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GENERAL CHEMICAL KINETICS COMPUTER PROGRAM FOR STATIC AND
ELOW REACTIONS, WITH APPLICATION TO COMBUSTION
AND SHOCK-TUBE KINETICS
by David A. Bittker and Vincent J. Scullin

Lewis Research Center

SUMMARY

A general chemical kinetics computer program for complex, homogeneous ideal-
gas reactions is described. It is designed for flexibility and convenience in treating
reactions under many different conditions. Some of these conditions are (1) reaction be-
hind a shock wave, (2) ignition and combustion reactions in a static or flowing system, -
(3) combustion and nozzle expansion, and (4) general reaction in a static system or one-
dimensional frictionless flow. In any system the temperature or volume or both may be
held constant. ,

An implicit numerical integration method is used for the solution of the differential
equations that describe a complex reaction. A new step size optimization procedure has
been developed to make this technique work efficiently for a wide range of conditions.
This includes the extremes of very slow and very fast reaction.

This report describes the theoretical equations involved, as well as the numerical
method of solution. A detailed description of the program is given including preparation
of input data, control of accuracy, sample input data, and several examples of test case
results.

INTRODUCTION

Chemical kinetics calculations in reacting gases are of interest today for many dif-
ferent applications. Some examples are (1) ignition and combustion of fuel-oxidant mix-
tures, (2) expansion of combustion products, and (3) chemical reaction behind a shock
wave. Very involved numerical methods are needed for detailed computations in a gas
where many reactions are occurring at the same time. Simplifying assumptions can



sometimes be made while still obtaining useful results. Some of these for exhaust noz-
zle flow are discussed in references 1 and 2. Two of the most used ideas are (1) the
assumption of equilibrium flow (infinite reaction rates) and (2) the assumption of sudden
freezing or rapid transition from infinite reaction rates to zero reaction rates. The
assumption (2) often gives useful information with the use of only a small amount of
chemical kinetic information. For better insight into the reaction detaijls, however,
exact theoretical calculations are needed. The term exact is used here to mean that all
important chemical reactions and their rate constants are included in the analysis. The
actual solution of the nonlinear set of fluid-dynamic and kinetics equations involves some
mathematical simplifications. Treanor (ref. 3) transformed these differential equations
into difference equations. Other investigators locally linearized the differential equa-
tions by removing second-order terms. They then used either an exact (ref. 4) or an
approximate (refs. 5 and 6) analytic solution or finite difference solutions (refs. 7 and 8).

Several computer programs have been written which use a finite difference method
to integrate the differential equations of chemical kinetics. The main effort in developing
these programs was to make the integration scheme overcome a mathematical instability
problem that arises in these calculations. This problem is discussed in detail in a later
section of this report. Briefly stated, it is the fact that some integration methods re-
quire a very small step size to maintain accuracy and stability when the chemical reac-
tion is either very fast or very slow. This leads to excessively long computation times.
The program described in reference 34 uses the technique of reference 3 to avoid these
problems. Reference 9 describes rocket performance programs that use the inherently
stable implicit integration technique of reference 8. Reference 35 describes another
more general Kinetics program based on this technique. These and other programs have
the ability to handle many types of kinetics problems for many chemical systems. How-
ever, no single program has been found that could conveniently be used in a wide variety
of flow and static reaction problems for an arbitrary chemical system.

For this reason, a general chemical kinetics computer program for complex gas
mixtures has been developed at Lewis. It is written completely in FORTRAN IV, ver-
sion 13, and was developed on an IBM 7044-7094/direct-couple system. This program
can be used for any homogeneous reaction in either a flowing or a static system. It has
the advantages of flexibility, accuracy and ease of use. Moreover, any chemical system
may be used for which species thermodynamic data and reaction rate constants are
known. The program handles several types of reaction. These include bimolecular ex-
change reactions, unimolecular decompositions, bimolecular decompositions, and the
reverse recombination processes. The solution method is a rapid one based on the im-
plicit finite-difference technique of Kliegel and Tyson (refs. 8 and 9). A unique step-size
control system is used to estimate the optimum step size for each step. Moreover,
the user can easily change the preset program controls to give his own balance between



acceptable accuracy and computing time. For flow reactions this program assumes one-
dimensional flow. This is usually a good approximation for systems of practical inter-
est, and the additional complications of three-dimensional kinetics computations (sur-,
veyed in ref. 10) are not required.

The purpose of this report is to present a complete description of the chemical
kinetics computer program and the implicit numerical integration method it uses. The
theoretical kinetics differential equations solved by the program are also given in detail.
The program may be used (with either assigned pressure or area in flow reactions) for
the following problems:

(1) Chemical reaction behind a shock wave

(2) Ignition and combustion in a flowing or static system

(3) Ignition, combustion, and nozzle expansion in supersonic flow

(4) Chemical reaction in any flowing gas mixture whose velocity does not reach the

velocity of sound

(5) Chemical reaction in any static system

(6) Constant temperature and/or constant volume reactions

Readers interested primarily in using the program should read the section GENERAL
DESCRIPTION OF PROGRAM USE for a description of program options, species infor-
mation, and accuracy control. A detailed program users manual and computed test case
results are given in appendixes. Further information on availability of the program may
be obtained from the authors.

SYMBOL LIST
General:
A area
Al’A2’ C e, A7 thermodynamic coefficients in egs. (81) to (84)
A species production function defined by eq. (12), sec-1
A* A/
1

B enthalpy production function defined by eq. (13), sec”
B+ B/V

C heat capacity of gas per unit mass assuming constant composition

p
(defined by eq. (16))
D shock tube hydraulic diameter used to calculate Lm (eq. (80)), cm
F(J,P) shock pressure function defined by eq. (A13)



G(7,P) | shock enthalpy function defined by eq. (A14)

G Gibbs free energy
H c total mixture energy per unit mass ,
h total mixture static enthalpy per unit mass
h1 mixture static enthalpy per unit mass before passage of shock wave
h* ~ enthalpy function defined by eq. (A12)
l number of chemical reactions
L m characteristic shock tube reaction length in eq. (80), cm
M mixture Mach number defined by eq. (14)
M W mixture molecular weight
m mass flow rate
N number of species in a gas mixture
P p/pq
P absolute pressure of gas mixture
191 pressure before passage of a shock wave
q independent variable, either t or x
universal gas constant
r density (p) if time is the integration variable; or mass flux (pV)
if distance is the integration variable
S entropy
S1 species production function defined by eq. (C37)
Sz enthalpy production function defined by eq. (C38)
T absolute temperature
T0 reference temperature for calculating individual species enthalpy
T1 temperature before passage of a shock wave
7 T/T, |
t time
v velocity
Vg shock speed
XH total energy exchange rate defined by eq. (86)
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P

distance coordinate

boundary-layer parameter used to calculate Lm in eq. (80)
specific heat ratio defined by eq. (15) .
exponent in shock boundary -layer equation (eq. (80))

gas viscosity used to calculate L m (eq. (80))

density

density before passage of shock wave

Subscripted Thermochemical Symbols:

In general subscript i refers to species i and subscript j to reaction j. Inthe
appendixes other indexes are sometimes used to avoid confusion in the summations, but
their meaning should be clear.

A
(

Q

pi

"‘F‘ u?’

Ao

preexponential constant in the rate constant equation (eq. (33))
molar heat capacity of species i ina mixture

activation energy in rate constant equation (eq. (33)), cal/mole
static molar enthalpy of species i

equilibrium constant defined by eq. (34)

forward reaction rate constant (see eq. (32)); units are either
cm? mole'1 sec”! or em® mole™? sec” depending on the type of
reaction

third-body efficiency factor defined by eq. (38)

third-body efficiency ratio of species i in reaction j defined by
eq. (39)

temperature exponent in rate constant equation (eq. (33)

entropy of species i, energy per mole K

symbols for species names in general reaction,(eq. (32))

net species production rate, moles vol"1 sec'1

net conversion rate (mole vol™l sec'l)/(density)2

net energy exchange rate, defined by eq. (43)

forward stoichiometric coefficient in general reaction (eq. (32))

reverse stoichiometric coefficient in general reaction (eq. (32))

concentration, moles of species i per unit mass of mixture



o. .
1,

th 1

net rate of formation of i
sec™1

species in jth reaction, moles vol~

Subscripted Symbols for Numerical Computation:

In these symbols i and j refer to a particular dependent variable, and n refers
to a finite difference step. Exceptions are made in the text for some summations, but
the interpretation is obvious. The independent variable is shown here as t, but the same
notation applies if x is used.

i,n+1

N I -

Ai,j,n
€n+1

max

step-size ratio defined in eq. (69)
ratio of increment to step size defined by eq. (70)

relative error in y, attime t=t defined by eq. (62)

n+l
dy.l/dt
dyi/dt at t=t
ttaa
t -t

maximum step size

minimum step size

intervals of uncertainty in step size search procedure
AUNED ACNEY

exact value of ki,n,

time at the nth step

initial time

general dependent variable

yi(t) at t=t +1

afi/at

afi/at at t=t,

iifi/ayj

afi/ayj at t = tn

relative error in complete solution at (n+1)St step, see eq. (72)

maximum relative error per step

4



FLUID DYNAMIC AND CHEMICAL EQUATIONS
Differential Equations for Assigned Area )

The conservation equations for a complex reacting gas are presented in this section.
(See, for example, the book by Penner, ref. 11). They are derived first for one-
dimensional steady-state flow through an arbitrarily assigned area profile.

Global mass conservation is given by the equation

pAV = m 6y
or
dm _ (1a)
dt

where m is the constant mass flow rate of the gas. Individual species continuity equa-
tions for the N species in the mixture are written as

.élt(aiﬁl)=wiAv i=1,2,..., N (@)
Here o is the number of moles of species i per unit mass of mixture. Expressions
for the species production rates, Wi will be given in a following section. By performing
the indicated differentiation in equation (2) and using equations (1) and (1a) the following
set of equations can be obtained

do, W,
—i-_1 4=1,2..., N 3
dt P

To completely describe the system we assume adiabatic flow of an ideal gas and
neglect viscosity, diffusion and heat conduction. The following additional equations can
then be written for momentum and energy conservation

av,ldp_y
at Vv at

(momentum) (4)



V2
h+—=H (energy) (5)
9 c

where H c is the total, constant energy of the gas per unit mass and h is the static en-
thalpy per unit mass of the gas given by

N
h = Z o.h; (6)
i=1
T
by = (g + [r 0 (C,p); oT (62)

Here hi is the molar enthalpy of species i.
. The molecular weight of the gas mixture is

IH

M, = G

Mz
=9

et
it
r—

The equation of state is

Equations (1), (5), (7), and (8) are differentiated and combined with equation (4) to get
the following differential equations:

EY.=_L_._<1_§_AS_-£) (©)
dt (2 _p)\A dt
d M2 (1 4A
-E=-p_———<—__.- v A (10)
at a2 - p)\A dt



T _ o Lz:._l)_l.\_’l_z_(l_ dA _ .ﬂ> B (11)
dt 2 - 1) \A dt

In these equations the following auxiliary definitions have been made:

N
RT
4 =BT - 1
=)W, - (12)
i=1
N
H=L(=1) > nw, (13)
1 1
P Y i=1
. v2m
M*“ = ——%  (definition of Mach number) (14)
JRT
C
y = ___P_ﬁ_ (15)
“p "M
w
N
C,= z (R (16)
i=1

where C. is the heat capacity of the mixture per unit mass assuming fixed composition
and (C )i is the molar heat capacity of species i. Equations (3), and (9) to (11) form a
system of N + 3 equations in N + 3 unknowns. Their solution must be obtained by a
numerical technique.

The equations for a static reaction can now be obtained by setting the velocity equal
to zero in equations (9) to (11) to get the system

do.

1= 9
dt

, ..., N (3)

’

W.
1 521
p



Sp o (17)

daT _ (18) °

The reacting gas can also be described by equations that use distance, x as the in-
dependent variable. The relation dQ/dx = (1/V)dQ/dt is used to rewrite equations (3),

(9), (10), and (11). Here Q represents any of the variables V, p, T, or 0;. The new
equations are

do. W,
-1 j-1,2 ... N (19)
dx pV
§K=__Y__<1_.C£Ai.-ﬂ*> (20)
dx (Mz 1) \A dx
d M2 1 dA * *
—2=~p—————-—-—-—--ﬂ + A (21)
dx 2 - 1) A dx
2
ar _ |y - M7 <1_ a f) + B (22)
dx M2 - 1) \A dx
where
A* =4 (23)
A"
and
F - (24)
A

10



The derivations so far have assumed adiabatic reaction. To consider instead a con-
stant temperature reaction it is only necessary to set dT/dt or dT/dx equal to zero.
This can be shown to be equivalent to eliminating the adiabatic energy equation (eq. (5)).
The same situation holds if volume {(or density) is held constant in a static reaction. The
density derivative, dp/dt or dp/dx, is set equal to zero to obtain the solution for a
static reaction at constant volume. Both temperature and volume can also be held con-
stant simultaneously.

Differential Equations for Assigned Pressure

In the equations just derived the flow area is arbitrarily assigned. The pressure is
computed from the equation of state (eq. (8)) after density, temperature, and composi-
tion have been computed from the differential equations (9) to (11). For engine com-
bustor modeling it is often useful to reverse this procedure. One assigns a desired
pressure profile and computes the area profile which then satisfies all the fundamental
kinetics and fluid dynamics laws. For this type of calculation another set of differential
equations can be derived to replace equations (9) to (11). The derivatives of the depend-
ent variables are now expressed in terms of p and dp/dt rather than A and dA/dt.
The new equations, obtained from equation (4) and by differentiating equations (5), (7),
and (8), are as follows:

v __1 dp (25)
dt pV dt
do_ (1 dp_, (26)
dat p dt
aT _pl{x-1\1dp (27)
dt Y p dt

The quantities 4 and J are the same as previously defined in equations (12) and (13).
If distance, x is the independent variable, the assigned pressure equations are the same,
with dp/dt replaced by dp/dx and # and &F replaced by 4" and &

&v.._.Lld (28)

11



§B=p<_1_92-£*) (29)
dx
® - (30)

Either of these equation sets is solved (along with the appropriate equations for doi/dt
or doi/dx) togive V, T, p, and the O‘i'S. Then area is computed from the assigned
constant mass flow rate using the mass conservation equation, equation (1).

Chemical Reaction Equations and Species Production Rates

The species formation rate, W, that appears in equations (3) and (19) is given by

Z
LA Z w4 (31)
j=1

where ! is the number of chemical reactions occurring and wij is the net rate of

formation of species i by the jth reaction in moles per unit volume per second. Each
chemical reaction is written in general form as

k.

N N
Z o u— Z (32)

where S is the ith species. The Vij and u; are the forward and reverse stoichio-

metric coeff1c1ents for S and k] and kb are the forward and reverse rate constants

for the j th reaction. Each k isa functmn of temperature given by the equation

n. -E./RT
k].=A].T le 1 (33)

The value of kb. is calculated from k. and the equilibrium constant Ki (in con-~
cenfration units) by the law of microscopic reversibility

12



Kk .=—d (34)

For convenience we introduce the net reaction conversion rate Xj which is related to
wij by the equation

wyy = o2}y - vi%; (35)
The units of X, are (moles/vol sec) /(density)z. It is useful as a measure of the amcunt
of change due to each reaction occurring in the gas mixture. We use Xj rather than

the net molar reaction rate because the X. values are more convenient for comparison
than the molar rates. The exact form of X. depends on the type of reaction being con-
sidered. In this program three types of reversible chemical reaction are considered.
These reactions and the corresponding Xj formulas are given next.

Type 1 - bimolecular shuffle reaction:

I
Sl+82<_____S3+S4

_ 1
Xj = kj 0,09 - -IE- T30, (36)
i

Type 2a - three-body recombination:

k.

+Sz_]—"’S +M

M+S 3

1

where M, the catalyst molecule, can be any species present.

g

- -3
X; = kM (005 - = (37)
j

where Mj’ the third-body efficiency factor for the jth reaction is

13



M, = m,.0, (38)

In this equation mij is the third-body efficiency factor for species i in the jth

reaction. It is a correction only on the preexponential factor Aj in equation (33) and
can be written as

1 (Ao

where (A].)O is the A.’i value for a reference species as a third body.

Type 2b - two-body dissociation:

k

i
M + S3 81 + S2 +M
where M is the catalyst molecule
pO‘ g,
X. =k.M, |0, - 12 (40)
I8k,
j .
where Mj is defined by equation (38).
Type 3a - unimolecular decomposition:
k.
S —'—J—'*S S
3 — "1 1Py
c, 0,0
X =k | 312 (41)

Type 3b - twé-body recombination:

14



X.=k.[0,0 -3 (42)

4

The size of X. tells approximately the importance of any single reaction among all
those occurring. The sign of X, tells how the reaction is actually occurring: X, is
positive if the jth reaction is proceeding from left to right as written, and negative if it
is proceeding in the opposite direction.

For some problems the heat release rate is an important consideration. For such
situations another useful quantity was defined and used in reference 12 to measure a
reaction's importance. This is the net energy conversion rate for the jth reaction de-
fined by

Xy 5 = X (AHyg0); (43)

where (AH298)j is the molar heat of reaction at 298 K for the jth

the forward direction, from left to right.

reaction proceeding in

Normal Shock Equations

A chemical reaction can be started by the passage of a shock wave through a gas.
The assumption is made that the shock wave instantaneously raises the gas to new tem-
perature and pressure conditions without changing its composition. The conservation
equations for the change in conditions across the shock are

22 2,2
plvs = p“V (44)
2 2
py + p]_VS =p+pV (45)
2
V. 2 .
hy +—S=h+l (46)
2 2

In these equations the coordinate system is attached to the shock, which is considered
stationary. The unshocked gas at conditions Pys Pps and T1 flows past the shock with
speed Vs, the experimental shock velocity. Gas properties immediately after the shock
passes are p, p, and T. The enthalpy per gram of gas mixture is changed from h1

15



to h by the shock. Since gas composition is unchanged, h is calculated for the initial
composition at the new temperature T. The actual equations solved are given in appen-
dix A. These conditions are called the no-reaction or frozen shock conditions.

The increased temperature and pressure behind the shock start the chemical reac- ,
tion. It is also possible to solve equations (44) to (46) for the equilibrium postshock
conditions. These are the final velocity, temperature, pressure, and new composition
that would exist after all chemical reaction is complete. The solution method for this
situation is also described in appendix A. The complete shock-equation solution uses
the method described by Gordon and McBride (ref. 13).

NUMERICAL ANALYSIS
Summary of Technique

The nonlinear, coupled differential equations derived in the previous section (e.g.,
egs. (19) to (22)) describe the relaxation of a reacting gas toward equilibrium. The re-
laxation rates of the fluid mechanical variables are often quite different from the relax-~
ation rates of the component gases, particularly in near-equilibrium flow regimes. In
addition, there can be large differences in the relaxation rates of the individual gases.
Systems of differential equations which represent relaxation processes with widely dif-
ferent relaxation rates are called stiff systems.

The numerical integration of a system of stiff differential equations poses a serious
stability problem. The problem arises in trying to resolve rapid variations over the
small regions in which they contribute significantly to the solution while at the same time
advancing the integration at a rate which is consistent with the slower, more dominant
solutions. Most conventional numerical integration techniques force the step size to be
impractically small in order to maintain stability.

Many integration techniques have been derived which are both more stable and more
efficient than conventional methods for integrating stiff systems. Among these are
Treanor's modified Runge-Kutta method (ref. 3) and Moretti's method (ref. 4) involving
the exact solution of locally linearized equations. A method which falls logically between
those two is the implicit integration method of Tyson (refs. 8 and 14). This method has
the advantages of being inherently stable and computationally efficient. The inherent sta-
bility of Tyson's method makes it preferable for general applications where nothing is
known ahead of time about the disparity in relaxation rates (see ref. 15). The general
chemical kinetics program uses the implicit integration method of Tyson with modifica-
tions to the initial step and error formulas. Other inherently stable implicit integration
methods have been proposed by Lomax and Bailey (ref.7) and Liniger and Willoughby
(ref. 16).
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Since Tyson's method is stable for all step sizes, the stability problem is solved.
However, the gain in stability obtained by using an implicit rather than an explicit inte-
gration method is accomplished at the expense of increasing the number of calculations
that must be performed at each step. In particular, all the implicit schemes mentioned
require the calculation of all the partial derivatives of the differential equations (see
appendixes B and C). The application of an effective strategy for step-size control can
significantly increase the rate at which the numerical integration advances. The general
chemical kinetics program uses a step-size optimization procedure that is superior to
the standard doubling and halving method of step-size control. After each step of the
numerical integration, an error predictor is used to search within limits for the largest
step size that can be used for the next step without violating the user’s accuracy require-
ments. Experience has shown that this optimization technique permits the step size to
react quickly to regions of very slow or very fast reaction.

Derivation of Numerical Integration Equations

This section presents a complete derivation of Tyson's general step formula
(ref. 14) and our initial step and error formulas. A derivation of Tyson's formula for a
fixed step size is contained in reference 9.

General step formula. - Let the following set of coupled first-order simultaneous
differential equations be given:

dy.
Ftl_=fi(t,y1,y2, ceooyy 121,200, N (47)

It will be assumed that these equations are nonsingular and that a solution exists which
can be developed as a Taylor series. In other words, for ]tn 1" t nl sufficiently small,

2 d3 3

2
dy. d%. h V. h
K poq=—|  Bpg— nel - i n+l 0 j-1,2 ...,N (48)
’ n+1 ' . » 4 ’
n+1 n+l : n+l1

where
ki,n+1 =¥iltne) - yilty (49)
Bt =1~ (50)
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Performing an expansion similar to equation (48) for yi(tn_l) about t 41 Yields

2 2
dy. d%. (h, .y +h)
I | i n+l n
K ne1 TR s (hn+1 + hn) - ;
’ ’ dt dtz 2
n+l thel
3 3
d°y. (h ., +h)
+ ! ol n ... (51)
dt3 . 3!
n+1

The second derivative terms can now be eliminated between equations (48) and (52).

Multiplying equation (48) by (hn 41t hn) 2/h§+1 and then subtracting equation (51) gives
(Zhn+1 + hn) hn+1 — dyi
h,(h . +h) S,me1 - (h__, +h)h R
n+1Vn+l n n+1 n n t
. n+l
ady h (b ., +h)
_ i ntl el W, (52)
dt3 . 3!
n+l
From the Taylor series expanéion by partial derivatives for (dyi/dt),C about the point
tn we get o+
N
d d af af ady.| n2
Y _ Yy i i Vil Pnet
—_— = == h+1+ —_— k‘n+1+ ... (53)
dt |, dt atl, ay,| b a3 2
n+l1 n n ]tn tn
j=
Letting
dy.
£, .= —1 " (54)
’ dat |,
n

18



Ofi(t) = "—‘1' y ai n = """]:' (55)
’ ot £
' n
® afi afl (
B () =—L, B 5 =—t 56)
17] y- ’ I!J’n BY‘
] It
n

and substituting the last expansion into equation (52) gives

(2h + hn) h

n+l Kk £

n+1
+h)h i,n i,n i,n nel * Bi,j,nkj,ml
n'’'n

k. -
i,n+l
hn+1(hn+1 * hn) (hn+1

2 3
Bpet 4y Byy1 (g * By . (57)
2' dt3 . 3
n n+l
Again, by a Taylor series expansion
3 2 3 2
d%y.| h d’y. h
i n+l _ i n+l o <h§+1> (58)
at3 . 2% dt3 . 2!
n n+l

The substitution of equation (58) into equation (57) gives, after combining and rearranging
the terms,

\
9 N
Kk _ hn+1 k.  + hn+1(hn+1 * hn) £ +a. h + k
i,n+l (%h +h)h i,n" (2h +h) i,n i,n n+l Bi,j,n j,n+l
n+l n n n+l T
=1
as h2 (h . +h)(2h ., -h)
¥i n+1¥n+1 T VMl T M 4 .
+ +0 hm_1 (59}
dt3 t 3'(2hn+1 + hn)
n+l
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Finally, equation (59) is truncated to produce the implicit equation

ki,n+1 = (2h

n+l

h_ .(h +h)
n+1 n+1' n+l n
k. + f. +a, h +EB..k.
el +hn)hn i,n (2h +hn) i,n i,n" n+l i,j,n7j,n+l

i=1,2, ..., N (60)

The solution of the coupled first-order simultaneous differential equations (47) can be ob-
tained by solving at each step the following set of linear equations

, N 9
1- Bpa (hn+1 * hn) 8 k - hn-x~1(hn+1 * hn) 8 Kk _ B
i,i,n|"i,n+l1 i,j,nj,n+l ~
(Zhn+1 + hn) ’ ’ (2hn+1 + hn) 1 (Zhn+1 + hn)hn
]:
j#
h .(h +h)
n+1V n+l n .
in,n+ h .+ 1 (fi,n+ ai,nhn+1) i=1,2, ..., N (61)

n+1

The equations for f o, and By 3 which are required in order to apply this implicit
integration techmque to the chem1cal kinetics problem, are given in appendixes B and C.

Error formula. - The relative error in the numerical solution of dy /dt = f at the
(n+1)St step is defined as

E. .=l in+l ki,n+1 (62)

yi, n+l

where k(e) +1 is the exact value of the increment k. From equation (59),

i, n+1
a3 h2 (b, +h)(2h , -h)
k(e) - k. Vi n+1' n+l n n+1 n (63)
i,nel "5 el © 3 31 (2. . +h)
dt t M+l n
n+1

20



An expression that can be used to evaluate (d3yi /dts) will now be obtained. The
t

n+l
following equations are the result of Taylor series expansions about the point tn+1:

4

2 2 3 3
~ fy}_ h - d i i1 - d Vi hn+1 (64)
i,n+1 n+1 ; ;
dt 2 2' 3 3
t dt dt
n+l tn+1 el
2 h 2 g3 3
k +k z& (h. ,+h )_d i (hn"'l i n) +d Vi (hn+1+hn> (65)
i,ntl " Ti,n n+tl “n '
dt 2 2 3 3
tn+1 dt t at” |,
n+1 n+1
2| 2
dy, d% (h +h_ +h )
~ L _ i n+l n n-1
ki,n+1 * ki nt ki,n-l Ty (hn+1 *hy+ hn-l) ,
’ dt |, dt2 2!
n+l tn+1
3 3
dvy. h +h_+h
+ i ( n+tl " 'n n-1> (66)
dt3 3.
tnel

The preceding set of equations can be solved to give (d3y.1 /dt3> in terms of k; .. 4,

o tn+1

ki,n’ and ki,n—l' The solution is
as (h ,+2h +h_ )

¥i -~ -3 1 Kk n+l n n-1

- i,n+l ~ i,n
dt3 (hn+1 + hn + hn-1)|‘hn+1(hn+1 + hn) (hn+1 + hn)hn(hn + hn-l)
n+1
1 K (67)

+ .
i,n-1
(hn * hn-l)hn-l

Combining equations (62), (63), and (67) yields
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2
E _ hn+1(2hn-l-1 B hn) < 1 >
i,n+l ~
’ (Zhn+1 * hn)(hn+1 * hn + hn-l)(hn + hn-l) yi,n+1

x [(h +h )l_{iz.‘_ltl (h. . +2h +h )E(Ll‘-+(h +h)ki’“'1
nt fn- T Vn+l n  n-1 n+1 n
n+1 n n-1

With the definitions

equation (68) can be rewritten as

-h)
n+1 n 1
D. - D,
+h_+h_ )\y. )[( i,n+l 1,n)
n+1 n- n-1 i,n+l

2
hn+1 (2h
+ hn) (h

E. =
i,n+1
(Zhn+1

- C0; g - Di,n-l):]

(68)

(69)

(70)

(71)

Finally, the relative error in the solution of the set of equations given by equation (47) at

the (n+1)St step is defined to be

=max E
iel

€

n+1 i,n+1

(72)

where I is the set of all dependent variables that are not being omitted from error con-
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sideration. The relative error e is used to control both the accuracy and the step

size during the numerical integrai:rigrll.
Initial step formula. - The general step formula given by equation (60) requires the

value of the increment k. I and the step size h n from the previous step. Thus, thét

formula cannot be used for the initial step. Notice that the error formula {eq. (71)) re-

quires information from two previous steps. We will derive a formula that can be used

for the initial two steps to generate initial values for the general step procedure. Let

h1 be the initial step size, to the initial time, and h any second step size. Then equa-

tion (60) can be written as

(2h + hy) h (2h+hy) |1 U

y.l(t0 + h1 +h) - yi(t0 + hl) =
1

N
+ozi(t0 +h1)h+ E Bi,j(t0+h1)l:yj(t0+h1+h)"yj(t0+h1)] i=1,2, ..., N (73)

j=1

Taking the limit of equation (73) as h; approaches zero, we obtain
N
(t, +h) - (t):Efd_yl fB e )+ a.lt)h + @Y.+ h) - y.(t) (74)
it ¥i% 2 at | 5 )1 T it A, %75 il
j=1 |

or more simply,

N
- h Z
j=1

The initial step is performed by solving the following system of linear equations:

N
h h ) AT
<1‘51,i,o§>k1,1"2‘ E 31,3,0kj,1‘h(f1,0+°’1,02‘> i=1,2, ..., N (76)
-1

=
A
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Since equation (76) requires no information from a previous step, it can be used for each
of the initial two steps.

Step-Size Optimization

The numerical integration technique used in the program contains a unique step-size
optimization procedure. We define the optimum step size for each integration step to be
the largest step size that is consistent with the user's accuracy requirements. The
user's accuracy requirements are specified by three input parameters: (1) €max’ the
max’ the maximum step size, and (3) hins the
minimum step size. The optimum step size, if it exists, must be in the interval (h
hmax) and have an associated relative error which does not exceed €max”
the optimization procedure obtains an approximation of the optimum step size for the
given step. The calculation of this approximate optimum step size is based on an em-
pirical method for predicting relative error as a function of step size. The approxima-
tion is obtained by performing a limited number of trials to find the largest step size
within some subinterval of (hmin’ hmax) whose predicted relative error does not exceed
€max The complete optimization prqcedure is described in the following paragraphs.

At the conclusion of each step a judgement is made by comparing € 0’ the relative
error in the step just concluded, with €

1 ) max_:
(1) If €y <3 €paxs increase the step size for the (n+1
(2) If-lé- <e <2

‘max = 4 =6 €max’
(3) If € >% € and h. >h decrease the step size for the (n+1)st step.

max n— "min’
1 th
(4) It € > €max and hn = hmin’ restart at the n™ step.

If the judgement is made to increase the step size for the next step, then a search is
made for the optimal hn+1 in the interval [hn’ hmax]‘ Analogously, the judgement to de-
crease the step size for the next step triggers a search for the optimal hn+1 in the in-
terval[h_. ,
The restart procedure consists of repeating the n

maximum relative error per step, (2) h

min’
In practice,

)Slc step.

use hn+1 = hn'

hn]‘ If condition (4) is satisfied theréhthe restart procedure is initiated.
step using equation (76) with

hO =%h min and performing the (n+1)St step in the same manner. Automatically restart-
ing a case at the beginning of the n™ step is exactly the same as manually starting that
case with the conditions at the end of the (n-1) st step as the initial conditions and %hmin
as the initial step size.

The general step formula equation (60), derived in the previous section is implicit
because of the terms kj,n +1 ©On the right side and thus must be solved as a set of
simultaneous linear equations. Making the substitution

h k.
kj,n+1z n;-l fj,n+—lz£ j#i (7M7)
b,
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into equation (60) and solving for k; . 4 yields
b

-
2 h al £, +k _/h
X _ | K +hn+1(hn+1+ o) P P 8 j,n* %50 ) b
i,n+1 ” (2h b )h i,n (2h. . +h) 1%, n i,n i,i,n 2 n+1
n+1 * Pn/n n+l 7 n —
]:
. j#i
RS ELN PRI
i,i,n =52, ..

L (Zhn+1+hn)

The set of equations described by (78) is explicit in ki,n +1° It requires appreciably
fewer operations to obtain values for the increments ki,n +1 from (78) than from the
simultaneous solution of the equations given by (61). Now, for any given step size h_,,
by using equation (78) as a predictor and equation (60) as a corrector, an approximate
solution to the simultaneous equations described by (61) can be obtained. This approxi-
mate solution is used to compute a relative error according to the error equations de-
veloped in the previous section. The error thus calculated is a prediction of the error
that can be expected from the simultaneous solution of equations (61) using the step size
h The step-size optimization is accomplished by searching for a step size hn +1

n+l*

whose predicted error is equal to €nax”
The search technique is a modified form of the conventional half-interval search.

Starting with an interval of uncertainty for h , of length I(e.g., I; = B oz =Py ), the

search successively narrows down the interval until after n iterations (n 2 2), the max-
n-2
imum length of the interval of uncertainty is In = (%> (-% 11) . The search is termi-

nated when either an hn +1 is found whose predicted error is € .. oOr the limit of 11 on

the number of iterations has been reached. In either case the last estimate of hp,; will
: - PP IR

be used for the next step. Notice that in the worst case Il1 =~ 10 '“max' hminl .

Hence, having chosen an input value for hmi n o0 the basis of round-off error and com-

puter time considerations, a reasonable input value for hmax would be 103~hmin. This

would insure that the final interval of uncertainty would be of the order of hmin'

GENERAL DESCRIPTION OF PROGRAM USE

The kinetics program can compute the progress of many different types of static
or one-dimensional flow reaction. These include ignition processes, reactions behind a
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shock wave, nozzle expansions and assigned pressure reactions. Constant volume and/
or constant temperature reactions can also be handied. Computations can be performed
for any homogeneous gas mixture containing no more than 25 species. Any species may
be considered as long as its thermodynamic data are available in the form described in P
the section Thermodynamic Data and Species Names. Thirty chemical reactions of the
three types already mentioned may be used. There is no limit on the number of each
type. For a typical computation the user must providé rate constants and initial values
of temperature, pressure, and species concentrations. For a flow reaction, the velocity
and an area or pressure profile are also required. Nonzero initial time and position
values may be specified. Otherwise, the program sets the starting values of x and t
to zero. A detailed description of data card preparation is given in appendix D, and
appendix E lists input and selected results for several test cases.

Options

There are several program options that provide for many reaction conditions and
these will now be described.

Integration variable. - Either the time or distance version of the basic differential
equations may be integrated. The integration variable is chosen by punching the word
TIME or DISTANCE on a data card,

Static or flow reaction. - The program was written with flow-kinetic applications in
mind. However, static chemical reactions can also be considered very simply by
(1) choosing the TIME integration option and (2) setting the flow velocity V equal to
zero. The program then integrates equations (3), (17), and (18) for a static system.

Shock wave reactions. - The program contains an option for easily computing the
progress of chemical reactions behind a shock wave. When the logical variable SHOCK
is set equal to TRUE, the initial conditions are recognized as unshocked gas conditions.
The velocity, V is then the shock speed VS. The program first solves the conserva-
tion equations to obtain the conditions of pressure, temperature, and particle velocity
behind the shock assuming no reaction. These new conditions and the initial composition
are then used to compute the progress of the chemical reactions occurring in the high-
temperature region behind the shock wave. The program also computes the final condi-~
tions that would exist if these chemical reactions went to complete equilibrium.

Equilibrium calculations. - An option is provided in the program for calculating the
final equilibrium conditions for a constant pressure combustion. Both enthalpy and pres-
sure are assumed constant for these calculations, which are triggered by setting the
logical variable COMBUS equal to TRUE.

Units options. - The user has a choice of three different systems of units for both
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input and output. These are the CGS, U. S. Customary (or FPS), and SI systems. The
choice of output units is completely independent of the input units. The exact units used
in each system are listed in the sections below on INPUT and OUTPUT.

Assigned profile options. - For any flow-kinetic reaction, an area or pressure pré-
file must be assigned. For a static reaction neither pressure nor area need be assigned.
However, a pressure profile may be assigned. The assigned variable may be specified
in any of the following ways as a function of time or distance; the choice is independent
of the integration variable used:

(a) A table of assigned variable against distance or time.

(b) Polynomial coefficients for the equation

3

Q= Cp+Cya+ Cya® + Cyq (79)

where Q is the assigned variable and q is either t or x. Notice that a constant area
or pressure profile can be specified by setting C3 = C2 = C1 =0 and C0 equal to the
constant value.

(c) Special area function. The area may be calculated by the equation

A=— 1 (80)

This equation is used to represent laminar and turbulent boundary-layer effects ina
shock tube according to the theory of Mirels (refs. 17 to 19). The exponent 7 must be
read into the program. Its value is either 0.5 for a laminar boundary layer of 0.8 for a
turbulent boundary layer. The characteristic reaction length parameter, L m may either
be read in or computed by the program. The program uses equation (3) of reference 19
for a laminar boundary layer or equation (4) of reference 18 for a turbulent boundary
layer., If Lm is to be computed, three other quantities are read in instead of L m
These are the shock tube hydraulic diameter D, the unshocked gas viscosity p, and a
boundary -layer thickness parameter g, which can be calculated from equations given in
references 18 and 19.

Third-body efficiencies. - The program allows the rate constant for any three-body
recombination-dissociation reaction to be adjusted for the efficiencies of different third-
body catalysts. The user may read in values of the weighting factor m;. defined in
equation (39) for any three-body reaction if the logical variable ALLMI1 is set equal to
FALSE. All the weighting factors are equal to 1.0 unless changed by the user.

Multiple cases. - Several different cases may be done in one computer run without
preparing a complete new data deck for each one. This is done with the use of an
ACTION card in each data deck following the first case. The four options that may be
used on this ACTION card will be described in a later section.
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Constant volume and temperature reactions. - The user has the option of holding
either temperature or volume, or both, constant during the chemical reaction computa -
tion. The constant temperature condition is obtained by setting the logical variable
TCON equal to TRUE. For constant volume the variable RHOCON is set equal to TRUE..

Standard options. - The program has a built-in standard choice for many of the pre-
viously mentioned options. None of the given code words or logical variable names has
to appear on a data card unless the user wants a nonstandard option. A list of the
standard options will be given in a later section.

Thermodynamic Data and Species Names

All thermodynamic data and species names are identical to those used in the chemi-~
cal equilibrium composition program of Gordon and McBride (ref. 13). Thermodynamic
functions are calculated by polynomial equations for Cp, h, S, and G as a function of
temperature. The polynomial coefficients were calculated using the thermodynamic
properties computer program of McBride and Gordon (ref. 20). The data calculated
from these equations are the same as those tabulated in the JANAF thermochemical
tables (ref. 21). Seven coefficients A1’Az’ -+ +, Agare used for each species in the
following equations, where T is the kelvin temperature.

C
b _ 2 3 4
-R——A1 +A,T +A3T +A,T + AT (81)
A A A A A
—h—=A1+—ZT+-—§T2+-—4T3+-—§-T4+—§ (82)
RT 2 3 4 5 T
A A A
_S.=A11nT+A2T+__3T2+__4T3+._5.T4+A7 (83)
R 2 3 4
A A A A A
2 oA @-mTm) - 27872 "4p3 504,06, (84)
RT 2 6 12 20 T
These coefficients A1 s e e ey A7 are read into the kinetics program either as data cards

or card images on magnetic tape. The detailed description of the data cards for each
species is given in appendix D. The information on these cards is of three types

(1) the species name, (2) the stoichiometric coefficients and element names for each
chemical element in the species, and (3) two sets of the thermodynamic coefficients
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A1 A TRIEE A,7 for two different temperature ranges. The availability of the thermo-
dynamic data is discussed in appendix F.

Any species can be used in a chemical kinetics computation if its thermodynamic
data are read into the computer as indicated and if its name is compiled into the kinetics
program in two different routines. The species name, exactly as it is written on the
thermodynamic data cards, must first appear in the BLOCK DATA routine. The name
array ALSP has space for 75 names containing eight symbols each. As now written,
ALSP contains 71 species, so that the user may add only four new species without in~
creasing the dimensions of the array. If this increase in dimensions is not desired, new
species may be substituted for any unused ones now in the list. When a species name is

TABLE 1. - SPECIES NAMES AND MOLECULAR WEIGHTS INCLUDED IN COMPUTER

PROGRAM "BLOCK DATA'* SUBROUTINE

Species | Block data Molecular Species | Block data Molecular Species | Block data Molecular
name weight name weight name weight
Ar AR 39.948 co CcO 28.011 Kr KR 83.800
B B 10.811 COo, co2 44.010 N N 14.007
BF BF 29.809 C2F2 C2F2 62.019 Ne NE 20.183
BF2 BF2 48.808 C2H C2H 25.030 NF NF 33.005
BF3 BF3 67.806 CZHZ C2H2 26.038 NF, NF2 52.004
BH BH 11.819 CoHy C2H4 28.054 NF3 NF3 71.002
BH, BH2 12.827 C,N C2N 38.029 NH NH 15.015
BH, BH3 13.835 Cl CL 35.453 NH, NH2 16.023
BO BO 26.810 ' ClF CLF 54, 451 NHg NH3 17.031
BdF BOF 45,807 ClFqy CLF3 92,448 NO NO 30.006
BOF, BOF2 64.807 Cl, CL2 70.906 NO+ NO+ 30.00555
BO, BO2 42,810 Electron E 5. 4859'7><10'4 NO2 NO2 46.006
3203 B203 69.620 F F 18.9984 N, N2 28.013
Br BR 79.909 F2 F2 37.997 NoH, N2H4 32.045
Brgy BR2 159.82 H H 1.00797 N20 N20 44,012
C C 12.0112 HCN HCN 27.026 N204 N204 92.009
CF CF 31.010 HCI HCL 36.461 o] o 15.9994
CF, CF2 50.008 HF HF 20.006 O+ O+ 15.99885
CH CH 13.019 HO, HO2 33.005 O- O- 15.99995
CH, CH2 14.027 HNO HNO 31.014 OH OH 17.007
CHZOa CH20 30.026 H, H2 2.0159 0Oy 02 31.99%7
CHg CH3 15.035 H20 H20 18.014 0O,- 02- 31.99935
CH4 CH4 16.043 H202 H202 34.014 Xe XE 131.30
CN CN 26.018 He HE 4.0026
a1'<'ormallclehyde.
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listed in ALSP, its molecular weight must be written in the array ALMW in BLOCK
DATA. Table I gives a list of the species now recognized by the program and also lists
the exact program name and the molecular weight for each species.

A name for each species must also be listed in subroutine INIT. The names are
listed in the COMMON block called FAKE and also in NAMELIST START. In this sub-
routine, species names are used as the FORTRAN concentration variables to simplify
the input of initial species concentrations. The name for each species used in INIT is
the same as the BLOCK DATA name. In the case of ionic species, a FORTRAN variable |
name cannot contain special characters, specifically + and -. Therefore, we have
adopted the convention of using a P in place of a plus sign and an M in place of a
minus sign in INIT. To illustrate this point the table below lists several species from

4

Species | BLOCK DATA | Name in COMMON block
name FAKE and NAMELIST

START

Hy0 H20 H20

B203 B203 B203

NO+ NO+ NOP

O+ O+ OoP

O- O- oM

O,- 02- o2M

table I, giving their BLOCK DATA names and their names in subroutine INIT. The exact ;
species name that appears in subroutine INIT must always be used when reading in an
initial concentration of any species.

Accuracy Control

Experience has shown that all composition variable errors, E1 n+l need not be
considered at every step in calculating €41 (eq. (72)), the relative error at that step.
Quite often, species that have very small concentrations also have large E1 n+l values.
If these E 0+l values are used in the error calculation, the step size will be kept
smaller than it has to be. Therefore, some species can usually be eliminated from the
error calculation. In this section the methods used to do this are described. In general
accuracy and computer running time are controlled by two factors: (1) the assigned
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error €

max

assigned step sizes, especially the initial step size.

Assigned €

max

combined with the species error elimination procedures and (2) the

and error elimination. - Two methods of neglecting errors due to

trace species are used. The first method is done automatically unless the user wishes

to prevent it. Before each new step-size calculation is done, certain species errors
are eliminated from consideration in equation (72). The test for elimination is that a
species error be equal to at least 15 times the median value of the errors for all the
species variables. In the second error omit technique the program is told to neglect

TABLE II. - EFFECT OF ERROR CONTROLS ON HYDROGEN - AIR

IGNITION COMPUTATIONS

(a) Effect of error omit procedures

[Assigned distance, 30 cm. ]

Trial
Run time, min

B naxy €™

emax

Automatic error
elimination
Permanent
species error
elimination
t, psec
p, atm
V, cm/sec
s g/cm3
T, kelvin
S, cal/gK
M

Y
Mole fractions:
Hy
OH
H 2O
H
)
(o)
H02
H202
Ny

1

22

0.10
0.00005
No

None

162.65
1.5166
191608

1.54257x10"%

2802

2.7451
1.7187
1.2518

.387x1072
.861x1072
26282

.674x10™2
.698x1072
.909x103
448x1078
7711077
62407

O DD O N

2

6

0.10
0.00005
Yes

None

162.65
1.5131
191744

1.54155x10"4

2805

2.7464
1.7184
1.2519

. 4171072
.885x10"2
. 26216

.699x1072
.708x10™2
.019x1073
.503x107°
.817x107"
.62377

O D L -3 O N

3

6

0.10
0.00005
Yes

Hy09
162.65

1.5124
191709

1.54184x10~4

2804

2.7460
1.7187
1.2519

.407x1072
.877x10"2
. 26235

.691x10™2
.705x1072
.984x1073
.488x1078
.806x1077
.62387

O D M = O N

8

8

0.10
0.00005
No

Hy0,
162. 66

1.5116
191667

1.54216x10™4

2802

2.7454
1.7190
1.2518

.396x1072
.867x1072
. 26262

.680x10™2
701x10™2
.943x10™3
. 469x10™8
.792x1077
.62398

O D B D O N

31
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certain species errors for an entire problem. This is especially needed for a slow
reaction such as a long delay ignition. For any ignition reaction the free radical concen-
trations are usually quite negligible at the start. But, often, the calculated errors for
these concentrations are relatively large. If they were used in the step-size calculation*
they would keep the step size needlessly small. The permanent error omit procedure
must be used for slow reactions, because the automatic method is not sensitive enough
to cope with this situation. It has been our experience that the error for any species
with a mole fraction of 10"4 or less can be neglected with no change in results.

