chemical species) ordinary integro-differ-
ential equations and a set of two-point boundary conditions given in
Table 2.8, The integro-differential equations are coupled, nonlinear,
of first, second and third order. They are integral since the flux div-
ergence term (dqr’y/dy) in the energy equation is an integral given by

Eq. 2.14. These equations contain the 7 + n unknowns p,v, (au/ax)x=0

2

P, h, T, and Ci (i1 =1,...,n) where both (aulax)x _ and (32P/3x2)
= X

0 = 0
are at most functions of y. This discussion assumes that thermodynamic,
transport, radiative, and kinetics properties (D, Wiy By k, and hi) are
known in terms of the dependent variables listed above. These properties
will be discussed in Chapter 3. It is evident that since the & 4-p equa-
tions contain 7 + n unknowns three more independent relations are needed.
These are provided by the thermal equation of state

Cq
P = (g ﬁ;) PRT (2.55)

the caloric equation of state;

ii (2.56)
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and the Rankine-Hugoniot relation for the shock pressure as a function

of the shock angle measured from the stagnation line

- 2 2
Pe= (1 -p)cos” ¢p, U (2.42)
From the y-momentum equation and the fact that (ggg = 0 (as dis-
x=0
cussed in the previous section) it is evident that
2 27
3P _ Pd _
(sz)x =0 di§;29x = o T comstant (2.57)
Substitution of Eq. 2.42 in Eq. 2.57 gives
32P dé, 2 - 2
(3;2‘)]{ o = -2 (1 -p) ¢ )x = 0P Us (2.58)

This development makes it possible to rewrite the x-momentum equation as

X-nomentum

1 d(pv)
L dv)y,
J_ dy —("- o (2.59)
2
p 1 d(pv) _i 2
+ 5 ) ~4 (1 -0p) ( U
2 s) d}' =0 peo w0

Therefore, for a known shock geometry (known ¢ (%)) the comservation
equations contain 6 + n unknowns instead of 7 + n as before. A further
reduction in the number of equations that need to be solved may be ac-
complished by eliminating h from the energy equation by substituting

the caloric equation of state as follows. From Eq. 2.56

=PFn ST dbg
dy i 1 dy i 1idy

(2.60)
dCy dhi, dr

n
=Xh, — + (& C
i i+dy (E idr ) dy



n_  dci n dT
=rhy gt F GGy
n dc; dTt
=ih T tohy
Substituting Eq. 2.60 in Eq. 2.54 gives
Energy:
ar _ 2 dv n_ dcg
gV CP ay - " pv iy " it (i hi iy

(2.61)
dT dci dq
+ gik E§-+ OD(? hi EETO] N dszz

In this manner the unknowns have been reduced to p, v, (Bu/Bx)x -0
- s

B, T, and C, (i =1,...,1),

i
At this point it is pertinent to ask, how many of Egs. 2.45, 2.53,
2.48, 2.55, 2.59, and 2.6]1 must be solved simultanecusly? It 4is evident
that the y-momentum equation (Eq. 2.48), containing only one dependent
varigble, is not coupled to the other equations. In fact, it can be

integrated anatically to yield

P(y) = P, = constant (2.62)

In addition, the global continuity equation (Eq. 2.45) contains only two
dependent variables and can be left out of the set that must be solved
initially. This hés the effect of eliminating (Bu/Bx)x -0 from the un-
knowns in the equations that must be solved. This variable may be read-
ily obtained from Eq. 2.45 once the p and v profiles are knmown. The
answer to the question that was asked at the beginning of this paragraph

1s that Egqs. 2.53, 2.55, and 2.59, and 2.61 in the unknowns p, v, T, and

Ci (i = 1,..., n) must be sclved simultaneously.
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Let us now consider the boundary conditions that must be used with
these equations. The species continuity equation (Eq. 2.53) being second
order requires twe boundary conditions for Ci. These may be provided

by Egs. 2.50 b and 2.50 j

dCy dCy _
vai +-E§—- = (vai + pD E;fj at y = 0 (2.63)
= - _ (2.501)
Ci = ci,6 at y = 68

Notice that the binary diffusion assumption (Eq. 2.51) was substituted in
Eq. 2.50b to obtain Eq. 2.63. The x-momentum equation (Eq. 2.59) is third

order and requires three boundary conditions for pv. These are given by

Egqs. 2.50a, 2.50c,

pv = (pv)w at y = 0 (2.50a)

d{pv) _ - '

dy =0 aty=20 (2.50c)
and

OV = pgVe aty =6 - (2.64)

The energy equation (Eq. 2.61) being second order in T requires two

boundary conditions in addition to the ones already discussed in connec-

tion with radiation. The first of these boundary conditions is provided
by the wall energy balance (Fq. 2.50e), this relatior is written in terms
of the variables previously discussed by substituting Egs. 2.51, 2.52

and 2.56

2
n v 4T n dCy

3 —— - [Rralivall — R + =

pv(g Cihi + 5 )] k & pD (? hi & ) qR,Y

2

bt
[pv(ZCini + 3~ ) - k df
1

Iy " P

dC;
) +ogp 17 (2.69)

D (£ hi
1
i Y
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The second temperature boundary condition needed is given by

T=T, atys= 8 (2.65)

This completes the boundary conditions needed. Of these the most com-~
plex ones are those given by Eqs. 2.63 and 2.65. The boundary con-
dition given by Eq. 2.63 may be simplified by noticing that for fairly
high mass injection rates ((pv)wall/pco U_ >0.05) mass transfer by dif-
fusion is small comparéd to mass transfer by convection near the wall,
This means that the diffusion terms in Eg. 2.63 may be neglected to yield
Ci=Ci aty=04(3%1,...n) (2.67)
where uge has been made of Eg. 2.50a to cancel the pv terms from the
equation above. The wall energy balance (Eq. 2.65) may also be simplified
by neglecting the kinetic energy of the fluid (%ED since it is small
when compared to the thermal energy. When this is done Eq. 2.65 becomes
 eqna ar o dc
pv(E Cihi) - k-g; - pD (E hi H;l) + q =

R,y
(2.68)

n n . -
[ov(E cihi) ~ k 8T —pp (P n1 L4y + ¢
i dy i dy R,y
Since all the other boundary conditions are of the are of the first
and second kind and uncoupled, while Eq. 2.68 is of the third kind and

coupled to the species continuity equation, it was expedient to assume

that the char is at the sublimation temperature of carbon:

T = Tw at y =0 (2.69)
Until now we have assumed that & (the shock stand-off distance) is
known, a necessary condition to be able to integrate the equations of the
flow-field. In practice, § is unknown and therefore must be guessed to

be able to compute it correctly. This boundary condition is obtained by
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evaluating the global continuity equation at the shock

."I_LQ“) = = ZFJ’O (-.-—-ﬁ) at y = I (2.?0)
x =

Table 2,9 gives a summary of the stagnation line model including
the conservation equations, the equation of state and the boundary con-
ditions,
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TABLE 2.9

SUMMARY OF THE STAGNATION LINE MODEL

Governing Equations:

Species continuity:

dCi
—= dc
d(eD dy )_ i _
Eg— pv E;— + o = 0 (2.53)
X-momentum:
14w L dtev)
gt e dy g, 4@ dy ) (2.59)
dy ¥ y
2 du
p 1 d(Pv) = 2
7 ¢ ) -4 (A-P) G P U =0
2® dy e x =0
Energy:
daT n dCl
d{k dy ) _ dr | d[eD (Z h, —/— ) ]
E§— DVCP ay + dy . 1 dy
dC, dgq
2 dv 2 iy _ Ry _
Pv day Dv,(i hi dy ) dy 0 (2.61)
Thermal equation of state:
n Ci
PIRT (Zg)=Fy (2.55)

el

i



Boundary Conditions:

Wall {y = 0)

1. fw = (pv)W

2. 2w _
dy
3. Cy=0p o
b, T =T
W

TABLE 2.9 (CONTINUED)

Shock (y = §)
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(2.50a) 1. pv = (pv'}‘S (2.64)
dlpv) _ _ dus
(2.50¢e) 2. dy Zpé,o (ax )X=éz.70)
(2.67) 3 Cl = Ci,& (2.504)
(2.68) 4, T =T (2.69)



CHAPTER 3

THERMODYNAMIC, TRANSPORT, KINETIC,

AND RADTATIVE PROPERTIES

.

The thermodynamie, transport, kinetic, and radiative properties
of the mixture of air and ablation species which are necessary to solve
the conservation equations that were presented in the previous chapter
are evaluated with the methods described in this chapter.

THERMODYNAMIC PROPERTIES

Thermodynamic Propertiles of Pure Species at Standard State

The specific heat at constant pressure, enthalpy, entropy, and
GibQS free energy of the pure species at one atmosphere pressure (stand-
ard state) were obtained by Esch, et, al. (Ref.3.1). This was accomplished
by curve fitting with the method of least squares, temperature polynom-
ials to data found in the literature. The polynomials used to fit the
thermodynamic properties are given in Table 3,1, For each species, two
different fits were made, one for low temperatures (1000°K < T < 6000°K)
and the other for high temperatures (6000°K < T < 15,000°K). For each
species, the coefficients for the expressions in Table 3.1 are given in
Table 3,2 for the two temperature ranges, Each term in Egs. 3.1 - 3.4
is dimensionless, temperature is in °K and IR = 1,987 cal/gmole - °K,
therefore the units of the thermodynamic properties are as given below

Cp; = [ cal/gmole of i - °K]
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TABLE 3.1  POLYNOMINAL EQUATIONS FOR
STANDARD THERMODYNAMIC PROPERTIES

Specific Heat

i 2 3 4
R = AL,p T AT Y AT TAT T AT

i 2,1 3,12 T+ 4!i3T + 5,i4T +

TRt 1,i 2 3 4 5 T

Entropy

A A A
i 3i2 413, , “5,i4
" = Ap T + AT 4 S R 4 9 4 A,

Free Energy

0 +

F A A A A A

1 T e T T Ve M- T T W

Tr = 41, (00D © 57T 6 1 12 " " %t
“A7,i

(3.1)

(3.2)

(3.3)

(3.4)
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TABLE 3.2

POLYNOMIAL COEFFICIENTS FOR THERMODYNAMIC PROPERTY CORRELATIONS

Species Al i Az i Al i AL i As.1 Ag i A7 .1 T
C+ 0.2609E 01 —041393E—03 0.595GE~07 -0+1037E-10 0u6345E—15 0.216RE 06 0,3709E 01 L.
0.2928E ¢1 O+48B69E~05 —0.7026E-CH Cell34E—-11 —~C.3476FE=-16 0+2168E 06 C.4139E 01 H

H 0.2500E 01 ~0.8243E-06 Ce6421E—08 ~0.1720E~12 0.1457E-16 0+2547E 0S —~Q.4612€ CO§ L
0+3934E Cl -0.1776E-02 Cu6013IE~CE ~CWw7H19E~-10 Ce3482E~14 0+2547E 09 —-0+8598E C1 ¥

N+ 0«2727E C! ~0.2820E-03 Cel1CDE~-0E —-D41551EFE~10 0«.78A7E~15 0.2254E 06 Q.3645E (1 L
; 0¢2499E Ol —Q.3725E-05 0.1147E-07 —0.1102E=~11 0«3078E~16 0.,2254E 06 0.4950E 01 H
O+ 0.2491E (1 0e2762E~-04 ~0,.1881E~07 Ca3807E-11 ~Q.1028E—-15 0.1879E 06 0+4424€ (1 L
0.2944€ 01 ~0,4108E-03 Ce9LEEE~CT ~045SB48BE~11 Cell90E—-15 0+.1879E 06 0.1750E 0} H

E- Q.2500E 01} CeIJ440E-Q06 —0.1954E~09 0.39376-13 —0+2573E~17 —~0«74S0E 03 —-0.1173E 02 L
C+2508E Cl —0.6332E~-05 Cel364E~08 —0.1094E—12 0+2934E—-17 —0+7450E 03 —-0.1208E Q2 H

C 0+2612E Cl ~042030E~03 O0O4l09SE~CEH ~041635E=10 (+859CE~15 0.8542E 05 O.4144E c1 L
0.2141E C1 0+3219E-03 ~0.5498£—-07 De3604E-11 —0.5564E~16 0483542E 05 0.6874E 0i B

CN 0.3411€ 01 0+4897E~-03 0.10C5t~C6 —~0.3473E~10 Ce23CGIE—-14 0.4745E 05 0Q.4746E () L
0+3473E 01 0«7337TE~03 ~0.9088E—07 0+4847E~11 ~0.1018E~15 0«5420E 05 0+4152E C1 H

cQo C.3254E C1 0.9698E~03 ~0e2647E~CE CQe3CITE~10 —~0e1177E~14 -0.,1434E 05 Qs4875€ (1 L
0.3366E ¢t 0+8027E-03 —041968E-CH 0,1940FE=10 =0+5549€E-15 —-0.1434E Q5 ' 0.4263E 01 +

c2 0+4443FE 01 ~0.288SE-03 03036E~06 ~0.6244E-10 Ge3915E~14 C+97B7E 05 ~D.1090FE 01 L
C«+4026E C1 0+4857E~03 ~0.7026E-C7 Qe4666E-11 —0.1142E~19 D«9787E 05 0+1C90E 01 a}

C2H 0e.3485E G1 003563E-02 —-(0«1237€—~05 0.1B66E-0G9 ~Ca1013E~13 0¢5809E 05 0.4784E C1 L
0.5307E C1 0 «8966E~03 —0.1372E—C6 Cs92951E~11 —C.227LE-15 Q0.5809E 05 -0.85288Ff GC1 H

* Temperature Range L = 1000-60009K, H = 6000-150000K
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TABLE 3.2 (Continued)

Species Al i A2.i A3, i A4 i As § A6, i A7 4 Tk
C2HZ2 0.3891E 01 0.5717E-02 ~0+1957E~Q0S 02931E~09 ~0+.1985€~13 0.2590E 05 0.6520E 00 L
0.6789E Q1 0Q0+1S5S03E~02 ~0+2295E-06 0+1539E~10 —-0.,3763E-15 0.2590E 05 —041539E €2 H

c3 0.4002E (01 0e3541E-02 ~0«1318E-CS (+2004E~09 —0.11494E~13 0.9423E 0S5 0.2020E €1 L
0.2213E 02 -0.1759E=-01 O.E5€5E~C5 —-0.6758E~09 C.2825E~-13 0.9423E 05 ~«0,1021€E 03 &

C3H 0o396SE Ol OQ6200E—-02 —~0+2265E—CS Q03717E—-09 ~C+2262E-13 0.6283E 05 0.3467E Q1 L
0.3965E C1 0Q46200E-02 —042265E-0S5 0.3717E—-09 —0+2262E-13 0.6283E 05 0«3467E 01 H

CaH 0o58TA4E Q1 0e7403E-02 —~0.2729€-05 0+4437E-09 —0.2637E-13 0Q.7605E 05 ~0.4010E 01 L
0+S874E 01 (Q47403E-02 -0,2729E~05 0+4437E-09 —~C.2637E~13 0.7605C 05 —0.4010E 01 H

HCN 0+3654E C1 0e3444E-02 —-0.1258E-05 (Q0.2169€E-09 —0,1430E-13 0.1442E 05 0.2373E 01 L
0.3654E C1 (e3444E-02 ~0.1258E-0F 0.2169E-09 —Q+143CE~13 0.1442E 05 0.2373E 01 H

H2 0«3358E €1 0(«2794E-03 O0+3372E-07 —0.2948BE—10 C+2141E-14 —-0.1018E 04 —0.3548E 01 L
0+3363E C1 Ca40656E~03 =0.5127E~07 Q+2802E-11 =0.4905E—~16 -0.+1018F 04 «~0,3716E 01 #H

N Ce2474E Q1 029097E-08 —0.7814E~07 (0.2218E-10 —-0.148SE~1I4 0.5609E 05 0.4300€ Cit L
0e2746E (1 —043909E-03 0.1338E-Q0€ —0.11Q1E—10 Q+3369E-15 OQ0.56C9E 05 0.2872E C1 H

g Qe267CE 0! —0Q41970€E-03 GC.T7T1S3IE-C7 ~0.8901E~11 Q0«40C2E-15 0.2915E 05 0.45048 C1 L
04254BE C1 —045952E~04 ©Q.27Cl1E—-07 —0.,2758E-11 0.9380E~1&6 O0.2915E 05 0.5049€ 01 +h

N2 0e3221E Ol 0+987BE-03 -0.29C7E-06 0+,3938E-10 ~0.20C0E~-14 —-0.,1043£ 04 0.,4326E CI L
Q.3727E G1 0e4684E-03 ~0.114CE-C¢ 0ellS4E—10 —Q32G3E-15 ~0.1043E 04 0.1294E (1 H

oz 0.3316€ 01 Dell151E-C2 —0+372€E—C6 Qs61BE6E~1C —0+.3CEEE-14 ~0.1044FE 04 (0,5393E 01 L
0e3721E Cl1 OQ+4254E—C3 ~042835E-C7 OQs6CS0E—12 ~(0«518€E~-L7 —0.1044E 04 0.3254EF C1

*Temperature Range

L =

1000-

6000°K, H =

6000-15,000°K

Ly



h® = [ cal/gmole of i]

i

S; = [cal/gmole of i - °K)
F; = [cal/gmole of 1]

Thermodynamic Properties of Pure Species at Arbitrary State

Expressions for the thermodynamic properties of pure speciesg at
arbitrary pressures and temperatures are predicted in the following
manner. The species are assumed to be ideal gzases so that (Ref. 3.2)

hi = hy (T} = hy® (3.5

and since CPi = (ahi/aT)P then .

o

CPi = Cpg (T) = Cpy (3.6)

In other words, both the enthalpy and the specific heat at constant pre-—
ssure are independent of pressure, On the other hand let us examine en-—
tropy, from the first law of thermodynamics
dh = TdS +g. dP (3.7)
i i i
where Xi is the molar concentration of species i (moles of i/volume).
Rewritting Eq. 3.7 gives

1 . i
d = d - p—— dP .
Si T hi XiT (3.8)

From the thermal equation of state for an ideal gas

P=3X [RT (3.9)
i

and Eq., 3.8 can be rewritten as

ds; = ,31; dhi - #R d (1nP) (3.10)

48



and integrated to yield

s, (T,p) = ! %‘.dhi -R1InP+A (3.11)

-4
where AB};S an integration comstant, In order to evaluate Ag ; ve make
b4

use of the fact that S (T,1) = S; and obtain (by evaluating Eq. 3.11 at

P = 1 atmosphere),

Ag g = 55" - I_% dhi (3.12)

Substitution of Egq, 3.12 in Eq. 3.11 yields

Sy = 84 (T,P) = Si° -R1n P (3.13)
The Gibbs free energy is defined as

F; = hi - TSi (3.14)

substitution of Eqs. 3.5 and 3.13 in the above equation results in

F hi® - TSl° ~-RT 1n P (3.15)

i

or

5]
It

i Fi (T,p) = Fi° 4« RT In P {(3.16)
since
e . Q [+

Thermodynamic Properties of Mixtures

For each species in a mixture consisting of a total of n gaseous

apecies the thermodynamic properties are given by

h; = hi (T) = hi° (3.17)
Cpy = Cpy (T) = Cpy° (3.18)
$; =8; (5,P) =8, ° -R 1n P, (3.19)
Fy = Fy (T,P) = Fi° + RT 1n Py (3.20)
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where P; is the partial pressure of species 1 (atmosphere). Mixture

properties are then given by

n
h =2y, hy [cal./gmole of mixture] (3.21)
i
n
Cp=Zy C [eal./gmole of mixture - °K] (3.22)
i i Pi
n
S=Ly8S [cal./gmole of mixture - °K] (3.23)
i ii
F=23 Vi Fi {cal./gmole of mixture] (3.24)
i

where yi1 is the ith species mole fraction (gmole of i/gmole of mixture)

and the units of each property are given by the terms in brackets.

TRANSPORT PROPERTIES

Presently available transport properties data for air and ablation
products are extremely limited because of the difficulties involved with
experimental measurements at the extremely high temperatures of interest.
Thus, it is n?cessary to rely heavily on properties obtained from theo-
retical predictions like the Chapman-Enskog kinetic theory (Ref, 3.3).
At the lower temperatures, where ionization has not yet begun to occur,
the classical first order Chapman-Enskog kinetic theory has been found
to be reasonmably accurate. However for higher temperatures the use of
more rigorous kinetic models becomes necessary. The transport proper-
ties used in the present work were obtained by Esch {Ref. 3.4); in ox-
der to obtain simple closed form expressions for species viscosity and
thermal conductivity the theoretical results reported in the literature
were curve fit with polynominal expressions in temperature.

Viscosgity
The species viscosity data obtained from theoretical predictions



were curve fit to a second degree polynomial in temperature

2
u, = ay + biT + ciT (3.25)

In the above relation temperature is in °K, pi is in Ilbm of 1/ft-sec and
the coefficients a , by, and c; are given in Table 3.3. For a mixture

consisting of n gaseous species viscosity was predicted by the Buddenberg-

Wilke model (Ref. 3.5)

¥. H.

u o= B nl L (3.26)

iy ¢iJ
i
where
v 1 1
1 p,i 2 Mj\"4 2
., =— {1 14— 3 (3.27)
ij M&;— Mj ME

and M; is the ith species molecular weight.

Thermal Conductivity

The species thermal conductivities were obtained from linear fits

of theoretical results:

K, = d; + eT (3.28)

L

again T is 1n °K, kg is in °K, k; 1s 1n BTU/ft - sec - °R and the coef-

ficients d:L and e. are given in Table 3.4. Misture thermal conductavity

1

is compared by

n Ny ki
k=X (3.29)
i

yi bij

R o]

where as before ¢35 is given by Eq. 3.27.

Binary Diffusion

R}

The coefficient of binary diffusion was assumed to be a function of

temperature and pressure as follows (Ref. 3.4):

B 8.128x1070 1t 627

(3.30)
D= P
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CONSTANTS FOR VISCOSITY CORRELATION

TABLE 3.3

Mg = ag + biT + ciT? M
Species  , x 108 b x 107 c x 10%2 ggﬂgzr%gﬁ§e
02 1.693 0.1496  -0.2276 2,000-10,000
N2 0.970 0.1613  -0.1916 2,000-10,000
0 1.519 0.1875 -0.2228 2,000-10,000
N 0.253 0.2206 -0.3737 2,000-10,000
ot 0.0 0.0500  -0.1000 8,000-15,000
N' 0.0 0.0500  -0.1000 8,000-15,000
e" 0.0 0.0500  -0.1000 8,000-15;000
C 1.997 0.1772  -0.3378 5,000-10,000
H 0.294 0.0889  -0.0811 4,000-10,000
H, -0.079 0.0791  -0.0886 4,000-10,000
co 2.404 0.1363  ~0.2184 4,000- 9,000
Cs 2,019 0.1179  -0.1655 1,000- 5,000
CN 2.404 0.1363  -0.2184 4,000- 9,000
Cz2H 2.404 0.1363  -0.2184 4,000- 9,000
C2Hz 1.396 0.0842  ~-0.6939 1,000- 5,000
C3H 2.019 0.1179  -0.1655 1,000- 5,000
CqH 2.019 0.1179  -0.1655 1,000- 5,000
HCN 1,378 0.0965  -0.0948 1,000~ 5,000
Cy 1.931 0.1393  -0.2575 4,000- 9,000
ct 0.0 0.0500 -0.1000 8,000-15,000
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TABLE 3.4

CONSTANTS FOR THERMAL CONDUCTIVITY CORRELATION

ki= aj + by (BTU/ft-sec-OR)

Temperature
Species a x 10° b x 108 Range (°K)

02 1.019 0.4901 2,000-10,000
N7 0.654 0.6457 2,000-10,000
0 1.250 0.7092 2,000-10,000
N 1.281 0.8593 2,000-10,000°
o' 26,0 0.0 8,000-15,000
N 26.0 0.0 8,000-15,000
e” 26.0 0.0 8,000-15,000
C 2.506 0.7479 5,000-10,000
H 2.496 5.129 4,000-10,000
Hy 3.211 5.344 4,000-10,000
co 0.859 0.6233 1,000~ 5,000
C3 0.630 0.5804 1,000- 5,000
CN 0.859 0.6233 2,000-10,000
CoH 1.126 0.7439 1,000- 5,000
CoHz 1.126 0.7439 1,000- 5,000
CzH 0.630 0.5804 1,000- 5,000
CaH 0.630 0.5804 1,000- 5,000
HCN 0.486 0.8714 1,000- 5,000
C, 0.859 0.6233 1,000- 5,000
ct 26.0 0.0 8,000-15,000
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where T is in °K, P 1s in atmospheres, and D is in ft2/sec.

Chemical Kinetics

Formulation of 2 kinetics model that describes the chemical reac-—
tions in the flow-field requires the investigation of innumerazble pos-—
sible reactions that can take place among the air and ablation‘product
species that are present in the shock layer. Because of the complexity
associated with kineties models involving a large number of reactions
only those reactions that are important may be consideréd. In other
words, we seek to develop the simplest model capable of accurately des-
cribing the chemical kinetics of the flow-field.

Suppose that a2 number m of chemical reactions of the form

n n
E v ! Si T g “15 S{ G =1,...,m {(3.31)
1]

where n is the total number of species in the system, and vij and vig
are the stoichiometric coefficients of the reactants and products in the
jth reaction, respectively, have been chosen as a kinetics model, then

the rate of generation of species i due to finite-rate chemical reac-

tions (w;) is given by the Law of Mass Action (Ref. 3.6) as

m n C L
Wi =7 (vi. - vi.) £f. M, I (%—E) ka
3 J J ] 1T k=1 k (3.32)
Ck.V:. (1 =1,...,n)
-F v, ~v..) r M, it et S ’ s
j(iJ iJ)Jlk=l(Mk)

where p is the density, Ci is the ith species mass fractionm, M; 1s the
molecular weight of species i, and fj and rj are the forward and back-~
ward reaction rate comstants for the jth reaction, respectively. The
forward and backward reaction rate constants are generally taken as
functions of temperature of the form (Ref. 3.7)

£ =m;fj TP£] exp (—efj/t) (3.33)

(g = L,...,m)

rj = arj Tbri exp (-eri/T) (3.34)
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where afy TPE] and ar} TPfj are the frequency factors, and ef§ and

erj are the activation energies for the ith forward and backward re-
actions, respectively.

In practice, the forward reaction rate constant is normally mea-
sured experimentally while the backward reaction rate constant is ob-

tained as follows: At equilibrium n

v
K oC, 1ij
" 1 n DCk hd ] . n T n __k
(vij —\Jij) fj Mi 11;[_=l ('ﬁk—) = (\)iJ - vij) rj Mi E=l ( )]
(3.35)
oY
f o pC (\)", _ \)' )
Ao & Kk G=1,....m) (3.36)
k=1 M

The equilibrium constant for the JLPR reaction (K;) 1is given by (Ref.3.8)

P -vDn oC. (W, -3l (3.37)
_ ki~ Vki K Vki T ki)
Kj— (RT) Iézl(Mk) d=1i....,m

where R is the ideal gas constant. Substitution of Eq. 3.37 in Eq,

3.36 and solving for ry yields

) o1
P WP _
ry = (rm)k K kj £y K 1 (J

(3.38)
1,00a,m)

f

Therefore, knowing the forward reaction rate constant and the equi-
1ibrium constant the backward rate constant can be obtained from Eq.
3.38,

There are two methods commonly used to obtain the equilibrium
constant of a reaction. The first method consists of computing the
chemical equilibrium composition of the system for a range of differ-
ent temperatures and using this data with Eq. 3,37 to compute the eq-
uilibrium constant for different walues of temperature. This set of

values of equilibrium constant versus temperature can be curve fit with



analytical expression for K.j

Ky = Y5 exp (B3/T) (3 = L,...,m) (3.39)
where TJ and Bj are constants. The second method consists of using the
expression for the equilibrium constant obtained from thermodynamics
(Ref. 3.9)

Kj = exp (-AF5°/1RT) (3

1,...,m) (3.40)

where AF§ is the standard free energy for the jth reaction and is given

by
o = 1t - '_ [+] s =
AF§ E 1 ORy = vig)F G=1,...,m) (3.41)
AF s B B B
—d 2,30 3,0 -2 A4 3
RT = Blj (l - 11‘1T) 2 T 3 T 12 T
B B, .
T I R N
20 T 7,3
where a
= oo 1 =
BE,j = i -1 (vkj vkj) Az,k (1 1,004,7)

Therefore the equilibrium constant may be obtained from the species stan-~
dard free energy expressions given in Tables 3.1 and 3.2. The first
method has the advantage that when it is used the backward reaction rate
constant has the same form as Eq. 3.34; this can be seen by eliminating

fj and Kj from Eq. 3.38 by substituting Eqs. 3.33 and 3.39 to yield

n
WY -V ) b
r. = (R k k3 K] £3 -
i ag T exp [ (efj + Bj)/T] {3.42)
T:] (j =1,|oo’m)
Comparing Egs. 3.42 and 3.34 it is evident that
b
L1 T
_ Mk S VkJ)afj
3TV
n n 1
brj = beg + I (Vs - v D) (3.43)

erj = efj + B4

The second method, on the other hand, does not yield an expression of
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the form of Eq, 3.34 since AFj° is a polynomial expression (see Eq.
3,4), The resulting expression is therefore cumbersome to use. On
the other hand the second method has the advantage that Kj is readily
obtained from the species standard free energy and does not require a
routine for computing chemical equilibrium as does the first method.

Up until this point, this discussion has been limited to the case
where the kinetics model was already determined; however, as will be
shown below, establishing an appropriate kinetics model is not a simple
task, Information has been collected over a period of years on the
chemistry of the reactions of ablation products and air species, and
this information is stored in the form of a computer implemented data
management file which presently contains several thousand reactions.

It was necessary to examine this extensive set of reactions to arrive
at a lisfing of most probable reactions (Ref. 3,10), These probable
reactions were selected involving 28 specieg. Currently, it is not
possible to consider a solution of the conmservation equations with

this many species and reactions, Furthermore, rate d;ta were not a-
vailable for many of them, Therefore, this preliminary list was then
reexamined for key reactions to represent the chemical system, The
selection was based on the species anticipated to have the largest
compo sitions and presumably, therefore, dominate the energy level of
the system, These key reactions are given in Table 3.5. 1In Table

3,6 the previously omitted ablation product and combustion reactions
are given., Shown in Table 3.7 are the additional air and hydrogen com-
bustion reactions. The values of the coefficients agj, by, and ery of
the forward reaction rate constants (see Eq. 3,33) for the reactions

in Table 3.5 are given in Table 3,8, The forward rate constants listed



TABLE 3.5
SELECTED IMPORTANT CHEMICAL REACTIONS IN

THE SHOCK LAYER OF AN ABLATING BODY

10.

11.

12.

13.

14,

15.

l6.

+ N CN 0
+

H c, H,
+ M P M
+ M A M
+ M of E -
+ M N E-
+ M c N
+ M CN H
+ M

C2 H

+

M C,H H
+ M 0
+ M

02 C

+ M 2C M
+ M ct E-
+

M CZH C
+ M C.,H C

M
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TABLE 3.6  ADDITIONAL ABLATION PRODUCT AND

COMBUSTTON REACTIONS

4’ CHB’ CH CH Reactions

CZHZ’ CZH’ Reactions

CH )
CH, = CH, + H
CH4 = CH2 + H2

CH3 = CH2 + H

&2

CH+H

= +
CH2 +H CH H?.

CH =C+H

C+ H2 = CH + H

CH2+O=CO+H2

CN Reactilons

..,N=C2+N2

CN+0=0N+CO

CZHZ + H = 62H + H2

CZH2+ 0= CH2 + CO

c,H +OH=C2H+HO

272 2
C2H + H = C2 + H2
C2H + 0 =CH- CO

Other Reactions

C2 +H=C+CH
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TABLE 3.7  ADDITIONAL AIR AND HYDROGEN COMBUSTION REACTIONS

Air Reactions Hydrogen Combustien Reactions
L 0, +M=20+N 1. H+0,=0H+0

2. Ny +M =N +e 4 2., 0+H,=OH+H

3. NO+M=N+0+M 3. OH+H, =HO +H

b NO+0=0,+N b 20H = H0 + 0

> Ny+tO0-TO+ W 5. H+OH+M=HO+X

+ -
6. N+O0=NO +e 6, H+ 0+ M=0H+M



TABLE 3.8 COEFFICIENTS OF THE
FORWARD REACTION RATE CONSTANTS

jth Reaction afj bfj efj Comments
1 8,0 E 18 W3 71,000 ¢
2 4,5 E 11 .5 35,000 Ref. 3.11
3 1.0 E 21 ~-1.5 224,900 3.12
4 3.6 E 18 -.82 103,000 3.13
5 2.8E 12 .5 313,000 3.13
6 2.9 E 12 .5 333,000 3.13
7 2.2 E 20 -1.0 131,800 3.14
8 8.4 E 18 .5 120,000 é
9 9.5 E 18 .5 140,000 ¢
10 9.5 E 18 .5 117,000 ¢
11 8.5 E 19 -1.0 - 257,900 3.14
12 1.0 E 19 .5 190,000 ¢
13 9.3 E 18 .5 155,000 ¢
14 9:4 E 18 .5 265,000 ¢
15 9.5 E 18 .5 165,000 ¢
16 9.5 E 18 .5 145,000 ¢

¢ Activation energy computed using the method described by Semeno§
(Ref. 3.15), and the frequency factor computed using collision

theory (Ref. 3.16).
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were the best experimental values or were computed theoretically. With
these constants, B = 1.987 cal/gmole - °K and temperature in °K, the
units of fj are cm3/gm - mole - sec,

Origimily the method proposed to obtain the equilibrium con-
stants for the reactions in Table 3.5 was by a curve fit of equilibrium
data., The chemical equilibrium composition for different values of
temperature (from 1,000°k, to 15,000°K) were computed with a free energy
minimization chemical equilibrium program. This information was then
used with Eq, 3.37 to obtain the value of the equilibrium constant for
different temperatures., The results of this operation are shown in Fig.
3.1 for tﬁe reaction C3H Z CoH + C where ln K is plotted versus 1/T
(dotted line), These actual values of K were then least squares fit
with an expression of the form of Eq. 3.39. The resulting analytical
expression for K is also plotted in Fig. 3.1 (solid lipe), It can be
seen that using the analytical expression for K instead of the actual
values introduces significant error, for example at T = 10,000°K the
percentage error iln K is 1000. This difficulty encountered in this re~
action was found to be typical in some of the other reactions as wellj
For this reason it was %ound more desirable to use the second method

discussed above for obtaining K,. This was accomplished by obtaining

h|
AFj° from Eq. 3.41 and then using Eq. 3.40 to obtain Kj. Table 3.9
contains the values of the coefficients Bl,j’ }32’.‘]-...,37,,j of Eq. 3.41

for the reactions in Table 3.5, The equilibrium constant Kj obtained,
if plotted in Fig. 3.1, is undistinguishable from the curve of the act-
ual ¥alues of K,

Radiative Properties

The radiation flux divergence (dQR,y/dY) appearing in Eq, 2.61
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TABLE 3.9

COEFFICIENTS OF THE EQUILIBRIUM CONSTANT CORRELATION

REACTION(*} Bl,j B2,j B3,j 34,3- B5,j

-1 0e3530E+00-047681E~03 0e5153E~06-09618E~-10 De5427E~-14
~0e9100E«01 O 2624E~03=028700E~09-0+5441E~11 02100E-15

2 0elB816E401~0e3571E~02 0s1634Ea05=0,2783E=09 0.1617E~13
~0e1852E+01 001831E~02-045850E~06 D e7641E~-10-043417E~-14

3 Del727E401 =04 BCS9E=C3 0e1344E~08 0449B0E~11-049780E~15
Do1765E+01=0e1250E=C2 0s3R16E-06-0+3536E~-10 Qs1003E~14

4 DelGAZE+01=042810E=03=0s9244E~07 0+2914E=-10-~0,2112E-14
Oe 4SOSE+01=0e801BE~-02 001254E~05~0e1592E~09 De7013E-14

h

0e2321E401 (0s2250E~03~069094E-07 0 e1275E~10~05056E~15
00 29048E401~0¢ 3576E~03 Qe 6591E~Q07~0+3159E-11 0e42813E~-16€

LY
€ 0 2753E4+01~0e3726E-03 00 1BB4E~0E~0eI765E~10Q 022271E—-14
De2261E401 043808E—03-0061210E-06 0e1070E~10-D3032E~15

7 DelETSE+01-0eEQ17E-03-006914E-07 0¢3IGF6E-10-0e2991E~-14
De141AE+010aB027E~03 0e1697TE~06~001315E~10 0e3831E~-15

8 Do225TE+Q1-0e2955E~-02 00 13S9E-05-0e251BE~09 Cel668BE~13
QeI 7SIELD1-00448B6E~02 Q04 176BE~05~02902E-09 001 768BE-13
* SEE TABLE 3¢5 FOR REACTICNS

*% TEMPERATURE RANGE L= 1,000-6,000 DEGe Ks H= 6+,000~15:000 DEGe K

86,3 B7.3

0+ 348BSE4+05 0e7500E~01
Oe4160E+405S Do2066E401

0e1329E+0E~0e8961E401
De1329E+05 0e1126E+02

Dell32E+06 0a4274E+01
Dal132E+0G6 Ds445CE+0]

DeS196E+0S5S De206256E401
DeS196E+05-0e1348BE4+02

0e 1SBO0E+0G6-0el11B81E+02
0w l1SBOE+06-0e1538E+02

Qe lGBEEF+QE~-De1232E+02
08 1686E+06-041000E+02

Qs 9406E+0S Q403693E+01
D+ 8731E405 045594E+01

0+5850E405 (619125401
Ce 6525E+05-046819E+01

T{kx)

79



TABLE 3.9

COEFFICIENTS OF THE EQUILIBRIUM CONSTANT CORRELATION (Continued)

g e 3458E4+01~0¢3852E-02 0o 1541E~05-002492E~-09 0¢1406E~13
Qa2653E4+0L1=00218TE=02 Qo656 EBE~06=0+827TE~10 0+3596E-14

10 002094€E401-002155SE~-02 Ce7206E-06~0+1067E~09 Q0¢S7IS5E~14
0ea2452E401-0e23B2E-02 0e69I0E-06-0,48428E~10 0+3630E~14

13 Qe 2028E401-0e1370E=-02 004461E~06—-045622E-10 (0e2436E~14
041323E401-0s5403E-03 0e168BBE-06=0e1859E~-10 045931E-15

12 0o30S3E401-004032E~=02 QelT731E-05=02858E~09 Uel621E~13
=00 1596E+02 0e1840E-01~0e5650E~05 04584 1E~09-02842E-13

13 Oe 781 0E400-0a1175E-03~0e8460E~07 002854E~10-02197E-14
002560E+C0 ColSBIE=03=0e3970E~CT 0e2542E=11 092920E~17

14 0e2497E+01 Qe €4JAE~Q4~0s5011E=07 0e6619E~11~0e2271E~15
00 2895E401~Ce I2Z2Z4E~03 0e4932E~07-0D02579E~11 0s2381E~16

is 0e2132E+401-002B40E-C2 Qe1138E-05-02021E-09 0+41335E-13
0e3483E4+01-0049B1E~02 0e2072E~05~0e3588E-09 0e2234E-13

1€ Qe 7UB0E+00-001406E-02 0e5735E—-06-0¢8895E~10 0«4609E-14
00 2320E400-008811E-Q3 Qe4090E-05~046840E=-10 03694E~-14
* SEE TABLE 3¢5 FOR REACTIONS

% TEMPERATURE RANGE L= 1+G00-64000 DEGe Ks H= 64000=-15,000 DEGe K

86,3 B7.1

0+6525E4+05-0633SE+01
0e6525E405-042220E+401

QeSTO6GEXDS 043671E401
DeSTOE6EHGS Qe 1504E+01

Oe 1289E+06 Qe 3TTIE+OIL
0¢128BSE4+06 DoT660E401

VeB8906E+0S5 0e1034E+01
0eBV6E+0DS 0el1101E+403

Pa729TE+0S 09378E+D)
Ce729TEHDES D 21266E402

Us1306E+06-041216£402
De1306E4+06-0+1481E+4+02

¢
O0+B06BE+05 0+5461E+01
D+ BOGBE+0CS5-041B81E+01

De7220E4+05 0el1162E+02
O 7220E+405 041435E+02

T{*x%)

S9



is defined as follows (see Eq, 2.14)

dg

Ry _ 5 s - >

3y 2’1 a, (2135v Iv) av (3.44)
where

9 y = radiative flux in a direction normal to the body
?

o = volumetric absorption coefficient,
Bv = Plankian radiation intensity,
Iv = spectral radiation intensity,

frequency

Radiative mechanisms in high temperature gases may be categorized into
those which produ;e radiation of a given frequency and those which pro-
duce radiation over a wide spectrum. The first of these groups of mech-
anisms is knowm as a line radiation mechanism (results from electronic
transition between the bound energy levels in atoms or molecules), while
the second group are commonly referred to as continuum radiation mech-
anisms (transfer between ionic states for atomic and molecular species,
and transitions between two free energy levels in which free electrons
are present in both the initial and final states).

One consequence of the existence of line and continuum radiative
mechanisms is that the volumetric absorption coefficient (av) for a
high temperature gas varies discontinuously with wavelength. This fact
requires that the integration of Eq. 3.44 be carried out on a piece-
wise basis over the frequency domain. The frequency range is divided
into regions (bands) within which the discontinuous vairations are
averaged. Continuum radiation bands ave used to represent regions of
continuous radiation while line radiation bands are used to model the

effect of the various discontinuous contributions. As in the numerical
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integration of continuous functions, the use of more bands (smaller in-

tervals) leads to a more accurate representation of the radiative process.
The radiative model used in the present work was developed by

Engel (Ref. 3.17) from a model originally developed by Wilson (Ref. 3.18).

The computer program developed by Engel computes both the radiative flux

(qR,y), and the radiative flux divergence (dqR’Y/ay) For a mixture of air

and ablation products. The model uses nine line frequency bands and

* L

twelve continuum bands. It considers the following species and radiation

mechanisms :

H 02 co
C Line and N2 C
3 .
Continuum
¢ Continuum C2 c.B
2
N H2
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CHAPTER 4
THE SOLUTION METHOD

The mathematical model of stagnation-line flow contains a series of
assumptions designed to simplify the mathematics of the problem without
significantly reducing the accuracy of the solution. However, the result-
ing equations are still non-linear, integral, and coupled and have variable
coefficients, therefore an analytical solution canmot be obtained. This
means that integration of the:.equations must be accomplished numerically.
Before an attempt is made to formulate a numerical solution scheme, it is
convenient to nondimensionalize and transform the equations of the stagna-
tion line ﬁodel {(Table 2.9). After the model has been transformed, the
behavior of specific terms, equations, and the entire system of equations
will be investigated so that a solution method may be established. The

solution method will then be implemented with a computer program.

NONDIMENSTONALTZATION AND TRANSFORMATION

Using the dimensionless variables given in Table 4.1, the stagnation
line model can be written in the dimensionless form given in Table 4.2.
Notice that the only difference between the dimensionless variables given
in Table 4.1 and those used for the order of magnitude assesment in Chapter
2 (Table 2.2) is that in the former pd’g 1s used in place of poo*' This

has the effect of introducing into the momentum equation (Eq. 4.2) a Rey-

nolde Number based upon post-shock density as opposed to the free-stream
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TABLE 4.2

DIMENSIONLESS STAGNATION LINE MODEL

EQUATIONS :

Species Continuity:

dc; ac )
a D50 ~pv~&—§~j-"—+ml= 0 (1 =1,...,0) {4.1)
dy
X-momentum:
(é_d v}
dp dy (L dlov)
L1dly dy ] o wdr Oy
REsdy dy
(£.2)
2
+30 & JL_ ~sha-n & -0
P x'
x=90
Energy:
) 2dq
2% d2h d( dh R
— + [~ pv + €2 o ¥
cp}}’z vt §P1G 5
(4.3)
D)(Eh )
J_C _F 1dy 1
+ va dy i

Caloric Equation of state:

n
nh=%ch (D) (4.4)
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TABLE 4.2 (CONTINUED)

Thermal Equation of State:

. n Ci

p RT (i 'M—j:) =P 5

Boundary Conditions:
Wall (y = 0)

1. pv = (pV)w

Shock (y = §)

pv = (pv)6 = Vg

d{pv)

c, =¢C

-2

1,8

u ‘

-d
———

(4.5)
%
x50
(4.6)
= 1,.0.,0)
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Reynolds number previously used.
The mathematical model, as originally developed in Chapter 2 (Table
2.9), included the energy equation in temperature form (Eq. 2.61). During
the present investigation the early attempts at solving the model concen-
trated on this formulation. However, after much computational experimen-—
tation led consistently to failureg it was decided to try a different

formulation of the energy equation. The energy equation in terms of dim-

ensionless temperature

93 I dCi
d(k dy) 1 vC §2_+ 1 d[pp(2 hi a 1]
dy 7 PVLP dy 2 dy e

(4.3a)

was transformed to an enthalpy form by nondimensionalizing Eq. 2.60 to

yield
dc
dT _1 dn 1 ® i
== 5= = - § hi-—— 4.3b
dy Cp dy Cp i dy ( )

and substituting Eq. 4.3b in Eq. 4.3a to yield Eq. 4.3 (see Table 4.2).
The model with the temperature form of the energy equation consisted of
3 + n equations in the unknowns p, v, T and C; (i = 1,..,,n). The modi-
fied model includes the enthalpy as an additional unknown (temperature
continues to be an-unknown since the thermodynamic, transport, radiative
and chemical kinetics properties are explicit function of T), and there—
fore requires an additional equation. This equation is the caloric eg-
uvatton of -state (Eq. 4.4). The boundary conditions on the energy equa-
tton are now h =~hw at y = 0 and h ﬂrha at v = §.

The equatiens given in Table 4.2 can now be transformed using the

Dorodnitsyn transformation defined as:



7 R/
" =.{%n£x. - —©opdy (4.7)
JO pdy 8

From the above equation

g _p_ 4
iy " F dn

and this relation yields the equations given in Table 4.3. Notice that the

(4.8)

Dorodnitsyn transformation converts the independent variable y to the new
independent variable n. Before proceeding to discuss the numerical solu-
tion to Eqs. 4.9 - 4.11 and Eqs. 4.4 and 4.5 it is convenient to rewrite
the equations in a form more suitable for numerical sclutiomn.

Specles continuity:

Expanding the second order term in Eq. 4.9 and rearranging gives

~2 (4.13)
2. .2 0.2 ~ ac
pD d7C d¢*’D) _ i 8 - -
&Tﬂl + [ an 8 pv] 37 + 2wy 0 (1=1,...,n)

X-momentum;

Let us define a fdew dependent variable as follows

) (4.14)

therefore

4f a
an = Td (4.15)
nELY
n=1
When the global continulty equation is nondimensionalized and transformed

into n - space the result is

2(&) = -

(4.16)
9¥ x=0

o I
4=
=3 [~
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TABLE 4.3

TRANSFORMED STAGNATION LINE MODEL

EQUATIONS:

Species Continuity:

dC,

2 i
(D = dac ~2
d dn % i 8 .
an —Gp'VE— +‘p— mi—o (i =1,...,n)
X~-momentum:
d2 v) 2
ﬂg'ud Vs p oy 4669
dn e, P 2
6 dy
E R d(pv) 2 .3 N - gﬁ?
+ 3 e ( ) ~48 R 2 (-0 &D =0
dn €s P dxx=0
Energy:
2 pk d2h 1 d(g k) dh
e P _
T e Tyt (v + T — =
3 Cp dn 3 dn dn
dC
- 2ok ‘2 i
28 Zry + 2000 Ly 2 atfe, ~P DGR T,
& dy dn ;o

Caloric.Eguation of State:

h = ? CH,

it Sy
et T

(4.9)

(4.10)

(4.11)

(4.4)
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TABLE 4.3 (CONTINUED)

Thermal Equation of State:

. n Gs
p RT (E 7)) =P

My 8

Boundary Conditions:

Wall (n = 0)

1. gv = (gv)y

2. d(pv) =0
dn-
3. Ci=¢C 4 1=1,...,n)
4. h=h
W

(4.5)
Shock (n = 1)
1. pv = (pv)g = vg
(4.12)
du
2. d(pv) _23 e__g
dn Ix -0
3. €, =0Cy ¢ (i=1,...,n)
4. h=h
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Substitution of Eq. 4.16 in Eqs. 4.14 and 4.15 gives

£e-0Y
263115'0
ax
(2
_§_§_= Bxxso
dn
(Bud)
X x =0

Making use of L'Hospital's rule,

Q@i
limE__aBXx=o
x>0 Y% (3“5
Ix
X =0
and
Xx+0 §

follows from Eqs. 4.18 and 4.19.
Substitution of Eq. 4.17 in Eq. 4.10 gives

2

d'f .
~ su 2

dy dnZ -2 d“t  ,df 2

Eﬁlﬁ ") + Res 8 (Bxs’o) t2f dn< ~ (_£
dg. 2

NPTy

+ 2'p (1 ~ p) *';1—-"'—2—'— =0
(=229
ax

The boundary conditions for this equation are

Wall (n =.0): Shock (n = 1):

1.£ R AL 1.
28 %%,0
[b'4
2. af 0 20 /== =1

dn

(4.17)

(4.18)

(4.19)

(4.20)

(4.21)
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The momentum equation, being third order, can be expanded into two coupled

equations; one first order and the other second order by definimng

_1df
2= an (4.22)

oot

and substituting into Eq. 4.21

2 23u )
d#& PO d d#
P nZ * [2Re6 8 3x =i dﬁau)]‘aﬁ
(@)2 (4.23)
<3 gua 2 R B dxx -0
R 0§ —22 g +2R §R(1-p) —2—— =0
e ax e p au
) ) §,0
3x

The resulting boundary conditions for Egs. 4.22 and 4.23 are

Wall (n = 0): Shock {n = 1):
1. £=£f =-SVv 1.f=f=-—-:.-—v—"5——
v 26 %50 8 26 %Ys.0
ox 3 X
2. =0 2. B=1/6

A8 was discussed in Chapter 2, four boundary conditions need to be satis-
fied by the x - momentum equation, three because the equation is third
order and the other since the shock stand-off distance (§) is unknown.

In terms of Eqs. 4.22 and 4.23, this means that these equations must sat-
isfy all four of Egs. 4.24. This is/done in practice by applying the two
boundary conditions on % and f shown above to Eqs. 4.23 and 4.22, respect-—

ively. Integration of Eq. 4.22 gives
~ TN
£=6 é & dn'+ £ (4.25)

Evaluating this relation at n = 1 and solving for § yields

=2 W (4.26)
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It 18 easily seen that substitution of Eqs. 4.25 and 4.26 in Eq. 4.23

yields a second order, non-linear, integro-differential equation with 3
as the only dependent variable (assuming that p(n) and u(n) are known).
This equation can be solved for £ and then Eq, 4.25 is used to complete
the solution to the problem. An alternative method of solution used in
the present work is iteration: guess a wvalue of 5 and solve Egs., 4.23
and 4,25 for f and &, use the computed & in Eq. 4.26 to obtain a new val~
ue of S and repeat the above procedure using the new value~of S as guess

~

until the guessed and computed vales of & are equal.