The effect of using the error omit procedure is shown in table II(a), which gives
computed results for a hydrogen-air ignition reaction using an IBM 7044-7094 computer.
Trial 1 is the standard, in which no species were eliminated from the error analysis.

A comparison of trial 2 with trial 1 shows that running time is significantly shortened by
using the automatic elimination procedure. ~The largest change in the results is about a
1-percent change in some of the smaller species mole fractions. Trials 3 and 8 show
two things. First, permanently omitting a single species does not reduce running time
any further after the automatic omit procedure is used. Second, permanently omitting
a single species is not as effective as the automatic procedure in reducing computer
time. Computations for other reacting mixtures have shown that the results in table II(a)
are quite typical. This is why we have made the automatic error elimination procedure
the standard option in the integration routine. However, the user can override these
error eliminations by a simple addition to the input data, if any accuracy problem ever
occurs. The override should be used if more than three species errors are consistently
being neglected.

Table II(b) shows the effect of other factors on accuracy and computer running
time. Trial 2 will now be used as the standard of comparison. Trials 2 and 4 show that
results are essentially unchanged when €max’ the allowable error, is changed by a
factor of 2 from 0.00005 to 0.0001. Trials 4, 6, and 7 show that results are independent
of maximum step size as well. Our computations with several reacting mixtures have
indicated that €max = 0.0001 as a maximum relative error gives excellent accuracy
with relatively short running times for most situations.

The computing time can, however, be decreased with only a slight loss of accuracy
by two different methods. These are (1) increasing € max and (2) using the permanent
error omit procedure for several of the small concentration species. The effect of each
of these methods is shown by trials 5and 9. The e
to 0.0003 in trial 5.

When performing computations for very slow reactions the permanent error tech-
nique should always be used for all the trace species (mole fraction = 10'4). For best
accuracy the calculation should be stopped when trace species eventually become impor-
tant. It should then be restarted with these species removed from the permanent omit

max value was arbitrarily increased
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TABLE II. - Concluded. EFFECT OF ERROR CONTROLS ON HYDROGEN - AIR IGNITION COMPUTATIONS
(b) Effect of allowed error and permanent error omits using automatic error elimination

[Assigned distance, 30 cm. ]

Trial 2 4 6 7 9 5

Run time, min |6 5 5 - 5 2 3

By M 0.10 0.10 0.05 0.20 0.10 0.10

€nax 0.00005 0.0001 0.0001 0.0001 0.0001 0.0003

Permanent None None None None H202, HOZ None
species error H,0,0H
elimination
t, usec 162.65 162.66 162.66 162.65 162.71 162.66
p, atm 1.5131 1.5130 1.5134 1.5145 1.5254 1.5180
V, cm/sec | 191744 191724 191715 191797 192204 191968
p, g/cm® 1.54155x10°% |1.54179x10™¢ | 1.54180x107% | 1.54113x107% | 1.53781x107% | 1. 53995x10™*
T, kelvin 2805 2805 2805 2808 2828 2815
S, cal/gK 2.7464 2.7463 2.7464 2.7472 2.7539 2.7495
M 1.7184 1.7184 1.7181 1.7178 1.7131 1.7165
y 1.2519 1.2519 1.2519 1.2519 1.2524 1.2521

Mole fractions: .
H, 4.41710~2  |4.415x1072  |4.416x1072 | 4.435%1072 | 4.s83x1072 | 4.48ma10”
OH 5.885x1072  |2.882x10"2 |2.88ax1072 | 2.899x107% |3.020x1072 | 2.941x1072
H,0 0.26216 0.26219 0.26215 0. 26171 0.25824 0. 26050
H 1.899x10°2  |1.69m<10°2 |1.e97x102 | t.m13x102 |1.836x1072 | 1.755x1072
0, 1.108x10~2  |1.70m10°2  |1.10m<1072  [1.714x10°% | 1.760x1072 | 1.730x1072
o 7.019x1073  |7.010x1073  [7.013x10°3 |7.082x1073 | 7.631x1073 | 7.271%1073
HO, 5.503x10-®  |5.409x10~8 |5.408x10°® |5.530x107® |5.775%107¢ | 5.616x1078
H,0, 6.817x10"7  |6.814x10°7 |6.811x10°7 |6.837x1077 | 7.010x1077 | 6.901x1077
N, 0.62377 0.62379 0.62378 0.62359 0.62213 0.62309

S ———

1ist. However, our éxperience with several chemical systems has shown that acceptable
results may often be obtained even when major species are neglected from the error
analysis.

The initjal step size. - The user specifies a minimum and a maximum step size for
any calculation. The program selects hmin as the initial step size unless a different
value is given. Using an initial value larger than hmin is another way to decrease
computation time. An initial step size even larger than the maximum value may be used
when a very slow reaction is being considered. Our experience has shown that the user
may choose the largest initial step size that does not cause the integration to break down
immediately. Examples of this breakdown are negative species mole fractions and tem-
peratures very different from the starting value. A few trial runs for any new system
will show the largest initial step size that may be used.
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input

In this section a general description is given of the several types of data required for
a kinetics problem. The exact format of all data cards is given in appendix D.
Chemical reactions and species. - Each chemical reaction is listed on a separate

card which has space for two reactant names, two product names, and the three rate

constant parameters A., n., and E.. The reaction cards may be put in any order, re-

gardless of the type of reaction. The program checks all names on the reaction cards

against its species list in the array ALSP. In this way the program automatically builds

up the list of species being used in any problem. The availability of rate constant data
is discussed in appendix F.

separately, four per card, following the reaction cards.

Inert species. - The names of any species present, but not reacting, are listed

Integration variable and units. - A version and units card follows the inert species

list. It contains the code words for the integration variable (DISTANCE or TIME) and

for the assigned variable (AREA or PRESSURE). It also contains the codes for input and
output units (CGS, FPS, or SI). Table III gives the units needed with each of these three

options for the input data.

TABLE III. - INPUT UNITS FOR THREE UNITS SYSTEMS

Variable Internal (CGS) FPS SI
Velocity cm/sec ft/sec m/sec
Temperature K- °r K
Density g/(:m3 lbm/ft3 kg/m3
Pressure? atm lbf/ft2 N/m2
Length cm ft m
Area cm2 ft2 m2
Species Mole fraction or | Mole fraction or | Mole fraction or

concentration mass fraction mass fraction mass fraction

dpressure may also be specified as mmHg (torr) in all systems.

logical variables SHOCK, COMBUS, ALLM1, TCON, and RHOCON,

catalyst efficiencies mij

34

Efficiencies for three-body recombination-dissociation reactions. - The third

Problem data. - Most of the input data for a problem arelisted in a NAMELIST
called PROB, which follows the version card. PROB contains the assigned variable pro-

file information, printout information, and the integration controls. It also contains the

-body

are contained on one or more eards following NAMELIST
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PROB. These cards are permitted only if ALLMI1 has been set equal to FALSE. Each
card contains up to three species names with corresponding m, . values for a single
reaction. The reaction is written on each of these cards exactly as it appears on the
reaction card.

Starting conditions. - The starting values for the fluid dynamic variables and the
composition of the reacting gas are listed in a NAMELIST called START, which follows
either the third-body efficiency cards or NAMELIST PROB. In general, five variables
make up the initial conditions in addition to the species starting concentrations. The
program initializes all of these to zero. These variables, therefore, do not have to
actually appear in NAMELIST START unless their values are nonzero. Four of these
initial values are always x, t, T, and either V or Mach number. For the last fluid-
dynamic variable the user has a choice of either p, p, A, or mass flow rate m. The
choice is determined by the profile that has been assigned in NAMELIST PROB. For
an assigned area problem one may list either p, p, or m. For an assigned pressure
problem either A or m may be used.

Species starting concentrations can be given either as mole fractions or mass frac-
tions. The program name of the species is used as its concentration variable name.
For example, H2 = 0.50 means that the concentration of H2 is 0.5 in the mixture. The
program interprets these concentration numbers as mole fractions unless it is told that
they are mass fractions. This is done by setting the variable MOLEF equal to FALSE.

Species omitted from error calculations. - It was mentioned earlier that the pro-
gram can be made to neglect minor species errors during its step-size calculation for a
complete case. These ''permanently omitted'’ species are listed, four per card, imme-
diately following NAMELIST START.

Output

The program has both standard and optional output. The exact output units used for
each of the three systems, CGS, FPS, and SI, are listed in table IV. All computed re-
sults are completely independent of the print station positions. A special step is made
to each print station and the independent variable is then reset to its previous value.
From this point it is increased by the normally calculated step size to a value greater
than the print station value.

Standard output. - The following data will be listed if no special codes are used in
the input data:

(1) Reaction time!

(2) Axial position and flow cross-section area

1Gras particle time for a shock wave reaction.
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TABLE IV. - OUTPUT UNITS FOR THREE UNITS SYSTEMS

Species concentration

Species production rate

Net reaction conversion
rate

Net energy exchange
rate

Reaction rate constant

Molefraction, mass
fraction, (g/mole)
/cm3

(g—mole)/crn3 sec
-mole 2
g : /p
em” sec

cal 2
_“_3 P
cm® sec

cgs units?

Molefraction, mass
fraction, (Ib mole)
/it

(tb mole) /ft3 sec
lb-mole / 2
“‘—3 p
ft° sec

Btu /pz
ft3 sec

cgs units?

Variable Internal (CGS) FPS units ST units
units

Velocity cm/sec ft/sec m/sec
Temperature K Or K

Density g/cm3 lbm/ft3 kg/m3
Pressure atm lbf/ft2 N/m2

Time sec sec sec

Length cm ft m

Area cm? £t2 m?

Molefraction, mass
fraction, (kg mole)
/m®

(kg mole) /m3 sec

kg mole/pz

m3 secC

J /pz
m3 sec

cgs units?

dv,/d q (cm/sec) /unit g (cm/sec) /unit q (cm/sec) /unit q
dp/d q (g/cm®) /unit q (g/cm®) /it q (g/cm®) /unit q
dT/d q K /unit q K /unit g K /unit q

doi/d q (g-mole/g) /unit g (g-mole/g) /unit q (g-mole/g) /unit q
Mass flow rate g/sec 1bm/sec kg/sec

Entropy cal/g K Btu/lb °R J/kg K

3See table V.

(3) Pressure, velocity, density, and temperature of the gas mixture

(4) Entropy per unit mass and frozen heat capacity ratio for the gas mixture. The

entropy S is computed from

S.
i

i=1

o.]-1-
R

In 0; - In(pM,)




(5) Local Mach number
(6) Mole fraction of each species in the gas mixture
('7) Molar concentration of each mixture species
(8) Net species production rate W, defined by equation (31) (This is the net rate of
change of each molar concentratmn due to all chemical reactions.)
(9) Net reaction conversion rate, Xj’ defined by equations (36), (37), (40), (41),
or (42) for the three types of chemical reactions being considered
(10) Rate constant value, k. for each reaction (This is just the value given by equa-
tion (33). For a dissociation or recombination reaction, the third-body effi-
ciency is assumed to be 1.0.)
(11) Mixture molecular weight
(12) Mass fraction sum
(13) Total energy exchange rate defined by

where ! is the number of reactions and XH,‘ is defined in equation (43) (The
quantity XH is proportional to the net heat release rate for the entire complex
reaction and may be useful in ignition reactions.)

(14) Derivatives of all dependent integration variables, V, T, p, and each % with
respect to the independent variable

(15) Increments and relative errors - the computed increments k ,n+l and relative
errors E nei 28 defined in equations (49) and (62) for the current integration
step

(16) Integration indicators
(a) Steps from last print
(b) Average step size since last print
(c) Controlling variable - the variable with the largest error E,. i n+1
(d) Relative error - the value of €,,1 for the step being printed out
(e) Any species that will be automatlcally eliminated from error consider-
ation for the next step
Optional output. - Several changes and additions to the standard output may be
made:
(1) Species mass fraction may be listed in place of molar concentration by setting
the logical variable CONC equal to FALSE in NAMELIST PROB.
(2) Net energy exchange rate for each reaction XH, . defined by equation (43) may
be listed in place of net reaction conversion rate by setting the logical variable EXCHR
equal to TRUE in NAMELIST PROB.
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(3) The program has an option for listing certain additional data or intermediate

output at each print station. These data are useful either for studying the effect of each
individual reaction on gas composition or for diagnosing any program problems. This
option is chosen by setting the variable DBUGO equal to TRUE in NAMELIST PROB. The .
following quantities are then listed:

(a) The molar rate of production of species i due to reaction j, w

by equation (35)
(b) The quantities 4 and & or 4* and RB*
(c) If area has been assigned, the quantities dA /dq, d2A/dq2 and either

(c2-4

1dA

A dq
If pressure has been assigned, the quantities dp/dq, dzp/dq2 and (1/p)(dp/dq) are
printed out. Here q is the independent variable, either t or x.

iy’ defined

or

PROGRAM ORGANIZATION

The program is organized into the following five sections: (1) control, (2) input/
output, (3) shock/combustion, (4) chemical kinetics, and (5) numerical integration. An
effort was made in writing the program to make each of the last three sections self-
contained except for the reading and processing of input data. The shock/combustion
section uses subroutine THRM from the chemical kinetics section, but is independent
in all other respects. The chemical kinetics and numerical integration sections are
complete in themselves. The next sections describe the function of each program sec-
tion and of each subroutine in the section. The names of nonstandard entry points into
a subroutine are given in parentheses following the subroutine name. Flow charts for
key subroutines (figs. 1 to 6) are found in appendix G along with the FORTRAN listing.

Control Section

The control section is synonymous with the main program GCKP, It provides for
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problem setup through a series of subroutine calls. It also monitors the numerical in-
tegration and provides an output call whenever a print station is reached (see fig. 1).

4

Input/Qutput Section

This section provides for the reading, converting and writing of all input data and
kinetics results. It also performs all the necessary bookkeeping functions such as
building tables, setting option switches, and storing data for later use.

KINP (RINP). - Provides for the processing of all input data. It initializes, sets all
standard options, reads input data and converts it to internal (CGS) units, calculates ref-
erence conditions, builds tables and provides calls for shock and combustion calculations
(see fig. 2). '

CIMAGE. - Prints a card image of each data card.

NAMBLK. - Contains, in block data format, logical tape unit numbers and alpha-
numeric data for testing and output.

BLCK. - Contains, in block data format, the master species list and the molecular
weight of each species in that list.

INIT. - Reads the initial conditions by means of NAMELIST START and stores initial
species concentrations using a table provided by KINP.

OUTP (OUT1, OUT2, OUT3). - Provides all output except shock and combustion re-
sults. It converts output data from internal units to user's requested output units and
calculates parameters which are required only as output such as total entropy and net
energy exchange rates.

Shock/Combustion Section

The frozen and equilibrium shock and the equilibrium combustion calculations are
performed in this section. It converts and writes its own output and provides for the
transfer of frozen shock results to the input/output section as initial conditions for the
kinetics calculations. Except for reading input and calculating thermodynamic proper-
ties, this section is independent of the other sections.

COMB. - Provides the necessary setup and subroutine calls for the calculation of a
constant pressure equilibrium combustion.

SHOK. - Provides the necessary setup and subroutine calls for the calculation of
both an equilibrium and a frozen shock.

SHOCKS. - Solves the shock equations for both the equilibrium and frozen cases.

ELEMNT. - Collects chemical element data for equilibrium calculations. These
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data include a list of the elements present and the concentration of each of these elements
in atoms per gram.

EQLBRM. - This routine, and the following two, are modified versions of routines
used in the chemical equilibrium composition program described in reference 13. It
calculates equilibrium composition and properties for an assigned set of conditions -
assigned temperature and pressure for a shock, assigned enthalpy and pressure for a
combustion.

MATRIX. - Used by subroutine EQLBRM to construct matrices required in equi-
librium calculations.

GAUSS. - Solves the linear equations which are set up by subroutine MATRIX.

SPOUT (ECOUT, ESOUT, FSOUT). - Provides for the output of all shock and com-
bustion results. It converts output data to the user's requested output units, transfers
frozen shock results to the input/output section and calculates the characteristic shock
tube reaction length Lm in centimeters if this calculation is required.

Chemical Kinetics Section

The calculation of all chemical and flow parameters is performed in this section. In
particular, thermodynamic functions are evaluated, reaction and species production
rates are computed, and all required partial and total derivatives are calculated. This
section is independent of all but the input /output section.

PRED (PRED1). - Performs all necessary prederivative calculations. This routine
calls for or computes directly the thermodynamic properties, reaction rates, equilibrium
constants, pressure, specific heat ratio and Mach number as well as other parameters
required for the calculation of derivatives (see fig. 3).

DERV. - Calculates all partial and total derivatives with respect to the variable of
integration (see fig. 4).

PARD. - Calculates all partial derivatives with respect to the chemical and flow
variables (see fig. 5).

THRM. - Computes the (dimensionless) thermodynamic properties hi/RT, Gi/RT,
Si/R, (Cp)i/R’ and (de/dT)i/R from polynomial curve fits (see ref. 20).

CUBS (CINP). - Provides for the calculation of the assigned variable and its deriva-
tives. If the assigned variable is specified by a table, then the variable and its deriva-
tives are computed by cubic spline interpolation.

Numerical Integration Section

This section sets up and solves the implicit equations, computes the relative error,
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and performs the step-size optimization at each step. It contains the automatic species
elimination calculations for omitting from error considerations those species with non-
representative errors. This section of the program is independent of the other sections.

INTE (INTI, INTC, INTG). - Provides control of the numerical integration proce-
dure during each step. It calls for the implicit equations to be set up and solved, checks
for restart conditions, and calls for the step-size optimization (see tig. 6).

CASM (CASI, CASG). - Sets up the implicit equations as an augmented matrix, calls
for the solution, and updates all the dependent variables after the increments have been
calculated.

LESV. - Solves the implicit equations for the increments ki, n+l using the matrix
provided by subroutine CASM. ’

ERROR. - Computes the relative error and determines the controlling variable at
each step.

PERR. - Provides an approximate error for any assigned step size by obtaining an
approximate solution of the implicit equations. This routine is used in the step-size

optimization procedure to predict the error which can be expected from any given step
size.

AUTO. - Provides for the automatic elimination from error considerations of
species with nonrepresentative errors. A species error Ei is considered to be non-
representative if Ei >15+ E m where E m is the median of the errors associated with
those species which have not been permanently neglected from all error considerations.

SEARCH. - A sequential direct search routine which is used in the step-size opti-
mization procedure.

CONCLUDING REMARKS

A general chemical kinetics computer program has been described for calculating
the history of many different complex gas-phase reactions. Its main features are flex-
ibility, ease of use and efficiency of computation for both slow and very fast reactions.
The species and reactions to be considered are specified by the user. The program is
especially useful for ignition and combustion reactions and complex reactions behind a
shockwave. In addition it may be used for many types of homogeneous reaction in either
a static system or one-dimensional flow. Further information on availability of the
program may be obtained from the authors.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, August 26, 1971,
129-01.
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APPENDIX A

SOLUTION OF SHOCK WAVE EQUATIONS

The shock equations (eqs. (44) to (46)), are solved by an iterative method. For both
frozen and equilibrium conditions, one makes estimates of the final temperature and
pressure p; and Tf. Then a Newton-Raphson method is used to calculate corrections
to these estimates and converge on the correct values. The shock equations are trans-
formed and combined for this solution. First, equation (44) gives

2
V2= (p—1> Vg (A1)

This equation is used in equations (45) and (46) to eliminate V and gives, after some
rearrangement '

2
p1Vs \ /o
1-|1s <?1_> -P_p (A2)
By Py
J
2 42, \2]
i VS VS Py ~
hy+-2- S} 1 ph=o (A3)
2 2 \p

Using the equation of state (eq. (8)) for no change in gas composition gives

Pi_(P\(z\_ 7 (A4)
p p T1 P

where we have defined the new variables J = T/Tl and P = p/pl.

Equations (A2) and (A3) can now be written as functions of the pressure and tempera-
ture ratios across the shock:
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py V2
A (Z-> _P=0 (A5)

2 2
vé v 2
h1+_s-._5(_3’> ~h=0 (A6)

These equations are solved iteratively for the final ratios .71. and Pf across the shock.
First estimates of 4 and P are obtained from the following equations:

2
2yM7 -y +1
p0=____§_.______ (A7)
‘y+1
PO —-2—-+'y-1
M2
fo': 5 (A8)
v+1

These are the exact solutions of equations (44) to (46) when heat capacity is assumed to
be independent of temperature. Then the Newton-Raphson procedure is used to calcu-
late corrections to In P and ln J; where it is assumed that

InP ., =InP +AlnP (A9)

In 7 ,,=1n F + Aln I (A10)

th

where n indicates the n'} iteration step. Logarithmic differentiation is used to obtain

rapid convergence of the procedure. We define the quantities

o V2
p* =1- (-LS (1-1) (A11)
Py P
2 2
v v
h* =h, +-2 - —§<Z>Z (A12)
2 2 \P
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Then equétions (A5) and (AB) can be written as

F(#,P)=p* -P=0 (A13)

4

G(s,P)=h* -h=0 (A14)

Substituting equations (A9) and (A10) and using logarithmic differentiation gives the
following pair of linear equations for the corrections AlnP and Aln 4 in the Newton-
Raphson method:

oF Aln .9'+< oF ) AlnP=-Fn (A15)
3ln F 3InP
n n
( oG ) A ln y+< 9G > AlnP =G, (A16)
a1n 5/ 2InP)

In these equations subscript n indicates evaluation of either the function or its deriva-
tive for the estimated values Pn and 7 0 This method of solution is the one used by
Gordon and McBride (ref. 13). This procedure is used for both the equilibrium and the
frozen shock conditions. The only difference in method for the two situations is the way
the enthalpy is computed for the shocked gas. For the frozen shock conditions, h is
calculated at the estimated temperature T for the original gas composition, In the
equilibrium case the shocked gas enthalpy depends on T and also the changing gas com=-
position due to reaction. Therefore, the estimated T and p are first used to perform
an equilibrium chemical reaction calculation. This gives the estimated final composition
of the shocked gas. This composition and the estimated T are then used to calculate the
enthalpy h used in equation (A14) to compute the function G(J,P) in the Newton-
Raphson method,
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APPENDIX B

CALCULATION OF PARTIAL DERIVATIVES FOR THE IMPLICIT "
INTEGRATION PROCEDURE

Several partial derivatives must be calculated for solving the system

dy.
Ej=fi(q’y19Y2: s e ey ym) (Bl)
where
g=torx i=1,2,...,m
The necessary derivatives are
of.
;=—- i=1,2,...,m (B2)
aq
of.
B ;=— Li=1,2,...,m (B3)
’] ay

y]_:V
Yo=p
Y3=T

Vie3 = % i=1,2,...,N

where N is the number of species in the gas.
Derivatives must be calculated for two different equation systems: either equations
(3) and (9) to (11) for assigned area or equations (3) and (25) to (27) for assigned pres-
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sure. For convenience in the calculations simplified notation will be used to represent
the several derivatives of the yi's.

do.
{. 1

i+3°

i=1,2,..., N
dq

In the following equations the symbols 4* and cﬁ‘?* will not be used. The symbols 4
and JB are assumed to have definitions consistent with the particular £, definitions
being used. (See eqs. (12), (13), (23), and (24).)

Assigned Area Equations

From equations (3) and (9) to (11) the following equations are used for the fi's:

£ = __._V__<1_ aa _ ﬂ) (B4)
£, = -p[————?z (21{ 3-*‘1 - -r:f) . (B5)
- q :
M* - 1) |
|- DM (1 aA ﬂ) B (B6)
M2 -1) ¥ da
.
Wy
i+3='r_ i=1,2,...,N (B7)
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where
r=p for q=t
=pV for q=X

The ai's are most easily obtained because only one quantity, the area A is an explicit
function of q. The results are

- My __ v |d%a .L(.@.é)z (B8)
3 Am2-plag® A\
af 2 2 2
ay = 2= -—OM dA-i(@é) (B9)
of 2| .2 2
a3=_§=-T(7'1)M d A-l_(i“‘;> (B10)
3 Am2-1)|ag® A\
of.
3 .
%43 = 81; =0 i=1,2,...,N (B11)

The assigned area can be read in as a function of x when t is the integration variable,
and vice-versa. Therefore, the following transformations may be required:

dA _yda (B12)
it dx
2 2 »
dA_y2dA, 48 (B13)
at2 ax2 dx
or

dA _1 dA (B14)
& V dt
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aa 1 /dzA . dA
- _g,
w2 \dtz dt

(B15)

The Bl .'S are obtained by differentiating equation (B4). The additional partial
derivatives Whlch appear in the following equations are evaluated in appendix C.

311=ff_1=___1___ (LS‘A-J)JIEM_%_V% (B16)
TV 2 py|\A da v v
T (2.1 T (2_y OT
of 2
A .
B J+3__(.’l=-___1.___ V:Cr flaalf j=1,2,. .., N (B19)
i 2o j i
The Bz,j's are obtained from equation (B5)
of 2 1 dA aM2
321=__2=___2._____+____P__?<____- >____ (B20)
’ 0
of f
B =—-g= ——Q—— a_tl!;+_2 (B21)
2,275 2 @
P (Mme-1)° P
of 2
5 3= —2= ; 9_:1{1+ p 2(.}\.%-#)@’1:. (B22)
’ d
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of 2
.ﬂ .
2__p @ p (1 dA )QPL j=1,2,. .., N (B23)

A a ac].

2 ]
f ,]+3

The g4 j's are obtained from equation (B6)

331=Ef§=Tiz;llll4_2_§£+_£z:_D_(1_§é-ﬂ>§ME-§_@ (B24)
2
of 2
332=__§=T(7‘1)M a4 _ 3B (B25)
of 2 2
Ba = 3_(-DUM°T 34 (p-1)T (1 dA _,\oM
3,37 o T o 3 T -
9 9T 2 aT 2\A dq oT
M2T (1da_ )\ & I3
L .. & Il SIS e 2N (B26)
P I [ -1>M2.aﬁ+__<u_1>_<l_gé_ﬂ>@a_%
)+
8cj (M2-1) aoj (M2—1>2 A dg acj
2
o M° (1LadA_ N3y Bl j.12... N (B27)
(M2-1) A dg 90. oo

To obtain B; 4 i equation (B7) is rewritten using equations (31) and (35) to obtain

(using subscript s to indicate the chemical reactions)

l
2
fi+3=9;— E (vi’s-vi’S)Xs i=1,2,..., N (B28)
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Taking derivatives of equation (B28) gives

afi+3 (B29)
i =0 i=1,2, N B29
Bl+3,1 3V ’ .
l

of. 2 oX
61+3 - i+3 _ 1+3 + B (V - ___§ i=1,2, , N (B30)

°p p T b op

s=1
l

of. 2 X

3 ' s
Bs =_ 1t _p w, .-v, J—= 1i=1,2, , N (B31)

i+3,3 r i,s i,8" op

s=1
l
2 aX :
i+3 S - = ’
Bir3,143" B; § Uis g5 TebEec o N d=bhe N (B
]
-s=1

Assigned Pressure Equations

From the system of equations (3) and (25) to (27) the following equations are now
used for the fi's:

f1=-—-1‘7a-— (B33)
pV dq
f,=p[L %R _u (B34)
2 vp dq
f3='r<7'1>_1.g2 F (B35)
vy | p dq

For fi+3’
system (eq. (B7)).
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i=1,2,. ..,

N, the equations are identical to those for the assigned area
This means that equations for 0.3 Bi+3,1’ Bi+3, 9 Bi+3,3’ and



Bi+3 i+3 need not be derived again in the assigned pressure system for i and

j=1,2,. .., N. They are identical to equations (B29) to (B32). The equations for the

rest of the o,'s and B, j's are as follows:
3

4

2
al___.l_.CLP. (B36)
2 2
az:.Q_(_l_p__l_.‘.l.E (B37)
1 (o -1\la%p 1 /ap\?
oy = T(x=t)|dR . 1(ce (B38)
P\ v /lag? P\M

If pressure derivative transformations between x and t are required, they are iden-
tical in form to equations (B12) to (B15).

Bl 17 "i:']:‘ (B39)
’ v
= -f—l— (B40)
31,2 = .
p
P1,3° 0 (B41)
Bl,j+3=0 j=1,2,. B .,N (B42)
oA
By 1=-P—— (B43)
2,1 v
f
2 oA .
By g=—-p— (B44)
’ p ap
oA dp ©
323=-p__-_9___3_2 (B45)
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Bo s =-pﬂ-_!3_9221_ j=1,2
2,+3 90, 2 dq o0 ’
] vP
331=-T§.@
’ ov
B ::—T@
3,2 »
p
f
¢ T oT 2 dg 8T

(B46)

(B47m)

(B48)

(B49)

(B50)



APPENDIX C

ADDITIONAL PARTIAL DERIVATIVES ‘

The equations for the By s partial derivatives in appendix B require additional de-
rivatives for their evaluation. These are the partial derivatives of M2 , v, 4, B, and
the XS'S with respect to V, p, T, and the O'i'S.

Derivatives of M2

The following relations are readily obtained from equation (14)

2 2
oM~ _ -MZMW WMT oy (C1)
80'1 v 80'1
2 2VM
oM _ T w (C2)
aV  RT

L~ (C3)

Derivatives of y

The following derivatives are obtained from equation (15)

(C.).
OY 2oy - 1) M, - 21 (C4)
a0, C
i p
N \
d(C.).
vy - Hy-1) o, 4Cy; (C5)
aT Cp gt
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In these equations (C )i is the molar heat capacity of species i, given by equation (81),

and Cp is given by equation (16).

Derivatives of the XS Factors

The formulas for the XS derivatives depend on the type of chemical reaction being
considered. In these equations s is the reaction index.

Type 1 - shuffle reaction. - Differentiating equation (36) and simplifying give the
following derivatives:

oX '
— S (C6)
op
oX dink k 0,0, dlnK
S = [ + s 34 S (C7)

oT 5 4at KS dT

The derivative of the rate constant kS is calculated from equation (33) by logarithmic
differentiation

S (C8)
2

The equilibrium constant Ks’ in concentration units, is given in terms of (Kp) g’ the

equilibrium constant in terms of partial pressures, by

-A -AGP /RT -A
KS=(Kp)S (RT) VS:e s/ (RT) ’s (C9)

where Ay s is the change in number of moles of species for the reaction and AGg is the
standard molar free energy change for the reaction. Logarithmic differentiation of this
equation at constant pressure gives

dinK_ AH® Ay
s__ s __'s (C10)
daT
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where AHg is the standard molar enthalpy change for the reaction. Equations (C8)
and (C10) hold for all types of reactions being considered.

The remaining Xs derivatives are

S

—=k O
s 2

aol
oX
-.._—S-=kSO'1
802
BXS ) _kso4
803 Ks
aXS ) _ks03
604 KS

Type 2a - three-body recombination. - Differentiating equation (37) gives the

following derivatives:

axs
_,:5_- = kSMScrlcr2
p

axs din kS kSMScr3

danS

=X +

: S
oT dT KS

0X X m
8 _k_pM_0, + 512
acl Ms

X Xsmz’ 5

daT

(C11)

(C12)

(C13)

(C14)

(C15)

(C186)

(C17)

(C18)

(C19)
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Type 2b - two-body dissociation. - Differentiating equation (40) gives the following
derivatives:

BXS k MS
—_—S .8 0,04 (C20)
ap K
s
0X dink, k_ M _po,0, dInK
S.x s,_s s"1 2 S (€21)
T 8 4arT K, aT

= + (C22)
aor1 KS Ms
X k_M po X m
S 5 s 1+ s 2,8 (C23)
802 Ks Ms
X X m
5ok M_+ 53,8 (C24)
804 S M,

Type 3a - unimolecular decomposition. - Differentiating equation (41) gives the
following derivatives:

oX k o

s__"s3 (C25)
0 2
P p
oX dlnk k o.0,dInK
S _ s, s 172 s (C26)
oT S gt K, dT
X ko
_58_..82 (27
00 K
1 s
oX ko
—s5_.381 (C28)
802 KS
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—85__8 (C29)

4

Type 3b - two-body recombination. - Differentiating equation (42) gives the follow-

ing derivatives:

X ko
_s=__._: 3 (C30)
)
p p Ks )
X dlnk k ¢, dInK
5 - x 5,83 S (C31)

T S 4T  pK_, dT

oX

—S =k % (C32)
aol

aXS

—a——' = kSO'1 (C33)

%

oX k
S _._8 (C34)
303 pKS

Derivatives of « and &

Before differentiating equations (12) and (13) we use equations (8) and (B7) to write
A and & in the forms

N
A=My Y 1 4 -8 (C35)
i=1 '
N
HB=-M_[r=1 . c
=My (2 — fi,3 (C36)
i=1
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These equations hold for both t and x as the independent variable with the appropriate
definitions of the fi +3's. Now define the quantities

N
S, =M, 2 £, (C37)
i=1
N
hi
i=1
The equations for 4 and 48 then become
A= S1 - B (C39)
B = (Z;l)s . (C40)
Y

The derivatives of # and 4B are then written in terms of the S1 and 32 deriva-
tives as

P o (C41)
oV oV oV
e _P1 o (C42)
op op ap
o %1 (C43)
oT aT oT
oS
4 _ "1 _3k i=1,2, , N (C44)
a0, a0, a0
1
oS
a%_: o= 1 2 (C45)
oV v oV .
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oS
ok (..'L‘.l) 2 (C46)

ap Yy /] %
as S
3B _ (y=-1)\"2 "2 3y (C47)
oT v oT 2 0T
Y
0S S
a£= Y - 2+_..2__§l. i=1,2,...,N (C48)
30. 00, 2 00,
i iy i

Differentiating equations (C37) and (C38) and using the definitions of the B 's give the
following expressions for the S1 and S2 derivatives:

—L-m, Z Fis3,1 (C49)
as1 N
i=1
Sy
_TIT W Z B1+3 3 (C51)
-—-——M 231+3 143 j=1,2,..., N (C52)
99
N 1
h.
2 B i
—;; =M, g (E‘> 1+3,1 (C53)
i=1
N
Sy hy
a_ =M, w7 Fi+3, 2 (C54)
i=1
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(C55)

(C56)
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APPENDIX D

DETAILS OF PROGRAM INPUT AND ERROR MESSAGES ’

The description of the data cards is divided into three parts. First, the thermody-
namic data are described. Next, the complete case data for a single problem are
described. We then describe the data cards for any problems following the first. This
will show the user how to run several cases at one time without making a complete data
deck for each case. Finally an explanation is given for all error messages in the pro-
gram.

Input Preparation

Thermodynamic data. - The thermodynamic data are not considered part of each

case data. The necessary data for all species considered in one computer run are en-
tered before the first case. The first card of the data deck tells where the thermody-
namic data will be read from. Columns 1 to 4 of this card must contain either the word
CARD or TAPE. If CARD appears, the program reads the data from cards which
directly follow the first card. The data are then written out on logical tape unit 4 for use
later in the calculation. When TAPE appears on the first data card the thermodynamic
data are read from a tape that must be mounted on logical tape unit 4. Each data card
corresponds to one logicai record on the tape. The format of the thermodynamic data
cards is as follows. The first card (or tape record) gives the temperature range limits
TLOW, TMID, and THI (in that order) in kelvin units. The card format is 3F10.3. All
the thermodynamic data follow this card. They consist of four cards for each species.
Card 1 contains the species name, the names of its chemical elements and their stoichio-
metric coefficients according to the format (2A4, 16X, 4(A2,F3. 0)). For example,

:[I 2354 5{6]78 9 I.O‘ HIZ|13 th 15 88 17 18 IOZOZIZZZ!ZE252627ZeZ‘)Sd5‘5255553536513!39&5 AILZL&“BSA&L‘IL&LOSOSI51535'-555657505960 6I62636&6546!A7A!69101!72 73T 757677 1319 8

B2H20/4 Be2. H2. 04, | |

The remaining three cards contain the curve fitted coefficients AI’AZ’ e ey A,7 of equa- -
tions (81) to (84) according to the format (5E15.8). Coefficients for the upper tempera-
ture range TMID-THI appear first. They are followed by Al’AZ’ . e, A7 for the lower

range TLOW-TMID. Any number of species data sets may be read in and these can be
in any order. The last species data cards must be followed by a card with the word END
in columns 1 to 3. The CARD option will generate a permanent thermodynamic data tape,
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of coursé, if a tape is actually mounted on logical tape unit 4.
First case data. - The data cards for a single (or first) case are now described in

the order they appear in the data deck. All names must be left adjusted in their fields.
(1) Title - The first card of the case data is the title card. The title is read with
format (20A4) and printed out at the top of the first page of output.
(2) Reactions - Chemical reactions are listed, one per card, in any order. The
card contains the participating species names and the rate constant parameters A, n].,
and E, (see eq. (33)) for the forward direction as written. The format of a reaction

card is as follows:

Type 1 reaction: S1 + 82:’83 + S4

Columns
1-38
10 - 17
21 - 28
30 - 37

Type 2a reaction: M + S1 + S2

1-8
10 - 17
21 - 28
30

Contents
name of species S1
name of species S2
name of species S3

name of species S 4

S, +M

3+
name of species S1
name of species S2
name of speciés S3

the letter M

Type 2b reaction: M + S3:S1 + S2 + M

1

10 - 17
21 - 28
30 - 37

Type 3a reaction: S3 :Sl + S2

1-8
10 - 17
21 - 28
30 - 37
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the letter M
name of species S3
name of species S1

name of species 82

blank
name of species S3
name of species S1

name of species 82

Explanation

A e e . G - - - =
o . - - - -
R e e O s O S S i . - O - -

e " o o - . = - ———
. . - . T - - - - =

O A - o - —_— " o

M = third body molecule

M = third body molecule

- - - — - —— = - - -~
T s T - - - - -

.- o - = " - - - - - - = -
e - - e - - G N -
- = v o~ - - -



Type 3b reaction: 81 + Sz___‘-""__":__"> S3

Columns Contents Explanation

1-8 name of species S1 mmmmmsmmmmmo—smmesseso—oog
10 - 17 name of species Sy  ---=-smsmsssssssomoomeessos
21 - 28 name of species S5 ~ --essssssssossmesmmossoeos
30 - 37 blank 0000 eseesesecsoccs—sssmescooeooo

For all types of reaction the rate constant parameters are listed as follows:

42 - 56 Aj . preexponential factor for k].
in CGS units, format E15.8

59 - 68 n, dimensionless temperature
exponent, format ¥10.3

71 - 80 Ej activation energy in cal/mole,
format ¥10.3

The number of reaction cards may not exceed 30. The end of the reaction list is
signalled by a blank card after the last reaction card. The program makes up its own
list of reacting species from the species names on the reaction cards. No separate list
of reacting species is needed in the data cards.

(3) Inert species - The names of any nonreacting species are listed, four per card,
starting in columns 1, 17, 33, and 49. The format is (4(2A4,8X)). The end of the inert
species list is signalled by a blank field after the last species name. If there are no
inert species, a blank card must be placed here. If there is an exact multiple of four
inert species, a blank card must follow the last species card. The total number of inert
plus reacting species may not exceed 25.

(4) Version and units - A single card specifies the variable of integration and the
assigned variable (pressure or area). It also gives the desired input and output units.
Its makeup is as follows:

Columns Contents Explanation
1-8 TIME time is the fundamental variable

DISTANCE distance is the fundamental variable

11 - 18 PRESSURE pressure is assigned
AREA area is assigned
blank velocity is zero, no assigned

pressure
21 - 23 CGS or blank input will be in internal (cgs) units
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Columns’ Contents Explanation

FPS input will be in FPS units

SI input will be in SI units ,
31 - 33 CGS or blank output in internal (cgs) units

FPS output in FPS units

SI output in SI units

(5) Controls - The controls are input through a NAMELIST named PROB. The
names of the variables in PROB are given below. If no value for a variable is input
(default), then the program uses the standard option for that variable. Standard options
are indicated by an underscore.

Name Value Explanation

HMIN ;eeeeee minimum step size in ¢cm or sec; values are 0.0001 cm
or 5.0x10°% sec if defaulted

HMAX ceemeeo maximum step size in cm or sec; values are 0.10 cm
or 5.0x107° sec if defaulted

HINT = c;eeeea- initial step size in cm or sec; equal to HMIN, if
defaulted
EMAX = eeemeeeo maximum allowable relative error per step; equal to

0.0001, if defaulted

ALLM1 . TRUE. all third-body efficiencies are equal to 1; none are
input
.FALSE. some third-body efficiencies will be read in
ELIM . TRUE. automatic elimination from error considerations of

species with nonrepresentative errors is desired

.FAISE. no automatic eliminations
CONC .TRUE, composition is to be output as molar concentrations
.FALSE, composition is to be output as mass fractions
EXCHR . TRUE. net energy exchange rates are to be output
.FALSE. net reaction conversion rates are to be output
ITPSZ 1 an area or pressure table will be input
2 area or pressure will be specified by polynomial
equation.
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Name

IPRCOD

XTB
ATB
NTB
CX3

CX2
CX1
CX0
ISUBM

ETA

VISC
BETA

END

Value

- - -

- iy -

Explanation

LSUBM and ETA will be input for special area equa-
tion, eq. (80)

D, VISC, BETA, and ETA will be input for special
area equation, eq. (80)

zero-velocity case - no assigned pressure
distance versus area profile is given
distance versus pressure profile is given
time versus area profile is given

time versus pressure profile is given

array for time or position half of assigned variable
table; must be in user's chosen input units

array for area or pressure half of assigned variable
table; must be in user's chosen input units

total number of stations in input area or pressure
table; must be less than or equal to 40

coefficient of q3

(eqa. (79))

coefficient of q

in pressure/area equation,

2 in eq. (79)

coefficient of q in eq. (79)
constant term in eq. (79)

characteristic shock tube reaction length for special
area equation, (eq. (80)) - must be given in cm

dimensionless exponent in special area equation
(eq. (80)) for boundary layer correction

hydraulic diameter of shock tube in cm
viscosity coefficient in g/(cm - sec)

dimensionless boundary layer parameter used to cal-
culate LSUBM

final print station in user's chosen input units; must
be a time if time is the fundamental variable and con-
versely for distance; not needed if array of print sta-
tions is input
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Name - Value Explanation

DELP = ceeeee increment between print stations; same units as END;
must not require more than 50 print stations; if de-
faulted, 25 equal increments are taken .

PRINT ceemeeo array of values of the variable of integration at which
output is desired; must be in user's chosen input
units

APRINT = ceeeeeoo array of areas or pressures at which output is desired:
may only be used if table of assigned pressure or
areas is given, and must be in user's chosen input

units
NPRNTS = ;e total number of input print stations; must be less than
or equal to 50
EVSTEP .TRUE. print results after every integration step
.FALSE, do not print results after every integration step
DBUGO .TRUE. print intermediate output (see p. 38)
.FAISE, do not print intermediate output
COMBUS .TRUE. perform equilibrium combustion calculations
.FAISE. do not perform equilibrium combustion calculations
SHOCK .TRUE. perform frozen and equilibrium shock calculations
.FALSE.  do not perform shock calculations
TCON .TRUE. hold temperature constant
.FAISE, do not hold temperature constant
RHOCON .TRUE. hold volume (density) constant
.FALSE. do not hold volume (density) constant

(6) Third-body efficiencies - In order to input third-body efficiencies, the switch
ALLMI1 must be set to . FALSE. in PROB. If ALLMI = .TRUE. , then there are no input
cards from this section. Only those efficiencies which are not equal to 1 actually need to
be read in. Three efficiencies can be listed on a single card. The exact card format is

Columns Contents Explanation
1-37 a dissociation- these columns must be exactly the same
recombination as columns 1 - 37 of the reaction card
reaction which contains the same reaction
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Columns Contents Explanation

39 - 46 species name third-body species name, left adjusted
47 - 52 third-body efficiency of species listed in card
efficiency columns 39 - 46 for the reaction listed

in card columns 1 - 37; efficiency is
read by the format ¥6.4

53 - 60 species name | same form as card columns 39 - 46

61 - 66 third-body same form as card columns 47 - 52
efficiency

67 - 74 : species name same form as card columns 39 - 46

75 - 80 third-body same form as card columns 47 - 52
efficiency

There are no fixed rules regarding (1) the order of the efficiencies on any card,

(2) the position of efficiencies on a card; that is, if the user desires, he can put just one
or two efficiencies on a card and he can put them in any of the three available fields,

(3) the order of the efficiency cards, (4) the total number of efficiency cards. The end
of the third-body list is signalled by a blank card following the last efficiency card.

(7) Initial conditions - The initial conditions are input through a NAMELIST named
START. This NAMELIST contains the names of all the species in the master species
list as variable names. Hence, initial concentrations are input by ''species name =
initial concentration''. For example, one of the NAMELIST cards could look like

1234 s[6]7 8910 W 2|15 s 6 17 1819 20 2122 23 2625 26 27 28 25 SA 4 52 35 54 35 3637 30 3940 4 L2}u3 4o &5 66 47 «8LIDO 51 52 53 5SS 56 57 68 59 006t 62 636L 85 &6l67 68 69 7O 1 72473 TL 157677 7879 8

$S TART H2=0.50, 02=0.375, H=0.015, 0=0.005, H20=0.095, OH = 0l.01,

All species concentrations are initialized to zero so only those concentrations which are
initially nonzero actually need to be read in. The names of the other variables in START
along with standard options are given next. All parameters except pressure, must be in
the user's chosen input units. Note that only ONE of the names P, RHO, MDOT, and
AREA is used for any case. For the possible choices see ''Starting Conditions'', in the
section GENERAL DESCRIPTION OF PROGRAM USE

Name Value Explanation
TIME = emeeeea- time in sec
P eemeeea pressure
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Name ' Value Explanation

X e axial position

L el velocity

RHO = ceemeeea density

T  emeeeae- temperature

MACH = ;eeeeee- Mach number

MMHG . TRUE. input pressure has units of mm of mercury
.FALSE. input pressure is given in the user's

chosen input units

MOLEF . TRUE. species concentrations will be input as
mole fractions

.FAISE. species concentrations will be input as
mass fractions \

(8) Permanently neglected species - The last data for a case are the names of those
species which are to be permanently neglected from all error considerations. The
neglected species cards have exactly the same format as the inert species cards. They
are listed, four per card, starting in card columns 1, 17, 33, and 49. The end of the
neglected species list is signalled by a blank field following the last neglected species
name. If there are no species to be neglected, then there must be a blank card here.

If there is an exact multiple of four neglected species, then the last card containing four
names must be followed by a blank card.

(9) Final card - Each case must end with a card containing the word FINIS in card
columns 1 to 5.

Multiple cases. - At the end of each case the program tries to read data for another
case. Hence, several cases can be computed during one computer run. As mentioned
earlier, the program was designed to eliminate the necessity of repeating data which do
not change from case to case. This objective was accomplished by adding one switch,
named the ACTION switch, to the input list for the second and all following cases of a
computer run. By using the ACTION switch the user can tell the program to retain much
of the data from the previous case for use by the present case. This means that only
those data which change between the'present case and the previous case must actually be
input. The input cards for each case after the first must correspond to the following
specifications. Notice particularly that each case after the first case of a computer run
must contain an ACTION card.

(1) Title - The first card of each case data deck must be a title card. The format
is the same as before.
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(2) ACTION card - The value of the ACTION switch must be punched in columns
1to 6. The possible values are any one of the words NEW, CHANGE, REPEAT, or
ADD.

If the word NEW is input, then the program will completely reinitialize. The re-
mainder of the case data must be exactly like the case data for a first case. The user
has told the program not to retain any of the data from the previous case.

The word CHANGE enables the user to change the reaction rate parameters of one
or more of the reactions from the previous case. A set of reaction cards, in any order,
containing the reaction - written exactly as it was for the previous case - and the new
rate parameters must follow the CHANGE card. The end of the change list is signalled
by a blank card following the last reaction card. Following the CHANGE list, there must
be another ACTION card. This time the options are only ADD or REPEAT.

The REPEAT option tells the program to use the reactions, reaction rates, and
inert species which are stored at the time this card is input. If a REPEAT card imme-
diately follows the title card, then the program will use the reactions, reaction rates,
and inert species from the previous case. The reactions, unchanged reaction rates,
and inert species from the previous case along with the changed reaction rates will be
used if the REPEAT card is preceded by a CHANGE list.

The word ADD tells the program to save the reactions, rates, and inert species it
has and to prepare to read in one or more additional reactions. A set of reaction cards,
again in any order, containing the additional reactions and their reaction rate parameters
must follow the ADD card. The end of the add list is signalled by a blank card following
the last reaction card. If an ADD card immediately follows the title ‘card, then the pro-

gram will use the inert species from the previous case along with the reactions from the
previous case plus the added reactions. The reactions and inert species from the pre-
vious case along with the changed rates and the added reactions will be used if the ADD
card is preceded by a CHANGE list.

(3) Version and units - The fundamental variable, input units switch, and output
units switch must be reset for each case. The format for this card is the same as be-
fore.

(4) Controls - Only those controls which are to be changed from their values in the
previous case need to be input. A $PROB card with no variables listed must still be put
in even if no changes are to be made.

(5) Third-body efficiencies - There are no input cards from this section if ALLM1 =
.TRUE.. If ALLM1 = .FALSE. then there must be some input cards from this section.
The program will use all the third-body efficiencies from the previous case if the only
input card from this section is a blank card. The user can change some or all of the
efficiencies from the previous case and add new efficiencies by inserting third-body
efficiéncy cards here. Again, the end of the third-body efficiency list is signalled by a
blank card.
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(6) Initial conditions - All the parameters in NAMELIST START are reinitialized to

zero or their standard option before each case.

exactly the same as it was for a first case.
(7) Permanently neglected species - The names of species which are to be perma-

nently neglected from all error considerations are not retained from one case to the

next. Hence, a neglected species list must be input for each case. As before, the end

of the neglected species list is signalled by a blank field.

Hence, the input of initial conditions is

(8) Final card - The last card of each case must have the word FINIS in card

columns 1 to 5.

Error Messages

Every error message contains two pieces of information: One is the name of the
subroutine which generated the message. The second is a statement of the error condi-
tion and, whenever possible, a list of the current value of pertinent parameters. Fol-
lowing is a list of the error messages which the program can generate and a brief ex-
planation of each message.

(GCKP)

(GCKP)

(KINP)

(KINP)

(KINP)

(KINP)

(SHOCKS)
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END OF THIS CASE - READ
DATA FOR NEXT CASE

A FATAL ERROR HAS OCCURRED
- CASE TERMINATED

THE INPUT REACTION LIST
DOES NOT CONTAIN THE

REACTION S1 +S2 =8, +8S

3 74

THE MASTER SPECIES LIST DOES
NOT CONTAIN THE SPECIES ----

THE INPUT SPECIES LIST DOES
NOT CONTAIN THE SPECIES ----

INVALID INPUT COMPOSITION
SUM = x.xxxxX

EQUILIBRIUM SHOCK CALCULA-
TION FAILED

Normal end of case reached

Case ended due to unre-
coverable error condition

Error in entering third-body
efficiencies or changing a
reaction rate using
ACTION switch

The given species is not in
the master species list
ALSP in the BLOCK DATA

Error in entering third-body
efficiencies or permanently
neglected species list

Input concentrations do not
sumto 1.0

Iteration of equilibrium
shock equations failed to
converge



(SHOCKS)

(EQLBRM)

(EQLBRM)

(EQLBRM)

(EQLBRM)

(ouTp)

(PRED)

(THRM)

(THRM)

(INTE)

(INTE)

FROZEN SHOCK CALCULATION
FAILED

DERIVATIVE MATRIX SINGULAR

SINGULAR MATRIX

RESTART

xx ITERATIONS DID NOT
SATISFY CONVERGENCE
REQUIREMENTS

INVALID COMPOSITION

WARNING MACH NUMBER
= X.xxxx IS APPROACHING
1.0

ERROR T =xxxx.xx IS OUT
OF RANGE

WARNING T = xxxx.xx IS
OUT OF RANGE EXTRAPO-
LATED VALUES RETURNED

RESTART INDEPENDENT VARIA-
BLE = xxx.xxx (CGS UNITS)
CONTROLLING VARIABLE = ~~--
H(N-1) H(N) H(N+1)

K(N-1) K(N) K(N+1) E(N+1)
-—=-= XX, XX XX.XX XX.XX XX.XX
——-= XX.XX XX.XX XX.XX XX.XX

10 RESTARTS HAVE OCCURRED

Iteration of frozen shock
equations failed to con-
verge '

Singular derivative matrix
encountered in equilibrium
calculation

Singular matrix encountered
in equilibrium calculation

Equilibrium calculation re-
started

Iteration of equilibrium
equations failed to con-
verge

Mass fraction sum not equal
t0 1.0

0.90 <M < 1,10; Numerical
problems occur if Mach
number gets close to 1.0
for assigned area compu-
tations

Temperature (deg K) is
above the range of the
thermodynamic data

Temperature (deg K) is be-
low the range of the ther-
modynamic data

The kinetic calculation is
about to be restarted;
present location as well as
step sizes and results of
last 3 steps are given

Case terminated; too many
restarts
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(INTE)

(LESV)

(LESV)

(CINP)
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COMPOSITION ERROR - HEGATIVE
CONCENTRATIONS

SINGULARITY

ROW xx OF THE COEFFICIENT
MATRIX IS ALL ZEROS
XX XX . . . XX XX

XI = xx.xx IS OUT OF RANGE
X(1) = xx.xx X(N) = xxX,XX

The concentration of one or
more species is negative

Singular coefficient matrix
encountered in kinetic
calculation

Some row of the coefficient
matrix is all zeros; the
coefficient matrix is given

Abscissa is out of the range
of the assigned variable
table; the range of ab-
scissas is given



APPENDIX E

TEST CASE DATA AND RESULTS .

In this appendix input data and computed results for several kinetics problems are
presented. The data are set up as a single computer run to show the use of the multiple-
case options CHANGE, ADD, REPEAT, and NEW for the ACTION switch. The data
cards used to execute these nine test cases are listed following the case descriptions.
Sample listings of results of all cases are then presented. Only selected pages of output
are reproduced here, although the input data call for more extensive printout.

Description of Test Cases

Case 1 -~ This case is the dissociation of Br2 in a shock tube. It shows the use of
the shock option and the Mirels boundary-layer equation (eq. (80)).

Case 2 - This problem is a hydrogen-air ignition and combustion in supersonic flow
at constant area. The abbreviated reaction mechanism does not contain the reactions of
H202 with the species H, O, and OH.

Case 3 - This is the same problem as in case 2 and illustrates the use of the
CHANGE and ADD options of the ACTION switch. The rate constants for reactions 1
and 3 are changed slightly and three reactions of H202 are added to the mechanism.

Case 4 - This problem is the same as case 3 with output in FPS units.

Case 5 - This problem is the constant pressure ignition and combustion of methane
in a supersonic air stream. It illustrates the use of a unimolecular reaction (reaction 1)
and the computation of equilibrium combustion conditions for a constant pressure reac-
tion.

Case 6 - Thi§ problem is the same as case 5, with time used as the integration
variable. Instead of assigning a constant pressure, we have assigned the area versus
distance profile computed in case 5. The computed results do not show perfect agree-
ment with those in case 5 because of curvefitting deviations.

Case 7 - This is another methane-air combustion problem. A pressure profile (in
atmospheres) is assigned as a function of distance and output is in SI units. The profile
was obtained from the results of a computation which assigned a constant area of 0.10
square meter.

Case 8 - This problem is a constant volume slow reaction of hydrogen and oxygen at
a constant temperature of 773 K.

Case 9 - This problem is a high-temperature air ionization reaction in constant area
flow. The initial temperature and pressure are generated by a strong shock wave.
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Test Case‘ Data Cards

DPUATA

BROMINE DRISSOCIATION IN A SHOCK TOUBE CASE 1
M +BR2 = BR +BR 6.99F+11 nN.50 35500.
XE

DISTANCE AREA
$PROB ITPSZ2=3,1SUBM=32200.,ETA=0.50, SHOCK=, TRUE., END=10.,DELP=0.5,
ALLM1=.FALSE., SEND
M +BR2 = BR +BR BR2 3.80

FSTART P=0.1227,MACH=3.2646,T=299.9, BR2=0.01,XE=0.99 $END

FIXIS

H2-AIR SUPERSONIC COMBUSTION (STOICHICMETRIC) CASE 2
NEW
H2 +0OH = H20 +H 2.19E+13 0. 5150.
H +02 = OH +0 1.25FR+14 0, 16300.
0 +H2 = 0H +H 1. 7T4R+13 0. 9450.
H +02 = HO2 +M 1.59E+15 0. -1000.
H +H = H2 +M 1.0F+18 -1.0 C.
H2 +HO?2 = H202 +H 9_60E+12 0. 24000,
M +H202 = OH +08H 1. 17E+17 0. 45500.
H +HO2 = OH +0H 7.00E+13  O. 0.
H +0H = H20 +M 7.50E+23 -2.60 Oa
] +0 = 02 +M 1.38E+18 -1, 340.
o] +H20 = QOH +0H 5.75E+13 0. 18000.
H2 +02 = OH +0H 1.00E+13 0. 43000.
OH +HO2 = H20 +02 6.00F+12 0. 0.
[¢] +HO2 = OH +02 6.00E+12 O. 0.
HO2 +HO2 = H202 +02 1.80E+12 O. 0.
N2
DISTANCE ARERA CGS CGS

$PROB HINT=C.01, ITPSZ=2,CX0=2000., ALLM1=_FALSE., NPRNTS=15,
PRINT=3.048,4.572,6.096,7.620,9.184,12,192,15.24,18.288,21.336,24,384,
27.432,3C.48,45.72,60.96,76.20, $END

H +02 = HO2 -+ H2 5.0 02 2.0 H20 32.5
H +02 = HO2 +M N2 2.0
H +0H = H20 +M H2 4.0 N2 1.6 H20 20.0
H +0H = H20 +M 02 1.6

H +H = H2 +M 02 2.0 H2 5.0 H20 15.0
H +H = H2 +H N2 2.0
M +H202 = OH +0H 02 0.78 H20 6.0 H202 6.6
o} +H202 = OH +0H H2 2.3

$START X=0.,TI¥E=0.,P=0.9560,T=1559.,MACH=5.03728,

H2=0.2958,02=0, 1480,N2=0.5562 SEND

HO2 H202

FINIS

H2-AIR SUPFRSONIC COMBUSTION (COMPLETE MECHANISM - PREFERRED RATES) CASE 3
CHANGE

H2 +0H = H20 +H 2. 10E+13 0. 5100.
o} +H2 = OH +H 2.96E+13 O, 9800.
ADT

OH +H202 = H20 +H02 1.00E+13 0. 1800.
[0} +H202 = OH +HO2 8.00R+13 0. 1000.
A +H202 = H20 +0H 3.18E+14 0. 9000.

DISTANCE AREA
$ERCE SEND

FSTART V=455172.99, RHO=1.56283E~ 04, T=1559,,
B2=0.2958,02=0.1480,N2=0.5562, $FND
H2C2 HC2
FINIS



]
D

HO2 H202
FINIS
METHANE~ATIR CO¥BUSTION AT CONSTAXT P (ONT UNIMOLECULAR FEACTION) CASE S

NEW

CHY4 = CH3 +H 3.80B+14 0. 103000.
CHY +02 = CH3 +H02 1.00F+13 0. 63000,
H +02 = HO2 +HM 1.59F+15 0, -~1000.
co +02 = C02 +0 ’ 1.40E+13 0. 41000.
CH3 +02 = CH20 +0H 7.5E+10 0. 0.
B +CHY = CH3 +H2 A.90E+13 0O, 11800.
¢} +CHY = CH3 +04 2.C0F+13 0. 9200.
OH +CHY = CH3 +H20 7.20E+13 0. 5900.
H +02 = OH +0 1.29F+14 0. 16300.
0 +H2 = OH +H 2.2FE+13 0. 980¢C.
H2 +0H = H20 +H 2.10E+13 0O, 5100.
co +0H = €02 +H . 4,20E+11 0. 1000.
CH3 +0 = CH20 +H 1.908+13 0. 0.
CH20 +H = HCO +H2 1.00E+13 0. 2000.
CH20 +0H = HCO +H20 T.0E+10 0.70 1000.
CH2C +0 = HCO +0H 4,00E+11 0.60 4000.
HCC +0 = CO +0H 1.80E+11 0.50 0.
HCC +0H = CO +H20 1.108+11  0.50 0.
HCC +H = CO +H2 1.50F+12 0.50 0.
M +HCO = H +CO 2.00E+13 0.50 28600.
HCC +02 = CO +H02 1.00E+11 0.50 5400.
HC2 +HO2 = H202 +02 1.80E+12 0. 0.
H +HO2 = OH +0H 7.00E+13 0. 0.
o] +HO2 = OH +02 6.00E+12 0. 0.
OH +HO2 = H20 +02 6.00E+12 0. 0.
o] +H202 = 0H +0H : 1.17E+17 0. 45500.
H +0H = H20 +M 7.50E+23 =-2.60 0.
M +02 =0 +0 2.75E+19 -1, 118700.
o] +H20 = 0OH +0H 5.75E+13 0. 18000.
N2
DISTANCE PRESSURE

COMBUS=.TRUE., ALLM1=.FALSE., $END

H +02 = HO2 +M CH4 5.0 02 2.0 N2 2.0
H +02 = HO2 +M H20 32.5 €O 2.0 co2 1.5
H +02 = . HO2 +H H2 5.0
.} +H202 = OH +0H 02 0.78 H202 6.6 H20 6.0
H +0H = H20 +M N2 1.6 H20 20. 02 1.6

$START AREA=1000.,MACH=2.,T=1645., ’

CH4=0.049768,02=0.199072,N82=0.75116, $END
OH HC2 H o}
co2 H202
FINIS
METHANE-AIR COMBUSTION (ASSIGNED AREA - TIME INTEGRATTION) CASE

REFEAT
TIME AREA .

$EROB ITPSZ=1,IPRCOD=1, HMIN=6.25E-1C,HINT=1.258~7, HMRX=1.25E-6,

0
C
F

HZ-AIR SUPERSCNIC COMBUSTION (QUTPUT IN FPS UNITS) CASE 4

EFEAT
ISTANCE AREA FPS
$PROE $END

$START V=455172.99,T=1559. ,MDCT=1.42272E+05,
H2=0.2958,02=0. 1480,N2=0,55¢62, $END

$PROB ITPS2=2, CX0=1.730,HHIN=1.0E-4,AMAX=0.2,HINT=.02,EHAX=.0001,
PRINT=5.0,10.0,25.0,35.,38.,39.5,4C.,40.5,41.,42.  NPRNTS=10,ELTM=. PALSE.,

COMBUS=.FALSE., ALLM1=.FALSE., FLIM=.FALSE.,

XTR=0,5, 10,15, 20,25,30,35,36,37,38,39,40,40,5,41,42,
ATB=1000.,1000.45,1002.02,1004.83,1009.24,1016,16,1028.32,1057.02,106A.70,
. 1085.55,1112.40,1163.57,1296.55,1371.48,1384.47,1u00.45, NTB=16,
PRINT=6.35273F-5, 1.270555F-4,1.90582EF~4,2.22346E~-4,2,54109¢E~4,

2.6615E-04, NPENTS=6, $END

$START P=1.730,V=157412.62,T=1645.,
CH4=0.049768,02=0.199072,82=0.75116, SEND

H HC2 K 0
02 H202 HCO
INIS
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6

METHANE-AIR COMBUSTICK
REEEAT
DISTANCE PRESSURFE SI

(ASSIGNED PRESSURE)

$EROB ITPSZ=1, HMIN=0.0001,HINT=0.02,HMRX=0.20, IPRCOD=2,

XTB=0.,5.,10.,15.,20.,25.,27.5,30.,32.5,3%5.,35.5,36.,36.5,37.0,
ATB=1.7300,1.73132,1.7359R8,1.7454,1,75810,1.78C70,1.3018,1. 82537,

1.R71R,1.99243,2.047,2,14350,2.36797,3.10027, ETB=14,

PRINT=10.,20.,30.,35.,36.5, NPRNTS=5, FLIM=,FALST.

$START AREA=1000.,MACH=2.,T=1645_,
CHU=0.049768,02=0.199072,N2=0.75116, SEND

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

SEND

CASE 7

67000,
5100.
16300,
9800,
-1000.

18000.

OR HO2 H o]
co2 H202 CH3
FINIS

H2-02 LOW TEMPERATURE REACTION AT CONSTANT VOLUNMF (ADJUSTED RATES) CASE 8
NEW
H2 +02 = H +HO2 1.00E+18
H2 +0H = H20 +H 2. 10F+13
H +02 = OH +0 1.25F+14
(o] +H2 = OH +H 2.96F+13
B +02 = HO2 +HM 8.50E+14
A +R02 = OH +0H T.00E+13
M +H202 = OH +0H 1.17E+17
HOZ +HO2 = H202 +02 1.00F+12
HC2 +H2 = H202 +H BR.50F+12
H +H202 = H20 +04 3.18F+ 14
[0} :] +H202 = H20 +H02 1.00FE+13
0 +R20 = OH +0OH 5.75E+13
TIME

$EROB HMIN=5.0E-05,HMAX=. 1, HINT=. 15, EMAX=. 0003, ALLM1=,FALSE,,

RHOCON=,TRUE., TCON=.TRUE., CONC=.FALSE.,

PRINT=0.75,1.25,5.,10.,20.,30.,40.,50.,55.,60.,A5.,75.,85.,95.,

105.,120., NPRNTS=16, $END

H +02 = HO2 +M H2 Se 02
] +H202 = CH +0H H20 6. 02
] +H202 = OH +0H H2 2.3

$START MMHG=. TRUE. ,P=500,,T=773.15, H2=0,.R6,02=0, 14,
H OH [o] HO2
FINIS

HIGH TEMPERATURE AIR ICNIZATIONWN

NER
N +02 = NO 40 6. 43E+09
0 +N2 = NO +N 1.36E+ 14
N +0 = NQ M 6. UOFE+16
(o] +0 = 02 +M 1. 38F+18
N +N = N2 +M 2.80F+17
NO +0 = NO2 +M Q. U0E+1TU
M +N20 = N2 +0 S5.00F+14
[o] +N2C = N2 +02 6.30E+14
RO+ +E = N +0 1.458+21
0+ +E =0 +M 2.00E+26
02 | +E = 02~ +M 1.52E+21
02 +0~- = 02~ +0 6.00F+12

DISTANCE ARER

0.
-
-1

2.
0.78

$FND

5

-0.75%

0.

0.
-1
-2
-1
0.

«5
.5

120
H202

$EROR HMIN=0.001,HMAX=0.30, ITPSZ=2,CX0=1000., ALLM1=. FALSE.,

HINT=0.002, CBUGO=.TRUE.,

PRINT=.02,.04,.06,.08,.10,.30,1.0,2.0,4,0,10.0, NPRNTS=10

N +0 . = NO +¥ N20 2,25

NO +0 = NO2 +M N2 1.55

c+ +F = 0 +M N 0.0 02

0+ +F =0 +M 0 0.03

02 (34 = 02~ +M N2 00002
ESTART P=1,6803,v=47002., T=4L820., N2=0.7905,02=0,2095,

NC+ O+ O~- 02~

E

FINIS

4.5

FEND

FEND

NO

32.5%
.6
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PREISSURE
{aT™)
VE_DCITY
(SU/SEC)
DENSITY
{3%/CMse3)
TEMPERATURE
{JEG X)
ENTROPY
(SAL/GN/DEG X)
MAT4 NUMBER

GAYYA

SOVIC VELOCITY
(Z4/S€C)

MIKTURE MOLECULAR WEIGHT

01,36 VOLUME)/D(LOG T}
AT CONSTANT P

01.J6 VOLUME/DILIG P)
AT CONSTANT T

PRISSURE

{3M/CMae3)
TENPERATURE

tIEG K)
ENTR0OPY

(AL/GM/DEG X)
MAZ4 NUMBER

GAvvA

SOVIC VELOCITY
{4/SEC)

MICTURE MOLECULAR WEIGHT

01,35 VOLUMEI/UILIG T}
AT CONSTANT 2

04.36G VOLUME)/DtLIG P)
AT CONSTANT T

Selected Test Case Results

*s  EQ
IvITlaL STATE
0.1227
571375.78
6456092E~04
299.90
003421
3. 2646
16586

17728429

e
INITIAL STATE
0,1227
57875.78
5¢56092E-0%
299.%0
003421
3. 2648
1.6586
17728,29

JILIBITUYM S4D24 CALLJLATION ee

FIVAL STATEZ FINAL/INITIAL RATIO

1.5132 1341460
1810811 Ue3l.9
2.03595E-03 3.1961
1231.22 4.1054
0e3576 1.0452
0.5171 01584
1.5731 Ce9485
35015.45 L.9751
SPECIES MILE FRACTION
8322 8.12233E-33
83 3.,71935E-23
XE 7.88186JE-01
131.34058
1.0161
-1.0008

FRIZEN S400C SALIULATION se

FINAL STATE FINAL/ENITEAL RATIO

1.5017 13.0535
18%10.72 0.318%
2.05248E-03 3.1436
1265.31 4ol 524
0,3575 1.0449
0.5098 Qel 562
146577 09994
36115.86 20372
SPECIES MJILE FRACTION
B2 1.00003E=-32
33 de
XE 9.9000E~01
131.58520
1.0002
=«1.0003
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DISTANCE~AREA VEASIIN GENERAL CHEMICZAL KINZITIZS PRGGRAW NASA LEwW[S JEIEARCH CENTER
4
33IMINS DISSIZEATION I¥ A4 SHOCK TJ3E CASE 1
REAZTION REACTION IFACTION RATE VARIARLES
JU3ER Rl AZTIVATION
EN-R3Y
1 L + BR2 = B + B 5.330005+11 0.5000 £500. 00
ALL THIRD RJUY RATIUS AR:Z 1.0 EXIEPT THE FOLLIAING
M(BR2 e 1) = 3.80000
INTESRATIIN ZONTROLS
MINIMUM STEP SIZE 0.10000£-03 24 MAXIMUM STEP SIZE 0.10000E+00 M
INITIAL STE> SIZE 0.100002-03 Cu MAXIMUY RELATIVE ERDR €.00010
e% ASSIGZNED VAR/IA3SLE PROFILE =»
THE AREA IS CALCULATED FRIM THE FOLLOWING FUNCTION
1/7AREA = 1 ~ (X7 3220040201 wse{ 0.50000)
NJ SPEZIES WILL BE PERMANENTLY NEGLECTED F20M ALL ERRIR CONSIDERATIDNS
s INITIAL CONDITIONS w=e
TIME 0. SET ARER 1.00000£4CD 35Q CM AXTAL POSETION o CM
FLOW PRJIPERTIES INTEGRATION INDICATIRS
PRESSURE 1.60167 STEPS FROM LAST PRINT 0
(ATY}
VELJZITY 18410.72 AVERAGE STEP SIZE C.
{CM/SEC)
DENSITY 2.06248E~03 CONTROILLING VARIABLF
(GM/CHee3)
TEMPERATURE 1245.31
{DE3 K)
MASS FLOW RATE 3.79718:401
(GM/ SECH
ENTRIPY 0.3575 RELATIVE ERROR 0.
(CAL/GM/DEG K}
MACH NUMBER 0.5098 PREDICTIR ITERATIONS 0
GAMMA 1.6577
CHEMICAL PROPERTIES
SPECIES ZINCEMTRATION MOLF FRACTION NET SPECIES PRODUCTION RATE REACTION NET REACTION COVWERSIIN RATF RATI ZONSTANT
(MILES/CHes3) (MILE/ZM4we3/SEL) RUMBER {MOLE~CMen3/CMna2/57C) (L3S JNITS)
BR2 1.55741E-07 1+ UD000E=-D2 -3.66695E-05 1 8.62032E+40¢C 1,45192:+07
B8R J. 0. 7.33389€-05
XE 1.55174E-05 9. 90000E-01 0.
MIXTURE 4JLECULAR WEIGHT 131.58%20 TOTAL ENERSY SXCHANSE RATE 3.97332E405 MASS FRACTIUN Sum 0. 99992999
(CAL-CMea3/5Me02/SE0}
VARIABLE DERIVATIVE INCREMENT RELATIVE ERRIR VARTABLE DERIVATIVE INCREMENT RELATIVF ERRIR
v =D, 53658E403 0. . B2 -0.3557)E-D6 Os 0.
RHQ 0,17342E-04 0. - O 3R 0.13314E-05 De O.
T 0.50035€¢21 0. [ XE J. D. 0.
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Ti4g 1.036338-08 SLI AREA 1.00009E#31 33 OM ax{aL PISITION 2.C0000E~0% CM
FLOW PROPERTIES INTESRATION [MDICATORS
PRESSURE 1.50169 STEPS FOM LAST PRINT 2
{aTV)
VELOZITY 1641C.15 AVERASE STEP SIZE 0.100402=03
{C4/5:C)
DENSETY 2.06250€-03 TONTROLLING VARIABLE
(GM/ (M)
TEMPZRATURE 1245432
{DES K)
MASS FLOW RATE 3.79740E+0)
(GM/SEC)
ENTRIPY 0.3575 IELATIVE ERIOR 0a
({CAL/GM/DEG X)
MACH NUMBIR 0.5098 PRENICTIR ITERAT [ONS [+
GaMvA 1.6577
CHEMIZAL PROPERTIZS
SPECIES SINCENTRATION MOL. FRACTION NET SPECIES PRIDUCTION RATE REACTION NZT REACTION CONVERSION RATE
(MDLES/CMevwd} (MILE/CMew3/SED) NUMBER (MOLE=CWes3/GMes 2/5EC)
8R2 1.56T42E~-07 9, 39997E-03 ~3.65728E-05 1 8.52095E+00
8r 7.96730€-13 5.083052-08 74334552-03
XE 1.55175€E-05 9.°30000E-J1 0.
MIXTURFE 4ILECULAR WE{GHT 131.548520 TaTAL EVERSY EXCHANGE TS 3,97352E403 MASS FRACTIJON SUM Qs 33993993
(ZAL=CY*#3/5Mae2/5E2)
VARIABLE DERIVATIVE INCREMENT RELATIVE ERRIR valiasLeE DERIVATIVE INZREMENT RELATIVE 23T
v “lie%492179E+34 Oe D 32 =J.3558LE-0% Je O.
RHO 0,14500E-23 0. Oe 32 2.1931%E-05 0. 0.
T 0455698E+02 Q. J. XE 0. 0. 0.
TIME 2.72460E-05 SEC AREA 1.003365+¢3D) 5Q CM AXIAL POSITION 5,00000E-01 CM
FLOW PROPERTIES INTEGRATION INDICATORS
PRESSURE 1.60528 STEPS FRIM LAST PRINT 14
{ATY)
VELIZITY 18314,76 AVERAGE STEP SIZE 0.35700E-01
(CM/SEC)
DENSITY 2405614503 CONTIILLING VARIABLE BR
(GU/CMen )
TEMPERATURE 1265.82
{DE3 K)
MASS FLOW RATE 3.79905E401
{GM7SEC)
ENTRIPY 0.357% RELATIVE ERROR 0.10310€-05
{CAL/GM/DEG X)
MACH NuMBTR 0.5070 PREDICTIR ITERATJINS 0
Gamva 146577
CHEMICAL PRIPERTILES
SPECIES SONCENTRATIUN MOLT FRACTICN NET $2ECIeS PRMIUITIIV ATE REAZTINN NET REACTION CIVVERS{OM RATE
(MILES/CMse3) (MOLE/ZWw#3/5:0) NUMBZR (MOLE-CM#93/Guee2/ScL)
BR2 1.56C16€E=07 Fo13569E~D3 ~3.675252-05 1 8.60932E+00
BR 2.00591E-09 1. £TTH2E-04 T7+35051€-05
XE 1.554%9E-05 944993 TE-ul Q.
MIXTUR=S 4ILECULAR WEIGHT 131.576532 TITAL EVERGY £XCHANGE RATZ 3.96825F+0% MASS FRACTIUN Sum 0499993939
(CAL-CMre3/G4e82/SET)
VARTABLE NERIVATIVE INCREMENT JELATIVE 23] VAR ABLE JEAIVATIVE INUREMENT RELATIVE ER3IR
v ~0.11220E+33 -0, 79370E+01 2.49237€-0% 32 «0,97124E-06 ~0,63T06E-07 -
RHO 0 51L606E~D5 0.34386E-06 0.1255%E-06 3 0.19425E-95 0.12761E-0
T CL153018+20 0.12302E-I1 0.842612-37 L33 Je =3e

ATE CINSTANT
{S6S UNITS)

1.4520%3+07

RATE CINSTANT
(C35 INITS)

1.,46058E+07
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TImg 3430791€-04 SEL ARZA LaD1334E+2) 50 2M

FLOW PIOPERTIES

AXTAL POSITION 6.+U0000E+00 “CH

INTESRATION INDICATORS

PRESSURE 1.51796 STEPS FIDM LAST PRINT 6 ]
(ATY)
VELOCITY 17972.77 AVERAGE STEP SIZE 0.942532-C1
{CU/SECY
DENSITY 2.08495E~03 CONTRILLING VARFABLE 8R
(GM/CMes3)
TEMPERATURE 1243.53
{DE3 K) ¢
MASS FLODW 2ATE 3.79909E+01 Y
(GM/SEC) '
ENTRIPY 0.3576 RELATIVE ERIOR 0.15103E~06
(CAL/GM/DES K}
MACH NUMBER 0.4977 PREDICTOR ITERATIONS o
GAMMA 1.5582
CHEMICAL PROPERTIES
SPECIES SINCENTRATION MILT FRACTION NET SPECIzS PRIJUCTION RATE REACVION NET REACTION COVVERSINN RATE RATE CINSTANT
(MOLES/CHee3) {MOLE/IMee3/5EC) NUMBER {MOLE-CMee3/GMee2/5EC) (5SS UvNITS)
BR2 1.47046E-07 9.2T372E-03 ~3,03098E~05 1 6.9725TE+00 len2142E407
B8R 2.280640E-08 1.43817E-03 6.061962~05
XE 1.56864E~05 9. BIZBBRE~DL U.
MIXTURE W3LECULAR WEIGHT 131.43058 TOTAL ENERSY EXCHANGE RATE 3.21383£+405 MASS FRACTION SuM 0.99992997
{CaL~2Mee3/3Mee2/5ET)
VARIABLE DERIVATIVE INCREMENT RELATIVE ERRODR VARLABLE DEREIVATIVE INCREMENT RELATIVE ERIR
v ~0.442TTE+D2 ~04291235401 0. 332 -3.8)386E~05 ~0.53208E~07 0.117.1E-D7
RHO 0.2731BE-25 04 17959E~06 0.793555-09 ER J.15177E-05 0.10662E-006 0.15103E-26
T -0.50310E+00 =0.,33096E=-01 0, 77559€-09 XE 0. -0. 0.
TIME 5.5¢358E-04 SEC AREA 1.01794E+J) 50 CM AXIAL POSITION 1.00000E+01 C%
FLOA PRIPERTIES INTEGRATION INDICATIRS
PRESSURE 1.62368 STEPS FROM LAST PRINT 6
ATV}
VEL3ZITY 17817.78 AVERAGE STEP SIZE 0.94264E~-01
{CM/SEC)
DENSITY 2.09461E-03 CONTROLLING VARTABLE BR
(GM/CMue )
TEMPERATURE 1241.,70
{0EG K)
MASS FLOW RATE 3. 7T9S09E+01
(G4/SEC)
ENTRIPY 043576 RELATIVE ERROR 0.11392E-26
{CAL/GM/DEG K}
MACH NUMBER 2.4937 PREDICTIR ITERATIONS [
[L-LLTY 1.5585
SHEMICAL PROPERTIZS
SPECIES ZINCENTRATION MOLE FRACTEIN NET SPECIES PRDDUCTIUN WMFT REAZTION NET REACTION CONVERSION RATE RATE CINSTANT
(MOLES/CMea3) (MJLE/CMuse3/553) NUMBER (MOLE~CM#e3/GvUne 2/SECY (258 UNITS)
BR2 1.41688E-07 40 89115E-03 ~2,340873~03 1 54 33546E40C 139055407
BR 3.49906E-08 2.19572€-03 4468174205
XE 1.57591E-05 9.889138-0} 0.
MIXTURE 1JLECULAR WEISHT 131.644074 TITAL ENERGY EXZHANIE RATE 2.43926E+05 MASS FRACTION SUM 0499997995
(CAL=IMee3/5Me82/SED)
VARTABLE DeRIVATIVE INCIEMENT RELATIVE EQRIR VARIABLE DERIVATIVE INCREMENT RELATIVE ERRIR
v -0,33939£¢32 =042232YE431 J.91137E-09 812 -0.62722E-06 ~0.41322E-07 0. 14057E-07
RHO 0.21110E-05 0.13896E=-08 0.1064856E~08 X 0.12544E-05 0e82644E-0T 0.11392E-2%
T ~0.39750E+30 ~0.26249E-01 0.80523E-09 XE 0. -0, 0.
(GCKP) SND OF THIS CASE « READ DATA FIQ NEXT [ASE :
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DISTANCE=-AREA VERSIIN

GENERAL CHIMICAL RINETIZS PROSRAM

NASA LEWIS LESEARCH CENTER

H2-4IR SUPEASONIC CIMBUSTION 1STIICHIIMETRICY CASE 2
AEAZTION REACTION REACTION RATE VARIABLES
HJ43ER N ACTIVATION
ENERGY
1 He LI L s H23 + H 2.19000E¢13 o. 5150.00
2 H ¢ 02 = OH + O 1.25000E¢14 0. 16300.00
3 0 ¢ w2 = O ¢ H 1.74000E+13 0. 9450.00
(3 H v 02 = 402 * " 1.59000E¢15 0. -1000.00
5 H ¢+ H = N2 ¢ M 1.00000E+13 -1,0000 Qe
S H2 * M2 » 4202 » 4 9,50000€+12 O, 24000.00
7 L] + M232 = I * DH 1.17000€+17 Q. 45500.00
8 H + Hl2 = I + D4 7.30000€+13 Q. 0.
? H L L) s H2) LI ] 7.50000E+23 ~2.6000 [ 8
10 4] « Q = 02 L) 1.38000E+18 ~-1.0000 340,00
i ] + H23 = ¥ + O 5.75000€+ 1) 0. 18000.00
12 L4 + 32 = OH + 04 1.00000E+13 0. 43000,00
L3 an + A2 = A2) + N 6,20000E+12 Q. 0.
1 1] o + HI2 = 0OH +« 02 $.00000€+12 0. 0.
(% Ho2 . H2 = 4232 + 022 1.80000€+12 Q. Q.
ALL 74130 S00Y RATIOS ARE 1.3 EXIEPT THE FIOLLOWING
NiH2 2 6) = 5.00000 utH2 ¢ 5} 3 5.00000 "2 o )= 2.30000 nin2 " ). 4. 00000
n{H20 v %) = 32.50000 HiH20 « 5} = 15.,00000 (12D o« 7Y 4.00000 M(N20 v 91 = 20.00000
nioz 6= 2.00000 nioz + 5) = 2.00000 {92 s I} @ J.78000 (o2 + 9) = 1.60000
M{H202 s T) = 6450000 MIN2 v h) e 2.00000 LIA ] « 5) = 2.00000 wN2 v 9) & 1. 60000
INTESRATION SONTRILS
HINIMUM STER SIZE 0.100008~03 CY MAXIMUM STEP SIZE 0.10000E+00 CH
INITIAL STE® SILE 0.100002-01 C% MAX[MUM RELATIVE ERROR 0.00010
s ASSIGNED VARTABLE PIOFILE e»
THZ AREA [S ZALCULATED FRIY THE FILLOWING POLYNIMIAL
AREA (CMee2} = [ 0. 1Xse3 + ( Oo 1kee2 + { s 1X + { 2.00000E+03)
THE FOL.OWIYG SPECIES WILL 33 WS3LEITED FRIM ALL E£I0R COVSIDERATIONS
Ho2 H202
e INITIAL ZONDITIONS e
TIME O SEC AREN 2.00033E033 33 CM AXTAL PISITION Ue [4.]
FLOW PROPERTIES INTESRATIIY INDICATORS
PRESSURE 0. 95600 STEPS FROM LAST PRINT ]
(ATH)
VELOCITY 455172.99 AVERAGE STEP SELE 0.
{CH/SECH
DENSITY 1.55283E-04 CONTOLLING VARTABLE
{GM/CMen3)
TEMPERATURE 1559.00
{0E5 K)
MASS FLOW RATE 1.42271E£4+05
{GR/SEC)
ENTRIPY 206889 IELATIVE ERROR Q.
{CAL/GM/DEG K}
MACH NUMBER 500373 PREDICTOR ITERATIONS [}
GAMML 1.3173
CHERICAL PROPERTIES .
SPECIES SINCENTRATION MOLE FIACTIOW NET SPECIES PRIDUCTION RAYE REACTION NET AREACTION CIVWERSION RATE IATE CINSTANT
(MOLES/CMeel) {MILE/CHee3/SES) NUMBER {MOLE-CMo83/GRes 2/SEC) 4CGS UNITS)
H2 2.21055€-06 2+ 95800E-01 ~2.29232€-03 1 Qe 4,154132012
% e . 4,58459E-05 2 0. 64488358 ¢LL
H20 e 0. Q. 3 0. 8,23765E+11
H 3. Q. 5.T4TT2E-10 L3 0. 2. 19373E+15
o2 1.10602E~06 1+ 48000E~01 =2429229€-0%5 5 =1+ 17664E-02 6o 4163TEXLS
o . Q. T T51628-12 ) . 44147732909
HO2 e 0. 0. 7 Q. 4.89%T3E+10
H202 Qe 0. Qs L] 0. 7+00000E+13
N2 $.15654E~06 5+ 56200€~01 0. 9 0. 3. T4S8LE4LS
12 =1.58687E~04 Te93L75E4LS
1 0. 1.72315E+11
12 9,38528E402 9.37578€+06
13 [ 1Y 6.1°'0000E¢12
1l De 6, 00000E+12
15 0. 1.800005012
RIXTURE WILECULAR WEIGHT 20491269 THTAL ENERIY EXCHANSE TE 1. 781 73E+2T #ASS FRACTION Sum 1400000000
{CAL=CHee3/5M02/SECY
VARIABLE DERIVATIVE INCREMENT RELATIVE ERRIR VAR[ABLE DERIVATIVE INCREMENT RELATIVE E3IR
v 0.17794E430 0o 0. 4 2.83799€-11 0. Q.
RHO ~0.61096E-10 Q. 0. I =0,32224E-06 0. 0.
T -0.19763E~01 Q. 0. [ 0.19337E~12 0. 0.
H2 ~0.32225€E~06 0. 0. 402 Qe 0. 0.
oM 0. 64448E~D0 0. Q. H202 3. 0. O.
H20 0. Q. 0. N2 0. Q. -3
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SPECIES

H2

DH

K20

H

02

0

HOZ

H202
NZ

MIXTURE

VARIABLE
v

SPECIES

OH
H20
H

02

0
HO2
H202
N2

MIXTURE

VARIABLE
v

TI4E 44333

FLUOW PRD

PRESSU
(ATY)
VELDZT
(Cu/§
OENSIT
16u/¢
TEMPIR
{DES
MASS F
(Guss
ENTRYP
(CaL/
MALH W

GaM4a

SONCENTRATION
(MOLES/CMee3)
2.21056E-0%
1.66536E-12
3.52772E~13
3.48412E~-13
1.106026-06
%.07899E~15
3.05904E-16
4s25296E-20
e 15654E~06

MILECULAR WEIGHT

DERIVATIVE
0.80274E~21
=0.27562E-10
~0.89073E-02
=0.53741E-06
0.43304E~06
0.21506E=26

TIME be836

FLOW PRD

PRESSU
{ATY)
VELOCE
tcurs
DENSIT
(6u/C
TEMPER
(DES
MASS F
(Guss
ENTRIP
1caLys
MACH N

GAMMA

SONCENTRATION
tYOLES/CHee3)
2.19278E-06
1.16477€-09
1.24390E-08
3.23434E-D9
1.09703E-06
2248122E-09
3.83507E-10
3.09787E~12
4e15668E-U6

$OLECULAR WEIGHT

DLRIVATIVE
=04 313258402
0e10756E-07
0430992E+21
-0,21259€-23
0,16171F~04
0al4927E-03

93E-~-D8  SEL

PERTLES
g

TY

EC)

Y

Mew 5}
ATURE

K

Li3d RATE
ECh

¥

GM/DEG K)
UMA ER

MOLE FRAZSTLION

2+ 95800E-01
2.72927E-07
44720555-u8
4enb221E-08
1.4800UE-01
5.45822€-10
3340E-11
«69101E-15
5.462000~01

20.91269

INCREMEN

39E-06 SEC

PERTIES
RE

TY

EC)

Y

Mee 5)
ATURE

K1

LOW RATF
EC)

Y

GM/UEG K1)
UMBLR

MOL - FRAZTION
2093436E-01
1.55B6BE-04
l.06458E~03
1.23573E-03
1446883E~01
3,32034E-04
5.132045-05
4o 14553807
Se56242E-01

20471425

UNCREMEN
-0. 348202

0.15013E

AREA

0.95600
455172,99
1.56283E-04

1559.00
14422715405
2.5889
5.0373

1.3173

2.,00030E423

50 ¢

INTEGRA
STEPS
avER A

CONTR

RELAT

PREDI

SHIMIZAL PROPIRTIZS

VET S®ECIES PR/UDJITIUN RATE REACYION
(MILE/ Mse3/SED) NUMBER
=3,822312-05 1

3.080642-05 2
1.52986E-05 3
1.503864E-05 *
~2431910£-05 5
2.426475E-07 6
1.32492E-08 7
2.93216%-12 3
0. 3
10
11
i2
13
16
15
TOTAL EWERSY EXCHANGE RATE B.4414TE+05
(CAL-CMe®3/GMee2/SEC)
T RELATIVE ERROR VARIABLE DERY
0. + .21
C. Jz -J.32
C. J Do 34
0. 4132 0,25
0. 1202 Jetel
0. N2 3.
AREA 2.00000E#33 353 CM
INTESRA
0.35706 STEPS
455157.61 AVERA
1.56288E-04 CONTR
1560.80
1,422712405
2.6913 RELAT
50340 PRED{
i.3172
CHEMILAL PROPERTIZS

NET S3ECIES PRONJITION 2ATE REAZTION
(MILE/Ivend/SED) NUMBIR
=1.5123%2-02 1

1.008075-03 2
le051k4E-02 3
7.790682-03 Y
~7.08034:-03 5
2.09182£-03 3
2418938E~04 7
2.260523-08 3
0. Ed
10
11
12
13
14
15

TOTAL &NERGY EXTHANGE RATE ~2.974385+07
[CAL-CMee3/GMRe2/SED)
T RELATIVE FRIIR VAR[ABLE DER1
+20 0.57912E-10 + .10
0.57935E-10 02 -0.93
0. 14785208 3 .23
0.71330E~08 432 .32
Qe lu&70E-03 4202 .31
-5 0.91B43E-D6 N2 0.