Enérgy:
Expansion of the second term on the right-hand side of Eg. 4.11 gives
dcy 2k 2,40 9C4
pX _ .2 —4L ZpX =
1oap G e Eby gDl g g - e DChy 5]
(4.27)
dhy; dC n  42cy
2ok 2 n Sy i 1 2k 2 i
F=-0D) G )+ G -pD) (& by 32D
+ 176 idn dn’ < 7Cy ; 1 dn
§
or
) ( 2pk,
2ok Q_%. + [ -pv+ 14 6 ] dh _
2 G dn > dn n
§ P \ 8
n (4.28)
n dc
20k i
§ da = - 2D E hy 79
28 RoY 4 29v2 av %_ d[ Cp 1dy 7]
p dy dn s
2
' d“C
1 2 2 dhy dC3 1 2k 2. D i
g e S —= ) 4= 2= - DY h
+ =6 ) (E an o T (g o )(1 i “52—
5§ P P
A summary of the dimensionless transformed equations is given in
Teble 4.4, ‘

METHODS OF COMPUTING REACTING FLOWS

Historically the first attempts at solving the finite-rate chemistry
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TABLE 4.4

SUMMARY OF DIMENSIONLESS TRANSFORMED EQUATIONS

EQUATIONS :

Species Continuity:

d47c 2 dc <2
2 i d (5 D) . i 8
o) Q - —— e = =
D 2 5 + [ dn 8 pv] an + ) mi 0 (L1 =1,...,n)
rr.
X-Momentum:
f=..__Lv._.._._.
28 duy
9,0
ox
dzg + [2R E? EEQ;Q. fF + du), da
pH dnz [ e Gz ) & ] an
2
d
} &4y
-3 aua o. .2 ~ < S 0
R § =29 z°+m sB@a-gy—2=0_,
e ox e p u
8 8 §,0
X

(4.13)

(4.17)

(4.23)

(4.25)

(4.26)
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TABLE 4.4 (CONTINUED)

Energy
a%n L dBO 4
28 vt P 1 -
3 Pdn 8
dc
. 2k .
B Sy 2w,y a0 G v, 57t
& dy PV 3 T T
5
dh dcC dZC
1,20k 2 1 %401 %k
+Ec__°1> DEF= Hm) +I G pDNEhidz)

5 44 i

Thermal Equation of State:

c
n vy
B IR T (Eﬁ;)=P

1 &
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(4.4)

(4.5)
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problem were concentrated upon one-dimensional flows with no diffusion.

The equations deseribing this physical situation are of the following

form:
dy i
d't""i PSR SYTERD 2
(L=1,2,...,1) (4.,29)
£ () = Yi,o

where the concentrations of species in an n-species system (yl,...,yn) are
the dependent variables and time (t) is the independent variable, These egr-
uations are non-linear, coupled through the right-hand-gide term (fl,...,
‘fn), and are subject to initial boundary conditions of the first kind. In
attempting to numerically solve the above set of equations it was found
that the clagaical integration techniques (Euler, Runge-Kutta, etec.) could
be uged tc compute tﬂe solution for cases where the reaction rates were re-
latively slow, but for fast reaction rates (those occurring when the flow
is near chemical equilibrium) the time required to integrate the equations
became exhorbitant, When the latter condition existed the equations were
referred to as "stiff" equations by Curtiss and Hirschfelder (Ref, 4,1)
because this type of problem arises also in overcontrolled servomechanical
systems.

Numerical techniques for solving differential equations are generally
judged on the basis of stability, accuracy, éﬁd speed of coﬁputation. Sta-
bility means that the numerical solution must follow the general form of
the true solution., Accuracy measures how closely the numerical solution
approximates the true golution. It should be clear that an algorithm may
be stable but inaccurate. The computational speed depends upon the allow-

able stepsize and on the computational effort required to perform each step.



The solution of Eqs. 4.29 is normally carried out By locally line-

arizing the equations and solving at each step the resulting set of linear
equations. The linearization is carried out by expanding each f; ina

truncated Taylor series about a local point t  to vield

dy. a . '
i afi

——==f 4+ I D (v, -y, ) (A=1,...,n) (4.30)
or dt L o1 TG ] J:m Pt

dyi n

P —§=1Aij Yj+Bi (i=1,...,0) (4.31)
where

n -

A, (_Zﬁ:_i_) and Bi = F - X (-a--fi v,

ij Yi'm . i=1 Byj m i,m
Equation 4,31 may be written as

d— - - -

& =Ay+B (4.32)

T
using matrix notation where y = [Yl, '}’2,...3zn] s

T
B=(B,B,...B1 and
1 2 n
9f;, ofy __ 9f]

b5, ¥y ... 2%

gl
#

3yy 9y, a¥n
2f, 0f, ... B8y
9y1 3y2 3¥n

Techniques for solving Eq. 4.32 are generally classified as explicit,
implicit and locally exact, Explicit technilques are those for which the
values of each of the dependent variables at any step may be expressed ex-

plicitly in terms of the dependent variables at preceeding steps. All
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‘pxed;ctor-cérrectgr:mg;hods, as well ag all variants of the Runge-Kutta
method are explicit, Implicit technigues are those for which the values
of each of the variables at any step depends on itself and on the other
dependent variables at that step as well as on the dependent variables at
preceeding steps. An implicit technique when applied to Eq. 4.32 always
results in a set of linear algebraic simultaneous equations which must be

solved for the vector ¥ at each step. Locally exact techniques solve Eg.

4,32 exactly to yield

»

n
Yy = g =Cij}ij exp (?\j h) + %,P {(1=1,,..4n) (4.33)

where the Cij are integration constants, the Aj are the eigenvalues of i’
h is the stepsize and ?i;P are particular seclutions to Eq. 4.32, This so-
lution assumes that all the eigenvalues of A are distinct,

All explicit techniques have finite stability bounéaries, that is;
they are stable for some stepsizes and unstable for others. Under condi-
tions of stiffness, explicit techniques must use a very small stepsize in
order to remain stable, On the other hand, they can be very accurate and
require a modest degree of computational effort to compute a step. Some
implicit techniques are unconditionally stable, in other words, the al-
lowable stepsize 1s mot restricted by stability requirements. However,
their accuracy is generally limited and, because a set of linear algebraic

_ equations must be solved, they require a fair amount of computational

effort to perform a step, Locally exact methods are unconditionally

stable aqd very accurate but, because the eigenvalues of X must be com-
puted for each step, require a large degree of computational effort to
compute a step.

The numerical solutilon of stiff equations has been studied exten-~

gively and a number of techniques were proposed to cope with this problem



(Refs. 4.1 - 4.15).

Curtiss and Hirschfelder (Ref. 4.1) proposed an implicit technique
for solving a single stiff equation. Emanuel (Ref. 4.2) studied the ap-
plication of predictor-corrector and Runge-Kutta techniques to the chem-—
ical equations in mear equilibrium flows. The locally exact method was
applied by Moretti (Ref. 4.3) to the problem of combustion of hydrogen
in air at constant pressure. He made a comparison of the computing time
required using the locally exact method and the fourth order R;nge~Kutta
method.

Treanor (Ref. 4.5) developed an explicit method for solving non-
linear stiff equations. It assumes that the basic equations can be app-
roximated by a linearized form, but not the form given in Egs. 4.30. In~

stead they are linearized as follows:

E%i-= - (?i)m # * (Ai)m
(1-=,1,...40n) °- (4.34)
+(8)_h+ (C)_h
where the Py, Ai’ Bi and Ci are constants in a given step but are allowed
to vary from step to step.

Lomax*and Bailey (Ref. 4.6) and Bailey (Ref. 4.12) studied the so-
lution to the problem of air flow behind a normal shock by gpplying dif-
ferent numeric#i techniques, The techniques utilized were the explicit
modified Euler method, the implicit modified Euler method and Treanor's
methdd.

Magnus and Schechter (Ref. 4.15) developed a unified theory of
numerical techniques based on rational approximations to the exponential

terms in Eqs. 4.33. They showed that a number of explicit and implicit

techniques are really rational approximations of different order. The
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implicit methods studied, which include the method of collocation and the
subdomain method, were showm to be unconditionally stable and the sub-
domain method was applied to the problems of hydrogen-ai£ combustion and
dissociating air.

From tpe work that has been carried out it has become evident that
there is no "best" method for solving Egs. 4.29, The optimum method to
be used depends upon the degree of "stiffness" of the equations. If the
flow is essentially frozen, classical explicit techniques such as fourth
order Runge-Kutta are better than any amplicit or locally exact method
because they would be accurate and faster. If the flow is near chemical
equilibyrium, an unconditionally stable implicit technique is optaimum be-
cause the stepsize would be restricted only by the truncation error. In
general, the locally exact technique is less convenient than the explicit
or implicit methods, but it yields more information about the system of
equations. ‘

This discussion has assumed that the problem represented by Eqs.
4.29 is "well behaved”, this means that the solution is inherently stable,
and our discussion of stability was centered around what is called in-
duced instability, that i1s, instability induced by the numerical techni-
que used. However, it can also happen that the problem is "ill posed"
or inherently unstable (Ref. 4.16). This can happen, for example, when
the general soclution to Eqs. 4.29 contains exponentially growing terms
which must be suppresed to fulfill the boundary conditions imposed on

the problem. For example, the general solution to the equation

QX-_- -
ar Sy~ ¢t (4.35)
is given by

y=Cet+ ¢+l (4.36)
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where C is an integration constant., If the initial condition is given as
v (o) = 1, which makes C = 0 so that the solution is a simple linear term
growing only slowly in comparison with the exponential term, any numerical
technique for solving Eq. 4.35 will infroduce the exponential term into
the computed solution resulting in inherent instability.

This type of condition is common” in problems described by differ-

ential equations of the type
D; (x) d? By (x) dyy
i ey i\ad ory
7 ¥ o
d x dx

(i =1,...,0) (&.37)
= Fi(Yl’ YZ’ . .Yn)

where the Dy and E; are functions of the independent variable x; the Fi

are nonlinear functions of yq, Ypseees ¥, and Eqgs. 4,37 are subject to the

following boundary conditions

1]

yi(0) = ¥1 0o (i=1,...,m) (4.38)

¥4(1)

n
il

vi,1 (L =1,...,n) (4.39)
One physical situation described by Eqs. 4.37 - 4,39 is that arising from
gimilar boundary layer flows including mass diffusion and finite-rate

chemical reactions,

When the equations are inherently unstable the methods discussed a-
bove for solving Egs. 4.29 are not effective, Such methods are usually re-
ferred to as "marching" techniques because the solution starts at one of
the boundaries and, for each step taken, the solution marches'tpwards the
other boundary. When marching techniques are applied to a two-point

boundary value problem, such as that represented by Eqs. 4.37 - 4,39, it

is necessary to transform the problem into an initial wvalue problem,
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This is accomplisﬁed by guessing the value of the ;%i-at x = 0 and using
the marching technique to compute the y; at x = 1, if the computed y; at
¥ = 1 differsfrom the desired values, it is necessary to iterate until the
boundary conditions at x = 1 are met.

Becauge of the problems associated with the use of marching tech-
niques, boundary laygr flow problems including mass diffusion and finite~-
rate chemical reactions have been approached with what are known as
"globally implicit" techniques. These are techniques which work directly
with the two-point boundary value problem and produce in one step the sol-
ution over the domain of Interest.

Fay and Kay (Ref. 4.162 used a globally implicit method to solve
the equations describing a lamirar, dissociating, nitrogen boundary layer
at the stagnation point of an axisymmetric body. The boundary layer eq-
uations were first linearized about an initial trial solution (or pre-
vious iteration) in such a way that the equations are uncoupled (except
implicitly through the trial selution). The equations were then cast in-
to an implicit finite-difference form and solved in sequence, the trial
solutions being updated after each solution had been obtained., This se-
quence of solutions was continued until the original differential equa-
tions were satisfied to the desired degree of accuracy,

‘ Blottner (Ref. 4.17) studied techniques for solving the viscous
ghock layer flow at the stagnation point of a blunt body for air with
finite-rate chemical reactions. He found that a globally implicit tech-
nique, such as the one used by Fay and Kay, produced converged solutions
in 2 reasonable amount of time, Adams, et, al.,, (Ref, 4,18) applied the
technique used by Fay and Kay to compute the inviscid and viscid flow
fields around spherically blunted cone geometries, including injection of

inert argon or chemically reacting carbon dioxide with chemical reactions



taking place at a finite ~rate.

Liu (Ref. 4.19) studied the problem of hydrogen injection inte air
at an axisymmetric point including mass diffusion and non-equilibrium
chemistry. He studied the applicability of various techniques, such as
an implicit marching technique developed by Lomax (Ref. 4,10) and the
globally implicit method used by Fay and Kay, and found that some of the
methods could not be applied to the reacting flow problem and those that
could be applied did not work for near chemical equilibrium flows,

To be successful, any proposed solution method to the stagnation—
line, finite-rate equations must be in accord with these previous studies,

DECOUPLING THE EQUATIONS

Although it is desirable to solve the equations in Table 4.4 ina
coupled mamner, practical considerations make it necessary to decouple
them, It must be noticed that any attempt to solve the equations coupled
would require the simultaneous solution of 7 + n (in our problem n = 19)
non-linear, ordinary integro~differential and linear integral and alge~
braic equations,

An 1llustration of how coupled equations can be uncoupled 1s given

by considering the problem of solving

gi‘.l-.—-..aL"‘a L
.40
de 111 12 2 (4.40)
dL.
EEE =a L +a L2 (4.41)
21 1 22

where L; and Ly are the dependent variables and the aij's are constants.,
If the function Ly is guessed, (Lz(o)), then this value can be uged in
Eq. 4.40 to give

(1)
dL, (1)

— _ (o)
at " el = oepols (4.42)
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(o)

where L2 }s a known function of t. This equation can be solved for
Ll(l) and this function can be used as a guess for Ll in Eq. 4.41 to
give
(1)

;;2' T %22 Lz(l) A1 Ll(l) (4.43)
The function Lz(l) obtained from solving the equaticn above can then be
compared to Lz(o); if they are equal the problem is solved, if not Lz(l)
is used as the new Lz(o) and the procedure described above is repeated.

It is easy to see that the price that must be paid for reducing the or-
1
1
iginal problem to that posed by Eqs. 4.42 and 4.43 is, in general, a
greater amount of computation needed.

The scheme used to decouple the equatlons in Table 4.4 is given in
i

Figure 4.1 while Table 4.5 contains the uncoupled equations. First of

|
all, values of ,(01, D(O), (Pu)(o), and Ci(o) (= 1,...,n) are guessed,

With these functions it is possible to solve Egs. 4.44 and 4.45 for f(l)

and 8(1) (this section of the flowchart is that enclosed by the dotted

lines), this is accomplished by guessing £(0) and solving Eq. 4.44 for

e e

» then Eq. 4.45 is solved for £/, 1If f(l) = f(o) we proceed to

(D) 4 6D (03

solve for v s 1f not, £ and f(l> are used to compute the

© _ - A £7 42 £ | here 0 < 2

next guess (f 1

1 < 1) and the pro-

(1

cess is reppated. Once f and Z(l) are known, Egs. 4.46 and 4.47 are

(1 (1)

and §'y respectively..If 5(1)=~(°)

solved for v the iterative process
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Figure 4.1 Problem Flowchart
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SOLVE EQ. 4.46 FOR v

AL

SOLVE EQ. 4,47 FOR &

OUTPUT
RESULTS

END

50)- (7 () o ;(0),,2]

SOLVE ENERGY EQ. (EQ.4.48)
AND CALORIC EQ. OF STATE
(EQ. 4.50) FOR K!) aND 1)

\See Figure 4.3

SOLVE SPECIES EQ. (EQ. 4.49)
AND THERMAL EQ. OF STATE (EQ. 4.50a )
FOR C{) G =1,...,n), AND A{})

See Figure 4.4

COMPUTE alD)
| 9

£O) - ¢()
G0 =0
2OL0) 2 o) &)

C‘U)=Cmi—l,...,nb

©

Figure 4.1 Problem Flowchart {(continued)

93



TABLE 4.5

DECOUPLED EQUATIONS

¥ = Momentum

{0)
b m)]
i1 an

‘ o2
p(O)u(O) 2.1 [ 2 Re, 5 (0 (a“a,o) £0) o gH(o)p(O))] _d_z_(l)
d le 9 X dn dn
(4. 44)
. 2(0) 3 dé. 2
-Re. 8 ou 2 ~ - _ &GO =
§ (__S_LQ) z(l) + 2 Reg 6(0) 2_(_6) (1 - p) a_d.K_X 0 -0
3 X p “3,0
3 X
g1 o 500 j’“ 2D 4+ g (4-45)
0
) 0 ¥s,0. (D)
v = - 28§ ( Yy f 4.46)
—_— 3x
(0)
P
(1)
R G.47)
-
,[ E(l)dn
b
Energy:
(0)
2 A RONROEE NG 't
___..()——2—+[pv +.,(1)__cp ]———dn
() ¢ anq 8 an
20k 2 . (0)
- . (0) 2 == - op)
T R A B A AN LA N ) | E%
p(U) dy dn (1) an (4-48)
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TABLE 4.5 (Continued)

. (0)
+ 1 2pk n dhi dC + 1 2ok 2., (0
Ty - e EE ‘g‘u‘i‘l“%ﬁ"'”)()

2

TL
(¢ hi a%ci)°
dn

Species Comtinulty:

2
)~ 1y ,2 (1) 2 (1)
A S PSS NIt O e ' 8
2

dn dn dn

iy 2
3@ WD -y (4.49)
0 (0)

Caloric Equation of State:
D oo @, al®, L, w®) (. 50)

Thermal Equation of State:

@ Fs

P =
n . L)
G 1 ) IrT
My

(1) (4.50a)



is ended and the results output, if not the values of p(o), Ci(o) (L =1,

(1) ~(1)

seeyTl), V and & are used in the energy equation (Eq. 4.48) to solve

for h(l), and the caloric equation of state (Eq. 4.50) is solved for Tcl).

Then the species equation (Eq. 4.49) and the thermal equation of state
E 1 . _ (1) _
(Eq. 4.502) are solved for c, (i=1,...n) and p*°’., Once the temper

ature and concentration profiles are known, the new viscosity (u(l)) is

PLEO RN Y

computed, and s P . (pu)(l) and Ci(l) (i=1,...,n) can be used as
guesses for the next iteration. The flowcharts for the operations noted
in Figure 4,1 are given in Figures 4,2 - 4.4 to be developed below.

LINEARTZATION OF THE EQUATIONS

In the previous section the equations were decoupled (Table 4.5);
this has the effect of making each equation independent from the rest
except through the iterative process., However, the equations are still
nonlinear with variable coefficients. In considering the kinds of num—
erical techniques that may be used to solve these equations, the fact
that the boundary conditions are given on two different points in the
flow-field suggests that "globally implicit" finite~difference approxi-

mations would be preferable to so-called "

shooting" or "marching" tech-
niques since the latter requires specifications of all boundary condi-
tions on one point in the flow-field. As used in this work globally
implicit means that each differential equation is substituted by finite-
difference approximations over the entire flow-field, and this results
in a set of simultaneous algebraic equations. that when solved yield the

value of the dependent variable at different points in the flow field.

If this finite-difference technique is applied directly to the non-

linear equations the problem is reduced to solving a set of non-linear
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algebraic equations; however, due to the present lack of efficient
techniques for solving sets of non-linear algebraic equations it is
more convenient to linearize the differential equations before they are
written in finite-difference form. When this is done the problem is
reduced to obtaining the solution to a set of linear algebraic equations,
a much easier problem.

Consider a non-linear ordinary differential equation of the form

dL{t}

it = g {L,t} (4.51)

where g {L,t} is the non-linear term. It is evident that there are var-

ious ways of linearizing this equation; the simplest one being to use

an approximation to the solution L(o) to write
(1)
dL o
It =g {L( ), t} (4.25)
This equation is now linear since L(o) is a known function of t, it
may be solved for L(l) and if L(l) = L(O) the answer has been found,
if not L(l) is used as the new guess and the process is repeated. An-

other commonly used linearizing techmique is to expand the non-linear

(o)

term in Eq. 4.51 about the function L in a Taylor seriles truncated

after the second term to yield

g {L(l), t} =g {L(O), e} + g%iL(O)’ £} (L(l) » L(O))

(4.53)
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and by substitution of this relation in Eq., 4,51

0)
a® L0 @ (0)

’g S AL

- (4.54)
dt at at

This technique is known as quasilinerization (Refs. 4,20 and 4.21), and
has been used extensively to solve problems in fluid and orbital mech-
anics. It can be demonstrated that 1f the sequence {L(K)} converges,

that is if 1lim {L(K)} = L, it does it monotonically (for example if

K - o0

L(O) < L for all t monotonicity of convergence means L(O) §_L(l) < oeen
< L, and quadratically

where N is a constant. Although these two properties make the technique
extremely powerful, in practice the computation of 3g/3t may be very
costly. Therefore, in some instances the simpler technique given by
Eq. 4.52 may be preferable,

In the present application use will be made of both the simple
lineazization and quasilinearization techniques. ‘
X = momentum?

2
term, and quasiliner-

The non-linear term in Eq. 4.44 is the Z(l}

lzation yields

2 2
N RN O RN () R ¢ SR (ON
2
=2z O Q) _ @ (4.56)
when this relation 1s substituted in Eq. 4.44 the result is
2 (0) (0)
2 (1), ~(0) (o ) (1)
4 z + 2|§eé_, 8 MWs o L@ +d (1n » Ny laz

d o’ ROIMONEER: dn an



(0)3

"2 Rey & g 20O D o (4.57)
p(O)P(O) 3 X
~(0) (Qi-z 2 )
~2 Re, § E;fl -® \axl x=0 . s(O° 35 (0)
KON oy By o 2 5y
3 X

This equation is now linear and may be solved as shown in Figure 4.2.

Enerpgy:

(1)

The energy equation (Eq. 4.48) 1s linear in h™™’, and therefore

linearization is not needed. Inversion:..of the caloric equation of state
is accomplished as follows:

From Eq. 4.4

(1)

h = c (O

1 hi {1} (4.4)

e 5

therefore the problem consists of finding a root of the equation
n
e(r = nP - ¥ ci(O) h, {1}
i

Since the hi{T} are nonlinear functions of T, the Newton-Raphson tech-

nique was used:

G,imﬁx’*fi?; = ¢ 1®;y 4 gc® (T(K + 1) _ T(K))
ar
(x)
c{T*"}
K+1)  _(K) = -—=—7=r
T =T 4G (K)
dT
(1) 8 (0) (K) (1) (K)
K h - h, (T h - h
R (1)) (X)
- i ¢ cpi (T )
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ITER=17?

INPUT 2O

L 4
SOLVE X-MOMEN-
TUM EQUATION

(EQ. 4.57 FORZ)

2(0) = (13,)2(0 42,21
1 No

Figure 4.2 Solution of X-momentum Equation
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Using underelexation to obtain convergence

oK+ 1) NGO Ay A&
() R _ ) 0<ir, <1 (4.58)
=T + A —————— 3=
3 c ®
p
Once T(K+l) has converged it becomes the new Tcl).

The flowchart for the solutijon of the equation of energy and the
(1 1y .. . .
caloric equation of state for h and T igs given in Fig. 4.3.
Species Continuity:

The reaction rate term in Eq. 4.49 i1s non-~linear, therefore,

quasilinearization gives
(0}
oD _ oy @ 20 @ o,
i i —_— i i

i1=1, ..., n) (4.59)
3Ci

and the species equation becomes

2 2
o007 ) g2 ci(l) . a (O @ S IN O dci(l)

dn dn dn

(i =1, ..., n)

(1Y% (0) 2 (0
307 B () B (3“’1 c,t® _ wi(o)) (4.60)

i

The scheme for solving the equation abowe and the thermal equation of
gtate is given in Figure 4.4,

NUMERICAL SOLUTION OF THE EQUATIONS

As written in the previous section, the conservation equations

(Eqs. 4.57, 4.58, and 4.60) are of the form
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1

iNpUT TO)

!
COMPUTE h(Ok

]

Y
SOLVE ENERGY
EQUATION {EQ.
&.48) FOR A

h{0) = (-2 n(0) + A4h (D) IS

{ No/ 1) = 10}

SOLVE CALORIC
EQUATION OF
STATE (EQ. &.58)
FoR T()

Figure 4.3 Solution of Energy Equation



E
Yes ARE
ALL SPECTES
ONVERGED 2
h §
SOLVE THERMAL
EQUATTION OF ~
STATE FOR p (1)
SOLVE SPECIES
CONTINUTTY EQUATION
(EQ. 4.60) FOR cﬁ
1S
il = c{™
O
0y - (- 0)
F })kj+4)c§
fTwA

Figure 4.4 Solution of Continuity Equation and
Thermal Equation of State
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2
@y d g + O gﬂ_ + a3W =g, (4.61)
dn n
where o o o and o, are functions of 1. The numerical solution
1, 72, 73, 4

of Eq. 4.61 was accomplished by substituting finite~difference approxi-
mations for the derivatives In the equation. These approximations were
obtained as follows: Knowing the value of W and its derivatives at any

point nj’in the flow~field it is possible to write the Taylor series

expression for the value of W at point LY

2 2
dwW, d'W, (Mi-1 5 ) 3
= - + "+ .
Wj-l Wj + 'ﬁﬁl (“j—l nj) -51' =140 (nj_l nj)
dn 2
“ (4.62)

where wj =¥ (n,). KXnowing W, and its derivatives it is also possible

3 3

3 W
to write an expression for 341

: 2
Weew o Wo o dW, (n,,.-n) ..y
j+i ‘f + dnj #1737 + 0 (n?+l nj) (4.63)

Neglecting higher order terms and solving Egs. 4.62 and 4.63 first for

dwj/dn and then for dzwj/dn2 yields

d An, An, - A
HEi * 3 n(gl Tan, ) g1 T (AnlA e W
n ny (Any HAny ) h| ny Ang g h

{(4.64)
+ (—Anj)

+ j-
Anj_l (Anj Anj—l) j-1
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d"W

1 2 W, RGN

& j+¥ + 3

2 . + \ An, An,

dn any (A“j AT‘;1-1) "5 "y-1
{4.65)
2 W
+ j-1
An. An. + An.
4.1 ( n “3—1)

where Anj = nj+1 - nj.

When Eq. 4.61 is evaluated at nj and Eqs. 4.64 and 4.65 are introduced

the result is

2a - An, © =20, , + {(An

- A
z,i W 1,3 "

1,4 " Ay -1 %2,

Ang_y (Anj + Anj_l)

i
An, A
i n

3-1

+ W
3,1 i
20 + An o
1_2_j j-l Zsj W
+ j+l = a, . (4.66)
An, (A + A 4,
ny ( ny nj_l) k|
Equation 4.66 is of the form
AW + B.W, + C,W, = D (4.67)

331 3 I e

Letting n, = 0 and s 1 this means that WO and Wmare known since they

are boundary conditions, when Eq. 4.67 is written for 1 < j < (m-1) the

resulting set of equations is given in matrix notation by
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- - - - u -

B, C, Wy D, - AW

Ay By Gy ¥, Py

Ay By €, Wy D,

SR . = (4.68)
Am-2 Bm-2 Cm~2 Wm~-2 Dm~-2
© Am~1 Bm~1 Wm-1 Dm~1 -~ Cm=1 Wm

| N I N - - -

The Thomas algorithm for tridiagonal matrices (Ref. 4.22) is a very
efficient scheme for solving sets of linear algebraic equations invol——
ving tridiagonal matrices and has been used in this work to solve Eq.
4,68,

The solution of Equations (4.68) was accomplished by writing a
computer program to perform the necessary calculations. This progrsm
(SLAC- Stagnation Line Analysis with Chemistry) includes the thexmo-
dynamic, transport, kinetic, and radiative properties discussed in
Chapter 3, as well as, a subroutine to calculate local chemical equi~-
librium. The equilibrium calculation uses a free energy minimization
technique developed by Del Valle and Pike (Ref. 4.23). SLAC is dis-
cussed in Appendix A and listed in Appendix B.

This program is a tool which models the stagnation region of an
ablator-protected entry vehicle. Adequate boundary—-conditions to
describe the bow-shock and ablating surface, as described herein, must

be specified to utilize this program.
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CHAPTER 5

RESULTS OF STAGNATION REGION HEATING ANALYSIS

The SLAC program was used to compute the finite-rate and equili-
brium—chemistry stagnation-line heating rate of a 9 foot entry vehicle
moving at 50,000 feet/second when the free-stream air density is 8.85
1::10-.'8 slugs/ft3 and the mass injection rate (pwvw/mem) equals .05.

The vehicle is protected by a phenolic-mylon ablator with the following
elemental composition (elemental mass fractiom) : 73.03% carbon, 7.29%
hydrogen, 4.96% nitrogen and 14.72% oxygen. The char surface was
assumed to be at the sublimation temperature of carbon at .l atmosphere

3,450°K). The shock was assumed to be concentric

pressure (Tw

de Lo &

dx ' dx 1.

These flight conditions and the rate of mass injection were used
because they correspond to the conditions obtained by Engel (Ref., 5.1)
when the ablator and the equilibrium shock layer solutions are coupled.
In other words, according to his results, a vehicle moving under the
flight conditions listed above and protected by phenolic-nylon ablates
at a 5% rate. Furthermore, Esch (Ref. 5.2) also obtained chemical
equibibrium results for the same flight conditions and injection rate,
This means that the equilibrium results cbtained during the present work
may be compared to those obtained by the two investigators mentioned
above. The comparison is more valid than in most cases gince the same
routine was used by all the investigators to solve the Rankine-Hugoniot
equations., This means that the shock boundary conditions used were

identical. In addition, the radiation model used was the same.
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A complete solution to this entry-heating problem would admit non-
equilibrium chemistry effects in the ablator response analysis. Such
considerations .could give different ablator species and (outside) wall
temperatures. Even if the ablator effluent into the shock layer were
in equilibrium, an entire new series of calculations similar to the

ones done by Engel (Ref. 5.1) should be performed to determine the non-—

111

equilibrium goupled solution. Ablator non—equilibrium is not in the scope

of this research, and non-equilibrium coupling must await the development

of an adequate non—equilibrium shock layer analysis. This later deve-

lopment is precisely the subject of this research.

The wall and shock boundary conditions used in this study are
given in Table 5.1, Table 5.2 presents a summary of the f£light eon-
ditions used and the shock layer properties obtained. Since changes
in flight conditions strongly affect the behavior of both chemical
kinetics and shock layer calculatlons, the model and the solution
acheme developed in this work should be studied over a wide range of
flight conditions to determine it® adequacy. In the present work only
one set of flight conditions was considered, but it is believed that
since the conditions are typical of those encountered during atmos-
pheric entry, the model and its solution should work for a range of
conditions similar to the ones considered.

COMPUTATION OF BODY HEATING RATE

Since computation of body heating rates for equilibrium and finite-
rate chemistry was one of the stated objectives of this investigation,
it 1s proper to discuss how this computation 1s performed.

As was discussed in Chapter 2, the stagnation line energy boundary

condition at the body surface is given in dimensional form by



TABLE 5.1

Wall (y = 0)

ow = 2.23 x 1072 3'-4-‘21&
£t -sec

M:O
dy

T = 3,450°K

» Chemical equilibrium
composition of ablation
products at 3,450°K and
0.1 atmosphere

¢y

112

WALI, AND SHOCK BOUNDARY CONDITICNS

Shock (v = 8)

1. ov = ~4.45 x 107+ Slug
£t -gec

3. T = 13,000°K

4, Ci = Chemical equilibrium
composition of alr at
13,000°K and 0.1 atmos=-
phere
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TABLE 5.2  SUMMARY OF FLIGHT CONDITIONS AND
SHOCK LAYER PROPERTIES

o = 8.85 x 1072 slub/ft3
_ 4

U =5x 10 ft/sec

p.. = 8.44 x 10_6 slug/ft3

v = 2.64 x lO1 ft/sec

W
Tw = 3,450°K

pg = L7 x 1070 slug/ft3
vy = —2.62 x 103 ft/sec
I = 13,000°K

p6 = (0.1 atm

p = 0.0536

R =9 ft

Injection rate = 5%
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dT +
vH - k,~—-+ z h, J, + =
(p dy "3 174,y qr,y)

(2.50e)
dT -

vH - k.~—-+ E h J + =
(o i,y qr,y) Q
The heating rate Q is the net amount of energy heating the body. It

must be recalled that.the + and - superscripts refer to the shock layer

and char sides of the interface, respectively. Q is computed by:

dT + )
Q= (ovH - k i i hy I, pF 4, ) (5.1)

Preliminary calculations showed the first term in this equation to be
negligihle when compared to the other terms in the equation, for this
reason it was not included in the computation of (. The heating rate

to the body was expressed as

Q=0 +Q+q (5.2)
where
dT : .
Qc = -k E;- = Heat transfer by convection (5.3)
n .
Qd = - i hiji,y = Heat transfer by diffusion (5.4)
G = - = Heat transfer by radiation (5.5)
]

FINITE~RATE CHEMISTRY RESULTS

The SLAC program was used to compute non—equilibrium temperature,
enthalpy, density, velocity and mass fractions profilés, and the body
heating rate for the flight conditions previously discussed. Two sets
of runs were performed, one using the chemical kinetics model described

in Chapter 3, and the other using a modified kinetics model developed
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by Balhoff (Ref. 5.3). The modified model assumes the same reactions
used in the model described in Chapter 3, but the coefficients of the
forward reaction rate constants were modified as shown in Table 5.3,
Comparison of these coefficients to those in Table 3.8 shows that while
the reactions used are the same, Balhoff's chemistry model uses signi-
ficantly smaller reaction rate constants in 9 of the 16 reactions con-
gidered. Balhoff's model is in effect a modification of the original
model used since it was found Ouf that the frequency factors computed
using collision theory were in error.

The results from both rums are presented here (Table 5.4) to give
an indication of how sensitive the heating rate is to the value of the
rate constants used. It must be pointed out that the solution using
the rateg in Table 5.3 were obtained in about 5% of the computer time,
it took to obtain the sqlutiun with the original chemistry model (18
hours vs. 45 minutes in an IBM 360/65). This was probably due to the
fact that the rates used in the originmal chemistry model were much
faster than those in the modified model, and this made convergence
of the species solution more difficult.

CHEMICAL EQUILIBRIUM RESULTS

Results chtained from the SLAC program using an equilibrium chem—
istry model for the flight conditions previously discussed provide
profiles of temperature, enthalpy, density, velocity and mass fractions
from the body surface (y/§ = 0) to the shock (y/§ = 1), and the body
heating rate, It was maintained above that one of the reasons for
choosing the f£flight conditions studled was the fact that both Engel
(Ref. 5.1) and Esch (Ref. 5.2) had studied the same conditian and.

therefore, the validity of the equllibrium results obtained from SLAC



.th Re
J

1

2

10
11
12
13
14
15

16

TABLE 5.3

MODIFIED COEFFICIENIS OF THE

FORWARD REACTION RATE CONSTANTS

action

1.09
4.50
1.10¢
3.60
2.80
2.90
2.20
1.09
1.22
1,23
8.50
1.28
1.20
1.21
1.09

1.09

a ,
X

10

11

21

18

12

12

20

10

10

10

19

10

10

10

10

i0

bfj

0.5

0.5

-0.82
0.5

0.5

0.5
0.5
G.5
-1.0
6.5
¢.5
0.5
0.5

0.5

efj

71,000

35,000
224,900
103,000
313,000
333,000
131,800
120,000
140,000
117,000
257,900
190,000
155,000
165,000
115,000

145,000

Comments

*This rate constant is different from that used in the model

described in Chapter 3.
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TABLE 5.4  NON~EQUILIBRIUM HEATING RATES AS PREDICTED BY

TWO SETS OF RATE CONSTANTS

i # # #
Rate Constants Qc Qd QR Q
Table 5.3 30 1 138 " 169
Table 3.8 4 1 106 111

# watts/cm2
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could be corrobo?ﬁted.

Before proceeding to discuss and compare the results obtained to
those obtained by Engel (Ref. 5.1) and Esch (Ref. 5.2), it is relevant
to discuss the differences in the models used. Firstly, Engel used
transport properties of air thoughout the flow field (including the
region from the stagnation point teo the body) while Esch and the pre-—
sent work used properties of air and ablation products throughout the
flow field. Secdhdly, the species wall boundary conditions are given

by (See Eg. 2.50b).

(pv)w Ci,w - Ji,w = (pv)w Ci— 1=1, ...,7) (5.6)

where the term Ji—, which corresponds to mass diffusion inside the char

has been neglected, and the C, are the mass fractions obtained from

i
the ablator response analysis. Esgch assumed that mass diffusion could
be degeribed by using a binary diffusion coefficient (Ji = -pD dCi),
dy
and used boundary conditions of the third kind:
), ¢+ (0 Ly = c,~ (5.7)
w i,w E;—-w w i

(=1, veeyry)

Engel assumed there was no diffusion throughout the flow field

(Ji(Y) = Ji v 0), and used boundary conditions of the first kind:
»

Ci,w =Cy i1=1, ..., n (5.8)

In the present investigation mass diffusion was allowed throughout
the ghock layer but, in order to simplify the solution to the species
equations, the boundary conditioms used at the wall were of the first

kind:



C = C. .(i = 1, crey T]) (5.9)

Lastly, both Engel and Esch solved the energy equation in temperature
form while in the present work an enthalpy form of the energy equation
was used., Asg was discussed in Chapter 4, many attempts were made at
solving the energy equation in temperature term, however, it was not
possible to obtain a solution, and therefore, an enthalpy form of the
equation was used.

The chemical equilibrium heating rates obtained by Engel, Esch
and the present investigation are compared in Table 5.5. It must be
noticed that Engel and Esch did not include the heat transfer to the-
body by diffusion.

The significant difference in convective heating rates, with the
present investigation yielding an essentially negligible heating rate
by cconvection, results because the present investigation predicts
smaller temperature gradients near the wall than those predicted by
Engel and Esch. In other words, the present investigation predicts
a higher convective heating blockage effect resulting from injection
of ablation products into the flow field.

COMPARISON OF PREDICTED NON-EQUILIBRIUM AND EQUILIERIUM HEATING RATES

From the results shown in Tables 5.4 and 5.5 it is evident that
the predicted equilibrium heating rate is approximately three times
as large as the non~equilibrium heating rate, and for both cases most
of the body heating is the result of radiation.

The lower radiative heating rate predicted by the non-equiiibrium

computation may be explalned by examining the changes in chemical com-

position which occur in the shock layer. When the chemical compositions

predicted by the equilibrium and the non-equilibrium calculations are
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TABLE 5.5 EQUILIBRIUM HEATING RATES OBTAINED BY
DIFFERENT INVESTIGATORS

i # F #
INVESTIGATOR Q. Q4 A Q
Engel (Ref. 5.1) 50 ¢ 350 400
Esch (Ref. 5.2) 120 ¢ 397 517
Present
Investigation 3 1 388 392

¢ Did not consider

heat transfer by diffusion

# watts/cm2
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compared, it becomes evident that they are markedly different and that
finite-rate chemistry effects are present throughout the flow-field
(The complete set of dimensionless temperature, enthalpy, demnsity,
velocity and mass fraction profiles for the two non-equilibrium and
the equilibrium runs are presented in Appendix C. Those profiles
needed in the following discussion will be reproduced in this chapter.)
An examination of the chemical composition of equilibrimm ablation
products shows that as they leave the char surface and are subjected to
rapidly increasing temperatures, the decompositicn process begun in the

char continues as the "large' molecules, C3H, C2H’ C4H’ HCN, C H2, and

2
Hz are broken down (for example see Fig, 5.1) into simpler species such

as C3, ¢,, C0, CN, N

2? 2?

flow towards the stagnation point, this process continues as C3, C2,
Co, CN, and Nz

Near the stagnation point, most of the carbon is ionized to C+
and, due to diffusion of ablation products past the stagnation point,
the concentration of C+ persists for some distance past the stagnation
point before decreasing to zero (see Figs. 5.3 and 5.4).

In the region from the char surface to the stagnation polnt the
non-equilibrium results predict that the ablation products will decom-
pose at a much slower rate, when compared to the rate predicted by the
equilibrium results. The "large' molecules (C3 H, 02 H, C4 H, HCN,
CZHZ’ and HZ) and others (C3, Co, CN, and N2) begin to break down into

c, C+, C2, N, N+, 0+, and H (see Figs. 5.1, - 5.3). But the ablation

products reach the stagnation point before this process is completed

+
and the results are much lower concentrations of C, ¢, ¥, 0, and H in

are converted to C, C+, N, and O (see Figs. 5.2 and 5.3).
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C and B (see Fig. 5.2). As the ablation products
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this region (see Fig. 5.4).

In the shock layer region of the flow—field, equilibrium results
predict that as the air components are cooled down a process of rapid
de~ionization occurs with most of the N+ and O+ being converted to N
and O (see Figs. 5.5 and 5.6). On the other hand, non-equilibrium
results predict that the air components will flow from the shock to the
stagnation point without undergoing any changes until very close to the
stagnation point where their concentrations begin ,to decrease and fall
rapidly past the stagnation point. As a result of these "frozen" con-
centrations, the region between the shock and the stagnation point has
much lower concentrations of N and O (and mucﬂ higher ;oncentrations
of N+ and 0+) than those predicted by the equilibrium analysis (see
Flgs. 5.5 and 5.6).

Therefore, the non-equilibrium analysis predicts much lower concen-

+

trations of C, CN, C , N,, N, 0, and H and much higher concnetrations

+ + -
H2, N, O, H2’ and e than the equili-~

2’

9 3 4H, HCN, C2

brium analysis. Since ¢, N, 0, and H line and continuum mechanisms are

of C,, CO, C.H, C,H, C

2
the major contributors to radiative energy transport in the shock layer
(Ref. 5.4), under non-~equilibrium chemistry conditions the resulting
radiative heat transfer to the body is significantly lower than the one
predicted by chemical equilibrium analyses.

DIFFICULTIES ASSOCIATED WITH THE SOLUTION

This research demonstrates that the speed of obtaining a solution,
if one can be obtained, depends on a large number of factors including:
the formulation of the model, how realistic the values used for properties
are, the numerical techpiques used, and how such techniques are imple-

mented.
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The attempts at using the energy equation in terms of temperature
failed because the temperature profile is very semsitive to the values
of the other dependent variables and the energy equation in this form
is apparently more strongly coupled to the species equations. The
enthalpy formulation, on the other hand, permits uncoupling of the
equations and makes it pessible to obtain a converged solution.

However, although a solution was determined using the energy
equation in terms of enthalpy, obtaining such a solution was extremely
difficult. Much of this difficulty arose because of the use of unreal-
istically high reaction rates. The non-equilibrium solution using the
original chemical kinetics model took about 18 hours of time in an IBM
360/65 computer. The solution using the modified kinetics model took
about 45 minutes in the same computer. This means that the unrealistic
rates Increased the difficulty in obtaining a solution.

As was discussed in Chapter 4, a number of numerical technigques
have been demonstrated to be inappropriate for solving chemical kinetics
problems, However, even thgse techniques which may be wvalid will not
work unless they are implemented properly, For examp%e, the scheme used
to uncouple and iterate on the equations will, in many cases, make the
difference between success and failure. Also, the weighting factors
used to obtain new guesses from the old and new solutions (the A's in
Figs. 4.1 - 4.4) determine if the solution will converge. Unfortunately,
there is no straightforward procedure for determining how to implement
a technique properly; a great deal of experimentation is required before

success is attained.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

From the results obtained in the present investigation the follow-

ing conclusions can be derived:

A finite-rate stagnation-line shock layer solution which

contains a reasonable kinetics model to describe atmos-—

pheric entries protected by phenolic-nylon ablators was

developed.

The model was used to determine the non-equilibrium shock layer
structure and body heating rates under flight conditions typical of re-
turn from planetary missions. Although only one set of conditions was
congidered, it is believed that the method of solution is adequate for a
range of conditions similar to the ones considered.

2. Finite-rate chemistry effects are significant for the

flight conditions considered.

The results obtained show that :as the ablation products enter the
shock layer they react much slower than under equilibrium conditioms.
The air components entering through the shock are not de-ionized, as the
equilibrium analysis predicts, but remain "frozen' throughout most of
the shock region. The validity of these results are,of course, depen=-
dent upon the accuracy of the chemical kinetics model used. The degree

of confidence in the results is high because: the kinetics model used is
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the most complete that has been used in this type of application, the re-
action rates used were the best rates available, and for both sets of re-
action rates (the original and the modified) the same finite-rate chem-

istry effects were present.

3. For the flight conditions studied the total heating rate

to the body is significantly lower under non-equilibrium

than under equilibrium chemistry conditons.

The predicted non-equilibrium heating rate is approximately one
third as large as the predicted equilibrium heating rate. This results
from the fact that the non-equilibrium radiative heating rate dis approx-
imately one third as large as the equilibrium radiative heating, and in
both instances, most of the total heating results from radiation. The
significantly lower radiative heating rate is a direct result of finite
rate chemistry effects which result in much lower concentrations of C,
N, G, and H, the species responsible for most of the line and continuum
radiative transfer,

RECOMMENDATIONS

Considering the conclusions presented above, it is recommended that:

1. The mathematical model for the stagnation-line analysis

of an entry vehicle presented herein should be studied

further to determine if its computational speed can be

increased.
The present version of SLAC should be developed from the research
tool it is today until it becomes an effective engineering tool. The
principal obstacle that needs to be overcome is the amount of computer

time required to obtain a solution. The computational speed is a func-

tion of: the mode}l formulation, how realistic the properties used are,
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"the schemes for uncoupling and iterating on the equations, and the numer-
ical techniques used. Much improvement in computational speed was ob-
tained by considering different variations om all these factors. It is
believed that the computational speed of the present solution could be
increased by at least a factor of 2 by further consideration of uncoup-
ling and iterating schemes.

2. Studies of finite-rate chemistry effects be carried out

under flight conditions different from those considered

in the present work.

The objectives of the proposed studies should be to determine: a) the
range of flight conditions over which solutions may be obtained using the
implemented model; and b) the range of conditions over which finite-
rate chemistry effects are significant and how they affect the heating
rates to the body.

3. Research be carried out on the effect of assuming more

realistic shock and wall boundary conditilons.

This investigation should consider using non-equilibrium composi-
tions of air at the shock as boundary conditions and using boundary con-
ditions of the third kind at the wall. The use of non-equilibrium com-
positions of air will result in increased concentrations of N andQ and
less Nt and 01 when compared to the equilibrium boundary conditions.
This might result in increased radiative heating rates since N and 0 are
optically more active than N* and oF. By perturbing the shock boundary
conditions used in SLAGC an estimate of the importance of this effect
could be developed. In the present investigation the mass and energy
boundary conditions used at the wall were of the first kind, however

the mass and energy surface balances yield conditions of the third kind.



A study should be carried out to determine if using the more complete
conditions has any significant effect on the heating rate.

4. Coupled solutions for both non-equilibrium ablation pro-

ducts and shock lavers should be determined.

A complete solution to the quasi-steady entry problem requires that
the ablator response be coupled to. the existing flight conditions through
the shock layer. This can be accomplished by performing multiple calcula-
tions of ablation and shock layer behaviour and matching conditions at the
interface between the ablator surface and the flow field. At present,
ablator-shock layer response under chemical equilibrium conditions has
been studied, however, additional studies should be carried out coupling
the finite-rate solutions determined from SLAC to those obtained from a

non=-equilibrium ablator-response model.
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APPENDIX A

USER'S MANUAL FOR SLAC

INTRODUCTION

This appendix will serve as a user's manual for the SLAC (§tagnation
Line Anmalysis with Chemistry) program., The program implements a model
designed to predict the stagmation line viscous, reactive, and radiative
coupled shock layer structure, and the resulting heating rates produced
by a blunt body during super orbital entry into planetary atmospheres,

The problem was formulated in Chapter 1, and the equations describing the
flow-field (the stagnation line boundary layer equations (See Table 2,7),
and the wall and shock boundary conditions (See Table 2.8), were derived
in Chapter 2., The thermodynamic; trangport, radiative, and chemical kin-
etlc propertles are described in Chapter 3. The program can also be used
to compute flows in chemical equilibrium, and for this purpose it utilizes
a free energy minimization routine developed by Del Valle and Pike (Ref.
A.l). The numerical produres used to solve the model are described in
Chapter 4,

The SLAC program results from extensions performed on a program
(VISRAD) primarily developed by Engel (Ref. A.2), and in a program (SLAB)
developed by Esch (Ref., A.3) from VISRAD, These programs result from the
efforts of many individuals over a considerable period of time. SLAC was

designed to be used for thermal environment prediction studies. It
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repregents a significant tool for studying a variety of atmospheric en—
try heating problems. The program, written in FORTRAN IV, is capable
of performing the following types of analyses:
* Stagnation line solutions
» Coupled diffusive, convective and radiative flux calculations
+ Emission, and line and comtinuum radiation calculations
+ Binary diffusion calculations

* Finjte-rate or equilibrium chemistry calculations

PROGRAM PROCEDURES

The SLAC computer program was developed following a philosophy of
minimizing user’s effort and maximizing program flexibility and adapta-
bility. Accordingly, the basic program logic as shown in Figure A.1l is
quite gimple, However these basic subprograms are support;d by 22 gub-
routines and 7 function subprograms. Each of these modules performs
computational functions which are of a basic nature (e,g., computation
of thermodynamic properties), and allows for modification, substitution,
addition or deletion of existing modules with minimum effort.

In order to minimize input requirements, three techniques were used.
The first consists of internal initialization of values for temperature,
density, viscosity, and stand-off distance which are necegsary to start the
golution procedure, If better guesses are available they may be input as
discussed in the next section. The second technique involves internal
specification in BLOCK DATA of problem-defining parameters such as the
elemental composition at the surface and thermodynamic curve~fit constants
which are changed quite Infrequently. The third technique consists of
internally sélecting program options if an option variable is left blank
on an input card. In this procedure the most commonly used options are

per formed when a blank is dnput.



(INPUT)*
Read All Input

No

Yes

3

(INIT)
Compute Necessary
Initial Quantities

(MOMTM)
Solve Equations
of Momentum and

Global Continuity

i

(COUPLE)
Solve Equations
of Energy and

Sgecies Continuity

{OUTPUT)
Print Intermediate
Results '

(PONCH)
Punch Intermediate

(OUTPFUT)
Print Results

* Names in parenthesis

refer to program
subroutines

FIGURE A.1 PROGRAM FLOWCHART
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The start up of thé SLAC program can be achieved in a number of
ways, As stated previously, internal guesses are available to begin the
iteration procedure. Two types of temperature profiles are available.