AXTAL POSITION

2at

TI3N INDICATORS
FROM LAST PRINT
GE STEP SIIE

OLLING YARIABLE

IVE ZRANOR

CFIR ITERATIONS

NET REAITION CONVEKSION &
(MILE=CMee3/GMae2/5°C)
5$.26365E+02
1.0U2309E+0]
3.04087E~-01
T.47278E~01
~1s17652E-D2
1.14834E~04
~5.21549E~06
3.03306E-07
1.53678E~06
~1.58685E-04
~5.03584E~04
9+ 38525€¢02
5.18801lE-08
=B84 904J20E=06
~1.40853E~11

MASS FRACTION SuK

0000E-02 ™

2
0.10000E-01

ATE RAT.L CINSTANT
(C3S UNLTS)
4e}54132¢12
be4b65524]11

3764211

4a59TLE€10
7. 00002413

15
31TTE¢1 %
le7231642
542 L00DE®L2

6.00000E¢k2
1. 800002412

0.99999999

VATIVE INCREMENT RELATIVE ERROR
143E-D6 0. 0.
6I1E-D6 O 0.
OBSE=-08 O 0.
854E-05 O 0.
219E-13 0. 0.
0. 0.
AXTAL PISITION 3,04800E+00 CH
TIJN INDICATORS
FROM LAST PRINT 107

SE STEP SIZE
OLLING VARIABLE

IVE ERROR
CTIR ITERATIONS

NET REAZTION CONVERSION RATE

(M3LE-LMee3/GMee2/55C)
4e36552E405
2.469666E+405
1.83818E+05
1.96293E+04
4.84632F+01
1.42763E+02
5.10696E+01
L.01471E¢04
2.B685LE+01
1.49224E400

=2470253E401
9.3BYSBE+D2
1.09724E+02
2.33737E+402
1+08369E+01

MASS FRACTION SUM

VATIVE INCIEMENT

I52€-03 0,12195E~0%

533E-D6 ~0.110832-0-

4)HE~04 0,32741£-0

T78E£-05 0.34514E~07

T73E-07 0.353865-09
-0C.

04282499E-01

(]

0.14470E-05
3

RATE LINSTANT
{35 ONITS)
42162152412
6432401E+11
Be 6687541
24796335 ¢}15
6,40597E+14
4. 184345409
4.976831E+10
7.0000G2¢13
3.73559E+15
T.92362E+14
1. 734T73E+1L
9.527022406
64 C0000E 12
6.N0000E+12
1. 80000%¢12

0. 99999987

RELATIVL ERRIR
0, TTT43E-D%
0.66121E-08
0.92036E-0%
0.11638E-05
0.258465=05
0.




SPECIES

H2
OH
H20
H

02
0
HO2

H202
N2

MIXTURS MILECULAR WEIGHT

VARIABLE
v

SPECIES

H2
OH
H20

H

02

[s)
HO2
H2U2
N2

MIXTURE 43LECULAR WEIGHT

VARIABLE
v

RHO

T

H2

CH
H20

TIME

SONCENTRATION

2.017C1E-05 SEC

FLOW PROPERATIES

PRESSURE

(ATY)
VELDZITY
(CM/SEC)
DENSITY
{GY/CMenl)
TEMPERATURE
{DES K}

MASS FLOW RATE
(GM/SCC)
ENTRIPY
{CAL/GM/DEG K)
MACH NUMSER

GAMMA

MOLF FIACTION

{MOLES/ CHee})

%«87587E-07
2.51363E-07
1.36430E-06
5.27396E-07
2.19736E-07
1.87335E-07
2.B0961E-10
3,95829€~11
5.21436E-06

6472339E-02
3. 26193E-02
1. 48124E-01
T+27233€~32
3.02997E~02
2,583L9E~02
3.87421E-05
5.45814E=06
5.8L123E-01

21.34979
DERIVATIVE INCREMEN
=0.76043E+33 =0.45553E
0,26841E~36 0.16077¢
0,10118E+23 0., 606585
=0.16915E=34 ~0.94933E
0.43831E-04 0.43244E
0.17433E~33 0.97021&
TIME 3.37975E-05 SED
FLOW PRDPERTIES
PRESSURE
{ATY)
VELOTITY
(CH/SEC)
DENSITY
{GU/CMne3)
TEMPERATURE
(DE3 K}
MASS FLOW RATE
(G4/SEC)
ENTRIPY
{CAL/GM/VEG K)
MACH NUMBER
GAMMA
SINCENTRATION MOLE FRAZTION

{M0LES/CHael)

4e61536E~07
2,82740E~07
1.48200E-06
3.39764£-07
1.78173E-07
1.3498BE-07
1.37239€~-10
1.36439€~11
$.23993E-06

DERIVATIVE
-0.20078E+03
0.33163E-07
0435371E4)2
~0.2364TE=24
0.39720€-05
0.82380E~04

5. 4828TE-02
3.97200E-02
2. 081 66E~01
4. 7T2642E-02
2.350266E-02
1.29608E-022
1.92770£-05
1.48837E-06
5.95553E-01

22439232

INCREMEN
-0.14615€
0.32212¢€
0420390E
-0,16550%
0.,431566€E
O t0234E

a3EA 2.000005¢03 SQ CM

1.39443
448927.62
1.584573~06

2343.28
Lo 42271E+05
2.7998
4.2025

l.2798

CHEMICAL PROPERTIES

NIT SPECIES PRIJUITIIN 2ATS
(MOLE/CMea3/SEC)
~1.20323£-03

3.11792E-03
Le263693-02
-2.559268~02
~5.35569E-03
~4.864765-03
“5,96103%Z-05
6.62299E-06

REACTION
NUMBER

AX[AL POSITION

Folds
INTESRATION INDICATORS
STEPS FROM LAST PRINT
AVERASE STEP SILE 0.
CONTRILLING VARIADLE ]
RELATIVE ERROR [

PREDISTIR ITERATIONS

NET REACTIAN CONVERSI0% RAT

{MOLE-CUes3/(GMes:/3EC)
1 1.85850E+05
2 ~1.88709E405
3 1.83474E+04
4 4.36775E+05
5 1,34559E+05
5 ~L.68173E403
7 ~1.94022E+03
3 4,09503E+405
9

Q. 2.551C8E+05
10 5.54197£+03
i ~3.76571E+04
12 —3,58541E+01
13 1.6T112E+04
14 1.24691E+04
15 5.338LHE+00
TOTAL EVERGY EXCHANGE RATI  -9.20524E+10 MASS FRACTION SuM
(CAL-CHe»3/GM4m82/S5C0)
T RELATIVE ERROR VARTABLE DERIVATIVE INCREMENT
+02 0.42508E-08 4 ~0433977E~03 ~0.21808£-04
-07 0.4c210E~08 B H -3.75289E-0% -0.45500€-05
+01 0.89605E-07 b -0,68125E-04 “0.48912€-05
-06 0,27636E-05 402 ~0.83798E-07 -0.133558-37
-05 0.53990E-05 1202 2.93136E-37 -0,43084E-28
-35 0.45218€-0% ¥2 9. -0.
AREA  2.00000£+33 3Q CM AXIAL PISITEON  i.324
INTEGRATION INDICATIRS
1.58450 STEPS FROM LAST PRINT
466220,20 AVERASE STEP SIZE 0.
159418204 CONTROLLING VARIABLE [
2712.33
1.42271E+05
2.8100 RELATIVE ERROR 0.
3.9512 PREDICTIR ITERATIONS
1.2664

CHEMICAL PROPELRTIZS

NET SPECIES PRODUCTIJN RATE REAZTIIN NET REACTION CONVERSION RAT
(MILE/ZM4ee3/520) NUMBZR (MDLE~CMea3/GUae2/S2C)
=2.1089%£-03 1 1,101 64E405

2.82552E-06 2 -3.79320£404
5.71789€-03 3 2,66026E+04
=7.497352-03 s 1.25122E+05
=1.85378£-03 5 5. 356036404
=2.28539€-03 5 -2.33214E40Q2
06 7 =2¢991643E402
-07 3 1.13556E+405
El 1.23674F+05
10 2,28574E403
11 1.69516E+04
12 1.09698E+01
13 8.10259€+03
14 3.8684CE+03
15 1.,06956E+00
TOTAL ENERGY SXCHANGE ATE =3,352662+13 MASS FRACTION SuM
{CAL-CM##3/GMe82/SEC)
T RELATIVE <RI VARLABLE DERIVATIVE INCREMENT
+92 0.26736E-03 + =0.12543E~03 ~0.79330E-05
-08 0.255%0€E-09 32 =0425050E-Ge =0, 164540€E-0%
+21 0.473432-08 3 =J.32127E-0% -0.18870€E-0
=05 0.15951€-07 432 -0.62297E~07 -0,45489E-0%
=06 0.36171E-06 1202 0.95338E-08 -0.45243€-29
-0s 0,30378E-07 N2 Ca ~0.

OQE+00 (4

16
976I6E-01

H

53390E=-05

[¢]

3 RATE CINSTANT
(C5S UNITS)
1.246375+12
3.,772792+12
24245563 ¢12
1. 470335 +15
4. C6TS3E+LG
5.244592+10
b6.676502+12
T.060005+13
1. °98TIELS
5.47450E¢14
1.206572412
Fe T618IE+ 08
6. 0L000E+12
6. -00005+12
1.80000E+12

0499993831

RELATIVE ERIR
0.23053E-05
0.9L679E-07
C.41170E~05
0.73735E-05
0,40276E-04
0.

0C0E+01 (M

3t

98579E-01

38156E~06

0

E RATE TONSTANT
(C5S UNITS)
8.42318BF+12
6.074585+12
3.01372€+12
1ei6l43¢+15
3.58686E41 0
1.11800E+11
24 523285#13
7.000003+13
8.-7911E+14
4.776835¢1¢
2.338622¢12
34529415403
64*0000E¢1 2
64 00000E+12
1.800002+12

0.99997772

RELAT{VE ERRIR
0.98531€-08
0.13931z-07
0,38156E-0%
0.149%2E-05
0.25913E-05
C.

83



SPECIES

H2
O
H20
H

02

0
HO2
H202
N2

VARIABLE
v

RHO
T

H2
on

TIME 1.70978E-04 SEC AREA 2+00000E+23 5Q CHM AXIAL PISITION T.620006+01 CM
FLOW PROPERTIES INTESRATION INDICATORS
PRESSURE 1.73481 STEPS FROM LAST PRINT 154
(ATH)
VELOCITY 444082.15 AVERAGE STEP SIZE 0. 994 54E-0]
{CM/SEC)
DENSITY 1.60185E=-04 CONTROLLING VARIABLE 0
{GM/ CMen 3}
TEMPERATURE 3016.50
{DEG K)
MASS FLOW RATE 1.42270E+05
{GN/SEC)
ERTRIPY 2.8125 RELATIVE ERRDR 0.38108E~08
{CAL/GM/DEG K)
MACH NUMBER 3.7820 PREDICTOR ITERAT IONS [}
GAMMA 1.2566
CHEMICAL PROPERTIES
~DNCENTRATION MOLE FRACTION NET SPECIES PRODUCTION RATE REACTION NET REACTION CONVERSION RATE RATE CONSTANT
(ROLES/(Mes3) (MOLE/CMee3/SEL) NUMBER {MOLE-CMeel/GHue2/SEC) {CGS UNITS)
4.10609E~07 5.85958E~02 =2.18579E-06 1 9.31925€+401 9.27512E¢12
2.81530E6-07 4. 01 757E-02 1.66157E-07 2 3,70433E+00 B8.2406BE¢12
1.60785E-06 2429448E-0) 4e16942E~06 3 2.79116E401 3,.59653E¢12
2.12931€-07 3.,03863E-02 ~4.,13040E~06 4 5.00161E+01 1.87B66E+1S
1.43573E-07 2. 04886E~02 ~1.17052£~06 5 3.59676E+01 3.31510E¢14
3.06080E~08 1.29302E~02 =1.98892E-05 5 =5, 254088-02 l.75161E411
5.63539E-11 TT5656E~06 =2.60086E-0% 7 ~he43311E~02 5.9108LE+13
5.81929€E-12 84 30440E-07 =2.05164E-10 8 4+ 36636E+01 7400000E¢13
4%e26032E~06 6.0796TE~-01 0. ? 1.12724E+02 6.73522t+16
10 1.67811E+00 40 3225TE¢Lé
11 4.83584E+01 2.85658E¢12
12 1.01874E-01 T« 6663TE+O9
13 4.93436E400 6.,00000E+12
1é 1.59150E+400 5.00000£412
15 2.13951E-04 1.80000E+)2
MIXTURE 43LECULAR WEIGHT 22.85%09 TITAL ENERSY EXCHANSE RUATE ~2423330E407 MASS FRACTION SUM 0.99999628
(CAL-CMes3/GMen2/SEC)
DERIVATIVE INCREMENT RELATIVE ERRJR VARIABLE DERIVATIVE INCREMENT RELATIVE ERROR
=0.16405E420 -0.26850E-02 0.1B8275E-11 4 =J.5B064E~-0T7 =0.90943E-09 0.23010E-09
D.59176E-10 0.96849E~12 - Be18275E~-11 02 ~0s15455E~07 ~0.29543E-09 0.56095E-09
0,23901E~01 0.38975E-03 0.31100E~10 b] ~0.27950E-07 -0,32803E-09 0.38108:-08
~0,30727E-27 ~0454917E-09 0.31654E-09 n02 -0436562E-10 ~De 41856E-12 D.32376E-08
0,23358E-28 =0, 16866E~09 0.2059«E~08 H202 ~J.2BB&1E-11 -0.48362€-13 0.10198E-07
0.58613E-07 0.10885E-08 0.24588E-09 N2 0. =0, 0.

H20
{GCKP}
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DISTANCE-AREA VERSION SENEIAL SHEMIZAL KINETLIS PROSRAM NASA LEAIS JESEARCH CEVTER

H2=-AIR SUPERSONILC CIWBUSTION (COMPLETE MECHANISM - PREFERRED RATES) CASE 3

REAZTION REACTION REACTION RATE VARIABLES
NJYBER A N
1 H2 + 24 = H23 L 2.10000E+13 C.
2 H s 02 = O + 0 1.25000E+14 0.
3 1] + M2 = JH v " 2.95000E+13 Q.
4 H + 02 = HOZ ¢ M 1.59000€+¢15 Qs
5 H + H = H2 + M 1.90000E+ 18 -1.0000
5 H2 + HI2 s A202 L 9.60000E+ 12 . 0.
7 L + H232 = JH + JH 1.17000E+17 0.
8 H + HI2 = DOH + 04 7.00000£+13 0.
3 H « 34 = H2) *r M 7.50000E+23 =2.6000
13 o + 0 = Q2 + M 1.,38000E+18 ~1.0000
11 [} + 42) = 0OH ¢ OH $.75000E+13 Q.
12 H2 + 2 = OM + O 1,000006+13 0.
i3 aM + HI2 = A42) + 02 6.J0000E+12 0.
1% 0 + HI2 = OH + 02 6400000E+12 Q.
1% HO2 +« HI2 = H202 + 02 1.80000E+12 0.
15 ON + H202 = H20 + HD2 1.00000E+13 C.
17 0 ¢ H202 = OH + 402 9,00000€+13 Q.
13 H + H202 = H20 + O 3.18000E+ 14 0.
ALL THIRD BODY RATIOS ARE 1.0 EXJEPT THE FOLLOWING
LI r 4) = 5.00000 HH2 v 5) = 5,00000 MiH2 1) 0= 2.30000 M{H2 + 9 =
M{H20 s &) = 32.50000 MiH23 ¢ S) = 15.00000 M{H2) « T) = $.00000 M{H20 v 9) =
M(02 v 4) = 2.00000 Moz + 5) = 2.00000 M(02 » 1) = 0.78000 M{02 + 9) =
M(H202 ¢+ TV = 6,80000 N2 v b = 2.00000 "Nz » 5) = 2.00000 MIN2 v 3=
INTEGRATION CONTRILS
MINIMUM STEP SIZE  0.10000E-03 CM MAXIMUYM STEP SIZE 0.10000E+00 CM
INITIAL STEP SIZE 0.10000E~01 CM MAXIMUY RELATIVE ERROR 0. 00010
es ASSIGNED VARIABLE PROFILE e»
THE AREA IS CALCULATED FROM T4E FOLLOWING POLYNOMIAL
AREA (CMen2} = { 0. 1Xe23 ¢ ( 0. IKkee2 & ( Oo X + { 2.00000£403)
THE FOLLOWIYG SPECIES WILL BE NESLECTED FRIM ALL ERRIR CONSIDERATIONS
H202 Ha2
es  INITIAL CONDITIONS e
TIME Oe SES AREA 2,00000E+23 3Q CM AXIAL PJISITION 0.
FLOW PROPERTIES INTEGRATION INDICATIRS
PRESSURE 0.95600 STEPS FROM LAST PRINT Q
LATY)
VELOZITY 455172.99 AVERAGE STEP SIZE 0.
{CM/SEC)
DENSETY 1.55283E-04 CONTROLLING VARIABLE
{GM/CMes3)
TEMPERATURE 1559,00
{DE5 K)
MASS FLOW RATE 1.42272E+0%
{GM/ SEC)
ENTRIPY 2.6889 RELATIVE ERROR 0.
{CAL/GN/DEG X}
MACH NUMBER 5.0373 PREDICTOR ITERATIONS [+]
GAMMA 1.3173
CHEMICAL PROPERTIZS
SPECIES SINCENTRATION MOLE FRACTIOV NET SPECIES PRODUSTION RATZ REACTION NET REACTION CONVERSION RATE
(MOLES/CMee3) (MILE/CMe®3/SEL) NUMBER (MILE-CMee3/GMes2/SEC)
He 2.21055E~06 2495800€~01 ~2.292335-05 1 0.
oH Je 0. 4.58459E-05 2 0.
w20 Ja Q. 0. 3 0.
H Do 0. 5.764773E-10 L3 Q.
02 1.10602E-06 1.48000E-01 ~2429230E~05 5 -1.17664E-02
) e 0. T.T516%E-12 -] .
HO2 Ou O 0. 7 0.
H202 2. -8 0. 8 0.
N2 4.15655E-06 5.562008-01 Q. 9 O
10 -1.58687E~04
11 O
12 F4385208€+02
13 .
14 0.
15 0.
15 0.
17 0.
18 0.

ACTIVATION
ENEASY
5100,00
16300.00
980000
=-1C00.00

Q.
24000.00
45500, 00

0.

0.

340,00
18000.00
43000.00

Oe

0.

.3
1800, 00
1000.00
9000.G0

4,00000
20. 00000
1.60000
1.60000

™

RATE CONSTANT
S35 UNETS)
4,06829%+12
5.48456E411
1.25161E+12
24.9575E¢#15
6.4143T%5¢L4
4e14773E409
4.89473E+10
7. :0000E+13
3.74681E+15
T«931T6E+14
1.72315€+11
9.3T5TBE40S
6.:'0000E+12
6.00000E+12
1.80000E+12
5459327E412
5.79301E+13
1.75082€E+13

85



MIXTURE

VARIABLE
v

SPECIES

H2
OH
H20
H

02

o
HO2
H202
N2

MIXTURE

VARTABLE
v

RHO
T
H2
oH
H20

86

MOLECULAR wEIGHT 20.91269 TITAL ENESY EXCAHANSE RATE 1. 78L73E+D7 MASS FRACTIIN SUM 1. 00000000
(CAL=CMUws3/5Me02/SEL)
N IVATIVE INCREMENT RELATIVE ERRIR VARIABLE DERIVATIVE INCREMENT RELATIVY ERIDR
0,17794E4130 O. 0. + J.83739E~11 0. 0.
~3.61096E-10 (28 0. 2 -0.32224E-D6 0. 0.
=0,19763E-01 0. [ 1Y [} 0.10877E~12 0. 0.
~0.32225E-06 0. 0. 402 Je 0. 0.
0. 64448E-06 0. 0. H202 J. 0. O
0. 0. [ X N2 Qe 0. 0.
TIME 4433393E-08 SEC AREA 2.00000£4033 3Q CM AXIAL POSITION 2.00000E-02 CM
FLOW PROPERTIES INTEGRATION INDICATORS
PRESSURE 0.95600 STEPS FROM LAST PRINT 2
CATY)
VELIZITY 455172.99 AVERAGE STEP SIZE 0.10000E~0D1
{CM/SEC)
DENSITY 1.56283E~04 CONTROLLING VARIABLE
1G4/ CMaa3)
TEMPERATURE 1559,00
({DES K}
MASS FLOW RATE 1.42272E405
LG4/ SEC)
ENTRIPY 2.5889 RELATIVE ERROR 0.
(CAL/GM/DEG X)
MACH NUMBER 5.0373 PREDICTIR ITERATIONS [}
GAMMA 1.3173
SHEMICAL PROPERTIZS
=DNCENTRATION MOLE FRACTION NET SPECIES PRODUCTIDN RATE REACTYION NET REACTION CONVERSION RATE RATE CONSTANT
{MOLES/CHM#e3) {MOLE/CMee3/SED) NUMBER (MDLE-CMee3/GYee2/S-C) {C5S UNITS)
2421055E-06 2.95800£~01 «3,79121E-05 1 6e13243E402 4. 06829E412
1.67373E-12 2.23967E-07 3.11229e-05 2 1.00060E+401 6.484555+11
3.44962E-13 44 61 604E~08 1.49781E-05 3 4e45511E~01 1.25161E+412
3.40755E-13 44 559T4E-08 1.472732-05 3 7430855E-01 24195758415
1.10602E-06 1.48000E-01 -2.,31851E-05 S -1.17662E-02 6.4163TE+14
3.93400€~15 5.26420E-10 2.33527€-07 6 1412265E-04 44 14TT2E409
2.99059E-16 4,00180E~11 1.78481E-08 7 ~5429193E~06 4e19471E4+10
4.16101E~20 5.56797E-15 2.87134E~12 8 2.89887E~07 T.(00002¢13
. 15655E~06 5. 56200E~01 e 3 1.51001E-06 3.T46B1E¢LS
10 ~1.586B85E-04 T493177E¢14
11 ~5.08292E-04 1.72316E+11
12 9. 33524E+402 9.37575E406
13 5.12724E-08 6. 00000E+12
14 ~B.94554E~06 6.000002412
15 ~1439358E~11 1.30000E+12
15 1. 29632E-11 5.59325E¢12
- 17 ~3.85823E-09 5.79301E+13
18 1.00917E-11 1. 74082E413
4ILECULAR WEIGHT 20.91269 TITAL ENERGY EXZHANSE RATE 8.63BJ4E+05 MASS FRACTION Sum 0.99999993
tCAL-CMee3/5Men2/5ED)
DERIVATIVE INCREMENT RELATIVE ERRIR VARIABLE DERIVATIVE INCREMENT RELATIVE ERIR
0.82322E-01 0. O H 0.20T03E-06 O, Q.
«Je28265E-20 0. 0. 92 -0.,32593E-D6 O. 0.
=0,91349E-02 O. 0. 3 0.32823E~08 0. 0.
=0.53295E~26 G. 0. 132 J.2503DE-09 0. 0.
0.43751E-06 0. 0. 1202 0.40384E~13 0. 0.
0,21056E~0D6 Q. 0. N2 0. O. 0.
TIME 6.69641E-06 SEC AEM 2.000003¢33 5Q CM AXIAL POSITION 3.04B00E+00 Cv
FLOW PROPERTIES INTESRAVION INDIZATIRS
P?iizl‘mﬁ 0.95774 STEPS FRIM LAST PRINT 110
VELIJZITY 455148,02 AVERAGE STEP SIZE 0.27527E-01
{CM/SEC)
DENSITY 1.56291E~04 CONTRILLING VARIABLE OH
(GM/CMeel)
TFMPERATURE 1561.92
{DE3 K)
MASS FLOW RATE 1.42271€405
{G47SEC)
ENTRIPY 2.6924 RELATIVE ERROR 0.11939E-06
(CAL/GM/DEG K)
MACH NUMBER 5.0329 PREDICTIR ITERATIONS 3
GAMMA 1.3172



SPECIES

H2
OH
H20

H

02
[+
HO2
H202
N2

MIXTURE

VARTABLE
v

SPECIES

H2
OH
H20
H

02

0
HO2
H202
N2

MIXTURE

VARIABLE
v

ZIONCENTRATION
{MOLES/CMen3)
2.18292E-06
2.00884£-09
1.90229€-08
1.49453E~08
1.09362£~06
2490831E-09
4290608810
3.46205E-12
4.15677E-06

YOLECULAR WEIGHT

DERIVATIVE
-0.56251E432
0.19316E~07
0.6607TE+0L
-0,36204E-23
0426800E-04
0.25001E-~03

TIME 2.018

FLOW PRO

PRESSU
ATV
VELOCI
{CN/S
DENSIT
(GM/C
TEMPER
(DEG
MASS F
(GM/S
ENTRIP
tCAL/
MACH N

GAMMA

ZINCENTRATION
{MOLES/CHwe3)}
4.86108E-07
2.57962€-07
1.380i6E~04
5296032607
2.13271€-07
1479694E-07
2465377E~10
2.61287E~11
%2 21R36E-06

MOLECULAR WEIGHT

DERIVATIVE

-0.69424E+)3
0.264551E-36
0. 33029E402
-0425355E-04
0.38489E-34
0.16668E-03

MOL& FRACTIDV

CHEMICAL PROPE

MET SPECIES PRODUSTIIN QAT

RTIZS

g REAZYTION

{MOLE/ZM»e3/520) NUMBER
2492120€-01 ~2.,57539€~-02 1
2468824E-04 1.906%1E-03 2
2,54566E~03 1.77848E-02 3
2.00000€~03 1.37734E=02 °
1,45348E-01 -1, 14502E~02 5
3.59259E~04 2.68872€-03 [
6.56535E-05 2.48277E~06 7
4.63295E-07 1.334522-056 3
545526 2E~01 0. £l
10
11
12
13
16
15
16
17
18
20.91503 TITAL EVERGY EXCHANGE ATE  =5,34707E+D3
(CAL~CM#»3/GMa82/SEC)
[NCREMENT RELATIVE ERRIR VARIABLE DERIVATIVE
-0410022E+01 0.06130E~-11 " 2,19371E-03
0.34414E-09 0.86155€~11 32 -0,15032€-03
0411773E+00 0.29332E-09 a 2.377I7E~0%
~0.646875-05 0.12220€-08 HI2 0,364932€-05
0.47867E-06 0.11939E~06 “202 0.2803BE-07
0. 44661E-05 0,99981E-07 N2 0.
47E-05 SEC AREA  2.0000JE+)3 5Q CM Ax
PERTIES INTESRATLIIN IN
RE 14426431 STEPS FROM L
TY 448502.09 AVERAGE STEP
EC)
Y 1.58507E-04 CONTROLLING
Mew3)
ATURE 2400,17
K)
LOW RATE 1.42271E+05
EC)
Y 2.8019 RELATIVE ERR
GM/DEG K)
UMB ER 441598 PIEDSZTOR IT
L.2776
CHEMICAL PROPERTIZS
MOLF FRACTION  NET SPECIES PRODUCTION RATE REACTIOY
{MILE/CM=®3/SET) NUMBER
64 T21T4E~02 ~1.803662-03 1
3,56701E-02 2.73791€-03 2
1.93843E~-01 1.18571€-02 3
6.85897€-02 =2428401E-02 4
2.94904E~02 -4.892435-03 5
2.4B475E-02 ~4.79550E~03 5
3.65954E-05 -9, 96935606 7
3.61299€-06 2.64567E-05 8
5.83301E-01 0. 3
10
11
12
13
14
15
16
17
18
21.93167 TOTAL ENERGY EXCHANGE AFE  -8.48680E+10
(CAL=C4e»3/5Mee2/SED)
INCREMENT RELATIVE ERRIR VARIABLE DERIVATIVE
-0, 18836E+02 0.68506E~08 4 -2,321)8E-03
0.66608E-08 0.68305E-08 32 ~0.6877T5E-04
0.25250E+01 0ol4126E-06 J ~0.67613E-04
~0.67878E-06 0.20874E-07 402 =3.14J15E-06
0413586€-05 0,90493E~05 4202 2.37192E-07
0. 43796E-05 0.83545E-06 N2 0.

7.2735828405
%4 360485405
3.25943E405
3,19648E+04
1.271£154+0G2
1.82151E+02
64360955+01
2.10120E+04
8.03501FE+01
2.04949E+00
=3.,378575+402
3.,43387E402
2.4207TTE+02
3,50523€402
1773436401
1.31867€+00
1.62303E+01
3.707538+01

MASS FRACTION SuM

INCREMENT

0434619E-05
=0.28740E-05

0.57515E~06

0.63505€6-07

0.50672E-07
-0

NET REASTIDN CONVERSION RATE RATZ CINSTANT
(MOLE~-CMee3/GMen2/SEC)H

(C3S UNITS)
4.0607TE+12
64 54B6PESLL
1ei5906E+12
24196436415
6.40237E+14
4,208275409
5,031073+10
7.:00005+13
3.72861E+15
7.91855E+16
1.741988+11
9.62240E406
6.0C000E+12
6.0U0000E+12
1.80D00E+12
5.59935£¢12
5.79651E+13
1.75031E+13

0499999985

RELATIVE ERRIR
0.89522E-07
0.10741E-08
0.10369E~06
0.95581E-07
0.473228-07
0.

TAL PISITION 9. 14%00E+00 CM

DICATIRS
AST PRINT
SIZE

VARTABLE

QR

ERATIONS

1.T0376E+05
-1.50387E+05
3,61541E+04
3.77213E+05
14 33854E+05
-9.48364E+02
~3.62213E404
3.61622E405
2.32610E405
4.95756E+03
~2.61095E+04
~2.98176E+01
1.61218E+04
1.12300E+04
4, 718682E+00
1.3T7441E#03
9,05184E+03
2.47463E+04

MASS FRACTION SUM

INCREMENT
-0.87540£-05
-0,18714E-05
=0.19337€~-0
-0.54405E-08
-0.43652E-09
0.

16

0.354456~-01

GH

0.90493E-05

0

NET REACTION CONVERSION RATE RATE CONSTANT
(MOLE-CMen3/G1=e2/5-C)

(CGS UNITSY
7.208322¢12
4.099202¢12
3, 79266E+12
1.96089E+15
Go1663TE+LG
6.265125+10
84416712¢12
7. 0000E+13
1422020E+15
5.35399E+14
1.32027E412
1.21506E+09
6400002412
6+00000E+12
1.80000E+12
6485545E+12
65.48585E¢13
4. B81863E+13

0.99993823

RELATIVE E3]R%
0,16148E-07
0.83782E-07
0.668506-05
0.20610E-0%
0.89702E~24%
0.
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TIME 3.38B210E-05 SET AREA 2.00000E+D3 SQ CM AXTAL PISITION 1.526400E¢01 (M
FLOA PROPERTIES INTEGRATIOIN INDICATORS
PRESSURE 1.59890 STEPS FROM LAST PRINT 32
{ATY)
YELIZITY 446015.12 AVERAGE STEP SIZE 0.91598E~-01
{CR/SEC)
DENSITY 1.59491E~04 CONTROLLING VARIABLE 0
(GY/CMee3)
TEMPERATURE 2741.00
{DE3 K)
MASS FLDW RATE 1.622T1E+405
(GU/SEC)
ENTRIPY 248104 RELATIVE ERROR 0.92294E-D6
(CAL/GM/DEG K)
MACH NUMBFR 3.9340 PREDILTIR ITERATIONS o
GAMMA 1.2654
CHEMICAL PRDPERTIZS
SPECIES SONCENTRATION MOLE FRALTION NET SPECIES PRODUZTIDV RATE REAZTIDN NET REAZTION CONVERSION KATE RATE TONSTANT
{MOLES/CMen3} {MILE/Z 3/8:0 RUMBER {MDLE~CMee3/GHen2/SEC) {C35 UvITS)
H2 4o 5TBTHE-0T 6.44089E~02 ~2.0783 03 1 9+ 4661TE+04 8.,233392+12
o4 2.83830E~07 3.99263E-02 2413917E-06 2 =24 69099E40% 6e269B15412
H20 1.49268E-06 2, 09974E~01 5.38597E~D3 3 3,53188E¢04 4o 8B96TOEL2
H 3.26767E-07 40 59661E-02 ~6.824462-03 L3 1.07346E+05 1.910833415
02 1. 74968E-07 2¢461206E-02 ~1.72021E-03 5 4.B8l1216E¢04 3.64B30E¢16
o 1.30729E-07 1.83896E-02 ~2415036E-03 & 6617E¢D2 14171305411
K02 1.27956E-10 1. 79995E-05 ~4.47034E-06 7 =1.04963E+04 24 715622£4¢13
H202 1.17919€~11 1.55877E-06 ~7.8951%E-D8 8 9.8844BE+04 7.000005¢13
N2 4¢2418BE-06 5.95703E-01 e 3 14141456405 B.63964E+14
10 2.07326€403 40 T2999E¢1 4%
1 1.32222E+04 24110898412
12 14 38369E401 3. 72T8BE+DY
13 T.36047E402 6. 0COD0E+L2
16 3.39060E+03 6. 0DQ00E+12
15 8.94259E~01 1.80000E+12
15 3.62036E402 T«1B58BE+12
17 1.54TOSE+03 6+65620E+13
18 84426B2E403 6.09293E 413
MIXTURE %JLECULAR WEIGAHT 22.43556 TIVAL EVERGY EXCHANGE RATE =3.11539E¢1) MASS FRACTION SuM 0.99999766
{CAL-CMee3/3H»e2/SEL)
VARTABLE DERIVATIVE INCREMENT RELATIVE ERRIR VARIABLE DERIVATIVE INCREMENT RELATIVE ERRJR
v =0, 24056E403 «0,55724E+D1 0.61330E-09 H ~0.95936E-06 <D, 22256E-05 0.49819E=DT
RHO 0.B6022E-07 0.,19926E-08 0.61215€-09 32 “0.26132E-04 =0.55051E-0¢ 0,19456E-07
T D433679E+02 0.768024£+00 0,10550E-07 a =3e3)229E-D¢6 ~0,71150£E-06 0.92294E~05
H2 ~0,29217€-24 =0.67592E~D6 0.14283E-07 HI2 -0.62842E-07 =0.16160E-08 0.5898%E~05
QOH 0,30072E~05 0.92711E-07 0.89573E~06 H202 «D,11099E~08 =0,12505E~-09 0.10158E-04
H20 0. 75714E~D4 0e17433E-05 0.83756E~-07 N2 0. ~0. .
TIME 1.71013E~04 SEC AEA Z2+00000E+03 50 CM AXIAL POSITION 7.620006+01 CM
FLOW PROPERTIES INTEGRATION INDICATORS
PRESSURE 1.73453 STEPS FROM LAST PRINY 153
LATY)
VELOCITY 464081.73 AVERAGE STEP SIZE 0.99890€~01
{LM/SECY
DENSITY 1.60185E~04 CONTRILLING VARIABLE L]
(GM/CMen3) -
TEMPERATURE 3016456
{DEG X}
MASS FLOW RATE 1.42270E+05
{GM/SECH
ENTRDPY 2.8125 RELATIVE ERRDR 0.29650E~07
(CAL/GM/DEG X)
MACH NUMBER 3.7820 PREDICTOR JTERATIONS Qo
GAMMA 1.2566
CHEMICAL PROPERTIES
SPECIES SONZENTRATION MOLE FIACTION NET SPECIES PRODUCTIDN RATE REACTIDN NIT REACTION LOVVERSION RATE RATE CONSTANT
(MOLES/CMee3) {MILE/IMe83/SED) NUMBER {MOLE-CMee3/GMee2/SEC) 1C6S UNITS)
H2 4« 10598E-07 5. 85943E-02 -2.12821E-0% 1 T.90107E+01 B.96859E¢12
OH 2.81528E~07 4. 01754E-02 =4433575E~07 2 4.47305E400 B8,24089E412
K20 1.60788E-06 2+29452E~01 3.53455¢~08 3 2.98453E¢01 5.7714DE¢L2
H 2.12911€~-07 3.03834E-02 =~2.57415E-05 % 3.56655E401 1.87866E415
02 1.43567€-07 2,06877E~02 “B.T79546E-07 5 2.59496E+40) 3.31506E¢14
2] 3.06003E~08 1.29291€E-02 =1.43077£-06 6 =3,41970E-02 le 751 75E¢LL
HO2 Se43442E-11 Te 7551 9E-06 =4.,1575BE-09 7 ~&o 5589BE+00 5.51164E+13
H202 5.81B23€~12 8.30297E~07 =2.39912E-09 & 3.15663E401 T7.00000E+13
N2 4.26032E-06 6. 07969E~D1 0. 9 8413430E401 6.73490E+14
‘10 1. 21036E+00 “e32249E41 4
11 2, 64995E401 2+ 854 T4E+]12
12 6, 92817€~02 Te 66TIBE+09
13 3.56952E+00 6+ 00000E412
16 1.15090E+00 6,00000E¢12
15 1.59863E-04 1., 80000E+12
1% 1.06969E-01 Te40611E+412
17 3.17151E~01 6. TT080E+13
18 4. 19431E400 T.08560E¢13
MIXTURE MILECULAR WEIGHT 22.85%18 TOTAL ENERGY EXCHANGE RATE “1.68967E+D7 MASS FRACTION SUM 0. 99999625
(CAL-CHes3/GMee2/SEL)
VARIABLE DERIVATIVE INCREMENT RELATIVE EXROR VAR[ABLE DERIVATIVE INCREMENT RELATIVE ERIR
v =D 12459E4D0 ~0.10325E~01 0e28319E~-10 + ~0435137E-07 =D.35315€~08 0.60367:-08
RHO 0e46942E-10 0.,37242E~11 0.283198-10 124 ~J.12346E-07 ~0.10929E-08 0.,97585€-08
T 0.18065£-01 0.150068=02 0. 48202E~09 3 ~J+23113E-07 ~D.13694E-03 0.2338TE~D7
H2 =0429918E-07 ~0.196126~08 D,27038E-09 402 ~De5B446E~10 =0,1T104E-11 0.64920E~D7
OH -0, 60951E-08 =0.43B25E-09 0.29550E-07 4202 ~0.33726E-10 ~0+11321E-12 0,16853E-058
H20 0451122E-27 0.3%970E-28 0.21252E~08 N2 Do =0e 0.
(GCRP) IND OF THIS TASE =~ READ OATA FOR NEXT CASE
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DISTAMCE~AREA VERSION

GENGRAL CHEMIZAL KINETIZS PROGRAM

H2-ATR SJPERSONIZ Z04BJUSTIIN

REACTION
HUMIER
1 H2 + 04
2 H + J2
3 a + H2
o H + 22
S H + H
-5 H2 + HI2
1 L] + H202
L) H v HI2
3 H *» 4
v n + 0
11 a + He0
12 H2 + 022
13 an + HI2
16 [} + HI2
15 HO2 + 432
15 aH v H202
17 a + H2D2
13 H + H202
ALL THI
(N2 v ) = 5.00000 M{HZ .
M{H20 s b = 32,50000 MiH20 )
“t02 y b) = 220000 M{o2 .
MiH202 o 1) = 6.50000 MiN2 .

SPECIES

H2
oH
H20

H

02

1]
HO2
H202
N2

MINIMUM STEP SIZE

INITIAL STEP SIZE

0,1000

0.10000:-03 C

0E-31 2

AEACTION

A EE R RN N R
ox
o N
]
rPrrErIEIEILIEITILIESITVIEDS

30 BODY RATIJS Al:z

(QUT2uT IN FPS UNITS)

TASE &

REACTIOE RATE VATIABLES
«

4 2.10000E+13 0.

2 1.25000E+ L4 C.

4 2.95000E+13 Je

“ 1.33000E+15 a.

" ,1.30000£+18 -1.u000

H 2.50000£+12 0.

a4 1.17000E+17 [t

o4 7.30000E+13 Q.

M 7.50000£E+23 =2.,56000

“ 1.38000€+18 -1.0000

4 5.75000E+13 0.

24 1.30000E+13 Qe

22 5,00000E+12 0.

02 5+J20000€+12 0.

a2 1.80000F+12 0.

402 1.30000€+13 Q.

432 8,00000E+13 Q.

a4 3.18000E+ 14 0.

1,0 SXZEPT THE FOLLOAING
42 + 7)) = 2.30000 MEH2 v 9
M{42] s T) = 5.00000 “{H20 + 9}
#02 v 71 = 0.78000 w32 v 9}
LIR T3 v 5) = 2.00000 Mi{N2 s N

INYEGRATION CONTRILS

51 = 5.00000
5) = 15.00000
5) = 2.00000
4) = 2.00000
y
9

se ASSIGNED VAIIABLE PIOFILE se

MAXIMUM STEP SIZE

MAXIYJY RELATIVE ERRUR U. Q0010

THZ ARSA 1S CALSULATZOD FRIY T4E FILLOWING POLYNIMIAL

AREA (CM»e2) = { O,

TIME C.

1Aer3 ¢ ( C.

1xee2 + (

0. 1X + ( 2.00000E+03)

THE FILLOWING SPESISS Wwill BE NEGLELTE) FRIM ALL ERRUR COYSIDERATIONS

FLOW PROPERTIES

PRESSURE
{LB/FTee)
VELOCSITY
{FF/SEC)
DENSETY
{LB/FTen3)
YEMPERATURE
(DE3 R}

MASS FLOW ATE
1LR/SEC)
ENTRIPY
(8TJ/LB/DEG R)
MACH NuUMBER

GAMMA

SINCENTRATION
{MDLES/FTe83)
1.380058-04
-8
Je

Je
5,90491E-03
Je
Je
Jda
2.59494E~04

MOLE FRACTION

2.95800E-01
0.
0.

0.
14 49000E-01
Q.

0.

Oe
5+5562008-01

492

AREA

Z.02309E+03

1.49335E+04

9.75677€-03

2.80620E¢03

3.13656E402

Z2.68850E+00

5.037282¢00

1.31734E+00

NET SPECIES PRAIIUITIIN T2

INITIAL ZONDITIONS
2.15278E+00

H202

SQ FT

AXIAL POSITION

TNTESRATION INDICATORS

CHEMICAL PROPFITIZS

{MOLE/FTee3/SEL)
~L.43111E-03
2.86218E-03

0.

3.58833E~08
~1.43109E-03

4.83937€~-10

0.

s

Qe

STEPS FRIM LAST PRINT

AVERASE STEP SIZE C.
CONTRILLING VAR[ABLE
ELATIVE ERROR 0.
PIEDICTIR ITERATIONS

REASTEON NET REACTION CINVERSION RATE
NUMBER (MOLE=-FTwe3/LBes2/S C)
1 O«
2 0.
3 O
4 0.
S ~1.83473E~04
5 0.
7 0.
L} 0.
3 0.
10 -2.54133E~06
11 0.
12 1.50333F+01
13 0.
14 .
13 0.
1% 0.
17 0.
13 0.

0.100C0E+00 CHM

NASA LEWwIS RESEARCH CENTER

ACTIVATION
ENCRGY
§100.00
16300400
9300.00
-1:200,00
O
24000,00
45500, 00

18000.00

1300.00
1000.08
9000.00

4,00000
20. 00000
1. 60000
1.60000

FT

RATE CINSTANT
1C5S UNLTS)
4.04829E+12
6.43456E¢11
1.25161E5¢12
2.19575E¢15
6.41637E414
4e14T73E4C9
4o 59673E+10
T7.02C000E+13
3, T46BLE+]5
T«33176E¢14
1.723158+411
9. *I5TEE+06
6e - LOO0E+L2
6.00000E+12
1. 800002 ¢12
5.49327E+12
5.79301E+13
1.,74082E¢13

89



MIXTURE MILECULAR mEIGHT

VARIABLE

v
RHO
T
H2
OH
H20

SPECTIES

H2
O
H20

H
02
s}
HO2

H202
N2

DERIVATIVE
0.17794E+D0
~0.61096E-10
=0.19753E-21
~0,32225E-06
0.64449E-D6
0.

TIME 44393

FLOW PRO

PRESSU
({LB/F
VELOCI
({FT/$
DENSIT
tLB/F
TEMPER
(DES
MASS F
{LB/S
ENTRIP
18T/
MACH N

GAMMA

CONCENTRATION
(MOLES/FTee3)
1.36005E-04
1.04491E-10
2,15362E~11
2,12735¢~11
5490490E-05
2.45602E-13
1.86705E-14
2.59776E~L8
2.59494E-04

MIXTURE MILECULAR WEIGHT

VARIABLE
v

RHO
T
H2

OH
H20

90

20,91269

INCREMEN
0.
0.
0.
Q.
0.

93E-08

PERTIES

RE

Texz)

TY

EC)

Y

Tes3)
ATUKE

R}

LOW RATE
EC)

Y

LB/DEG R}
UMBER

MILE FRACTION

2.,95800E-01
2423967E-07
4.61607E-08
4.55976E~08
1.4B000E-01
5.26424E-10
4.00184E-11
5.56805E~15
5.56200E-D1

20.91269
DERIVATIVE INCREMEN
0.82322E-01 0.
=0.28255E~10 0.
~0.91349E-32 Q.
=0.53296E-06 0.
Cs43751E-D6 Ge
0421056E-06 0.
TIME 6.69641E-06 SEC
FLOW PROPERTIES
PRESSURE
(LB/FTes2)
VELDCITY
{FT/SEC)
DENSITY
{LB/FTes3)
TEMPERATURE
{DES R}
MASS FLOW RATE
(LB/SEC)
ENTRIPY
{BTJ/LB/UEG R)
MACH NUMBER
GAMMA

TOTAL ENERSY EXCHANGE RATE
{BTU-FTew3/1 Bee2/SEC)
T RELATIVE ERRDR VARIABLE
0. 4
0. a2
0. J
0. 432
0. 4202
0. N2
AREA 24152785400 SQ FT
2.023092403

14493353404
3.75677£-03
2.80620E+03
3.13656E402
2,68890E+00
5.0372BE+00
1.31734E+0D

CHEMICAL PRDPERTIES

5. 13574E405

DERIVATIVE INCREMENT
0.80830E-11 Oe
~0.32224E-05 0.
J.10897E~12 0.
0. 0.
0. 0.
0. 0.

AXTAL POSITIDN

INTEGRATION INDICATORS

STEPS FRDM LAST PRINT
AVERAGE STEP SIZE

CONTRILLING VARIABLE

RELATIVE ERROR

PREDIZTOR ITERATIDNS

MASS FRACTIDN SUM

1. 00000000

RELATIVE ERRIR

6.5616BE-04

2

FT

0+10000E~-01

0.

RATE CINSTANT
(C5S UNITS)
4,04B29E+)12
6. 48455E¢11
1.251612+412
2.19575E+15
be4143TE+10
4. 16TT2E+09
bes94TIE+LD
7.00000E+13
3. 7468BlE+15
T.93177E+14
1.72314E+11
S 3T575E+06
6.00000E+12
6.0C000E+12
1.80000E+12
5.59326E¢+12
54 79301E+13
1.74082E+¢13

0. 99999999

RELATIVE ERRIR

1.00000E~-01

NET SPECIES PROJUTTION QWTE REACTION NET REACTION CINVERSION RATE
(MOLE/FTee3/SEL) NUMBER (MOLE~FT#e3/LBsw2/SEC)
~2.366B7E-03 1 9.82291E+00
1.94301E-03 2 1.60277E~01
9+35090z-04 3 7413783E-03
9.19433E-04 4 1.17069E~02
~1.447456E-03 5 ~1.BB471E-04
1.45793E~05 6 1.79827E-06
lell627:-0% 7 “B.4T7663E-08
1.79260E-10 ) 44 64347E-09
0. 9 2441876E-08
10 ~2+56181E-06
11 =B+ 14132E-06
12 1.50332E+01
13 Be21298E~10
16 ~1.43289E~07
15 ~2423242E-13
16 2.07647€~13
17 ~64.18016E-11
18 1.61652E~13
TOVAL ENERGY EXCHANGE RATE 2.49034E405 MASS FRACTION SUM
(BTU~FT#e3/LBan2/SEC)
T RELATIVE ERROR VARIABLE DERIVATIVE INCREMENT
0. 4 0.,20703E-06 O«
0. J2 =).32533E-06 0.
0. 3 J+32B29E-08 0.
0. HO2 0.25090E-09 0.
0. 4202 0440355E-13 Oe
0. N2 Js 0.
AREA 2.15278BE+00 SQ FT AXTIAL POSITIDN
INTEGRATION INDICATORS
2.0267T7E+03 STEPS FROM LAST PRINT 110
1,49327E+404 AVERASE STEP SIZE

9.75730£-03
2481146E+03
3,13656E402
2.69240E+00
$.03290E+00

1.31717€E+00

CONVRILLING VARIABLE

RELATIVE ERROR
PREDICTOR ITERATIONS

FT

0.27527E~01

JH

0.1193%E~06

3



SPECIES

H2
oH
H20

H
Q2
o
HO2
H202
N2

MIXTURE

VARIABLE
v

RHO

T

H2

OH

H20

SPECIES

"2
oH
H20

H

02

[}
HO2
H202
N2

MIXTURE

VARIABLE
v

RHO
T
H2
OH
H20

{GLKP)

SINCENFRATION
{MOLES/FTes3)
1436230604
14256414E-07
1.18752E-0%
3.33057E-07
5.82746E-05
1.81600€-07
3.06291€-03
2.15140E=10
2.59508E~04

MILECULAR WEIGHT

OERIVATIVE

~0.56252E+22
0.19316E-07
0.66073E+01
-0,36205€6-03
0.26800E-04
0. 25002E-03

TIME 1.710

FLOW PR0O

PRESSU
(LB/F
VELOZI
{FT/S
OENSIT
{LB/F
TEMPER
(DE3
MASS F
(LB/S
ENTROP
(8737
MACH N

GAMMA

ZONCENTRATION

(MOLES/FT#s3)
2.56337E~-05
1.75758E-05
1.00330E-04
1,32920€~05
8,96291E-06
5.65619E-06
3.39272E-09
3.63237€-10
2465973E-04

MILECULAR WEIGHT

DERIVATIVE
-0.12210E400
N,4404%E-10
0,17782E-01
-0,23317€-07
~D446453E-09
0445655E-07

IND OF THIS CASE

M3L: FRALTION

2.492119€-01
2468829€E-04
2.°65T0E-3
2400003€~23
le+6348E-CL
3.89265E-04
6436543E-05
4.63301€-27
5459262E-01

20491503

TNCREMENT
-0.10022E+01
Qs 34414E~09
0. 11774E+00
-0, 64648E~05
0.47868E~06
0. 44662E-05

13E-04 SEC

PERIIES

RE 3.6

Tee2)

TY l.4

EC}

Y 1.0

Tes3)

ATURE 5.4

R}

LOW RATE 3.1

EC)

Y 2.8

LB/DEG R}

UMBER 3.7
1.2

MOL~ FRACTION

5445943E-02
4,01754E-02
2459452E-01
3,03834E-u2
2.064877€-02
1.29291E-02
7.75520E-26
8.30293€-07
6, 07969€~01

22.835918

INCREMENT
~0,10351€-0C1
0.37336E-11
0.15035€-02
~0.19934E-08
-0.56931c-09
0,408345-08

- READ 0ATA F

CHEMICAL PROPERTIZS

NIT SPECIeS PROJUSTIUN MTE

{MILE/FT#e3/3EC)

~1.607855+00
1.19020€-01
14110332403
8,60270E~01

-7.14231E-01
L.67350E-01
1.550005-02
1.245192-04
Q.

TOTAL ENERGY EXCHANSE RATE
{(BTU-FTe»3/LB2a2/SE)

RELATIVE ERRIR
Os80139E~-11
0.86172E~11
0.29334E~09
0,12220E-08
0.11939E-05
0.99983E-07

VARTABLE
4

a2

e}

H32

4202
N2

AREA 2.15273E¢33 5Q FT

TO63E+03
56965 +04
0004E~-02
2980E+03
3653E+02
1247E+00
82005+00

S663E+00

CHEMICAL PROPLARTIES

NET SPECIES PRODUCTION RATE

{MILE/FTes3/SEL)
~1.03549E-04
-2.063422-05

2.3275645-04
-1.96248€-04
-5.12273€-05
=1.80650E-05
~T7+423748E-03
-1+29061E-08

0.

TOTAL ENERGY EXCHANGE 2ATE
{BTU~FTee3/L Bee2/SEL)

RELATIVE ERRIR

IR NEXT CASE

REACTION
NUMBER

-1.54159E+08

DERIVATIVE
0.19371E~03

-0.15033E-03
J.37738E-04
0.34902E~05
0.23033E~27
0.

AX1aL PISITION

1. 16514E+04
6.98470E+03
5.22103E+403
5.12084E+02
2.0367BE+00
2.91772E£400
1.018905400
3.356530E+02
1.28709€+04Q
3.28299E~02
~5441139E+00
1.50631E+01
3,87T69E+00
5.614B2E+00
2.84084E-01
2411231E-02
2.39986E~01
5.93B3BE-01

MASS FIACTION SuM

INCREMENT

0.34520E-05
~0.28740E~05

0.57517€-0N5

0.63505E-07

0.50472E-09
-0.

INTESGRATION INDICATORS

STEPS FROM LAST PRINT

AVERAGE STEP

SIZE

CONTROLLING VARIABLE

RELATIVE EROR

PREDICTOR ITERATIONS

REACTION
NUMB:ZR
1
2
3
4
5
)
7
8
9
10
11
12
13
14
15
15
17
13
-4, 789305405
VAL ABLE DERIVATIVE
4 =)o %%132)E-07
J2 -J.13737E-07
k) -J.17574E-07
432 =0,15237E~1D
4202 -J.23051E~-11
N2 Ne

1.01134E+00
1.33329E-01
4,38638E-01
5.72572E-01
4,15659€-01
-5,48228E-04
~7.43414E-02
540519Y5€=01
1.30252E+00
1.33759E-02
%413043E~-01
1.13978E-03
5.71222E-02
1.84122€-02
2.55788E~06
1. 71343E-03
5.Q07703€E-03
6.71343£-02

MASS FRACTION SuM

INCREMENT
-0.35126E-08
~-0.11081£-0%
-0.12361£-08
-0.17504€E-11
-0s13354E-12
-0,

NET REACTION CONVERSION RATE RATE CONSTANT
[MOLE~FT es3/LBew2/SEC)

(C5S UNITS)
4o 60TTESL2
65,54870Z¢11
1.2590462+4L2
24194438415
5.40237L ¢14
4420827E+09
5,031075¢10
7.00000€E+13
3.728612+15
7.91855E+¢14
1,74198E+11
9.62241E406
6.00000E+12
6.° 0000E+12
1.800002+12
5.599355+12
5. 79651E+13
1.750315+13

0e 99999986

RELATIVE ERRIR
0.89522E~07
0.107%12-08
0.10349E-05
0.95532E-037
0.47328E-07
0.

2.50000E+00 FT

153
0s99890E~01

0

0433940E-07

]

NET REACTION CIONVERSION RATE RATE CONSTANT
{MOLE~FT #23/LBee2/5 C)

{CGS UNITS)
B.36859:+12
8.240892+12
5.7TTL40E+12
1.67866E+15
3.315042¢14
1a75179E+11
5,91164E+13
7.00000E+13
6.73490E+14
4432263E414
2.354TGE+L2
7.66739€+09
5.00000£+12
6.00000E+i2
1."0000E+12
7.40611E+12
64 77080E+13
7.085450E+13

0.49993623

RELATIVE ERRIR
0.34355E-08
0.16731E-09
0.33940E~07
0.76343E-07
0.15854E-06
C.
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92

PRESSURE
(ATH)
VELOCITY
(SM/SECH
DENSITY
{3M/CHee3)
TEMPERATURE
{JEG K)
ENTROPY
{ZAL/GM/DEG K)
MAZH NUMBER

GAVMA

SONIC VELOCITY
LoM/SEC)

MIXTURE MOLECULAR WEIGHT

O(LOG VOLUME})/DILOG T3
AT CONSTANT P

U{.I6 VOLUME)/DILOG P)
AT CONSTANT T

13
INITIAL STATE
1.7300

O.
3.61559E~04

1645.00

2.1308

0.
1.2777

0.

EQUILIBRIUM COMBUSTION =e

FINAL STATE

1.7300
0.

2.31911E-0¢

2541.98

2.3013

0.

1.1937

Do
SPECIES MOLE FRACTION
e 1.78855E~18
CH3 204]1035E~17
H 9.19070E~0&
02 9.T2775E-02
HO2 5.47067E~06
co 4.906B6E~03
o2 4044220E-02
0 $,17885€-03
£420 8.05191€E~12
OH 1.11270E-02
H2 1.62431€-03
420 9.10073E-02
HLO 1.03707E-09
Hz202 3,02954E-07
N2 T.464532E-01

27.9514%

1.0953

~1.0037

FINAL/INITIAL RATID
1. 0000
Ce
Ceb4lé
145453
1l.0800
Ce
0.9342
Ce



DISTANCE-PRESSURE VERSION

RZAZTION
HJM3ER

M{CH&
M(CO
M{H20
MiN2

N O WW S W

- -

13

v 3)

v25)
»27)

GENERAL CHEMICAL KINETILS PROGRAM

METHANE-AIR CIMBUSTION AT ZINSTANT P

5.00000
2.00000
6.00000
1.50000

MINIMUM STEP SIZE

INITIAL STE? SIZE

PRESSJRE (ATH

POFOPE I I R IR SRR R R I I I 2 S A I 4
[

REACTION

MR EE R R I o e B O A B B LU

CH3
SH3
HB2
232
CH20
CH3
H3
H3
UH
IH
H20
<oz
CH23
ACO
HIJ
4C0
pe)
co
23

H

ot
H202
bl
OH
H23J
JH
423
J

PE P LTI IE P IEILILTTFITILILTETEILIITETIETS

o

ALL TAIXD BODY RATIOS ARE

M{02
M(Cco2
M(HZ20

0.10000E-03

0.200002-01

s 3)

3

$27) =

-

=

“

»s ASSISNZD VAR[ABLE PROFILE e

2.00000
7.50000
20400000

NASA LEWIS RESEARCH CENTER

(JNE UNIMOLECULAR REACTION)

1.) EXJEPT

€32
“(42
4(4222

INTEGRATIIN ZONTRILS

QEACTION RATE VARIABLES
N

3.80000E¢+14
1.30000£+13
1.53000E+15
1.50000E+13
7.50000€+10
6¢30000E+13
2.00000E+13
7.20000£+13
1.25000E+14
2,350008+13
2.10000E+13
%.20000E+11
1.90000E+13
1.00000€+13
7.,00000E+10
4.00000E+1L
1.80000€+11
1+10000E+11
1.50000E+12
2.00000€+13
1420000E+11
1.80000E+12
7.30000E+13
$.,00000£+12
5.)0000E+12
1.17000%+17
7.50000£+23
2.75000€+19
5.75000E+13

THE FILLIWING

+25)

.

+25) =

J.78000
5.00000
5.60000

MAXIWYM STEP SIZE

THE PRESSURE IS CALCULATED FROM THE FOLLOWENS POLYNOMIAL

} =t O,

YX#e3 + ( O,

)Xwe2 + { Do

CASE 5

M(02
M{H20U
veN2

MAXIMUM RELATIVE EROR

X o+

FHE FOLLOWING S2ECIES WILL 8E NISLECTED FRIW ALL ERR0OR CONSIOERATIONS

co2

H

oH
H202

HO2

0

227)
» 3)
+ 3)

0,200COE+00Q CM

€. 00010

1, 73000£+00)

ACTIVATION
EN-RGY
1037C0.00
63000.00
-1000.00
41000.00
Qe
11400,00
9200,00
5400.00
16200.00
9300400
51C0.00
1900.00
O.
2700.00
1000.00
4000.00

28600.00
5400,00

Q.
45500,00

0.
118700,00
18000.00

= 1.60000
= 32.50000
= 2.00000
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TIME (O

FLOW PROPERIIES

PRESSURE
LATM)
VELNIITY
{C475kC)
DENSITY
{GM/CHew3)
TEMPERATURE
{DE3 K)
¥ASS FLOW RWATE
(GM/SEC)
ENTR)PY
[CAL/GM/DEG K)
MACH NUMBER

GAMMA

SPECIES SINCENTRATION MOLE FRACTION
{MOLES/CMee3)

CHa 5.37852€-07 4. 975680E-02
CH3 J. 0.

H J. 0.

02 2.55141E-0D6 1.%3072E-01
HO2 Je 0.

co J. 0.

co2 Je O.

0 . 0.

CH20 Js Ca

OH Je 0.

H2 J. 0.

H20 J. 0.

HCO Je O

H202 3. 0.

N2 3.62725E-06 7.%1160E-01

MIXTURE MILECULAR WEIGHT 28.21038
VARIABLE DERIVATIVE INCREMEN
v -0 0.
RHO 0.56108E~08 0.
T ~D429616E-0] 0.
CHe -0.89327E~07 0.
CHI C.89327€~-27 0.
H 0.,88108E~07 0.
374 ~0412214E-D8 O
HO2 0.121938E-08 0.
co 0. a.

94

INITIAL CONDITIONS

AREA 1.000326+¢03 39 CM AXTAL PISITION

INTEGRATION INDICATORS
l.73000 STEPS FROM LAST PRINT
157412.62 AVERAGE STEP SIZE
3.61559E-04 CONTRILLING VARIABLF
1645.00

5.69139E+04

2.1308 RELATIVE ERROR
2.0000 PREDICTOR ITERATIONS
1.2717

CHEMICAL PROPERTIES

0.

2]

RAT: CONSTANT
{C5GS UNITS)
7.3861612+00
4. 26588E+0%
2.15901E+15
5. 1656E+07
T7.50000E+10
l.6697E412
1.19880E+12
1.184364£+13
Beu3T70E+11
1.47670E¢12
4.61213E+12
3.09309z+11
1.900002¢13
5.42358E+12
9.195115+12
1.,00076E+13
7.30055E+¢12
4a%6145E¢]12
6,06379E+13
l.,28648E+11
Te17419E+11
1.40000E+12
7.000005+13
6. 00000E+12
6.00000€¢12
1.05485E+11
3.25B595+15
2+8381BE+00
2.336752¢11

0. 99999999

NET SPECIeS PRODUCTION RATE REACTION NET REACTION CONVERSION RATE
(MILE/ZMme®3/SET) NUMBER {MOLE-CMee3/GMee 2/SEC)
-5.08397E-06 1 3.83596E401

5.083972-05 5431069E-01
5.01454c-05 3 0.
~6.95156E-08 4 0.
6.94233E-08 5 G.
O. 5 0.
0. 7 0.
1.85618E-10 8 Ce
0. 9 0.
[ 12 0.
0. 11 0.
G. 12 0.
[*N 13 0,
0. 14 0.
0. 15 Ce
is 0.
17 0.
18 0.
19 0.
20 0.
21 0.
22 0.
23 0.
24 0.
25 0.
26 0.
27 0.

28 7.09957E-04
23 0.

TITAL EVERGY EXCHANGE RATZ 4,05133E405 MASS FRACTION SUM
{CAL~CMe#3/GMee2/5ET)

T RELATIVE FRROR VARTABLE DERIVATIVE INCREMENT RELA
O. 02 Je Ja 0.
0. 0.32614E-11 0. 0.
[ 420 0. 0. 0.
O. 24 0. 0. 0.
0. H2 Ds D. 0.
D. H20 0. 0. 0.
0. 1L0 Oe 0. 0.
0. 4202 Ca 0. 0.
0. N2 Je 0. 0.

TIv: ERRIR



1.53814k-04 SEC a3za 1.01515E+23 M AXTAL PISITION 2.500005+01 CH 4
FLOW PRUPRRTIES TVTESRATION IVOICATORS
PRESSURF 1. 73000 STZPS FROM LAST PRINT 76
(ATM)
VELDZITY 157412,62 AVERAGE STEP SIZE 0.19834E+00
(Cur7set)
UENSITY 3.55809E-04 CONFRILLING VARIABLE HCO
(GM/CMee3)
TEMPERATURE 1671.27
[DE3 K}
MASS FLAW RATE 5.69139E+04
{GM/SEC)
ENTRIPY 2.1391 RELATIVE ERROR 0.33549E~45
{CAL/GM/DEG X)
MACH NUMBIR 1.9845 PREDICTOR ITERATIONS 4]
GAMMA 1.2771
CHEMICAL PROPFRTIZS
SPECIES CONCENTRATION MIOLE FRACTION NET SPECIcS PRIDIUSTIIV RATE REACTION NET REACTION CINVERSION RATE RATZ CONSTANT
{MOLES/CM=#3} (MJLE/ZMea3/SEL) NUMBER (MOLE-CMan3/GM#e2/52C) (€3S UNITS)
CH4 5.78213E-07 4418359F~02 =B8.261945-04 1 5.58913E+01 1.290092+01
CH3 4.08377E-09 E #33E~04 5.39991:-05 2 3.35225E-01 S5¢775372¢04
H 1e62962E-11 1.29182E~-u6 5,376542-07 3 =1.62136E+02 24148655415
02 2.46367E~06 1.95297€~01 ~8403013€-064 4 2433665E+00 60959995 +07
HO2 3.30815€-10 24 h27240E-U5 1.01506E-05 3 5.963.6E403 7.500002+10
co 1.72519€-09 1. 36T57E-06 541355%22-03 5 1.44838E+02 1.775973+12
coz 8.61762E-12 Le33126E-07 3.555062-07 7 1,554C1E+02 1.253025+12
Q 2489278E-11 2, 23313E-00 7.53521£-07 9 6.15949E+03 1.21842E+13
cH20 4.36535E-08 2446045E-03 6.9489 0% 3 2.92503E402 3423384E+11
OH 1.11328E-10 34 ¢2307E-0C 2.015652£-05 1% 2.796415=01 1.564795E+12
H2 8.42517L-10 Heol13T1E-05 24196138¢-05 11 2.04017€+00 4.52158E+12
H20 2.81161E-08 3451421E-03 3+25381E-00 12 44 71655E~01 3,108005+11
HCOD 1.599u1E~11 l. /6 755E~06 5.82771E-07 13 1.77382€401 1.,90000E+13
H202 1.140603E8~-13 4 UB4TLE-09 1.247312-08 1% 3.GTT01E+01 5.4T599E+12
N2 F.HT415E-06 Te21024E-01 e 15 3.58632E+02 9.34248E+12
16 1.,02734F+02 le 2994E+13
17 2.68861E-02 7.35851E+12
13 6.32320E-02 4.49693E+12
19 1.26217€E~01 6.13218E+13
20 2.37069€+02 1.48789€+11
21 2.50248E402 Bs 4217E¢11
22 1. 55594E+00 1.30000E+12
23 2, 98082E+00 7.00000E+13
264 4.52688E~01 6+ 00000E+12
25 1.72456E+00 6. 00000E+12
26 14 45742E+00 10312855411
27 8.23109€~04 3.12708E+15
28 1.16018E-03 4. 24374E+00
29 2.35732F+00 2454585E+11
MIXTURE WILECULAR WEIGHT 28.20329 TOTAL ENERGY EXCHANGE RATE ~4,04930E+08 MASS FRACTION SUM 0499999971
(CAL-CMwe3/GM®e2/SET)
VARIABLE DERIVATIVE INCIEMENT RELATIVE ERARUR VARI[ABLE DERIVATIVE INCREMENT RELATIVI ERIR
v 0. ~0. 0. k-4 J3.53673E-08 0.70033E~09 0.56212E-09%
RHO ~0.61662E-26 -0,68005E-07 0,7d3072-09 J 3413454E-07 0.14914E-08 0.59127E-06
T J.28477E+01 0.31673E+00 0.10421£-03 422 0412427604 0s13813E-0" 0.30398E-07
CH4 =0.14751E~04 =04 16409E-05 0.45036E-08 a4 0.35004E-07 0.39858E~03 0.33326E-05%
CH3 0.12319€-35 0.13655€-06 0.i1596E-05 12 0+33211E-05 0,43371E-07 0.29580E~0%
H C.95996E-I8 0. 10234€-08 0.30018E-05 H20 0.,14737E-04 0.16389E-03 0.58B833E-07
02 ~0e14337E-04 -0.15948E-05 0.10308E-08 4C0 0.10405E-07 0.11271E-08 0.3354458-05
HO2 0.18123E-06 0.20102E~-07 0.53903£-07 4202 0.22270E-09 0.15353E~-10 0.99254E-24%
co U.10957E-D5 0.12107E-26 0.431715-06 N2 Je -0 0.
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SPECTES

CH4
CH3
H
o2
HD2

MIXTURE

VARIABLE
v

RHO
T
CH4
CH3
H
02
HD2
co

96

TIME 2.41404E-04 SEZ AREA 14112428403
FLOW PRIPELRTIES
PRESSURE l.73000
{ATY)
VELJZITY 157412.62
{CM/SEC)
DENSITY 3,25025E-04
{(G4/CMen3)
TEMPERATURE 1818,15
(DES K}
MASS FLOW RATE 5.59139E+04
{GM/SEC)
ENTRIPY 201361
(CAL/GM/ZBEG K)
MACH NUMBER 1.8973
GAMMA 1.2765
CHEMICAL PROPERTIZS
ZONCENRTRATION MOL® FRACZTION NET S2ECIcS PROJUZTIIV RATE

{MULES/CMwe3)
2.76TeSE-CT
5.31955E-08 4
1.5635%519E-09
1.99865E~06
5.824¢0E-09
3.92853¢-08
3.21151€~10
1.25851E-09
1.51727e~07
3.14395E-09
2.766276-08
3.2T487E-07
1.48625€E-09
1.52901E-11
8.65447E-D6

\7~et=ﬂ’°d"’c-ed
best ava!

MILECULAR WEIoHdT

DERIVATIVE
~0.
=0410217E~04

0.50590E+22
~0,24818€-03

0. 67466E-0D4

0.47069E~35
“0,26455E-03

0.423536E-3S
0.16168E-03

24 58720E-02
SBTY7E~-03
1.41031E~04
1.72378E-01
$.6B5T0F=-24
7.70063E-03
T.94469E~05
l.0B8543E-us
1.20861E-07
2.71158E-04
24 38584E~03
2,32449E-02
1.78135E-24
1.40498E-06
Te46426E-01

(MILE/ZMen3/SZ0)

~1.26977c~02

3.%95175E-D3
2.40719E-04

-14356405E-02

241762904
8.27224E-03
1.22939E-0¢
1.509982-04
64 96665E-04
4.11843E-04
2429540E-03
1.67108z-02
1.54067E-04
1.66410E-06

0.

28.03260 TITAL ENERGY ZXTHANGE R4TE
(CAL-LMes3/5Mee2/SED)
INCREMENT RELATIVE ERRIR
=0. 0.
~0.89754E-06 C.75298E-06 2
0s44376E+01 0.8039565~06 ~H2]
-0.21901E~04 De4l276E-05 IH
C.59716E~05 0.32071F-05 42
0.36519E-06 0e1156742~03 420
~0.23258E-04 0.38457-~-05 HD
0.42173€E-06 0.29646E~08 4202
0.140356E-04 0.25572E~04 N2

50 CM

AXIAL POSITION

INTESRATIIN INDICATIRS

VARTABLE
o2

STEPS FRIM LAST PRINT

AVERAGE STEP SIZE

CONTROLLING VARIABLE

RELATIVE FRROR

PREDICTIR ITERATIONS

OERIVATIVE
0.24029E-05
0.23513E-05
J.1361TE-D4
0.8D496E-03
0,4688¢E~D6
J.32552€~03
J.30113E-05
0.32525€E~07
0.

INCREMENT

0.20514z-0¢
0.25078E-06
D+ 141955~03
0.€£5920E-06
0.39209E€-05
0. 2B547E-06
0.26862E-06
0.58875E-09

-0

3.80000E+01

%]

27
0.11158E+C0

HCO

0.38975E-04

0

REAITION YET REACTION CONVERSION RATVE RATS CONSTANT
NUMBER {MDLE-CYes3/Gvea2/SEC) (C3S UNITS
1 -4, 13987E+03 1.580282+402
2 “1.12356E+02 Z2.HT378E405
3 ~1.40356E+04 2.C9701E+15
& 3.1B726E+02 l.: 8567€408
5 7.564810F+404 7.50000E+10
5 9. 803598403 24532925412
7 5.08935E+403 le26729E¢12
3 1. 09555E+05 1.406653+13
9 4e21275E404 1.372715+12
10 5. 72273E402 1l.36467E+12
11 2.463F6E+C3 5..18%0E+12
12 8.45008E+02 3.184533+11
13 1.20407E+04 l. YOODOE+13
1e 1. 34983E4¢04 54 74899E¢12
15 4e58460E404 1.01539E+413
16 2,15822E+04 1.194D4E+13
17 1.35894E+402 Teb75156E412
18 2.076463E402 4a£903BE+12
19 1.47140E+03 6.3G9597E+13
29 5.07584E+04 3.11172E+1)
21 2.68955E+04 Fe 3655BE+11
22 T+93468E+02 1.300005+12
23 T.39604E+403 7.00000E+13
24 4.87690E+02 6. €000
25 1.21774E+03 6. 0000
26 TeTTT16E+02 3.97089E+11
27 2.94476E400G 2.51202E+15
28 ~B.54754E-02 8.1 5539E+01
29 1.10858E+¢03 3.74448E+1)
~T.94840E+)2 MASS FRACTION SuM 0.99995977

RELATIVF ERRIR
C.T7609E-D4
0.8B8250E-04
0.94955E-05
0411139€-03
0.15830E-04
0.86454E-05
0.38975E-04
0.13681E-03
0.



SPECIES

CH4
CH3

H
02

MIXTURE

VARIABLE
v

RHO

T

CH4

CH3

H

02

HO2
co

2.50933E-04 SEC AREA 1.21259€¢03 SQ CH AXI AL POSITION 3.95000E401 (M "
FLOW PROPERTIES INTESRATION INDICATORS
PRESSURE 1.73000 STEPS FROM LAST PRINT 26
{ATH)
VELOCITY 157412.62 AVERAGE STEP SIZE 0.61148E-01
(CH/SEL)
DENSITY 2,9B146E~06 CONTROLLING VARIABLE HCO
{GM/CMee3)
TEMPERATURE 1959.63
{DEG K)
MASS FLOW RATE 5.69139E+04
{GM/SEC)
ENTROPY 2.2310 RELATIVE ERROR 0.17799€~04
(CAL/GM/DEG K)
MACH NUMBER 1.8158 PREDICTIR [TERATIONS o
GAMMA 1.2787
CHEMICAL PROPERTIES
SINCENTRATION MOLE FRACTION MET SPECIES PRODUITION RATE REACTION NET REACTION CONVERSION RATE RATE CONSTANT
{MOLES/CMwe3) {MOLE/ZMes3/SEC) NUMBER (MOLE=-CMwe3/GMae2/SEC) (CGS UNITS)
3.96005E-08 B.33100E-03 =2.28911€-02 1 ~b o 42863E+04 1.23761E+03
8.61361E~08 8,00887E-03 9.91434E-04 2 -2.09712E402 9415635405
3.74121E~09 8.12752E-04 2.36965E-03 3 =3.52650E+04 2.05553E+15
1.62461E~06 1.51055E-01 ~3.95226€E~02 & 1.88715€+03 4. 28101E£408
$5.95192E-09 5453406E-04 ~5.4T244E-04 5 1.1B8070E+05 T+50000E+10
2.41245€E-07 2. 2#308E~02 3.31094€~02 6 2. 15503E404 3.33304E£¢12
5.45722€6~09 5.07408E~04 1.63593E-03 7 1.21874E404 1.88360E+12
5096839E-09 6.47917E-04 2.35485E-03 8 2. 6827BE+05 1.5824%E+13
9.95371E-08 9.25490£~03 -1.31231€-02 9 2.90260E+05 1.90122E+12
1.88113E~08 1.74906E-03 5.83533E~03 10 7.91588E+03 2438965E¢12
5.00369€-08 5.58219E~03 4.88511E~03 11 4433624E404 S5.66808E+12
5.65220E-07 5.25537€~02 4.86171E-02 12 1.65166E+04 3.24880E+1}
4«00419E-09 3.72307E-04 2. TT462E~0% 13 1.28296E+05 1.90000E+13
5462114E~12 6+ 15629E-07 «1,60565E~06 16 5.85382E+04 5.98339E¢12
T.93875E-06 T438140E-01 Q. 15 2029910E+05 1.09167E+13
16 1.05350E+0% 1.35288E+13
17 2.50121£+03 T.96318E+12
18 4.12626E403 4. 86945E¢12
19 2. 61461E+04 6.64015E+13
20 2. 77156E405 5.7209%E+11
21 8.09468E+04 1e10623£412
22 T«17328E+02 1.80000E+12
23 4.09693E+04 7. 00000E+13
25 2. TITILE+03 64 00000E+12
25 T7+55152€+03 6.00000E+12
2% T.35391E+402 9.8569BE+11
27 1.03840E+02 2.06733E+415
28 =3.11514E+00 84 10959E4+02
29 6+40109E+03 S5465192E+11
YOLECULAR WEIGHT 27.72139 TOTAL ENERGY EXCHANGE RATE -3,05072E+10 MASS FRACTION SUM 1.00000010
(CAL=-CMae3/GHee2/SEC)

DERIVATIVE INCREMENT RELATIVE ERROR VARIABLE DERIVATIVE INCREMENT RELATIVE ERRIR
~0. -0, . L0 J.34958E-04 0. 9159006 0.64862E-05
~0.31309€-04 «0,86125E~06 0.66504E-08 0 2,53176E~0% 0.12524E-05 0.22061E-04

0.178L3E+03 J.4T6L4E+0L 0,69262E-07 “H20 ~0.27962E~03 “Q.74328E-D5 0,10099E~05
~0.48775€-03 ~0.13289E-04 0433298E~05 a4 0,12634E-03 0.33226E-05 0.36878€~05

0.21125€~04 0. 76102E-06 0.45417E=-05 4?2 0.10433€~03 0e284T4E~05 0.14193E~05
0.50491E-)4 0413078E-05 0.866486E~05 H20 3.10359E-02 0.27846E-04 0.17071E~06
-0.84213E-03 =0 22578E~04 0.91784E-07 HCO 0,59120€-05 0.19574E-06 0e17799E-04
~0e13791E~04 =0¢ 35341E-06 0.42568E-05 1200 ~0.34212€-07 ~0.82516E-09 04191005~05
0.70548E~03 0.18909E-04 0.116893-06 N2 Je ~0e 0.
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Tire

2454109E-24  Sel

FLOW PRUPFRITES

PRESSURE
{aTv)
VELNZITY
(CMs7s-C
DENSITY
{(G4/CHme oy
TEMPERATURE
(DES K) .
MASS FLUW RATF
{GM/SFC)
ENTRIPY
{CAL/GM/OEG K)
MALH NUMBSR

LESE-Y

1.73000
157412.62
?2.788564k-04

2070466
5.£69139E+0¢

242632

1.7551

l.2804

CHEMICZAL PROPZTICS

14295535403 SQ

A

AX1AL POSITION

INTE3RATION INDICATORS

STEPS FRODM LAST DRINT

AVERAGE STEP SIZE

CONTROLLING VARIABLE

RELATIVE FRRIOIR

PREDICTOR ITERAT IONS

GAMMA
SPECIES ZONCENTRATION MOL. FRACTION
{MOLES/LMee3)
CHS4 2,22181t-08 2. 18976E-03
CH3 5.82792E-08 S5 T4363E-03
H 2.040U0E-08 2401056E-03
02 1.36036E-006 1.34073E-01
HO2 239n44E~09 2.65465E-04
co 3.47748E~07 3.42779E-02
tn2 1.60579E-08 1.58262E-03
0 2434900£-08 24 31511£-03
CH20 %¢36A95E-08 4.50591€~03
OH 5.50120E-08 5.42182E-03
H2 5.42010E~08 «22747E-D3
H20 7.03032E-07 64 I28B8RE-02
HCO 3.90309¢E-09 3. 446TTE-UG
H202 7.10135E-12 6.99889E~07
N2 T.42506E-06 T4 21792E-01

[Reprodu
best aVv

C
a

ed fr
Hable

MIXTURE MDILECULAR WEIGHT

VARTABLE
v

RHO

T

CHe
CH3
H
02
HO2
co

98

DzRIVAT IVE

~0.43372E-04
0.28268E+03
~0431402E-03
=N.41400€-33
0.12983E=-23
~0s14672E-02
=N,21595E-D4
0.90758E~03

NET SPECIES PRIDUCTION RATE REACTION NET REACTION CONVERS[ON RATE

{MILE/CMew3/5EL) NUMBER {MOLE-CMen3/;Men2/S:C)
~le373398-02 3 ~T4925:28+04
~1.817272-02 2 ~B,43341E40})
5.59890E-03 3 =2+ 50956E+04
~0e44029E~02 4 4.707216E403
~9.47909E-04 3 T.04572E404
4.2647212-02 5 1l.53421E+04
6.61424E-03 7 1.18183E+404
1.23063E-02 8 242946 0F+05
~1.647282-02 3 7.05913€405
1.82080F-02 12 2.43750E404
=l.45571E-03 11 1.50246E¢05
6415943E-02 12 8,03532F+04
~6.558T7T15~0% 13 3.34501E405%
1.102776-05 14 T.05516E+04
Ue 15 3.56430F+05
15 1.95850E+05
17 9.67151E403
13 1.38417F+04
19 6. S992TE+04
20 4.536H6E+05
21 B. 40658404
22 1.94163E+02
23 5.31728E+04
24 5.23971E+03
25 1, 2274BE+04
26 5.23441E401
27 T.36153E+402
28 ~3.T4651E+01
29 ~2.91457E+04

VARTABLE

La2

27.48301 TOTAL ENERGY E©XCAANGE RATE
(CAL-CMen3/GMee2/552)
INCREMENT RELATIVE ERRIR
-0, 0.
~0.97549E~06 0.62199E-05
0.63143E+01 N.40958E-06
~0.73109E-05 0.3U523E~00
=0.90190E£-05 0.56393FE-06
0. 28987£-05 0.11295E-06
~0.327¢4E-04 0.57285F-05
“0.48310E-06 0.10321=-34
0.21621E~04 9. 37598F=05

~5.1939246+10

DERIVATIVE
Je¢15058E-03
0.2B035E-03

-0,37523€E-03
Je414B1E~D3

~J+33185E-04
0.14232E~02

~0s14955E-0¢
J.25123E-06
0.

MASS FRACTIDN SuM

INCREMENT
0432843E-03
0.56441E-0
=0st5212E-0"
0. 38868E-0"
“0eu1347FE~0
0e:1271€-0
~0.24833E=-06
0.15323E~013
-0,

4, LUDDOE +01 M

14
0.37636E-01

=“Cn

0.65T01E=74

C

RATT CONSTANT
{CHS UNETSY
54495237403
24243328406
24025995 +15
74749062403
7.500005410
3.953742+12
24151872412
1. 72350E+13
2,40705:2412
2.75380z+12
64102272412
3.496165¢11
143C00DE+13
50.159128+12
1.153495+13
1., 4B8428E+13
8..025BE+12
5. 1275E+12
6.83557°413
B.90897E+11
1.-3135¢6412
1. UOODE+12
7.G0000E+13
6.00000E¢12
64500005¢12
1.904285+412
1.77791E+15
4.2646708+03
T4333B95+11

1.00000054

RELATIVI ERRIR
0.94848£-D5
0.57115F=-06
0.159952-0%
0.334228-06
0.25278E-D5
0,11412E-05
0.65721E-04
0.49192E-03
0.



R

MICHSY
M{CO
M{n20
M{N2

TIME-AREA VERSIIN

EAITION
NJYBER

D A PSR

s 3)
+ 3)
026}
227

CHa

5.00000
2.30000
6.00000
1.50000

MINIMUM STEP SIZE

INITIAL STEP SIZE

THE FOLLOWING SPESIES WILL BE NEGLECTED FRIM ALL ERRA CONSIDERATIONS

coz

METHANE-AIR COMBUSTION

RE

Pr P I EEIEPIIILELLIEILTECOELIPT IS TS
Q
x

SENERAL

ACTION

= H3 +
= CH3 L3
= HO2 +
= (02 +
= CH20 +
= (CH3 +
= CH3 +
= CH3 +
= DH +
= OH +
= H20 +
= 302 *
= JH2) +
= HCO .
= HCD +
= HLO +*
= C0 +
= (0 +
= (O 13
= H +*
= CO +
= H232 *
= OH +
= OH +
= H20 .
=z JH *
= H20 *
= g +
= IJH +

CHEMICAL KINETIZS PROGRAM

(ASSISNED AREA -~ TIME INTEGRATION)

ALL THIRD B0DY RATIOS ARE 1.0 EXZEPT THE FOLLORING

M(02 s 3
M(CO2 + 3
M{H2D W27

0.62500£-09 SEC
0.12500E-06 SEC

THE ARSA IS CALCULATED BY INTERPOLATION FROM THE FOLLOWING TABLE

STATION

H

} = 2.00000
) = 7.50000
) = 20.00000

INTESRATION CONTRILS

s» ASSIGNED VARIABLE PROFILE we

AXIAL DISTANCE

Q.

5400000E+00
1.00000£+01
1.50000E+01
2.00000E+01
2450000E+01
3.00000€+01
3.50000E+01
3.50000E+01
3,70000E+0L
3,80000E+01
3,90000E+01
4. 00000E+0L
4,05000£401
4410000E+01
4.20000E401

OH
H202

M{o2
M2
M{H202

(cH

CASE 6

REACTION RATE VARIABLES
N

NASA LEAIS RESEARCH CEVTER

A AZTIVATION
ENERGY “
3,80000E+16 0. 103000, 00
1.00000E+13 0. 63000, 00
1.59000E+15 0. -1400,00
1.50000E+13 0. 41000, 00
7.50000€+10 0. .
5.90000€+13 0. 11800,00
2.00000€+13 0. 9200, 00
7.20000€+13 0. 5900.00
1.25000€+14 0. 16300.00
2.95000E¢13 . 9800, 00
2.10000E+13 0. 5100, 00
4,20000E+11 a. 1000.00
1.90000€E+13 0. 0.
1.00000€+13 0. 2000,00
7.00000E +10 0.7000 1000.00
4.00000E+11 0.6000 4000, 00
1.30000E+11 0.5000 0.
1.10000E+1L 0.5000 0.
1.50000E+12 0.5000 0.
2.00000E+13 0.5000 28600,00
1,00000E+11 0.5000 5400,00
1.80000E+12 0. o,
7.00000E+13 0. 0.
6.00000E+12 0. o,
6.00000E+12 0. 0.
1.17000€+17 0. #5500, 00
7.50000€+23 -2.6000 .
2.75000E+19 -1.0000 118700.00
5.75000€+13 0. 18000.00
s26) = 0.78000 M(2 2271 1.60000
» 31 = 5.00000 ¥(H20 . 3) = 32.50000
$26) = 5.60000 MiN2 » 3) = 2.00000

HO2
HCO

MAXIMUM STEP SIZE

0.12500E~05 SEC

MAXIMUYM RELATIVE ERRDR

AREA  (CMen2)
1.00000E+03
1.000645E+03
1.00202E+03
1.00483E+03
1.00326E+03
1.01616E+03
1.02832E+03
1.05702E+03
1.0637)E+03
1.08555E+03
1.11240E+03
1.16357€403
1.29553E+¢03
1+37148E403
1.3844TE+03
1.40045E+03

o

0. 00010
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SPECIES

CH4
CH3
H
02
HO2

MIXTURE 3LECULAR WEIGHT

VARIABLE
v

RHO
T

CHe
CH3

KO2
<o

100

TIME 0.

SEC

FLOW PROPERTIES

PRESSURE

{ATY)

VELOCITY
{CM/SEC)

DENSITY
{GM/CMea3)

TEMPERATURE
{DES K}

MASS FLOK RATE
{GM/SEC)

ENTRIPY
{CAL/GM/DEG K)

MACH NUMBER

GAMMA

SINCENTRATION
{MOLES/CHMen3)
5.37852E-07

J.

Je
2.55141E~06

3.62725E~06

DERIVATIVE
0.13341E407
~0.11374E-01
~D.20149E+05
~0.14061£-01
0414061E-21
0.13869€E-01
~0.1922T7E~03
0.19201E-03

0.

MOLE FRACTIDN
4« 97680E-02

Oe
1.99072€-01

0.
7.51160€-01

28,21038

INCREMEN

1.7300
157412.62
3.61559E~04

1645.00
5.69139E+04

2.1308

2.0000

1.2777

[23

ARZA

0

INETIAL CONDITIONS

1.00000E+J3

CHEMICAL PROPERTIES

[ 23

50 Cu

AXTAL PISITION 0.

INTEGRATION INDICATORS

STEPS FROM LAST PRINT
AVERAGE STEP SIZE 0.
CONTRDLLING VARIABLE

RELATIVE ERROR Oe

PREDICTOR ITERATIONS

NET SPECIES PRODUCTION RATE REACTION  NET REACTION CONVERSION RATE
(MDLE/CM##3/7SEC) NUMBER {MOLE~CKee3/GHee2/SEC)
~5.08397E-06 1 3.83596E+01

5.08397E-05 2 5.31069E-01
5.01454E~06 ‘3 0.
-6.95166E-08 . o.
6.94238E~08 5 0.
0. 6 0.
0. 7 0.
1.85618E-10 8 0.
0. 9 o.
0. 12 0.
0. 1 0.
0. 12 0.
0. 13 0.
0. 16 0.
0. 15 0.
16 0.
17 0.
18 0.
19 0.
20 0.
21 0.
22 0.
23 0.
24 o.
25 0.
28 0.
27 0.

28 7.09957E=04
29 0.

TOTAL ENERGY EXCHANGE RATE  &,05133E+06 MASS FRACTION SUM
(CAL-CHee3/GMe®2/SEC)

T RELATIVE ERROR VAR ABLE DEREVATIVE INCREMENT
0. <02 0. 9.