One for no mass injection and the other for mass injection. These pro-
files are usually quite satisfactory as initial guesses if an emission
radiation coupled problem is to be run. However, if a line and continuum
radiation coupled problem which includes mass injection, and finite-rate
chemistry is to be run the internal guess may not be accurate enough.
Consequently, it might be necessary to input a better temperature pro-
file guess.

INPUT GUIDE

All inputs to the SLAC computer program are read from cards supplied
by the user; no tapes are required, The basic inputs consist of parameters
defining flight conditions (free-stream velocity and density), blunt body
radius, wall temperature and mass injection rate., Additional input para-
meters are required to determine which program options are desired, and
to provide the necessary guesses of dependent variables. After each over-
all diteration, the program outputs a deck of cards containing the values
of the dependent variables and other pertinent parameters in such a manner
that a given case run may be Interrupted and continued at a later time by
using the produced deck of punched cards to restart the run. Multiple
case runs, and hence entire trajectories, can be processed by placing
the input data for each new case behind the data for the previous one.

Table A.l presents the card input formats for SLAC and Table A.2
provides a correspoading definition of variables.

In single case runs Card 10 must be followed by a card with the
characters END punched in columns 1, 2 and 3 to indicate the rum has

ended., In multiple case runs the END card should be placed after Card



Card

64

6B

10

TABLE A.1  CARD INPUT FOR SLAC

Variables
TITLE, IEM

KEEP, NETA, IRAD, ITYPE, MAXM, MAXE
MAXD, LT, IPHI, FPRCT, TPRCT, IDEBUG

UNIF, RINF, R, TWK, HT@TAL, RVW
DELTA, DTIL, RZB, RE, PDTIL
T(I)

RH@ (1)

RM(I)

DEPS

ETA(I)

NDEBUG, TOL, IAB

CWALL (J)
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Format
18A4, I8

915, 2E12.0, 2%,
I1

6E12.0
5812.0
6E12.0
6E12.0
6E12.0
£12.0
6E12.0
15, 5% E10.4, 15

5E15.8



Card

TABLE A.2

Variable

TITLE

IEM

KEEP

NETA

IRAD

ITYPE

VARIABLE DEFINITIONS FGOR SLAC

Description

Title for identification of the problem

Number of overall iterations performed,
ITM = 0 for case ftun initiation, IEM>0Q for
restarts

Indicator to determine if the temperature
profile from the previous case is to be kept
as a guess for the current case.

KEEP = 0 Temperature not kept

KEEP = 1 Temperature kept
The number of points to be used in the shock
layer profile. If NETA = 0, a set of 51
equally gpaced points will be used. If
NETA>Q card 8 must be read.

A variable used to specify the type of solu-
tiomn.

IRAD = 1 Convective solution only

2 Uncoupled radiation

3 Coupled radiation solution

A variable used to specify the type of rad-
iation model to be used.

ITYPE 0 Line and continuum radiation

model

1 Emission radiation model

Maximum number of iterations allowed in the
internal momentum loop. If MAXM = 0, it is
internally set = 15.

Maximum number of iterations allowed in the
energy~species continuity equation and in
the overall momentum—energy-species loop.
If MAXE = 0, it is internally set = 15.

Maximum number of iterations allowed in the
external momentum loop. If MAXD = 0, it is
internally set = 15.

140



Variable

LT

IPHL

FPRCT

TPRCT

IDEBUG

UNIF

RINF

HTOTAL

RVW

DELTA

141

Description

Indicator to determine if a temperature
guess and if p and pv- guesses are to be
read in.

i

LT 0 Cards 5 and 6 are not read.

1 Card 5 but not card 6 is read.

2 Cards 5 and 6 are read.

Indicator to determine if the shock curva—
ture is to be input.

IPHT = 0 de/de = 0 is internally set.
= 1 Card 7 is required for imput.

Convergence tolerance for each point the f'
profile. 1If FPRCT = 0.0 it is internally
set = .005. .
Convergence tolerance for each point in the
T profile. If TPRCT = 0.0, it is internally
set = .005.

A switch to allow intermediate printout to
be obtained at each iteratiomn

IDEBUG

0 No print.

]

1 Print is given

The free~stream flight velocity (U ) i
feet/sec.

The free-stream density (pm) in slugs/ftB.
Principal body redius in feet.

Wall Temperature in degrees Kelvin.

Total free-stream enthalpy in ftZ/sec.2

If HTOTAL = 0.0, it is set to Ui/Z. (Free-
stream static enthalpy is assumed negligible).

Mass injection rate (pv)w/(pU)m.

An initial guess for the shock standoff disg-
tance §/R. If DELTA = 0.0, a guess is
supplied by program.



Card

6A

68

Variable

DTIL

PDTIL

T(I), I =1,
NETA

RH@(I),I=1,
NETA

RM(I), I=1,
NETA

DEPS

ETA(L), I=1,
NETA

NDEBUG

Description

A guess for the transformed standoff dis-
tance 8/R. The program will also supply
this value if DTIL 0.0

The density ratio across the shock.B;pm/pG

I1f RZB is input as (0.0, the code will deter-
mine a wvalue.

The Reynolds number for the problem, Ras =
HmRPGIUG. This quanity is determined by the
program if RE is input as 0.0.

Convergence tolerance placed on § for total
solution convergence. If PDTIL = 0.0, it
is internally set = .001.

An Initial guess for the dimensionless shock
layer temperature profile (T/Té)' This card

is required only if LT>0.

An initdal guess for the dimensiomnless shock
layer density profile (p/ps). This card is

required only if LT = 2.

An initial guess for the dimensionless shock
layer pv profile (pv]96 V5)- This card is

required only if LT = 2.

The stagnation line shock curvature (de/dx).
If IPHI = 0, then de/dx = ~,0 is internaily
set. If IPHI = 1, Card 7 is read and de/dx
is supplied by the user.

The grid shock layer points at which the
solution profiles are to be computer. If
NETA = 0, 4n is set to 0.02 and ETA (1) is
computed by the program. (ETA(1)=0.0+ wall,
ETA (NETA)=1.0» shock).

Debug option to output thermodynamic curve-
fit equations and intermediate results from

WDEBUG = 0 No output.

1 OQutput given.
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Card Variable Description
TOL Convergance criteria for CHEMEQ.

If TOL is input as 0.0, the code will set
it to 0.001.

IAB A varliable used to specify the type of
chemistry model to be used.

IAR = 0 Finite-rate chemistry
IAB = 1 Equilibrium chemistry
10 CWALL (1), Wall mass fractioms.
J=1,NSP NSP = 20

J = 10, 6N 115CO 16+C i

2¥N2 7+E 12+C3 l7+C4H

30 8C 13+CN  18+HCN

4N 91 14+C2H 19-C

[o*]

+ +
550" 105H, 15+C,H, 20-C
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10 of the last casge to be rumn,

Some caution should be exercised when preparing an input for this
program, The program considers 5 elements, including electrons, and
twenty species listed under CWALL (J). The set of species was selected
for an air atmosphere and an phenolic-nylon ablator, If ancther ab-
lator is selected for study and this set of species is appropriate, no
alteration of the program is required., All that is required is a card
input of wall mass fractions of the ablator selected on Card 10, I£
extensive study of a different ablator using this program is anticipated,
the user may find it convenient to change ‘the wall composition stated in
BLOCK DATA under CWALL rather than reading in the data for each rum,

If required, a change to another set of species can be made with
comparatively little difficulty. Thermodynamic and transport properties
may be altered‘by changing the curve - fit constants in BLOCK DATA. The
thermodynamic curve - fit equations were listed in Table 3.1 and the
correspondence between the coefficients in the table and those in the

program is

For
1000 < T < 6000 . 6000 <TOK

Al = Al = ATE
Bl = Aq = BIT
CI = Aq = CI1
DI = A4 = DIT
El = Ag = EII
FI = Ag = FII
GI = Aq = GII

where the coefficients are dimensioned to include a value for each speciles.
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The species ordering is given in the SP array with corresponding order-
ing in SMW (di.e. species molecular ﬁeight) array in BLOCK DATA, The
transport properties curve-fit equations are listed in Tables 3.3 (vis-
cogity) and 3.4 .(thermal conductivity) and the correspondence between

the coefficients in those tables and those in the program is:

Viscosity:
Table 3.3 SLAC
a = Vi
b = V2
c = v3

Thermal Conductivity

Table 3.4 SLAC
a = Ki
b = ' KZ

If new species and reactions are to be included in the finite-rate cal-
culations, then subroutine FGZ must be modified accordingly., ¥Finally, a

study should be made to determine if radiatively important species are to

be dncluded.

QUTPUT DESCRIPTION

This section presents a description of the program output and def-
initions of the output symbols. The program produces both printed ocutput
and punched card cutput, The printed cutput provides a human-readable
record of input parameters, Intermediate results and the final solutien.
The punched card output provides a machine-readable medium for restarting
runs,

Printed Qutput

The first page of output is a print of the input data, This is

provided for a check of the input and an identification of the problem,
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All quantities on this page are defined in the Input Guide section,
Most of the second page also contains problem specification data which
is self explanatory. Following the guessed nondimensional stand-off
distance (DELTA) and transformed stand-off distance (DELTA) and trans-
formed stand-off distance (DTIL), a listing of the dimensional stand-
off distance computed at each iteration is given if the line-continumm
radiation model is used.

Species number densities for those species used in the radiation
calculation during the final iteratiomn are‘printed on the third page.

The fouxth pape provides an output of radiative fluxes computed during
the final iteration., The continumm contribution and line contribution to
the spectral flux is printed for three ETA points (ETA = 0,0 = wall, ETA
= stagnation point, ETA = 1,0 = shock) as a function of frequency inter-
vals and frequency centers respectively, The columns of fluxes in watts/
cmz denoted by Q PLUS and Q MINUS designates fluxes toward the surface
and away from the surface respectively.

From the fifth until the thirtieth page, results of the overall
iteration, either final or intermediate, are presented. The fifth page
begins with one of the following messages: (1) "INTERMEDIATE PRINT AT
ITERATION NO. a MCONV = b ECONV = ¢ DCONV = d" where a is the overall
iteration number, and b; ¢, and d are either T (true) or F (false) de-
pending upon if the momentum - global continuity equation, energy-species
continuity equations, and the shock standoff distance have converged,
respectively., If this message is printed at least one cf b, ¢, or d
must be F, (2) "SOLUTION CONVERGED IN e LTERATIONS", where e is the
number of overall iterations it took to converge, Féllowing either one

of these two messages is a printout of the shock stand-off distance

parameters DELTA, DTIL; the convective (QC), radiative (QR), diffusive
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(QD) and total heating rate with the respective units printed. To the
left of the heating rate data the density ratio .across the shock (RB)

and the mass injection rate (RVW) are stated. Following the heating
rate data is a print of some of the solution profiles as a functiom of
the shock layer coordinites ETA and (Y/D). The solution profiles ;rinted
are:

Fl

]

velocity function

RV

il

pvlp qw (nondimensional mass flux per unit area)
T/TD = T/TS (nondimensional temperature)

E = 1lE {(radiative flux divergence)

v

1

V/U'm (nond imensional normal velocity)
V(FT/SEC) = dimensional normal velocity
G = nondimensional total enthalpy
H(STATIC) = nondimensional static enthalpy
These profiles appear in part of page 5 and in page 6,

The shock layer thermodynamic and transport properties as a func-
tion of ETA and Y/D are printed in the following pages. The profiles
printed are:

P{ATM) = pressure in atmospheres

T(DEG. KEL.) = temperature in degrees Kelvin

RHO (SLUGS/FT3) = density in slugs/cubic feet

M (LBM/FT-SEC) = viscosity in lbm/(ft-sec)

RM (LBF2-SEC3/FT6) = product of density and viscosity in

1b£% - secd/geb

K(BTU/FT-SEC-R) = thermal conductivity in Btu/(ft-sec~°R)

The next four pages present the profiles of the mass fractions of

+

03, Ny, 0, N, 0T, N¥, &7, ¢, H, Hy, €O, C3, CN, C,H, and CH, as a func—

272
tion of ETA. Page 13 contains the profiles of mixture specific heat at



constant pressure (CP), mass fractions for GBH’ C,H, HCN and C+, and the
mixture molecular weight (AMW) as a function of ETA.

The above description is for a standard ocutput. However, if the
intermediate print option is used (i.e. IDEBUG > 0) or if the thermodyn~
amic fits and intermediate results from the chemical equilibrium calcu-
lation are desired (i.e. NDEBUG = 1), additional information is printed.

If message number (2) is printed, the run has ended and the program
proceeds to the next case or stops if there are no additional cases to be
run, If message number (1) is printed, the solution has not converged
and additiomal iteratlons must be carried out.

Punched Card Cutput

After each overall iteration the program outputs a deck of cards
containing all relevant data on flight conditions, body characteristics,
and shock layer structure. These data are punched by az subroutine named
PUNCH in such a manner that the ¢ards may be used to restart a rum at
a later time. For example, if the program is allowed to run for 3
hours, during that time the program might perform 4 overall iterationms
and it would output 4 decks of punched cards, one for each overall
iteration. If the solution has not converged after the 3 hours have
run out, the fourth deck of punched cards may be used to restart the
run at a later time.
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SLAC PROGRAM LISTING
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C L E L L SLAC ooy
C STAGNATION LINE HEATING ANALYSIS FDR A VISCOUS HYPERSONIC
C SHOC LAYER WITH FINITE~-RATE OR EGUILIBRIUM CHEMISTRY AND
L RADIATIVE HEAT TRANSFERe
C Ge PEREZs CoeDe ENGELs AND DeDe ESCH JUNE, 1972
C
COMMCN /FRSTRM/ U INF.s RINFs UINF2, R ¢« RE, L XIs ITM, IEM, NETA
COMMON /MAIM/KEEP » MAXE sMAXM 4 MAXD » IDEBUG, MCONV yECONV s DCONVWLT, I AB
LOGICAL MCONV,ECONV.DCCNYV
COMMON /ZRFLUX/ E(60)IRADWITYPE
COMMON/NUMBER/NSP s NNSs NE ¢ NC
COMMCN/EQ2/AA(20+5) . ICODE(20)
COMMON/EQ3/IA(20+5)
c
C
C
C *% DRI VER PR OGRAM *¥
C
C
1 CONTINUE
C
C ** READ AND PRINT ALL INPUT DATA *x%
<
CALL INPUT
C
LCom====FLOAT AA(I+J) MATRIXsese
C

DO30I=14+NSP
DO32DJ=1,NE
30 AALT +J)=TA(T »J)

C
C ** COMPUTE NECESSARY INITIAL QUANTITIES
C

IFU{IEM2EQe OYCALL INIYT
IF{ITYPESEQe O)CALL RADIN

* &k

MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MA IN
MAIN
MATIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MA IN
MAIN
MAIN
MATIN
MAIN
MA TN
MAIN
MAIN
MAIN
MA IN
MAIN
MAIN
MA IN
MAIN
MA IN
MAIN
MAIN

10

20

30

40

50

&0

TO

8¢

g
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
29¢
300
310
320
330
340
350

TSt


http:DO30J=I.NE

C
Cc
C

NoONN onon 2 NaRaNaN1 nnoo

lalisl

aOno

*kkk START OVERALL ITERATION o koK

1000 CONTINUE

1IEM = JEM+1
%k SOLVE MOMENTUM EQUATION %%

CALL MOMTM

%  SOLVE ENERGY AND SPECIES EQUATIONS #=»
CALL COUPLE
*k INTERMEDIATE PRINTOUT =%=»

CALL OUTPUT (2)
CALL PONCH

*% CHECK SIMULTANEQOUS MOMENTUM AND ENERGY CONVERGENCE

IF{IEMeGTeMAXD) GO YO 3000
IF(«NOT4MCONV) GO TO 1000
IF{eNDT.ECONVY GO TO 1000
IF{+ NOT«DCONV) GO TO 1000
*%  PRINT ALL OUTPUT a*

CALL DUTPUT ( 1 )

¥ CONVERGED + GO BACK TO RUN ANOTHER CASE **x

* %

MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAIN
MAEN
MAIN
MAIN
MAIN
MAIN
MA IN
MAIN
MAIN
MA IN
MA IN
MA IN
MAIN
MAIN
MAIN
MA IN
MA IN
MA IN
MAIN
MAIN
MAIN
MAIN
MAIN
MA IN

360
370
380
390
400
410
420
430
440
450
460
4Th
450
490
500
510
520
53¢
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700

[4] 1



o0

3000

GO TO 1

CONTINUE

*% MOMENTUM AND ENERGY DID NOT CENVERGE SIMULTANEOUSLY

CALL QUTPUT (3}
GO 70 1
END

x %

MA IN
HMATIN
MAIN
MA IN
MAIN
MAIN
MA IN
MAIN
MAIN

710
7290
730
740
750
760
770
780
790

€St



novon

X

SUBROUTINE INPUT
¥ ROUTINE TO READ AND PRINT ALL INPUT DATA %%k

COMMON JCONV/ FPRCTsTPRCTDDAMP TDANP.PDTIL

COMMCN/CONV1 /HDAMP

COMMON /DEL/ DELTASDTILLDTILS

COMMUN /ZFRSTRMZ U INF, RINF,s UINF2e R » REs LXI,s ITM, IEMs NETA
COMMON /MATM/KEEP ¢ MAXE s MAXM 4MAXD ¢« IDEBUG s MCONV 4E CONV s DCONV LT, 1AB
COMMON /NON/ZRDZ yMUDZ +R¥D Z e AXKNF s HNF 3 CPNF
CQMMGN/FROP‘/RI(60)ORHO(60,0 T(ED) JAMWIED ) s C (2046012 CCL 5,60
COMMON/PROP2/ MUGC) AM{60)s AK(60)
COMMON/ZPROPI/CPSL20+60) 4HS {20460V ,CFP (60 ) 4HMI6E0G)

COMMON /RFLUX/Z E(60) + IRADSITYPE

COMMON ZVEL/ FLED)WFCLE0)2(60) 4VIED)

COMMON /RH/ DUDJDPHI s TD+RZB+PD+HD+HTCT AL
COMMCN/WALL/RVUE:PRWsTWOLD «FLUX{20 )+ CWALL{20)ECWALLI(S)

COMMECN /YL /7ETAL60) +YCND(60)

COMMON/TIT/TITLE(18)

COMMCNZ/EGL Z/AIC(20)s BI(20)s CI(2C)s DI(20)s EI(20)s FI{20)s GI(20)s

ATLI(20)4+BII(20)CIIC20)DII{2C)ETI{20)FII(20)+G1I{ 20)
COMMCN/EQ2/AAL20,4,5) »ICODE(2D)
COMMON/EQ3/TA(20,5)
COMMON/ID/SP{20).EL(5)
COMMON/7NT/SMW{20) +ART(S)
COMMCN /NUMBE R/NSP o NNS 4 NE §NC
COMMCN /SP1 /5SS, TOL »NDBUG

REAL MU,MUDZ
LOGICAL MCONVIECONVsDCONY
DATA END /*END %/ -

INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPY
INPL
INPUY
INPU
INPU
INPU
NPy
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU

10

20

30

40

50

&0

70

a0

90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
230
340
350

61



[+ NaEe

Nan

o

* ¥ INPUT FORMATS * %
100 FORMAT (18A4,18)
181 FORMAT {O154+2E1240+2X,11)
102 FORMATY ( B6E1240 )
107 FORMAT(IS, 5XsE1Ce4,15)
108 FORMAT(SE 1S5 3)

XN QUTPUT FORMATS * %
220 FORMATY ( 1HY o+ 18A4.18 rrs77 )
271 FORMAT ( 12HO INPUT DATA //7 )
202 FORMATY { SHOKEEP = IS5

1 7/ 9H NETA = IS5

2 7 9H MAXM = 15

2 / 34 MAXE = 1S

4 7 9H MAXD = IS

S / 9H FPRCY = 1PE1Se5

6 /7 9H TPRCT = E15a6

7 /s 9H LT = 15

a s/ 9H IDEBRUG = 18

9 7 9H IPHI =I5 )
202 FORMATI{ I X/ * % FINITE-RATE CHEMISTHRY *k S/
204 FORMAT ( 9HOUINF = 1PE1Se6

1 /7 9H RINF = E15a.6

e ;S I+ R = El1Se6

2 /7 9H TwW = F15e6

4 / 9H HTOTAL = EF15e6

=] /7 S9H Rvw = E15e6

6 /7 9H PDTIL = E15e6 7/)
2058 FORMAT ( 9HONDBUG = 15

1 7/ G9H Tou = FS5e37/)
2067 FORMAY ( 20HOINITIAL T PROFILE Z U 1H o 12F10e5 )}

INPU
INPU
INPU
INPU
INPY
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU

360
370
a0
390
ann
410
420
4 30
a4n
450
460
470
420
490
s50n
510
520
530
540
550
560
570
san
590
600
610
620
530
64N
650
660
670
680
690
700

6qT



207 FORMAT ( 20HOINITIAL RHC PROFILEZ ( 1H 12F10e5 )
208 FORMAT ( 20HOINITIAL RM PROFILEZ ( 1H 4 12F10s5 )
209 FORMAT { Z0HOETA /7 ( 1H o 12F10e5 )
21¢ FORMAT(32H * CONVECTIVE CALCULATICN GNQY * )
211 FORMATL 36H * UNCOUPLED RADIATION CALCULATICN * )
212 FNRMAT {244 * COUPLED RADIATION CALCULATION * )
213 FORMAT{36H * CONTINUUM AND LINE CALCULATION % )
214 FORMAT(IOH % EMISSICN MODEL * )
215 FORMAT(1X/" % K EQUILIBRIUM CHEMISTRY *xwd /)
216 FORMAT {16H SPECIES INPLTS
1 Z16H NOs ELEMENTS = (S
2 /25X ¢ S{1542X+AM) )
218 FORMAT (16H NOe SPECIES = IS)
220 FORMAT (25X5(I5s2X.,A8))
222 FORMAT (15H AOes SOLIDS = IS5}
C
C CARD | o v o oror s oot o o o o o i 0 i a0 i ol A8 A ol i A 0 O S S g o=
READ {(S54100) TITLELIEM
I ( TITLE ( 1 ) oEGe END )} STOP
IF{IEM)IAEGI9,59G9,6069
59949 CONTINUE
c
C LET X START FROM SCRATCH % %k ¥k
¢
C
C £ 3 INPUT OPTION PARAMETFERS * %
C »
C * &k IRAD = 1 NO RADIATICN CALCULATED
C IRAD = 2 UNCOUPLED S0LUTION
c IRAD = 3 COUPLED SOLUTICN %%
C %k ITYPE=0 SPECTRAL MODEL WITH LINES
C 1TYPE=1 EMISSICN MODEL
c
KETA = NETA
C CARD 2 =wewewaaw . T 2 P o g o o o . sl i ot

INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPBY
INPU
INPU
INPL
INPUY
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPU
INPY
INPU
INPU
INPU
InNPY
INPU
INPU

710
720
730
740
750
760
770
ren
790
aoe
810
azn
B3¢
asn
ASH
a6t
s87o
aso
a90
9n0
910
920
930
940
950
3690
970
980
930

INPUIONO
INPU1O1Q
INPULIN2Z2O
INPU10O 30D
INPUL04Q
INPUL10O50

9¢1


http:25XvS(1592X.A4

READ (5,101 )KEEPSNETAIRAD+ITYPESMAXMsMAXE s MAXD+LT» IPHT,

IFILT +EQe

0) GO YO 2840

e S AR i M g S e ey e AN AT I A AN P T G S S e S o e W AR VT S D D VD D W R . S -

1 FPRCT.TPRCT .IDEBUG
META = NETA
IF(KETA +EQe 0) KEEP =0
IF{KEEPs GTe 0) NETA = KETA
HDAMP = Qo6
TOAMP = (e 06
DOAMP = Qa5
IF{MAXM oFGe O) MAXM=15
IFC(MAXEGEQe ) MAXE=S
IFIMAXDGEQe 0O) WAXD=15
IF(FPRCTeEQe (e0Q) FPRCT=e005
IF{TPRCY +EQe 0e0) TPRCT=04005
IF [ NETA 4EQe 0 ) NETA 51
IF (IRADLEQ.N) IRAD =1
dek FREE-STREAM FLIGHT CCNDITIAONS * %
CARD 3 ===moaececcw= ——— ekt e - = = e s W e o o
READ{S,102) U INF R INF sR¢TWKsHTOTAL s RVW
UTHNFZZUINF%%2
IF(KEEPLGYe 0) TWOLD = T{1)
T(1)=TwK
IFCHTOTAL ¢EGQe 0e0) HYOTAL=UINF2/2.0
xk  INITIAL SHOCKX GUANTITY ESTIMATES *%
CARD 4
READ(S+102) DELTADTIL,RZB+RELPDTIL
IF{PDTILEGeDa D) POTIL = «0Q01
Rk INPUT INITIAL TEMPERATURE PROFILE Xk
CARD § =—=meececmwemcc———-— -

e i e A A A U D W AR W o . i e G s S v ik T e e W

INPULO 6D
INPUL1G70
INPLLOBO
INPUL0S0
INPULL 0O
INPULLLC
INPUL120
INPUL130
INPU11 40
INPUL150
INPULL6O
INPULLTD
INPUL1 8D
INPUL 190
INPUL 200
INPUL210
INPUL1220
INPU1230
INPU1240
INPUL 250
INPUL 260
INPU1270
INPUL 280
INPULZOT
INPUL3DN
INPULE3L0
INPUL 320
INPU1330
INPUL34N
INPU1L 350
INPUL 36D
INPLI1 37O
INPUL38D
INPUL39D
INPU140C

LGT


http:IF(KEEP.GT
http:IF(FPRCT.EO

READ ( S54102 ) { T € I ) o+ 1 = 1 o+ NETA )

2800 CONTINUE
C *¥% INPUT RHO AND (RHO) (¥U) PROFILES %x

. S . W S = e W W TSR e A

C CARD 6 —=———mmamwm~
IF(LTsLYe2) GO TO 2900
READ(S,102) (RHOU(I)}1I=1.NETA)
READ(S5+4102) (RM (I)+I1=1.NETA}

2900 CONTINUE

*x  SHOCK SHAPE (DEPS/DX1) %%

aBelsa

IF (IPHI +NEs O ) GC TO 2550
DEPS = 040
GO TC 23570

2550 CONTINUE

C CARD 7 ==w e wr s e s s s rmcero s ~ma e ae~n

READ{5,102) DEPS

257C CONTINUE
DPHI = 1, -DEPS

C
C
IF { META «GTe 0 ) GO TO 1COC
IFI{KEEP +GTs 0) GO YO 1500
C
c *k FIXED GRID SIZE CN FTA %%
C

DETA = 0,02
ETA (1 ) = 0e0
Do s€0 1 = 2 , BY
ETA (1 ) = ETA { I-1 ) + DETA
S00 CONTINUE
C
GO TO 15090
C
1000 CONTINUE

S — S S S T A A - -

T A TS il k. i A A . -

INPU1410
INPUL1420
INPU1430
INPUlAAL
INPUl4S0
INPU14A6D
INPUL14AT0
INPU1480
INPUL4AJ0O
INPU1590
INPULSLIO
INPU1520
INPUL1S30
INPULS5AC
INPUL1550
INPULS60
INPULISTD
INPUL1580
INPU1590
INPULISOD
INPULIELO
INPU1620
INPULS6I0
INPU164AC
INPULI650
INPU1660
INPULSTO
INPU168O
INPUL169D
INPULTOO
INPULIT1C
INPUL1T720
INPUL1T730
INPUL1T740
INPULTSD

841



C INPUL1760
o *¥ INPUT ETA POINTS ** INPU17TO
C CARD 8 —-- - - —— e - e es e ss e teemn—e == [NPUL1 T80
READ ( S.102 ) ( ETA (X } » 1 =1 + NETA ) INPUL 790

C INPU 18D
1500 CONTINUE INPULB1O
C INPUL1832C
Cm=mew=READ SPECIES PARAMETER CARDSesssss INPUL1B30D
C CARD 9 = mv e st m et e St S S o et S e S e e manwes e TNPULBGO
READ 107+ NOBUG,TOL.IAB INPU1850

c INPUl1B6C
IF{TOLWLEsOe ) TOL = 4001 INPULBTO

C NDBUG=0PTTIONAL JQUTPUT VARTIABLE INPULBAD
C NC = NUMBER OF GASEOUS COMFCNENTS INPUL89C
C CARD 1{) mowowreocm s r s rsrsear e m s rsar e Te s e e~ crn=—raenensmesennw [ NPUL900
READ 108, (CWALLA{I).+]I=1.,NSP) INPULIGLD

GO TO 7999 INPU1920

6999 CONTINUE INPU1930
C INPU194D
C ¥k ok RE-STARY * ok INPU1§50
C INPULGSN
READ(S+1801) FPRCTyTPRCT+ODAMP+TOANPWFDTILyHDAMP INPUL9TO
READI(S5,1801) DELTAWDTIL,,DTILS INPUL980
RFAD{5,1802) U INFs RINFs UINF2s F o RE,s [TM, IEM, NETA INPUL199O
READ{S+ 1803) KEEP, NAXE sMAXMsMAXD+ IDEBUG MCONV JECONV+ DCONVSLTs IAB INPUZ20GO
READ(S, 1801 )IADZ+MUDZ +RMD Z s AKMF s HNF 4 CENF INPU2RLO
READ(541804) NSP s KNS+ NE oNC INPU2D 20
READI(S,1801) (PICJ)RHO(I) +TLJ) »I=1 4NETA} INPU20 30

READ (S,1301)(AMW(J)sJ=14NETA) INPU204C
READ(S.1801) ((CUI+J)sJ=1.NETA) ¢I=1 4NSP) INPU2050
READ(S5,1801)0( HM(J) «+ J=1 4NFTA) INPUR20O 60
READ{(S.1891) (E0J)+J=1 .NETA) INPUZ20T0
REFAD(S5,1804) IRAD,ITYPE INPU2080
READ(S54+1801)DUDDPHI ¢ TD4RZBePD+HD+HT CT AL INPU209C

READ {51801 3(FUJ)SFCU)oZ{J)»VIJ)sux=1.NETA) INPU2100

651


http:NSP.NNS.NE.NC
http:IF(T0L.LE.O.OI

sl elal

1801
1802
1303
tata

TS

7999

300

217

H

READI{S+ 1801 )RVN.PRE,TWOLD

READ({S5,1801) (CWALLUI) I=1sNSP)
READ{5,1801) (ECWALLIK) k=1 +NE)
READ(S+1801) {(ETAU(J) ,YOND(J) s J=1:NETA)
READ(S,715INDBUG +1AB.TOL

READ (541801 ){(CCIKsI)4J=1 NETA),,K=]1+NE)
FORMAT{6E13e5)

FORMAT({SE125,313)

FORMAT(SIS,3L3,215)

FORMAT(414)

FORMAT(2154,E1546)
CONTINUE
A ek PRINT DATA T

WRITE ( 6+200 ) TITLE,IEWM

WRITE ( 6+201 )

WRITE (62202 )IKEEPRP ¢NETA JNAXM,MANE sMAXD oFPRCT s TPRCT LT » IDEBUG
s IPHI

WRITE(G:204) U INF R INFR,TUK,FTOTAL ¢RVWPDT IL

IF ({IRADSEGel) WRITE (6,210)

IF (IRADWEGe2) WRITYE (6,211)

IF (IRADEQe 3} WRITE (6.+,212)

IF{IRADJEQel) GO TC 300

IFl ITYPELEQe®) WRITE(6,213)

IF( ITYPELEQesl) WRITE{(G+2141})

CONTINUE

MRITE ( €.,20£& ) { T € I ) o+ 1 =1 o+ NETA }

IF( IFMaEQeOIT(1) = TuK

WRITE( F320TH(RHO(I)21I=1.NETA)}

WRITE(H,208)(RM (1)a1=1,NETA)

WRITE(6+209)(ETA(1)4I=1+NETA)}

WRITE(6,217) DERS

FORMAT({OHODEPS/DXI /{1H +12F10.5) )

INPUL2110O
INPU2120
INPU21 30
INPU2140
INPU21 50
INPU2150
INPUZ21TO
INPU 21 80
INPU219R
INPUY2200
INPU2210
INPU2220
INPU2230
INPU22A0
INPU2286)
INPU2260
INPU2270
INPU228B0
INPU2290
INPU230DD
INPU2310
INPU2320
INPU2330
INPU2340
INPO2350
INPU236D
INPUZ3TO
INPU 23820
INPU23950
INPU2400
INPU2410
INPU2420
INPL 2430
INPU2440
INPU 2450

091


http:NETA).K=1.NE
http:ECWALL(K).K=1.NE

30

40
45

305

10
302

Ing

11
303
30a

307 °

IF{IABMENeOIWRITE (6+203)
IF{1AB«EQe 1) WRITE (64215)
WRITE(6:20S5)NDBUG » TOL
WRITE(6+216) NEC(T+EL{I)4I=1+NE)
WRITE(6.,218) NSP

Jd =1

KK = JJ+4

WRITE(G6+220) (1+SP(I}+1=J0JsKK)
IF(KK+54GToNSP) GO TO 35

JIJ = SIS
KiEc = JJ +4
GO rC 30

KD = NSP =KX

IF(KCeLEeD) GO TO 45

KK = KK XD

Jd = JJ +5

G0 Ta 39

CONT INUE

WRITE(6+222) NNS

PRINT 3205

FORMAT( /' SPECIES®/* NAMET 49X 'SMuY,

1*"WALL MASS FRACTION®/)

DO 10 1I=1+NSP
PRINTINZ2,SP(I)+SMW{I) CHALLA(L)
FORMAT(IXsA41F1343+E12s4)
IF(NDBUG.EQe 0)G0OTO8999Q
PRINT309

FORMAT(//s"' SPECIESY sASX ' THERMO~CONSTANTS A~G* 29X« "RANGE"*)

DO1L I=1.NSP

PRINT3I034SP{I)4ATI{I)sBITUI)sCIT{II+DITULIIETI(I)FII(I)eGIN(])
PRINT30 4, AL {1)sBY (I)sCE (134D (IDLEL (1}eFYI (I)sGI (1)

FORMAT(/41XsA4,TE1264+" 1OW RANGE?®)
FORMAT( SXe7E12e4+* HIGH RANGE®)
PRINT 307

FORMAT(//:25X+* AA({I+J) MATRIX® 4/)

X

INPU2460
INPU24T70
INPU2480
INPU24S0
INPUZ25O0
INPU2510
INPU2520
INPU2530
INPU2540
INPU2550
INPL2560
INPU25TO
INPU 2580
INPU 259D
INPUZ2600
INPU261D
INPU2620
INPU2630
INPU2640
INPU2650
INPU2GGO
INPU26TO
INPU2680
INPU2690
INPU270D
tNPU2?10
INPUY2T720
INPU2T 30
INPU2T40
INPU2750
INPUZ2T760
INPU2TTO
INPU2TAD
INPU2T790
INPU2800

191


http:FORMAT(/,IXA4,7EI2.41
http:PRINT303.SP
http:NOBUG.EQ

12
306

9999

DO12J=14NE
PRINT 306s(IA{I+J) 41=1,NSP)
FORMAT (5K, 2015)

CONTINUE
RE TURN
END

INPUZ2B10
INPU2B20O
INPU 2830
INPU 2840
INPU 2850
INPU 2860
INPUZ2BTO

291



s EsNeNeNse!

SUBROUTINE INIT

** ROUTINE TO COMPUTE NECESSARY INITIAL QUANTITIES

COMMON /CONV/ FPRCTTPRCT.DDAMP «TDAMPLPDTIL.

COMMCN /DEL/ DFLTA,DTILLDTILS

COMMON/EQ2/7AA{20+.5),ICODE(20)

COMMONZEQ3 /1 A(20+5)

COMMCN /FRSTRM/ U INFs RINF, UINF2Z, R 4 RE, LXI, ITM, IEM, NETA
COMMON/GUE S5/TG1(60) +TG2(60)

COMMON /MAIM/KEEP s MAXE ¢MAXM ¢MAXDs IDEBUGs MCONV 2ECONV s DCONV.LTs I AB
COMMON /NON/RDZ+MUDZ 4RMDZ+AKNF o HNF 4 CENF

COMMEN/PROPL/PI(60) +REGIOC) s TIGEO )} +AMWIOE0) +C (20460014 EC(5:,60)
COMMCN/NUMBER/ZNSP ¢ NNSe NE o NC

CONMMCN/PROP2/ MNMU(G0)+RM{BO0) s AK(6D)

COMMON /PROPI/CPS{20+60) +HS{20.60) +CP (60) HM{ED)
COMMON/VECTOR/ CA(60).CBLGD0)CCH{E0 ) +B(6D)

COMMON /VELYZ F (60 FCLE0)+Z(60) V{60)

COMMUN /RFLUX/ E(60),1IRAD1ITYPE

COMMEN /RH/ DUD+DPHI +TDeRZB +PD o HD,,HTOTAL

COMMON /SP2/8R+S{(20) +CSHOCK (S )

COMMON /WAL L/RVWsPRW, TWOLD »FLUX(20) +CWALL(20),ECWALL(S)

COMMON /WT/SMMI20) sANT(S)

COMMON /YL /ETA(G0) +YCND(6C)

COMMON /7DD /DGO

COMMON/ITZAC

REAL MU.MUDZ

LOGICAL MCONV,ECONV.DCCNV

MCONV = oFALSEe
ECONV = 4FALSEs
DCONV = oFALSEs

INIT
INIT
INIT
INTY
INIT
INIT
INIT
INIT
INTTY
INTY
INIT
INIT
INTT
INTT
INIT
INTY
INIT
INIT
INTT
INIT
INTY
INIT
INET
INTT
INIT
INTY
INTY
INIT
INIY
INITY
INIT
INIT
INTT
INIY
INIT

10
20
3¢
40
=)
&9

80

=l
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
2860
270
280
290
300
310
320
330
340
350

€97


http:COMMON/PROP3/CPS(20,60),HS(20.60).CP

900

998

999

nonn

DO 9C0 1=1.60
DO 900 J=1,.NSP
ClUs1) = 140E-20

** DETERMINE DENSITY RATIO + REYNOLDS NUMBER
FROM INPUTS OR RANKINE HUGCNIOT EQSe %%

GUESSED VALUES

TD = 120006 + 2 5E=SXx(HTOTAL -64S5SE+8)
RZB=e06

T(NETA) = 1,0

HNF = 24%7T8428%k324172/UINF2

CONTINUE

PD = (le¢ —-RZBYXRINF xUINF2/2116s

HD = HTYOTAL/Z(T78s28%324172)

CPNF = 108%778428%32,172%TD %2, FUINF2
AKNF 2 14 8%778428%TD XRZBZ IR INFRY INFEU INF2 )
PI(NETYA) = PD

CALL GAS(NETA)

RZBLI=RINF/{RDZ*AHO(NETA) )

TEST =ABS((R28-RZB1)I/RZB)

IF{TEST 4L Te 06005) GO To 999
RZB=45%({RZB+RZB1)

GO TD <98

CONT INUE

RE = RDZZUINF*R*324174 7 MUDZ

*%x GUESS AT DELTA TO START **
IF(DELTA «+EQs 0s0) DELTA=Q+78%RZB

IF(DTIL +EGQe 0e0) DTIL=141%DELTA +12%RVVW
WRITE(6+200) RZB.+RE

INIT
INITY
INIY
INTITY
INIT
INIY
INIY
INIY
INIT
INIT
INIT
INIT
INIT
INTIT
INIT
INIT
INIT
INIT
INIY
INIT
INILY
INIT
INIT
INLIT
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INETY
INIT
INIT

360
370
380
390
400
410
420
430
440
450
460
470
480
490
so0
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700

=0T



© (sl el gl

aNalEe]

200

201

967

995

FORMAT (1 4HODENSITY RATIO +sSX»12HREYNCOLDS NQe /2E15e46)
WRITE(6.201) DELTALDTIL
FORMAT (GHODEL TA+1 3 X+aHDTIL /2E15e6)

CONTINUE

DO 9GS5 I=1.NETA

PI(I) = PD

E(LY =00

CONTINUE

% RANKIN=HUGONIDY RELATICONS *x%

vD
™
¢

= ~RZB
= T(1)
1y = T(1) /7D

*%  STAGNATICN POINT LIMIT GUANTITIES **

DUD = DPHI + RZB%x{1ls-DPHI)

NOND IMENSIONALIZING FACTAORS

AKNFE = 148%778428%7TD *RZB/(RERINFRU I NF U INF2)
CPNF = 1¢B8%778s 28%324172%TD %24 FUINF2

GUESSED F AND Z PROFILES

IF(KEEPe GTe D) GO TO 9
N = NETA=2

FO = RZA/{ 2 #DUDADTIL)
Fw = —-RVYWEFD
F{1) = FWw

DO 2 K=2.NETA

FIK) = (FD=FW)XETA(K) + Fw
CONT INUE

DO 3 I=1aN

Z{I) = ETA(I+1)/DTIL
CONTINUE

INIY
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INIT
INTY
INIT
INIT
INTT
INIY
INIT
INTTY
INIT
INIT
INIT
INIT
INITY
INIT
INTT
INET
INIT
INIT
INIT
INTTY
INIT

710
720
T30
T40
750
T60
770
780
790
800
axrn
820
alo
840
859>
as0
870
sap
a9
ann
910
920
930
94N
950
960
970
980
990

INITL000
INIT1010
INIF1020
INIT1030
INIT1040
INIT1050
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C GUESSED T PROFILES

IF(KEEPGTe0IGOTOD
IF(LTeGTe0) GO TO 11
IF{RVWoGTe De 0)GOTO7

C NO BLOWING T PROFILE

TWGl = 41033

DO6EK = 2,.,NETA

TP = TGL1{K} +(T{(1)- TWG1)

T(K) = TP =(T(1)- TuGl) * ETA(K)
CONTINUE

GO TO 11

CONTINUE

TWG2 = 43325

C BLOWING T PROFILE

10
11

* %

DOBK = Z2,NETA

TP = TG2(K) +{T(1)~ TwG2)

TIK) = TP ={T(1)- TWG2) % ETA(K)
CONTINUE

GO 7O 11

CONT INUE

DN 10 K=2.NETA

TR = T{(K) +T(1) -TwOLD

T(K) = TP —(T{1)=-TwOLD)}Y*ETA(K)
WRITE(E4100) T(K)ETA(K)

CONT INUE

CONTINUE

INITIALIZE SHOCK LAYER PARAVETERS FOR VARIABLE STEP S1ZE

0O 810 I=NETA.50
ETA(L)=140
T(I) = 149
E{I) = De0
PI(I) = PD
MU(TI )=1e0
CP{1} = CP{NETA)}

L

INIT106D
INIT1070
INTIT 1080
INIT1090
INIT1100
INIT111D
INIT1120
INIT1130
INIT1140
INIT1150
INIT1160
INIT2170
INIT1180
INITt190
INITI200
INITI21LD
INIT1220
INIT1230
INIT1240
INIT1250
INIT1260
INIT1270
INIT1280
INITS290
INIT1300
INET1310
INIT1320
INET1330
INIT1I340
INIT1350
INIT1360
INIT1378
INIT 1380
INIT1390
INIT1400

991



C

C

C
C

Co=====CONVERT WALL AND SHOCK COMPOSITIONS TO AN FLEMENTAL BASISeesse

C

AK(I)Y =

viI) = V¥
(1) = F
FCA(I )=FD
DG 810 J
ClJds1) =
HS(J,.1)=

810 CONTINUE
1000 CONTINUE

D02234=1
pO223K=1

223 EC(K,J4)

poz2211 =1
Cll.s1) =

221 CONTINUE
C=me==CALCULATE AMWIN)

25.

26

33
331

WAMW = WAMW +CWALLUJ)/Z75MW(I)

AKINETA)
D
D

=1 +NSP

C(JINETA)

1.0

v60
s NE
= 1eE-=20

+«NSP

CWALLLI)

WAMW = 0.0.