0. o 0.5133BE-06 0.
0. cA20 . 0.
0. 04 0. 0.
0. 2 0. 0.
0. H20 0. 0.
0. 4co 0. 0.
0. 4202 0. 0.
0. v2 o. 0.

o™

RATE CONSTANT
{CGS UNITS)
T«86161E+00
6.2658BE¢06
2.15901E+15
5.71456E407
T.50000E+10
1.86697E+12
1.19880E+12
1.18436E+13
8.53770E+11
1e4T6T0E#L2
4:41213E+12
3.09309E+11
1.90000E¢13
5.42358E¢12
9.19511E+412
1.00076E413
T+30055€6+12
4.46145E412
6.08379E+13
1.28648E¢11
Te TT419E+11
1.80000E+12
T7.00000E+13
60 00000E¢12
6. 00000E+¢12
1.05485E+11
3.25859E+15
2.33818E+00
2433476E¢11

0. 99999999

RELATIVE ERIDR



TImf 1.73582E-04 SET AREA 1.02832E¢33 SQ M AXTAL PISITION 3.(0003E+01 (M

FLOA PROPERTIES INTESRATIIN INDICATORS
PRESSURE 1.72995 STEPS FROM LAST PRINT 51
TATY)
VELOCLTY 157413411 AVERAGE STEP SIZE 0.126338-5 *
{CusSEC)
DENSETY 3.51599E-04 CONTROLLING VARTABLF co
(GM/CMee3)
TEMPERATURE 1690.78
(DEG K)
wASS FLOW RATE 5.691366+04
(GM/SEC)
ENFRIPY 2.1450 RELATIVE ERROR 0.154378=04
(CAL/GM/DEG K)
MACH NUMBER 1.9730 PREDICTOR ITERAT IONS 0
GAMMA 1.2768
CHEMICAL PROPERTIES
SPECIES  SONCENTRATION  MOLE FRACTION  VET SPECIES PRIDUCTION 2ATE REACTION  NET REACTION CONVERSION RATE  RATI CONSTANT
{MOLES/CMee3) (MILE/CMe®3/SES) NUMBER (MOLE-CMee3/G4we 2/5EC) (€S UNTTS)
CHe 5.35541£-07 4. 23493E-02 -1.57047E-03 1 5.16923E+01 1545098401
CH3 7.637776-09 6.12534E~04 1.851968-04 2 -3.49360£-01 T.188332406
" 5.154506-11 4,133306-06 2.37953E-05 3 ~5.56575E402 2.14120€415
02 2.39960E-06 1.92443F-01 -1.53312E-03 4 8.6316 LE+OC 8..253
HD2 3.19162E-10 T.27149E-05 3.192556-05 5 1.11191E+04 7.50000£+10
co 5.54094E-u9 44463726204 2.210616-04 5 4. 43636E 402 2.05863E+12
co2 3.2494BE~11 2.606026£06 L.44899E~-05 7 4.12629E402 L.o93728412
0 7.372946-11 5.91295€-06 2.528T0E-05 8 1.17813E+04
CH2D T.1473HE~04 5.732056-03 1.150212-03 3 9. 755126402
oH 2.210626-10 1. 77267€~05 6.082375~05 10 1.93356E+00 1.5C1576+412
H2 2.15126E-09 1.72527€-0% 7.45023E-05 11 9. 781256400 4.502508+12
H20 3.37742E-08 6.718526-03 1.60685E-03 12 3.08953E+00 3.118815+11
HEOD 3.50241E-11 4.41282E-06 2.57582-05 13 8.65496E+01 1.90000€+13
H202 7.455226~13 5.97893E-08 1.067645-07 14 1.646325E+02 5.514178+12
N2 3.36207E-06 7.50819E-01 0. 15 1.20797E+03 9.45146E412
15 4.48294E402 1.051653+13
17 2.42892E-01 7.40143E+12
18 4.45046E-01 4.52310E+12
19 1.41507E+00 6.16786E+13
20 9.17343E402 1.65280€+11
- 21 8.40307E402 8.24214E¢11
22 1.23011E401 1.30000E+12
= 23 2.68275€+01 7.00000€ +13
Re roduced from 24 3.28712E+00 6.00000E +12
P lable copY 25 3.815L6E+00 6000002 +12
best aval - 26 1.14376E+01 1.53766E+11
— - 27 5.62737€~02 3.03414E415
- 28 1.43857E-03 7380725400
23 1.17547E+01 2.710138+411
MIXTURE WILECULAR WEIGHT 28.19756 TOTAL EVERGY EXCHANGE RATE  =7.75862E408 MASS FRACTION SUM  0.99999967
(CAL-CMre3/GMen2/SEC]
VARTABLE DEIIVATIVE INCREMENT RELATIVE ERRI? VARIABLE DERIVATIVE INCREMENT RELATIVE ERRIR
v ~G.19933€¢37  ~0.21421E+01 0.219303-07 132 J441211E-02 0.46564E-08 0.19933E-24
RHO ~0.16429E+00 -0 IBISYE-06 0.1c624E~07 3 0.71922€-02 0.62519E-08 0.15533E=04
T 0.87051€+06 0.99664E+00 0.93622E~07 z423 0.32993E+01 0.37958E~05 0.125905-05
CHé ~C.44666E+01  =0.51202€-C5 0.43379E-06 a4 0.17299E~01 0419432E-07 0.11456E~0%
cH3 $.526736+30 00 <Y982E-0b 0.70957€~05 H2 0.21190E400 0.24019E=0 0.13051E-04
H 0.67677€-02 C.71047E-08 0.30371E-0% 420 0.45TD1E+0L 0.52355E-03 0.30807£-05
02 ~0.43604E+01  =0.49985E-05 0.953156-07 10 0.73250E~02 0.787906-08 0.30349E-04
oz 0.90801E-01 (. 104 L0E=35 0.9u2355-05 1202 3.33359€-03 0.15156E=0" 0.211756-03
<o 0.62867E+00 0.71215€-06 0.15487504 N2 0 -0, 0.
TIAE  2.22346E-04 SET AREA  1.057025+73 5Q CV AXIAL PISITION  3.49997E+0L CM
FLOW PRIPERTIES INTEGRATION INDIZATIRS
PRESSURE 1.73004 STEPS FROM LAST PRINT 27
(aTv)
VELOZITY 157411487 AVERAGE STEP SIZE 0.12195E-C5
(C/SECH
GENSITY 3.420615-04 CONTROLLING VARTABLE co
{GM/Mee )
TEMPERATUKRE 1735.81
(DES K1
wasS FLOW RATE 50691452406
{Gu/8.C)
ENFRIPY 2.1590 RELATIVE ERROR 0.27813E-05
(CAL/GM/UEG K)
MACH NUM3 R 1.9454 PREDICTIR ITERATIINS 0
GAMYA 1.2763
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102

SPECIES

CH&
CH3
H

02
HO2

SOMCENTRATION M
{MOLES/LMee3)
4.38649E-07
2.,04270E~08
2.B3059E~10
2.25360E~06
3.12822E-09
2+39250€-08
1.69376E~10
2489765E~10
1.19976E~07
T.17839E~10
B,16594E~09
1.68632E-07
3.06641E-10
5.09452E-12
3.108G9E~06

MIXTURE MOLECULAR WELGHT

VARIABLE
v

RHO
T
CHe
CH3
H
02
HO2
co

SPECIES

CHa
CH3
H
02
HO2

DERIVATIVE

0.21270E+07
~0452240€400
0.23752E+07
~0.12929€4)2
0.25058E401
0. 64235€-01
~0,12798E+32
0,39312E400
04402076401

TIME 245610

FLOW PROP

PRESSUR
{ATY}
VELIZIT
(CM/SE
DENSITY
(GH/CHM
TEMPERA
(DE5 K
MASS FL
1{GM/SE
ENTRIPY
(CAL /G
MACH wU

GAMMA

CONCENTRATION M
(MOLES/CMen3)
2.130812€6-08
5.81646E~-08
2.042028~08
1.36024E-06
2.87425£-09
3.48562€~07
1.61630E-08
2.356536-08
034d11E-08
5,52731e-08
5.61690E-08
7.04358E-07
3.879iBE-09
7.10913E~12
Ta62907E~06

CHEMICAL PROPEZRTIES

OLE FRACZTION NET SPECIES PRODUCTION RATE REAZTION NET REACTION CUNVERSIO ! HATE RATE TONSTANT
(MOLE/CMes3/520) NUMBER (MILE~CMee3/GYUne2/S2C) (C5S UNITS)
3.6113TE-02 “4,422515~03 1 —1.26010E402 4, 085887 ¢01
1.68174E-03 B8.574T1E-04 2 ~1.59549€401 1. 16917E+05
2.33041E=05 2419723E~05 3 ~2.9B4LTE+U3 24126735415
leu5538E-01 =4.377652-03 S 5.07536E401 1.1014D08+00
2,57545E-04 1.3464702-04 5 2.95077E+04
1.96973E-03 1.37533E-03 6 2.25333E+03 .2
1. 3944 TE-05 1.13334E-05 7 1.30317€+03 «3BH9bE+12
24 3B562E-05 1.682185-05 3 3441728E404 1.30162E+13
9. 5TT59E-D3 2415630£-03 3 54(2576E403 1.10823€+12
5.490992E-05 4.02146E-05 10 3.25090E+01 1472745E¢12
6.72297E-06 4.41195E-06 11 1.31713E+02 4e TBT35E¢12
1456809E-02 4.85094E-03 12 4,61082E401 3.1429%¢E+11
2.52455€-05 2.20777€-05 13 9.0l164E¢02 1.+0000E+13
5.01753E-07 1.00850E-05 16 1.62525E+03 5.59998E+¢12
T7.49863E-01 s 15 T.14074£403 9.70158E+12
15 3. 273926403 1.101B8E+13
i7 5. 69499E400C T.49934E412
18 8462170E+00 4.58293E+12
19 4.6359BE£401 64249458413
20 54 64B38E+403 2,08857E¢11
21 S.14216E403 B.70672E8+11
22 1.50538E+402 1. 80000E+12
23 5.297645¢(02 7.00000E+13
24 4, 64T22E401 6. 00000E+12
25 1.16937E+02 6.4 00000%4+12
26 1.41919F+402 +18689E+1)
27 1.07621E=-01 2. 33T2E+13
28 ~1.19477€-03 1. 79765E401
23 1. 10006E+02 3,114205+11
2B.16166 TITAL ENERGY E£XTHANGE ATE -2.2565525403 MASS FRACTION Su™ 0439993966
{CAL-ZM®se3/5Mun2/SET)
INCREMENT RELATIVE ERRUR VARTABLE DERIVATIVE INCREMENT RELATIVFE ERRIR
0.,93730E400 D.30185E-08 so2 0.33133E-01 0.13881E-D7 0.49584E-05
~0,22120E~06 0.11550E-07 Q 0.49173E-0) 0. 20642E~07 0.94490z-05
0,10041E+D) 0.24752E-07 42) 0.6303BE+DL 0.26795E-05 0.26765E-08
=0.54661£~05 0414188E~06 kL] J.11757E400 0. 4BT44E-07 0,18138E-0¢
0.10566E-05 0.,918647E~06 12 0.12879E+D1 0,54225E-086 0. 25231E-05
04 256%3E-0T 0.41097E~04 420 0.14182E+02 0.59900E-0% 0.59519E~-0%
~0e541UBE-05 0,26448z-07 120 0.564563E-01 0.26690E-07 0.26756E-04
0.16840E-06 0.74604£~-05 4202 J+294B3E~02 0.79733E~-09 0.44789€E-03
0,16894E-05 0.27813E-05 N2 Qe “0. 0.
9E-D4  SEC AREA 1.29688E¢03 50 M AXTAL POSITION %»+.00002E¢01 €M
ERTIES INTESRATION INDICATORS
E 1.73213 STEPS FROM LAST PRINT 47
Y 157347.14 AVERAGE STEP SIIE 0.6848BE~06
cy
2.TI004E-04 CDNTROLLING VARIABLE CH4
83}
TURE 2079.27
]
OW RATE 54693356404
c)
2.2635 RELATIVE ESRROR 0.22026E-04
M/DEG K) -
MBER 1.7533 PREDIZTIR ITERATIONS 3
1.2804

AL FRACTION
24 16517E-03
5.727298-03
2.01220€E~03
1.33985E~01
2. 4309TE~04
3.43336E-02
1,49207E-03
2+52130E-03
4, 7B2I3E-03
Se44445E-03
6.32070E-03
6.93799E-02
3.52103E~-04
7.00256E~07
7.41770£-01

NET S2ECIeS

CHEMICAL PROPERTIES

(MOLE/CMee3/5EC)
=1l.36697€-02
~1.82969E-02

3.727662-03
~6.466T77E-02
~9.68128E-04

4.25027€E-02
5.664535~03
1.26190E-02
~1464855€-02
14B4423E-02
~1.542672-03
be15599E~02
-7.15077E-D%
9+5B0TH6E~06
0.

PRIDULTIDN RATE

REACTION
NUMBER

NET REACTION CINYERSION RATE
(MOLE-LMea3/GMee2/SEC)

-7.90340E+04
-B.4D127£+01

2.54021E404
4. T7091E+03
T.6201TE+04
1.5185%E+046
1.17258E+04
2.27811E+05
T4 09276E405
2.46087E+04
1. 305D4E +05
B.0843TE+04
3.34651E405
T 027926406
3.56450E4U5
1.95703€405
9.63914E403
1.38150E+04
6.9629BC+04
4. 5648906405
B4 354268404
1.909€5E+02
5.27773E+04
5.21020€+403
1.22240E404
6,65030E401
T.38250E4027
3.76232E+01
2692747E404

RATE CONSTANT
(L35 IUNITS)
S5+ 66964E+03

+38854E4006
24.1253BE+1S
1o %46D4E0B
T+5C0000E+10
3.967922¢412
2.1578Bc+12
1. 726596413
2.4189BZ+12
2.762002¢12
64111728432

£+413
6.16285E412

+25685E+13
1.64b7205413
8,20782E+12
5.u1589E+12
6. 39855413
8.992235+11
1.23415E+12
1. UDODE®]2
7.QU00DE+13
6. 000002412
6.000D0E+12
1. -30756+12
1.772122415
4en1553E+403
Ta2764042+11



MIXTURE 4DLECULAR WELIGHT

VARIABLE

v
RHO
T

CH4
CH3
H
a2
HO2
co

DERIVATIVE
«0.26436E+09
“0.53647E+01

0.47344E+08
~0,4B995E+02
~0.65579E+02

0.20529E+032
~0.23178E+03
=0,34699E+01
0.15234E403

2T.48216

INCREMENT
~0.12834E+02
-0.26128E-0%

0422020 +01
-0.24160€-05
-0.31588E-05

0,99778£-06
~0.11255E-04
=04 16909E-06

0. 74266E-05

TOTAL ENERGY EXC-AANSE RATE

(CAL-CM#=3/GMe=2/SEC)

RELATIVE ERROR
0486516E-07
0.73088E-07
0.24559E-06
0.22026E-04
0.30385E-05
0.73094E~05
0.1824¢E~08
0.65731E-05
0.11337E-05

=5.17806E¢10

VAR ABLE DERIVATIVE
<02 0.,23887€+02
s} 2. 45229E+02
cH2d ~-D45908TE+02
a4 0.56100E+02
12 -0.55272E+01
H20 J.22064E+03
HCO ~0.25630E+01
H202 0e34698E~01
N2 Oe

MASS FRACTION SUM

INCREMENT

0.11511E-05

0.,21085E-05
-0,28876E-05

0.33153E-05
~0425374E-06

0410696E£-04
-0.11532E-06

0.110528-04
~0.

1.00000054

RELATIVE ERRJ
0.19943E-05
0.74691E-04
0.94870E-05
0.43277E~04
0.64559E-06
0.50794E~06
0.92039E~04
0.10714E~02
0.

R
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JISTANLE~PRESSURE VERSION SENERAL JHEMITAL KINETIZS PROGRAM NASA LEAIS RESEARCH LEN
METHANE~AIR LOMBUSTION {ASSTGNED PRESSJUREY CASE 7
REAZYION REACTIDN REACTION RATE VARIABLES
NJMBER A N
1 44 = JH3 + H 3.80000€+14 0.
2 CH4 + 02 = {H3 + 402 1.00000E+13 0.
3 H + 32 = HODZ + M 1.59000E+15 0.
L] co + 02 = (02 + 0 1.50000E+13 0.
5 CH3 + 22 = LH2D + OH 7.500C0E+10 0.
5 H + CHa = {H3 + 42 5,30000E+13 0.
7 o} + b = IH3 + OH 2.00000£+13 C.
8 UH +  CH4 = LH3 +  H20 7.20000E+13 0.
3 H + 22 = JH + 2 1.,25000E¢+14 0.
10 [} + H2 = DH + 4 2.35000E+13 0.
i1 H2 + M = 422 + M 2.10000E+13 0.
12 o + 04 = 02 + A 4+20000E+ 11 0.
13 CH3 ¢ 2 = IH2] + H 1.30000E+13 0.
1% CH2O + H = HCQ + H2 1.,00000E+¢13 0.
15 CH20 + = HID + HZ} 7.30000E+ 10 0.7000
15 CH20 + ] = HID + OH 4.00000E¢11 0.6000
17 HCD ¢ 2 = 23 + OM 1 .800D0E+1Y 0.5000
18 HCO + 04 = 22 + H2D 1.10000E+11 0.5000
13 HCD ¢+ H = Co + 42 1.50000E+12 0.5000
22 M + HID = H + L2 2.00000E¢13 0.5000
21 HCD + 02 = L0 + 402 1.00000E+11 0.5000
22 HOZ + H32 = K232 + D2 1.BO000E+12 0.
23 H ¢+ HI2 = OH + M 7.00000E413 0.
26 a + H)2 = + J2 6.00000E+12 0.
25 OH + HO2 = H20 + 02 5.00000E+12 0.
26 M + Hzl2 = DJH + OH 117000417 C.
27 H + 04 = H20 + M T.50000E+23 ~2.6C00
28 L] + 22 = 3] + 9 2.75000E¢19 -1.0000
23 0 + H20 = OH + 04 5.75000E+13 0.
ALL THIRD BIUY RATIOS ARE L.0 EXIEPT FTHE FOLLIKING
M{CH4 « 3= 5.00000 ®{02 v 3) = 2.00000 ML02 v25) = 0.78000 M(32 2 27) =
uce v 3) = 2,20000 M(ld2 + 3) = T.50000 M(H2 v 31 = 5.00000 M{H22 2 3) =
MIH20 v26) = 6.00000 M{H2D 27} = 20.00000 {4232 126} = $.60000 "Nz v 3) =
HIN2 2271 = l.50000
INTZSRATION CJONTRILS
MINIMUM STEP SIZt 0, 10000E~03 ZH MAXIMJ¥ STEP SIZE 0o 20000E+00 CM
INITIAL STEP SIZ2t 0,20000:-01 CH MAXIMUM RELATIVE ERRIR C. 00010
#* ASSIGNED VARTABLE PROFILE ee
THE PRESSURE IS CALCULATED BY INTERPOLATIIN FROM THE FOLLOWING TABLE
STATIDN AXTAL DISTANIE (M) PRESSURE (ATHM )
1 0. 1.73IDJE+DD
2 5.00000E£+00 1e73132E400
3 1.00000E+01 1.73598E400
& 1.50000E+01 1.7454DE400
5 2.000002+401 1.75391JE+00
& 2.50000E+401 1.78070E+00
7 2.75000E401 1.801BJE+00
8 3.00000E+01 1.82537€+400
9 3,25000E+01 1.8T18JE+00
10 3.50000£+01 1.99243€+00
i1 3.55000E401 2.047T0DE+DO
12 3.60000E+01 2.14353E+00
13 3.65000E+0} 2.36TBTE«00
14 3.70000E+401 3.10327E+00
THE FOLLOWING SPECIES will 8F NEGLECZTED FRIM ALL FRROR CONSIDERATIONS
co2 4 J4 HOZ o]
4202 CH3
®s  INITIAL CONDITIONS s
TIME [+ SEC AREA 1.00000€-01 SQ M AXIAL POSITION 0.
FLOW PROPERTIES INTESRATION INDICATORS
PRESSURE 1. 752925405 STEPS FRIM LAST PRINT 0
(N/Mes2)
VELDZITY 1.57413E403 AVERAGE STEP SIZE 0.
{M/SEC)
DENSITY 3.6155%E-01 CONTRILLING VARTABLE
(KG/Mee3)
TEMPERATURE 1.64500E+03
(DES K1}
MASS FLOA RATE 5.691392¢01
{KG/SECY
ENTPY B.91515E403 RELATIVE ERKOR 0.
tJOJLE/KL/DEG K)
MACH NUMB R 2.000002400 PREDICTIR ITERATIONS o
GamMua 1.27772E+00

TER

ACTIVATION
ENERGY
103000.00
63200. 00
=1000.00
41000,00

0.
11800.00
9200.00
5900.00
16300.00
9800.00
5100.00
1000.00

[
2000.00
1000.00
41100, 00

[

0.

Q.
28600.00
5400.00

0.
45500.00

.
118700, 00
18000.00

1.60000
32.50000
2.00000



SPECIES

CHo
CH3

oz

MIXTURE

VARTABLE
v

RHO

T

CH4

cH3

H

02

HN2

<o

SPECIES

CH4
CH3

ZONCENIRATION

{MDLES/ Man )
5.37032E~04
J.

.
2.55141E~03

Qe
7.62725¢~03

4ILECULAR wEIGHT

DERIVATIVE

“0.76T32E401
0.76108E~07
0.59452E-01

~0.89327E-07
0.89327€~07
0.88108E-07

-0412214E~28
0.12198£-08
Qe

TIME 1,911

FLOW PO

PRESSU
(N/Y
veLOCt
{M/SE
DENSIT
(KG/M
TEMPER
{0ES
MASS F
1KG/ S
ENTRIP
(4L
MACH N

GAMMA

TINCENTRATION

(MOLES/ Mass)
34%4522E-00
2498G45£-06
T.68076E-03
2.48300€-03
1.12407€=-00
7.562710E~06
4. 73606E=08
1.06551E-u7
9,24577€E-05
2.927i0E-07
2.301300-06
3.912364E-05
7.82593€E-08
3.31377e~10
. T3139E-U3

MaL = FRAZTION

441 T6E0E-D2
Q.

“9072E-01

0.
Te21160£-01

28.21038

INCREMEN

0.

[+

0.

0.

O

0.

Oa

0.

0.
07E-04 SET
PERTIES
RE
.2)

TY

()

Y

#e3)

ATURE

x)

LOW RATE
EC)

Y

£/KGIDEG X)
UMB R

MOLS FRACTION

4.20146E-02
Te59934E~-00
5492526E-06
1.91549€-1
B4, 67157€~US
*341BE~04
5406E-0%
E 97E~Q6
64 :6113E~03
2. 253C8E-05
2423813E-u%
Tet.47B0E-U3
6433T25E-Ub
6e79IILE~-uS
7+:0T178-01

ZHEMICAL PROPLRTIES

NET SPECLES PRODUSTIIN RATE REAZTION  NET REACTION COVEARSION RAFE  RATZ TINSTANT
(MOLE/Me»3/S32) NUMBER (MOLE~Me»3/KGe®2/ SEC) (C3S JNLTSH
<5,08397£-03 1 3,83596€-02 7.36161F ¢0U

2 5.31069E-04 ©. 26583E+04
5.01454E~0) 3 0. 4
~6.951662-05 4 0.
5e94238E-05 5 0. 7.5000U8+10
0. 6 0. 1466976412
0. 7 0. 1..98805+12
1.855186-07 3 0. 14184345413
O 9 0. 8433770E+11
o. 10 o, 1..76705412
Q. 1n 0. 4.412138412
0. 12 0. 3,09309E+11
0. 13 0. 1.9C000E+13
G. 14 0. 5,42358E+412
'S 13 0. 9.19511E+L2
16 0. 1.0COTSE+L)D
17 0. 7.30055E+12
18 0. 4161456412
19 0. 6.08379E+13
20 0. L 2B64BE+1L
21 0. 7. T7419E+11
22 0. 1. HOO00E+12
23 O. 7.00G00E+13
2% 0. 6. COO0E+12
25 0. 64 00000E +12
26 0. 1.056858¢11
21 0. 3.25859E415
28 7.09957E-07 2. 381BE+GO
29 0. 2.336T6E+1L
TITAL ENERGY EXIHANZE RWTE 1.695086+07 MASS FRACTION SUM 04999949999
(JIULE-Mee3/KGe82/SEC)
’ WLATIVE ERIUR VARTABLE DERIVATIVE INCREMENT RELATIVE ERRIR
0. coz 0. 0. 0.
0. 2 3.32514E-11 0. 0.
0. SH2) 2. 0. 9.
. 34 0. 0. 0.
0. 42 0. 0. 0.
0. 420 2. 0. 0.
EN 410 2. 0. 0.
9. 4202 9. 'S 0. .
0. N2 0. 0. o. a‘
ES
2
-~
AREA  1.000095-01 SQ # AX1AL POSITION  3.00000E-01 M o1
-
[Ty
INTEGRATION INDICATORS gé‘
1,84956E+05 STEPS FROM LAST PRINT 51 "g m
1.55715£403 AVERASE STEP SIZ2E 0.19860E+00 a‘;—,
[

3.65468E-01 CONTRILLING VARIABLE HCO .x_g’

1.71605€+403

5.69139E4+01

8.98216E+03 IELATIVE ERRNR 0.21320E-04

1.93769E+400 PREDJCTAR ITERATIONS 0

1.27611E400

CHEMICAL PROPIATIES

NET SPECIES PRODOUSTION RWMT: EASTION  ¥ET REACTION CONVERSION 2ATE  RATL COVSTANT
(MILEZMe®3/SEC) NYMBER (MOLE~Mes3/K3ee2/ SECY (C6S UNITS)
-2.18510£400 1 84 35554E~02 2.39815E+UL
3,05241E-01 2 ~1.60425E6-03 7.474913 404
40 33061c =03 3 -8, (6005E~0L 2.13183E+15
-2.11269E+00 4 +35045E-62 9.0U5635+07
4.40718E-32 5 < 39152401 7.%0000£+10
3456750F=01 5 6. 600C0E-01 2.:6793E412
2.497005-03 7 5.86218E-01 14345952412
4. 600562803 8 1.503i4E+01 1.376242413
1.531720€+00 9 £+0C 1749556412
L1a035755-02 10 3.64057E-03 1.6 TLBTE+LZ
ae2i1812-01 11 1.57960€~02 4 706555412
2,24C436400 12 5,19013E-01 3.i32522 410
4.35799F+03 13 £51273E-01 1. /00003433
1.434223-0% 1% 2.637508~01 S.:6273E412
™S 15 1.73331E+0C 9.59210E 412
15 7.10303€-01 1.07983E+13
17 4.53514E=04 7445655€+12
13 7.315350-0% 40956 18E412
13 2.19637E-03 64 1379€413
20 1.4335TE+0G 1. 8762E+41i
21 1.23695E400 84502652411
22 1. 70273802 1.50000&¢12
23 4.524TBE~02 7. 0000E+13

24 5.37694E=0) 64 2CO0

25 1.47074E-G2 5,000

25 L59534E02 Lo

27 1.03757E-G5 2.4193

28 2..58497E-06 1.2236
29 2.028626-062 24932553+11
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MIXTURE MILECULAR <FIGHT 28413374 TOTAL EVERGY EXCHANGE RATE ~4.03BJ5E+DY MASS FRACTION Sum
(JIULE~-Ms#3/KG#82/SED)
VARTABLE TCRIVATIVE INCREMENT RELATIVE ERROR VARfABLE DERIVAYIVE INCREMENT
v =0421174E4D3 -0.26723E+02 0.22852E-07 202 3.43877E-07 «Z43T2E-02
RHD 0.29464£-06 0,36227-07 0.57501£~07 a J483842E-07 0.10218E~07
T 0.9531CE+D] 0.12070E¢0) 0.51835E-07 LH2D 0.26660E-04 0.23933E-0%
CH4 =04 30396E~00 ~0. 4B6YSE~05 0.16567E-05 24 013232€~06 0s22660E-07
CH3 U.53820E-05 0.67855E-06 0,25000E-05 12 J.21233E-05 0.25750E-06
H 0. T0976E-07 0.903392-08 J3.24828E~06 420 0.33373E-04 0.49304E-05
02 ~Ca 37124E-D4 -0.47085E-05 0.34525€-07 40 0.75754E-07 0,92373€-0
HO2 0. 77443E~06 0. 98535E~07 0.13466E~06 4202 0.25202E-08 0.15237E-09
co (e62330E-05 0. 78280E~0s 0450641E-05 \ 1 . ~0.
TI4E 2433390E-04 SEC AREA 1.00160E-01L 53 M AXIAL POSITION
FLOW PRIPERTIES INTEGRATIIN INDICATIRS
PRESSURE 2439954E405 STEPS FROM LAST PRINT
(N/Yme2)
VELOZITY 1.46043E+03 AVERAGE SYEP SIZE
{M/SEC)
OENSITY 3.89062E-01 CONTROLLING VARIABLE
(KG/Maed)
TEMPERATURE 2.05581€+¢03
{DES K}
MASS FLOW RATE 5.69139E+01
(KG/SEC)
ENTRIPY 9.30386E¢03 RFLATIVE ERROR
({JIJLE/KG/DEG K)
MACH NUMBER 1. 64671E+00 PREDICTIR ITERATIONS
GamMMa 1.27631E+00
IHEMICAL PROPERTIZS
SPECIES SINCENTRATION MOL¢ FRAZTION NET SPECIES PRODUCZTION RATE REACTION NET REALTION CONVERSIDN RATE
{ MOLES/Mea3) (MOLE/4%®3/5EL) NUMBER [MILE~Mee3/Ges2/SEC)
CHae 1.27334E-04 9.08129€-03 -5.29101E401 1 ~5.29305E+01
CH3 1.268U7E-04 9.03939E-03 5. 84308E+00 2 ~1.91961E-01
H 1.27314E-05 94 OT7554E~0% 6. 06024E+00 3 ~4,4083BE+01
02 2.15298£-03 1.536475E-01 ~8.5646TE+0] ] 2.89158E+00
HO2 5.988492E~0Ub 4. 26919E-04 ~1l.23559E+00 5 1.35257E+02
co 2.90293E-04 2.06935E-02 6493123E+0]1 6 3.13736E+01
coz 5.19770E-06 4441801E-04 3,07359£+00 7 1.80851E+01
o 1.10367£~05 T+H6751E-04 6.,46573£400 8 3.53170E+02
CH20 1.,30380£-04 9.33080E-03 “2.57899E+01 3 4.00099E+02
OH 2.T7538E-05 1.97843E-03 1454780E+01 10 1.01123€+01
H2 7.51074E~D5 54 356401E~03 L.O7797E+401 11 4. 46193E+01)
H20 5¢36119£-06 4o 4622 TE~02 10156772402 12 1.74113E+01
HCO 4. T3507E-06 3.37538E~04 4.70935c-01 13 1.75632E+02
H202 bo14L20E-09 2475133E-07 1.985643€-03 14 6. 748Z0E+01
N2 1.03601E-02 7.38518E~D1 0. 15 2. 743056402
15 1.39482E+02
17 2.81740E400
18 4432966E+400
19 2.70834E+01
20 3.62523E402
21 B.14050€+01
22 4o 26453601
23 3.52544E40)
2% 2. 61612E400
25 6.57435E400
26 4.13331E~01
217 1.470%9E-01
28 =5.40082E-03
29 1.149¢6E+401
MIXTURE MOLECULAR WEIGHY 27.73562 TOTAL ENERGY EXCTHANGE RATE ~1.46075E¢]1 MASS FRAZTION SUM
(JOULE-Mes3/K5%22/SEC)
VARIARLE DERIVATIVE INJRIMENT RELATIVE ERRDR ¢ARIABLE DERIVATIVE INCREMENT
v “0419448E+D5 -043944TE+D3 0.66301E~06 e 0.5%091E-04 0.10803€E-07%
RHO 0.76145E-04 0.153251E-05 0.37566E-06 J 0.11381E-03 0.216414E-05
T 0. 490L9E+403 0+ 100UsE+C2 0.126335~03 c423 =Je45395E-03 ~0493012E-05
CH4 ~Ne33114E-23 -0.19526E-0¢ 0.81814E-05 IH 0427239E-03 0.+ 5009E-0"-
CH3 0. 102L3E-D23 U.25062£-05 0.24050E-0¢ 42 0.1897T1E~03 0. 39939€E-0 .
H 0.1U665E-03 0.20898C-05 0.55839£-~04 420 D.17834E-~02 0.‘5887E-D
02 =0,15L72E-02 =04 30894E-0¢4 0.1d51%E-05 420 J3.82878E~-05 0425557E-05
HO2 ~0l.217528-)4 ~0.,42030c-26 0s22533E~06 H202 3.34958E-07 ~0.18635E-09
co D.12198E-D2 0. 24986504 0.85455E-05 N2 0, ~0a
{GCKP) IND OF THIS CASE =~ READ DATA FOR NEXT CASE

0.39999969

REL ATIVE ERROR
0.£6137E-03
0.87874E-05
0.3031 3E-05
0.71072E-05
0. 44459E-05
0.10232€-05
0.21320E-04
0.31923E-23
O.

3.65000E-01 M

32

0.47137E-01

HCO

0. 69549E- 04

o]

RATE CINSTANT
{C5S UNITS)
4.266164E+03
2.007165¢05
Z2433098E+15
7.00620E+08
7.500002+10
3.,840712+12
2.10375E+12
1. 69869E+13
2.31252E+12
2.68B26E+12

126258412
3.,2H807E+1)
1.900002+13
6,128915+12
1414256E¢13
1.46083E¢13
8.1613%E+12
4.98752E412
6.H0116E+13
B8.26240E+11
1.2090DE+12
1,10000E+12
7.00000E+13
6. CO000E+12
6. 00000E+L2
1.70279E+12
1.82517E+15
3.21782E+03
Te - 1648T+11

1. 00002005

RELATIVE ERRIR
0.60739E-D%
0.,11797£-03
0439724E~05
0.88330E-D4
0.59551E-05
0.301702-0%
0.695%9E-04
0.34491E-03
0.



TIME-AREA VERSION

H2-32 LOW TE

REAZTICN

M(H2
M{H20

SPECIES

H2
02
H
HO2
OH
H20
o
H202

N O W@ W N e

e oo

MASS FRACTION

2.
Ta

*IJYBER

T
PR EE TN EEREE]

» 51 =
y 51 =

5.00000
32.50000

MH2
H(H2

MINIMUM STEP SIZE 0,5000

INITIAL STEP SIZE 0.1500

THIS

THE FOLLOW

THE

T

TIME C. SEC

FLOW PROPERTIES

PRESSURE
(ATV)
VELOCITY
(CM/SEC)
DENSITY R
{GM/CMse3)
TEMPERATURE
(DEG K)
MASS FLOW WMTE
{GM/SEC)
ENTRIPY
{CAL/GM/DEG K)
MACH NUMBER

GAMMA

79028E-01
20972E-01

8.60000E-01
1.40000E~01

MOLE FRACTION

SENERAL CHEMICAL XINETICS PROGRAY

MPERATURE REACTION AT ZONSTANT VILUME {ADJUSTED RATES) CASE 8
REACTION REACTION RATE VARIABLES
N
32 = H + HO2 1.00000E+ 14 Q.
OH = H2) + H 2.10000E+13 O.
J2 = OH + 0 1.25000E+14 0.
H2 = OH + 4 2.36000E+13 0.
32 = HOZ + M 8.50000E+14 0.
HO2 = OH + 04 7.00000E+13 0.
H202 = QH + OH 1.17000E+17 O.
HO2 = H202 + 02 1.00000€+12 0.
H2 = H232 + H 8.50000E+12 0,
Ha202 = H20 + O 3.18000E+14 0.
H202 a H22 + HO2 1.00000€+13 0.
H20 = OH + 04 5.75000€+13 G.

ALL THIRD BODY RATIOS ARE 1.0 EXCEPT THE FOLLIWING

s T) = 2.30000 M{02 s 51 = 2.00000 M{32
J v )= 6.00000 M(H232 » 1) = 5,60000
INTEGRATION CONTROLS
0E-04 SEC MAXIMUM STEP SIZE
0E+00 SEC MAXIMJM RELAT IVE ERROR
#» ASSIGNED VARIABLE PROFILE ae
1S A v=0 PRO3LEM =~ ANV ASSIGNZ0 VARIABLE IS NOT REQJIRED

ING SPECIES WILL BE NESLECTED FRIM ALL ERROR CONSIDERATIONS

3 H OH HO2

VOLUME (DENSITY) WILL BE HELD CINSTANT FOR THIS CASE

HE TEMPERATURE WILL BE HELD CONSTANT FOR THIS CASE

INITIAL CONDITIONS

£}

AREA 1.00000E+00 5Q CM

INTEGRATION INDICATORS
0.65789 " STEPS FROM LAST PRINT
0. AVERAGE STEP SIZE

6444320E-05 CONTROLLING VARTABLE

773.15
0.
6.7684 RELATIVE ERROR
0. PREDICTIR ITERATIONS
1.3810

CHEMICAL PROPERTIES

AX1AL POSITION

v 1) =

0.100CO0E+00 SEC

0,00030

0.

NET SPECIES PRODUCTION RATE REACTION NET REACTION CONVERSION RATE
(MOLE/ZMe®3/SEC) NUMBER {MOLE~-CMe*#3/G4es2/SEC)
~1.48736E~16 1 3.58755€~08
-L.%#8936E-16 2 0.
1.48936E-16 3 0.
1.48336E-16 4 0.
0. 5 0.
0. 6 0.
0. 7 G.
0. 8 0.
9 0.
10 O.
11 0.
12 0.

NASA LEWIS RESEARCH CENTER

AZTIVATIDN
ENERGY
67000.00

5100.00
16300,00
9800.00
-1000.00
0.
45500.00
O.
24000,00
9000.00
1800, 00
18000.00

0.78000

[}

RATE CINSTANT
(C3S UNITS)
1.15030E-05
7.59590€+11
3.08543E+09
5.02637E+10
1.62965E+15
7.00000E+13
1.60878E+04
1.00000E+12
1.39711E+06
9.08566E+11
3,09875E+L2
4.69383E+08
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MIXTURH

VARIABLZ
v

RHO

T

H2
02

SPECIES

H2
D2

H
HO2
OoH
H20
0

H202

MIXTURE

VARIABLE
v

RHO
Y

SPECIES

H2
02

H
ROZ
OH
H20

[}
H202

108

MILECULAK WTIGHT 6.21325
DEPIVATIVE INCREME ¢
-0, 0.
0. Ge
C. 0.
«231i5L~11 Ue
23115811 0.

TIHE 3.03000:-01 SEC

FLUA PROPERTIES

PRESSURE

(ATM)
VELJSITY
(CM/SECH
DENSITY
(GM/CMes )
TZMPERATURE
1DES K)

MASS FLOW RATE
{GM/SEC}
ENTRIPY
{CAL/GM/DEG K)
MACH NUMBER

GAMMA

TITAL EVERSY EXCHANGE RATE 2.04835E-03 MASS FRACTION SuM 1.00000000
{CAL-CMee3/5Mee2/SELY
1 RELATIVE ERROR VARIABLE DERIVATIVE INCREMENT RELATIVE ERRIR
0. 4 2.231156-11 [+ 0.
0. 132 0.23115€-11 Je 0.
0. 24 0. 0. Q.
e 4120 0. 0. 0.
0. 3 e 0. [
H202 J. 0. 0.
AREA 1.0000DE+D) 5O CM AXTAL POSITION =0, cH
INTEGRATION INDICATORS
G, 65789 STEPS FROM LAST PRINT 2
0. AVERAGE STEP SI2E 0.15000E+00
6.44320£-05 CONTR0OLLING VARIABLE
773.15
0,
6.7684 RELATIVE ERROR Q.
0. PREDICTOR ITERATIONS ]
1.3810

CHEMICAL PROPERTIZS

MASS FRACTION MOL T FRACTION NETY SPECIES PRODULTION RATE REACTION NET REACTION CINVERSION RATE RATE CONSTANT
{MILE/CMee3/SEC) NUMBER (MOLE-CMes3/GMas2/5cC) (CGS UNITS)
2+79028E-01 84 00000E-01 ~2414987E~15 1 3.58755€~08 1.15030£~05
7.20972£-01 1.40000E-01 ~2.14989E-15 2 T.28558E-08 T+59590E+11
2.68006E~16 1. 65202E~15 1+48906E~16 3 1.84851E-08 3. 08543E+09
5,66T724E~11 1.25512E~11 4.51396E-16 & 1.84852E-08 5.02437E+10
1.17851E-17 4 30551E~18 1le3234 22 5 4.63503E-07 1.62965E¢15
1.14108E-11 3.93572E~12 3402459E-15 5 3.75977E-14 7.0C000E+13
4e25271E~17 1465151E-17 ~2.98612E-22 T 1.79427€E-08 1.6087BE+0%
1.12929€~10 2.06284E-11 1.564726E-15 8 3.59439€-~12 1.00000E+12
9 3.90640£~07 1.39711E+06
10 B8.02049E~16 9.08566E+11
Il 7.10905E-18 3.098756+12
12 T.8853BE-22 4.69383E+08
WILECULAR WEIGHT 6.21325 TOTAL EVERGY EXCHANGE RATE ~1.39228E-02 MASS FRACTION SUM 0. 99999998
(CAL-CMew3/GMea2/SEC)

DERIVATIVE INCREMENT RELATIVE ERROR VARTABLE DERIVATIVE INCREMENT RELATIVE ERRIR

0. G, O« 4 0.23111€-11 O G,

0. (' 0. HO2 0.7005B8E~11 0. [

O. 0. 0. OH 042)540E~17 Oe [+
=0.3336TE-10 0. a. H20 0.45942E-11 0. C.
~D.33367E~10 C. [+ o} ~0,453645E~17 0. O.

1202 0.24D14E~10 0. 0
TIME 5.50000E+01 SEL AEA 1.00000E+02 SO CM AXIAL POSITION -0, o]
FLOW PROPERTIES INTEGRATION INDICATORS
PRESSURE D.64423 STEPS FRIM LAST PRINT 34
(ATH}
VELOCITY =0, AVERAGE STEP SIZE 0.14B53E+400
TCM/SECY
DENSITY b4 44320E-~05 CONTRILLING VARIABLE H2
(GM/(Mew3)
TEMPERATURE 773,15
{DE3 K}
MASS FLOW RATE =0.
(GM/SEC)
ENTROPY 6.7269 RELATIVE ERROR [+}
{CAL/GM/DEG X}
MACH NUMBiR 0. PREDICTOR ITERATIONS ]
GaMMa 1.3756 ELEMINATED SPECIES H202
LHEMICAL PROPERTIES
%ASS5 FRALTIUN MOL. FRACTION NZT SPECIES PRODUCTION RATE REACTION NET REACTION CINVERSION RATE RATZ CONSTANT
(MILE/CMew3/SEL) NUMBER {MOLE-CMes3/GMeeZ/SEC) (LSS UNITSY
2.65937c~01 8. :7039E~01 ~1.29232E-08 1 ~1.19937E-04 1.15030E-05
5413941E-01 la . 17564E-01 “5446292:~03 2 2.8420L6E400 T.39590E+11
147404 ~09 I BlG4E-0T ~6.757555=12 3 8¢66045E~02 3, 0B563E+09
3.50U54E-05 6e¥2209E-Ub 5.33480E-12 4 B8.65659E-02 50024376410
%.82c.7t=i0 1,=0057E~10 1.70456E~12 5 2.65116E+400 1,62965E¢15
1+138103k~-01 3. #3B2RE~L? 1.29272£-08 s 1.11706E-01 7.0C000E+13
2,089 56E-10 R, .86%1E~11 1.964818E-19 7 1.10375E+00 1. 60BTBE+06
5.52037E=-03 }o.17828-03 ~4.4HI9E-12 8 1.19012E400 1.000002+12
9 1, 84403E-01 1422711E+406
19 2.55084E-01 9, 08566E+1 14
11 Le6T634E-D2 3.,098755+12
12 3.962L6E=05 4.9383E408



MIXTURE

VARIABLE
v

RHO
T
H2
G2

SPECIES

H2
02
H
HO2
OH
H20

o
H202

MIXTURE

VARIABLE

v

RHO

T

H2

02
{GCKP}

#01ls "UNITOS

MILECUL AR WEIGHT

DERIVATIVE
-0,

o,

0.
«0.20057€-33
~0.10035€-03

TIME 1,200

FLOW PRO

PRESSU
{ATY)
VELDZT
{CM/S
DENSIT
{GM/C
TEMPER
{DEG
MASS F
{GM/S
ENTRIP
1AL/
MACH ¥

GAMMA

MASS FRACTION

2.40550E~01
4.13001E-~C1
1.46904E~09
3.454)7€-05
%.89618E-10
3.40905e-01
1.54663E~10
5.496569E-03

MILECULAR WEIGHT

DERIVATIVE
0.

O.

0.
~0.18191E~03
=0.906T0E~D%

ZND OF THIS CASE

+ EOF.

65434507 TOTAL ENERGY EXCHANGE RATE ~1.80008E+05 MASS FRACTION SuMm 0s 999995648

(CAL~CM»®3/GMe»2/SEC)

INCREMENT RELATIVE ERROR VAR ABLE DERIVATIVE INCREMENT RELATIVE ERRIR
-0, . 4 =0.10488E-06 “Qe33141E-12 0.8871 5E-05
=0 0. 402 0.92110E-07 0.99000E~10 0.13979€~-05
0. 0. JH 0.26457E~07 04 1S00BE~14 0.68737E~06
-0420072E~04 G. H20 0.20063E-03 0.20C78E-04 o,
=-0.10033E-04% [+ Y 0 0.302386E~14 ~0.78225E~14 0.88785E-05
4202 -0.69049E-07 =0.6165%5%-08 0.42873£-07
00E+02 SEC AREA 1.00000£+00 5Q CM AXTAL POSITION =0, [%,]
PERTLES INTEGRATION INDICATORS
RE 0.61855 STEPS FROM LAST PRINT 101
TY ~0. AVERAGE STEP SIZE 0.14852E+00
EC)
Y 6.44320E~05 CONTROLLING VARIABLE H202
Ma=3)
ATURE 773.15
K}
LOW RATE ~0.
EC)
Y 646034 RELATIVE ERROR 0.25645E~10
GM/DEG K}
UMBER 0. PREDICTIR ITERATIONS 0
1.3657
CHEMICAL PROPERTIZS
MOLE FRACTION NET SPECIES PRODULYION RATE REACTION NET REACTION CONVERSION RATE RATZ CINSTANT
(MOLE/CHwe3/SEL) NUMBER {MOLE-CM#e3/GMes2/SEC) {C35 uNITS)
7.88565€6-01 =~1.17207€-08 1 ~1e 14644E~04 1+15030E-08
8.52987E-02 -5.84203E~09 2 2. 60692E4+00C 7.59590E+11
9.63131E-09 ~1.79357€~13 3 5.80421E-02 3.08543E+09
5¢91595E~06 3.37780E-12 (3 5.79565E~02 5.02637E410
1.20252E-10 3.82663E~15 H 2.444S0E+00 1. 62965E+15
1.25062E~-01 1.17608E-08 ] 1.06766E-01 T.0C000€+13
6.38828E-11 ~1.11057€-15 7 1.03767E+00 1.6087BE+ 0%
1.06793E-03 ~%417583E~11 8 1.09521E+00 1.00000E+12
9 1.60490E-01 1.39711£¢06
10 24139086£~-01 9.08566E+11
11 1.41050E-02 3.09875£+12
12 8.58655E-05 %4.69383E+08
6460846 TOTAL ENERGY EXCHANGE RATE ~1463402E+03 MASS FRACTION SUM 0.99998793
{CAL-CMe223/5Men2/SEL)
INCREMENT RELATIVE ERROR VARIABLE DERIVATIVE INCREMENT RELATIVE ERRIR
-0, G, 4 ~J.27837€E-08 ~0463269E-12 0.345664E-06
=0 0. HO2 J.52424E~07 0.13013E~10 0.10178E~07
~0. 0. ad 0,59390€-10 0.25904E-14 0.72024E-07
-0.43891E-07 0. 120 0.18253E-03 0.,44041E~07 0.
~0,21877E-07 0.57412E~12 Q =Ja17236E~10 -0.41662E~1 0.34317E-0%
H202 =04 64810E-05 -0.15657E~09 0.25645€-10

~ READ DATA FOR NEXT CASE

REC= 0003) FIL= 00002
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DBISTANCL=-ARFA VEISION GENERAL CHEMIZAL KIETIZS PROGRAM NASA LEwIS RESEARCH CENTER

HIGA TEMPERATURE AIR IONIZATION CasE 9
REAZTION REACTION REACTION RATE VARIABLES
NUMBER A N ACTIVATION
INTRGY
1 N + 22 = N0 + 0 64430000+ 09 1.0C0u 6:50.00
2 a + N2 = N + N 1.36000E+14 0. 75400.00
3 N + 02 = N D] 6.40000E+ 16 ~0.5000 0.
% a + 2 = 02 + M 1.38000E+18 -1.,00C0 340.00
3 N + N = N2 L 2.80000E+17 =0.7 wU 0.
5 i) + ) = Nuz + M 9.40000F+14 0. -1930.00
7 M +  N20 = NZ ¢« 0 5.00000C+ 14 0. >8G00.00
8 4] +oen = N2 + 02 6.30000E+ 14 0. 26700, 00
3 HO* + E = N ¢ O 1.45000£421 ~1.5000 0.
12 a+ + £ = D + M 2.00000£+4 26 ~2.5000 0.
11 02 + £ = 02- + M 1.52300E421 ~1.000C 1190.00
12 a2 + D~ = ]2~ +« D 6.,000006+12 0. 0.
ALt THIRD BUDY RATIDS ARE 1.0 EXZEPT THE FOLLOWING
MiN »10) = 0.03000 (02 +10) = 4,50000 MEND »10) = 50,00000 LJ %] 210) = 0, 03000
MIN2 » 6) = 1.55000 M{NZ 211} = 0.00002 M{N2D v 3) = 2.25000
INTEGRATION TONTROLS
MINIMUM STEP S12¢ 0.10000E-02 IM MAXEMUM STEP SIZE 04300C0E+00 CM
INITIAL STEP SIZC 0.,20000£-02 CM MAXIMUM RELATIVE ERRDR C. 00C10
#s ASSIGNED VAR[ABLE PROFILE we
i
THE AREA IS CALCULATED FROM THE FDLLOWING POLYNOMIAL
AREA (CMes2) = { O, ¥Xa83 4+ ( O Yxee2 + { D, IX + { 1.00000t403)
THE FOLLOWING SPELIES wILL BE NESLECTED FRIM ALL ERROR CONSIDERATIONS
E 0- ND+ O+ D2~
#s  INITIAL CONDITIONS &=
TIME 0. SEC ARES 1.00000E+03 S0 CM AXTAL POSITION Ce cH
FLOW PROPERTIES INFEGRATION INDICATORS
PRESSURE 1.58030 SYEPS FROM LAST PRINT [
1ATH)
VELOCITY 470C¢2.00 AVERAGE STEP SIZE 0.
{CU/SEC) B
DENSITY 1.22557E~04 CONTROLLING VARIABLE
{GM/CMow3)
TEMPERATURE 4820.00
{DES K}
MASS FLOW RATE 5.76045E+03
tGM/SEC)
ENTROPY 243909 RELATIVE ERROR 0.
{CAL/GM/DEG K}
MACH NUMBER 0.3535 . PREDICTDR ITERATIONS -0
GAMMA l.2723
CHEMICAL PROPERYIES
SPECIES ZONCENTRATION MOLL FRACTION NET SPECIES PRODUCTION RATE REACTION NET REACTION CONVERSION RATE RATE CONSTANT
{4OLES/CMee3) {MDLE/CMen3/SEC) NUMBER {MOLE-CMee3/GMes 2/SEC) (CGS UNITS)
N 0. 0. 1.57461£-05 1 0. 14 313B7E4+13
02 3.9D048E-07 2.09500E-01 =9,96229E-02 2 0. 5.18479E+10
NG De 0. 0. 3 0. 9.21842E+1¢
0 J. 0. 1.80102E-01 4 ~5.35802E406 2. TO322E+1¢4
N2 3.35839E-06 7.90500E~0} ~1.91514€-02 5 ~5.24160E402 4.34D31E+14
NC2 0. C. 0. 5 0. 1.1 4984E¢15
N20 0. 0. le914356-02 7 0. 1o 17251E+12
ND+ Do 0. Q. 8 =1.27451E406 3.27884E+]13
E e 0. [N 9 0. 4o 33309E+15
as J. [ Ue 10 0. 1.23997E+17
02~ De 0. . 0. 11 C. 2.78509E417
o~ 0. a. C. 12 0. 64000005¢12
MIXTURE MILECULAR WEIGHMT 28484765 TOTAL ENERGY EXZHANGE RATE T.39254E¢11 MASS FRACTION SUM 1.00000000
(CAL=CMee3/5Me2/SEL)
VARTABLE DERIVATIVE INCREMENT RELATIVE ERRIR VARIABLE DERIVATIVE INCREMENT RELATIVE ERROR
v =0.47407E+05 O« 0. N2 =0e.332646E-02 [+ 0.
RHO 3.12466E~D3 0. 0. ND2 Je Ce 0.
T =0.60657E+04 [ 0. N2D 0.33233E~D2 0. 0.
N 0,27335E-25 0. 0. ND+ . . 0.
0z =0.17294E£-01 0. 0. E [}Y 0. 0.
NO 0. 0. Q. O 0. Qe 0.
o 0431265E-01 0. 0. 02~ 0. 0. 0.
2= o, [ 0. e
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Aa 88 ICAREA}/DTTVAR) DZUAREAI/D{IVAR)2 [ 1/AREA)}»D{AREAI/DIIVAR) ~AA
-0,33999E+400 0.12931E+01 . B 0. 86999E400
UMEGA(1,d} RATE OF PRODUCTION DF SPECIES I BY REAZTION J
SPECIES REACTION
1 2 3 4 5 6 7 8
9 10 11 12
N -0 0. -0, -0, 0.15745E=04 0. 0. -0.
0. 0. 0. 0.
02 -0. 0. 0. -0,80479E~01  -0. 0. [ ~0.19144E=-01
0 0. -0. -0
NO 0. '8 0. ~0, -0. -0, 0. ~0.
0. O 0. N
Q 0. -0, -0. 0.16096E+00 =0« -0e 0. 0.19144E-01
0. [N o. 0.
N2 0. -0, 0. -0a ~0,78731E~05 0. 0. -0, 19144E=0L
0. 0. 0. O
NO2 0. 0. 0. -0, -0. 2. 0. ~0.
0. 0. 0. 0.
NZO 0. 0. 04 ~04 -0. e -0. 0.19144E-01
0. 0. 0. 0.
NO+ 0. 04 0. -0 -0 0. 0. ~0.
-0, 0. 0. 0.
E 0. 0. 0. -0. -0. 0. 0. -0,
-0 ~0, -0, 'S
o+ 0. 0. 0. -0. -0. 2. 0. -0,
0O -0, 0. 0.
02~ 0. 0. a. -0. -a. 0. 0. -0,
0. 0. 0. 0.
o- 0. 0. 0. -0, -0, 2. 0. -0,
0o 0. 0. -0a
TIME  4,29553E-07 SEC AREA  1.00000E+03 5Q CM AXIAL POSITION  2.00000E-02 CM
FLOW PROPERTIES INTEGRATION INDICATORS
PRESSURE 1.68510 STEPS FIOM LAST PRINT 32
(ATH) .
VELOCITY 46156415 AVERASE STEP SIZE 0.50000E~03
(CM/SEC)
DENSITY 1,24798E~04 CONTRILLING VARIABLE NO
(GM/CMme2)
TEMPERATURE 4709.59
(DEG K}
MASS FLOW RATE 5.76065E+03
(GM/SEC)
ENTRAPY 2.3976 RELATIVE ERROR 0.81992E~05
(CAL/GM/DEG K)
MACH NUMBER 0.3494 PREDICTIR ITERATIONS 3
GAMMA 1.2756 ELIMINATED SPECIES N32 N23
CHEMICAL PROPERTIES
SPECIES <ONCENTRATION  MOLE FRACTION  NET SPECIES PRODUCTION RATE REACTION  NET REACTION CONVERSION RATE  RATE ZINSTANT
(MOLES/CM#e3) (MOLE/CMe#3/SEC) NUMBER (MOLE-CMe®3/GYes2/SEC) (CGS UNETS)
N 6456604E~10 1.50582E-04 1.47220E~03 1 5.65986E+05 1,55295€+13
02 8.67915E-07 1,99042E-01 ~7,97902€-02 2 64 59416E405 4311033 +¢10
NO 6.23622E-09 9.71509E-04 1.90776€-02 3 ~44 T6294E+02 9.32585E+14
0 7.03031E-08 1.61229€-02 1.41933E-01 o ~4400284E+06 2.82565E¢14
N2 3.41507E-06 7.83192E~01 ~3,84438E~03 5 ~3.10632E+402 4.42517E+14
NO2 1.12757€-14 2.58591E-09 9,00713E-08 6 5,78323E+0C 1.15529E+15
N20 2426910E~09 5420383E-04 ~1,430566-03 7 6.46143E+05 L733E+12
NO+ 3,93852E~15 9,03236E-10 2.68482E-08 8 -5.54290E405 o 33456413
E 3.93110€~15 9.01536E-10 2467924E~-08 9 -1.72385E+400 4.48635E+15
o+ 6426758E-20 1.43285E-14 2.18262E-13 10 ~1.40140E=-05 14313936417
02- 5469569E-18 1.53555€=12 4.72598E-11 11 3.59614E-03 2484209417
o- 7.81999E-19 1.79339E-13 8476855612 12 ~5,61721E=04 64 00000E+12
MIXTURE ILECULAR WEIGHT 28.62043 TOTAL ENERGY EXCHANGE RATE 5.780772+11 MASS FRACTION SUM 1. 00000042
(CAL=CM##3/GMee2/SEC)
VARIABLE DERIVATIVE INCREMENT RELATIVE ERROR VARTABLE DEXIVATIVE INCREMENT RELATIVE E2IR
v «0, 3T006E+05 -0.3399TE+02 0.23623E-07 N2 ~0,15354F~02 ~0413909€~05 0.134Y4E-07
RHO 0.10005E-03 0.91851E-07 0.207763-07 N32 3.15636E-07 0.12164E-10 0.14954E~03
T ~0.6d823E404 -0, 44872E+01 0.199356-07 N20 =0.24834E-03 -0.21211F-08 0.28141E-04
N 0.25557E~03 0.2366LE-06 0.12434E-05 ND+ 0.455386-08 0.40873E-1 0.21920E-0%
a2 -0, 13851E-01 -0,12709€-04 0.4T00LE-0T € 0.45511€-08 0,40789E-1 0.21845E-06
NO 0.33118E~02 0.29693E-05 0,81992€6-05 a¢ 2.37832€~13 0434366E~16 0.10044E-04
0 0,24639E=21 0.22652E~04 0.74622E-06 32~ 7.82042E~-11 0.71500E-1- 0.29752E-04
0- 0.15137€-11 0.12735E~14 0.32791E-03
AA 98 DIAREA) /D LIVAR) D2(AREA)/DIIVARI2 (1/AREAIRO{AREA)/D(IVARI-AA
-0.73383E4G0 0. 10636E+01 0. 0. 70333E+00



SPECIES
1
9
N ~0.88150E-02
~0426848BE-07
02 =0+ 881i50E-02
=0.
NO 0.88150E-02
=0.
o} 0.88150E~02
~0.26848BE-07
N2 G.
=0
NO2 0.
=0.
N20 0.
-0,
NO+ 0.
0.26848BE-07
E 0.
0.26848E-07
0+ O.
0.
02~ 0.
0.
0~ 0.
-0,
TIME 2.209
FLOW PRO
PRESSUY
{ATH)
VELDCI
{4,749
DENSIT
{6M/C
TEMPER
(DEG
MASS F
(GM/S
ENTROP
tcaLys
MACH N
GAMMA
SPECIES CONCENTRATIDN
({MOLES/CMee3)
N 1.83781E-09
02 T+96056E~07
NO 5.56TU4E~08
0 2+45188E~07
N2 3.55704E-06
NO2 3.80586E-13
NZO 5.42118E-10
NO+ 2.05841E~-13
E 2.04951E-13
0+ 4e15430E-19
02~ 3.93421€E~16
o- 4.96956E-16
MIXTURE MOLECULAR WEIGHT
VARTABLE DLRIVATIVE
v ~0.21140E405
RHO 0,63038E-D4
T ~0.25186E+04
N 0.29985E-D4
02 -, 88858E-D2
NO Cu66631E-0D2
] 0.11161E~-01
AA
=0.642582E+00

112

J4EGA

2
10

0.10270E-01
=0,

0.
=0,

0.10270E-01
~0.
=-0.10270E~01
~0.21826E-12

-0, 10270€~01
0

0.
-0,

0.
-0,

0.
~0.

0.
0.21826E-12

0.
0421826E~12

0.
-0,

0.
-0,

4T7E~D6 SEC

PERTIES
RE

TY

EC)

Y 1
Mee3)

ATURE

K}

LOW RATE 5
EC)

Y

GM/DEG K}
UMBER

MOLE FRACTION

3.93835E-04
1. 70592E-01
1.40746E-02
5.2542BE-02
T7.62259E-01
2. 10136E~07
1.37603E-04
4.41108E£~08
44 39201E-08
8.90356E~-14
B.43085E~11
1.06496E~10

2B.08609

INCREMENTY
~0.33775E+
0. 10064E~
~0440265E+
0.496b5E-
~0e14187E~
0.10602E~
0. 1785BE~-

B8
0. 58372E+00

(I, RATE OF PRIDUCTION OF SPECIES T BY REAZTION &
REACTION
3 4 5 [ 7 8
11 12
0.74181E~-05 -0 0.96697E~0S D. 0. ~0.
0. -0,
-0 ~0.62342E-01 “0. 0. 0. ~0.86328E-02
=0.56008E-10 0.87485E-11
-0.74181E-05 =0. ~0. -049C0T1E-O7 0. “0a
0. ~0.
0.74181E~05 0.1246BE+00 -0 ~0.900T1E-O7 0.10063E-01 D.86328E~02
0. =0.87485E-11
=0, ~0. ~0448348E-D5 O. 0.10063¢-01 -0.86328E-02
0. -0,
-0, ~0. -0, 0,90071E-07 0. “0.
0. =0.
=0, -0, -0, 0. <0.1C063E~01 0.8632BE~02
0. -0,
=0. =0. =0. Je 0. 0.
0. -0,
~0. ~0s 0. 0. 0. -0
-0.56008E~10 -0
-0 =0 ~0. Qe 0. ~0.
Ce «0.
=-0. -0, -0. 0. 0. 0.
0.56008E~10 ~0.87485E~11
-0 =0. ~0. Oe 0. ~0.
0. 0.87485E~-11
AREA-  1.00000E+03 5SQ CM AXIAL POSITION 1.00000E-01L CM
INTEGRATION INDICATDRS
1.59764% STEPS FROM LAST PRINT 6
43951.98 AVERAGE STEP SIZE 0.36542E~02
«31062E-04 CONTRILLING VARIABLE ND2Z
4633,52
«760644E+03
2.4103 RELATIVE ERROR 0.48T14E-04
70.3387 PREDICTOR ITERATIDNS 0
1.2834

NET SPECIES PRODUZTIDN RATE REACTIDN NET REACTION CINVERSION RATE
{MOLE/CM=e3/5EC) NUMBER {MOLE-CM®=3/GMes 2/SEC)
1.72725E-04 1 1.11502E+06
~5.,11863E-02 2 1.12223€+406
3,83822E~02 3 ~2.70912E403
6.42944E-02 & =1.76252E+406
=1.89716E~02 5 ~T.36317E+01
L-17571E-06 6 60 84456E401
-3,06605E~04 ? 1.20190E+05
1.69982€-07 8 ~1.02340E+05
1.6B8949E~0T 9 ~9.89574E+00
1.38804E-13 10 ~8.08064E-06
3,40682E-10 11 6.,01532E-02
6,92589E~10 12 ~4,03200E~02
TOTAL ENERGY EXCHANGE WATE 2.7T1933E+11 MASS FRACTION SUM
{CAL-CMee3/GMee2/SEC)
RELATIVE ERRIR VARIABLE DERIVATIVE INCREMENT
02 0.10294E-07 N2 ~0.32934E-02 -0,52393E~05
06 0.75156E-08 NO2 D.20410E-06 0.30101E-09
01 0.15937€-07 N2O ~0453226E-0¢ ~Ds 35761 E-07
o7 0.13737E-05 ND+ 04235)3E-07 0.4B6740E~10
24 0.252215-07 E J.29329E-07 0.46460E-10
04 0.36600E-06 el d 0.24096E~13 0438297€-16
04 0.25236E-06 32~ 0.53142E-10 0.92541E~13
o= 1.12223£-09 0,18765€~12

J(AREA)/D{IVAR)

CHEMICAL PROPERTIES

DZ{AREA}/D(IVAR}2

RATE LONSTANT
{CGS UNITS)
1.40238E+13
2.610395+10
9.61182E+14
24994B2E+1 4
5.15343E+14
1.17022E+15
6. 91620E+11
3.04206E+13
4e91185E¢15
1.528128+17
2.99525E+17
64000002412

1. 00000192

RELATIVE ERDR
0.31027E-08
O.48T14E-DG
0.34592E-05
0.637+3E-DS
0.6687 1E-056
0.23484E~05
0,12234E-05
0.107D2E-04

{1/AREA}®D(AREA}/DI{IVAR)-AA

D.4e58:E400



OMEGA{14J) RATE OF PRODUCTION OF SPECIES I BY REACTION J
SPECIES REACTION
1 2 3 4 5 [} 7 8
9 10 11 12
N =0e19153E-01 0.19277E-01 0.46535E-00 =0. 0.25296E-05 Je 0. -De 4
~0.16998€-06 =0, 0. ~0.
o2 -0419153E-01 0. -0, -0430275E-01 -0s O. 0. ~0.17579€~-02
~0e -0, -0.10333E-08 0.69259E-09
NO 0,19153€~01 0.19277E-01 ~0.46535E-0% ~0. ~0. ~0s11757E-05 0. =0,
“Q. =0, . =0.
s] Us19153E-01 -0.19277€-01 0,46533E-04 0.60551E-01 =0. =0e11757€~05 0.20645E-02 0.17579€~02
-0.16998E-06 ~0413880E~12 0. ~0.69259£-09
N2 0o -0.19277E-01 -0, «0. -0.12648E~05 0. 0.206+5E-02 ~0e17579E~02
=0. -0. 0. ~0e
NO2 0. [ ~0. -0 -0, 0.11757€~0% 0. -0,
=-0a ~0e 0. -0
N20 Ce 0. =0, ~0e =0 0. ~0e206456-02 0.17579€E-02
-0 =0 0. =0
NG+ [+ 0. -0, “0e “04 0. g. -Q.
0, 16998E-06 -0. 0. -0.
E Oe O. =0. -0, 0. 0. 0. -0.
0416998E-06 0,13880&~-12 -0.10333E-08 ~0»
a+ O. 0. -0. Do -0. Je 0. “0a
=0a 0.13880E-12 Q. -0e
02~ 0. 0. -0. =0. -0. O. 0. -0
-0. =0 0.10333€-08 -0.69259E-09
o= 0. 0. ~0. ~0. -0, 0. 0. -0,
=0 =0. 0- 0.69259€-09
TIME  6.92847E-06 SEC AREA  1.00000E+03 5Q CM AXIAL POSITION  3.00000E-01 CM
FLOW PROPERTIES INTEGRATION INDICATORS
PRESSURE 1.71308 STEPS FROM LAST PRINT 31
(ATW)
VELOCLTY 41235.29 AVERAGE STEP SIZE 0.65029E-02
{CM/SEC)
DENSITY 1.39697E~04 CONTROLLING VARIABLE
(GM/CMaw3)
TEMPERATURE 4121.39
(DEG K1}
MASS FLOW RATE 5.76044E+03
(GM/SECQ)
ENTRIPY 2.4195 RELATIVE ERROR 0.58628E-06
(CAL/GM/DEG K}
MACH NUMBER 0.3254 PREDICTOR ITERATIONS 3
GAMMA 1.2923 ELIMINATED SPECIES NO2 N2)
CHEMICAL PROPERTIES
SPECIES CONCENTRATION MOLE FRACTION NET SPECIES PRODUCTION RATE REACTION NET REACleN CONVERS ION RATE RATE CONSTANT
{MOLES/(CMee3) {MOLE/CMe®3/SEC) NUMBER {MOLE~CM®e3/GMee 2/SEC) {C5S UNITS)
N 1.90403€-09 34.75880E~04 ~5.82216E-05 1 5449103€+05 1.23565E+13
02 6,84081E~07 1.35047E-01 ~2420719E~-02 2 5.43743E+05 1.36525E+10
NO 2.16448BE-07 44 27375€6-02 2.12780E~02 3 =2.36386E+403 9.96915E+14
o %.44187E-07 8.76882E-02 2.28894E-02 & -5,6463264+05 3,21223E+16
N2 3.71867E-06 T+34114E~01 -1.05817E~02 5 ~1.09048BE+01 5.44367E+16
NO2 1.04639€~-11 2.06572E~06 3.01664E-06. 6 1.54579E+02 1.18980E¢15
N2G 1.78349€-10 3,52084E-05 -2.97355€~05 7 1.B7997E+04 4,20082E+11
NO+ 1.13098E~12 2423270E-07 1.76151£-07 8 =1.72760E+04 2441817E+13
3 1.11974€~12 2.21052E-07 1.73210€-07 9 ~9.02633E+00 5.58028E¢15
213 Te67254E~19 1.51466E-13 3.08235E~14% 12 =1.57946E-06 1334092417
02- 2427948E-~15 4449998E~10 3.58196E~10 i1 1.50722E~01 3.18931E+17
a- 8+495872E~15 1,76857E-u9 . 2.58318€-09 12 «1432367E-01 6.00000E+12
MIXTURE MOLECULAR WEIGHT 27.57797 TOTAL ENERGY EXCHANGE RATE 9.30207TE+10 YASS FIACTION SUM 1.00000399
{CAL-CMee3/GMee2/SEC)
VARIABLE DERIVATIVE INZREMENT RELATIVE ERRIR vARIABLE OERIVATIVE INCREMENT RELATIVE ERRIR
v -0.87573E+04% -0,53159E+02 0.23952F-07 N2 -J418370E~-02 -0.11153€-04 0.37689E-08
RHO 0.29668E-04 0. 17986E-06 0,1768TE-07 NO2 0.52353€-06 0.26779E~08 0.15835E-06
T -0,98100E+03 ~0459565E+01 0.30016E-07 N2O ~0+51620E-05 -0.32783E-07 0.44694E-05
N -0,10107€E-04 -0,59561£~07 0.58628E-06 NO® 0.30579E-07 04 18434E~09 0.94339E-07
02 -0.38316E-02 =0.23264E-04 0,83396E~-07 E 0.30069E-07 0.18131E-09 0.13203€-06
NO 0.36938E-02 0.22428€-04 Ne12651E-06 aJ¢ 0.53503E~-14 0432380E-16 0. T6792E-05
3] 0.39735€-02 0.24127E-04 0.19267E-06 J2- 0.52132E-10 0.37936E~12 0.90923E-05
3= J4448643E-09 0.26458E~11 0.48246E-05
AA :1:] D{AREA)/D(IVAR) D2{AREA)/D{IVAR)2 {L/AREA)SD( AREA)/D(IVAR)~AA
~0.13388E+00 0,24460E+00 G. 0. 0.129,8E+00
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DMEGA{],+4) RATE OF PRODUCTION OF SPECIES [ BY REACTION J

SPECIES REACTEON
1 2 3 4 5 6 7 8
9 10 11 12
N ~0.10716E-01 0.10611E~-01 0.46131E-04 -0. 0.42562E~D6 0. 0. ~C.
=Ds 17615E-06 -0. 0. -0,
02 -0.1C716E-01 C. ~-C. ~0+110139E-01 -0. Jde 0. ~0e33714E-03
~0 -0, ~0.29414E-08 0.25832E~08
NO 0.10716E-01 0,10611€-01 =Ge46131E~00 =0a -0, ~0.30166E-05 0. -0,
-Do -0. 0. -0,
0 0.,10716E-01 ~0.10611E-01 0.46131E-04 0,22038E-01 =0 =3.30166E-05 0, 36688E-03 0.33714E-03
“0.17615E-06 —0.30824E-13 [+ ~0.25832E-08
N2 0. ~0410611E-01 -0. -0, ~0.21281E-06 Oe 0.36638E~03 =0 33714E-03
-0, ~0. 0. =0.
NO2 0. O. -0. -0, -0. J.30166E~05 0. -0,
=0, -0. 0. ~0.
N2O Oe 0. 0. ~0. 0. 0. ~0.36688E~03 0e33714E~-03
0. -0, 0. ~0.
NO+ 0. 0. ~0. ~0. =0 0. 0. =Da
0.17615E-06 -0, 0. =0,
E [ 0. -0, ~0. ~0. 0. 0. =0
0.17615E-06 0. 30824E-13 =0.29414E-08 ~0.
O+ 0. 0. ~0e ~0. -0, 0. 0. -0.
-0, 0,30824E-13 0. -0,
02~ 0. 0. -0, -0, -0s Je 0. ~0.
=0. -0 0.29414E-08 ~0,25832E-08
0- 0. O. ~0s =0 ~0e [ 0. =0.
=0 -0, 0. 0.25832E-08
TIME 2+45511E-D5 SEC AREA 1.00000E+03 SQ CM AXIAL POSITION 1.00000E400 CM
FLOW PROPERTIES INTEGRATION INDICATORS
PRESSURE 1.72854 STEPS FROM LAST PRINT 40
{ATH}
VELOCITY 38516.28 AVERAGE STEP SIZE 0.17550€~01
(CM/ SEC)
DENSITY 1.49559E-04 CONTROLLING VARIABLE Nz2o
(GM/CMse3)
TEMPERATURE 3815.59
(DEG K}
MASS FLOW RATE 5.76044E+03
{GM/SEC)
ENTROPY 2.4236 RELATIVE ERROR 0.92532£-05
{CAL/GM/DEG X)
MACH NUMBER 0.3120 PREDICYOR ITERATIDNS 11
GAMMA 1.3013
CHEMICAL PROPERTIES
SPECIES CONCENTRATION MOLE FRRACTION NET SPECIES PRIDUCTION RATE REACTIDN NET REACTION CONVERSION RAVE RATE CONSTANT
{MOLES/CMee3) (MOLE/ZMee3/SEC) NUMBER (MOLE-CMee3/GMes2/SEC) {CGS UNLITS)
N 1.54073E-09 2.79074E-04 ~1.05584E-05 1 2.82154E+04 1.075932+413
D2 S5e65279E~07 1,02390E-01 “3.37922E-03 2 2.69B71E+04 64527896409
NO 3.70134E-07 6.70427€~02 1,21577E-03 3 -7.56753E402 1.03609E¢15
0 5471426-07 1421616E-01 5.53999€E-03 4 ~1.20796E+05 3.45B14E+14
N2 3.91237E-06 T+ 08653E-01 =6.02164E-04 5 =1+ 01424E+00 5. 76T49E+14
NO2 5.24306E~11 9.496B2E-06 2,05999E-06 6 9.20954E401 1.2124BE+15
N20 4.B9868E~11 8. 87304E-06 -1.50019E-06 7 2413135€403 2.38145E41]
NG+ 3.18774E~-12 S5+77400E-07 5.79153E-08 8 ~2.06428E+03 1.B6216E+13
E 3.11843E~12 SeG4B4GE-OT 5.52351€E-08 9 =2.5B8923E+00 $+15212E+15
0+ 3.99607E-19 1.81060E-13 3.291245~15 10 -1.471642E-07 2422395E417
D2~ 6.554728-15 1.18726E~09 8.70285E~11 11 1.19827E-01 3,40503E417
O- $.27563E~14 1.13671E-08 2.59322€-09 12 -1.15936E-01 6.00000E412
MIXTURE MDLECULAR WEIGHT 27.08972 TOTAL ENERGY EXZ4ANGE RUTE 1.58710E¢12 MASS FRACTIION SuM 1.00000587
(CAL-CMe®3/5Me82/SEC)
VARIABLE DERIVATIVE INCREMENT RELATIVE ERRIR VARIABLE DERIVATIVE INCREMENT RELATIVE ERIR
v =0.15834E4D4 -0.41002E+02 0.26820E~056 N2 ~3410453E~03 -0.26B61£-05 0.11856E-056
RHO N. 6536 TE~-05 0.15904E~06 0,23639E-08 NO2 0.35761E-06 0.58117€-08 0.38041E-05
T —0.19525E+403 =0.47502E+01 0,2907T7E-06 N20 ~0+25343E-06 -0.71065€-08 0.92532E~05
N -0,16329E~05 ~0.4307TE~07 0.18551E-05 NOD+ 0.12354E-07 0. 24483E~0" 0.1690G2E-35
02 ~0.58663E-03 =0.14364E-04 0.13262E~05 13 0.95887E-08 0.23369E-09 0.15990E-05
NO 0.21106E-03 0.54225E-05 0,25160E-05 Je 0.57135€~15 0.13882E-1" 0.74860E-06
0 0.96173E-03 Ue23298E-04 0.84620E~06 02~ 0.15108€-10 0.53031E~12 0.138092-05
3- 3+45218E~09 0.10609€-10 0.12865E-05
AA 1) D{AREAI/ULIVAR) DZ{AREA}/DIIVAR)I2 {1/AREAY#D(AREA}/D(IVAR)~AA
~0.39452E-01 0.%2452E-01 0. Do 0. 39452E-01
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CMEGA(T,J) QATE OF PRODUCTION OF SPECIES I BY REACTION J

SPECIES REACTION
1 2 3 4 5 6 7 8
9 10 11 12
N -0,63111E~03 0..0364E~03 0.169276-04 =0, 0.45372E-07 2. 0. -0.
-0.579156-07 =0. 0. -0, B
02 -0,63111E=-03 0. -0. -0.27019€-02  -0. 3. 0. -0.46173E~04
-C. -0. -0.26803E-08 0.25932E-08
NO 0.63111E-03 0.50364E-03  ~0.16927E-06 =0 -04 -0, 20600E~05 0. -0.
-0, -0, 0. -0,
0 0.631116-03  -0.60364E-03 0.15927€-04 0.54039E-02 =0 ~0420600E-05 0. 476 T4E=04 0.46173E-04
~0.573156-07  -0.32912E~14 0. -0,25932E-08
N2 0. ~0.60364E-03  ~0. -0, -0,22686E-07 D 0.47674E~04 =0.46173E-04
-0, -0, ‘N -0,
NO2 0. 0. -0, -0, -0, 0.20600E-05 0. -0.
-0, -0, 0. -0.
N20 0. 0. ~0. -0, -0, % -0.47674E~04 0.46173E~04
-0. -0 0. -0
NO+ 0. 0. -0, -0. -0. 0. 0. -0
0.579156-07  ~0. 0. ~0a
3 0. [N ~0. -0. -0, 0. 0. -0.
0.579156~07 0.329126-14  =0.26B803E-08  ~0.
a+ 0. 0. -0, -0. -0, 2. 0. “0e
-0, 0.32912E-14 0. -0
02- 0. 0. -0. -0. -0. 0. 0. -0.
-0, -0 0.26803E-08  =0.25932E-08
o- 0. 0. -0. ~0a ~0. 0. 0. -0,
~0. -0, 0. 0.25932E-08
TIME  2.65890E~04 SEC AREA  1.00000E+03 5Q CM AXTAL POSITION  1.00000E+0L CM
FLOW PROPERTIES INTEGRATION INDICATORS
PRESSURE 1.73751 STEPS FROM LAST PRINT 57
(ATM)
VELOCITY 36937,72 AVERAGE STEP SIZE 0.10575E+00
(CM/SEC)
DENSITY 1.55950E~-04 CONTROLLING VARTABLE NO2
{GM/ CHes3)
TEMPERATURE 3622445
(DES X)
MASS FLOW RATE 5,76043E+03
(GM/SEC) -
ENTRIPY 2.4243 RELATIVE ERROR 0.2864TE-06
(CAL/GM/ DEG K)
MACH NUMBER 003040 PREDICTOR ITERATIONS 11
GAMMA 1.3082
CHEMICAL PROPERTIES
SPECIES <INCENTRATION  MOLE FRACTION  NET SPECIES PRODUCTION RATE REACTION NET REACTION CONVERSION RATE  RATE CONSTANT
[MOLES/CHew3) (MOLE/CMee3/SEC) NUMBER (MOLE-CM®#3/GMee 2/SEC) (CGS UNITS)
N 1.43368€-09 2.45267E-04 ~9,45584E~09 1 ~1.11924E402 9.77550E+12
02 5.27368€-07 9,02195E-02 ~2,074T4E-05 2 ~1.13369E402 3.84155E409
NO 3,32611€-07 5.69014E-02 -5.50931E-06 3 ~1.05111E+00 1.06336E415
o 9.77529E-0T 1.50123€-01 9.65077€E-06 o -1.95026€+02 3,63382E+14
N2 4.10632E-06 7.02489E-01 2.758156-06 5 ~9,09406E-04 5.99661E¢14
NO2 3.92664E-11 1.69820E-05 4.55121E~09 5 1,87136E~01 1.22905E+15
N20 2,17939€-11 3.72839€~06 -9.99862E-10 7 2.26826E400 1583855411
NO+ 3.79426E-12 6449102E-07 -7.55910E~11 8 -2,207156400 1.543396413
E 3.65218E~12 64 26796E-07 ~7.67784E-11 9 3. 10814E-03 6465055E+15
o+ 1.209¢5E-18 2.06906E~-13 4.38453E~16 10 ~1.80283E-08 2.53235E417
02~ 8.33806E-15 1.42643E-09 6.52877€~15 11 4.88415E-05 3.556595417
o- 1.33738E-13 2.28792E-08 1.18131E-12 12 -4,85731E~05 6.00000E+12
MIXTURE MOLECULAR WEIGHT 26,67907 . TITAL ENERGY EXCHAN3E RATE 1.87019E+37 MASS FRACTION SUM 1.0000059%
(CAL=-CM#®3/GMes2/SEC)
VARIABLE DERIVATIVE INCREMENT RELATIVE ERRIR VARIABLE DERIVATIVE INCREMENT RELATIVE ERROR
v -0.20213F+01 -0, 32425E+00 0.75288E~-08 N2 0,47881E-06 0. 74824E-07 0.27250E-08
RHO 0.85337E-08 0.13690E-08 0.75229E-08 NO2 0.79008E-09 0.59140E~10 0.28647E=05
T ~0.25511€+00 -0, 40837E~01 0.97665E~08 N20 -3.17357E~09 ~0424406E-10 0.11152E-06
N -0, 16415€-08 -0417194E-09 0.56237€-07 NI+ -2.13122E-10 ~0420537E-11 0.78019€-07
02 -0,36017E-06 -0,58692€-07 3.13853E-07 E -0.13329€-10 ~0,20826E-11 0.84012E-07
NO ~0.95641E~06 -04149¢8E=-06 0.67111E-07 o+ 0.75115€-16 0.11294E-16 0.
0 0.16754E-05 0426678E~06 0442025€-07 22- 0.11334E-14 -0434910E~14 0.182353E~06
o- 0.20507E~-12 0.32388E~1% 0.92158E-07
aA BB J{AREA}/D(IVAR) D2(AREA)/D(IVAR)2 (1/AREA) #D{ARLA}/D{ IVAR) =AA
~0.43665E-04 0.7L983E=04 0. 0. 0.4566E-04
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SPECIES

02

NO

N2
NO2
N20

NO+

[erd
[

(GCKP)

116

1

9
0,27220€~05
0. 75591E-10

0.27220€-05

.

=0.27220E~05
0.

-0.27220E-05
0.75591E~10

-0,
[

~0e
0.

~0.
0.

-0.
~0475591E-10

~0.
~0,75591E~10

=0
0.

~0.
0.

~0.
Ce

END OF THIS CASE

OMEGA(L.J) RATE OF

2
10

~0,27572E-05

-0

=0,
-0,

-0.27572E-05
-0,

0. 27572E~05
=04 43845E~15

0.27572E-05

-0.

~0.
-0,

-0,
-0.

~0.
-0,

~0.
0, 43845E~15

-0

0.43845E-15

=0
-0,

-0.
-0.

= READ DATA

3
11

0.25563€~07

=0,
-0.1187BE~1L1

~0,25563E=-07

-

0.25563€-07
0.

~0.
O.

=0,
0.

-0.
Ge

~0.

Os
-0.
<0.,11878E~1}

-0,
Q.

0.
0.11878E-11

~0.
0.

FOR NEXT CASE

PRODUCTION DF SPECIES I 8Y REACYION J

REACTION
4 5 6
12
-0, 0.44234E-10 O
-0,
~0.67431E-05 =0, 3.
0.11813E-11
-0, -0, -0, 455126-08
-0.
0.94B62E-D5 -0, -0445512E-08
~0.11813€=-11
-0, ~0,22117E-10 0.
-0.
-0. -0, 2.455126-08
~0.
~0e -0, e
-0,
-0, -0. 0.
-0.
-0. -0, 0.
-0,
-0, -0. 2.
-0.
~0, ) -0. De
-0.11813E-11
-0 -0, 0.

.
0.11813E-11

0.

L8

0. 54678E~07

0.5467BE-07

0.

~0,54678E~07

0.

0.

0.

0.

~B.

~0.53679E-07

~De

D.53679E-07

~0e53679E~07

-0.

Ue53679E-07

~0.

0.

-0.

-0.

~0e



APPENDIX F

AVAILABILITY OF THERMODYNAMIC AND RATE CONSTANT DATA

Thermodynamic Data

The form of the thermodynamic data equations has already been discussed under the
heading Thermodynamic Data and Species Names in the section GENERAL DESCRIPTION \'
OF PROGRAM USE. Curve fitted coefficients A1 ,Az, ey A7 have been calculated for
415 species by Gordon and McBride. The complete list of coefficients has been pub-
lished in reference 13. Two sets of coefficients are given for each species. The first
listed set was obtained for the temperature range 1000 to 5000 K. The second set was
curve fitted for the temperature range 300 to 1000 K. The high-range equation can be
extrapolated beyond the high temperature limit to 6000 K and the low range equation can
be used down to 100 K. These coefficients will be available as part of the chemical
kinetics program.

Rate Constant Data

No set of ''standard'’ reaction rate constants can be given analogous to the sets of
coefficients for thermodynamic properties of the species. Rate constant data are much
less precisely known. In general, the choice of rate constant for any reaction is left to
the user. For the convenience of the reader a short list of rate constant equations is
presented in table V. These rate constants are not to be taken necessarily as '"'best"
values but only as reasonable values to use in performing kinetics calculations. Addi-
tional rate constant data are found in the sample case data listed in appendix E. Further
kinetics information may be found in references 22 to 28 and 30.
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TABLE V. - REACTION RATE CONSTANTS?

n,
[k]. = Aj T exp(-Ej/RT).]

Reaction Reaction A]. nj E., Reference
number cal/mole
1 |H+0,~OH+0 1.25x101¢ | 0 16 300 29
2 |0+H,~OH+H 2.96x1013 9 800 29
3 |Hy+OH=-H0+H 2.1x1013 5 100 29
4 |O+H,0~OH+OH 5.75%x1013 18 000 22
5 | Hy+HOy~H,0,+H 9.6x1012 24 000 23
6 |H+HO,-OH - OH 7.0x1013 0 30
7 |OH+HO,~H,0 + 0, 6.0x1012 0 30
8 |0+HO,~OH+O, 6.0x1012 0 30
9 |HO,+HO, ~H,0,+0, |1.8x1012 0 30
10 |H+H,0,-H0 +OH 3.18x1014 9 000 23
11 |OH+Hy0,~H,0 +HO, |1.0x10'3 1 800 23
12 |H+Oy+Ar~HO,+Ar |1.59x10'% -1 000 23
13 HyOy + Ny ~OH + OH + N, 1.17x1017 45 500 23
14 |H+HO,~H,+O0, 2.3x1013 ' 0 28
15 |H+H+Ar -Hy+Ar 1.0x1018 |.1.0 0 31
16 |0y +Ar~0+0+Ar 2.55x1018 | 1.0 | 118 700 32
17 |H+OH+Ar-HO+Ar |7.5x10% |.2.6 0 33
18 |CO+OH-CO,+H a.2a0l | o 1 000 29
19 |CO+0,~CO,+O 1.6x1013 | ¢ 41 000 29
20 |H,+O,~OH +OH 1.0x1018 | o 43 000 (b)
21 |N+0+N,~NO+N, 6.4x1018 | _.5 0 24
22 |N+0,~NO+0 6. 4x10° 1.0| 6250 24
23 [0+N,~NO+N 1.36x1014 | o 75 400 24
24 |NO,+0 ~NO+0, 1.0x1013 600 25
25 |NO+O+Ar ~NO,+Ar |1.05x10'8 -1 870 25
26 |NO,+ H~ NO+ OH 7. 2x1014 1930 30
27 |NO+HO, ~ NO, + OH 1.0x1013 0 28

AUnits of bimoiecular and two-body dissociation reaction rate constants are

em® mote™! sec™!

stants are cm6 mole'2 sec”
bAuthors' estimate.

Units of three-body recombination reaction rate con-




APPENDIX G

FORTRAN PROGRAM LISTING AND FLOW CHARTS

$IBFTC GCKP DECK

o

[g]

GENERAL CHEMICAL KINETICS PROGRAM
LOGICAL NEXT,EVSTEP
REAL IVAR

COMMON/COND /DU 1(4) ,IVAR,Y (28) ,DUM2 (2) ,NEXT

COHMON/SINT/HMIN,HINT,HN,HNP1,HMAX,NH,AVH,EMAX,ERFN,JCV,KOUNT,ERRP

COMMON/PORE/PK (28) ,0QK(28) ,RK(28),E(28)
COMMON/PRIN/PRINT (50) ,NPRNTS,END,EVSTEP

READ AND CONVERT INPUT,
CALL KINE
1 IF (NEXT) GO TO 1000

PRINT REACTICNS,
CALL QUTH

ASSIGNED VARIABLE PROFILE,

COMPUTE (NON-INPUT) INITIAL CONDITIONS
CALL PRED1

PRINT ALL TINITIAL CONDITICNS
CALL OUT2
IF (NEXT) GO TO 1000

INITIAL INTEGRATION STEPS
CALL INTI

NH = 2

AVH = HINT

CALL CUT3

IF (NEXT) GO TO 1000

PERFORM PRE-KINETIC CALCULATIONS

INTEGRATION

IF {.NOT. EVSTEP) GO TO 3
C %% INTEGRATICN - PRINT RESULTS AFTER EVERY STEP
2 NH =0
PREV = IVAR
CALL INTG
NH = NH + 1
AVH = HN
IF (NH .NE. 1) AVH = (IVAR - PREV) /FLOAT (NH)
CALL 0UT3
IF (NEXT) GO TO 1000
HTOP = END =~ IVAR
IF (HTOP .LE. 0.) GO TO 100
IF ({HTOF—HNP1) .LT. O0.) HNP1 = HTCP

C

GO TC 2

LOCATE FTRST PRINT STATION
3 pOo 4 I=1,NPRNTS

IF (PRINT({TI) .GT.
4 CONTINUE

IVAR) GO TO 5

CONTROLS

AAQOD1
AR002
AA003
AR00L
AROO0S
AANOG
ABROQQ7
AA008
AACO9
AAD10
Aa011
aA012
ARO013
AA014
AA015
ARQ6
Aa017
An018
AAQ19
AAQ20
AAO21
An022
AA023
AAOQ24
AAQ25
ApD26
AA027
AAD28
AA029
2A030
ARO3?
ARAO032
AAN33
AAO34
ARA035
AAD36
ARO037
AAO38
ARA039
A204C
AAOU41
AACU2
AAQL3
AnQuL
ARO4S
AAQUG
AROUT
ARO4S8
AROQU9
RAOS0
aa051
AA0S52
AAO0S53
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5 NS = I

C ** INTEGRATICN - PRINT RESULTS AT PRINT STATIONS
DO 10 I=NS,NPRNTS
NH = 0 :
PREV = IVaA®R

C SET NEXT PRINT STATION
PRNT = PRINT (I)
c INTEGRATE TO PRINT STATION
6 HTOP = PRNT - IVAR
IF (HTOP .LE. HNP1) GO TO 7
CALL INTG
NH = NH + 1
IF (NEXT) GC TO 8
GO TO 6

C SPECIAL STEP TO PRINT STATION

7 CALL CASG (HN,QK,HTOP,RK)
ERRN = ERROR(Y,RK,E,JCV,HTOP)
CALL PRED
NH = NH + 1

8 AVH = (IVAR - PREV)/FLOAT (NH)
CALL OUT3
IF (NEXT) GO TO 1000
CALL INTC

10 CONTINUE

100 WRITE (6,101)

101 FORMAT (7HO (GCXP),5X,U4UHEND OF THIS CASE - READ DATA FOR NEXT CA

*SE)
CALL RINP
GO TO 1

1000 ®WRITE (6,1001)

1001 FORMAT (7HO (GCKP),5X,46HA FATAL FERROR HAS OCCURRED

" *ATED)
CALL RINP
GO TO 1

END
S$IEFTC KINPP DECK
SUBROUTINE KINP

c INPUT CAN BE ACCEPTED IN (1) INTERNAL (CGS) VDNITS,
C (3) ST UNITS

C THE FOLLOWING UNITS ARE USED TNTERNALLY
o * DISTANCE ol *

C * ARERA CH*%2 *

C * MASS FLCW RATF GM/SEC *

C * PRESSURE ATHM *
Cc * TIME SEC *

C * VELCCITY CM/SEC *

Cc * DENSITY GM/CC *

C * TEMFERATURE DEG K *

c * COFCENTRATION MOLE (I) /MASS *

C INTERNAL CORFESPONDENCE

Cc * DVAR - DEPENDENT VAPIABLE *

C * IVAR - INDEPENDENT VARIAEBLE *

120

{2)

CASE TERMIN

FPS OUNITS,

AA0S5H
AADS55
AA056
AROS7?
AA058
AA0S¢
AA060
ARQ0B1
ARO062
23063
ABAQO6UL
AAD6ES
AAD66
AR067
ARO68
AA069
AROTO
AR071
AAO072
22073
AROT74
AAQO7S
AR076
A2077
AAOT78
AR079
ARO80
AR081
ARO82
ARO83
A3084
AR085
ARO86
ARO87
An088
AAO89
AAQ090
AAO091
ARO92
AA093
ARO9Y
AA095

AB0O1
ABOO2
AB0O3
ABOOU
2BOOS
ABOO6
ABOO7
ABOOS
AB00O9
AB0O10
ABO11
AB012
ABO13
ARO1U
ABO1S
ARD16
AB017
AB018
AR019



a

aaona

* AVAR - ASSIGNED VARIABLE *

THE FOLLOWING LOGICAL TAPE UNITS ARE REQUIRED

* LTHM (4) - FOR THERMODYNAMIC DATA *
* LDAT (M) - FOR TEMPORARY STORAGE OF LATA CARDS *
LOGICAL TAPE UNIT ASSIGNMENTS ARE SPECIFIED INW *NAMBLK!