DO 285 J=1,NSP
WAMY le /WA MM
AMW( 1)= WAMMW

DO0331J=1
EC(J+1)=
EC(J+NET
DO33I=1,

FAC=AA(T s J)¥AWT (I} /7SMU(])
FCUJW1I=EC(Js1) + FACHC(I,1)
EC{JINETAI=EC{JINETAY + FACKRC{1,.,NETA)
ECWALL {(J)I=EC(J.s1)

» NE
Ca 0
AY=0.0
NSP

INIT1410
INIT1420
INIT1430
INIT1440
INIT1450
INIT1460
INIT1470
INIT1480
INIT1490
INIT1500
INIT1510
INIT1520
INIT1530
INIT1540
INITLESSO
INITIS6D
INITLIST70
INIT1580
INIT1590
INIT16080
INIT1610
INIT1629
INIT1630
INIT1640
INIT1650
INIT1660
INIT1670
INIT1680
INIT1690
INIT1700
INIT1I710
INIT172¢C
INIT1730
INIT1740
INITI?50

L91



34

1623

4000
273
100

DO3AN=NETA.50
DO 34 5=1+NE
EC{J+NI=EC{JsNETA)

Aok X ‘COMPUTE MUDZ AND RMDZ Aok K
AC = 841293E-08%(TD**1,4659) /{PI(1)%RAUINF)
DO1623J4=1,NETA
DEJ) = ACR(T(I)I K] ,655)
CALL ELRAT
CALL CHEMEQ (1+NETA)
MUDZ = 140
CALL PROPRT (NSPsNETALNETA)
MUDZ = MU{NETA)
RMDZ = RM(NETYA}
CALL PROPRT (NSPs1+NETA)
DTILS = 401
IF{IDERUG +EQe 0N) RETURN
WRITE{(6,4000) VO.DUD.PD
WRITE{6+:4009) DELTAWDTIL ,RZBRE
FORMAT(IHO +6E1 546
FORMAT(6E 126 0)
FORMAT(1X.9E 1446}
RT TURN
END

INIT176C
INITLI770
INIT1780
INIT1790
INIT1800C
INIT1810
INIT1IB26O
INIT1IB30
INITIBAD
INIT1850
INIT1860
INIT187DO
INIT1880
INIT1B90
INIT1900
INIT1910
INIT1920
INITI1930
INIT1940
INIT1950
INIT1960
INIT1970
INIT:98D
INITLIOGD
INIT2000
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http:VODUD.PD
http:DG34N=NETA.60

SUBROUT

c

C =m=m=THIS 3§

C SECCND
COMMON
COMMON
COMMCN
COMMON
COMMON
COMMONY/
COMMON/
COMMON/
COMMON
COMMIN
COMMDN/
COMMON
COMMON/
COMMON
LOGICAL

C

Cremaww INITIA

C
MCONY =
DTILS =
I™ = 1t
N = NET
L = NET
AA3 = R
DTILE2

INE MOMTM

UBROUTINE SOLVES THE MOMENTUM EQUATION AS A

ORDER EGQUATION AND A FIRST CRDER EQUATION ——=ww
JCONVY/ FPRCT+TPRCT«DDAMP +TDAMPLPDTIL
/DEL/ DELTALDTIL,DTILS

/FRSTRM/ U INF, RINF, UINF2, F 4 REs LXIs ITMs IEMs NETA
IMAIM/CEEP s MAXE sMAXM ¢MAXD s IDEBUG s MCONV JECONV s DCONVL LT, TAB
ZNON/Z/RDZ +MUDZ+RMDZ o AKNF s HNF o CFENF
PROPL/PI(E0) +RHOLG0)s T(EOQ)SAMN(GE0)2C (2026N)ECIS.60)
PROPRZ2Y/ MULGEO) +RM{60)s AKISEO)Y
PROPI/CPS(20,60) +HS (20 +460) +CP (60) s HM{ED )

IRFLUX/Z E{S60)+IRADLITYPE

/RH7Z DUDJDPHI s TD s RZB+PD+HD JHTCTAL

VECTOR/ CALED) +CHIE0),CCL60)+8(60)

IVELZ FL{60) FCIE0)4Z{60) ,VI{60)
WALL/RVN+PRUE s THOLD JFLUXE20) s CHALL (20 )+ ECWALLLIS)
SYL/ETACGOD) o YONDI6KO)

MCONVL.ECONV,DCCNY

LIZED QUANYITIES ~=w==

oFALSE.
DYIL

A =2

A=1

IB% (1 4=RZBI)XDPHI®%2/7DUD
= DTILS

IF{IEMeGTe3) DTIL=e5x(OTIL4DTILSZ2)

c

c

CrmmanZt AL
C COMPUTE

ZO4+A2RZ=A3
Al .A24A3

14 CONTINUE

MOMT
MOMT
MOMT
MOMYT
MOMT
MOMT
MOMT
MOMT
MOMT
MOMTY
MOmMY
MOoMT
MONT
mMOoMY
MOMT
MOMT
MOmMYT
MOMT
MOMT
MOMT
MOMT
MOMT
MOMT
MOMT
MOMT
MOMT
MOMY
MOMT
MOMT
MOMT
MOMT
MomT
MOMT
MOMT
MOMT

10

20

30

40

50

50

70

ab

20
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
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C=—=== BOUNDARY CONDITICNS —-e=- MOMT 360

C MOMT 370"
RED = RE*DTIL MOMT 380

RED2 = 2¢*RED*DTIL%*DUD MOMT 390

DTILZ = DTIL*DTYIL MOMT 400

FD = RZB/ (24 %DUDADTIL) MOMT 410

FW = ~RVWFD MOMT 420

F(1) = Fu MOMT 430

B(L) = 1e/DTIL MOMT 440

. ITER = 1 MOMT 450

15 CONTINUE MOMT a6C

11 o= 1 MOMT 470

DO 26 I=1.N MOMT 480

. DET=ETA{I+1)=ETA(I) MOMT 490

) DFTN=ETA(I+2)~-ETA(I+1) MOMT 500
D1 = DETN&(DETN4DET) MOMT 510

D2 = DOETN*DETY MOMT 520

D3 = DET*{(NETN+DET) MOMT 530

RMP = DET#RM(I142)/01 +(DETN-DET)®RM(I+1)/D2 —DETN*RM(1I)/D3 MOMT 540

Al = (RED2%F({I+1) +RMP)I/RM(I+1) MOMT 550

AZ = ~RED2*DTIL*Z{I)/RN{I1+1) ~ MOMT 560

A3 = ~24*%REN*{ AA3/(RHO(I+1)%RM(I+1)) ‘MOMT 570

1 +DTIL2  *DUDXZC1)%%2/ {24 ¥RM( 1+1)) ) MOMT 580

c MOMT 590
Cmmmm=CA%Z (N=~1)+CB*Z(N)+CCHZ{N+] ) =B MOMT 500
c COMPUTE CA+CR,CC MOMT 610
CACIT) =(24—A1%*DETN)/D3 MOMT 620
CB{I)=A1*{DETN=DET)/D2-24 /D24A2 MOMT 630

CCAI I={2++A1*DET) /D1 MOMT 640
B{I)=A3 _ MOMT 650

11 =1 MOMT 660

20 CONTINUE MOMT 670
BI{N)=B (N)~CCIN) /DTIL MOMT 680

C MOMT 690
CALL TRID (N} MOMT 700

0LT



Cc

Covr=== INTEGRATE FIRST ORDER EQUATION=————w

C

30

FC(1)=FW
SUM=FW+ (B(1)4+FW)*(ETA(2)~ETA(1))I*DTIL/ 2,
FC{2)¥=SUM

DO 30 K=3I,NETA
SUM=SUMHDTIL#(8{K~1)4+B(K=~2)1)%(ETA(K) ~ETA{(K=~1})}/2,
FC(K) = SuM

Comme=CHECK FOR CONVERGENCE

c

C

40

50

60

90

DO 40 K=2.NETA
PRCT=ABS{FCIK)~-F {K}I/F(K})
IF (PRCTeGTeFPRCT) GO TO 50
CONTINUE

GO TO 92

CONTINUE

ITER=ITER+1

DG 60 K=1+NETA

F{K)I=FC{K)

DO 651 =1.N

Z{1)y=B¢L)

IF{ITERaGE«MAXM )} GO YO 90
GO TO 15

CONTINUE

Commaen COMPUTE NEW DTIL ====-

C

DYILC = (FD-FW)XDTIL/{(FI(NETA)}=-FW)
PRCT = ABS{{DTIL-DTILC),/DTIL)
IF(TTMaGTaMAXM) GO TO 160

ITM = ITM +1

IF(PRCTeLESPDTIL) GO TO 15¢C

DTIL = DYIL +DDAMPX(DTILC=DTIL}
GO -TO 14

MOMT
HMOMT
HOMT
MOMT
MOMTYT
MOmMT
MOMT
MOMT
MOMT
MOMT
MOMTY
MOMTY
MOMT
MOMT
MOMT
MOMT
MOMT
MOMT
MOMY
MOMT
MOMT
MOmT
MOMTY
MOMT
MomMT
MOMT
MOMT
MOMT
MOMTY

710
T20
T30
740
750
T60
770
780
7950
800
810
820
830
840
B850
860
879
880
890
908
910
az2p
930
40
2950
960
970
280
990

MOMT 1000
MOMY 1010
MOMTIO20
MOMT 10 30
MOMT 1040
MOMT 1050

TLT



150

Cc

CONTINUE
ODYIL = DTIL+ DDAMP®{DTILC -DTIL)
MCONV = oTRUEs

C CHECK MOMENTUM=-ENERGY CONVERGENCE

160
C

170

PRCY = ABS{{(OYIL-~-DTILS)}/DTILS)
IF{PRCTWLEPDTIL) DCCNY = 4TRUE.
CONTINUE

DO 170 K=1,NETA
VIK) = =FCIK)ADTIL#*2¢ /RHO(K)

C DERUG OUTPUT

s

102

101 FORMATU(GEXy "ETA" 41 2X4'F 1312 X "FU? 412X " RHO? , I2X+ *RMT 312X, 'VS*, 12X,

100
120

103

121

1

IF{IDEBUG+EQs 0) RETURN
WRITE(6,102) ITER,ITM
FORMAT(1CX+213/)
WRITE(645100) DTILLOTILC
WRITE(G6,101)

V)
DO 120 K=1,NETA
VS==FCIK)*DTILXUINF %24 /RHO(K)
WRITE(G+100) ETA(K) +FUIXK) JFCLK) »
FORMAT{1X., 9E14e6)
CONTINUE

WRITE(6,103)

RHO(K) s RM(K) sVS

FORMATIGX4*ETA® 413X %Z7 313X "B 312X 42HFY)

PO 121 I=1,N
U=B(TIIRDTIL

WRITE(G6,100) ETA(I41)+Z(T)+B8(1),u

CONTINUE
RE TURN
END

2 VIK)

MOMT1060
MOMT1070
MOMT 1080
MOMT 1090
MOMT1100
MOMT1110
MOMT 1120
MOMY 1130
MOMT1140
MOMT 1150
MOMT 1160
MOMT1170
MOMT 1180
MOMTL190
MOMT1200
MOMT1210
MOMT1220
MoMT1230
MOMT 1240
MOMT1250
MOMT 1260
MOMT 1270
MOMT L1280
MOMT 1290
MOMT 1300
MOMTL1310
MOMT 1320
MOMT 1330
MOMT 1340
MOMT 1350
MOMT1360
MOMT 1370

2Lt


http:IF(IDEBUG.EQ

s NaNalaNsy)

OA0

SUBROUTINE OUTPUT(N)

*%x ROUTINE TO PRINT SHOCK LAYER SOLUTION k%

COMMON/ID/SP(20) 4ELL(S)

COMMON JCONV/ FPRCTTPRCTDDAMPsTDAMFE.PDTIL

COMMON /DEL/ DELTALDTIL+DTILS

COMMCN /FRSTRM/ U INF, RINFs UINFZs R 4+ REs LXIs ITM, TEM, NETA
COMMON /MATIM/KEEP s MAXE JMAXM MAXD o IDEBUG s MCONV sECONV DCONV L. T+ I AB
LOGICAL MCONVJ+ECONVYDCOMYV

COMMON /NON/RDZ +MUDZ sRNDZ o AKNF s HNF 3 CFNF

COMMCN /ZNUMBER/NSP ¢ NNS o NE o NC

COMMON/PROPL/PI(60) sRHC(EN) s TIHDY s AMWIO0)IC (20460),EC(5+60)
COMMON/PROP2/7 MU{60) +RM(60) s AK(SD)

COMMON/PROPI/ZCPST20460) yHS{20:60)CP (60) 4HMIED)

COMMON /RFLUX/ EL60)+IRAD1ITYYPE

COMMCN /RH/ DUD+DPHI + TO+RZB PO HD+HTOT AL

COMMON /SFLUX/QRI{3)

COMMCN/VECTOR/ CA{60)+CB(60).CCL60).BI60)

COMMON Z/VELY F (60} +FC LB 2Z(BL ) +VI6D)
COMMEN/WALL/RVA+PRW s THCLD «FLUX(20) »CWALL (20 ), ECWALL(S)
COMMON /YL/ZETA(B0) JYONDIG60 )

COMMCN /7DD/ DL6O)

COMMCN/SP1 /55.TOL +KDBUG

DIMENSION BOUTU{&Q) »DAR(30)

REAL MU.MUDZ

DATA HEAD1 /'WALL®*/ +HEADZ2/? */+HEAD3/*SHOC Y/

*% COMPUTE RADIATION FLUX IF UNCOURLED PROBLEM  *x*
IF{ITYPESLNEL0}GOTOZO

IF{IRAD «+EGe 2 ¢ANDe N oNEe 2) CALL TRANS(1)
IF (IRADeNEe 1) CALL TRANS2

ouTep
ouTe
ourte
outTP
ouTP
ouvTe
QuUTP
ouTe
ouTe
ourp
QquTPe
ouTP
ouTe
ouTe
ourp
oure
DuTe
auTe
ouTpP
ouTte
ouTp
ouTe
ouTP
QuTe
QuUTe
DuTe
ourp
ouTPE
ouTrTe
ouTe
ouTP
ouTP
ouTP
ouTpP
ourtp

10

20

30

40

S0

60

70

80

290
100
110
120
130
140
150
160
170
180
190
2no
210
220
230
240
250
260
270
280
290
300
310
320
33¢
340
380

€L1


http:20.60).EC(5.60

40

50

C
C
C
C

IF{IRADGEQe 26 ANDe FTYPESEQe 1) CALL EFLUX
WRITE(G»203)
FORMAT(1H1)

**  COMPUTE Y COORDINATE &%

YOND(1) = Qa0

SUM = Q40

DO A0 K=2,NETA

DETAz ETA(K)-ETA(K-1)
SUM= SUM 4DETAX(]4/RHO(K)#1 o /RHO(K=~1))/2s
YOND(K} = DTIL*XSUM
CONT INUE

DELTA = YOND{(NETA)

DO S0 K=1,.,NETA
YOND (K )= YOND{(K)/DELTA
CONT INUE

*%& COMPUTE CONVECTIVE HEATING RATE  *x%

WATTS/7CMx% 2

QC = ~AK(1)*RINFRUINFREUINF2* (T{2)1-Y(2))/
(o B8%xTT78428 *YCND(2)2DELTA®RZB)

C BTU/FT*%2-SEC

C
C
C

1100

QCP=QC %488
*% COMPUTE RADIATIVE FLUX TO SURFACE %%

QR = 060

IF{IRAD +EQe 1) GO TO 445
DO 1100 K=2,NETA

QR = QR + QUAD (YOND+ELK)
CONTINUE

C WATTS/CM*%x2

GR =-~0R *RINFRXUINF2%UINF %DELYTA/(685.%RZB)

ouTp
auTp
ouTe
ourTpP
ouTe
ouTP
ouTe
ouye
ouTe
ouTe
ouTep
ouTe
aGuTe
ouTe
QuTP
aurp
auTe
ouTe
ouTp
ouTe
ouUTP
guTe
ouTe
auTe
ouTP
auTe
ourTe
OUTP
oure
ouTe
oure
cuTe
oguTP
ouUTP
ouTp

360
370
3380
390
400
410
420
43C

440

450
460
470
480
490
590
5t0
520
530
540
550
560
570
580
590
600
610
620
630
540
650
660
67C
680
690
700

ZA!



IF(ITYPEWE Qe 8) QR==QRT (1)
445 CONMTINUE
C BTU/FTEx2-SEC

QRP=0R*0e 88

C * % COMPUTE DIFFUSIVE FLCOCW TO SURFACE E 3 3
C WATTS/CM%x*x2
aD = 0.

DO1768I=1.NSP

1768 QD = QD + HS(I+1)%{C(T1.+2) = C(T.1))
QD = = RHO{1)=2D(1)%QD/(24:*DELTARXYOND(2))
QD = RINFRUINFRUINF24QD/ (o EA%XT T8 28)

C BTU/FYT%x%x2=SEC
QDP = +88%QD
QTOT AL =QC+QR+QD
QTOTP=QTOT AL ¥4 88

c *%x DIMENSIONALIZE RHO:sMUSsP+AND E **

DO 4S80 I =1 » NETA

RHOC I ) =RHO{I ) *RDZ

MU (T1)=MU(T}xMUDZ

RM (I)=RM{I}*RMDZ

AK{I) = AK{1)/AKNF

E(I) = E(1) * RINF % UINF2 % UINF / (20B66+0 ®* R *RZB)
CP(I) = CP(1)/7CPNF

450 CONTINUE

C
G0 TO (142+43:4) » N
C
1 WRITE(6,201) IEM
201 FORMAT(23H SOLUTION CONVERGED IN +I13:11H ITERATIONS //)
GO TO 4
C
2 WRITE {(6:202) JTEM.MCONVECGNV:DCONV

202 "FORMAT(1HO,37H INTERMEDIATE PRINT AT ITERATICKA NOs +I14.10X,

agurte
outTpP
ouTe
auTe
ourte
ourte
auTe
ouTP
ouTe
oure
ouTp
ouTe
auTe
ouTP
gure
ouTe
agurTe
ourTpP
ouTP
ouTP
ouTe
auTe
ouTe
auTP
aguTe
oure
ouTe
ouTe
ourp

T10
720
730
740
TS50
750
770
780
790
800
e1o
820
gao
840
850
860
870
-1-1)
890
900
210
920
930
940
950
360
970
980
990

ouTPR 1000
ouUTP 1010
ouTP 1020
ouTP 1030
auUTP1040
oUTPICS0O

TA


http:FORMAT(IHO.37
http:QTOTP=OTOTAL*.88

1'MCONVE? 4L 4, SX"ECONVET 4L4 oS X *DCONV=" 4L 4,/ /} QUTP1060

G0 TO 4 ouTP1070

C ouTP1080
2 CONTINUE DUTP 1090

C ouTP 1100
4 CONT INUE ouTP1110
C ouTP112D
C % PRINT SHOCK QUANTITIES AND HEATING RATE k& ouTP1130
C ouTP 1140
WRITE(G6.204) DELTA.DTIL QuUTP1150

204 FORMAT{1HO, 25%+9H DELTA = ,1PE1346,10XsTHDTIL = , QUTP1160

1 ElSe &) ouTP1t70

c ouTP 1180
WRITE (6,210) QC.QCP ouUTP 1190

210 FORMAT { 1+Hd0, 25Xe5H QC = ElSe6+2X e 13H{WATTS/CM%%2), DUTP1200
1 ZXelH=»E1S5e6+2X+1 TH{BTU/FT*x%2 ~ SEC}) } ouTP 1210
WRITE(6+212) RZBsGR4QRP oUTR 1220

212 FORMAT ( 1HO,6H RB =3F9a4410X+5H QR = E1546:2X+ 13H{WATTS/CM%%2), OUTP1230
i 2Xs1H=4E 1546 +2X 1 TH{BTU/FT®%2 -~ SEC) ) ouUTP1240
WRITE(6+213) RVW,QGD,.QDP DuTP1250

212 FORMAY { 1HO+5H RVYW =4F944+10Xs5H QD = E1546,2Xs 13HI(WATTS/CM%%2)s DUTP1260
1 2XelH=9E 156 +2X+ 1 THIBTU/FTA%2 ~ SEC) ) autpi270

C QUTP 1280
WRITE{(G.,21E5) QTCTAL,QTOTP OUTP 1290

213 FORMAT(1IHO+LE6HTOTAL HEATING = El1Sa6+2X+13H{WATTS/CM®%2), QuUTP 1300
1 2X3IH=3E1S506+2X+1 THI{BTU/FT*%2 =~ SEC) ) oUTP1I310

C ouTP 1320
C %  PRINT Y/D o F AND T PROFILES *x% ouTP1330
C aquTP 1340
WRITE(G,20€) ouTP 1350

205 FORMAT(1HO.7X, 44 ETA. SX, 4HY/DZs 8Xs 2HFT', 8Xs 3H RV, 8X ouUTP 1360
1 AHY /TDs  4X +13H E(WATTS/CM3) s4Xe2H Vs 7X412H V (FT/SEC) » OUTP1370

2 SXs2H G+6X+12H H {(STAYIC) 5 7/) ouUTP 1380

FP = 00 auTP 1390
NS=NSP QuUTP1400
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http:FORMAT(IHO.7X
http:F9.4,1OX.5H

c

DO 100 I=1,NETA

C COMPUTE ENTHALPIES

s Ralsl

C

C

C

99

208

100

44

206

207

1

HSTAT = 040

DO 99 J=1+NS

HSTAT = HSTAT & HS{JsI1D)%C(Js1)
G = HSTAT + V{I)*x2

HEAD=HEAD?2

IF(I +EQe 1)} HEAD=HEADI

IF {1 +EQes NETA) HEADZHEAD3
YDZ = YOND(I)

IF{ISEQeNETA) FP =1,0

RV = ~FC(I}*DTIL®2,

vs = vil) XUINF

WRITE(6,208) HEADWETA(I) sYDZ JFP 4RV 4TI} SEC(I) sV 1):3VSeG4HSTAT

FORMAT(1IH +A8, FH5e341P10E1243)
IF(I2LTeNETA~1) FP = Z{IMIEDTIL
CONTY INUE

*&  WRITE OUT SHOCK LAYER GAS PROPERTIES *x

WRITE(6444)

FORMAT(1H1 + 48X+ 28H~-SHCCK LAYER GAS PROPERTIES- }

WRITE(E,20€)

FORMAT {1HD s AXsIHETA sBX o&4H Y/Ds 1 2Xe2HP

s 12X+ 3HRMU+11X+2H K)

WRITE{(G6,207)

FORMAT (1H +27X+0MH{ATMe ) 46Xs13H (DEGeKELSs}
(LBF2-SEC3/FT6)

2BH(LBM/FT~SEC)

DO 101 I=1+NETA

» 12ZH{SLUGS/FT3)
s+ 16H (BTU/FT-SEC~-R}

+2Xs
o /7))

QuTP 1410
OUTP 1420
ouTP 1430
JUTP 1440
ouUTP 1450
oUTP 1460
ouUTP 1470
QUTP 1480
ouUTP 149N
ouTP 1500
cuUTP1iS510
nurTp 1520
ouTP 1530
ouUTP 1540
ouTP 1550
OuTP 1560
ouTPLISTO
QuUTP1580
oUTP 1590
DUTP 1600
ouTP1610
QUTP 1620
DUYTP 1630
OUTP 1640
oUTP 1650
OUTP 1660

212X+ 2H TellXe3HRHD11X ¢ ZHMUDUTP16TO

nuTP 680
oUTP 1690
ouTP 1700
ouTP:I710
SuUTP 1720
DUTP 1730
oUTP 1740
ouUTP 1750

L4


http:FORMAT(I-H03X3HETA.8X.4H

101

O0n0n

230

231t

102

233

234

TS = T(I)Y*TD
WRITE(G6,8)ETA(I)+YOND(EDPILID) TS +RHO(IIAMUCTI)IRM (T}sAK(I)

FORMAT(1H F744+1IPBE1464)
FORMAT({1IH F70401P7E14¢4)

CONTINUE

ok WRITE SPECIES MASS FRACTIONS *x%

WRITE(62230)

FORMAT (1H1,48X +26H-SPECIES MASS FRACTIONS- }

WRITE(&,231)

FORMAY (1H 18X ¢3H 02+11Xe2HN2311Xe3H O +11X53H N 511Xs3H O+s
11Xs3H N+ 2l11Xs3H E=y//)

DO 152 I=1,NETA

WRITE(G28) ETA(I) «Cl14+I)4C 21 ) sC{301)eC{as1)sC(SsI)s

CLB+1)C(7,1)

CONTINUE -

WRITE(6:230)

WRITE(E4233) (SP{I)eI28,15) .

FORMAT({2Xs4H ETAW1X48(10XA8)77)

WRITE( 6.8} (ETA(I)» (ClJsI)sJ= Bel1S5)eI=1NETA)

WRITE(64+4230)

WRITE(G+234) (SP{I)+I=16+20)

FORMATI{2Xs4H ETA,7Xo3H CPS(11X+A4) +8Xs4H AMW,./ /)

WRITE(699) (ETA(I I SCP{T) o (Cl Il ) I=1620)sAMWIT )} I=14NETA)

C NONDIMENSIONALIZE

DO1001I=14NETA
RHO(IY = RHO(I) /RD2Z

MUCE) = MU(TIDI/MUDZ

RM(I) = RM(I)/RMDZ
E(I)=({ECI)%R}/{RINFRUINF*%3) ) $20866.0%RZB
CP{1)=CP(I)*CPNF

1001 AK(I }=AK{I ¥®AKNF

auTP 1760
OUTP1TTD
ouTpP 1780
ouTP 1790
ouUTe 1800
cuTPL 1810
auTP 1820
guUTP 1830
QUTP 1840
guTP 1850
QuUTP 1860
ouTP 1870
ouTeP 18806
ouTP 18990
ouTP 1900
ouTP 910
ouTP 1920
QuUTP 1930
DUTP 19490
ouTP 1950
ouTP 1960
ouTP 197N
cuTP 1980
QUTP 1990
QuUTP2000
ouTP20190
ouTP 2020
ouTP 2030C
ouTP 2040
ocuTP 2050
DUTP 2060
cuUTP2070
ouTp2080C
ouUTP 2090
auTP 2100

8L1


http:CPt5(11X.A4).BX.4H
http:ETA97X.3H
http:SP(I),P1=16.20
http:02,IIX*2HN2.IIX.3H
http:RHO(I).M4U(I).RM

Cc

217 FORMAT(EE12e5)
1000 CONTINUE

RETURN
END

ouTP21108
ouTP 2120
guTP2130
ouTP 21408
ouUTP 2150

61T



alEa e

S66

SUBROQUTINE PONCH

COMMON ZCONV/ FPRCT+TPRCYDDAMP sTDAMP+POTIL

COMMON/CONVIL ZJHDAMP

COMMON JDEL/ DELTALDTIL,,OTILS

COMMCN /FRSTRM/Z U INF, RINFs UINF2s R o RE, LXI, ITM, IEM, NETA
COMMON /MAIM/KEER » MAXE sMAXMoMAXD s IDEBUG MCONV+E CONV+DCONVSLTs1AB
COMMON /NON/RDZ sMUDZ 4RNMDZ s AKNF o HNF o CENF
COMMON/NUMBER/NSP ¢ ANS e NE o« NC

COMMON/PROPL/PI(60) sRHO(G0D) s T{60) +AMN(60)+C (20460)+EC(5460)
COMMON/ZPROP2/ MULGO)+RM(G60)» AK(6O)
COMMON/PROPI/CPS(20460) +HS(20 4,600 CP (60) +HM(ED)

COMMON /RFLUX/ E{60)+TRADLITYPE N
COMMDN /RH/ DUD+DPHI «TDsRZE+PD+HDHTCT AL

COMMON /ZVELS F(60)FC(60)eZ(60)4VI60)
COMMON/WALL/RVY PRy TWDLD oFLUX( 20 )+ CWALL(20) s ECWALLIS)

COMMON /YL /Z7EYALG0) + YONDI{6Q)

COMMON/TIT/TITLE(18)

COMMON /5P /5S. TIL « NDBUG

REAL MUMUDZ

* Kok Xk PUNCH=0OLT CARDS FOR RESTART Hkk *

WRITE(7+S66)TITLEJ1EM

FORMAT(18A4,18)

WRITE(Ts1R801) gPRCTQTPRCTQDDAMP'TDANPOPDTIL.HDAMP
WRITE({7+1801)IDELTADTIL»DTILS

WRITE(7+1802) U INFs RINFs UINF2e R o REs ITM, IEM, NETA
WRITE{7:+ 1803 )KEEPoMAXE yMAXMyMAXD o IDEBUG«MCONVECONV,DCONVILT,1AB
PUNCH 1801, RDZ+MUDZsRMDZ o AKNF o HNF » CRNF

WRITE(741804) NSPsNNSsNE+NC
WRITE(7«1B801Y{PI(J)+RHOLJI) «T{(J)} o+ J=1 +NETA)
WRITE(71801){AMW{J) « =1 +NETA}
WRITE(7+1801)1({C{I4J)sJ=1sNETA) +I=14N5P)

WRITE(7+18013{ HM(J) v J=1+NETA}

WRITE(T7+1801) (E(J)J=1.NETA)

PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC

PONC,

PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC

10

20

30

40

50

60

70

80

90
100
110
120
13¢
140
150
160
179
180
199
200
210
220
230
249
250
260
270
280
294
300
aie
320
330
340
350

081


http:COMMON/PROP3/CPS(20.60).HS(20.601.CP

1801
1802
18063
1804

e

WRITE(7,18B08)IRAD.ITYPE

PUNCH 1801+ DUDDPHI »TD JRZBPDJHD  HTOT AL
WRITEL 741801 M(F(UV+FCCU)eZ(J)sVIJ)eJ=1NETA)
PUNCH 1801, RVU.PRW,TWOLD
WRITE(7,1801)(CWALL(I)I=13sNSP)
WRITE(7,1801 )J(ECWALLY(K) K=1,NE)
WRITEC(7+18011(ETA(J) 2YCNDU J) oI 1 s NETA)
WRITE(T.T15)NDBUG+IAB, TOL
WRITE(741801)({ECIKsJ)sJ=21 «NETA)+K=1,NE)
FORMAT(6E 13 5)

FORMAT(SE124%5+313)

FORMAT{S5]I5:3L3,215)

FORMAT(AY4)

FORMAT(Z2IS+E1546)

RETURN

END

PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC
PONC

3560
7o
380
390
400
410
420
430
440
450
ASD
/70
480
490
500
510

181



OO0 0OONONOAOOONNNAANNNNNOANDONNOINAON0

SUBRUOUTINE GAS

ek THERMODYNAMIC AND

{KOODE )

*% REFERENCE NASA TR R=50 %%

THE FOLLOWING PROPERTIES ARE CALCULATED

TEMPERATURE AY WHICH PROPERTIES ARE WANTED (T) IN DEG R
PRESSURE AT WHICH PROPERTIES ARE WANTED (PR)
RATIO OF SPECIFIC HEATS (GAMMA)
SPECIFIC HEAT AT CONSTANT PRESSURE (CP) IN BTU/LB-DEG R

ABSOLUTE VISCOSITY (V) IN LB/FT=SEC
TL NUMBER (PR) IN DIMENSIONLESS
THERMAL CONDUCTIVIYY (XK) IN BTU/FT-SEC-DEG R
URE (P) IN ATMOSPHERES

PR AND

PRESS
DENSI

TY (DEN) IN LB/FT%%3

ENTHALPY (H) IN BTU/LB

ENTROPY (S) IN BTU/LB-DEG R

COMPRESSIBILITY (Zy IN DIMENSIONLESS
SPEED OF SOUND (S0S8) IN FT/SEC
SPECIFIC HEAT AT CONSTANT VOLUNMN (CV)

ENTROPY (S) IN FT*%2/S5ECk%2

VELOCITY (VEL) IN FT/SEC

PRES
MACH

NOMENCLATURE 1=QXYGEN MOLECULES.,

a4=NIT

COMMCN /FRSTRM/

COMMON /ZNON/ZRDZ+MUDZ +RMDZ s AKNF s HNF s CFNF

SURE (F£) IN LBS/FT*x%x2

NUMBER (M) IN DIMENSIONLESS

ROGEN ATMOS, S=0XYGEN I10NS,
T=ELECTRCNS

U INF, RINF, UINF2,

R

RE »

Z2=NITROGEN MOLECULES,
6=NITROGEN I0ONS

LXE

TRANSPORT PROPERTIES OF AIR %%

IN BTU/LB=~DEG R

IT™,

IN LB87IN®%x2
IN DIMENSIONLESS

1EM,

NETA

COMMON/PROPL/PI(60) +RHOLO6C ) »TI (GO ) s AMW(E0) 4 C (20:+50),CC(5,60)

COMMGN/PROP2/

MUCSO) sRM(60), AKI(GD)

GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS

I=DXYGEN ATMOSGAS

GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS

10

20

30

40

50

&0

To

80

90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
3120
320
330
340
350

¢81



COMMON/PROPI/ZCP S(20+60) +HS(20+60C ) +CPTLED ) »HMIGD) GAS 360

COMMON /RH/ DUD yDFPHI s TD4RZB o PD+HDsHTOTAL GAS 370
COMMON /WALL Z/RVWPRW. THOLD oFLUX{20) » CWALL (20 )+ ECWALL(S) GAS 380
REAL Mu+MUDZ GAS 390
LOGICAL MCONV+GCONV,SCONV GAS 400
DATA GASC /49721477 GAS 410

GAS 420

GAS 430

DO 2C00 I=KODE+NETA GAS 44n

T = TI{I) * TD GAS 450

P = PI(1) GAS 460

GAS a7n

THE FOLLOWING PART OF PROGRAM USES PRESSURE IN AT MOSPHERES GAS A80
AND TEMBPERATURE IN DEG K GAS 490
GAS 500

ITER=0 GAS S1¢

GAS S20

*% TEMPERATURE = ENTHALPY ITERATION *=x GAS 530

. GAS 540
900 CONTINUE GAS S50
ITER=1 TER4+1 GAS S60
IF{TelL Te100e )} T=100, GAS 570
A1=11390e/T GAS 580
A2=1E990a/T GAS 590
A3=2270e /Y GAS 600
A4=3390e /T GAS 610
AS=228e /T GAS 620
A6=3264 /T GAS 630
A7=22800e/7 GAS 640
AB=426004/7 GAS 650
A9=27700e/T GAS 660
AlC=41500e /T GAS 670
A11=38600./7 GAS 680
AL2=SB200s /T GAS 690
A13=70e6/T GAS 700

£81



C
C

A14=188s9/7
A15=220000 /T
A16=47C00e /T
A17=67900e /T
A18=22700/(8e%T)
A19=TANH(A18)
A20=33906/(4e*T}h
AZ1=TANH{A20)
TT=1o/7T
TSQ=T¥%2
TSQRT=Th%, S5
A22=1124,2222/T
A23=T/59000.
A24=T/113200,
A2E=T/ 754000
AA1=EXP (=A1)
AA2=EXP{~A2)
AAZ=EXP{A3)
AAA=EXP(A4)
AAS=EXP(-AS5)
AAGSEXP(~AEL)
_AAT=EXP(-AT)
AAB=EXP(-~AB8)
AAS=EXP(-AD)
AA1D=EXP(~A10)
AALL=EXP(~A11)
AA12=EXP(=A12)
"AA13=EXP(-A13)
AAL4=EXP(~Al14)
AAL1S=EXP(-A1E)
AA16=EXP(~A16)
AA1T7T=EXP(~A17)
CALCULATING ENERGIES PER CCMPONENT OF GAS MIXTURE ABNVE
REFERENCE ENERGIESs
E1=2a54+{(2e *AAI*AT#AA2%A2 ) /(3042 ¥AAL4+AA2) )+ (A3/(AA3=10))

GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS

710
T20
T30
740
750
760
770
780
790
800
810
g2t
a3n
844
850
860
aro
880
890
900
=3 ¢
Qan
93n
94
950
960
970
9an
990
1000
1010
1020
10390
1040
1050

81



ET=2e54+ (A4/1{AAA=14}) GAS 1060
E3=1 4S5+ {{ 3, XAASRASH+AAGKASHSe X AATERATFAABRAB )/ (Sa +3 4 ¥AASHAAGH+SLRXAATHGAS 1070

1AAS8)Y) GAS 1080
E4=1eS5+({(10e% AAORASH+O4 XAAL1O0XALD0)/ (G410 %AA0+64,%AA10)) GAS 1090
ES=1a54+{{10s%AAL1RAL L4564 *AAL12%A12)/(4e+10a%AAL1L+6e%AAL2)) GAS 1100
EO=1a54((30%AAL13RAL134+50#AA1A5AL1 415 HAALISKALISH+AALGRAIGH+S5 XAALTEALT7IGAS 1110
1701 +3e%AA 1345 kAAT G4+ 5 #AAISHAALIG+S e ¥AALT) ) GAS 11120
E7T=1e5 GAS 1130

C TOTAL ENERGY PER COMPONENT OF GAS MIXTURE GAS 1140
EN1=E] GAS 1150
ENZ=ET GAS 1160
EN3=E34+29500e /T GAS 1170
ENA=ZE4456600e 77 GAS 1180
ENS=FS54+187500e /7T GAS 1190

" ENG6=E6+4225400e /T GAS 1200
EN7=E7 ~ GAS 1210

C LDGS OF PARTITION FUNCTICNS GAS 1220
TL1=ALOG(T)*3e 5 GAS 1230
TLZ2=ALOG(Y)I*2e & GAS 1240

EQI=TL1+4114+ALDG( (30 42a%xAA1I+AA2)/(1s-(10/7AA3))) GAS 1280
CQ2=TL 1~ 42=-ALOG{(1a-(1+0/AA4))) GAS 1260
EQI=TL 24, 5+ALOG((Sea+3e¢ #AASHAAGH+Se*AA7+AABY)) GAS 1270

EQA=TL24e3+ALDGL (444104 *AA94+64 kAALD)) GAS 1280
EQS=TL 249 S+ALOG((4a+10a%AAL]l 464 *AAL2)) GAS 1290
EQO=TL24a FH+ALOG{ (1043 ¥AALI+54 ¥AALA 454 %xAAL1S+AALG6+5a%AALTY) GAS 1300
EQ7=TL2~14+24 GAS 1310
C EQUILIBRIUM CONSTANS FCR CHEMICAL REACTICNS GAS 1320
EK1==59000s /T4 2+ *EQ3-EQ] GAS 1330
EK2=«113200e /T+2.%EQA=EQ2 GAS 1340
EK3==158000s /TH+EQS+EG7-~-EQ3 GAS 1350
EXG==168800e /T+EQG+EQT~EQ4 GAS 1380
CCC==T9e9 GAS 1370
IF(EK1 +LE«CCC) EK1=—7%e9 GAS 1380
IF(EKZ24LEeCCC) EK2=~TGe9 GAS 1390
IFCEK34LEeCCC) EK3I=~T%a 9’ . GAS 1400
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http:EQT=TL2-14.24

IF{EKA4eLELCCCY EXK4=~T7Ge 9

XK 1=EXP(EK1)
XK2=EXP{EK2)
XK I=EXP{EK3)
XK4=EXP{EKS)

XK34=¢ 2k XKI+¢ 8% XKSH

EE1={~0¢84( o884+ 8% {la+{({4e%P)/ XK1} ) IXH0D 451/ (2% (1484 %P/XKL))
EE2=(=Natd+ (e 16434 BaA%(1a+(4e¥P)/(XK2) I} *%¥0e51 /(2% (1e+44%P/XK2))

EFE3= 18/(( 1e4P/XK34)%%e5)

IF(EE1¢GTae19999)EEL
IF(EE2eGTae TO999)EER
IF(EE3 4G Tae99999)EE]
C COMPRESSIBILITY (Z) DIMENSIONLESS

it

Z= 1+ +EEIHEE2+42.%EE3
C COMPONENTY MOL FRACTIONS IN AIR

X1={e¢2-EE1}/Z
X2={ o B~EE2)}/2

X3={ Ze*EE1—~o 4%EE3) /2
X4={ 24 ¥EE2-106%EEJ) /L

X5 oH4*EEI/Z
X6= taB*EE3/2Z
X7= 2+%EE3,/2
IF{X1etF204a)
IF{XZeLE e Qo)
IF{X32elLEsDe)
IF{X3eLE D)
IF(XS5elLEsDa)
IF{X€EalLEsDs}
IF{XTetEeCe}
C ENERGY PER MOL OF

Xi=1aE=-20
X2=1eE~20
X3=1laE~-20
X4=leE~20
XE=1eE=20
X6=14E=20
X7T=1leE=20

INITIALLY UNDISSOCIATED AIR-DIMENSIONLESS
FR= ZR(X 1XEN1I+X2XENZ+X3%ENI+ XA XENG + XSEXENSE+X6XENGH+XTHENT)

« 19999
» 79999
. 90999

C ENTHALPY PER INITIAL MCOL OF AIR-DIMENSIONLESS

HR=ER+Z

C ENTHALPY PER INITYIAL MCL OF AIR (H)

HzHR*T#%4 12348

IN BTU/LSB

GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS

1410
1520
1430
1440
1450
14690
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1620
1630
1640
1650
1660
1570
1680
1690
1700
1710
1729
1730
1740
1750
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http:IF(X5.LE.Oe
http:IF(X4ALE.Oo
http:IF(X3.LE.Oo

IF(KODESLTeNETA) GO TO 1000
HRATO= ¢ S®{ H~HD ) /H
AHR = ABS( HRAYO )
IFCAHR eslLEo 020010) GO TO 999
IFCITER «GTeld) GO TO 203
TP=T
HP =HRA TO
T = T %(1e = HRATO )
IF(ITER olTe 15) GC TO 900
203 CONTINUE
TS=T%{ 1a0=HRATO)
IF(HRATOXHP oL Te0e0) TS=eS&(T+TP)
TP=T
T=Ts
HP=HRA TO
IF(ITER «LTe 15) GO TO 900
WRITE(G6+200) TeHoHT
200 FORMAT(39HITEMFERATURE-ENTHALPY DID NOT CONVERGE /3E1S46)

C CALL OUTPUT(4)
sTOP
999 CONTINUE
™ =7
c

1000 CONTINUE

C ENTROPY PER INITIAL MOL OF AIR-DIMENSIGCGNLESS
DI=EQL1+E1+ e
D2=EQ2+4ET+ 1o
D3-EQ3+E34+ 1.
DA=EQA+EA+ 1l
DS=EQS5+ES+ le
D6=EQGLH+EG+ 1a
D7=EQ7+ET+1,

C TOTAL ENTROPY
SR=Z#{X1%D 14+ X2¥D2+XI*D3 - X4%D4+XS5EDS+X6¥D6+XTHDT }=Z (X1 XALODGIX1) +
1X2xALOGIX2Y+ XI*ALOGI X3 I+ X4 BALOG( X4 ) ¢+ XS HALOGIXS) #X6XAL TG X6 ) #X T

GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS

1760
1770
1780
1790
1800
1810
1820
1830
1840
1850
1860
1870
1880
1890
1900
1910
1920
1930
1940
1950
1960
t9ro
1980
1990
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

{81



2ALOG (X7 ) )=Z%ALOG(P) GAS 2110

C ENTROPY PER INITIAL MOL COF AIR (S} IN BTU/LB-DEG R GAS 2120
S =S5R*0e 0686 GAS 2130
C SPECIFIC HEAT AT CONSTANT VOLUME=-CY GAS 2140
FF1=3s+2%AA14+AAZ2 GAS 2150
CVI=2eS+H( (20 XAALIXATRALFAAZKRAZEARV/FFLIY =(((2o*AALTXAL+AAZRAZY/FF1)%%GAS 2160
126 ¥4 ({ (s 25%A3%AZ Y /({2 ¥A19)/7(1e=A1T%A19) ) %%2)) GAS 2170
CV2=ZaS5+{l e 25%A8%A4) 7T ({2 %A21)/({1e ~A21%A21)) %%2)}) GAS 2180
CV3=1e54+( {30 ¥AASKASKASHAALKAGEXALGHS e KAATKATRAT +tAASKXABRAB)/{ Se +3e*AAGAS 2190
1SHAA E+Se*AATHAAB) ) ~{{(E3-145)%%2,) GAS 2200
CVG=1a54((10a%AAIRXAGRAGH+Eo *¥AALD XALI0%AL0 )/ (4410 kAAT+6,%AA10)) GAS 2210
1«{{EA~1e5)%%2,) g GAS 2220
CVS=1e5+((102%AAL 1 %A1 1 %A1 #6o¥AAL2%A12%A12)/( 80 +10%AAL1+6e%AAL2))IGAS 2230
1=((ES~145) %%2e } GAS 2240

CVE=1454(({ 3axAAITNAL IRAL 4S54 *%AAILKALGRA 445, X AAISHRALISRHALS+AALGXALGE6GAS 2250
1HXAIE+Se*AALT*AL TR E2) /(143 %AA]1 3454 ¥AAL 445 *¥AALS+AALG+5e%AALT) )L (GAS 2260

PEG—1a5)%% 24 ) GAS 2270
CVT=145 GAS 22820
C LOGARITHMIC DERIVATIVES GAS 2290
CRI=STY*(SP0C0e /TH+2e%EI~EL} GAS 2309
CK2=TTk(11 32004 /T+2s ¥EA~ET) GAS 2310
CKI=TTH{(L1580N0e /THESHET=EJ) GAS 2320
CKA=TT*{( 1588004 /TH+EGH+ET~E4) GAS 2330
CK34=4 2%CK 3+ ¢ 8%CK4 GAS 2340
PK1= CKI1+TT GAS 2350
PK2= CK2+4TT GAS 2360
PK3= CK3+TT GAS 2370
PKO4= CKG44+TT GAS 2380
PK34=09 2%PK3I+0e B%PKS GAS 2390
C PARTIAL DERIVATIVES REQUIRED FOR CP GAS 2400
DEIP=(PKIXEELX (14 FEE1 )% (22~EE1 )}/ (¢ B*(45-EE1)) GAS 2410
DE2P=(PK2AEE 2% ( ] ¢ 24EF2)% (4 B~EE2) /(% {448-EE2)) GAS 2420
DEIP =g S*¥PK IGHEE 3K (1o ~EE3¥,%2) GAS 2430
DZXIP==DEL1P GAS 24490
DZX2P==DE2P GAS 2450
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DZIXIP=24%DELP =~ o 4%DE3P GAS

DZX4P =24 %DE2P-1 4 6%DE3AP GAS
DZXSP=¢ 4%DE3P GAS

DZX6P =1+ 6%DE 3P GAS
DZX7TP=2+% DE3P GAS

C EQUATION FOR SPECIFIC HEAT AT CONSTANT PRESSURE GAS
CPFaZ& (X1¥{CVI+1a)+X22(CV2414 )1+ X3Rk(CVI+1a)+XAa%{CVAH]14)+XSk{CVE+Lle GAS

1)+ X6k (CVO+1e I+ X7 {CVTH1a)) GAS

CPR = CPF + T*(OZXIPX{EN1414)4DZXN2P*(ENZ2+ 14 )+DZX3IPX(EGAS

INI+1 e )+DZXAPR({ENA+ 10 )4+ DZXSPR(ENS+14 J+DZXOPX(ENG+10 P +DZXTP*(ENT+ 14 )JGAS

4) GAS

CPF = CPR GAS

C SPECIFIC HEAT AT CUONSTANT PRESSURE {(CP) IN BTU/LB-DEG R GAS
CP=CPR*, 0686 GAS

CPF = CPF*%,0686 GAS

C DENSITY (DEN) IN (LB/FT*%%3 GAS
DEN=Z22,03703%P/(Z%T) GAS

C *% TRANSPORT PROPERTIESk*® GAS
C COLLISION CROSS SECTIONS GAS
S2=31led4¥%1aE~16%(1e+(112/T)) ' GAS
SI2=(S2/3e 141592T)%%,5 GAS
S14=(1611676~(e01450% ALOG({le—(1la=A23}) **%45))-(e23654% ALOG GAS
1{1a=(1e~A24) %2351 )={e11582% ALOG(le~{1s—A25)%%e5)))%] 0E-8 GAS
S4=3e1415927%(SI4)%*2 GAS
S124=(SI2+514) /2 GAS
S2453e1415927%{SI24) %x%2 GAS
S4T7=204 40%160E=14/TEQRT GAS
FI=ALOG( 14 042% 1o 0E~TRTSQX(PRXT ) *%k{(=g5}) GAS
S57T=B055644%]1,DE~-6% (1, /TSQ)*F] GAS
SIPA=(1e11E6TE-(o0149%ALOG(1a={1a~2e*223)%%e5))1={e23654%AL0G{1c~{1aGAS
1-2s%A24)%%45))~(511582% ALOG(le=(1e«24%A25)%%eS))}*1,0E-8 GAS
SP4=34 1459272 (SIP& )% %2 GAS
SIP24=(SI12+5]IPAa) /2. GAS

SP 2423145927 SIP24% %2 GAS

C COMPONENT MOL FRACTIONS FOR INDEPENDENT REACTIONS . GAS

2460
2470
2480
2490
2500
2510
2520
2530
2540
2550
25690
2570
2580
2590
2600
2610
2620
2630
2640
25650
2660
2670
26890
2690
2700
2710
2720
2730
2740
2750
2760
2770
2780
2790
2800
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Fil=1.4+EEL GAS 2810

F2=142+EE2 GAS 2820
F3=1e+EE3 GAS 2830
X10D={4+2-EE1 } /F1 GAS 28B40
X20D =4 8/F1 GAS 2850
X30D =2« *%EE1/F1 GAS 2860
X2ND={+ B~EE2)/F2 GAS 2870
X3ND=e 4/F2 GAS 2880
X4aND =2+ %EE2/F2 GAS 2890
X4I=(1e=EEI}AF I GAS 2990
X6 I=EE3/F3 GAS 2910
C MEAN FREE PATH RATIOS GAS 2920
5S51=824/52 GAS 2930
552=54/52 GAS 2940
€53=L7/52 GAS 2950
Ssa=£47/52 GAS 2960
FPRIOGD=X10D+X20D%4 9660618 +X30D%S5]1%48164966 GAS 2970
FP20D=X10D%1,032796+X20D+X30D*551%, 8528029 GAS 2980
FP30D=X10D¥%14154701%SS1+X2ND*551%121281524+X300D0%552 GAS 2990
FP2NO=X2ND4+XA4ND*SS1% 4 8164966+ X3IND%*5S1%, 8528029 GAS 3000
FPAND=X2ND*SS1%14 128152+ X4aND*S52%s966091 8+ X3IND*352 GAS 3010
FPAND=XZ2ND%SS1 %14 1S4701+X4NDASS2+XINDRSS52%1 4032796 GAS 3020
FP4I=X4l*5S2+X61*552 GAS 303C
FPOI=XAaI*SS2¢+X61%*583 GAS 3040
FP7I=X4I%SS4%1441 4186+ X6I¥%SS3%14414186+X61%553 GAS 3050
C VISCOSTITES OF THE COMPONENTS FOR THE DIFFERENT REACT IONS GAS 3060
VIOD=14054093%xX10D*14 /FP10D GAS 3070
V20D =e $SA60133%X20D%1 ¢ /FP20QD GAS 30890
V30D =e 7453556 X30D %Y« /FP30D GAS 3090
VE2ND =24 S860133% X2ND%1 o /FP2ND GAS 3100
VIND =¢ 7453 S6XXIND*1 e #/FP3IND GAS 3110
VAND = 63721 6 TR X4ND¥1 o /FPAND GAS 3120
Val=ebS7216T%kXAIX14/FPAT GAS 3130
VEI=e 69721 6T%X61% 14 /FP51] GAS 3140
V7I=e436T848%]1, OE-2%X61%1e /FPTL GAS 2150
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VROD =V 10D+ Vv20D+ V30D
VRND =V 2ND 4+ VIND+ V4 ND
VRI=ZVNAI+VEI+VTI
FA=EE2/{e 2~EE1+EE2)
FE=2 ¢k EEI /(e B~EE2424 *EE3 )
VR=VRAD+ {FaX {VRND-VROD) I +(FS&{VRI-VRND) )

€ TOTAL VISCOSITY (V) IN LB/FT=-SEC
V=VR*¢ 3841 838k 1 0E-6kTSART /(1o +A22)

C CONDUCTIVITY DUE TO MOLECULAR COLLISIONS FOR DIFFERENT REACT IONS
Gl=e 2105263%CV1444736842
G2=e 2105263%CV2444736842
G3=e 2108263%CVI42 47356842
GA=4 21N5363%CVa+, 4736842
G54 Z175363%CVE64+, 4736842
GE=e 21 0S3E3RCVT+e 4736842
XKNOD=(VIODXe9%Gl I+ (V20D%*1 4 028571 2G2 )+ {(VIDD*] +B%G3)
XKNND=(V2ND%1,028571%G2) +({ VIND*148%G3)4+{VAND%X24 057143%G4)
XKNI={V4I%24 0571 43%GA)I+(V61#2,05T7143 %G5 )+ (V71%52416,0%G5)
XKN=XKNOD+ {F A% { XK MND=XKNGD ) J+ {FSRk{XKNI=XKNND) )

C CONDUCTIVITY DUE TO CHECMICAL REACTIGNS FOR THE DIFFERENT REACTIONS
XKROD‘(u178637t(¢*PK1)**2)/((5P24/(1-732051*52’)*(((X300+20*KIOD}
1% 2) 7{ X30D*¥X100 I+ {4 2X20D/X3ND I I+{X20D/(1e414214%X10D)))

GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS

XKRND=(e1 78637 (TAPK2 ) %%2) F{(SP24/(1732051%52) 1k { ({ XAND+24 %X 2NDIGAS

152 ) /(¢ XANDARXZND ) P+ {XIND/X2ND) P +(SPAE24 Rk XIND/(S2%XAND) ))

GAS

XKRI={( o1 7BRBE3TR({ THPKIA) Rk%2)/{({oS¥SPA/S2 I 4+{ e 4347 8B26%1 40E-2%S47/52) )GAS

1R { {XAT +XEX ) x%2) /( X4T%X61))
XKOD =XKNOD+ XKROD
XK ND =X KNND+XKRND
XKI=XKNI+XKR1
XKR=XKOD+{Fa%{ XKND=XKOD) )¢ {(FS* [ XKI=-XKND) )
C TOTAL THERMAL CONDUCTIVITY (XK} IN BTU/FT-SEC-DEG R
XK=XKR*({e 3206822%1 4 0E~6%TSART)I/(1e+A22))
C PRANDTL NUMBER (PR) DIMENSIONLESS
PRN = 421062€3 * CPR * VR / XKR
IF{I+EQe 1) PRW = PRN

GAS:
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS

3160
3170
3180
3190
3200
3210
3220
3230
3240
3259
3260
3270
3280
3290
33an
2310
2320
3330
3349
3350
3360
3370
3380
3390
3400
3410
3420
3430
345490
3450
3460
3470
3a80
3490
3500
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FORM REQUIRED 8Y CALL STATEMENY

c
c

c %%  RHO UNITS SLUGS/F T#%3

c %% MU UNITS LBM/FT=SEC

c %% RM UNITS LBF%%2 SEC®%3/FT*#6
c

MO (I) = V
RHO(I)=DEN/324174
RM{I)=RHO(E ) *MU(I ) /32,174
AK(TI)}) = XK
CPY(I) = CPF
C *%k% CALCULATE THE MEAN MOLECULAR WTe %%k
REAL = 25050e%5 ®Z / SR
AMW(IL)= GASC / REAL
C MASS FRACTIONS !

C{i.1) = X1 *32¢00/7aMu(1)
C{(2,1) = X2 *¥2B8e 00 /AM¥(T)
C{3+1) = X3 *1 60 00 /AMN( 1Y
Cl{as,I} = Xa 1l 4 O0C/AMU(TI)
C{6,1} = X6 %] 40 00/7AMWCT)
C{s.,1I) = X5 ®l 6 00 /AMB(Y)
CLTs1) = X7 Z{1B20« xAMW(]I))

C SPECIES ENTHALPY PER INITIAL MCLE OF AIR IN BTU/LB OF I

HE(1+1) = (ZRX1*¥ENL/C(1I) +Z)%Tka12348
HS{24,1) = (ZxX2¥EN2/C{2e1) +Z)*Tke12348
HS{31) = {ZxX3IXENZ/C{3+1) +Z)%The12348
HS(Aa31) = (Z*XA¥ENA/C({4 1) ¢Z)%Tkga12348
HS(SeT ) = (ZRXSRkENS/CIS+I) +Z)%T*a12348
HS{6:1) = (ZxXEXENG/C(6E+1) +Z)%Tke 12348
HS{T7 oI ) = (ZXEXTRENT/CLT o1} +7)%T¥y 12348

2000 CONTINUE
MUDZ= MUINETA)
RDZ= RHO{NETA)
RMDZ= RMINETA)

GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS

-GAS

GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS

3510
3520
3530
3540
3550
3560
3570
3580
3590
3600
3610
3620
3630
3640
38650
3660
3670
3680
3690
3r7co
3710
3720
3730
3740
arse
3760
3rvo
3780
3790
3800
3810
3s2n
3830
38490
3850
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C
DO 4C I=KODE.NETA

C

C F¥% NONDIMENSIONALIZE

C
RHO(I) = RHO(I)/RD2Z
MULE)Y = MULIY/MUDZ
RMLTI) =RM(1)/RMDZ
AKT{T) = AK{I)®AKNF
CPT(I) = CPT(I)XCPNF

C NONDIMENSIONAL SPECIES ENTHALPY
HS{1,1} = HS(1+1)%HNF
HS5{2s1) = HS{241) ®*HNF
HS{3+1) = HS(3+1) %HNF
HS(4+1) = HS{4,1) kHNF
HS{5+1) = HS{5,41)%HNF
HS(6+s1) = HS{6: 1) RHNF
HS{T+T) = HS({7sl)%HNF

C

C

49 CONT INUE
100 FORMAT(IXy9E1446)

RE TURN
END

RHO

AND MU

*%

GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS
GAS

3860
3870
3880
3890
3900
3910
3920
3930
3940
3950
3960
3970
3980
3990
4000
4010
4020
4030
4040
4050
4060
4070
4080
4090
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SUBROUTINE FG2 (YsRHOA,TN,K)

Cmmwr=———=«0ORDER OF SPECIES IS0

C co C ca
c 1 2 3
c HCN H2 H
C 8 9 10
C O+ Ew- C2H2
C 15 16 17

COMMON/FOG/ATL

DIMENSION

NP> 0m- 00D W=

«43S2SSTE
» S000NNOE
» 11 21738BE
o 2B66064E
s SONNUGNOE
e E63241 4E
e 4368T782E
¢« 5000CO0E
e 12GS779GE
e A3 €7655€E
¢« SCCOO0NOE
+ 8303098E

1 0«3E30E 00,
2 0027E3E 01,
3 0ea2028E 01,

4 0a7Q30E

02
00,
06y
024
00,
0S,
02,
00,
06
02,
00,
0S »

Q01816E 01, Qe 1727E 01,

B +C

Y{19),T1(S5)
DIMENSTION RHO(2)+GK(16+2),PLI164+10),
DATA R/B2405/

DATA RATES/

+5000000E
+ 1 761263E
oA2T27T47E
«5000000E
«1675716E
0 4357476E
eSO0COQ0OE
«5887652E
2437491 2€E
2 S000000E
o 1333528E
+436S782E

C3H

00«
0S5
02
00«
06,
02,
GO
0%,
N2,
00
06«
02

C+
S

N
12
C4H
19

T -

+35728B48E
2 4835429E

-2 8200N00E

s 1575073E
«4684016E
«S0C0000E
s 704 5053€E
«4588918F
0« S000000€E
e 77T9988B0FE
24369782€E
«SO0G0000E

DIMENSION E1{95)¢E2{ 95} +E3(34)+E(16+7+2)
EQUIVALENCE {(E{(1le1s1)sE1(1})
DATA Et/

0e 1642E

0a21675E 01+ Qa2257E 014 0w3458E

Ce3053E Ol

Ce7B10E OQs 0e2497E
00— Cea7HRIE~033-Ds3ISTIE~02 410 BO59E-03,

05,
02,
00«
06,
02,
0Dy
05,
02,
N0,
0S,
02
00,

01,
1+3 B
1.

C2H

N+
13

RATES(3,15),.EQK(16)

« 268326G1E

~e 1500000E

«5193211E
e 28T0602E

-~ 1000000E

e 6038617E
e« 4369782F
-+ 1000CO0E
»3561144E
e« 4368724E
«S50000Q00E
e T296662EF

0e2321E 01
002094E D1
Ns2132E 01,
~0e2810E-03,

S De2250E=03¢=0¢372CE=03 900601 T7TE=-D39-DNe29S8E-0243~0e3852E-02,
E6=042155E=02:3=041370E=02 900403 2E-024~0e1175E-03,

T-002840E~-02,-041406E-02+ 0.5153E~-06,

0s 1634E-05,

0e6404E-Q4,
0o 1 344E~06Hy

02
Q1.
05,
02
01,
0S5,
02,
01,
0Ss
Q2
0O,
oss

FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FGQ2
FG2
FG2

io

20

30

40

50

60

70

80

90
100
110
120
130
140
180
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350

6T



B=0aG28AE=07¢~0e 900AE=0T o Do lBBAE~DE+=0e6914E~0T7s 001359E=05,
O 0e1SQRIE=05, 08 T206E~06s Dad86E1E-Q06s 0o 1731 E~05+~04BAG0E-07,
A~QaSO11E~07e Coll138E=05¢ 0aS73SE-06+-0e9618E~10:—-02783E-09,
1 048GBOE~11y 0e2914F=10¢ Gal275FE—~10e~0¢3765E~10s De3I996E=10,
2=00 251 BE~093= 0224 F2E~09+~0a 106TE~0T ¢=0e5622E~10 e ~0,2858E-09,
3 0e2EBSA4E~10s (0e65619E-11v=0s2020E=-0S 4 ~N9B8BISE~1Cs 06542TE~148,
4 DealBIT7E=134=0e GTEBOE~154-002112E~18+-De5056E=159 02271E~14,
G=0a2GF1E~14, Del6HBE-13, 0s1806E~139 Ns5735E~14y 0+ 2436E~14,
6 Del621E~13,~0s21G7E~18,~0e2271E~15, 0o 1335E=-13,s 0eA609E~14,
7 0e3485E 05« 001325E 05+ Qell32E 069 DeS51FCE 0SS+ 0e¢158B0E 06,
B D21686E (B4 0a940CFE 05, 0SBS0E 05s De6525E 0S5+ 045766E 05
G 0a1280F 06y, D8906E {5, 0e7Z297E 08,s 01306E 06, 0¢8B068E 05/
EQUI VALENCE (E(16:641)+E2(1))

DATA E2/

1 Be7220E U0S5e De7S00E~C1l +~0eBI61E 01, De42T74E 01, D,2626E D1,
2=021181E 02,~-0e1238E 024 D243698E Ol 0s1912E D1 +=056335E 0l
De36T1IE OQls 043773E Ols 0el1034E Ol,y 04937BE 01.~0612186E 02,
CeBA461E 014 Qel1E2F 02400910 0E=Q1 +=0+1852E 01+ 0+1765E 01,
DedSOSE N1y Na2904E 01 s CGo22561E 0ls 0+ 1414FE 01, 043753E 01,
Qe2€S3E N1y 042452E Cls 00o0l1323E G1:~0e1596F 02, 0+2560E 0D
Na2B8955 Gl: 0a3483E Q0le 042320FE DCs 0a2624F=039 Ne1831E-D2,
BeDgl28ME=D2,4=004N18E=02,4,=043576F~03,s 0o38B08E~03:=0B027E~-03,
GmQ el 486~ 023 ~NgP 1 BTE=QN2 3=0e¢2382E=02+~0a5403E~03s DelB840E~-N1,
A Do lSBIE~03¢~0e3234E-034-0e¢4981F-02+-0s8811E-03+-0s8699E-09,
1-0a5SBS50E«N6y Do03B16E=0N6Gs Cel254E-05, 0e6591IE-07+s~De1210CE-06,
2 0818697 =0868: Nel7TEBE~(0D s D0,6688BE=06, CabI30E~06+ 0+21688E~06,
3=0e569QE~059~0o 3FTOE—CT s Ca8932E-0T7+s Ce2072E«05y Qe 4DI0E=QC,
4=0425441FE=11y Oe7641E=104s=063536E=-10 4=Co1S92E~Q03 4=De315S9E~11+
5 Del070FE=103=0e1315E~103=0e2902E~09¢=0e82T7E=-10+-0+8428E~-10,
E~CelB8SGE=10Qy (Qe65B8B41E=09, Q0aZ2542E=119s=0e2579E~11,4,-0D+3588E~09,
T=DebBLL40E=10s Qe2100E~15¢=003417E=14, Del10N3E~14, 0,7013E~-14,
£ Oel2B13E-16,~0a3032E-15¢ 0e3831E=15, 0e1768BE=13, 0.3596E~14,
9 Qe3EIME~18, 045931E=15:+=02B42E=13, 0e292DE-17+ 0+42381FE-16/
EQUIVALENCE (E(15+5+2)sE3(1))

DATA E3/

~N* e W

FG2
Fa2
G2
FG2
FG2
FG2
FGe2
FG2
FG2
G2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
rFG2
FG2
FG2
FG2
FG2

360
37o
380
390
400
410
420
430
440
450
460
470
480
490
s00
S1¢
520
530
540
550
560
s7C
s80
590
600
610
62¢
630
640
6550
660
670
680
690
700

S61



10

12

18
20

Gl

6
7

Qe2234E~13,
Qe S196E {5,
DeEE2SE 0S5,
0e1306E 06,
Ce4450E
-0e6819E
Del266E
RHOA=
RHOB =

Qo 3694E~14s 0s4160E

0+1580E
Oe ST7TH66E
Os BO68BE

01+=041348E
01,-0s42220E
02.,~-0s1421E
DENSITY {(LBM/FTY3)
+ 031 085%xRHOA

RHO{ 1) =e 51 53 £2%RHOB
RHO( 2)=RHO(1 )*RHO( 1)

X=0»

DO &6 1=1, 19

X=X+v{1l)

06+ D4 1686E
05+ Cel1289E
C5s 0e7220E
02 ¢+~0e 1538E
01y Oel504E
02 +~0s1881E

IF(ABSTU{(TN=T)I/TNI=eC0C1320,420,10

T=TN

Ti{1) = 7
DOL12M=2,4
Ti{M) =
TI(5) =
RT = R%&T
L=}

TI€(1)xT1{M=1)
ALOGI(TY1(1})

IF(T1I(1)eGTe€EO00Ce I L=2

0O 12 I=1. 1

€

0S4+ 001329E
06Ges De8731E
06,s 0eB906E
0S5, 0e2066E
02+~0e1000E
01, Qa7660E
01l. 041435E

05,
0S,
05,
01,
02,
0l
&2/

Gell132E 06,
Qo 6525E 0S5,
Qe 729TE DS,
OCe1126E 02
QeSE5I4E Ol
O0¢1101E 03,

GK{T 4 1)=TxXRATES(2+11% EXPIRATES{I+I}-RATES(3,1)/T7}

aK(I.2)

EQK{1) =
QK(1+2) =

IF{1eGTo2)OK(I +2) =

CONT INUE
PL( 1 1)
IND = 0
PL( 1 2)
PL( j &)

1]

it

aK( 1
¢] 44 1s
axt 1»

1)Y%RHO(1 ) *¥(

121%

1I%RHOC1)*Y( 1)
2)%RHOC1IEY( 14)

= E(I 41 el )% (1la~TI{(S)I=E(I42+L)%T1{1)/2e=-E{T934LI%T1{2})/64
X=E(] 244} *T1I{3)/126=E{1+5+LI8TIUA)/20eF+E{1+6.L)/TIL1)-E(L,7,L)
EXP{=~QK{1+2))
aK{I.1)7 EQK(1)})
RT*QK{1,2)

FG2
FG2
FG2
FGg2
FG2
FG2
FG2
FG2
FG2
FG2

G2

FG2
FG2
FG2
FG2
FG2
FG2
FG2
Fa2
FG2
FG2
FG2
G2
FG2
FGg2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2

710
720
730
740
750
760
770
780
790
800
810
820
830
840
850
860
870
880
890
900
910
920
930
940
950
960
970
980
990

1000

1010

1020

10 30

1040

1050

961



PL{
PL(
PL L
PL{
pL
pL{
PL{
PL
(=TI {
PL (
=] I {
PL{
PL.{
PL(
P
PL{
PL(
PL(
eL
PLC
pPL(
=TI |
P
PL¢{
PL(
P
PLI
oL
PL.¢
eL(
PL{
PL(
PL ¢
PL(
PL(

29
29
2
2
3
3.
3
3.
L
Q.
L 3
4,
S»
S

S»
S
G
G

6,
G
T
T
T
T
e
8
S
8
8.
8o
=X
9,

)
1)
2}
6)
7)
1)
6)
5)
199
1)
6)
S)
19)
1)
5)
7)
5)
1)
1)
6)
T)
S)
10)
1)
6)
7)
S)
10)
1)
6)
7)
5)
10)
L
6)

[T O (O I SO OO L LU (AU € O O VA O O T T N R 1O O A S TN T T ST T SO LS O LI

QK{ 1+
aK{ 2
[¢].4 4 2
o] 4 24
ax{ 2
QaK({ 3
2o ¥GK{

ard 3,
QK ( 3.
aK( L
20 *¥QKI(

ax( 4.,
ar{ ‘4.
aK( S
aK{ Sa
QK ({ Ss
o] 4 S
aK{ S
aK({ G
ax{ 6y
QK( 6
ax{ 6y
aK{ Gy
Qx( Ts
ax( T
aK{ 7o
¢1. 44 T
QK { Ts
aK{ 8
aK( 8,
aK{ 8
axK( Be
e] 41 8B
QK { * I
aK{ Gy

3y

Gy

2)2RHO(1) %Y (

1)%RHO(1)*Y(
1)%RHOC Y b *Y{
2IRRHC (1 ) &Y
2)%RHO(L Y &Y (
1) HRHOC(1 %X

1)XRHOCT Y %RY(
2)¥xRHO(2 )Y
13%xRHO( 1) *X

1I*RHO( 1) %Y {(
2)eRHO(2) %Y (
1 )XRHOC b %X
2)RRHOC2) %Y (
2)XRHC(2)*Y(
1)%RHOC1) &Y (
2)%RHOC2)*Y(
1)%RHOC1 I *X
2)&RHOC2) %Y (
2)RRHOC2 ) *Y(
1)RRHOCT Y %Y (
2)RRHOC2) *Y(
1)%RHOC1 Y %X
2)HRHOC2) %Y (
2)%RHO{2) *Y(
1)%RHOC1I*Y(
2)BRHO(2 ) %Y (
1)%RHO( 1 ) =X
2)XRHOL(2) %Y (
2)xRHO(2) %Y (
1ISRHO( 1) %x¥{
2)HRHOL2) %Y (
1 )XRHOC1 I %X
2)*RHOL(2)#Y(

Ty
10)
6)
9)
3)

11}
12)*xv{

)
10} *v({

16)%X
15) %X
14)

15 *Y(

16} %X
13¥%X
12)

13) %y (

12) %X
21*X
7)

21%¥(

10 ) %X
7YX
B)

7yev(

10} =X

2V*RHO(2)*Y{ 12)xX

12)

Z)*RHO(2) *Y( 10} %X

10%

16)

16)

12)

10)

FG2
FG2
FG2
FG2
FG2
FG2
FG2
F&2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
G2
FG2
FG2
FG2
FG2
FG2
FGc2
FG2
FGg2
FG2
FGe2
FG2
FG2
FG2
FG2
FG2

1060
1070
1080
1090
1100
1110
1120
1130
1150
1150
1160
1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400

L61



PL(
PLL
PLA{
PL(
PL{
PL(
PL(
PL(
oL
PL{
PL(
PL (
P
PL(
=TI |
PL.{
PL I
PL(
oL (
PL(
PL{
PL(
PL(
PL{
PL ¢
PL ¢
PL(
PLY(
PL(
PL(
PL.{
PL €
PL(
PLA
PL(

9
G
9
10,
10
10,
10,
10,
11,
11,
11,
11,
) § O
12,
124
124
12,
12,
13,
13,
13,
13,
14,
| ¥
14,
14,
14,
1S,
15,
15,
15,
15,
16,
16
16

7)
5)
10}
1)
6)
7)
s)
100
t)
5)
7)
5)
10)
1)
6)
7)
5)
19)
1)
6)
S)
10)
1)
6}
T)
3)
10}
1)
6)
7
5)
1)
1)
6)
7)

LI VI I B O

How oo no oo w8

T T SO L | O (SO IS LI | I

aK{
aKt
ax{
axt
axK(
ar{
aK{
axd{
Qaxd
ak(
oK
ax(
*1 4
QK¢
oK (
aK(
+14
axe
aK(

Se
2 1)
Se
10,
10,
10,
104
10,
11,
11,
11,
11,
11,
12
12
12
12
17«
13,

2e*0OK{(

aK(
aK{
aK(
ax{
QK
aKt
ax{
aK(
QaK(
aK(
el ¢ |
aKk{
aK{
QK (
aK{

13,
13
14,
14,
14,
14,
14,
1S,
1S
15,
15,
15
16,
16,
16,

13,

2)xRHOC(2)%Y{ 3)%X
1 )SRHOC1)I%Y( &)
2¥%XRHO(2) *Y( 3)xvy( 10)
1DXRHOCT ) %X
2)*¥RHCLI2) %Y 10)%X
Z2I%RRHEL(2)*Y( 6)*X
1 h*RHQCELIRY L 17)
2¥%kRHO(2¥xY( B)%xY{ 10)
1)xRHO(1) *X
2)%RHC(2)*Yl 14)%X
215%RHOL2)Y %YL 2)%X
13%RHOC01 )%y 1)
2)I*RHOC2) %Y 2)%Y({ 14)
1 3*RHO(1 ) %X
2¥3%RHO(2) *Y{ 21%X
2)*RrH0(2)xY{ 3)yxx
1)RHO(1)*xY{ 4)
2IXRHO(2) %Yt 3)%xY{ 2}
1YRRHO(1 ) %X
PIRRHC L2 2Y(  2)*xX
1)%RHC{1)*xY¥({ 3)
2I%RRHOL2) %YL 21%yY( 2)
1)%RH0C1 ) *X
2I*RHOE2Y*Y{ 16) %X
2)*RHOL2) *x¥( S5)&X
1 )2RHOC1 ) %Y ( 2)
2)3%xRHO{2)*¥Y( S)%vy{ 16)
1) *RHOCL ) %X
2¥*RHOL2Y %Y 2)%X
2IXRHOC(2)Y kY G&)%X
1)*RHOC1)YxY(1R8)
2H*RHOL2)%xY{ &)*x¥YLl 2)
1)%RHOC1 ) *X
2)IERHOL(2)ARY ([ 2)%X
2¥1%RHO(2)%v(18)*X

FG2
FG2
FG2
FG2
FG2
FG2
FG2
Fg2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG%
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2

1410
1420
1430
1440
1450
1460
1476
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1620
1630
1640
1650
1660

1670

1680
1690
1700
1710
1720
1730
1740
1750

861



31

32

33

34

35

36

PLL 16, 5) = QK{ 16, 1)*RHO(L }&Y{(19) FG2
PLIL 16+ 10) = QK( 16, 2¥=RHD(2)xY{18)%xY{ 2) G2
GO TO (31432433036 +35:36237 9383924098048 2443+64494548634T348,49)KFG2
AA = pPL{ 11, 10) - PLC 11, 5) FG2
AlX = AA ~PL{! 1)~ PLEL1,1) FGg2
GG TO 90 FG2
aB= PL( Ts 6)+ PL( Ts 1004 PLL 11, &)+ PLL 11, 10) EG2
SBE=BB+ PL{ 12, 7)+ PLE 12+ 10)+24%PLL 13s 6)4+2¢%PLL 13, 10} FG2
AA= PL( Te 5)+ PLE 11, S)+ PLL 12, S)426%PL( 13, 5) FG2
AAZAA+ PLE 14, 1C) + PLE1Ss 5) + PL(16s S5) FG2
B8=883+ PLl 14, 1)+ PLL 14, 5) + PLE15,10) + PLE15, 7) FG2
Ba=88+ PLl 16+30) + PLI16, 7)) FG2
All = AA - BB FG2
GO YO 9C FG2
AA= PLE 9 S+ PLL 12+ 5S)+ FLL 13, 19) FG2
Bh= PL Ze 10)4+ PLI 124 10)+4 PLE 13, 5) FG2
AA = AA - BB FG2
ATl = AA - PL( 2 6) - PL{ G 6) - ALL 12, 6) FG2
- PL{ 13, 1) FG2
GO TO 90 FG2
AA= PL{ 12+ 10) FG2
BB = PLL 12, 5) FG2
AA = AA -~ BB FG2
All = AA - PL 12, 1) FG2
60 TO 90 FG2
a8= PL{ 14+ 10) FG2
AA = PLL 14, 5) ' G2
AA = AA - B8 FG2
AIY = AA « PL{ 14, 6) FG2
GO TO 90 FG2
AA= PL( 9 10)+ PLE 10, S) + FLL 15, 5) FG2
BA= PL( 9s S)+ PL( 1€, 10) + PL{ 15, 10} 4 PL{ 15, 6) FG2
AA = AA - BB FG2
ATE = AA - PL{ 2 1) - PL{ Ge 1) - ALL 10, 6) FG2
GO TO S¢ FG2

1760
1770
1780
1790
1800
18106
1820
1830
1840
1850
1860
1870
1880
1890
1900
1210
1920
1930
1940
1950
1960
1970
1980
1990
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

66T


http:PL(15.10

37

38

39

40

41

42

AA= P T
ag= PL( T
AA =

ATT =

GO TO 90

AA = PL( 8
BB= PL{ Be
AA =

Al =

GO TO 90

AA= PL{ 4y
BB= PLYL 4.,
AA =

At =

GO TO 99

BA= Pt 29
BB =B 8+ PL{

AA=Zo%PL ( 4.
B8 =B84+ PL(

Al?Y =

GO YO 90

AA= PL( 3.
ag = PL{ 3.
AA =

ALY =

GO TOQ 90

BB = PL( le
AA=2¢%PL( 3
BB =68+ PLt

AT 1 =

GO TO SO

AA= PL( [P
BRB= PLL( 6y
AA =

AITl" =

10)+

S5)+
AA -
AA

PLL
B8

10}

5)
AA ~
AA

BB

10)

5)
AA -
AA

8B

2) 2. %PLY{
Be 10)+
5)+
10, 10}
AA - BB

PL(

107

5}
AA -
AA

BB

2Y+ 2+ *PL{
S+ PLC
6 5)+
AA -~ 88

5)

10}
AA -
AA

B8

PL(

By
B

- P

- PL{

- PL(
4

PL{(
B

- PL(
Iy

G
pL(

- PL(

5)

10)
1+ 6) - PL(
B. 1)
2 7y - PL{

6)4+2e *¥PL I - 3
b Y T+ PL{

5)+ PLL 9,

3, 1)

6) 42+ %PL{ 3
10)+ PL( T
Ts T)+ PL

G 6)

7o 1 B )

G 1)

1)+
9, 10)+
5)+

10)+
5)

Te 10)

PLC By

8,

713

PLC 10,

PLL 10,

PL( Oy

5)

1)

6)

7)Y

FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FGz2
FG2
FG2
FG2
FG2
FG2
FG2
FGe
FG2
FG2
FG?2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
G2

2110
2120
2130
2140
2150
2160
2170
2180
2190
2200
2210
2220
2230
2240
2250
2260
2270
2280
2290
2300
2310
2320
2330
2349
2350
2360
2370
2380
2390
2400
2410
2420
2430
2440
2450

002



a4

45

&6

47

48

49

a0

GO TO
AA=
BB =
AA
ALl
GO TO
AA=
BR=
AA
ATI
GO TO
AA=
8=
AA
All
GO TO
AA
ATl
GO TO
AA
ALl
GO 1O
AA
All
PLC
PL L
PL{
PL(
PL{

o O |
PL
PL{
PL(
PL(

=g I |

90
PL
PL

S0
PL
PL

90
PL
PL

o

20

-
=

S0

1s
) Y
2
29
3,
3.
4.
4,
S,
S

{ Se 10+ PLL 11+ S)
{ Se 5)+4 PL 11, 10)
= AA - BB
= AA - PL{ 1 T) -
{ Se 5)
( Se 102
= AA - BB
= AA - pLl S. 6)
{ 5¢ 5)e PLE 64 5)+ PL{
{ Se 10)4+ PLE 6, 1004+ PLA
= AA - BB
= AA -PLl S.s 7T) -
= PLL{ 10+ 10) - PL{ 1Gs S5)
= AA - PLCU 10, 1}
PL{1Ss10) = PLELISy 5} + PLI{16y
=AA ~ PLI1Se 1) =~ PL(16Es &)
= PL{16+10) = PLILIG6s S)
= AA - PLI16, 1)
1)=vdl 1 y%PL( 1. 1)
6k=v{ 7)yeeed 1s &)
1¥=vdl & 3 *PLI( 29 1)
6)=yv{ 3I)*PL( 2+ 6}
1¥=v( 11)*PL{ 3 1)
&)=v( 12)*%PL( 3: 6)/2e
ty=v{ 9y xPL( 44 1)
65¥=v{ 10)*PL( Ay 6)Y/2e
1)=v( 14)*PL{ S 1)
6)=y{ 15)*»PL{ 5y 6)
1)=y{ 12)*%PLL O 1)

Gy

PL(

14,
144

PL(

5)

=T 1) = ALl 11,

5)

10)

By 7y - PL{U 14,
- PL(16+10)})

7)

7)

FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
G2
FG2
FG2
FG2
FG2
FG2
FG2
G2
FG2
FG2
FG2
FG2
FG2
FGg2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2

2460
2470
2480
2430
2500
2510
2520
2530
2540
2550
2560
2570
2580
2590
2600
2610
2620
2630
2640
2650
2660
2670
2680
2690
2700
2710
2720
2730
2740
2750
2760
2770
2780
2790
2800

102



PLL &, 6)=¥({ 13)%PLL 6. 6) FG2 2810

PLE 7» 1)=v( 73*PL( 7. 1) FG2 2820
PLL 7. 6¥I=Y{ 2)*PLL T, 6) FG2 2830
PLL 8, 1)=y{ 8)sPL{ 8, 1) FG2 2840
PLL 8, 6)=Y{ 71*PL{ Be 6) FG2 2850
PLL 95 1)=¥{ 6)%PLL 9, 1) FG2 2860
PL{E 9, 6)=v( 3¥xpL{ 9, &) FG2 2870C
PLL 10, 13=Y( 17)%PL{ 10, 1) FG2 2880
PL{ 10s 6)=Y( 6&)*PL( 10, 6) G2 2890
PLE 11 10=Y( 1)%PL( 11¢ 1) FG2 2900
PLL 11, 6)=Y( 2)*PLL 11, 6) FG2 2910
PLE 12s 1)=Y( a4)%xPL( 124 1) FG2 2920
PLE 12¢ 6)=Y( 3)%PL( 12+ 6) FG2 2930
PLC 13, 1)=v{ 3¥%PL({ 13, 1) FG2 2940
PLE 13, 6)=Y{ 2)%PL{ 13+ 6)/2. FG2 2950
PLC 14s 1)=Y( 2)*PLC 149 1) FG2 2960
PLL 14, 6)=Y( S)*PL{ 144 6) FG2 2970
PL{ 15, 1)=v{ t18)*PLL 15, 1) FG2 2980
PLL 1Se B6)=Y( 6)%¥PL( 15« 6) FG2 2990
PLL 165 1)=Y( 19)%PL( 16, 1} £G2 3000
PLE 16, 6)=V{ 18)*PL{ 16+ 6) FG2 3010
191 GO TO (51+52+53+54455+56457¢58959 060261 +62,63,64:165466+67:68:69)3KFG2 3020
51 AA= PL( 1. 6)4 PLC 11, 6) FG2 3030
BB = PLE 1, 1+ PLE 11, 1) FG2 3040
B = AA ~- B8 FG2 3050
G0 YO 95 FG2 3060
52 8B= PLL Ts 6}+ PL{ 11s 6)+ PL( t2, 6)+2e%PL( 13, 5) FG2 3070
AA = PLIE 7e 1)+ PLE 11, 11+ PLL 12, 1)42e%PL{ 13, 1) FG2 3080
AA=AA+ PL{ 14s €} + PL{15, 1) + PL(16, 1) FG2 309¢
BB =BB+ PLL 14y 1) + PLI1S,y 6) + PLI164+6) FG2 3100
B ‘= AA = BB FG2 3110
GO TO §5 £G2 3120
53 AA= PLE 2, 1)+ PLL 9, 1)+ PLL 12, 1)+ PLE 13, 6) FG2 3130
BB = PLE 2.+ 63+ PLE 9, 61+ PLE 12, 6)+ PL{ 13, 1) FG2 3140
B = AA - BB FG2 3150

(A4



5S4

55

S6

57

58

89

60

61

GD TO
AA=
BB =

GO TO
AA=
BB=

GO TO
AA=
BB =

B

GO TGO
AA=
BB=

B

GO TO
AA=
BB =

G ]

GO TG
AA =
BB =

B

GC TO

AA=
BB =

AA=AA+
e8=BB+

8

GO TO
AA=
ag=

8

GO TO

61+
1)+

1)+
)+

1+
6)+

6)+2¢%PL(
1)+2e %PL{(

a5
PLl 12, 6)
PLL 12, 1)
= AA - BB
G5
Ll 14, 1)
PLl 144 6)
= AA - BB
95
PLE 2
PLL 2.
= AA - BB
9
PLt ) I
PLY¢ 1.
= AA - BB
g5
PL{ 8y &)
PL{ &, 1)
= AA - BB
95
PLt 2
PL{ 2e
= AA - BB
95
PL( 2
PLE 2,
PLL 10+
PLL 10,
= AA - B8
95
PL( 3 5)
PL( 3 1)
= AA - BS
a5

FL{ 10 + PL{ 15

FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
£G2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
Fa2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2

3160
3170
3180
3190
3200
3210
3220
3230
3240
3250
3260
3270
3280
3290
3300
3310
3329
3330
3340
3350
3360
337e
3380
3390
3400
3410
3420
3430
3440
3450
3460
3470
3480
3490
asaon

€02



62

63

64

65

66

67

68

69

95
101

AA=
8B =

B

GO TO
AA=
8n=

B

GO TO
AA=
BB =

B

G0 TQ
AA=
BB=

8

GO TO
AA =
BB =

s ]

GO TO

ad 1 { 1

PL( 1
= AA -~
S5

AL G

PL( XY
= AA =
95

PLU( 1»

PLI e
= AA -
S5

PL( S

PL Se
= AA =
55

PL{ Se

PL( Se
= AA ~
S5

AA=PL(10:6)
BR=PL(1D+1)

B
G0 TO

‘= AA -
95

AA= PL(15, 6)
BB= PL{1S. 1)

8
GO TO

= AA -
¢s

AA= PL(16, 6)
BB= PL(16, 1)

8

= AA ~

6424 *PLL
1) #24*PLI
88

1)
5)
a8

1)+ PLL(
6)+ pLd(
88

1)
8)
B8P

1)+ PL(

&)+ P
88

BB
+ PL(164+1)

+ PL(16, 65}
88

as

IF(INDY110,101,110

IND =
GAMMA

1
= Qe

DO1021=1.16

3
3

Se
S

6y

1)+
6+

5)+
1)+

1)+
5)+

pLl
L

PL(
Lt

PLdt
pLt

S
G

11,
11

14,
14,

a)+ PLt T
1)+ L Ts

1)
6)

1)
&)

FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2
FG2

3510
3520
3530
3540
3550
3560
3B70
3580
3590
3600
3610
3620
3632
3640
3650
3660
as7re
3680
3690
3700
3710
3rao
3730
3raQ
3750
3760
3r70
arsao
3790
3800
3810
3820
3830
3840
3aso0

$0?



IF{leGTo2)GAMMA = 1 FG62

Q = (RATES(2+1) + RATES(3:,1}/7)/7 FG2
PLI{EI,1) = G*PL{T,1) FG2

Q = GAMMA/RT + O = E(I41.L)3/77T1(1) « E01,2.L)172s = E{1+3LIxTI1{1)/3FG2

Xoa = E(I24,0L)%T1{2) /7% — E(I»S+LI%TI{(3I)/5« = E(I+S6,L)}/T1(2) FG2
102 PL(I €)Y = Q2PL(L,6) FG2
cC =8 FG2

GO TO 191 FG2

110 RE TURN G2
END FG2

3860
3870
3880
3890
3500
3910
3920
3930
3940
3950

S0¢



(aNeNal

SUBROUTINE OUPPUT (I0UT) ouep
COMMON /KKM 7AL P { E60) +SVALE0) +»SDIFF (6Q)+SALI(60),5B(60) oupPp
COMMCN/FOG/ZALY +CHT, Be TOLD ouPp
COMMCN JFRSTRM/ U INF, RINFs UINF2e R o REs LXIe ITMy, IEMe NETA DurPP
COMMON /ZRH/ DUD+DPHI s TD +JRZBLPD+HD +4HTCT AL oupp
COMMCN ZYL/ZXXX{69) 2 YOND(50) ouprp
COMMCN /ZVELZ FLO0) +FCL(OB0D)+Z(EDDYHVIS0) ogupPp
COMMON/PROPL /Z/PI{60) +sRHO(60)s TEGO) OME(60)CM(20,60)+LCE(SeG0) QuPpP
DIMENSION Y{(20,60)} oupe
EQUTI VALENCE (CM{1).Y(1)) gupp
DIMENSION ETAL(G60) ouPP
EQUIVALENCE (NETAhP),s (PD+PRE)s (YCAD(1).ETA(1)) ounp
ourp

* ek PRINT RESULTS OF SPECIES ITERATIUONS xRk aupe

aupp

NS = 19 oupPp

GO YO ( 1. 2).10U7 ouPP
OQUTPUT CONVERGED RESULTS aqupp

1 CONTINUE auep
11 WRITE(G.+£€1) oupp
61 FORMAT{ /4X s 'PTa 13 17X+ "ETAY 413X+ "DENSITY? 49X * TEMPERATURE" + 12X+ *VEILOUPP
1nCITYY /) cupp
WRITECG+7LI(IJETALL) RHO{ID) s T(IDsVII)aIz=1NP) ouPp

71 FORMAT({IT7+4E20e7) auep
DUTPUT INTERMEDIATE RESLLTS ouPP

2 WRITE(S65.20) buep

20 FORMAT(IHI 7Xa'ETAY 23 IXe "CO® 220X 0" C¥ s IX P C2% 4 FX 9" CI% 9K *C#*, 8Xe *C2HOUPP

30
40

50

1909 e *CN s EX+ "HOEN® sIXe TH2" 4 10X *H"Y) aurP
DO20J=1.NP oupPp
WRITE(G+4DIETALI} w (Y (I +J)alI= 1410) auPe
FORMAT(11F 11,47) oupe
WRITE(ELS0) ouerp
FORMAT( BXs*ETAT sIXs"N2T 10X o "N s IXNS"NE* L, 10X 20 4 IX "0+, 9Xe *E-*0UPP

XsTXe 'C2H2F a8Xe *CIHY4BX'CaHY) ouee
DOEDI=1 NP aupPp

10

20

30

40

50

60

70

a0

90
100
110
126
130
140
150
160
170
180
190
200
210
220
230
249
250
260
270
280
290
300
310
3an
330
340
350

90¢


http:WRITE(6.50
http:WRITE(6.61
http:TDRZB.PD.HD

60 WRITE(G,A0)IETALS) o {Y{l4J)el=11,19)
RE TURN
END

ouUPP 360
gurP 370
ouPP 380

L0T



C

SUBROUTINE CQUPLE

Co—===THIS SUBROUTINE SOLVES THE SPECIES AND ENERGY EGQUATIONS

C

COMMCN /FRSTRM/ U INF, RINF, UINF2s K o RE, LXI,+ ITM, IEM, NETA
COMMON /CONV/ FPRCT.TPRCT+DDAMP ,TDAMP 4 POTIL
COMMON/CONV1 /HDAMP

COMMON /DEL/ DELTADTIL.DTILS

COMMON /MAIM/KEEP s MAXE sMAXMoMAXD, EDEBUGs MCONV +ECONV ¢ DCONV.LT, I AB
COMMCN /NON/RDZ +MUDZ sRMDZ » AKNF ¢ HNF o CENF
COMMEN/NUMBE R/NSP o NNS ¢ NE ¢ NC

COMMON /PROPL/PT(60) sRHO(E0) s T(E0) s AMWIE0) +C (2060} +CE(5+60)
COMMON/PROP2/ MU{E0) 4RMI60)s AK(60)

COMMCN /PROP3/CPS{20460) 4HS(20.60)+CP (60) ., HM{E0)
COMMCN /VECTOR/SUBL €0) »DIAG(60) + SUP(60) +B(60)

COMMON /RFLUX/Z E(60) yIRAD, ITYPE

COMMON/ID/SP (20} +EL(S)

COMMON /RH/ DUD+DPHI + TDoRZB 4FD+HD s HTOT AL
COMMCN/SP2/8R,5(20) s CSHOCK(S )

COMMON /VEL/Z F({60)+FCAE0)+2Z{60),v(60)
COMMUN/WALL/ZRVUWPRWs TWOLD +FLUX (20 ) » CWALL(20) s ECWALL(5)
COMMON /YL /ETAL{EG) . YOND(60C) N

COMMOCN /0L.D/ TOLD(E0) +ECLD(60) RHES (60 )
COMMON/DD /D 60)

DIMENSION RHOLD{60}

REAL. MUsMUDZ

LOGICAL MCONV,ECONV.DCECNY

COMMON/NETI/NETAL JNETA2

COMMON/KKB/RHOASTASVA, YAL{19)

COMMON /F0G /AT 81 sC1I fTOLDY

COMMON/IT/AC -

COMMDN/CK/ZISNC 20) « NET(19)

REAL MWT

DIMENSION VY{(20.,60)¢ SY(20.60)

DIMENSION SACI(19.,60)

coup
caupP
coupP
coup
coup
coupP
coupP
coup
caupP
coup
caupr
coup
caue
caup
coup
coup
caup
caupP
caue
coupP
caur
coup
coup
coup
<ouer
coup
coupP
caup
cour
coup
COuUP
coup
coue
coupP
coup

10
20
30
40
50
60
TC
a0
90
100
110
120
130
140
150
160
170
180
190
200
210

220

230
240
250
260
279
280
290
300
310
320
330
340
350

807


http:COMMCN/PROP3/CPS(20.60),HS(20.60b.CP
http:20.60).CE(5.60

DIMENSION RED (60)+RES(60) +RET(60) cour 360

DATA NSsSYMCHsSPER«TMCH/19 4345044804001/ caup 370

C , coup 380
Cmmw== [NITIALIZE couPp 390
C cCouP apd
NETA1l = NETA - 1 cour 410

NETAZ = NETA - 2 CouP 420

ECONV = oFALSEe caur 430

ITER = O cCoyr 440
DO10J=1NETA cour 450

10 TOLDC(JS) = TLJ) COuP aA6C

AC = Bel28E=08%(TD%*1,4,659)/7(P1(1)*R*UINF} CaOur arn

AR = R/ZUINF CGuP 480

C xxk COMPUTE THE ¥ COORDINATE * % CauPr 490
YOND (1) = De0 couP 500

SUM = Q0 CauP 510

DN 39 K=2,NETA coup 520

DETA = ETA(K) ~ETA(K~1) coyp 530

SUM = SUM 4DETAX{(1e /7RHCIK) +1a/RHO(K=1) }/ 2.0 CouPr 540
YOND(K) = DTIL %SUM cour 550

e CONT INUE couPr ss60
DELTA = YOND(NETA) CouP 570

DD 4SS K=1.NETA cCoup 580
YOND(K) = YOND{K) Z/YOND (NETA) caup 590

49 CONT INUE CouPr 600
IF{IAB.NE«+Q)GO TD E28 cayr &10

CALL SPECIE COuPr 620

CALL PROPRT(NSP+1+NETA) CouP &30

C kxxk COMPUTE FLUX DYVERGENCE #*%%x% couPr 640
S28 IF{IRADGEQe3sANDe ITYPE+EQe 1 JCALL EFLUX CoOuP 650
IF{IRADMEQe3eANDe ITYPELEQe CICALL LRAD COuUP 66"

TOLD1 = Oe cCaur &TO

C RDZ = DENSITY AT SHOCK {(SLUGS OF M / FT*%3) coup 680
RHCOD = RDZ*%324174 COuP 890

C RHOD = DENSITY AT SHOCK {(LBM OF M / FT%%3) caoup oD

602



C cour 710
€3 e e e e 0 e oo e e o o o ook 2 o 0ok o ot e o ok o ok Aok ok e o ok ok A ok kR ok AR R R ok R Rkokk kR COUP 720

c coupr 730
C *x%kk CALCULATE DIFFUSICN COEBFFICIENT %k COUP 740
110 DD120J=1,NETA COUP 750
120 DEJ) = ACR{T{JII%*%]14659) cCOouURr 760
<130 CALL PROPRT (NSPs1 sNETA) caup 770
DX1 = ETA{ 2) - ETA(1) coup 780
DO20G0J=2+NETAL coupr 790

DX = ETA(J¥1) - ETA(N COUP 80D

J1 = J - 1 couP 81d
CO13 = 2%RHOCII*AK(I) /(DTILXCP(J)}) COouP 820
CO18 = - RHOLJI%RV(I) cour 830
CO15 = (C1(DX+DX1)*RHO(J41 ) *AK( J+1)/7CP(J+1) + C2(DX+DX1)%*RHN(JI)I% COUP 840

X AKCJY/CP(J) + C3(DXsDX1I*RHO(I~1)*AK{J~1)/CPLI~1))%2,/DTIL COUP A50
CONA = 2,%RHO(JIXV(II RV (II®{CIEDXDX1I2V(JI+1) + C2{DX+DX1)%V{J) + COUP B60

X C3(DX.DX1}%V(J~-1)) COUR 870
CONS = 24%DTIL®EC(J)/RHO( D) COUP 880
CON6 = Qe cCoup 890
CONT7 = 0Oe cCoUP 900
CO18 = N, CouP 910
DB20231=1,NSP cour 920
CONGE = CON6 + HS(LlsJI*{CA{(DXsOX1)%C{I 4 t+1) + CS(DX+DX1)}%C(Lsa) + COUP 930

X CEH(DXDX1IRC(L 4J-1)) COUP 940

cVv = (C1(DX:DX1)%C{I4J+1) + C2(DXsDX1)%C(I4J) + CAUP 950

X C3(DOXOX1LIXC(T od—-1)) coupP 960
CON7 = CON7 + HS(I,J)%CV COuUP 970
CO18 = CO18 + CVR{CI{DXsDX1IXHS (T9J41) + C2(DX.DX1IXHS(I,J) + COUP 980

x CA(DX4DXLIXHS(I s b=1}) CouUP 990
2023 CONTINUE . COUPR1005
Ccv = (26 *RHO(J) XAK(I) /CP(J) = RHOCIIXRHOCIIZD(JI)I/DT IL COUP1010
CN16 = CONGXRCV COUP 1020

CD = (CL{DXsDXLIRRHO(J+1I*RHO{JI+1I%RD{J+1) + C2(DX+DX1IERHO(JI )% COouUP 10 30

X RHOC(J)I®D(J) + C3{(DX+DX1)ERHO(I~1}1%RHO(JI-1)%D{I=1) /DT IL COUP 1040
CO17 = CONT#(CM S ~CD) COUP 1050

01¢



C018 = CO18%*CV

sus{J1)y = CO13

DIAG(J1)} = CO14 + CO15

SUPCJUL) = Qo

BlJl) = CONS + CON4A + CO17 + CC18 4+ CO16
200 DX1 = DX ’

CALL SOLVE (HM(1) sHM(NETA))

Cmmw===CHECK FDOR CONVERGENCE

C

Coesnsesenvenscssnnsne SOLVE FOR

C

IF{IDERUGLEQ.0IGD TO 249
DOLISA2K1=1+NETA2
KK = K1+1}
1532 WRITE(E,1533) KI14ETAIKK) sHMIKK) +BIK1)
1533 FORMAT(1Xs110:F15e68+2E20e6)
249 DR250J0=2.NETA1l
SRCT = (BlJI=1) = HM{J))/HN( D)
PRCT=ABS(SRCT)
IF (PRCTeGTe TPRCTY) GO TO 2690
250 CONTINUE
GO TO 300
260 ITER=] TER+}
DO270J=2NETAIL
SRCT = (B{J=1) = HWNM{J}I/HNM(ID)
SAP = HDAMP*SRCTY
IF{ABS(SAP)sGTy TMCH)GO TO (618
ZIP = SAP
60 TO 1619
1618 ZIP = TMCH#%ABS({SAP)}/SAP
1619 HM({J) = {1++ZIP)xHMLI)
IFLHMC I )L ToHM{ 1) JHN(J) =140001%HM(1)
IFCHRM(J)eGTele OIHM{JI) = 9999
270 CONTINUE

DOB1BJI=1.NETA

TEMPERATURE essessasesssessncssensse

CQUP 1060
coupt1o70
cOuP 1080
COuUP 1090
caupr1100
courltlo
courtl2e
cour1t 30
couP 1140
CouP1150
CouP 1160
cauP1170
courtlse
cOouP1190
COUPr1200
coup1219
coup1220
courP123n
COouP 1240
coupP1250
couri126Q
coup1270
couPl12s8n
CcouP1290
CourP13090
coup1310
couP1320
COUP 1330
couP13a0
CouP 1350
CourP 1360
couR 1379
couPr1380
couUP 1390
COUP1400

T1¢



818 REDUJ) = T(J) cour1210

DO756J=2+NETAL COUP 1420
BlJi=~1) = HM{ I} COUP 1439

ITEB = 0 COUP 1440

761 CALL PROPRY (NSP.J.J} CcOouP 1450
DTT = (B(J4-1) = HM(ND)Y/CP(N) COUP 1460

FTlJ) = T{J) + DTY COuUP 1470

DYYT = pTY/ZT( M) COuUP1480

ITEB = ITEB + 1 COUP 1490
IF{ITEB«GT 201G TQ 752 cCouUP 1500

GO TO 7154 Cour 1510

752 WRITE(6.TS3) J,DTY COUP 1520
793 FORMAT(1X, *TEMPERATURE AT THE ?4,213,*'TH POINT DOES NOT CONVERGE®', EXCOUP1530
X » "CHANGE IN TEMPERATURE=" E20+6) COUP 1540
sTOP COUP 1550

C COuUP 1560
754 IF{(ABS(DTT)eGTea010)GOD TO 751 cCouP1s7o
756 CONTINUE i COUP 1580
D09023U=2+NETAL cCouUP1IS90

SRCY = {T(JY) - RED(J))/RED(J} cCouri1500

SAP = TDAMP®SRCT ’ COUP1610
IF(ABS(SAP )« GTe TMCH}GO TO 9021 COuP1620

ZIP = SAP COouP163n

GOy TO 9022 CoUP 1440

9021 ZIP = TMCH*ABS{SARP)}/S5AP COUP 650
9022 T(J) = (le + ZIPIXREDU(JI) COUP 1660
IF(T{a)sLTeT{1Y)TLUY = T(1D COUP16TD

9023 IF(T(I)oGTealaslTIJ) = 14 COuP 1680
IF(IDEBUGLEQRLGIGO TO 889 COUP 1690
WRITE(6,817) (JsRED(J)+T(I)+Jd=1,NETA) CaurtL7on

817 FORMAT(1 XI5 ,20X02F20e6) cCouPt1710
Canpenenes eosescsnossoioaessscitaseoneseissssseannesenso courtr20
C COUP1T30
889 IF{ITERWGE«MAXE ¥ GOTO 300 COoUP174Q
IF{IAB)B91.,8G1,892 COUP17s50

zlc



891

892

300

3z0

CALL SPECIE

GO TO 110

CALL ELRAT

CALL CHEMEQ (1.NETA)

GO TO 110

CONT INUE

IFCI TEReLToMAXE) ECONV=e TRUEs
D0320J=2,NETAL

TEJIY = T(JI) + ¢35%(TOLD(J) = T(H))
SRCT = (T{J4) = TOLDL M }/7TOLOLIY
IF{ABS(SRCT)eGTaTMCHIT(J) = TOLD(J)
CONT INUE

RE TURN

END

COuP 1750
cCouP1770
COuUP 1780
COUP 1790
caur1Bno
cguPi1810
Couri1aze
‘coupr 1830
COuP 1840
courPi18s0

+ TMCHASRCY *TOLOD{(J)/ZABS(SRCT) COUP1860

coupi1aTo
couriaso
courP 189D

() ¥4



SUBROUTINE ELRAT

COMMEN /FRSTRM/ U INFs RINFy UINF2s R » REs LXIs ITM, IEM, NETA
COMMON/PROP1 /P (6C) +RHO(60) s T(60) s AMW(OG ) e C (20+60)¢CE(S460)
COMMDN /MAIM/KEEP s MAXE s MAXM ¢MA XD+ IDEBUG s MCONV JECONV s DCONVL T TAB
COMMON/IT/AC
COMMCN/NUMBER/NSP s ANS ¢ NE o NC
COMMON /YL/ETACGO0) »YOND(G60)
COMMON/NETI/NETAYL +NETA2
COMMCN/VECTOR/SUB( 601 +DIAGL60) +« SUP(60) +B(60)
COMMON /DELZ/ DELTADTILDTILS

COMMON /ZVELYZ F(60) +FCL(60).2€(60)+V(60)
COMMON/DD/D(6E0)

C~==—==== SOLVE ELEMENT CCNSERVATION EQUATIONS —=====e=-

10¢

116

1783

CE(1sNETA) = LlaE~GT

CE{2+NETA) = leE~03

DD11€EK=1 s NE

DX1 = ETA{2Y -~ ETAL(L1}

DD10€EJ=2:NETAL

DX = ETA(J+1) - ETA(J)

Jl = g - 1

suB(J1) = RHOC(JI*RHCUJII*D{IIZ(DTIL*DTIL)
DIAGC(JL) = ({CLIDX,OX1)*RHO(J+1)I*RHOCJI+1) *DO(J+1) + C2{DX.DX1}*%
XRHO( M) *RHQ(JII%RD{I) + CI(DX»DX1V*RHOC J=1)%RHO(J~1) %D (J~1)) =
XOTILARHO(J IRV J})Z7(DTILEDTIL)

SUP({ JY) = Qe

B(J1) = Q.

DX1 = DX .

CALL SOLVE (CE(X. 1) +CE{KNETAY})
DO11GJ=2sNETAL

CE(K.J) = B{J=1)

DO17E53K=1,5

DDITE3I=2,NETAL

IF{CE(KyJYal. Te Do JICE(K ) = CE(K4sJ#+1)
IF(IDEBUGLEQ«O)GO TO 11
WRITE(G6s117)(Js(CE(K3JY 4Kz]l 45) 3 =1 +NETA)

ELRA
ELRA
ELRA
EL.RA
ELRA
ELRA
ELRA
ELRA
ELRA
ELRA
ELRA
ELRA
ELRA
ELRA
ELRA
ELRA
ELRA
ELRA
EL.RA
ELRA
ELRA
ELRA
ELRA
ELRA
ELRA
ELRA
ELRA
ELRA
ELRA
ELRA
EiL_RA
EtLRA
ELRA
ELRA
ELRA

10

20

30

AD

S0

60

70

80

99
100
110
120
130
140
150
160
170
180
190
an¢
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350

12



117 FORMAT{1XsI5+5E2047)
11 RETURN
END

EtL.RA 360
FLRA 370
ELRA 380

€1e



SUBROUTINE SPECIE

Cuua - STAGNATION LINE SOLUTION OF SPECIES

Cummen=e=0RDER OF SPECIES IS0

Cc co C c2
C 1 2 3
c HCN H2 H
C 3 9 10
c O+ E- c2H2
Cc 15 16 17

COMMCN/COT/ZAL1.CS
COMMEON/N/ZNPL S NP2 4 NP3
COMMON/KKB/RHOA +TA VAL, YALL1G)
COMMON/KKMZALP( €0) o SVA({60)
COMMCN /FOG/ALL +CHT B8

c3
&
N2
11
C3H
18

+TOLD

CONTINUITY EQUATION

C+
5

N
12
CaH
16

C24H
6
N+
13

+SDIFF(60YSAII(B60)+SB(60)

COMMON/SAVE/SSUB(SEC) +SDIAGIS0 ) SSUP(60) +SS(50)E(60)

DIMENSION IDEN(19)

Cx * % % * * % % % * % =
COMMON /DEL/ DELTA,DTIL LOTILS
COMMECN /FRSTRM/ U INF, RINF,
COMMOCN /7PROPL/PI (H60) +RHO(6D),

*

UINF2.
T(60 ) .BMWIE0 ) CM(20.:60)+ CE(S5,60)

* = *

£ » RE,

COMMEN /7RH/ DUD+DPHI +TD+RZB«PD o HDHTCTAL

COMMON /YL /ZXXX{60) s YONDESO)
C XXX 1S ETA IN MAIN

*

ITM,.

NETA

COMMON /MATM/KEER ¢ MAXE ¢MAXMeMAXD S IDEBUGes MCONV +ECONVs DCONVSL T+ I AB
COMMCN/VECTOR/ CA(60)sCBLH0)Y+CC(60) +ALTLE0O)
COMMEN ZVELY/ F(60) +FCLEOD)+Z2(60) 4VI60)
COMMCN /NON/RDZ sMUDZ +RMD Z « AKNF o HNF 4 CENF

COMMON/NUMBER/NSP « NNS « NE o NC
COMMON/CK/ISN(20) s MuT(19)

C* * * * * * * * * ] * *

REAL MwT

DIMENSION VY{20+.60)
COMMON/SIS/SY{20.+60)
EQUIVALENCE (CM{1).Y{(1)})
DIMENSION ETA(80)

*

* * *

"SPEC

SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
S5PFC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC

10
20

40
50
60
70
© 80
9¢
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
280
260
27e
280
290
300
310
320
330
340
ase

91¢


http:COMMON/SIS/SY(20.60
http:T(60),BMW(60),CM(2060).CE(5.60

EQUIVALENCE (NETA«NP) s (PDPRE), (YCND(1)+ETA(1))
DIMENSION SUB(60) sDIAG(60).SURP(&ED)

EQUIVALENCE {(CA{1),sSUB{1)), (CB(1)+CIAG(1)}s (CC(1)SUP(LI))

DATA NSesSYMCH2SPER/1 94950+ 80/
LOGICAL MCONVL.ECONV.DCONYV

C RDZ = DENSITY AT SHOCK (SLUGS 0OF M/FT*%3}
RHOD = RDZ%32,174
C RHOD = DENSITY AT SHOCK (LBM OF M/FT*%x3}
ISIFI=0
TOLZ = 402
TOL1l = 04250000xTOL2
TOL3 = Z2+%x70L2
TOLA = AexTOHLZ2
NID=2
NIT=1
IT=0
TOLD =0e
C NP=TOTAL NUMBER OF PROFILE PCINTS
Cc PRE =STATIC PRESSURE(LBF/FT2)

NP 1=NP - 1|
NPZ2=NP ~ 2
NP 3=NP - 3
CHkk kkkknx DIMENSIONALILZE
DOSOI=1+NP
RHO{I) = RHOC(I)*RHOD

T(I) = T{L)*TD
50 v(I) = V{1)*UINF
ETA=Y(FT)

RHO = DENSITY (LBM/FT3)

T =TEMPERATURE PROFILE(OK)

V =VELOCITY PROFILE(FT/SEC)

NS=NDs OF SPECIES

My T=MOLECULAR WEIGHTS

Y = MASS FRACTICNS
DD111I=1NSP

OO0 O0NO

SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPFC
SPEC
SPEC
SREC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPeC

360
370
380
390
400
410
420
430
480
450
460
470
aan
490
500
510
520
530
540
550
560
570
580
590
500
610
620
630
6540
650
660
670
680
690
700

LT12



111

DO111J=1 NP
SY(I+d) = Y(1:J)
DO112I=1eNSP
DD112J=1NP

112 Yl J) = SYCISNIL}D)

C

CALL OQUPPUT (1)
DO10OI=1,NS
DO1D0J=14NP

100 Y(I,4J) = Y1 ,03/MuT(I)

C

1971
C

Y = MOLES OF [/MASS OF MIXTURE
DO1971J=1 NP
DD1371K=1+NS
SY{(Ksd)=Y(KyJ)

PATM=PRESSURE IN ATMOSPHERES
AC=8412PE~-(08
AC =AC/PRE

Cmm=meneeCALCULATE OIFFUSION COEFFICYIENT(DIFF)

DO170J=1.NP

17C SOIFF{U)= ACHLIT(J)*%1,65G)

C

CERARREXKACOMPUTE PARY OF THE ELEMENTS OF THE TRID MATRIX®*k%kkkikn

1520

DIFF={(FT2/5EC)

DX1=ETA ( 2)-ETA ( 1)
ON1530U=2. NP1
DX=ETA (J+1)=-ETA (M)

SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC
SPEC

SVA(J)I= =V{J) + (CL{DX ,OX1Y*RHC{JI+L1I*SDIFF{J+1) + C2{DX.OX1)*RHO(SPEC

XJI*SDIFF(J) + CI(OXDX1)I*RHC(J-1)*SCIFF{J~1})/RHOCD)

A =SDIFFIJ)IRCOIDX+DOXII+SVA(J)RCI(DXIOX1)
G =SDIFF{J)*CH{DOX DXL I4SVALIIRC2(DX,DXY)
o =SDIFF{J)%CAIDX +DX1)+SVA(IIXCI(DXDX1)

IF{J+EQs2) Al =A
IF(JsFQeNP1)CS=C
IF({JesEQeNP11IGO TO 1520
sSSP (J=1)=C
SDIAG(.J~1)=G
IF(JeEQe2)GD TO 1530

SPEC
SPEC
SPEC
SPEC

T10
T20
T30
740
750
760
770
780
T90
800
810
820
830
840
850
a6Hn
870
880
896
900
210
920
930
940
950
960
970
980
990

SPEC1000
SPEC1010
SPEC1020
SPEC1030
SPEC1040
SPEC1050

812


http:00112J=I.NP

1530

sSsus {J-2)=A
DX1=DX

(ot 2 .2 23 r 2 2 7

az21
C
120

1175
1181

126

127

530

950
3923

DO321I=1sNS
IDENC(I })=0
Kkkkkkkikk OVERALL [TERATION LOOP s*kkkkkikkkk
IT=I T+1
YMCH=SYMCH
PER=SPER
IF{(ITeLTe21)GO TO 1181
YMCH=10e
CONT INUE
kkkktkkkkk SPECIES ITERATION LOOP ®xkkkkikkkk
DR200I= 1 4+NS
IF(IDEN(I)«GEe4)GO TGO 200
IDEN{(I)=4
DO1275=2.NP1
AMW={,
DO12EK=Y ¢ NS
AMWN=AMWE+Y (K, J)
AMW=14 /AMNW
RHO{ J) =¢ 7T608%PRE *AMW/T(J)
wkkkkkkkhkk COMPUTE REACTICN RATE &kkdkkkkkkk
NDS504=2+NR1
Jr = J - 1
DOS30L =14NS
YA(L )=Y(LsJ)
CALL FG2 (YA RHOC(I)+T(JI)H1)
SATI{JJ4) = AII®DELTA
SB(JJ) = BEDELTA
CONTINUE

C ok ok ok %

Chkxkdkark COMPUTE ELEMENTS OF TRID.

DD1010J=1NP2
J=J+1

MATRIX AND SOLVE #®x%xkxikkyikk

SPEC1060
SPEC1070
SPEC1080
SPEC1090
SPEC1100
SPEC1110
SPEC1120
SPEC1130
SPEC1140
SPEC1I150
SPEC1150
SPFC1170
SPEC1180
SPEC1190
SPECt200
SPEC1210
SPEC 1220
SPEC1230
SPEC1240
SPEC1250
SPEC1I26C
SPEC1270
SPEC1280
SPEC1290
SPEC 1300
SPEC1310
SPEC1320
SPEC1330
SPEC1340
SPEC1350
SPEC1360
SPECI370
SPEC1380
SPEC1390
SPEC1400

612



1010

1¢80

DIAGUJII=SDIAG(INI+SALITI(JI)
IF(JeEQsNP2)GD TO 1010

suBe(l JY=SsSuB(J)

SUPL J)=SSUPLN

ALT(S) = SATICJIIXY(I.JJ) - SB(JI)
AL T 1y=ALT( 1) - Aliv(l, 1)}
ALTINP 21 =ALTINP2) - CS%kY{l, NP)
CALL TRID (NP2}

DOI1QEB0J=2.NP1

ALPUJY=ALT(I=-1)

C %tk ek ok

2690
2691

2692

2694
128

6010

6020

6030

6040
1344

IF(IYeNEL1)GO TO 26G4
IF{1eNEs12)G0O0 YO 2691
DO 26S0JJ=2 NP}
Y{13.JJ)=ALP(3I)
IF(leNEW 15)G0 TO 2£94
DO2692JJ=2 NP1
YU15«J4)=ALPLIJ)

CONT INUE

DO130J=2,.NP1
ABD=CALP(JI)=Y{(TIJ)})/Y(1s )
AR=ABS{ABD)}

IF{ARS{Y(I3J))alTeleE-C4eANDSADS(ALP(J))alTeleE-04)GO TO 1344

IF{IDENCID) el Te 4)G0O TO 6010
IF(ABeGTeTOLLIIIDEN(II=3
IF(IDEN(I)eL Ve 3IG0O TO 6020
IF{AB+GTeTOL2)IDEN(I}=2
IF(IDEN(I) el Te 2)GO TO 6030
IF{ABaGTe TOL3YIDENIT) =]
IF(IDEN{I)eL Te1)GO TO 6040
IF{ARGGTe TOLA)IIDEN(TI)=0
CONTINUE

CONT INUE

SAP=PERX*ABD
IF(ABS(SAP ). GTea YMCH)}GD TO 1618

SPEC1410
SPEC1420
SPEC1430
SPEC1440
SPEC1450
SPECIAGD
SPECL14TO
SPEC14RBO
SPEC1490
SPEC1500
SPEC1510
SPECL1IS20
SPEC1I50
SPEC 1540
SPEC15%0
SPEC1IS&N
SPEC 1570
SPEC1580
SPEC 1590
SPEC 1600
SPEC1610
SPEC1620
SPEC1630
SPEC1640
SPEC1650
S5PEC1I660
SPEC1670
SPEC1680
SPEC1690
SPEC1700
SPEC1t710
SPEC1720
SPEC1730
SPEC 1740
SPEC1750

0¢e



1618
1619

130
200

1463
823
373
374

ZIP=5AP

GO TO 1619
ZIP=YMCH®ABS({ SAP) /SAP
CONTINUE

V(L e d¥=(1a4ZIPYRY (]I, J))
CONT INUE

CONT INUE

IF({ITLTNITIGO TQ 374
IF(IDEBUG«EQs0)GC TO 823
WRITE(G.1463WUILIDENTUT)s1=14NS)
FORMAT{G6{ AN+ I3+42X+s*="+1I5+4X))
DO37 31 =1.NS

IDENCT k=0

CONT INUE

IF{ITsNE.NIDIGO TO 376
DO3ZTEI=14NS
IF{IDEN{I)eLTe3)G0 YO 376
CAONT INUE

GO TO 210

IF{IT«LT4NITIGO TO 3334
NIT=NIT+S

NID=NIT-a4
IF{IDEBUG+EQ.0)IGD TO 3324
WRITEF(G6+218)1T4YMCH

FORMAT (/710X ITERATION NUMBER® 4sI10 45X+ *YMCH?® 4F 1546/ /)

CALL OQUTPUT (2}
CONT INUE

GO TD 120
DO1932J=14NP

AMW = 0o
DO1FZI =14 NSP

AMW = AMW + Y(TI,J)
BMW({J) = 1ls/7AMW
DO191I=1,NS
D0191J=1 NP

SPEC1760
SPEC1770
SPEC1780
SPEC1790
SPEC1800
SPEC1810
SPEC1820
SPEC1830
SPEC1840
SPEC1850

SPEC1860 .

SPEC1870
SPECEB80
SPEC1890
SPEC1900
SPFC1910
SPECI920
SPEC1930
SPEC 1940
SPEC1950
SPECI960

SPEC1I97C.

SPEC1980
SPEC1990
SPEC2000
SPEC2010
SPEC2920
SPEC2030
SPEC2040
SPEC 2050
SPEC2060
SPEC2070
SPEC 2080
SPEC2090
SPEC2100

12¢


http:DO1911=.NS
http:WRITE(69I463)(I.IDEN(I),I=1.NS

191
C

Y{Tad) = YL oJ)*MUT(I)
CALL GUPPUT (1)

CHiokkktkk NON-DIMENSIONALIZE

51

114

DOS1I=1.NP

RHO(I) = RHO(I)}/RHOD
T(I) = T(L)/TD

VII) = VII)YZUINF
DO1141=1.NSP
DO114J=1+NP

SY{Isd} = YiIJ)
DO11S1I=1.NSP
DO11EJ=14NP
Y(ISN(I)sJd) = SY(I.J)
RE TURN

END

SPEC2110
SPEC2120
SPEC2130
SPEC2140
SPEC2150
SPEC2160
SPEC2170
SPEC2180
SPEC2190
SPEC2200
SPEC2210
SPEC2220
SPEC2230
SPEC 2240
SPEC2250

(A4



anoann

20
40

SUBROUTINE SOLVE (Z0.,21) ;
Ce====THIS SUBROUTINE SOLVES THE DIFFERENTIAL EQUATION

ATX)IZYY + BUX}Z* 4 C{X)YZ = O(X)

WITH BOUNDARY CCNDITIONS Z(0)=70+ AND Z{1)=Z1le THE NUMERICAL
INTEGRATION IS PERFORMED WITH NETA POINTS IN THE DOMAIN OF
INTERESTe THE VARIABLE COEFFICIENYS As Bos Cs AND D MUST BE
EVALUATED AT NETA2=NETA~2 INTERICR POINTS AND STORED
DIAGs SUPs AND Bs RESPECTIVELYe THE SOLUTICN IS RETURNED

COMMON /NETI/NETAL .NETA2
COMMCN/VECTQR/SUB(&Q,.DIAG(GO);SUP(&O).B(60’
COMMON /YL /ETA(G60) +YOND(6D)

OX1

ETAL 2) - ETA(Q1)

DNa4d 3=2+NETAI1

DX
J1
Ja

CA
cB
ccC

([

-

ETACJ+1) - ETA(J)}
J -1
J - 2

SUB(JL1)IXCE(DX.DX1) + DIAGCJ1)I®CI(DX+DX 1)
SUB(J1)IRCS{DXDX1} + DIAGLJI)IH*C2(DX+DX1) + SUP(JI1)
SUBL{J11%CA4{DXDOX1) + DIAGI(JL1)*CI1(DX+DX1)}

DIAG(JY) = C€B
s5uP(J1) = CC
IF{J1+€EQel)GO TO 20
5UB8(J2) = CA

GO TO 40

BC = CA

DX1 = DX

3¢ 1) B( 1) - BC*Z0

B(NETA2) = BI{NETAZ2) -~ SUPINETAZ2)*Z1

CALL TRID (NETAZ2)}
RE TURN

END

SOLv
SOL vV
SOLV
S50LYV
s0Ly
S0LyV
S0LvV
SoLv
sOLv
sSOLv
50LvV
SOLvV
SOLvV
sSOLv
SOLYV
soLyv
soLy
soLv
SOLv
SOtV
SOoLv
SoLv
S0LvV
S0L v
SOLv
sSoLv
SoLv
SOL v
sSoLyv
SoLvy
SoLv
sSOoLv

10
20
30
a0
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220-
230.
240
250
260
270
280
290
00
310
320

1 XA4
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*

*
*

#*

*

SUBROUTINE CHEMEQ( NI.NF)

CHEM

® % %k % %k 2 ¥ %k % k ¥ Kk ¥ % % K % %k %k ¥ % ¥ ¥ X % & ¥ %k ¥k * * ¥k %k CHEM
* CHEM

THIS SUBPROGRAM IS A REVISION OF A PROGRAM ORIGINALLY REPDORTED =% CHEM
IN NASA=TN=D=-5391 (AUGLST 1969). THE PROGRAM CUOMPUTES FOR A * CHEM
PRESSURE ARRAY+PPIN) +TEMPERATURE ARRAY+TTI(N)s AND AN ARRAY ¥ CHEM
OF ELEMENTAL MASS FRACTIONS~CC(l.N)s THE EQUILIBRIUM SPECIES * CHEM
MA S5 FRACTIONS AT EACH PCINT-N REPRESENTED BY TFHE GIVEN ARRAYSe * CHEM
THE EQUILIBRIUM CUOMPOSITIONS ARE STORED IN THE MATRIX CE(I«N)y, * CHEM
* CHEM

DORALD Ds ESCH * CHEM

LOUISTANA STATE UNIVERSITY * CHEM

AUGUST 7. 1970 * CHEM

* CHEM

* CHEM

x & ok % Kk % & x x % %k ¥ % % ¥ k &k ¥ %X ¥ & & Xk ¥ Kk ¥ ¥ ¥ k ¥k % & ¥ CHEM
IN = INITIAL POINT FOR EGUILIBRIUM CALCULATIONS, * CHEM
NF = FINAL PCINTe * CHEM
* ¥ ok ok k Xk %k k *k ¥ & & ¥ k ¥ k¥ &k k k ¥ % % % %k ¥ ¥ &k *k ¥ ¥ %X ¥k %k CHEM
COMMCN/WALL/RVWIPRN: TWOLD yFLUX(20) s CWALL (20 )+ ECWALLA( S} CHEM
COMMCON /SP ] 7SS, TOL +NDBLG CHEM
COMMON/EQLI/AT{20)« BI(20)s CI(20), DI{20)es EI(20)s FIL20)s GI{20)sCHEM
X ATIC20)BII(20),CITH{20)+DIT(20)EIT{20)FIT{20),GIT{20) CHEM
COMMCN/EQ2/7AA(20+.5) + ICODE(20) CHEM
COMMON/THERM1/CL20) +FORT{20) CHEM
COMMON/ID/SPL20)+EL(S) CHEM
COMMEN/NUMBER/ NS +NNS, MM NC CHEM
COMMON/WT/XMR{ 20) +AWT(S) CHEM
COMMON /RH/ DUDDPHI +TD+RZB+PD+HD+HTCTAL CHEM
COMMON /DY/ DYDT(20.,60)" : CHEM
COMMON/PROP I /PP{60) s RO(E0) +TTI(B0) JAMA(G0 )4 CE(204+60).CC(5.60) CHEM
DIMENSION RO 74 7YeB0 Tel) o YINTI20)FY{20)4+PI{7)+FSUM{20),YSUM{ 20 )ICHEM
1 +X(20)14DELT(20) s XLLAN(20) CHEM
DIMENSION E{(S5).88{5).Y{20) CHEM
DIMENSION EOLDIS) CHEM

10

20

30

40

5¢

60

70

80

90
100
110
120
130
140
150
166
179
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350

Hee



5 CONTINUE
C
MA=1
c
Cr=wwm INITIAL GUESS FOR EQUILIBRIUM CALCULATIONSsss e
c
DO10I=1+NS -
1Q YOI) = CWALLLI ) *AMWONI) /7 XMu(])

C
Co=a===COMPUTE THE SIZE OF THE WNATRIX
C
NA=MM+ 1
C
C NS=NUMBER OF SPECIESesene
C
C CRIT=CRITERIA FOR CCNVERGENCEs
C
CRIT =TOL
XBETA=CRIT
BETA =04
LL=NS+1
TOLD=Da0
c .
C THE REMAINDER OFf THE PROGRAM COMPUTES EQUILIBRIUM COMPOSITIONS
C CORRESPONDING TO THE ELEMENTAL MASS FRACTIONS IN THE CC-ARRAY
C FROM POINT N = NI TO POINT N = NFe
C

SUM = Qe
DNISI1I=1,.MM

1511 SUM = SUM + CC(I.1)
DO2D11I=1,MM

2011 EOLDC(I)Y = CC(Is1}/5UM
DOBSOGON=NYT «NF
T = TT{(N)®TD
P=PP(N)

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

360
370
3a0
390
400
410
420
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700

1A



BETYOLD=0,0
SUM=040
DO1SI=1eMM
18 SUM=SUM + CC (I +N)}
PO2Y I[=1+MM
IF(CC{IeN) oL Ta1sO0E-10)CCUI4N)=140E~1D
20 ECI)=CC{Ys N} /SUM

CALL ALTERY(E EOLDsY+TOLD)

TINCR=ABS( T=TOLD)
IF(TINCReLESe211GOTOL750
22 NT =1
D025 J=1 .MM
BB(I1)I=0s0
DO 28 1I=1.NSE
25 BRC(JSI=BBLI)I+AA( T+ J)%Y(])
C
CALL THERMO(T,P)
c
Cm====THERMO SUBPROGRAM CALCULATES F/RT FOR EACH COMPCNENTesnea
C
C
ComumeeSET=UP THE R-~MATRIX AND THE B-VECTORessse
C
40 YBAR =0,
DOSOT=1sNS
50 YBAR=YBAR+Y(I)

YBAR IS THE TOTAL NUMBER OF MOLES OF GAS SPECIES

—wwe—usCALCULATE THE FREE ENERGY PARAMETER OF THE GAS SPECIES

o0 n

DOGO1=1+NS

CHEM 710
CHEM 720
CHEM 730
CHEM 740
CHEM 750
CHEM 760
CHEM 770
CHEM T80
CHEM 7350
CHEM 800
CHEM 810
CHEM 820
CHEM 830
CHFEM aad
CHEM 850
CHEM 860
CHEM 870
CHEM 880
CHEM 890
CHEM 900
CHEM 910
CHEM 920
CHEM 930
CHEM 940
CHEM 950
CHEM 960
CHEM 970
CHEM 980
CHEM 99¢
CHEM1000
CHEM1010
CHEMLIN20
CHEM1030
CHEM1040
CHEM1050

9z¢c



FAC=Y{1}/YBAR
IF{(FACoLTo 16E=73)FAC=10E~73
60  FY(I)=Y(I)%{C(I }+ALOG(FAC))
C
C-—=-—PROCEED TO CONSTRUCT THE R MATRIX
c
Cw===—INITIALIZE TO ZERGesws
c
DO75J=1aNA
DO7S5K=14NA
75 R{JsKI=NDeD

DOGRJI=1 MM
DOIIK=J s MM
SUM=0.
DNBNI=14sNS
80 SUM=SUM#AA (I o JI*AA(T+K)XY(])
R{J,KI=SUM
g0 R(K,J)=SUM

¢
DO 103 K=1 .MM
SUM=0.,
DO 101 I=1.NS _
101 SUM=SUM#AA (T «K) %Y ()
R{K s NA)Y=SUM
RUNA 4K } =5UM
102 CONTINUE
c
C ~-==PROCEED YO CALCULATE THE VECTOR Be
c

DO14CJ=1+MM
SUM=0,
) DOI3CI=14NS
130 SUM=SUMFAA(TL +J)%F Y1)}
140 B(J.1)=SUM+BR(JI)

CHEM1060
CHEM10T70
CHEM1080
CHEM1090
CHEM1100
CHEM11190
CHEM1120
CHEM1130
CHEM1140
CHEM1150
CHEM 1160
CHEM1170
CHEM1180
CHEM1150
CHEM1200
CHEM1Z210
CHEM1220
CHEM1230
CHEM1240
CHEM1250
CHEM 1260
CHEM1270
CHEM1280
CHEM1290
CHEM1390
CHEM1310
CHEM1320
CHEM1330
CHEM1340
CHEM1350
CHEM1360
CHEM1370
CHEM 1380
CHEM1390
CHEM1400

22



SUM=0e

DC 150X =1sNS
150 SUMSSUM4FYLT)

B{NA41Y=SUM

OF EACH GAS SPECIES,

s X2 X2 e RA s

CALL MATINVI(R.NA,BsMA,NMAX)
156 CONTINUE

C
DD160I=1+NA
C
Cc PILI J=LAGRANGINA MULTIPLIERS
Cc
160 PI(TI)=8(1.1)
U=PI (NA)
XBAR=UxYBAR
C

Lo=mm=COMPUTE THE WMOLFS CF EACH SPECICeess
C
DO170I 21 ,NS
170 FSUM(II==FY({I)+{Y(I)/YBAR)*XBAR
DO20O0I =1,NS
PSUM=0,
DO180J=14MM
180 PSUMz=PSUM+PI{J)I*AA(Y,J)
YSUMII)=PSUMXY{I)
200 X{(I)=FSumM(I)+yYSumM(l)
C

C—w==eCHECK IF CONVERGENCE CRITERIA HAS BEEN MET,

c -

w====MATRIX INVERSION IS CALLED TO PROVIDE THE SOLUTICN FOR
THE LINEARTZED EQUATIONSe THE SOLUTICN OF THE EQUATIONS
GIVES THE LAGRANGIAN WULTIPLIERS NEEDED TO COMPUTE THE MOLES

GO YO 800

CHEM1410
CHEM1A20
CHEM1430
CHEM 1440
CHEM14590
CHEM1460
CHEMIATD
CHEM1480
CHEM1490
CHEM 1500
CHEM1S510
CHEM1520
CHEM1530
CHEM 1540
CHEM1550
CHEM 1560
CHEM1570
CHEM1580

CHEM1590

CHFEM 1600
CHEM1610
CHEM1620
CHEM1630
CHEM 1640
CHEM 1650
CHEM1660
CHEM1670
CHEM1680
CHEM 1690
CHEM1T700
CHEM1710
CHEM1720
CHEM1730
CHEM1740
CHEM1750

8¢



BETA=0a0
DOZ1ESI=14NS
DELTL(INI=x{TI)-Y¥(1)

215 BEYA=BETA+ABS(DELY(I)}
IF(BETA«GTHBETOLDIGOTO216
IF(BETAWL T« XBETA)GLTCE800

216 CONTINUE

C
Commmw—COMPLTE THE CONVERGENCE PARAMENTER XLAMBD
C
XLAMBD=1.
DOZ210C I=1sNS
IF(ABSIDELT(I) el Te 1o 0E~20)DELT(I)=0,0
IF(DELT(I)eGEaDe)GOTC210
IF{X(I)eGT0a)GOTO210
XLAM (I )==Y{1)/DELT(I}
XLAMBD=AMINI{(XLAMBD ,XLAN(I))
XLAMBD =¢ 99%X{_AMBD

210 CONTINUE
XLAMI1=XLAMBD
IF{XLAM]ILEGe Ne I XLAML =1 o O0E~-S
DEBAR=Ja
DD2201=1,NS

220 DEBAR=DEBAR+DELT{I1)

C

Covwe==DETERMINE YHE SIZE OF THE UNIT VECTOR XLAMBDe

C APPLY THE CORRECTICNS TO OBTYAIN A NEW SET OF ESTIMATES FOR THE
C NEXT ITERATIONe WHEN THE VALUE OF XULAMBD IS VERY SMALL SEY THE
C VALUES OF Y(I) EQUAL TO X(I) YO AVOID USING THE SAME VALUES OF
C Y{1) AS WAS -USED IN THE FREVICUS ITERATION

C

Lo

Co>===DETERMINE THE FREE ENERGY GRADIENT, IF POSITIVE REDUCE XLAMBDA
Cc DFDL=FREE ENERGY GRADIENTY

C

CHEM1760
CHEM1770
CHEM)1780
CHEM1790
CHEM1B0D
CHEM1IB10
CHEM1820
CHEM 1830
CHEM 1840
CHEM1850
CHEM1860
CHEM187T0
CHEM 1888
CHEM1890
CHEM 1900
CHEM1910
CHEM1920
CHEM1930
CHEM 19340
CHEM1950
CHEM1960
CHEM 197G
CHEM 19890
CHEM1990
CHEM2000
CHEM2010
CHEM20 20
CHEM20 30
CHEM2040
CHEM2050
CHEM20 60
CHEM20 70
CHEMZ2080
CHEM 2090
CHEMR2100

622



230 DFDL=0e
DO2B0I=1.NS
FAC=(Y{I )+ XLAMBOXDELT(I) }I/({YBAR+XLANEBD*DEBAR)
IF{FACWLTe 1o E=73)FAC=] 4E~73
C260 DERP=(DELT{(II*YBAR-DEBARXY{(I))/7{¥YBAR+XLAMBD*DEBAR)
C280 DFDL=DFDL4DELT(I}*{C{1)+ALOGI(FAC)) + DERP
280 DFDLU=DFDLADELT(II*(CLIM+ALLCG(FAC))
IF(DFOL2t.Te0e000)GOTO3INO
XLAMBD =4 8% XL AMAD
IF{XLAMBD«GTale0E-0G8)GOTO230
c
Crw===THE VALUE OF XLAMBD THAT ASSURES CONVERGENCE HAS BEEN FQUND
c .
330 DO3SNI=1+NS
IF(XLAMBDeGToleE~€)GOTO3I30
IF{DFDOL.LTe0a )GOTOI30
IFIXLAMIGLTe 1eE-SIXLAM]I=19E=6
C
Co—===CALCUALTE THF NEW CCMPOSITICN FOR THE NEXT ITERATION
C
YOI)=Y{ID& XLAMEXDELT(] ¥*e1
GOYO 34D
33C Y(ID=Y({I)+XLAMBD*DELT(I}
340 IFIY(I Vel TaOalY{I)=1,F~73
350 CONTINUE
C
€32 NT=NT+1
BETOLD=8ETA

TOLD =T
C
C-====1F THE NUMBER OF ITERATIONS EXCEED 900 STOQP CCMPUTATIONS
c

IF{NT.GT+3001G0TO600D
GOTD 40
800 CONTINUE

CHEM2110
CHEM2120
CHEM21 30
CHEM2140
CHEM2150
CHEMZ2160
CHEM21T0
CHEM21 80
CHEMZ2190
CHEM 2200
CHEM2210
CHEM2220
CHEM2230
CHEM2240
CHEM2250
CHEM2260
CHEM22TC
CHEM2280
CHEM2290
CHEM2300
CHEM2310
CHEMZ2320
CHEM2330
CHEM2340
CHEM2350
CHEM23860
CHEMZ2370
CHEM2380
CHEM2390
CHEMZ2400
CHEM2410
CHEM24 20
CHEM24 30
CHEM24 40
CHEM2450)

o€t


http:IF(XLAMAD.GT
http:D03501=1.NS
http:IF(XLAMBD.GT
http:IF(FAC.LT

~e===CONVERT Y{1) YO MOLE FRACTIONSsease

CONVERT EQUILIBRIUM MOLE FRACTIONS TC MASS FRACTIONS AND STORE
THESE VALUES IN THE CE-MATRIXe AMW{N) IS THE AVERAGE MOLECULAR

WE IGHT AT THE POINTe Ne

NOOOOHND

SUMY=0e 0
DOGOOT=1,NS
900 SUMY=SUMY+Y(I1)
AMW{N) = 040
DD1000I=1,NS
Y(I)=Y(1)/SUMY
1000 AMW(N) = AMWIN) + Y(T)%XNW(I)
DO 10051 =1,NS
1005 CE(TsN) = YU{I)AXMW(I) ZAMW(N)

1

GOTO1200
C ‘
Crm=w=w[F THE TEMPERATURE CHANGE IS LESS THAN SD DEGREES FROM LAST
C Fe Eeo Mo CALCULATION ASSUME CURRENT VALUES AS EQUAL YO LAST
C VYALUESeoo
C

1750 NDOLI7EQI=1+NS
1760 CE(I+N}=CE(IsN-1)

AMWIN) =AMWIN=-1)
180C CONTINUE
C
C OPTIONAL DUTPUT OF PCSITION » TEMPERATURE AND EQUILIBRYIUM
ot COMPOSITIDONS,
C
IF(NDBUGsLTe 1)GOTO30NDN
PRINT 20004+P,T oNT
2000 FORMAT(//3s® P = %,F543+°% T(OK) = * ,F6o0+SX+"NUMBER OF ITERATICONS

XK=® 3139791 5Xa"'Y(I) P41 2X*C(I oN)* /)
PRINT 200S5.s(SPII) s Y{T) sCE(I oN) s I=14NS)

CHEM24 60
CHEM24 70
CHEM2480
CHEM2490
CHEM2500
CHEM2510
CHEM2520
CHEM25 30
CHEM2540
CHEM2550
CHEM2560
CHEM 2570
CHEM 2580
CHEM2590
CHEM 2690
CHEM2610
CHEM26 20
CHEM 2630
CHEM2640
CHEM2650
CHEM2660
CHEM2670
CHEM 2680
CHEM2690
CHEM2700
CHEM2710
CHEM2720
CHEM2730
CHEM2740
CHEM2750
CHEM2760
CHEM2770
CHEM2780
CHEM 2790
CHEM2809

1€e



200%

3000
3300
5000
800¢C

6000
5001

FORMAT(1XyAS%.2E1848) CHEM2810

CHEM2820
CONT INUE CHEM2830
XBETA=CRIT CHEM2B40
CONTINUE CHEM2850
CONTINUE CHEM2860
RE TURN CHEM2870
PRINTE&EQOL CHEM2880n
FORMAT( ' NUMBER OF ITERATICNS EXCEEDED 900, PROGRAM TERMINATING® JCHEM2390
RETURN CHEM 2900
END CHEM2010

rANA



SUBROUTINE ALTERY(ELECLD,.Y,TOLD)
COMMON/WT/SMRE20) +ANT(S)
COMMON /NUMBER/NSP o NNS o NE oNC
COMMCN/EQ2/7AA{20+45) »ICODE(20)
COMMON/ZEL SP/LSP(S)
COMMOCN /SP1/SS.TOL +NDBUG
DIMERSINN E(S)v(20)+8(S).E0LD(S)
C
IF{NDBUGeGTe 1 IPRINT1 O}
101 FORMAT(®* INITIAL GUESS CN MOLE FRACTICNS UPDATED')
C
C=====ASSUME ALL SPECIES HAVE THE SAME CONPOSITIONeeenee
C

C
Cm"e==COMPUTE GRAM=ATOMS OF EACH ELEMENT FROM KNOWN ELEMENTAL CPMPJS

C DISTRIBUTION AND THE WVMAXIMUM POSSIBLE MOLECUL AR WEIGHT geeses
C
DO20J=1NE
IF{E(J)1eGTe1e0E=-8)GOTN20
DO151=1+NSP
IFLAAL L +J)eLEaD.03GATOLS
Y{I}=1.0F=12
1S CONTINUE
20 E(J)=EL(J)I* 100, FANT(I)

C

ComaseCALCULATE FOR EACH ELEMENTs THE NUMBER OF G=ATOMS BASED ON THE
C FIRST GUESSe ADJUST THE COMPOSITION OF EACH ELEMENT=SPECIE AS
C REQUIREDsenese

C

DO 3V J=1+NE
B(J)Y=0.0
DO3CI=t1,NSP
39 B{JI=B(J)+AA(L,:JI%*Y(1)
DOA40J=1NE
EOLD(J)Y = E{J)

ALTE
ALTE
ALTE
ALTE
ALTE
ALTE
ALTE
ALTE
ALTE
ALTE
ALTE
ALTE

* AL TE

ALTE
ALTE
ALTE
ALTE
ALTE
ALTE
ALTE
ALTE
ALTE
ALTE
ALTE
ALTE
ALTE
ALTE
ALTE
ALTE
AL TE
ALTE
ALTE
ALYE
ALTE
ALTE

10

20

30

40

50

50

70

8o

90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
380
310
320
330
340
350

€EeT



a0

YESP{N ) =vILSP(J)) + (E(J)~-BL(J))
TOLD =00

RETURN

END

ALTE 360
ALTE 370
ALTE 380
ALTE 390

Ret



SUBROUTINE THERMO(TY,.P)

THER
THER
THER

10
20
30

ced



Comw==eSUBROUTINE THERMOD CALCULAYES THE FREE ENERGY FUNCTION FOR EACH THER

C CHEM ICAL, SPECIE. THER
c THER
c THER
COMMCN/NUMBER/NQ s NNS s NE 4NC THER
COMMON/EQL1/AI{20) s BI{20}s CI(20),s DI(20), EI{20) s FI(20), GI{20)s THER

X AT I1020) 4BITC20),CIT(20)4DTI(20)EIIC20),FIT(20)+G1I(20) THER
COMMCN/EQ2/7AA(20,:5) »1CDODE(20) THER
COMMON/THERM1/C{20) FORT{20) THER

c THER
c T=TEMPERATURE IN OK THER
c THER
Ti=T THER
T2=T1%T THER
TS=T2*T THER
TA=TasT THER
TS=T4*T THER

C THER
C THER
Cee=weeCALCUALTE THE FREE ENERGY FUNCTICN FCRT(1) THER
c THER
c FORT{! )=FREE ENERGY FUNCTICN THER
c THER
DO 41.1=1,NQ . THER
IF(TaGTe6000s )IGOTO6205 THER
FORT(IN=AT (I )% (1o=ALOGI(T))I~BI(I I *T/2,=CI{I)%T2/64-DI(TI%*T3/12, THER

1 ~FI(I)%TG/20e+FI(I)/T-GILI) THER
IF(ICODEC(I)cEQe 1)60YCA1 THER
COI)=FORT(I)+ALOG(P) THER
GOT041 THER

6205 FORT(II=ATI{1)1%(e~ALOGI(TI)-BII(I)*T/24=CII(I)®T2/66-DII(1)%T3/12¢THER
1 “EII{1)%Ta/ 206 +FII(I}/T=-GII(T) THER
IF(ICODE{I)eEQe 1)GOTO4] THER
C(IVY=FORT(I}+ALOG(P) THER

4’y CONTINUE THER

40

S0

60

T

a0

Q0
100
110
129
130
140
150
160
170
180
19¢
200
210
220
230
240
250
269
270
280
299
300
310
320
330
340
3so
360
370
380

9¢2


http:NNS.NE.NC

sl Nt

oo

naoon

~

10

20
30

40
45
50
60
70
80
8BS
90
9%
190
10=

106

110

SUBROUTINE MATINV(A«NBsMANMAX)

MATRIX INVERSION WITH ACCOMPANYING SCOLUTION OF LINEAR EQUATIONS
DIMENSION A{(7:sT)sB (71 ke IPIVOT{7) +INDEX(7,2)
EQUIVALENCE {(IRDW«JRUOW) > (ICOLUN,JCOLUM),

INITIALIZATION

ISCALE=D
RI1I=10,0%%18
R2=14,0/R1
DETERM=147
DO 20 J=1 oN
IPIVOTLI)=0
DO 580 I=1.N

SEARCH FDR PIVOT ELEMENY

AMAX =000

0 108 J=1N

IF CIPIVOTL(U)=1)60,+,105,60

DN 100 K=1,N

IF {IPIVOT{K)~1)8L.+,100,740

I (ABS{AMAX)-ABS{A{J»K)))BS+100,100
IROW=J

ICOLUM=K

AMAX =A{ 14K

CONT INUE

CONT INUE

IF (AMAX)110+106,110

DETERM=N,0

ISCALE=0

GO YO 740
IPIVOT(ICOLUM)=IPIVOT(ICOLUM) +1

(AMAX »T s SWAP)

MATI
MATY
MATI
MATI
MATI
MAT T
MATI
MAT1
MAT1Y
MATI
MAT I
MATI
MATYY
MAT Y
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MAT I
MATY
MATI
MATI
MATI
MATI
MATI
MATI

"MATI

MATI
MAT!
MATI
MATX
MAT I

10
20

30
40
50
60
70
80
=l
100
110
120
1 3¢
140
150
160
170
180
190
200
210
229
230
246
250
260
270
280
290
300
310
20
33C
340
350

8€¢



DOoon

130
140
1590
160
170
aen
2085
210
220
230
250
2606
27Q
3to

1000
1008
1010

1020

1030
10640

105¢

10560

INTERCHANGE ROWS TO PUT PIVOT ELEMENT ON DIAGONAL

IF { IROW~ICOLUM)1A40,260.,140
DETERM==DETERM

DO 200 L=14N

SWAP =A{(IROW,.,L)
ACTROW.L)=A{ICOLUM,L)
ACICOLUM,L )=SWAP
IF{M)260,260+210

DO 2EQ L=] .M
SWAP=0B(IROW,L)
BEIROWSLI=BIICOLUM,.L)
B{ICOLUM,L)=SWAP
INDEX(1+1)=IROW
INDEX(I+2)=1CGALUM
PIVDT=A{ICOLUM, ICOLUM)

SCALE THE DETERMINANT

PIVRTI =PIVOT
IF{ABS(DFTERM)~R11103N0 4101041010
DE TERM=DETERM/R1

ISCALE=ISCALE+ ]
IF(ABS(DETERM)~R1)1060,1020,1020
DE TERM=DETERM/R}

ISCALE=ISCALE+1

GO TO 1760
IF(ABS(DETERM)I~R2)1040,1040,10860
DE TERM=DE TERM*R 1

ISCALE=ISCALE-]

IF {ABS(DETERM) ~R2)1050,1050+1060
DF TERM=DE TERM& R}

I1SCALE=15CALE-1
IF(ABS(PIVOTI)I~R1)1090,1070,1070

MATI
MATI
MATY
MAT I
MATI
MATI
MATI
MATI
MATI
MATI
MAT I
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MAT I
MATI
MATI
MATI
MAYT
MATI
MAT I
MATI
MATI
MATI
MATI

360
370
380
390
400
410
420
430
440
450
A60
470
48¢
490
sS00
510
520
S30
540
550
560
570
580
590
620
610
620
630
640
650
660
670
680
690
700

6€T



[aNalYy!

aOnon

1070

1080

1090
2000

2910

320

33¢
3406
350
355
36N
3rae

380
390
4C 0
420
430
450
455
460
500
550

PIVOYI=PIVOTI/RI
ISCALE=ISCALE+]
IF(ABS(PIVOTI)-R1)320.,1080,1080
PIVOTI=PIVOTI/R1
ISCALE=ISCALE+]

GO TO 3z2¢
IF(ABS(PIVOTI)=R2})Y20C0+2C00,320
PIVOTI=PIVOTI*R1
ISCALE=ISCALE~1
IF(ABS(PIVOTI)-R2)2010:2010,+320
PIVOTI =PIVOTI%*RI
ISCALE=ISCALE-1
DETERM=DETERM*PIVOTI

DIVIDE PIVOT ROW 8Y PIVOT ELEMENT

A(TCOLUMICOLUM)} =140

00 350 L=1.N

ACICOLUMLL I=A{TICOLUM,L) /7RI VAT
IF{M) 380+380.360

DO 370 L=1.M
B{ICOLUMLL)I=B{ICOLUM,L}/PIVOT

REDUCE NOM=PIVCT RCwS

DO 550 LI=1.N

IFILI-1COLUM) 4C0+550,4C0
T=A(L1,,ICOLUM)

AL +ICOLUM) =040

DO 450 L=1.N

A(LL,L)=ACLY +LI~A(ICOLUM,L)%T
IF{M} 550 +55Q0+460

DO 5C0 L=1M
B(LI.L)I=B{LIL)-B(ICOLUML}*T
CONTINUE

MATI
MATI
MATI
MAT I
MAT Y
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MATI
MAT Y
MATI
MATI
MATI
MATI
MATI
MATI
MAT I
MATI
MATI
MATI
MATI
MATI
MATI
MATI

710
720
730
T40
750
760
770
780
790
800
810
az0
830
840
B85S0
860
870
asa
890
900
910
920
930
940
950
960
970
9RD
990

MAT 1000
MATIIO10
MAT 11020
MATI1030
MATINI040
MATI1050

0%¢



600

610
€620
630
640
65C
660
670
e
705
T1C
740 -

INTERCHANGE COLUMNS
DO 710 TI=1eN

=N+ 1=1

IJFCINDEX{(L +1)=INDEX(L+2))630:710.,630
JROW=INDE X{L 1)

JCOLUM=INDEX{L +2)

DO T7CS K=1.N

SWAPz=A (K, JROW}

A{Ks JROWI=AL Ky JCOLUM)

A{Ke JCOLUM)=SWAP

CONTINUE
CONYINUE
RE TURN
END

MATI 1060
MATI1070
MATI 080
MATI 1090
MATI1100
MATI1110
MATI1120
MATI1130
MATI1140
MATI1150
MATI 1160
MATI11T7C
MATI1180
MATI1190
MATI1200
MATI1210

e



SUBROUTINE PROPRTU(NSP NI NF)

PROP

C % & o % % %« % % & % %k % & kx & % % ¥ Xk * % ¥ k% & % % ¥ k % ¥k % ¥ ¥k ¥ % PROP
C PROP
C SUBROUTINE FOR THE CALCULATICN OF THERMODYNAMIC AND TRANSPORT PROP
C PROPERTIES PROP
C PROP
C NOMENCLATUREw ee e PROP
C Y{I)eeas MOLE FRACTICN OF COMFCNENT I PROP
C ClIsN)eosa MASS FRACTION OF CCMPCNENT [ AT POINT N PROP
c Tleeososeoe TEMPERATURE, DEGe K pPrROP
C CP{I)ewewsSPECIES SPECIFIC FEAT, CAL/GMOLE OF I~K PROP
C COMIMNIeea e MI XTURE SPECIFIC HEAT, CAL/GMOLE OF M-—-K PROP
C H(1) seeseeesSPECIES ENTHALPY, CAL/GMOLE OF I PROP
C HM{N}ooaso e MIXTURE ENTHALPY, CAL/GMOLE OF ™ PROP
C VIS{I)ecoeSPECIES VISCOSITY, LM/ FT=-SEC PROP
C VISMAIN) s s o MIXTURE VISCOSITY,s LBN/FY=SEC PRDOP
C TC{IYaseseaSPECIES THERMAL CCNDUCTIVITY. BTU/FT=SEC-DEGs R PROP
C TCMIMN)o ea MIXTURE THERMAL CONDUCTIVITY. BTU/FT-SEC-DEGe R PROP
COMMON /7BLOCKL1/V1{(20) +Vv2(2C)v3(20} PROP
COMMCN/BLOCKI/X1(2C) +XK2(20) PROP
COMMON/FQL/ZALI(20) . BI(20)., CI(20), DI{20), FI(20)s FI(20), GI(20).PROP

X ATTIC(20) «BIT{(20) o CII(20)sDII(20)IHZEII(20)FIT(20),GII{2D) PROP
COMMIN /FRSTRM/ U INF, RINF, UINF2,RADs RE, LXI, ITM, [EM,NETA PROP
COMMDN/PROPL /ZPI{60) +RHO(SED ) s TLHBD) +AMWI{ED ) sC (20+60),CC(5460) PROP
COMMON/PROPZ/VISMIGO) +RM(50 ) » TCM(ED) PROP
COMMCN/PROPI/CP (20 .60) +HI20 460 ) +CPM60 ) 4HMIBD ) PROP
COMMON/WT/SMR{ 20) ANTI(S) PROP
COMMON ZRH/ DUD +DPHI + TO+RZB4PD s HD 4HT OT AL PROP
COMMON /NON/RDZ MUDZ+RMDZ s AKNF s HNFF s CFNF PROP
DIMENSION PHIC(20520) o YPHIL20) ¥ (20} ,TCL20),.,VIS{20)} PROP
DIMENSION SAMW(2) PROP

RE AL MUsMUDZ s+ K1 + K2 PROP

DATA R /14.98716/ PROP

(o PROP
DOSOON=NI s NF PROP

10

20

30

40

50

60

70

80

90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
24n
259
260
270
280
299
300
310
320
330
349
350

(A4



Ti= TI(N) *7D
T2=¥Y142T1
T3=T2%T1
Ta4=T3%T)
TS=T4%T1
DO150T =1,NSP
IF(T1eGT46000s }GOTC S0
CPLT +NI=( AI(I)+ BI(1)%T1+ CICI}®T24+ DICI)*T34+ EI(1)*T4)I%R
HOIsND={ ATCID*TI4+ BICI)*T2/2e+ CI{I)®T3/3a+ DI(I)%TAs 4,
X + E1C1)RTS/Se+ FIC(I))AR
GOTO 100
S0 CPUTNI=(ATICEI4BIT(II*TI4CITCI)*T24DEI(IDATI4ELIIC( T )*TA)RR
HEToN)=(ATICIVRTI4BII(I)XT2/2+CIE(I)XT3/344DII(11%TAr4,
X +ETICI)ATS/Se +F1I( 1)) %R
100 YCIV=C (I NI*AMW(N) /SMn (1)
VISCII=(VI(L) + V2(T)%T1 + VI(I)4T2)%140E=05
TCLII=(KI(II+K2{TI ) *T1 ) %1 ,0E~5S
150 CONTINUE
Cmmme=eCALCULATE PHI(I+J) PARAMETERS FOR MIXTURE PROPERTIESesses
C
DO200L =1 ¢4NSP
DO200J=1 NSP
VIS1I2=S5QRT(VIS(I}/VIS{.4))
SMWLA=(SMW(J)Z7SMW 1)) x%xa25
PHI(1sJ)=e358k((1e4+VISI2%SMWIS)4%2) /SQART (14 +SMI(I)/SMW(J))
200 CONTINUE
C
Commm e CALCULATION OF MIXTURE PROPERTIESess
c
DO250L =1 ,NSP
YPHI (I )=0s 0
DO250J=1  NSP
250 YPHI(I)=YPHI(I) + Y(J)*PHI (L,)
VISM({N)=0e 0
TCMI(N) = Qe

PROP
PROP
PROP
PROP
PROP
PROP
PROP
PROP
prOP
PROP
PROP
PROP
PROP
PROP
PROP
PROP
PROP
PROP
pPROP
PROP
PROP
PROP
PROP
paoP
PROP
PROP
PROP
PROP
PROP
PROP
PROP
PROP
PROP
PROP
PROP

380
370
380
390
400
410
420
4 30
440
450
460
470
480
490
s00
510
520
530
540
550
560
sSTc
sS80
590
600
610
620
63C
640
650
660
670
680
690
T00

£9C



C

DO3C0I=1sNSP

IF{Y{1)eLToleE~-S) GO TO 300

VISM(NI=VI SMI{N)+Y(T)AVIS(I)/YPHI(T)
300 TCM(N) = TCMIN) + Y(1)%TCC(I)/YPHI(I)
500 CONTINUE '

» C====m NONDIMENSIONALIZE QUANTITIES ——w=—-

C

DO S50 N=NIeNF

VISMIN} = VISM{N) /MUDZ

TCM{N} = TCMIN)RAKNF

RML )I=RHO{ N} AVISM{N)

CPMIN) = 0.

HM{N) = .0e

DO SE0I=14.NSP

CP{IsN) = CP(I4N)*CFENF/SHMW{I)

H{T+N) HOL sN)*HNF% 1o 80/SME(T)

CPMINY CPMINY + CP{T +NI*C{I +N)

HMINY = HMIN) + HOI +N)RC(] +N)
S50 CONTINUE

RETURN -

END

PROP
PROP
PROP
PROP
PROP
PROP
PROP
PROP
PROP
PROP
PROP
PROP
PROP
PROP
PROP
PROP
PROP
PROP
PROP
PROP
PROP
PROP"

710
720
730
740
750
760
770
780
790
8o0
810
820
830
840
850
860
87e
212 14
890
9¢o
g1
920

VLA
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SUBROUTINE STPSZE

** ROUTINE TO ADJUST STEP SIZE AS NEEDED
TO MAINTAIN ACCURACY *%

COMMON /DEL/ DELTALDTIL,.DTILS

COMMCN /FRSTRM/ U INF, RINF, UINF2s R 2 REs LXI+ ITM, IEMy NETA
COMMON/PROPL/PI(60) s RHO(G6Q) »G (HO)+ AMWIGEE)Y L C {20460 )4EC(S,60)
COMMON/PROPZ/ MULEG) +RM(60) s AK(60)

COMMON /PROP3 /CPS{20.60) +HS(204,60) +CP (60) +HM(B0)

COMMON /RH/ DUD +DPHI s TD+RZE PO« HD +HT OT AL

COMMON /RFLUX/ E(60) IRAD,ITYPE

COMMCN ZVEL/ FLOD) FCIB0YZ2(60).V(6D)
COMMON/WALL/RVEPRAMsTWOLD oFLUX{2C )+ CHALL {20 ) +ECWALLI(S)

COMMON ZYL/ETA(G60)YONDI(6GOD)

COMMON /0LD/ TOLDL(E0) L EQLD(50)RHOS5(E0)

N=2

CONTINUE

12=2

IF(NETALGEs 59) GO TQ 5

DO 2 I=NJ+NETA

t=I

CHECK = ABS{G{I}-G(I-1) )
IF(CHECK oGTe «05) GO YO 3
CONTINUE

GO TG S

CONTINUE
M = NETA - L + 1

DO 4 I=1sM

sTPs
STPS
STPS
5TPS
sSTPS
STPS
STPS
sSTPS
STPS
STPS
STRS
STPS
STPS
STPS
STPS
STPS
STPS
5TPsS
57TPsS
STPS
57PS
STPsg
STPS
S5TPS
STPS
5TPsS
STPS
sSTPS
sSTesS
STRPS
STPRS
5TPs
5TeS
S5TPS
STPS

10

20

30

40

50

60

70

80

0
100
110
120
130
140
150
160
170
180
130
200
210
220
230
2490
250
260
270
280
290
300
310
320
330
340
350

YT


http:IF(NETA.GE

130

101

K = NETA = I 4+ 1
G{K+1} = G(K)

FI(K+1) =F(K)

D100 JI=1,5
EC{JI+K+1I=EC(JJeK}
TOLD(K+1)=TOLD(K)
RHOS(K#+1)=RHOS(K)

RHO{(K+1) = RHD(K)

RM {(K+1) = RM (K)
IF{IRADoEQs 3) E(K+1) = E(K)
ETA(K+1) = ETA(X)

CONT INUE

GI{L) {GIL~-1) + GIL+1) )} / 260
FIiL) (FlL=-1)Y+F{L+1))r2,.
DO101JJ=1,.C
ECC(IJsLI=(ECCIIL=1)FEC(IIWL+1)) /2,
TOLD (L )Y={TOLDIL—~1)+TOLD{L#1))/2.0
RHOS(L )=(RHOS(L=1)+RHOS(L+1)) /20
RHO(L) = (RHO(L~1) +RHC{L+1))/2,

M L)Y = (RM (L-1) +RM (L+i)) /2,
IF{IRADWEQe 3V E(L) =(E{L~1)+ E(L+1))/2.0
ETA(L) = (ETA{L~1) 4+ ETA{(L+]1) )r2.0
NETA = NETA + 1

N=L.

IF{ NETA «LTe S59) GO YO 1
CONTINUE

IF(IZ +GEe NETA) GC TO 190
DO 6 I=Y2:NETA,2

L=1

IF (LeEQoNETA) GO V1O 6
IFCETALI)aEQoe 0098) GO TC 6

3TPS
STPS
STPS
5TPS
STPS
STPS
STPS
STPS
STPS
sSTPS
STPS
STPS
STPS
STPS
STPS
STPS
STPS
STPS
STPS
STPS
STPS
STPS
STPS
STPS
STPS
$TPS
S5TPS
STPS
5TPS
STPS
STPS
STPS
STRS
STPS
STPS

360
370
380
350
400
41n
420
430
440
450
460
470
480
490
500
510
520
530
540
£50
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700

94T


http:IF(ETA(I).EQ

102

10

20

CHECK =ABS(G{(I+1) -~ G(I-1) )
IF(CHECK ¢LTe NeOOSY GO TD 7
CONT INUE

GO YOgo 10

CONTINUE

I2=+1

IF(ETA(L+1)~ETALL~1}sGTe #C4&) GO TO 5

DO 8 I=L.NETA

G{I) = G(I+1)

FOCI) = F(1+1)
DO102JJ=1.5
EClJJ1)=FC{IJs1+1)
TOLDLII=TOLDCL+1)
RHOS {1 }=RHOS(I+1)
RHO(I) = RHO(I+1)
RM (I} = RM (I+1)
IF(IRADSEQe 3} E(I) =E(I+1)
ETA(L)I=ETA({I+1)
CONT INUE

NETA=NETA-1
IF {NETA «GTe 1) GO TGO §

CONTINUE

NN = NETA-2

DO 20 I=14NN

ZL{1) = EYA(I+1)/DTIL
CONT INUE

RE TURN

END

STPS
STpS
5TPS
5TePsS
5TPs
STPS
STPS
5TPS
sSTPS
STPS
sSTPS
5TPs
STPS
STPS
sTes
5TPS
sSTPS
STPS
5TPS
5% 24
S5TPS
STPS
5TRS
STpS
5TPS
STPS
STPS
STPS
STPS

710
720
730
740
750
760
T70
T80
790
800
819
820
830
840
850
B6O
876G
aan
890
9%0
10
229
930
340
950
260
aro
980
990

STPS1000
STPSINIO
5TPs1022

L%2



SUBRCUTINE TRID (M)

TRID

ChkE&% TRID -=TRIDIAGONAL EQUATICON SOLVER COBTAINED FRCM CONTE P~184 *xx TRID

M = DRDER OF SYSTEM
SUP = SUPER DIAGCAAL OF A

SUB = SUB DIAGONAL CF A

DYAG = MAIN DIAGONAL OF A

B = CONSTANT VECTOR

SUP AND DIAG ARE DESTROYED
SOLUTION VECTOR IS RETURNED IN B

sNsNeNaNas Nz N NaNe!

COMMUENZVECTOR/ SUBLE0) DIAGISD ) +SUP(60).BLED)

g

N =M
NN = N -1
SUP(1) = SUP(1)/0T1AG(1)
B(1) = B(1)/DIAG(1)
DD 10 I=2.N
IT =1 -1
Cremm=e=DECOMPOSE A TO FOFM A = LU WHERE L IS LOWER TRIANGUL AR,
C AND U 1S UPPER TRTIANGULAR ====-wm=-
DIAG(IY = DIAG(I) - SUR{IY)»*SUB(IY])
IFL{TI +EQe N) GO TC 10
SUP(I) = SUP(I) s DIAG{I)
Com=s—==COMPUTE Z WHERE LZ = B
10 BLI) = (B(1) - suB(Il) %#B(IX)}/ DIAG(I)
Com=m=aaCOMPUTE X BY BACK SUBSTITUTION WHERE UX = Z
DO 20 ¥ =1+NN

T = N - K

20 B(I) = B(1) —-SUP(I) *B(I+1)
RETURN
END

SUBROUTINE SOLVES AX = 8 FOR THE VECTOR X (WHERE A IS TRIDIAGONALTRID

TRID
TRID
TRID
TRID
TRID
TRID
TRID
TRID
TRID
TRIO
TRID
TRID
TRID
TRID
TRID
TRID
TRID
TRID
TRID
TRID
TRID
TRID
TRID
TRID
TRID
TRID
TRID
TRID
TRID

10

20

30

40

50

60

70

30

90
100
110
120
130
140
150
160
170
180
190
200
210
2208
230
240
250
260
270
280
290
300
310
320

8%¢



OO0

FUNCTION QUAD (XsFXel)

¥ TRAPEZOIDAL QUADRATURE FUNCTION

DIMENSTION X{EQ) FXI(ED)
OX=X{I)-X{I~1)

QUAD =
RE TURN
END

{(DX/2+0) * (FX(I) # FX{(I~1)

L3

Qu
Qu
Qu
Qu
Qu
Qu
Qu
Qu
Qu

106
20

40
50
50
70
80
90

6%¢



SUBROUTINE EFLUX

COMMCN /FRSTRM/ U INFs RINF, UINF2s R s RE, LXI,
COMMEN /RHZ DUDDPHI c TDsRZBPD+HD+HTOTAL

COMMON Z/RFLUX/ E(6D)IRADITYPE

COMMON/ZPROPL/PI(60) sRHO(G0 Y,

DIMERSION EQLDC(ED)

DO 100 I=1.NETA
IF(IEMeGTe 1) EOLD(I) = E(I)
PL = ALOGIO(PI(I} )
TSI= T(I)*TD
TS = 1100e * PL +13800,
IF (1S ~TSI )} 300,200,200
200 EP = 10%%x(e0005 %TST +1415%PL =3+15 )
GO0 TO 3SC
300 EP = 104%*%(1e875 *PL + 34903)
C *%%k%x EP HAS UNITS OF WATTS/CMiEx3 Ak
C
356 E(1) =(EP%*R/{ RINF SUINF2 *U INF) )% 208660
A00 E(I) =E(1) *RZB
c IF{IEMeGTe 1) E(L) = o6 %E(1) +p4 *EOLD(I)
c
C %%tk £ I5 NONDIMENSICRNAL  %%%
c
100 CONTINUE
RE TURN
END

TCOE0) JAMR(SED) ,C (2046014 CCI(5460)

EFL U
EFLUY
EFLU
EFtLU
EFLU
EFLU
EFLY
EFLU
EFLU
EFL U
EFL U
EFLU
EFLU
EFLU
EFLU
EFLU
EFL U
EFLUY
EFLU
EFLU
EFLUY
EFLU
EFLU
EFLUL
EFLU
EFLU

1¢
20
30
40
50
&0
7O
8n
90
100
110
120
130
140
150
160
17¢
18¢
190
200
210
220
230
2410
250
260

0<?



FUNCTION C1 (DX OX1}
C1 = DX1/DX/7(DX+D X1)
RE TURN

END

C1
[of |
cl1
C1l

10
20
30
40

14¢



FUNCTION C2 (DX+DX1)
c2= (DX-DX1)/70X/DX1
RET#:JRN

END

c2
cz2
c2
cz2

10
20
30
40

25¢



FUNCTION €3 (DX.DX1)
C3==DX/DX1/({DX+0X1)
RE TURN

END

Cc3
Cc3
c3
c3

10
20
30
40

€8¢



FUNCTION C4 (DX,DX1)
C4=24D0/DX/{OX+DXY1)
RE TURN

END

ca
ca
C4
ca

19
20
1)
40

VAT



FUNCTION €S (DX.,DX1)
CS==2sD0/DX/DX1
RETURN

END

c5
Cs
c5
CcH5

16
20
30
40

1Y



FUNCTION C6 (DX.DX1)
CE6=2oD0/DKR1I/Z{DXAD X))
RE TURN

END

c6
cs
cs
c6

10
20

40

9¢¢



BL.OCK DATA DATA
COMMON/FINV/ NHVL s NIHVCFHVCL112) 4sDI(9) +HVI(9) 2ZK2Z DATA
COMMON /FRSTRM/ U INFa. RINFs UINFZ2s R 4 RE, LX1e ITMy IEM, NETA DATA
COMMON/GUE SS/TG1 (60) + TG2L60) DATA
COMMGN/PROPL/PI(S50) yRHC(H60Y s T(HE0 ) AMWI{S0)Y s C (20:60)s EC{S5,601} DATA
COMMON /7PROP2 / MUTBE0) +sRMI60) s AK{ED) DATA
COMMCN/PROPI/CPS(20+60) +HSLI20+60) +CP {60) +HMIED ) DATA
COMMOCN/NUMBER/NSP + NNSy NE o NC DATA
COMMON/EL SP/LSP(S) DATA
COMMONZID/SP{20) ,EL(S) DATA
COMMON/ZWT/SME{20) s ANT(5) DATA
COMMON /BLOCKL1/ZVI(20)V2(20)+Vv3(20)} DATA
COMMON/BLOCK3I/K1{20)+K2(20) DATA
COMMON/EQL/ZAT{2C)s BI(20)s CI(20)es DI(20)s EI(20)s FI(20)y GI(20)sDATA
X ATI(29) BIT(20)CII(20)YsDII(20)+EITI(20)FIIC20),GITI(2C) DATA
CCMMCN/EQ2/AA(205) . 1C0ODE(20) DATA
COMMON/EQ3/I A{20+5} DATA
REAL Kl+K2 DATA
COMMON/CK/ISN(20) +MUT(19) DATA
RE AL, MWTY DATA
DATA YSN/ ’ DATA
1 11, B 19, 12. 20, 14, 13, 18, 10, = 2 4, (-9 DATA
2 3, S T 15, 16, 17y 1/ DATA
DATA MuT/ DATA

1 284011y 1260119 2440229 3600339 120119 25030+ 266019 27027 DATA
2 02¢C16s D108, 2RBe016, 144N08s 144008, 16000+ 164000, +00058864+DATA

3 264038y 374041, 484052/ DATA
DATA NETA/ZQ/ DATA
DATA RHO /25131433484 8546e50 39463743001 32¢49¢2e179189013146791e46s DATA

1 1029010163108 31003+1e00+144%)140/ DATA
DATA RM /10603 7¢71 4508915010340 18:3054:43831¢3010+4208312048+2e09» DATA
1 167231042010 22+91009+1e02044%]1,4,0/ DATA
DATA TGl / 2103340220448 3531 484719405777 3e65319e6867¢e7034407145¢ DATA
1 ¢723638 73213078401 3e7A479434755430T7028307609,a7T76F9e7B365e7902, DATA

2 0679675080304 080920s81534308213+08272+08331483894+04844T 008504, DATA

10

20

30

A0

50

6C

70

80

990
100
110
120
130
140
150
160
17¢
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
3150

LST


http:10.0,7.71.5.89,5.10,4.l8,3.54.3.31.3.10,2.832482.09
http:25.l,14.3.o85.6.504.37.3.01.2.49.2.17.1.90.167,t.46
http:COMMCN/NUMBER/NSP.*NS.NE.NC

3 eBE€E2e8B861900 867690873940 8791 9e8850308908:08958¢¢9028,49089,
4 2915120921520 9280309387 209417909480 20956330964 1209723,¢9809,

5 +9901410%140/
DATA TG2 / 9 232546332530 33251903325+03325903325+0332541933262¢3328,

N o N -

1
2
3

(d N e N - M)

3

9333143633363 33844,03357 3337893408 4+03452+03515+836019¢3718,
0387340807640 433504665 3050754205560 9a60540a6487+06857 247161,
0740440759540 7789430787840 799328100 +08203,e8302,e8399,¢8496,
2 B5G4, 086933008787 408504 40901920914 220927820948763e9609409757+«

NSP yNNS +NE sNC /720 205207/

\

.Nz .’
*E- 'y
*C3~GY,
*C4H Y.

tQ
*C
*CN
YHCN

*
A ]
*
L]

28s 016,

Ead BOE=A,

36033
490852,

16000,
12eC11
262019
2Te027,

0GBT77.10%1,0/
DATA
DATA SP/ N2
* N+
*'Co
1C3H
DATA SMW/32.000,
142708,
28B4 011,
37041,
DATA
Ce O
DATA
DATA

V1/Co 16S3E 01 4+009704E

»0a O

Ne 2404E 01 4+.02019E
02 2019E 01 +02019E

00,041519E

+Ye1997E

01.+0e2404F
01+0041378E 01+041931E

'N v,
‘H ',
*C2H *»
TC2 Y,

14,008,

1008,
254030,
240022,

N1,0e2534E
(G14Ne 2941E
01+002404E

'O+ ',
*H2 Ty
TC2H2Y,
“Ce ty

164000,

2aD16,
266038,
124011/

002080 ’
DO = TYA4E~D 1,
01l+01396E 01
0Ll4+0e0Q 7/

VZ2/Ce 14S6E~D2 400 1613E=02,C41B7SE~U2+0+2206E-02+04+5000E-03,
0o B0 00E—03,0eS000E~0340e1l772E=02,,0s8B93E«0340+790T7TE=N3,
De 1 3€3E~02+0e1179E=02:041363E-0240e1363E~02+0e8423E-03,
Co1179E=02+081179E=02:+0s9651E~03:+0e 1393E=02,+05000F-03/

V3/~02276E~073=~210186E~074+~e222BE~07 ¢+~ 373TE=07+~e 1000E~-D7,
-2 1000CE=07+~=01000E~07 4 =o337BE=07 +-e8111E-084¢ ~e8364E~08,
=021 8B4E~0T 9= 1658E=07¢~¢21B4E=0T 3221 B4E~0T+ ~693I9E~08.
—0 16S8E=0T4=a 1655E«07 0« F4B1IE=08 4~ 25 TS5E=0T» = 1000E~D7/

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

360
370
380
390
400
410
820
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
S99
600
610
620
630
64n
650
550
670
680
690
700

8ce
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- i N »= N N -

n

WN

DATA

DATA

DATA

DATA

DATA

DATA

ATl /0e3316E
D0e2727TE
Ne3254F
0o 3965

01:0e3221E
21,9e2500E
01,04002E
01,N.5874E

01300 26TOE 01+0+247T4E 01:0e2491E 01
Ols0a2612E 01,3062500E 0140433S8E D1
01+063411E 01,:04348B5E 014+:0.3891E Cl»
CloCe36S4E 0140048088 3E 01.042609E 01/

B1/0e1151E=02¢0sS878E~034=01970E~D340a9097E-04:042762E-04,
— 9 2B20E=0340038340E=061+=e2030E-03+-eB8243E~065042T94E~03,»
e FOEIBE~D340a 3541 E~02 30 4BI9TE-QIsDN e3ISE3E-02,05717E-02,
De6Z20NE=02 400 TA40IE~D29003444E-029~e2885E-039 =9 1393E-03/

Cl/-e3726E~D64—02907E-06404T193E-0T7+~781 4E-0 T+ - 18B1E-07,
Dal10SE=NEy~e 1954FE~094041095E-064006421E-092009372E~07,
~ ¢ 26ATE=CE1~e131BE~0540a1005E=064s~e1237E~054—al1957E~-0S,
~02265E-05+=e2729E-05+—s1258E=05+0+3036F~06+0+5959E~-07/

DI/N06186E~10+003938BE-10+-e8901E~11+04221BE~10,043807E-11,
~—21S551E-104003937E~13,=31695E=10:1~al1720E—-12+—e2948E-10,
Da3037E=10,4002064E=004=e3473E-103041866E-0940c2931E=09,
Na3 L 7E~0GsNe483TE-094Ce2109E 099 —46248E-10s~+1037E~-10/

El/~e3666E=18,=22000E~14,004002E~150v~2148B9E~14,=41028BE-1%,
De7BATE~1S9=0 25 73E-1T7+0e8590F-15,0e1457E~16+Ce2141E-14,
~ el 177E=1484=01144F=13,0e23€C1E~144+-01013E-]13,~-a1585E~13,
—e2262E=134~02637TE~13+4~e1430E~13,0e3915E-14+0e¢6345E-15/

Fl/=es1044E
Oe 225 4E
-+ 1434E
Qe 6283E

Gl1/Ce5393E
Os 3EA5SE
Ded87SE
Qe3467E

04,4+-s1043E
06+~ 7T450E
05.0e¢9423E
(35:0e 7605E

01,0,4326E
01,~01173E
¢1:002020F
©13-040Q10E

084+0e29153E
03+0e8542E
0S5 +0,4TASE
NS +Celdd2E

01+Ced504E
N2:0e8144E
01.:D004FA6E
01,062373E

05+0e5609E
0590254 7E
0S5+0e5809E
0S5v0e978TE

01+044300E
01y—ed612E
Q1.0047TBAE
C1l+~a1090FE

0S+0e18B79E
05+ —e1018F
05+0e2590CE
05,04 2168E

D 1400%424E
00+ ~023548E
D1,006520E
CG1.003709E

CbHe
04,
05,
o6/

G1l,
Ols
00,
o1/

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
PATA

710
720
730
740
750
760
710
780
790
a0c¢
810
gz2¢
830
840
2351
860
B70
880
890
900
910
920
930
94D
950
260
970
980
390

DATA1000
DATA1010
DATAL1020
DATA1030
DATALDAQ
DATA1050

65T



(SR O I Ll LV ] 1% [#Y I VI [PV VI L

N

DATA

DATA

DATA

CATA

DATA

DATA

DATA

AI1/083721E 01+0e3727E 01 +0.2548E 01 +0+2746E D1,042944E 01
Ne2499E 01:042508F 0140062141E 01,0e3934E 01+0+3363E 01,
0e3366E Q1+9042213E 02+043473E 01:0e5S307E 014+0e6789E 01,
Oe396SE 01 +0e¢SBTA4E 0106 3654E 01.:0e4026E D1+:062528F 01/

BIl/Ne8254E~0340e4684E=034=9e5952E~04,-43909E~03, ~s4108E~0 13,
~8 3T25E= 055~ 6332E=05+0e3219E~03 e~ 1 776E-02,0e4656E-03,
NeBR27E~033=e 1759E~D1 404 7337E~03,+02B966E~03,01503F=02,
Qs 6200F~024007T003E~D2 40 63484E-02430,485TE-03,024869E~-05/

CIIl/=e283ECE«074me1140E~064+0227C1E«0T7sNe133BE-N6,0s9156E~07,
Dell47E~CT7+0e1364E-08+~2S5498E—07430sE013E~06y—eS12TE~D T,
~ 21 GEEE~D6sNaSE65E =05+ =3F0BBE~O07 y~u 1 ITBE-Q 6, ~e2295E-06,
~ 0 2265E~(0543—0 2729E«05 ¢ ~91258E~05 4=~ 7026E~0 T+~ 7026E-08/

DII/0eb6050E~12+081154E-101+-e2798F=114=~21191E-104-+S848E~11,
—s1102E=11 4= 1094E~12+04360D4E-114=e7EB19E-10,0.2802E=11,
DelG4( E—10s—e67S5BE=09 40 e4BATE~11+0e9251E=1140e1534E~10,
Na3 71 TE=0CeDe43TE =00 ,30e2169E-09 30 484666FC=11,061134E-11/

FT11/-eS186E~173~03293E-15,049380E=16,003369E-1540e1190E~15,
De307BE=10+40e2934E =17 9 ~e55HAE=16,0e3482E~-14,=44905F~16,
~8 5549 =154 002825E =134~ 1018E-15,=9227T8E~159=e¢I7TH3E=-15,
~202262E-133=e2637TE~134-31430E-134~s1142E-15,=93475E~16/

FIl/=~w1044E G4,-91043F 4402915 05:D045609E 05406 1879E 06
De2254E (06 ~e 7A4SDE 03 +0eBSA42E 0G5+0e2%54TE 0Se~e 1018E 04,
=01434E 05406 9423E (S5 +065420E 05,045809E 05+02590FE 0S5,
0e6283E (0S+0e7EO0SE 05 +041442E 05,009787E 05+042168E 067

GIT/0e3254E 0140¢1204E Q1 «NeS5049E 01 ,042872E 01,041750E 01>
Qe4950E Q13- l208F 02 +046874E 01 +~e8598E N1,~s+3716E 01,
Qe d263E 0le~el021E 034004152FE 01,=0¢528BE 0ls~e1539E 02,
Ce346TE 01+~eA4010E 01+0.2373F 01,0,1000FE 01:004139E 01/

DATA 1060
DATALOTO
DATALOBO
DATA1090
DATAL1100
DATA1110
DATAL1L20
DATA113C
DATA1140
DATA1150
DATAL160
DATALLIT7C
DATA1180
DATA1190
DATALZ2D0
DATA1210
DATAL1220
DATA1230
DATA1240
DATA125D
DATA 1260
DATAIZ2TO
DATA1Z280
DATA1290C
DATA 1300
DATA1310
DATA1320
DATA1330
DATA1340
DATAL3S0
DATA1360
DATA1370
DATA1380
DATA 1390
DATALI400

092



O T e

mozZI

1

DATA K1/051019E 01,006541E 00,001250E 01,04 1281E 01+2,6000€ 01

24 6000E 01245000 01 4D02506E 01 ,062496E O1+043211E 01,
Ooc BS89E 00406 6304E 00 +0e8B5BTE OQ+001126E D1+s001126E 01
e E3I0AE 00,0s6304E 00,004855E 00,008589E 00 .04 1000E-04/

DATA K2/Ced4901E~03,0+C4S7E=033027T092E~C3,0685F3E~03s00000E~03

Go03005-03.Go0000§-03.0.7479E*03.005!29E-0290¢53¢4E-02v
L0 6233E~03e0e5804E~-034006233E~0F400T430E-0340+T439E-03,
e SB04E~0R:05804E-03,0¢BT14E=-03,0,5233E-03:0¢7350E-03/

DATA ICODE/2N*Q/

DATA EL/ 1Cty I, TN®, 10%, TEY, ’
DATA AWT/ 12.011, 1008, 14, 008, 160000, Se486E-4 /

DATA TAZ DeDe0s0+sC0sDeCol 906041 3301324293 ¢41312241»

D900 4030304043041 240400913291 414130400
QQZOO!I 1001 «0 '0'000'0 onol ’000‘09001’0!00
2e0s1909) 00300203031 302020403040 +0:0+04
29251 210N o031 41 30004203420 202633442+2,0/

DATA LSP/2C+G2EsST7/
DATA NHVL 797+ NIHVC 712/
_DATA FHVC /500 6efls 7To0s BeDo 920+ 10e0¢ 10e8s 1lal,

1200y 1304y 14439 20e0/

DATA DJ /06y 202+ 1eSs 14653 1oy 1380y 182+ lods 1D/
DATA HVJ 7le3e 2073 Se75e TeSTs Fels 1008y 118y 1247y 1369/
DATA ZKZ /T7e2B6E-16/

END

DATAL410
DATA 1420
DATA1430
DATAL1440
DATA1450
DATA 1460
DATAL14TO
DATAlABD
DATA 1490
DATAL1S500
DATAIS10
DATALS20
DATA1530
DATA1540
DATAL1S50
DATA 1560
DATAL1570
DATAL1S8D
DATA1590
DATA1GDD
DATA1610
DATA 1620
DATA1630
DATA1640
DATALI650
DATA1660
DATA1670
DATA1680
DATA1690
DATA1700

192
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SUBRQUTINE LRAD

LRAD

LRAD

LRAD

THIS IS A DRIVER PROGRAM FOR SUBROUTINE TRANS WHICH CALCULATES %%LRAD

THE RADIATIVE FLUX DIVERGENCE THROUGH A ONE-~DI MENSTONAL SLAB LRAD

FOR A GIVEN TEMPERATURE AND SPECIES DISTRIBUTION LRAD

COMMON /SFLUX/ QRI(3) LRAD
COMMON /TRN/ NUT(ED )y FMC(12460)s FRC{12+60), LRAD
FU(9:60)e FP{9,60),s LINES LRAD

COMMON J/TEST/ETZ(B0)1E7 LRAD
COMMCN /ZYLZETA(60) «YOND(SEO0) LRAD
COMMCN/PROPL/PI(6D) +RHGIE0) s TL(60) s ANMW(O0)} 4 C (20460):ECIS54560) LRAD
COMMON Z/S1IS/SY{20.60) I.RAD
COMMCN /FRSTRMZ/ U INF: RINF, UINF2, £ , REs LXE, ITM, T1EMs NETA LRAD
COMMON ZDEL/ DELTALDTIL ,DTILS LRAD
COMMCN /NION/ROZsMULCZ+sRNDZ  AKNF gHNF ¢ CENF LRAD
COMMODN /MAIM/KEEP ¢ MAXE sMAXMsMAXD , IDGs MCONV LJECONV.DCONVLTy IAB ILRAD
COMMCN /RFLUX/ E(60)Y+IRAD1ITYPE LRAD
COMMON /NUMDEN/ SNDO2(60) s SNDN2(60), SNDO{(EQ )e SNDNI(G&D), lL.RAD
SNDE{(60 )e SNDCI(S60), LRAD

SNDH(B0) , SNDC2(60) s+ SNDH2{6N)s SNDCO(60), LRAD

SNDC3(60) + SNDC2H{60) LRAD

COMMON /SPEC/ MF, XNMOL LRAD
LRAD

DO10CI=1,20 LRAD
DOI0CI=1 4NETA LRAD
SY{(1ed) = C(142) LRAD
DO20CI=1,20 LRAD
DO200J=1+NETA LRAD
IF{C(IsJ)al TaRe}CUIsI) = 1oE-20 LRAD
LRAD

NETA = NUMBER 0OF ETA POINTS LRAD

M¥F = 1 IF SPECIE MOLE FRACTIONS ARE INPUT AND NUMBER DENSITY LRAD

TD BE COMPUTED LRAD

O IF SPECIE NUMBER DENSITIES ARE INPUT LRAD

10

20

30

a0

50

&0

T0

80

90
100
110
120
130
140
150C
160
170
180
19¢
200
210
220
230
240
250
260
270
280
29¢
300
310
320
33¢
340
as0

%92
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NS = NUMBER OF SPECIES TO BE INPUT
LINES= &t IF LINE CALCULATION IS TO BE DONE
C IF ONLY CONTINUUM CALCULATION IS TO BE DOME

IDG = 0 ONLY FINAL PRINT IS GIVEN
1 PRINY IS GIVEN FOR EACH ETA
99 CCOMPLETE PRINT
R = BODY RADIUS (FT)
DELTA = NONDIMENSICNAL STAND-OFF DISTANCE
DTIL = TRANSFORMED STAND—OFF DISTANCE
xXMOL = 1la0 FOR RUN WITH MOLECULES

Oe 0 FOR RUN WITHOUY MOLECULES

XMOL = Qe9
XMOL = 1e0

#% DETERMINE ETZ PCINTS
N2 = NETA-2
K =0
1EZ =9
PG 20 I=14N2,2
K=K+ 1}
ETZ{(K) = ETYA(I)
ETZ{K+1) = ETA{NETA-1)
ETZ{(K#+2) = ETA(NETA)
IFZ = K +1
L]
K COMPUTE THE Y COORDINATE w &
YOND (1) = 040
SUM = Q00
D 30 K=2.NETA
DETA = ETA(K) ~ETA{(K-1)
SUM = SUM 4DETAY{(1a/RHG(K) +1e/RHO(K=1) )/ 240
YOND{K) = DTIL %SUM

LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD

- LRAD

LRAD
LRAD
LRAD
LRAD
LRAD
ARAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD

360
370
380
390
400
410
420
430
440
450
460
ZATO
480
490
500
510
520
530
540
550
560
S0
580
599
600
610
620
630
640
650
6a60
670
580
590
700

£92
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30

40

x %

300

CONT INUE

DELTA = YONDINETA)

DO 40 K=1.NETA

YOND{(K) = YOND{K)/YOND{(NETA)
CONT INUE .

LINES= 1

IDGS = IDG
IDG = 0O

CALL TRANS{(1)
10G= 10GS

INDEX IS NUMBER GIVEN SPECIE FOR USE IN STORING ARRAYS *x%

W

OO ~NOAE W -
]

It

11
12

DO300I=1,20
DO300J=1.NETA
C{led) = SY{I,J)
RE TURN

END

02
NZ
o

N
E-
c

o]

c2
H2
co
c3
c2H

LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD
LRAD

710
720
730
T40
750
T80
770
ran
790
8co
810
820
a3ie
540
850
850
870
880
890
900
10
920
930
949
950
950
7C
280
990

LRAD100OO
LRAD10O1G
LRADINZD

9T



C

* %

* %

% %

PO BD~NMAL WG

SUBROUTINE RADIN

COMMON /DBUGY QLC (60},

GROUP 1 3
WN{1 +1)=0s
FGL{141)="y
GP(1,1})=0e
WN(l.2)=18,.
WN{Ll ,3)=15,
WNI{L 4) =5,

GROUP 2 &k
WN{2,1)=3.0
WN(212)=540
WN(2,31=11430
WNI(Z2 ,4)=10,

GROUP 3 % K
WN(341)=04
FG(3,1)1=0,
GP(3,1)=0,
WN(3,2)=2.0
WN{(3,33)=0e
FG{(3,3})=0,
GP{3+3)=0,
WNI{3,4)=0,
FG{3,4)=0e
GP(3,4)=0,

BEEC({12:60),
EP{12:,60).,
Qcecr(12) .,
EEM(G+60)»
QCL.P(9),
WPP (G .60},
XLPP{GSs60)
WN(D.4),
GGM{ G4 460),
TAUL {9460}

QCL (60},

FMUC(12:60)
TAUC(12+:60),
wM¥ (9 ,560),
XLMM{G +60),
QLLP(9) »
GPP{9,60),
FG(Ds4),
FMUL(D 460 )4
ETAM{O:4460)

QLL(50)s DAN(EC ).

QCC(60),
ErM{12,60),
BEEL{9,60),
GMMIE9,60),
GLCF{9),
DELTA. 1Y,
EEP{(Q.:60),
GP{G9sa),
SSM{(T24:560),
SBM(94:4+560),

1YY,

RADI
RADI1
RADI
RADI
RADIY
RAD1
RADI
RADI
RADI
RADI
RADI
RADI
RADI
RADI
RADI
RADI
RADI
RADI
RADTI
RAD!1
RAD1
RADI
RADI
RADI
RADI
RADI
RADI
RADI
2ADI
RADI
RADI
RADI
RADI
RADI
RADI

10

20

30

40

50

60

70

a0

oC
100
110
125
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
30¢
310
3z20
330
340
350

592
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N

L

* %

* %

L3

* %

%k

GROUP 4 %X
WN{G4+1)=06
FG{A4,.,1)=0.
GP{4+1)=0s
WN{4,2)=8s0
WN{4,2)2240
WN(S +84¥=00
FG(a+4)=00
GP(4.43=0-

GROUP &  *%
WN{(S+1)=0a
FG(Ss1)=De
GP(5+1)=0e
WN(S5,2)=14,
WN{S5,3)=4e 0O
WN(S.4)=140

GRAOURP & %%
WN{6+1)=1e0
WN(E.2)=4e D
WN{GE+3)=13e0
WN(6E ,4)=24 0

GROUP 7 k%
WN(7+1¥=0e
FG{7+1)=0a
GP{7+13=0
WN(T7 +2)=60 0
WN(T+3)=1440
WNI(734)=3e G

GROUP B  %x%
WN{(8,1)=240
WN{B,2)=220
WN{B.,3)=11,
WN(B.,4)=15,

GROUP 9 &%
WN{G+1)=0s

RADI
RADI
RADI
RADI
RADI
RADI
RADI
RAD1
RADI
RADI
RADI
RADI
RADI
RADI
RADI
RADI
RADI
RADI
RADI
RADI
RADI
RADT
RADI
RADI
RADI
RADI
RADI
RADI
RADI
RADI
RADI
RADI
RADI
RADI
RADI

360
370
380
390
409
416G
420
430.
440
450
460
470
480
490
S00
510
520
530
sS40
550
560
s70
580
590
600
610
620
630
&40
650
66N
67¢
680
690
TOO

997



FG(9s1)=0e
GP(9:13=0e
WNEQ:2)=1e0
WN{D +3)=110
WNED+4)=104
RE TURN

END

RADI
RADI
RADI
RADI
RAD!
RADI
RADI

710
720
730
740
750
760
770

L9%
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SUBROUTINE TRANS (isuw)

Cema==THIS IS A MODEIFIED VERSICON OF SUBROUTINE TRANS FROM K WILSON

L
C

(SR A VIR

PO DN S W

TRANS IS5 DOCUMMENTED IN

COMMON
COMMON
COMMON
COMMON

COMMCN

COMMCN/PROPL /P (60) .,
AFRSTRM/ U INFs RINFs UINF24XL » REs
W{1l)+DTILLDTILS

COMMIN
COMMON
COMMON
COMMON
COMMEN
COMMCN

COMMON
COMMON

COMMON /DBUGY/ QLC(60)s QCL(6D),

2ZPI/ ZPOLEY» ZPN(6D +ZPHI(2)

LMSC~687209 APRIL 69

ZPC{?7)

e o ———— N S . W

ZEINVZ NHVL o NIHVC JFHVYC(L12) sDJ(9) +HVYI(9 I ZKZ

/SFLUX/ QGRYI(3)

/TRN/
FM{94+60)s FP{9:60)
SYL/ETA(60) s YDU(6O
R{6C

/DEL /
ZNONZRDZ «+MUCZ +RMD L

/MATM/KEEP s MAXE sMAXM s MA XD,

/RFLUX/ EL60).IRAD,

LINES
)

NUT(60) » FMC(12,60), FPC(12.60),

Yo T(O6D ) ANMW(ED) +C (2046004 EC(Ss60)

AKNF s HNF « CENF

ITYPE

/RH/ DUDDPHI 2 TO +RZE +PD 4 HDJHTOTAL
COMMON/ZUT/SMN{20) cAWT(S}

JTEST/ETZ2(60),IEZ
ZNUMDEN/ SNDO2(60)

SNDH(6Q) »
SNDC3(601}),

BEECT{12 .60},
EP{12 .60},
QCCPl12),
EEM{G +60)
ACLP(9)

WPP (9601},
XLPP {9 .60) ,
WN{Q,4)»
GGM{S934+6C ) »
TAUL(9,60)

SNONZ(60)Ys SNDO(H0 )
SNDE({ 6O ),
SNDC2(60) s SNDH2{H6D ),

SNDC2H{6D)
GLL(60),
FMUC(12+60)
TAUC(12.,60),
WMM({9,60),
XLMM(D 260 ),
QLLP(9),»
GPRP(O9:60) .,
FG{(S+a 1},
FMUL{9+60)
ETAM(9444+60),

DANCED ),

LXTIs ITM, IEMs NES

1DGs MCONV JECONV+DCONV.L T, I AB

SNDN( 6D},
SNDC(60}),
SNDCO( 60 ),

accled),
EM{12+6Q010,
BEEL(9+60 )
GMM{9,60),
QLCPR(9),
DELTA, 1Y,
EEP(9.:60),
GP{(9+4),
SSM{9:4460),
SBM{994+60 ),

1YY,

TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN

10

20

30

40

50

60

70

80

90
100
110
120
130
140
150
160
170
180
190
200
210
220
23¢
240
250
269
270
280
290
300
310
320
330
340
3s0

89¢
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C
C
C

00N

aONnn

L3

L 3

ok

4C0

COMMON /SPEC/ MF. XMOL
DIMENSION XKT(&0) . DQts0)

BANE AVERAGE ABSORPTICON CRUOSS SECTION (EQeA2) Hx

SIGMA(ZH 4 ZA+ZB 4 2G )= ((S0E+03%TI%ZGHUZKZ)I/BE) * {(EXP{ZDL/T1)
RKTZHX(ZA+ZB* (ZH**2)/3.0) +
Tl * {ZA+240%ZE%T12) ~T1#EXP({ZH=ZHVP)I/TL)
*{ZA+ZB% (ZHVP=-ZH) %% 2) —-TISEXP({ZH-ZHVP)/T1)
N2 0%ZBXTL ¥ ZHVP=2H+T1})

SIGMA2(ZH s ZG +ZE sy ZY) =7 26E—16%T1 2 2GH EXP((—ZE4+ZY4ZDL)I/T1)/ZH®R3

GAMMA{ZX)=(1e04({1aS7C7963%ZX)%X%1e25)%%(~Dg4)

SXLAMBUZX )= (1o 04+ ZXHEXP{=ZX) ) /SORT{14,0464283185 %ZX) .

BW N e

W{(GROURP)I /D CORRELATYICAN (EQeB8) k%
PHILT{ZX)I=(ATAN(1570796 *ZX)/14 570796 )

FLUX DIVERGFNCE CUVERLAPPING FUNCYICN (EQoe92) * ok

0

PHIZ(ZX)I=EXP(-2X)

00 4C0 [=1.NES

T(I)= TC1)*TD

ZHVP =540

YI=Des@

CONVER = 3,10375E+23 *R (1) %RDZ

SNDE(NES) = CONVER % C{ T+NES)/SMW{(T)

XNE = SNDE(NES)

FNE=(4,71E—6 * XNE*%(240/70))/((TINES)/11606e)%%(1a0/Te0})
ZDL=AMINI( 00 20 +FNE)

DEBUG PRINT *xx%

IF (IDGoNE«O) CALL BUGPR (1)

TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN

360
370
380
390
400
410
420
430
440
450
460
470
480
490
500
510
520
530
540
550
560
sTO
5a0
590
6090
610
620
6530
640
650
660
670
6890
690
TC0

692



onn

0oon

DELTA=W{1) % XL * 30448006 TRAN 710
CALL BUGPR (2) TRAN 720
6001 CONTINUE TRAN 730
DO 91 L=1+NES TRAN 7AC
XKT(L)=T(L) /116060 TRAN 750
T1=XKT(L) TRAN 760
CALL SND(L) TRAN 770

) i TRAN 780

0k PARTITION FUNCTIONS FOR He Co No O *x TRAN 790
TRAN 800

94 IF{TI(L)eGT+15000s) GO TO 6 TRAN 810
TRAN 820

*k LOW TEMPERATURE  ** TRAN 830
TRAN 840

SUMH =240 TRAN 850
SUMC =040 4 540 % EXP(~14254/T1) + EXP(~2e684/T1) + TRAN 860

1 S5e0 * EXP(~4¢183/T1) TRAN 870
SUMN=490 + 1000 *EXP(~2e384/T1) + 640 XEXP{~3576/T1) TRAN 880
SUMO= 940 + 56N % EXP(—14975/T1) . TRAN 890

GO TO 7 ] TRAN 900
TRAN 910

% HIGH TEMPERATURE %% TRAN 929
TRAN 930

€ SUMH=240 - TRAN 940
SUMC=2471818 + 6040677 * T{L)/1e0ES4 —0o45466 * (T{L)/1.0E4)%%x2 TRAN 950
SUMN=5038216 ~ 0225593 * TI(L}/1e0E3 + 00015408 * (T(L)I/1e0E3)R*2TRAN 960
SUMO =110 79563 —0e 317964 * TIL)/1e0E3 + 04013765 * (T(LI/1eDE3I)%%2 TRAN 970

7 CONTINUE . TRAN 980
T12=T1%%2 TRAN 990

GH = 604994 : TRAN1000

DO 5 K=1,12 TRAN1010
GF=FHVC(K)/T1 TRAN1020
GHM=GH TRAN1030
GH=EXP(=GF) ®GF % (GF%¥2 + 3,0 *GF +660 + 6,0/GF) TRAN1040
TRAN10S0

04T



C
C

OO NOD

*k

sk

581

582

593

PLANK MEAN ABSORPTION COEFFICIENT FOR BAND INTERVALS (EQeA3)

BEECU(K LL)=S+04E3 % (T12%%2)} * (GHM-=GH)

BE=BEECI{K,L)

ABSORPTION CROSS SECTICNS %%
SOECIES =--

N2 co

02

c2 cz2H
H2 c3

INnoz

SGH=06e

SGN=0,

SGC=0s

SGO=20«

SGCO=0,

S5GC2=0a

SGO2=0e

SGMN2=0s

SGH2=0.

SGC 3=

SGL2H = 08 0

GD TO {581 ,582,583,50F84 4585 ,586+587 +588,589+59(,:+591+592),X
SGH=SIGMA( 2e4+1a0,4Ce0s1a0Q) ¥ EXP{=13+56/7T1)

S6C=SIGMA( 378y Qa3 Ce 0488, 1¢33) * EXP(=11e26/T1)
SGN=S5IGMA( 4422+ De24, Ca826+s &¢5) * EXP(-14as54/T1)
SGO=SIGMA{ 4422y Do24s 000426, e 23888889) * EXP(~13¢51/T1)
GO YO 28

ZZHV =545

SGCZ2=8Ba0E—-18 % EXP(=Ce5/T1) + 3.0E-18

SGC3=4eNF~-18

CALL ZIHNVIZZHVZZ0,ZZN+ZZI22C)
SGC=SIGMA2(ZZHVs 133, 1126+
SGN=SIGMA2 (ZZHVe4450, 14454,

3e78) * ZZC + SGC
Ge22) % ZIN

%k TRAN10690

TRAN1O70
TRAN1080
TRAN 1090
TRAN1100
TRANIL11O
TRAN1120
TRAN]1130
TRAN1140
TRAN1150
TRAN1160
TRAN11T7O
TRAN1180O
TRAN1190
TRAN1200
TRAN121D
TRANL220
TRAN1230
TRAN1Z24D
TRAN1250
TRAN1260
YRAN127G
TRAN1280
TRAN12GC
TRAN1300
TRAN1310
TRANI320C
TRANE330
TRAN1340
TRAN1350
TRAN1360
TRAN1370
TRAN1380
TRAN1390
TRAN140O

TLT


http:ZZHV.4.SO
http:SGO=SIGMAC4.22
http:SGN=SIGMA(4.22

S94
595

583

S84

85

s8e6

E87

59¢€
1

588

SGO=SIGMAZ (ZZHVs o889, 13e61y 4e22) * ZZIC

SGH=SIGMAZ2 {(ZZHVs 1e00:s 1356 2e40)

GO TQ 38

ZZHV=Ce &

SGC2=1.NE-18

SGCO=3,0F~-18 * EXP(=0,7/T1)})

GD TO 593

ZZHV=745

SGC=FeNE=-17 * EXP(-4,18/T1)/SUMC

SGCO=19E=17 * EXP(-0¢5/71)

SGR2=640E~19

SGC2H = 1e3E=~18

GO TO 593

ZZHV=8,5

SGC=CaNE=17 *EXP{=4418/T1)/75UMC  +
P2e2E=17% EXP(~2¢68/T1)/SUMC

SGCON=245E=17

SGO2=2s NE~-1 9

SGC2H = Be5%E-19

GO TO 593

ZZHV=945

SGC=CePE-17 * EXP(-418/T1)/5UMC +
2 2E~-17 * EXP(=2,68/T1)/5UMC

SGCO=5.NE~18

SGO2=140E~18

GO TO 593

SGN=2 2E~18 *T1 %EXP(—1042/T1)/SUMN

SGU2=640E=-19

ZZHV=10a 4

CALL ZHV(ZZHV+ZZD+ZZNsZZ1+ZZC)

SGC=(Be5E-17 *EXP(=1426/T1) + 282E-17 * EXP(-2¢75/T1)

+ Se0E—-17 % EXP(-4+18/T1))/5UMC
GO TO £94
ZZHV=10.9
CALL ZHV(ZZHV ZZ20+,ZINLZZ1.22CH

TRAN1410
TRAN1AZ0
TRAN143D
TRAN14 40
TRAN1450
TRAN1460
TRAN14T0D
TRAN1480
TRAN1490
TRAN1500
TRAN1510
TRAN1520
TRAN1S530
TRAN1540
TRAN1550
TRAN 1560
TRANI15T70
TRAN1580
TRAN1590
TRAN162D
TRANIL1GLO
TRAN1620
TRAN1630C
TRAN1640
TRAN1650
TRAN166D
TRAN16TO
TRAN1680O
TRAN169C
TRAN1T700O
TRAN171C
TRAN1T 20
TRAN17 30
TRAN1740
TRAN1750

clit



589

1

590

1

591

892

38

1
2
3

8 TAUCHKL)I=TAUCIK L-1)+{YO(L)-YDI(L~1)})%
(FMUC{K+L=1D+FMUC{K,L)) % DELTA

1

SGN={Se¢ 16E~-17
GO TO &¢96
ZZHVY=1 16 €
CALL ZHVULZZHVZZ042ZNs 221 42Z2ZC)
SGNZ2=1,2F~18
SGN= (54 16E~17 =
598 SGC=(9.,9F~17

+

SGHZ =

+

GO TO &£98
SGH=1le 1BF-17/5UMH
SGO0=3¢ 6E= 17/ SUMO
SGNZ2=1+40E-17

20 TE~17

GO 10 s59¢

SGN=34 €E~17/ SUMN
SGN2=1.0E-18

60 TC 599
CONT INUE
FMUC (K4l )=

SGHZ =

GO 7O &

*EXP{~3450/T1))/SUMN

EXP{=3650))/SUMN
BeSE-17 * EXP({~1426/T1)
SeOE=17 * EXP{-4,18/T1))/5UMC

IF (KetTell) GO TO 594

GO TO 38
ZZHV=12a7
CALL ZHV
SGNZ2=2.,0F-18

2e 7TE-17

599 SGN=(6s4E-17 * EXP(=2¢30/T1}

(ZZHV 2 ZZ0 s ZZNeZZT1 427C)

S5 16E-17 * EXP{~3s50/T1))/SUMN

SNDHIL ) ¥SGH + SNDCL{LIESGC + SNDNILIXSGN 4+ SNDD{L I%*SGD

{SNDNZ2{LIXSGN2 + SNDO2(L)XSGO2 +
SNDC2{L)*SGC2 + SNDHZ2 (L) 2SGH2 + SNCCO(L)I%SGCD +
SNDC3(L)*SGCI +SNOC2HIL)*XSGC2H )

IF {(LeGTel) GO TO &

TAUC (KL )=00s

+ XMOL *

TRAN1760
TRAN1LIT770
TRAN1780
TRAN1790
TRANLIBOO
TRAN18LD

+202E~17 * EXP(-26475/T1)ITRAN1IB20

TRANTIB30
TRAN1840
TRAN18S5D
TRAN1B6C
TRANIATN
TRANIBARO
TRAN1IAR9OD
TRAN190D
TRAN1910
TRAN1920
TRAN1230
TRAN1940
TRAN1950
TRAN1960
TRAN19T7C
TRAN198C
TRAN1990
TRANZ200O
TRANZ2010
TRAN2020D
TRAN20 30
TRAN2D40
TRANZ202 5D
TRAN2060
TRANZ2OTO
TRANZ0BO
TRAN209O
TRANZ2100

£LT



3

4

& CONTINUE
IF (LINESeEQeO) GO TO 91
C
C %% FRACTIONAL POPULATION STATES FUOR He N O C %%
C
CALE ZP (71,SUMN,SUMDs SUMH ,SUMC)
C %k CALCULATION OF PARAMETERS FOR 9 LINE GROUPES &%
C WN —= NUMBER O2F LINES
C FG =~ EFFECTIVE F-=NUMBER
C GP ~= EFFECYIVE HALF~-WIDTH
C
C GROUP 1
FG{1+2)=(1.02 &% ZPC(5} + #2795 % ZPC(S) + Delild *x ZPCL7))
1 SFUNCL L 2)
GP{1+2)=(Be16E-11 * SQRT(ZIPC(S)) + 12 25E~10 * SQRT(ZPC(6))
1 +2,55F=10 % SART(IPC(T)))I*%2 /(FG(1+2)% WN{(122)%%2}
FG(1+3)=(104a0 * ZPN{4) + 1429 % ZEN{S) 4+ 000 *ZPN{6})
1 ZUN(1+3)
GP{1+3)=(HBas5CE~11 * SQART{(ZPN(4)) + 1e71E-10 * SQRY( ZPN(S5)}))
1 + D NOE-10 * SQRTLZPNIGI)I I F#*2/(FG(1+3) * wWN(1l,3)%%x2)
FGI(1,4)=(1400 % 2ZPG(S) + «978 % ZPO(6)DI/WN{1.:4)
GP(1+4)Y=(3490E~11 * SQRT(ZPO(S5)) + QDe6BE~11 * SART(ZPO{G) )i kx%x2
1 ZIFGL1sa4) % WN{l 44)%%2)
FMUL (1.L)1=FMUC{1,L)
C GROUP 2

FG{2+13=0e2805 % ZPH(Z2) /78N(2,1)

GP{2+1)1=2437E=~10 * 2437€E=10 % ZPH{(Z2)/{FG(2+s1) % WN{(2,1)%k%x2)
FG(2.:2)=(04,00E=2 % ZPC{(5}) + GaTIE=2 % ZPC{(6))/WN(2,2)
GP{Z2+2)=(0s00E=12 * SQRT(ZPC{(S) ) 4+ TL15E~«11 * SQART(ZPC(S)))I*%2
1 Z{FGL2.2) % wWN(2,2)%%x2)

FGI24+3)=(0e0a7% ZPN{4) + 2485E-2 * ZPN(S)II/WN(2,3)}
GP(2+3¥=(1411E=-10 * SAQRTLZIPNI4)) <+ 6,07E=11 % SQART(ZPN(S5)))I*x%2
1 ZIFG(2+3) * WN(2,3)%%2)

FG(2441=(o0217 % ZPOC4) + Be2SE~2 * ZPO(S)II/MNI{2:4)
GP(2:4)=(2461E~11 % SORTUIZPO(4)) + Te19E-11 * SERT(ZPO(S)) Ixx?2

TRAN2110
TRAN2120
TRANZ2130
TRANZ2140
TRANZ2150
TRANZ216C
TRANZ21T70
TRANZ2180
TRANZ21QC
TRAN2200
TRAN2210
TRANZ2220D
TRANZZ230
TRANZ2240D
TRAN22S0
TRANZ2260
TRAN2270
TRAN2280
TRAN2290
TRANZ23GD
TRANZ31D
TRANZ2320
YTRAN2330
TRANZ340
TRANZ2350
FTRANZ2360
TRAN2370
TRANZ2380
TRAN2390
TRANZAON
TRAN241O
TRANZ2420
TRAN2430
TRAN2440
TRANZ2450

WLT


http:FG(1,4)=(1.O0
http:FG(1.2)=(1.02

1 FIFGL2,4) * UN(2,4)%%2)
FMUL{2:L)=FMUC(1l.LD

GROUP 3

FG{3:+2)=(Ta29E~2 % ZPC(2) + OG47EE~2 #ZPC{3))I/WN(3,2)
GP(3+2)1=(9¢0NBE~12 % SORT(ZPC{2)) + Be7SE=-12 * SQRT(ZPC(3) ) 1*=%x2
1 ZEFG(3+2) % WN{I2)*%*%2)

FuuL (3,L)=FMUuUC(2sL)

GROQUP 4

FG{442)=(16405 * ZPC(1) + 1lel10E=2 %*ZPC(2) + 00150 * ZPCL(3))

1 7AN{4,2)

GP{4+2)={9e¢S7E~12 % SARYT(ZPC(1}) + 4agc86E~12 % SQART{ZPC(2)})}

1 + B5093E=10 x SQRT(ZPC(3))1*¥2/(FG(4+2) * WN(&Gs2)%%2)
FG(as2)1=( Te 40E~2 * ZPN{(2) + 6He34E-2 * ZFNI(3))/WN{4.3)
GP(4,3)={Be22E-12 % SOQRT(ZPN(2)) + T7460E—12 % SART(ZIPN(3)) }*x2

1 ZIFGLAe3) % WNTA 43 )%%2)

FMUL {4,L)=FMUC(a,L)

GROUP S

FG(S+2)=(Ne 329 * ZPC(1) + Cell18 * ZPC(2) + Ce226 * ZPC(4))
1 FUN{S,2)

GP{S 42)=(3+685E=11 % SQRT(ZPC(1})} <+ Sa77E~10 * SQRT(ZPC(2))

1 + 6e856E=11 * SQRT(ZPC{a) ) )**2/(FG(5+2) * WN(S5.,2)%%2)}

FG(S+2)=0¢108 % ZPN(3) /MN(E ,3}

GP{543)=3s009E=11 * 3F4CFE~11 % ZPN{(3I/(FG(S5:3) * WN{5.3)%%2)
FG(S+4)=8,71E~2 % ZPO(1)/MN{(5+4)

GP({(5:+4)=5.08E=12 % S5,08E-12 % ZPOL1)/(FG(S+4) * WN{S.4)%*%2)
FMUL (S4L)=FMUC{64L) -

GROUP 6

FG(H6+1 ¥=0e416 * ZPH(1)/¥WN(6,1}

GP{6+1)=302E=-11 % 3402E=11 % ZPHL1)/{FGL6+1)% WN(6EL1)%%2)
FG(6B+2)=Bo 65E=2 * ZPC(1)/Wh(6,2)

GP(6+2)=2435E-10 * 235E-10 % ZPC{1)/{FG(6+2) ¥ WN(64+42)%%2)
FG(6+3)=({0e 184 * ZPN{1) + 04290 * ZPN{(Z2)} + B8e¢52E~-2 * ZPN{(3))
1 ZUN{G+3)

GP(6+3)=(1s07E~-11 * SQGRT (2ZPN(1)})) + B428E-11 % SAQRY{(ZPN(2))}

1 + 2009E~10 * SORT(ZPN(I) I} **2/(FG(6:3} * WNIE+3)%x%2)

TRANZ2460
TRAN2470
TRAN 2480
TRANZ490
TRANZ2500
TRANZ2510
TRANZ2520
TRAN2S3D
TRANZ2540
TRANZ2550
TRANZ2560
TRAN2Z235TO
TRAN2S80
TRANZ2590
TRANZ2600
TRANZ2610
TRANZ2620
TRANZ2630
TRAN264D
TRANZ2650
TRANZ6ED
TRANZ2670O
TRAN26870
TRAN2690
TRANZ2TO00
TRAN2710
TRANZ2720
TRAN27 30
TRAN?T40
TRANZ7S50
TRANZT760
TRANZ2TTN
TRAN2780
TRAN2TID
TRANZ28NO

Gig



C

C

C

FG(6+4)1={0120 * ZPD{(2)
GP{6+4)=(BesBEE-12 * SQRT(ZPO(2}) <+

1

GROUP

>

+ 00151 % ZFO(3)I/¥N(644)

Ge93E~12 * SART(ZPO(3)) )h%x2

ZIFGI(634) % UN(6 14 )%52)
FMULL(SLY=FMUC (7L}

FG{T7+2)=(4451E—-2 * ZPC(1}

GP(7+2)={6607E-10 * SQRT(ZPC(1)) +

1

1

GP{(7:+3)=(2s71E-12 * SQRT(ZPN{1)) +

1

GROUP

g

+

Ce70S #» ZPCI2))I/WUN(T.2)
20 10E-10 * SQRT(ZPC{2) ) I%k2

FIFG{T+2) * WN{(T72)%%2}
FG(7+2)=(Qe454 * ZPNI(1) +
+ 04178 * ZENU(3))/WN(T+3)

9e66E=-2 * ZPN(2)

2e34E-10 % SQRTUZPN(2))

+ 2646E=11 * SORTIZPNI(3)))}*42/({FG(T+3)% WN{7.3)%%x2)

FG{T48)=8423E«2 % ZRG(3) /7UN(T 44)
GP{(7446)=2¢S2E=~11 * 2,52E«11 * ZPO(3V1/(FGI{7+4) * UN{Ty4)%k%2)

FMUL {7+L)=FMUC(9,L)

FG{B8+1)=0a108 * ZPH(1) /YN(B 1)
1432E~-1D % ZPH(1)
ZIFG(B8+1) * uUN(B.+1)%%2)
FG{R,2}=(0es375 % ZPC(1) +

GP{8.1)=1, 32E=10

1

GP{(B4+2)=(1495E-11 * SQRTLZPCI(1)) +

1

1

GP({8+3)=(2+5BE~11 * SQRT(ZPNI{1)) +

1

1

GP{(B8+4)=(197E-10 * SORT(ZPO(1)) <

1

FMUL (B4L)=FMUC(10,.L)

GROUP

9

]

1e0S #* ZPC{3))/WN{8,2)
127E-1¢ % SQRT{ZPC{3)})%%2

FIFG(84+2) % WN{(B+2)%%2})
FG(8,:3)=(NglES % ZEN{1l) +

FAN(8,.3)

0a142%¥ZPNL2) 4+ 3 785E-2 & ZPN{'3})

-

7eDBE=11 * SART(ZPN(2))

+ 1e33E~10 #* SARTLZPN(3)1) V1 %%2/{FG{(Be3) % WN(B 3 )%%2}
FG(B441=(De146 = ZPD(1) +
+ De3IE~2 *x ZPO(3))srvuN{(B 4}

BaS51E-2%2P0(2) B

1e80E-11 * SQRT(ZPO(2}Y)

+ Bel3E-1!1 %* SORT(ZPO{(3)))I*%2/(FG(8,4) % WN(Bs4a)%*2)

-

FG(94+2)=2495 % ZPC(2)/7WN(T,2)
GP{9,2)=54 85E=12 % SeBSE-12 % ZPC(2)/(FG(942) * WN(D,2)%%2)
FG{2:3)1=(0s224 % ZPN(1) +

2eTG2E=2 % ZPN{2))/WN(9:+3)

TRANZ2B10O
TRANZ2820
TRANZ2830Q
TRAN2840
TRAN2850
TRANZ2860
TRANZ28TO
TRANZB80O
TRANZ2890
TRANZ2900O
TRANZ2910
TRAN292C
TRANZ2930
TRANZ2940
TRAN2950
TRAN 2960
TRANZ29TO
TRAN2980
TRANZ299D
TRAN 3000
TRAN3Q10
TRAN3G 20D
TRAN3030
TRAN30AG
TRANINSO
TRAN3060
TRAN3NTO
TRAN 3080
TRAN3090
TRAN3100
TRAN311D
TRAN3120
TRAN3130
TRAN3140
TRAN3150

942
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1

11 ETAMUJ s MSL)=ETAM{JaMt~1)+

1
2

1
10

GP(9+3)={3e41E~-10 % SQRT{(ZPNI(1)) <+

FG(9,4)=

GP(9+4)=(BSe7€E~12 % SQRT(ZPO{(11}) +
+ Be05E-11 % SART(ZPO(INII**2/{FG(Fe4) * WN(I,4)%%2)

FIFG{9,3) * HN(D43)%%2)
(5024E=-2 % ZPO(1) 4 T#22E=2 % ZP0O(2)
+ 6o04E=-2 * ZPO(3))/7WN(9.4)

FMULI{S.L)=FMUC{(11l,4L)} .

PLANCK

DO 9 J=1
BEEL{JsL

INDUCED

SSM( Ja 1y
SSM{ Je 2
SSM{ Je 3
SSM{ Je.4a,

FUNCTION %%

s NHVL
1=S5eN4E3 * HVI(I)%%3 / (EXP(RHRVILII/TL) -

EMISSICN FACTOR (£Q 81) *%

LI=1e 10E-16%SNDH (LI*(1a0-EXP(-HVJ(JII/T1})
L)=14 10E~1EXSNDC (L) *(1le0-EXP{~HVJI(JI)/T1})
LY=1210E~-1E6XSNDN (L)% (1O ~-EXP(~HVJI(J)I/T1))
L¥I=1e10E=16%SNDDO (L) *{10~FXP{(-HVJI(J)/T1)}

DO 10 M=1,4

GGM{ Ja M,

IF{L «GTo
ETAM{J+M

LY=GPR{JdeM) *x SNDE(L)
+ 1o QE-6

1) GO YO 11

v 1)=0s

SBM (JeM,e1)=00

GO TO 10

SEBM{ Js ML) =SBM{JsM,L-1) +

CONT INUE
IF (LeGT
TAUL(Jso1
GO 0O 9

(vyD{L)-YD{L—~1})
HLSSMUI oMol ~1) * GGM{IpMelL~1) +
* DELTA/3014159265

{(YDE(L)-YD(L-1})
* (SSM{JsMat~1)4+SSM{JeMaL)) % DELTA

«l) GO TO 12
}=Ce

* ¥ * ¥

* {(T(L)/140E4)%%0425

SSM(Je ML)

1,4BE=10 * SQRY{(ZPN(2)))*%2

T7T20E=-11 * SQRTY(ZPO(2))

10)

FG{Jds 1)
FG{Jys2)
FG{Js 3)
FGl(J.4)

TRAN3160
TRAN3170
TRAN3180
TRAN3190
TRAN3200
TRAN3210
TRAN3220D
TRAN3230
TRAN 3240
TRAN3250
TRANI260
TRAN32TH
TRAN3280
TRAN3290
TRAN3300
TRAN3310
TRAN3320
TRAN3330
TRAN3340
TRAN3350
TRAN3360
TRAN3370
TRAN33aD
TRAN3390
TRAN3400
TRAN3410
TRAN3420

% GGM({JsM,yL })ITRAN3430

TRAN3440
TRAN3450
TRANZ46D
TRAN34TO
TRAN 3480
TRAN3490
TRAN3500

LLz
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aOnon.

12

9

91

Lk

31
300

1£12

1612

TAUL{J.,L)=TAUL (JeLL-1} + {yD(L)-YD{L=-1})
F AFMUL{JoL=13+FNMULLIWL )} * DELTA

CONT INUE

IF (IDGeNEL99) GO TO 9t

CALL BUGPR (7)

CONTINUE
1IEZ=1E2Z+%1
ETZ{IEZ}¥=1e 0O .

CONTINUUM = CONTINUUM FLUX DIVERGENCE CALCULATION %X

DO 3€¢0 K=1,1E2
DO 31 LK=1.NES
I=LK

NUT(K)}=I

IF (ABS{ETZ(KI-ETA(LK)) — 140E-5) 300.+300,31
CONTINUE

CONT INUE

DO 1€12 J=1,9G
QCLP () =0,
QLCP(J) =0,
QLLP(J)=0¢

DO 1612 L=1+NES
FM{JsL )=0¢
FP(JoL)=0u

DD 1613 L=1+IEZ
QCLIL Y=0+
QLC{L) =D
QLLIL) =00

DO 49 IYY=1,1EZ
IY=NUT(IYY)

DO 20 K=1,12
FMC{KsIY)=0a
FPC(KsIY)=0s

TRAN3S510
TRAN 3520
TRAN3530
TRAN 3540
TRAN 3550
TRAN 3560
TRAN3570
TRAN 3580
TRAN3590
TRAN3600
TRAN3610
TRAN 3620
TRAN 3630
TRAN 3640
TRAN 3650
TRAN 3660
TRAN3GTOD
TRAN 3640
TRAN3630
TRAN 3700
TRAN3T10
TRAN3T720
TRAN3T30
TRAN3TAQ
TRAN3T50
TRAN3T60
TRAN37 7O
TRAN3780
TRANJTI0
TRAN3800
TRAN 3810
TRAN3B820
TRAN3830
TRAN3840Q
TRANTFBS50

8LZ



8l O 00 OO0 SO0

(s N ale!

IF {1YeEQGe 1} GO TO 44
D0 40 L=1,1Y

Hex MINUS EMISSIVITY FUNCTICN (EQ 47) *

EMIKsL)ITIa0 = EXPITAUCIK:L)~TAUC(X,I1Y})
IF (LeEQel) GO TO 40

*% " MINUS CONTINUUM FLUX (EQ 46) =%

FMCIK, IY)=FMC(K,1IY) = (EM(K,L)~EM{K,L~-1)}
1 ¥ (BEEC(KetL—1)+BEEC(K,L)}/ 28

40 CONTINUE

a4 IF (IYoEQeNES ) GO TO 41
DO 42 L=1YNES

K POSITIVE EMISSIVITY FUNCTION (EGQ 47) *k

EP(KslI=1e0 = EXPITAUC(K,IV)=-TAUC(K,.L))
IF {L+EQelY} GO TO a2

X POSITIVE EMISSIVITY CCNTINUUM FLUX (EQ 46) *%

FPCIK,IY)I=FPC{KsIY) + ({EP(K,L)=EP{K.L=1))
1 * (BEEC{KsL-1)+BEEC(K+L)})/2»
42 CONTINUE

% POSITIVE EMISSIVITY CONTINUUM FLUXDIVERGENCE (EQ 51)

41 QCCP(K) =6428318E3 * FNUCI(K.,1IY) *
1 (FMCI(K.IY) + FPCUKLIY)Y = 240% BEECIK.IY))
FMC(K,TY)=FMCIKsIY) % 2414159265
FPCIKsIYI=FPC(K.IY)} * 3414159265

20 CONTINUE

%

TRAN3860
TRAN3BTO
TRAN3BSO
TRAN3ISGD
TRAN3200
TRAN 3910
TRAN3920
TRAN3930
TRAN39AD
TRAN 3950
TRAN3O60
TRAN39 70
TRAN3980
TRAN 32990
TRANADDOD
TRANAG10
TRANADO20
TRANAO3D
TRANG4O 4O
TRAN4O SO
TRANAOGO
TRAN4OTO
TRAN4DBD
TRAN4O9OC
TRANA]1 00
TRANGL 10
TRANA4L 20
TRANG]3C
TRANA1 40
TRANA1S0
TRAN4160
TYRANG17D
TRANA180
TRAN4190O
TRANA2CO

6.2
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21

X

24

.3

900 ¢

Inn 2

DEBUG PRINT %%

IF (IDGeNEe99) GO 70 21
CALL BUGPR (3)
QACCLIYYI=0a

DO 24 K=1,12

LINE AND CROSS TERM FLUX DIVERGENCE CALCULATION *%

QCCLIVYYI=QCCLIYYY + QCCPIK)
IF {LINES.EQeO0) GO TO 1€14

INTEGRATION FRCM 1 TO fY %%

IF (IYeEQel) GO TO 68

DO 6& J=1.9

DO 6& L=1,1Y

WIM=Il,

SUM1 =00

SUMZ=0«

DO 57 M=1l.48 .

DIF=ETAM{J M1 Y) - ETANM( e ML)

DIFSBM = SAM{ Iy M, I Y)-SBM(J,M,L)
IF(ABS(DIFSEBM) oL TeleE~10) DIFSBM = 14.E-10
BETAM=DIF / ( DIFSEM ) k 3414159265
IF (LeEQoeal1Y) BETAN=GGM(JsM,ytL )

IF(ABS(DIF YoGTeleE-10) GO TO 9001

THM = 1.E-10

GO TO 9002

CONT INUE

TM=DIF /2,0 /BETAME %2

RRM=CIF/20/7GGM{(JsMeIYIHX2

WWM=€, 2831853 + WN(JsM} * BETAM % GANMA{(TM) #* TM
SUMI=SUMY + GAMMALT¥) * WN(J,M} % SSM{J+MelY)
SUM2=S5UMZ + XLAMBIREM) * WN(JeM) * SSHM{ S M, IV)

TRANA210
TRAN4&220
TRAN 4230
TRANAZ24D
TRANA2S0
TRANAZ6D
TRANG270
TRAN&280
TRANA290
TRAN&3NO
TRANA&310
TRANG320
TRANA33D
TRANA340
TRAN43S0
TRANG360
TRANA3TO
TRANA3S0
TRAN 4360
TRANS400
TRANG4A10
TRANAL2D
TRANA4 30
TRANA4AD
TRANGAS0
TRANG4 60
TRANAATO
TRAN44B0
TRANA4490D
TRANASOO
TRANGS1O
TRANAS2D
TRANA4530
TRANA4S40
TRAN4S50

08¢
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67 WIM=RWIM + WwWmM

ek

s

* 3%k

ol

ALPHAM=WIM/DJ(JD

OVERLAPPING LINE CALCULATICNS %%

GROUP EQUIVALENT WIDTHS (EQe.88) % ¥

WAMM( Jo 8 Y=DJI(J) = PHII{ALPHAM)} * EXP(TAUL(JoL)-TAQL(JcIY¥)

GROUP GAMMA =~ L INE TRANSPORT FUNCTION (£EGQe92) * Xk
GMM{ U, L) =PHI 2{ ALPHAM) * SUM1
MINUS EMISSIVITY FUNCTICN FOR LINES (EQedT) *%

EFM{JolLd=1a0 = FXP{TAULTJ L) -TAULLCJLIY))

66 XLMM(J,L)=PHIZ2 (ALPHAM) % SUMN2
&5 CONTINUE

IF {IDG«EQs99) CALL BUGPR(1l)
IF (IDGeEGe99) CALL RUGPR (&)

68 IF (IY.EQeNES) GD TO 72

Kk

INTEGRATION FROM IY T MES %

DO 6S J=1,9

DO 70 L=IY.NES

W@IirP=0e

SUM1 =0,

SUM2=0,

DO 71 M=1l,4

DIF=ETAM{.J +M,L) - ETANM{JoM,IY)

DIFSBM = SBM{JaMoL)I=SBM{J,Me1Y)
IF(ABS{DIFSBM) oL Te 10E~10) DIFSBM = 10E-10
BETAP=DIF / ( DIFSBM } % 3014159268

TRANASSE0
TRANGSTQ
TRAN4S B0
TRANAS90
TRANA&GOD
TRANA610
TRANAG20D
TRANAGE30
TRANS64D
TRAN&6S0
TRANSGEO
TRANAKRTD
TRANAGBRO
TRANAG69D
TRANATOO
TRANG710
TRANAT20
TRANA730
TRAN&GT4D
TRANATS0D
TRANGT7HO
TRANATTO
TRANATBC
TRANATON
TRANABQRE
TRANASID
TRANAB2GQ
TRANGB3D
TRANA&RAD
TRANGBS0
TRANABEN
TRAN&4BTO
TRANABAG
TRANABQO
TRANASOD

187



900 3

9G04

71

* %

70

65

xE

72

1

1

IF (LeEQolY) BETAP=GGM{JsM,L)
IF{ARS{DIF)aGTe le E-}0) GO TO 2003

TP = leE~10

GO TO S004

CONTINUE

TP=DIF /20 /BETAP%%2

RRP=DIF /2 D/GGN(Ja M TYDI%R%2

WWP=€Ee 2831853 * WN{(J,M) * BETAP * GAMMA(TP) * TP
SUML=SUM1 + GAMMAC(TP) % WN{J«M) & SSM(JsMsIY)
SUM2=5UM2 + XLAMB{(RFP) * WN{J+M} % SSM(JsVN, 1Y)
WIP=WIP+WWP

ALPHAR =WIP/DJ(J)

WPPLJsL)=DJC(J) * PHIL{ALPHAPR) * EXP{TAUL(J.,IY)}-TAUL{J-L})
GPP{ Js+L)=PHI 2( ALPHAP) * SUMI1 .

POSITIVE EMISSIVITY FUNCTION FOR LINES (EQGea7) * %

EEP(JeL}=1eD - EXP{TAUL{J.IY)-TAUL(J.L})
XLPP {4 LI=PHIZ2 {ALPHAP) % SUM2
CONT INUE

DEBLG PRINT %%
IF { IDGeEQeS93) CALL BUGPR (5}

DO BG J=1,9

ASM1=0D4

ASM2=04

FM{JaIY)=Da

IF (IY+EQel) GO YO €1

DD 82 L=2,1¥

FM{Js1Y)=FM(I,1Y) - {WMM{JsL)=uMM{ 4L ~1))
#{BEEL(J+sL—=1)4BEEL(JeL}) * 125707963

IF (LeEQelY) GO TO B2

ASMI=ASMl = (EEM{JL)I=EEM(JIsL~1})

¥ (BEEL{(JsL-1) #* XLMM{J.L=1) + BEEL{JeL) % XLMMI{JsL )}/ 20

TRAN4D10
TRANSO20
TRANG4930
TRANGSAD
TRANSGSS50
TRANA9GG6O
TRAN4DTD
TRAN4S 8D
TRANAGID
TRANSO0D
TRANSG1O
TRANSO 20
TRANSO 30
TRANSO AN
TRANSOSD
TRANSO6D
TRANSSTH
TRANS080
TRANSO90
TRANSIOD
TRANS110
TRANS120C
TRANS] 3D
TRANS1 4G
TRANS150
TRANS160
TRANS170
TRANS18G
TRANS1 90
TRANS20H0
TRANS210
TRANS220
TRANS230
TRANS240
TRANS250

28T
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ASM2=ASMZ2 - EXLMMLJo L) =RLMN(Jol~1))

1 * (BEEL(JoL~1) * EXP{TAUL(JsL-1)=TAUL(JI+1IY)) + BEEL(J.L)

2 # EXP(TAUL{JoL)=TAUL(JIY)) 3}/ 20
82 CONTINUE
B1 ASP1=Do
ASP2=0,.
IyP=1Y+1
IF (IYsEQeNES) GO TO 83
DO 84 L=IYP.NES
FPLJ+IYIZFP Udsl¥Y) <+ (WPPL{J4L)~WPPR(J4L~1))
1 * (BEEL(J.L~1)4BEEL{JoL)) * 145707963
IF {Le4FQel1YP) GO TC 24
ASP1=ASPL + {EEP{JeL)—EEP({Jst~1))

1 * (BEEL{JoL=1) % XLPP(J,L=1) + BEEL{JsL) * XLPP(JsL) )/ 240

ASP2=ASP2 4 (XLPP{JeLY=XLPP(JsL=1)) *

1 {BEEL{JsL~1) * EXP(TAUL{J+IY)=TAUL(J+sL-1)) + BEEL(J.L)

2 EXP(TAULC(JsIY)-TAUL(JIsL))I/2a0
84 CONTINUE
83 QLCP{J)I=PeD % FMUL{JSTIY) % (FM(JIYIHFPR{UoIY))
SUMS=1,0
SUMT =0,
D0 8€E M=]1,.,4
BE SUMT=SLMT + SSHM(JeM,IY) & WN{JsM)
ATMI=N,
IF (IYeNEol) ATML=(BEEL(JeIY—1)+BEEL{J+IY)) /240 * EEM{Js1IY¥Y=-1}
1 B ALMM{I,TIVY-1)
ATP1=0, i
IF(IYSNESNES) ATPI=(BEEL{J+IY+1)I+BEEL(JsIYI I/ 240 * EEP(JsIY¥Y+1)}
1 * XLPP{J.IY+1)
QCLP(J3)=6e 2831 8E3 * SPUMS * (ASMI+ASP1+ATMI4ATPL)
IF (IYoEQe 1) ATMZ2==BEEL(JeIY¥Y) % SUMT
IF (IYoNEs 1) ATMZ2=(BEEL{(JelY~1)=BEEL{JsIY)) * GMMI{J, 1IY-1)
1 - BEEL(JsIV~=1) % XLMMM{JsIV~-1)}
IF ({IYoEQeNES) ATP2==BEEL(JsI1Y) % SUMT
IF (IYSaNEoONESIATP2=(BEEL{JIV+I)=-BEEL(JsIVY)) % GPP{JeIY+1)

TRANS5260
TRANS2TO
TRANG28D
TRANS290
TRANS30C
TRANS310
TRANS320
TRANS330
TRANS340
TRANS3S0
TRANS360
TRANSI7?0
TRANS380
TRANS3ISU
TRANS400
TRANS41C
TRANS4S20
TRANS430
TRANS44AC
TRANS4S5N
TRANS4E0
TRANEATO
TRANS438$
TRANS4 90
TRANSS00
TRANS510
TRANSS20
TRANSS530
TRANES40
TRANSSS50

TRANSS60D

TRANSS70D
TRANSS80
TRANS590
TRANSS0C

£BZ


http:FMUL(J.tY

80

85
1614

49

- BEEL{J«IV+1) * XLPP(JsIY#+1)

QLLP(J)=542831 853 # SUMS*{-ASM2-ASP2+ATM2+ATP2)

CONT INURE

QCLIIYY)I=0Ds

QLC(IYY)=0s

ALL(IVYY)I=D,

DO BS J=1.+9

QCLUIYY)=QCL(IYY) + QCILP(J)
QLCLIYYI=QLC(IYY) + QLCP(J)
QLLIIYY)I=0LL(IYY) + QLLP(J)
CONTINUE

DANC IYY)==(QCCCIYYI+QCLCIYY)I+QLCCIYYI+QLLETIYY))

DEBUG PRINT %%

IF {IDGeEQeG} GO TC 49
CALL BUGPRI(6)

CONTINUE

1IEZ=1E Z~1

padl)=pani 1}

L=2 i

DO 1 N=24NES

DD 2 1=2,1E7

NP=T

IF {ETZ(I)eGTeETA(N)) GO TO 3

CONT INVE

NN=NP-1

AA=DeD

ZB={DAN(NN)}=DQAN(NP)) / (ETZINN)~ETZLNP))
CC=DGNI(NN)} = ZB * ETZ(NN)

DQIN)I=AA % ETA(NY®%2 + ZE * ETA(N) +
GO TO 1t

DG (NI=DAN{NN}

CONTINUE

CcC

TRANS610
TRANS620
TRANS630
TRANS640
TRANSHS5G
TRANSH50
TRANSG7D
TRANS680
TRANS690
TRANSTOD
TRANS7IOD
TRANST20
TRANST 3D
TRANSTAD
TRANSTS0
TRANST 6D
TRANST70
TRANST80
TRANST90
TRANSBOO
TRANSS81C
TRANSB20
TRANSB830
TRANS840
TRANS850
TRANSS60
TRANS8TO
TRANS880
TRANS890
TRANS900
TRANSI10
TRANGO2N
TRANS930
TRANS940
TRANS950

%8¢



L3

250

NON-DIMENSIONALIZE E(I) &%

DO 250
T{I) =
e{1)y =
RE TURN
END

I=1.,NES
T{I1)Y/TD
((DA{I)=xL )/(RINFEUINF2%3) ) %208660,0 *RZB

TRANSI6D
TRANS9TO
TRANS980
TRANS990
TRANGO DO
TRANEO10D

13°14
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SUBROUTINE TRANSZ2
COMMON /SFLUX/ QRI{(3)

COMMON ZYL/ZETALE
COMMCN /FRSTRM/
COMMON /TRN/

1 FMi
COMMON /FINV/ NH
COMMON /TEST/ETZ
COMMOCN /NUMDEN/

G N v

COMMGN /SPEC/ MF
DIMENSION ETOUT(
NETA=NES
ETOUTL{1)=0,0
ETOUT(2)=0e5
ETOUT{I)=1e0
NOUT =3

guTPUT FLUX

WRITE (6,600)
WRITE (6.603) (E

G D) e

¥k CONTINUUM CONTR

WRITE (65+41073)
DO 8040 K=1,NOUT
DO BL4)] LK=1,NES
NUT{K) =LK

0) YOND(BOD)
U INF, RINF, UINF2, R o REs LXIs+ ITM, I[EM, NES
NUT{ED ), FMC(12:60), FPC{12+:60),

9:60)e FP(9¢60) s LINES

VL aNTHVC FHVC(12) oDJI(F) s HV (D) ZKZ

(60),IEZ

SNDD2(60)e SNDN2(60) s SNDO(BD ), SNDN(HDO),
SNDE(60 )y SNDC(6C)

SNDH{60) s, SNDC2(860)s SNDH2(60)s SNDCO(ED),

SHDC3(60) + SNDC2H{60)

¢« XMOL

3}

TA(I) o SNDN2(I),SNDOZ2(T)SNON(T)SNDO(I),
SNDE(I)s SNDH(I},
SNDC (I} ¢SNOC2({T) +SNDHZ( T) ¢ SNDCOC 1) 4SNDC3(I)s
SNDC2H(E ) I=1,NETA)
IBLTICN YO THE SPECTRAL FLUX #%

IF (ABS(ETOUTIKI-ETAILK)) = 1¢GE=05) 8040.8040,8041

8041 CONTINUE

TRAN
TRAN
TRAN
TRAN
TRAM
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN

10

20

30

40

50

650

7N

80

90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
2580
260
270
280
290
3n0
319
32¢
33¢
340
350

98¢



8040

G104

CONT INUE

LI=NUT{(1)

L2=NUT(2)

L3=NUT( 3}

WRITE (6+8037V(ETOUT(IL) +IEL=1+3)
FM1=0,0

FP1=Ca 0

FM2=04 0

FP2=0a0

FM3=0e 0

FP3=0e60

DO 4104 KL =1NIHVC

WRITE (65658042) KL FHVCI{KL) »

FMCIKL+L2) s FPCIKL+LZ)y FMCIKLs
FM1=FM1 4+ FMC{KL,.L!}
FPI=FP1 4+ FPC{Ki L1}
FM2=FM2 & FMC(KL,tL2)
FR2=FP2 + FPC{KL.L2)
FM3=FM3 4+ FMC{XL L3}
FP3=FP3 + FPC{(KLyL3}
CONT INUR
WRITE (648045} FMl, FP1, FM2. FP2, FM3.
QRI(1I=FM1+FPIL
QRI{ 2} =FM2+FP2
QRI( Z)=FM3+FP23
L INE CONTRIBLTIGN TO THE SPECTRAL FLUX ¥*%

IF (LINESesEQe) RETURN

WRITE (6.+80635)

WRITE (6,8037) (ETOUTCIL) IL=1+3)
FM1=Ca(

FP1=0e

FM2=0s0

FP2=0e 0

FMCIKLsL.1)

FPC(KL L 1)+

L3

FP3

FPCIKLL3)

TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN

360
370
380
390
400
410
420
430
/40
450
460
470
AR0
490
500
S0
520
530
540
55¢C
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700

£82


http:ETOUT(IL)IL=1.3I
http:FPC(KL.L3
http:FMC(KL.L3
http:FPC(KL.L2
http:FMC(KL.L2
http:FPC(KL.LI
http:FMC(KL.LI
http:FPC(KL.L3
http:FMC(KL.L3
http:FPC(KL.L2

C
C
C

C

FM3=000
FP2=000

sk TOTAL FLUX CALCULATICN %

on 8043 KL=1
¥RITE (6.804
1
FM1=FM1
FP1=FP1
FM2=FM2
FPp2=FP2
FM3=FM3
FPa=FP3
8043 CONTINUE

r L bt

sNH VL

2) Kl o H
FM{KL.L2)
FM{KL +L1)?
FPIKL «L1)
FMIKL +L2)
FPIKL L2}
FMIKL +L3)
FP KL +L3)

WRITE (6.,8045) FM1l,

QrRI(1)=0RI(1

Y o+ FMy

QRI(Z)=aQRI(2) <+ FMN2
GRI(2)=QRI(3Y & FuM3

VI{KL) FMIKL+L 1) FRP{KL+L1),
. FPIKL.L2) FM{XKL.L3), FP{KL.L3)

FP1l, FM2,

+ FRy
+ FP2
+ F¢p3

600 FORMAT (1H1,.3I3HNUMBER DENSITIES
1 PHNZ y BXe2HOZ2

2 1HH +8X1HC»

BXs2ZHCZ o

603 FORMAT (1P13E10e2)
4103 FORMAT (QAHICONTINULUM CONTRIBUTICN TO THE SPECTRAL FLUX)
BN3S FORMAT (39HOLINE CONTRIBUTION TOQ YTHE SPECTRAL FLUX)

8037 FORMAT (/22X ,SHETA

P2, FM3, FP3

(PARTICLES/CN3} ///5Xy3HETA, BX.

BXs1HN, BXsIHCs BXy ZHE-4+8X,
BXe2HHZ v BX42FCQs 8X e 2HCI +8X s 3HC2H/7/)

EF 70341 3X+SHETA =FTo3+13XsSHETA =FTe3//73Xs1HI,

1 3Xe IHHNU s BX sOHOMI AUS s T X+ SHQPLUS o B X +6HOMINUS » 7X » SHAPLUS+ 8X»
2 BHAMINUSy 7X+SHAPLLS/)

8062 FORMAT (18,FBe3a1PEE1343)

1

8045 FORMAT (12HOTOTAL FLUX +iP8E134 3)

RE TURN
END

1

TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN_
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN
TRAN

710
720
730
T40
750
760
77C
T80
790
BOO
810
820
830
8an
B850
860
870
8an
890
9G0
910
920
930
940
950
960
970
98ap
999

TRAN10ODOO
TRAN101O
TRAN1020
TRAN1030
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http:PP(KL.L2
http:FM(KL.L2

SUBROUTINE SND(I) .

COMMON/PROP1/PI(60) sRHO(60) s T(60),AMWIE0) +C (20460) - EC{5,60)

COMMON /RFLUX/ E(60) s TRAD,1TYPE

COMMON /NON/RDZ sMUDZ o RMD 2 » AKNF s HNF 3 CENF

COMMON/WY/SMN{20) sART(5)

COMMON /NUMDEN/ SNDO2(60)s SNON2(60), SNDO{60), SNON(GED).

SNDE(60 )Y, SNDC(E0),

SNDH{60) s SNDC2(60) s SNOH2(60), SNDCOCED),
SNDC3(60) + SNDC2H(60)

*% CALCULATE SPECIE NUMBER DENSITIES PASED ON MOLE FRACTIONS

CONVER = 3410375SE+23 %RHO(I) *RDZ

SNDO2(I) = CCNVER * C( 1,I1)/SMuW{ 1)
SNDNZ(I) = CONVER % C( 2,I)/5Mu( 2)
SNDD (I) = COCNVER % C( 3,I)/SMw( 3)
SNON (I} = CCNVER % C( 4,I)/5SMw( 4)
SNDE (I} = CCNVER % CL 7,1)}/75Mw( 7)
SNDC (I) = CONVER % C({ B8,I}/SMu{ 8}
SNDH (I} = CONVER % C( 9,I)/SMu{ 9)
SNDHZ2{ 1) = CONVER % C{10.,I)/5MW(10)
SNDCO( IY = CCNVER * C(11,X)/5Mu(tl)
SNDC3{ I} = CCNVER & C(12,1¥/5MW(12)
SNBC2(I) = CONVER % C(19+I)/5MW(19)
SNDCZH{I )= CCNVER * C{14,1)/5MuW(14)
RE TURN

END

» %

SND (¢
SND{
SND(
SND(
SND(
SNDI(
SND(
SND(
SND{
SND{
SND(
SND{(
SND(
SND(
SND{
SND(
SND(
SND{
SND(
SND(
SND{
SND(
SNDH
SND(
SND(
SND(
SND(

10
20
3o
40
SC
60
70
ac
90
105
110
128
130
140
150
16¢C
170
180
199
200
210
220
230
24¢
250
260
270

é8e
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SUBROUTINE ZPU(T1sSUMN, SUMD + SUMH «SUMC)
¥  FRACTYIONAL POPULATION STATES FOR Ne O, Hy €

COMMON /ZP1/ ZPOC(E) e ZPN(S)+ZPH(2),s ZPC(7)
ZPHI{ 1) =240 /5UMH

ZPH{ Z) =8¢ * EXP{~1020/T1)/5UMH
ZPC({1)=9c 0D /5UMC

IPC(2)=5.0 2 EXP(«1s2664/T1)/SUMC
ZPC(3)=EXP(~2+684/T1) /5UMC
ZPC( 4) =50 #* EXP(=-44183/71)/SUMC
ZPC{E) =124 0 * EXP(~7a532/T1)/SUMC
ZPC( €) =360 OHEXP(~B84722/T1) /SUMC
ZPC(7)Iz60NaD % EXP{=Gs724/T1)/5UMC
ZPN( 1) =4 D /SUMN

ZPN( 2)=1007% EXP(=243B84/T1)/SUMN
ZPN{ 2) =640 % EXP(—3¢576/T1 }/SUMN
ZPN(A)=18BaN "% EXP(~10e452/T1)/SUMN
ZPN{E) =540 * EXP(=114877/T1)/SUMN
ZPN(6) =900 * EXP(=~134002/TL)/SUMN
ZP0( 1)=% 0 /SUMD

ZPO{ 2)=%0 % EXP(~16967/T1)/SUNMO
ZPO( 3) =EXP(-44¢188/7T1)/SUMD
ZPO( 4) =840 %= EXP(=-9¢283/T1)/5UMO
ZPO(S) =264 0 * EXP(=104830/T1)/5UMD
ZPO(E)=40s 0 * EXP(=124077/T1)/SUNC

RETURN
£ND

ZP(T
FASA )
ZrelT
zplT
ZelT
P(T
FAE i o
Ze(T
Ze(T
Zp(Tr
VAT )
p(T
ZP(T
ZP(T
IP(T
Zed(T
IPLT
ZRr(T
Zr(T
ZrP(T
Zpt(T
Ze(T
ZP(T
ZelT
FAS2 0
ZP{T
ZP(T
Zr{T
Ir(T

10
20
39
40
50
60
70
a0
90
1on
110
129
130
140
150
160
170
180
190
209
210
220
230
240
250
260
270
280
290

06¢



SUBRCUTYINE BUGPR (IDGS¥)

suGe

COMMCN /FRSTRM/ U INFy RINF, UINF2, R » RE, LXI+ ITM., TEM, NES BUGP
COMMON /YL/ETA(60), YD{(60) syGP
COMMON /TRN/ NUT({6Q)y FMC{124+460) s FPCL12,60), BUGP

1 FM{G.60)s FP(Ie60)s LINES BUGP
COMMON /DBUGY QLC{ED) s QCLIGT)s QLL(ED)s DONIBO)s QCCI60), BUGP

1 BEEC(12+601}, FMUC{(12,62), EM{12,60), BUGP

2 EP(124+60), TAUC(12..60), BEEL(9+601} BUGP

3 QCCP(12) WMM{D 260 )y GMM(G 360 ) » BUGP

4 EEMC(S+60) XLMML9 460 » QLCP(OY, aueP

5 QACLP(9) 4 QLLP{9) DELTA, 1Y, 1YY, BuGP

& WPR{G.,.60), GPRPLI60) EEP(Q+60 ), BUGP

7 XLPP{9+60}) FG(9e8 ), GP(944), BUGP

8 WN{DQ ) FMUL{G 460} SSM( 94446010, BuGe

G GGM{ G4 260} s ETAM{9,:4+60)s - SBM{Gs4460) BUGP

A TAUL (9,60} sUGP

GO TO (104203044 0:+s50+560+70)s TDGSYW BuGP

10 WRITE (62194) BUGP
194 FORMAT (1H1) BuUGP
RE TURN BUGP

20 WRITE (6.7182) DELTA BUGP
7182 FORMAT {(7HODEL TA=IPE14s7+3H CH) BUGP
RETURN BuGP

30 WRITE (6419G) IY, yoU(1y) BUGP
190 FORMAT (4HIIY=I3e2Xs3HYD=1PE1Z245//72Xs1HK 12X 1 HL o 7X 3y 3HETAL13X, 2HYD+BUGP
I 13X s2HMUL11XeIHTAU18 X+1HFE 211X 3HBEE/ /) BUGP

DO 22 K=1,12 suGP

IF (1IYeEQel) GO TO 23 sUGP
WRITE(6,191) (K4 Lo ETA(L) » YDE{L)» FRUC(KsL )y TAUC( K+ )+ BUGP

1 EM(KoL) BEEC(XsL}s L=1,1Y) BUGP
191 FORMAT (2L 3,1PEEL1565) BUGP
WRITE (6,152) BUGP

192 FORMAT (77) BUGP
23 IF {IY.EQeNES) GO TO 22 BUGP
WRITE {(6:191) (K, Le ETA(LY, YoDUL) FNUCIKelL ) BUGP

10

20

30

40

50

60

7O

89

an
100
110
120
130
140
150
169
170
180
190
200
21¢
2zn
230
240
250
260
279
280
290
300
310
320
330
340
350

162
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http:TAUL(9.60
http:SM(9.4.60
http:ETAM(9,4.60
http:GGM(9,4.60
http:EEP(9.60
http:GPP(9.60
http:WPP(9.60
http:GMM(9.60
http:TAUC(12.60
http:BEEC(12.60
http:XLMM(9.60
http:EEM(9.60

1 TAUC (KsL) » EPI(XsL}s BEEC{KsL )y L=IY+NES) suGP

22 WRITE (6+193) FMC(K.1Y), FPCI{K+1Y), QCCP{K) BUGP
193 FORMAT (SHOF IMSIPE1245 22X 4HFIP=SE1 265 2XSHQCCP=EL245) BUGP
RETURN BUGP

40 WRITE (6+195) 1Y, YD(IY), {(J. L YD(L Y, BUGP
1 WMM{ JoL) s GHMM{JsL ) XULMM(Jal )» EEM(JsL 1) BUGP

2 BEEL(JeLL) » L=1s1Y), J=129) BuUGPr
195 FORMAY (4HOTY=I3+42Xe3HYYSIPELZ2aS//72X+1HJs2X 91 HL o TXs2HY D4 12X s 3HWMM , BUGP
1 12X s 3HGMM 11X AHXLMM, 13X 3HEEM 3 13X+ 3IHBEE//(213+s6FE1685S)) BUGP

RE TURN BUGP

50 WRITE (6,196) 1Y, YD{IY). L L YD{L)» BuGP
1 WOP{ Sl ) s GPP{Jsl ) s XLPP{(Jel. )y EEP(JsL ), BuUGP
BEEL{JsL) L=l YeNES) , J=1:9) RUGP

19€ FORMAT (SHOI Y=T 342N sIHYY=1PEL245/7/72X 1M Je2X 21 HL 27X 2HYDy 13X+ 3HWPP , BUGP
i ExsBHGPP.IIX.AHXLPP.I3x.3HEEb,13x.3HBEE//(213.6E16.51) BUGP

RE TURN BuUGP

60 WRITE (5+1388) 1Y, ETA{IY) s YO(IY) BUGP

198 FORMAT (GHOI V=13 42X+4HETA=IFE1205+2X+3HYY=E1245//72Xs 1HJI45K+3HQCCy BUGP
1 LIXe3HFMC 31 IX s IHFPC o1 1XsFHOACL + 11X 3HAL Ca11 X,y IHALL 0 12X ¢ 2ZHFM 4 12Xy BUGP

2 2HFP 11X+ 3HDQAQN/ /) BUGP
WRITE (6:199) (J» QCCP(.d)» FMC(J.1Y)e FPC(JsIY ), BUGP

1 QCLP(4) QL CP (Y)Y GLLP(J) . FM{2eIY ) FP{ 241V} puIGP

2 J=1.9) BUGP
199 FORMAT (I3+.1P8E14+5) BUGP
WRITE {6+.806%5) {(J, QCCPL{J) & FMCLJ.IY}, FPC{Js 1Y), J=10. 12 )BUGP
BO6S FORMAT (I13,1P3E14,5) BUGP
WRITE (6+200) QCC{IYY) ., GCLLIYY), QLC{IYY ), QLL.C IVYY) BUGP

1 DAN(IYY) BUGP
200 FORMAT (1HOCe2X s 1PEL4e5 128X +3E14305+28X:E14.5) BUGP
RE TURN BRUGP

T0 WRITE (6+157) Lo ETAC(L) YD{L)» ((J, Ns WN{JaM), suGP
1 FGlJasM) e GP{J«M) , FMULCJIoL ), TAULS Jel. )y BUGP

2 SSM{JeM,L ) » GGR{JaMl ), ETAM{I ML) seM{J ML) o BUGP

3 =1s4)sJd=1,+9) BUGP

197 FORMAT (3HOL=13+2X4HETA=IPEI2,542Xs3HYD=E125//72Xs 1HIs2Xs1HM, 7X» BUGP

360
370
380
350
400
410
420
430
440
450
460
470
489
490
500
si¢
520
530
540
550
560
570
5806
590
600
610
62n
630
640
650
560
670
680
690
700

[4:1



1 IHN 13X 1HF 913X e 1HGs1 I Xs3HF MU 11 Xe3HTAUS11Xe 3HSSMe 11X e 3HGGM s 10X, BUGP

2 AHETAM11Xs IHSBM//(213:9E14,51)
RETURN
END

BuUGP
BuGP
BUGP

710
720
730
740

£6¢



nonnn

& W

% %

SUBROUTINE ZHV(HVZDeZNeZI»ZC)

THIS SUBROUTINE CALCULATES THE QUANTUM MECHANI CAL CORRECTION
FACTORS GIVEN A FREQUENCY (HV) *x%

= MV

X2 =X&¥X

X3 =X2%X

X8 =X3xX

X5 =X4%X

X6 =XS9%X

X7 =X6x%xX

IF (X —9482) 1+l.2

Z0D = «GSS0TAQE - 3155480%X +2:824548 E~Q2%X2
1 464577328 E-03%X3 =3:644585 E-03%X4 +8.058070 E-(4*XS
2 ~T7Te 7TOBE37T E-DS5% X6 +2+5668133 E-06%X7

GO T 3 -

Z0 = (X/Ge B2)%*x7

IF (X —Be3EZ) 44+4,.5

N = 1000148 - +4183535 %X + 41680359 *%X2
1 ~Qo77545828 E~D2%X3 +34 354635 E-012%X4 -5 609353 E-03X5
2 +44S1EEJSE-Q4 ¥ XE ~1e4C 3585 E~-N5%X7

GO TO €&

IN = {(X/80 35)%%3

Y = X/4470

IF (Y=606) 949410

Y2 =¥%Y

Y3 =v¥2%Y

Y4 =¥Y3IxY

¥YS =Y4%xY

Y6 =¥HBixY

Y7 =Y6%RY

ZI = 1000379 - 92964767 %Y +70 505242 E~D2%Y2
1 =16 TN294BE-0Q2%k Y3 43279554 E~03%Y4 -20 128469 E-04%Y5

ZHV{
ZHVH{
ZzZHvl
ZHv(
ZHv{
ZHV(
ZHVL
ZHV(
ZHV({
ZHV{
ZHV(
ZHV(
ZHVY{
ZHV(
ZHVW{
ZHVI{
ZHVI(
ZHVL
ZHV{
Z HV(
ZHV{
ZHw!
ZHv(
ZHv(
ZHV(
ZHV(
ZHv(
ZHv{
ZHvV(
ZHV(
ZHV(
ZHv{
ZHV(
ZHV(
Z HV{

10

20

3c

40

50

60

70

8hn

Qo
1600
110
120
130
140
1560
169
170
180
180
2e¢n
awn
220
230
24¢
25Q
26¢
270
28n
290
364
31¢
328
330
340
350
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10
11
12

13
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GO TO 11

21 = (Y/6a6)%%3

IF (X=7237) 12+12,:13

ZC = 9974367
-1393917 E-O2%X3
+24812126 FE-05% X6

GO TO 14

ZC = (X /T 3T)*%3

RETURN

END

~ 4341812 %X
+40 038545 E-03%*X4
~3,883530 E~-07%X7

+Be531314 E-0Q2#%X2
-5 426425 E-Q4%XS

ZHVH{
ZHV{
Z+v{
ZHv{
ZHV{
ZHV(
ZHVA(
ZHv{
ZHV(
ZHV{

360
370
380
390
400
410
420
430
440
450

174



. APPENDIX C

DETAILED RESULTS
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