DOUBLE PRECISION DSP,CSPP,DSPNM,DALSP

LOGICAL ALLM?1,CONC,DBUGO,ELIM,EVSTEP,EXCHR,MOLEF,MMHG
LOGICAL COMBUS,RHOCON,SHOCK,TCON
LOGICAL NEWPRT,NEXT

REAL MDOT,IVAR,M,MW,N,LSUBM,MIXMW, M2, NFW

DIMENSION ISS(25),.,TBR(3),CXTB(40),CATB(40),APPINT (50}, THNC(7,2)
DIMENSION SP(2,4),DSP(4),SPP(2,3),DSPP(3),SPNN(2,27),DSPNN(27)
DIMENSION SPT(2),LMT (4),SUBS(4),C(25),CX(#4)

DIMENSION CUA(2),FUA(2),SUA(2),CUP1(2),CUP2(2),FUP(2),SUP(2)

COMMON/LTUS/LTHM,LDAT
COMMON/OPTS/VERSI,TIMEV,VERSA,ARFAV,ELIM, TCON,RHOCON, IPFCOD
COMMCN/COND/DVAR,AREA, MDOT,P, IVAR,V,RHO,T,SIGHA (25),LS,LSP3, NEXT
COMMON/REAC/LSR (4,30) ,XX (30) ,RATE(30) ,LKEQ {30) ,DLKEO (30) ,M# (30) , LP
COMMON/RRAT/A (30) ,N (30) ,EACT(30),B(30) ,M(25,30) ,ALLMT
COMMON/AFUN/CN (4) ,ITPSZ,LSUPM,ETA,D,VISC,BETA
COMMON/SPEC/SNAM (2,30} , MW (25) , W (25) ,STOIC(25,30) ,0MEGA (25,30)
COMMON/SINT/HMIN,AI,HN,FNP1,H¥AX, NH,AVH, EXAX, ERRN, JCV,KOUNT, ERRP
COMMON/TCOF/TC(7,2,25) ,TLOW,THID,THI
COMMON/PRIN/PRINT (50) ,NP,CEND,FVSTFPD
COMMON/XVSA/XTB(40) ,ATB (40) ,NT,XU,AU(2) ,CX3,CX2,CX1,CX0
COMMON/SNMW/DALSP (75) ,ALMW (75)

COMMCN/KOUT/TITLE(20) ,UNITI,UNITO,CONC, EXCHR,DELH (30) ,FPS,ST,DBUGO
COMMON/GHSC/GRT (25) , HRT (25) ,SR (25) ,CPR(25), DCPR(25)
COMMON/PQRE/PK (28), 0K (28) ,RK (28) ,E (28)

COMMON/SKIP/NEGL (25) ,I1,12,IT '
COMMON/NECC/RR,MIXM¥W,42,GAMMA,TCPR, R
COMMON/MISC/TT, PP, CPRO, HRO, ENN,SUMN,ENNL,LLMT (15),B0(15)
COMMON/INDX/TP,HP,NLM,NS,IC1,CONVG,KMAT, THAT

EQUIVALENCE (C,SIGMA), (SPNM,DSPNM),(SP,DSP), (SPP,DSPP), (SPT,SP)
EOUIVALENCE (SPNM,SNAM{(1,4)), (EEFM,SPNM(1,26)), (BLANK,SPNN(1,27))
EQUIVALENCE (CX3,CX)

DATA CU,FU,SU/2HCM,2HFT,2HM /

DATA CUA/4HCM**,1H2/,FUA/BHFT**, 162/,SUA/UHN**2,1H /

DATA CUP1/4EMMHG,1H /,CUP2/3HATM,1H /,FUP/UHLB/F,LHT**2/,SUP/UHN/Y
*x QH*2/

DATA NEW,CHANGE,REPEAT/3HNER,4HCHAN,UHREPE/

DATA TAPEND,CARDS/3HEND,4HCARD/

NAMELIST/PROB/HMIN,HMAX,HINT, EMAX, ALLM1,ELTY,CONC,EXCHR,

* IPRCOD,ITPSZ, XTB,ATB,NTB, cx3,Ccx2,Cx1,CX0, LSUBM,ETA,D,VISC,BETA
*, END,DFLP, PRINT,NPRNTS,APRINT, EVSTFP,LPUGO,

* COMBUS,SHOCK, TCON,RHOCON

THERMODYNAMIC DATA WILL BE TNFUT FROM f'UNIT®®
READ (5,99) UNIT

AB020
AB021
ABO22
AB023
ABO2U4
ABO25
AB026
AB027
AB028
AB029
AB030
ABO31
AB032
AB033
ABO34
AB035
ABO 36
AB037
ABD38
AB039
ABOSO
ABOY1
ABOU2
ABOL3
ABOLY
ABOLS
ABOUS
ABO4T
ABOUS
ABOUO
ABOS0
ABO0S1
AB0S2
ABOS3
ABOSY
ABOSS
ABOS56
ABO57
ABOS58
AB0S59
ABO60
ABO61
ABO62
AB063
ABO6UY
AB065
ABO66
ABO67
ABO68
ABO69
2B070
ABO71
ABO72
ABO73
ABOTY
ABO75
ABO76
ABO77
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o

122

99

a8

1
97

96

3

g

5

FORMAT (20A4)
IF (UNIT .NE. CARDS) GO TO 3

REWIND LTHM

READ (5,98} TLOW,TMID,THI

FORMAT (3F10.3)

WRITE {LTHK,98) TLOW,TMID,THI

READ (5,97) (SPT(I),I=1,2}, (LMT(T),SUBS(I),I=1,4)
FORMAT (2AU,16X,4(A2,F3.0))

YIEND*Y CARD SIGNALS FND OF THERMODYNAMIC DATA

IF (SPT(1) .EQ. TAPEND) GO TO 2

WRITE (LTHM,97) (SPT(I)},I=1,2), (LMT(I),SUBS{I),I=1,4)
READ (5,96) ((THMC(K,I) ,K=1,7},I=1,2)

FORMAT (SE15.8)

WRITE {(LTHM,96) ((THMC(K,I),k=1,7),I=1,2)

GO TO 1

WRITE (LTHM,99) TAPEND

REWIND LTHM

CALL CIMAGE
READ OUTPUT TITLE
READ (LDAT,99) TITLE
ACTION = NEW

GC TO &4

ENTRY RINP

NEXT = .FALSE.

CALL CIMAGE

READ NEW OUTEUT TITLE
PEAD (LDAT,99) TITLE
READ ACTION SWITCH
READ (LDAT,S99) ACTION

IF (ACTION .NE. NEW) GO TO 9
SET STANDARD OPTIONS

CONC = .TRUE.
EXCHR = .FALSE.
COMBUS = .FALSE.

SHOCK = .FALSE.
TCON = FBALSE.
REOCON = .FALSE.
ELTM = .TRUE.
EVSTEP = .FALSE.
DBUGO = .FALSE,
EMAX = 0.0001
ITPSZ = 5

ALLM1 = .TRUF.
DO 5 I=1,25

PO 5 J=1,30
m(I,J) = 1.

TNITIALIZE

NEXT = JFALSE.
HINT 0.

[
3 13
il

ABO78
ABO79
AB08BO
ABO8B1
AB0O82
AB083
ABORU
ABO8S
ABOSE
ABO87
ABORS
ABO89
ABOSO
ABO91
ABOO2
ABO93
ABOSGU
ABO9S
ABO96
AB097
ABOSS
ABO99
AB100
AB101
ABI02
AB103
AB104
AB105
AB106
AB107
AB108
AB109
AB110
AB111
AB112
AB113
AB114
AB115
AB116
AB117
AB118
AB119
AB12C
AR121
AB122
AB123
AB124
AB125
ABI126
AB127
AB128
AB129
AB130
kB131
AB132
AE133
AR134
AB135
AE136
AR137
AB13R
ABR139
AB14O



C

Cc

C

C

c

6 CATB(I) = O.
UNCEND = 0.
CEND = 0.

NP = 0
po 7 1I=1,50

7 PRINT(I) = 0
Do 8 I=1,25
Do 8 J=1,30

8 STOIC(I,J) =

LSUBM = 0.
ETA = 0.

D = 0.
VISC = 0.
BETA = 0.
cX3 = 0.
cx2 = 0.
cX1 = 0.
CcX0 = 0.
GO TO 14

0.

9 IF (ACTION .NE. CHANGE) GO TO 13
READ REACTION AND (CHANGED) REACT

10 READ (LDAT,9

5y ({(SP(¥,I),k=1,2),I=1,4),TA, TN, TEA
95 FORMAT (2{2A8,1X),1X,2(1X,2A4) ,4X,E15.5,2(2X,F10.5))

BLANK CAPRD SIGNALS END OF CHANGE

IF {5P(1,2)

+EQ.

BLANK) GO TO 12

SEARCH INPUT REACTION LIST

po 11 J=1,LR

N1 = LSR(1,J
N2 = LSR(2,d
N3 = LSR(3,J
IF (N1 .EC.

IF (N1 .LT.
IF (DSPNM (N1

)
)
)

0) N1 =
0) N1 =
) .NE. DSP(1) .OR. DSPNM(N2) .NE. DSP{2)

26
27

*)} L,NE. DSP(3)) GO TO 11

A(J) = TA
N(J) = TN

EACT (J) = TEA

GO TC 10
11 CONTINUE

ERROR MESSAGE - NO MATCH FOUND
) ((SP{(K,I),K=1,2),I=1,4)

WRITE (6,101

101 FORMAT (7HO (KINP),SX,55HTHE INPUT REACTION LIST DOES NOT CONTAIN T

*HE REACTIOWN

,2R4,38 + ,2A4,3H =

NEXT = .TRUE.

GO TO 10

12 READ (LDAT,99) ACTION

13 IF (ACTICYN .

14 LSOLD = LS
LROLD = LR

EC.

REPEAT) GO TO 33

TON RATE

REACTION LIST

J208,3H + ,2A0)

READ (NEW OR ADDED) REACTION AND REACTIOCN RATE

15 RFAD (LDAT,S

BLANK CARD SIGNALS END OF HNEW

IF {SP(1,2)
LR = LR + 1
A{LR) = TA
N{LR}) = TN
EACT(LR) = T
po 20 I=1,4
IF (sP({1,I)
IF {sr(1,I)
IF (LS .FEC.

%y {((SP(¥X,I),K=1,2),I=1,4),TA,TN,TFA
OR ACD REACTION LIST

<« EQ.

EA

-« FQa
.EQ.

BLANK) GO TO 21

EFFM) GO TO 19

BLANK) GO TO 219
0y Go TO 17

ABTU
AB142
AB143
AB144
ABT4S
AB1U46
AB147
AB148
AB149
ABI150
AB151
AB1S2
AB153
AB154
AB155
AB1S6
AB157
AB15S8
AB159
AB160
AB161
AB162
AB163
AB164
AB165S
AB166
AB167
ABR168
AB169
AB170
AB171
AB172
AB173
AB1T74
AB175
AB176
AB177
AB178
AB179
AB180
AB181
AB182
AB183
AB184
AB185
AB186
AB187
AB188
AB189
AB190
AB191
AB192
AB193
AB194
AB195
AB196
AB197
AB198
AB199
AB200
AB201
AB202
AB203
AB204

kS
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c MATCH INPUT SPECIES AGAINST INPUT SPRCIES LIST
DO 16 II=1,LS
IF (DSPNM(II) .NE. DSP(I)) GO TO 16
LSR(I,LR) = II
GO TO 20
16 CONTINUE

C MATCH INPUT SPECIES AGAINST MASTER SPECIFS LIST

17 po 18 II=1,75
IF (DALSP(II) .NE. DSP({I)) GO TO 1R
LS = LS + 1
LSR{I,LR) = LS
SPNM(1,LS) = SP(1,TI)
SPNM(2,LS) = SP(2,I)
MW (LS) = ALMW(II)
ISS{LS) = II
GO TO 20
18 CONTINUE
c ERROR MESSAGE - NO MATCH FOUND
WRITE (6,102) (SP(K,I),K=1,2)

102 FORMAT ({7HO (XINP),S5X,S54HTHE MASTER SPECIES LIST DOES NOT CONTAIN T

*HE SPECIES ,244)

C ** RUN TERMINATED - FERROR IN INPUT REACTION LIST

STOP

19 LSR(I,LR)
GC TO 20

it
(&

219 LSR(I,LRB)
20 CONTINUE
GO TO 15

It
{
Iy

21 IF (ACTION .NE. NEW) GO TO 25
c READ INERT SPECIES (4 PER CARD)
22 READ (LDAT,94) ((SP(K,I),k=1,2),T=1,4)
94 FORMAT (4 {2A4,8X))
DO 24 I=1,4

C FLANK FIELT STIGNALS END OF INEPT SPFCIES LTIST
IF (SP(1,I} .EQ. BLANK) GO TO 25
Cc SEARCH MASTER SPECIES LIST

DO 23 1I=1,75
IFP (LALSP(II) .NE. DSP(I)) GO TO 23
LS = LS + 1
SPNM(1,LS) = SP(1,I)
SPNM(2,LS) = SP(2,I)
MW (LS) = ALMW{II)
ISS(LS) = II
GC TO 24

23 CONTINUE

c ERROR MESSAGE - NO MATCH FOUND

WRITE (6,102) (SP(K,I),K=1,2)
NEXT = .TRUE.
LS = 1S + 1
MW (LS) = 1.

24 CONTINUE
GO TO 22

25 IF (LS .FQ. LSOLD) GO TO 30
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AB205
AB206
AB207
2B208
AB209
AB210
aB211
AB212
AB213
AB214
AB215
AB216
AB217
AB218
AB219
AB220
AB221
AB222
AB223
AB224
AB225
AB226
AB227
AB228
AB229
AB230
AB231
AB232
AB233
AB234
AB235
AB236
AB237
AB238
AR239
AR240
AB241
AB242
AB2UL3
AB24Y4
AB245
AB246
AB247
AB248
AB249
AB250
AB251
AB252
AB253
AB254
AB255
AB256
AB2S7
AE25R
AB259
AR260
AB261
AB262



C

26

27

103 FORMAT (7HO(KINP),S5X,42HEND OF THERNO TAPE - NOT ALL SPECIES FOUND

28

c
29
230

C
30
31

C

C
32

c

33

GET THFERMODYNAMIC COEFFICIENTS FROM TAFE
LSP = LSOLD + 1

II = LSOLD

READ (LTHM,98) TLOW,TMID,THI

READ {(LTHM,97) (SPT(I),I=1,2)

IF (SPT(1) .EQ. TAPEND) GO TO 29

READ (LTHM,96) ((THMC(X,I),k=1,7),I=1,2)
po 28 I=LSP,LS

IF (DSPNM(I) .NE. DSP(1)) GO TO 28

DO 27 KK=1,2

po 27 k=1,7

TC {(K,RK,I) = THMC(K,KK)

IT = IT + 1

IF (II .LT. LS) GO TO 26

GO TO 230

CONTINUE

GO TO 26

FRROR MESSAGE — END OF THERMO TAPE REACHED
WRITE (6,103)

*)
NEXT = .TRUE.
REWIND LTHHM

DETERMINE STOICHIOMETRIC COEFFICIFNTS
LRP = LROLD + 1

po 31 1=1,LS

DO 31 J=1RE,LR

STOC = 0.

IF (LSR(1,J) .EQ. I) STOC = sTaC -~ 1.
IF (LSR(2,J) -EQ. I) STOC = STOC =~ 1.
IF (LSR(3,J) .E0. I) STOC = STOC + 1.
IF (LSR(4,J) .EQ. I) STOC = STOC + 1.

STOIC(I,Jd) = STOC

GET SPECTIES ENTHALPY AT REFERENCE
TREF = 298.15
CALL TH®RM (TREF,0.)

3

TRAL = TREF*1.987165
DO 32 J=LRP,LR

N1 = LSR(1,d)
N2 = LSR(2,J)
N3 = LSR(3,J)
N4 = LSR(4,d)

COMPUTE HFAT OF REACTICN
DELH(J) = HRT(N3) - HRT(N2)
IF (N1 .GT. 0) DELH(J) = DELH(J) — HRT(NT)
IF (N4 .GT. 0) DELH(J) = DELH(J) + HRT(N4)
DFLH(J) = DELH (J) *TRAL

LSP3 = LS + 3
RESET STANDARD OPTIONS
MOLEF = .TRUE.
MMHG = .FALSE.
NEWPRT = .FALSE.

AB263
AB264
AB265¢
AB266
AB28&7
AR268
AB269
ABR270
AB271
AB272
AB273
AB274
AB27S
AB276
AB277
AB278
AB279
AB280
1B281
AB282
AB283
AB284
AB28S
AB286
AB287
AB288
AB289
AB290
AB291
AB292
AB293
AB29u
AB295
AB296
AB297
AB298
AB299
AB300
AB301
AB302
AB303
AB304
AB30S
AB3N6
AB307
AB308
AB309
AB310
AB311
AB312
AB313
ABR314
AB315
AB316
AB317
AB318
aB319
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C INITIALIZE AB320

END = 0. AB321

DELP = 0. AB322

NTB = 0 AB323
NPSNTS = 0 AB32W

DO 34 1=1,5C : AB325

34 APRINT({I) = 0. AB326
ARFA = 0. AB327

MDOT = 0. AR328

P = 0. AB329

vV = 0. AB330

RHO = 0. AB331

T = 0. AB332

HN = 0. AB333

ERRN = Qe 2B334

NH = 0 " AB335

AVH = 0. AB336

JCV = 30 AB337

KOUNT = 0 AB338

DO 35 I=1,28 . AB339

RK(I) = 0. AB340

35 E(I) = 0. AB341

I1 =0 AB342

I2 =0 AB343

‘ AB34Y

C BREAD NAME OF INDEPENDENT VARTABLE, NAME OF ASSIGNED VARIABLE, AB34S
C IRPUT UNITS, OUTPUT UNITS AB3Ue6
READ (LDAT,92) VERSI,VERSA,UNITI,UNITO AB347

92 FORMAT (U (A4,6X)) RB348

IF (VERSA .EQ. BLANK) VERSA = AREAV AB34g

AB350

IF (ACTICN .NE. NEW) GO TO 80 AB351

C INITIALIZE STEP SIZE LIMITS AB352
IF {VERSI .EQ. TINEV) GO TO 78 AB353

HMIN = 0.0001 AB354

HMAX = 0.1000 AB355
IPRCOD = 2 ’ AB356

GO TO 79 RB357

78 HMIN = 0.500E~-07 AB358
HMAX = 0.500E-04 AB359
IPRCOD = 4 AB360

79 IF (VFRSA .EQ. AREAV) IPRCOD = IPRCOD - 1 AB361
AB362

C READ INTEGRATION CONTROLS, PROFILE OPTIONS, AB363
(o} PRINT CPTIONS, SPECIALTY SWITCHES AR364
80 READ (LDAT,PROB) AB365
AB366

IF (.NOT. ALLM1) GO TO 36 AB367

Do 77 1=1,25 AB368

DO 77 J=1,30 AB369

77 M(1I,J) = 1. AB370

GO TO 40 AB371

C READ TEIRD BCDY RATIOS AB372
36 READ (LDAT,91) ((SP(X,I),K=1,2),I=1,4), ((SPP(K,I),K=1,2),TBR(I), AB373

* I=1,3) AB374

91 FORMAT (2(2AY4,1X),1X,2(1X,2A4) , 1%, 3(2A4L,F6.4)) AB375

[od BLANK CARD SIGNALS END OF THIRD BRODY RATIO LIST AB376
IF (SP(1,2) .EQ. BLANK) GO TO u40 AB377
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C

104 FORMAT

SEARCH INPUT REACTION LIST
DO 39 J=1,LR

N1 = LSR(1,J)
¥2 = LSR{2,J)
N3 = LSR(3,J)

IF (§¥1 .FQ. 0) N1 = 26
IF (N1 .LT. 0) N1 = 27
IF {DSPNM(N1) .NE. DSP(1) .OR.

*) .NE. DSP(3)) GO TG 39
DO 38 I=1,3

DSDPNM (N2)

IF (sPP(1,I) .EQ. BLANK) GO TO 38

SEARCH INPUT SPECIES LIST
Do 37 1I=1,1LS

IF (DSPNM(II) .NE. DSPP{I)) GO TO 37

M(II,J) = TBR(I)
GO TO 38
37 CONTINUE
ERROR MESSAGE — NO MATCH FOUND
WRITE (6,104) ({(SPP(K,I),K=1,2)

*E SPECIES ,2A4)
NEXT = .TRUE.
38 CONTINOUE
GO TC 36
39 CONTINUE
ERROR MESSAGE — NO MATCH FOUND

WRITE ({6,101) ((SP(K,I),K=1,2),

NEXT = .TRUE.
GO TO 36

GET INITIAL CONDITIONS
40 CALL INIT (ISS,MMHG,MOLEF)

I=1,4)

+NE.

DSP (2)

«0OR.

READ SPECIES TO BE NEGLFCTED FROM EPROR CONSIDERATTONS (U
41 READ (LDAT,94) ((SP(K,I),K=1,2),I=1,4)

DO 43 I=1,4

BLANK FIELD SIGNALS END OF NEGLECTED SPRCIES LIST
IF (sp{1,I) .EQ. BLANK) GO TO 4i

SEARCH INPUT SPECIES LIST
DO 42 II=1,LS

IF (DSPNM(II) .NFE. DSP(TI)) GO TO 42

I1 = I1 + 1
NEGL(I1) = TII
GO TO 43
42 CONTINUE
FRROR MESSAGE - NO MATCH FOUND
WRITE (6,104) (SP(K,I),K=1,2)
NEXT = .TRUE.
43 CONTINUE
GO TO 41
44 IT = I1

CHECK INPUT COMPOSITION
CSUM = 0.
no 47 1=1,LS

47 CsuM = CSUM + C(I)

IF (ABS{1.-CSUM) .LE. .001) GO TO 48
WRITE (6,105) CSUM, ((SPNM(K,I),K=1,2),C(I),I=1,LS)

DSPNM (N3

{7H0 (KINP) ,5X,53HTHE INPUT SPECTIES LIST DOES NOT CONTAIN TH

PER CARD)

AB378
AB379
AB380
AB381
AB382*
AB383
AB38u
AB38S
AB386
AB387
AB388
AB389
AB390
AB391
AB392
AB393
AB394
AB395
AB396
AB397
AB398
AB399
AB4OO
AB40O1
AB40O2
AB403
ABUOGL
ABUOS
ABUO6
ABU4OT
ABU4OS8
ABUO9
AB410
ABU11
ABU412
AB413
AB&14
ABY1S
AB416
AB417
AR418
AB419
AB420
AB421
ABU22
AB423
ABU2Y
ABU425S
ABU26
ABU27
ABU28
AB429
AB430
ABU31
AB432
AB433
AB43Y
AB43S
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105 FORMAT (7HO(KINP),S5X,33HINVALID INFUT COMPOQSITION

o
L8

C

201

202

203

C

204

205

206

207

208

128

* {12X,234,E20.5))
NEXT = .TRUE.
RETURN

SET INITIAL STEP SIZE
HI = HINT

IF (HINT .EC. 0.) HI = HMIN

IF (ITPSZ .GT. 2) GO TO 53

IF (ITPSZ .EQ. 1 .AND. NTB .EQ.
I¥ (NTB .NE. 0) NT = NTB

CONV = 1.

CON2 = 1.

IF (VERSA .NE.
XU = CU

AU(1) = CUA (1)
AU(2) = CUR(2)
CONVERT AREA PROFILE TO INTERNAL UNITS
IF (UNITI .NE. FPS) GO 70 201

XU = FU

AU (1) = FUA (1)
FUA(2)
CONV = 3D.48
GO TO 202

IF (UNITI .NE.
XU = sU

AU(1) = SUA (1)
AU(2) = SUA(2)
CONV = 100.
CON2 = CONV*CONV
GO TO 206

0) GO TO 53

AREAV) GO TO 203

L2
=}

—
N

~
il

SI) GO TO 206

XU = CU
AU (1) = CUP2(1)
AU(2) = CUP2(2)
CONVERT PRESSURE PROFILE TO INTERNAL UNITS

IF (UNITI .NE. FPS) GO TO 204
XU = FU

AU(1) = FUP (1)

AU{2) = FUP(2)

CONV = 30.48

CON2 = 1./2116.2

GO TO 205

IF (UNITI .NE. SI) GO TO 205
XU = SU

AU(1) = SUP(1)

AU(2) = SUP(2)

CONV = 100.

CON2 = 1./1.01325E+05

IF (.NOT. MMHG) GO TO 206
AU{1) = CUP1(1)
AU(2) = CUP1(2)
CON2 = 1./7€0.

IF (VERSI .EO.
IF (ITPSZ .EO.
DO 207 I=1,NTB
CXTB(I) = XTB(I)*CONV
CATB(I) = ATB(I)*CON2
GO TO 53

DO 209 I=1,4

TIMEV) CONV = 1
2) GC TO 208

SUM = ,F11.6//

ABu436
AB437
AB438
ABU39
AB4UO
ABL4Y
AB4 4.2
AB4L3
AB4LY
ABU4YS
ABLUS
AB4L7
ABL44SB
RAB4US
AB450
ABU4S1
ABU4S2
ABUS3
AB45SY
AB45SS
AB4S6
ABA4S7
ABU58
ABY459
ABU4GO

"ABUG

AB4R2
ABU4G3
ABU4GL
ABU46S
AB466
ABU4RT
ABL6S
ABUES
ABU4TO
AB471
AB472
AB473
AB4TY
ABUTS
ABLUTE
ABU77
2B478
ABL7T9
RBU4BO
AB48T
ABLUB2
AB4UB3
ABL4SY
ABURS
ABUBE
ABUB7T
ABLBS
ARU4RY
ABU49O
ABY491
AB492
ABL93
ABU49L
ARBRLOS
ABU96
AB497



209

53

c

54

55
56

57

210

211

212
213

58

59

60

CN{I) = CX({I)*CON2

IF ((NPRNTS .NE. 0) .OR. (DELP .NE. 0.) .OR. (END .NE.
* = .TRUE.

IF (.NOT. NEWPRT) GO TO 59

IP (END .NE. O.) UNCEND = END
PREPARE PRINT STATIONS

IF (EVSTEP) GO TO 59

IF (NPRNTS .NE. 0) GO TO 57

IF (DELP .NE. 0.) GO TO 54

DELP = (UNCEND - IVAR)/24.9999
PRINT (1) = IVAR + DELP

po 55 I=2,50

PRINT (I) = PRINT (I-1) + DELP

IF (PRINT(I) .GE. UNCEND) GO TO 56
CONTINUE

NP = I

PRINT (NP) = UNCEND

GO TO 59

NP = NPRNTS

IF (APRINT (1) .EQ. 0.) GO TO 59
CONV = 1.

IF (IPRCOD .EQ. 2 .OR. TPRCOD .FEO. 4) GO TO 210
IF (UNITI .EQ. FPS) CONV = 30.48
IF (UNITI .EQ. SI) CONV = 100.
CON2 = CONV*CONV

Go TO 213

coN2 = 1.

IF (UNITT .NE. FPS) GO TO 211
CONV = 30.48 .

CON2 = 1./2116.2

G0 TO 212

IF (UNITI .NE. SI) GO TO 212
CONV = 100.

CON2 = 1./1.01325E+05

IFP (MMHG) CON2 = -1./760.

IF (VERSI .EQ. TIMEV) CONV = 1.
CALL CUBS (CATB,CXTB,NT)

pOo 58 I=1,NPRNTS

APRINT (I) = APRINT (I)*CGN2

CALL CINP (APRINT(T),PRINT(I),DUM1,DUM2)
PRINT(I) = PRINT (I)/CONV

IF {ITPSZ .EQ. 1) CALL CUBS {(CXTB,CATB,NT)

IF (UNITI .NE. FPS) GO TO 63
CONVERT FROM FPS UNITS TO INTERNAL (CGS) ONITS
IF (VERSI .NE. TIKEV) GO TO 60

DVAR = DVAR#*30.48

GO TO 61

IVAR = IVAR*30.4%8

IF (MMHG) P = P=*2,7845

P = P/2116.2

AREA = APFA%*929.0304

MDOT = MDOT*453.59237

V = V%30.48

RHO = RHO/62.43

T = T/1.8

IF ((.NOT. NEWPRT) .0OR. VERSI .FO0. TIMEV) GO TC 68
CEND = UNCEND*30.48

DO 62 I=1,NP

0.}) NEWPRT

AB498
ABU9Y
ABS00
AB501
AB502
AB503
ABS0U
AB505
AB506
AB507
AB508
ABS09
ABS10
AB511
28512
AB513
ABS 14
AB515
AB516
AB517
AB518
AB519
AB520
ABS21
AB522
AB523
ABS24
ABS525
AB526
AB527
AB528
AB529
AB530
AB531
AB532
ABS33
ABS534
AB535
AB536
28537
AB538
2B539
ABSL0
ABS41
ABSL42
AB543
ABSUU
ABSUS
ABSU6
ABSH7
ABSUS
ABS49
AB550
ARSS 1
AB552
ABSS53
ABSSL
ABSS5S
ABS56
ABS557
28558
48559
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62 PRINT(I) = PRINT (I)*30.u8

GO TO 68
63 IF (UNITT .NE. SI) GO TO 67

CONVERT FROM SI OUNITS TO INTERNAL (CGS) UNITS

IF (VERSI .NE. TIMEV) GO TO 64

DVAR = DVAR*100.

GO TO 65
64 IVAR = IVAR*100.
65 IF (MMHG) P = P*133.3224

P = P/1.01325E405

AREA = AREA*10000.

EDOT = MDOT*1000.

vV = V*100.

RHC = RHO*.001

IF ((.NOT. NEWPRT) .OR. VERSI .EQ. TIMEV) GO TO 68

CEND = UNCEND*100.

DO 66 I=1,NE
66 PRINT(I) = PRINT(I)*100.

GO TO 68

67 CEND = UNCEND
IF (MMHG) P = P/760.

68 MIXNW = 0.

IF (.NOT. MOLEF) GO TO 71
MOLE FRACTICN TO MOLFS (I)/MASS (MIXTURE)
DO 69 I=1,LS
69 MIXMW = MIXMW + C(I)*MW(I)
DO 70 I=1,LS
70 SIGMA(I}) = C(I)/MIXMW
GO TO 73

MASS FRACTION TO MOLES (I} /MASS (MIXTURE)
71 po 72 1I=1,LS
SIGMA(I) = C(I)/MW(I)

72 MIXMW = MIXHW + SIGMA(I)

130

MIXMR = 1./MIXNW

UNIVFRSAL GAS CONSTANT IN ATM-CC/MOLE-DEG ¥
73 RR = 82.056

UNIVERSAL GAS CONSTANT IN ERGS/MOLE-DEG K

R = 8.3143E+07

IF (M2 .EQ. 0. .AND. .NOT. (CCMBUS .OR. SHOCK)} GO TO 81

CALL THRM (T,1.)
CPRO = 0.
DO 74 I=1,LS

74 CPRO = CPRO + CPR(I)*SIGMA(I)
GAMMA = CPRO/(CPRO - 1./MIXMW)
IF (V .NE. 0.) GO TO 81
V = SORT(M2*R/MIXMWXGAMMA*T)

81 IF (P .EQ0. 0.) GO TO 82
RHO = P*MIXMK/ (RR*T)
GO TC 75

82 IF (RHO .FQ. 0.) GG TO 83
P = RHOXRR*T/MIXMW
GO TO 75

AB560
AB561
AB562
AB563
ABS564
ABS65
AB566
AB567
ABS568
AB569
AB570
AB571
ABS72
AB573
ABS74
AB57S
AB576
ABS77
AB578
AB579
ABS80
AB581
AB582
AB583
AB584
AB585
ABS86
AB587
AB588
AB589
AB590
AB591
AB592
AR593
AB59u
ABS95
AB5956
AB597
AB598
AB599
AB60O
AB601
AB602
AB603
AB6OU
AB60S
AB606
AB607
AB608
AB609
AB610
AB611
AB612
AB613
AB61L
AB615
AB616
AB617
AB61E
AR61S



C

o

83

84

85

86

75

76

IF (IPRCOD .GT. 2) GO TO 84

X = IVAR

IF (VERST .EQ. TIMEV) X = DVAR
CALL CINP (X,AVAR,DUM1,DUM2)

GO TO 85

TIME = DVAR

IF (VERSI .EQ. TIMEV) TIME = IVAR
CALL CINP (TIME,AVAR,DUM1,DUM2)
IF (VERSA .EQ. AREAV) GO TO 86
P = AVAR

GO TO 81

AREA = AVAR

RHO. = MDOT/ (AREA*V)

GO TO 82

IF (MDOT .EC. 0.) MDOT = RHO*ARFAXV

IF (.NOT. (COMBUS .OR. SHOCK)) RETURN
HRO = 0.

po 76 I=1,LS

HRO = HRO + HRT (I)*SIGMA(I)

HRO = HRO*T

M2 = V/R*V/T*MIXHW/GAMMA

it u

EQUILIBRIUM COMBUSTION
IF (COMBUS) CALL COMB

EQUILIBRIUM AND FROZEN SHOCK
IF (SHOCK) CALL SHOK

RETURN
END

$IBFTC INITT DECK

C

SUBROUTINE INIT (ISS,MMHGS,MOLEFS)
READ INITIAL CONDITIONS
LOGICAL MMHG,MOLEF,MMHGS,MOLEFS

REAL IVAR,MIDOT,M2,MACH
REAL N,NF,NF2,NF3,NH2,NH3,NO,NO2,N2,N2HY4,N20,N204,NE,KR,NH, NOP

DIMENSION ISS(25),TINP (75)

COMMON/LTUS/LTHM,LDAT

COMMON/OPTS,/VERSI,TIMEV,DUHN1{6)

COMMON/COND/DVAR,AREA, MDOT,P,IVAR,V,RHO,T,CONC(25),LS,DUM2(2)
COMMON/NECC/CUM3 (2) ,M2,DUNG (3)

COMMON/FARE/

1 AR,B,BF,BF2,BF3,BH,BH2,BH3,B0,E0F,BOF2,R02,B203,BR,B%?2,C,CF,CF2,
2 CH,CH2,CH3,CHY4,CN,CO,CO2,C2F2,C2H,C2H2,C2H4,C2N,CL,CLF,CLF3,CL2,
3 ¥,F2,H,HCN,HCL,HF,H02,H2,H20,H202, HE, N, NF, NF2,NF3,NH2,NH3, NO,NO2,
4 N2,N2H4,N2C,N204,NE,0,0H,02,HNO,KR,XE,NH,HCO,CH20,NOP,0P,0N,02M,F

EQUIVALENCE (TINP(1),AR)

NAMELIST/START/X,AREA,4DOT,P,TIME,V,RHO,T, MACH, MMHG, MOLEF,

1 AR,B,BF,BF2,RF3,BH,BH2,BH3,R0,ECF,ROF2,R02,B203,BR,BR2,C,CF,CF2,
2 CH,CH2,CH3,CHY4,CN,CO,C02,C2F2,C2H,C2H2,C2H4,C2N,CL,CLF,CLF3,CL2,
3 F,F2,H,ECN,HCL,HF,H02,H2,H20,H202,HE, N, NF, NF2,NF3,NH2,NH3,NO,NO2,
4 N2,N2HS,N2C,N204,NE,0,0H,02,HNO,KR,XE,NH,HCO,CH20,NOP,0P,0F, 02K, F

AB620
AB621
AB622
AB623
ABE24
AB62S
AB626
AB627
AB628
AB629
AB630
AB631
AB632
AB633
AB634
AB635
AB636
AB637
AB638
AR639
AB6LO
AB641
AB6U42
AB643
AB64Y
AB6US
AB646
AB64T
AB6UB
AB64Y
AB6SO
AB651

AC001
ACQO02
ACQ03
acoon
AC005
ACO06
AC007
ACQOO08
AC009
ACO10
ACOM
AC012
ACO013
ACO14
AC015
ACO016
AC017
ACO018
ACO019
ACO20
AC021
AC022
AC023
ACO24
AC025
AC026
AC027
AC028
AC029
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X =0
TIME 0.

MACH 0.

Do 1 11=1,75
TINP(II) = 0.
MMHG = MMHGS
MOLEF = MOLEFS

W

READ (LDAT,START)

MMHGS = MMHG
MOLEFS = MCLEF
IF (VERSI .EQ. TIMEV) GO TO 2

IVAR = X

DVAR = TIME

GO TO 3

IVAR = TIME
DVAR = X

n2 MACH*MACH

DO 4 II=1,LS
JJ = ISS(II)
CONC(II) = TINP (JJ)

RETURN
END

$IBFTC CDIMAG DECK

C

101

100

102

103

132

SUBROUTINE CIMAGE

THTS ROUTINE READS EACH DATA CARD,

PRINTS & CARD IMAGE, AND STORFS

THE TMAGE FOR LATER FORMATTED INPUT

DIMENSION CARD (20)
COMMON/LTUS/LTHM,LDAT
EQUIVALENCE (WORD,CARD)

DATA FINIS,BLANK/UHFINI,1H /
READ (5,101) CARD

FORMAT (20Al4)

REWIND LDAT

WRITE (6,100)

FORMAT (1H1,56X, 18H¥* DATA CARDS

**//37¥,181,9X, 1H2,9%X,143,9%,

* 1H4,9%X,1H5,9X, 1H6,9%,1H87,9X,1HRA/24X,5HCC 1,8X,8(1H0,9%)//}

GO TO 2

READ (5,101) CARD

DO 3 I=1,20

IF (CARD(I) .NE. BLANK) GO TO
CONTINUE :
¥RITE (6,102)

FORMAT (60X, 16H- BLANK CARD
GO TO 5

WRITE (6,103) CARD

FORMAT (28X,20A4)

IF (WORD .EC. FINIS) GO TO 6
WRITE (LDAT,101) CARD

GO TO 1

4

=)

ace30
ACO31
AC032
ACO33
ACO 34
AC035
AC036
AC037
AC038
AC039
ACOU40
ACOU41
ACOL2
ACO43
ACOLU
ACQO45
ACOUE
ACOu47
ACOuLB
ACOU9

" ACOS0

ACO051
AC052
ACO053
ACOSU4
ACO055

apoo1
AL002
ADOO3
ADOOY
ATO00S
AD006
Ap007
apoos
AD0O%
AD010
ALO11
ADO12
AL013
ADOT4
AD0IS
ADO6
Ap017
ADO18
ATO19
ADO20C
ADO21
AD022
AD023
ADO24
ADO025
AL026
AD027
AL028
AD029
ADO30
ADO31
AD0O32
ATO033
ADO34
ANN35

4



‘6 REWIND LDAT ADO36

ADO37
RETURN AD038
END AD039
$IBFTC NAMBLK DECK

BLOCK DATA AE001

ATNO2

c ALPHANUMERIC DATA FOR TESTING AND OUTPUT AENQ3

AEOO4

COMMON/LTUS/LTHM,LDAT AE00S

COMMON/OPTS/DUM1,TIME,DUN2,AREA,DUM3 (4) AE006

COMMON/SPEC/SNAM (2,3),DUM4(2,25) ,EFFM(2) ,BLANK(2) ,DUM5(25,62) AF007

COMMON/KXOUT/DUMG (54) ,FPS,SI,DUNT AE008

AEQ009

c LOGICAL TAPE UNIT ASSIGNMENTS AE010

DATA LTHM,LDAT/4,7/ AE011

AE012

c ALPHANUMERIC DATA AED13

DATA TIMEF,AREA/UHTIME,UHAREA/ AEQ 14

DATA SNAM,EFFM,BLANK/1HV,1H ,3HRHO,1H ,1HT,1H ,1HM,1H ,1H ,1H / AE01S

DATA FPS,SI/3HFPS,2HSI/ AF016

' AE017

END AE018
$IBFTC BLCK DECK

BLOCK DATA AF001

AF002

C SPECIES NAMES AND MOLECULAR WEIGHTS AF003

AFO04

COMMON/SNMW/ALSP (2,75) ,ALMW (75) AF00S

AF006

DATA ALSP/ AF007

* BHAR ,UH , WHB  ,uH , UHBF ,uH , UHBF2 ,UH . AF008

* BHEBF3 ,UH , WHBH ,4H , WHBH2 ,u4H , WHBH3 ,u4H , AF009

* 4LHBO ,UH , UHBOF ,4H , WHBOF2,4H , LHBO2 ,BH , AF010

* 4HB203,4H , LHBR ,u4H , LHBP2 ,UH , bHC  ,UH ' AFO17

* 4HCF ,4H , UHCF2 ,uH , GHCH ,uH , WHCH2 ,uH ’ AF012

* 4HCH3 ,U4H , UHCHN ,UuH , YWHCN ,4H , 4Hco ,4H , AF013

* 4HCO2 ,4H , LHC2F2,4H , WHC2H ,uH , LEC242,4d . AFO 14

* UHC2HU,UH . YHC2N ,uH , BHCL ,4H , WHCLF ,uH ’ AF015

* 4HCLF3,UH , WHCL2 ,uH , YUHF L UH , LHF2 ,uH v AF016

* 44H  ,UH , WHHCN ,UH , WHHCL ,u4H , LHHF ,U4H ’ AF017

* 4HHO2 ,U4H , WHH2 L uH , UHH20 ,uH , WHH202,U4H , AF0 18

* 4HHE ,UH , ULHN ,4H , WHNF ,U4H , BHNF2 ,uH , AF019

* YHNF3 ,4H , WHNH2 ,uH , LHNH3 ,uH , WHNO ,4H y AF020

* 4HNO2 ,84H , 4HN2 ,UH , WHN2H4,UH , LHN20 ,UH Y AF021

*x HHN20U,UH , WHNE ,4H , 4HO  ,UH , WHOH ,UH , AF022

* 4HO2 ,U4H , WHHNO ,UH , YHKR ,4H , WHXF ,uH . AF023

* 4HNH ,UH . UHHCO ,UH , WHCH20,UH , ULHNO+ ,UH . AFO24

* 4HO~ ,U4H , LHO+ ,4H , BHO2- ,uH , BHE 44 , AFP025

x  6%0./ AF026

AF027

DATA ALMW/ AF028

*  39.948, .10.811, 29,1809, 48.808%, ' AFP029

*x  67.806, 11.819, 12.827, 13,835, AF030

*  26.810, 45.807, 64.807, 42.810, AF031

*  £9.620, 79.909, 159.82, 12.0112, AF032

* 31,010, 50.008, 13.019, 14,027, AF033

* 15,035, 16.043, 26.018, 28,011, AFD34

* 44,010, 62.019, 25.030, 26.038, AF035

x 28,054, 18.029, 35.453, 54,451, AF036

* 92,448, 70.906, 18,9984, 37.997, AF037

* 1.00797, 27.026, 36,461, 20.006, AF038
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33.4905, 2.01%9, 1R.011, 34.014,

*

* 4.0026, 14,007, 33.005, . 52.004,

*  71.002, 16.023, 17.931, 30.006,

*  46.006, 28.013, 32.045, By, 012,

* 92,009, 20.183, 15.99904, 17.007,

* 31,997, 31.01s, 83.R00, 131. 30,

* 15,015, 29,0186, 30.026, 30.00555,

*  15,99995, 15.99885, 31.99935, 5.48597E-04,
x  3x0,/

END

$IBFTC COMBB DECK

C

SUBROUTINE COMB
ECUILIBRIUM COMBUSTION CALCULATICHNS
DOUBLE PRECISION EN,ENLN,DELN
LOGICAL TP,HP
COMMON/COND/DVAR,AREA,HDOT,P,IVAR,V,RHO,T,SIGHA(25),LS,LSP3,NEXT
COMMON/SPEC/DUH1(6),SPNM(2,27),DUM2(25,62)
COMMON/SPECES/EN(ZS),ENLN(ZS),DELN(ZS),A(15,25)
COMMON/INDX/TP,HP,DUM3 ()
COHMON/HISC/TT,PP,CPRO,HRO,ENN,DUHU(32)

TP
HP

-FALSE.
-TRUE.

CALL ELEMNT (LS,SPNM,SIGMA)
ENI = 0.1/FLOAT (LS)

FENIL = BLOG (ENTI)

DO 3 I=1,LS

EN(I) = FNI

ENLN(I) = ENIL

ENN = 0.1
TT 3800.
PP P

CALL EQLBRN
CALL ECOUT

RETURN
END

$IBFTC SHOKK DECK

C
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SURROUTINE SHOK
EQUILIERIUM AND FROZEN SHOCK CALCULATIONS

DOUBLE PRECISION EN,FNLN,DELN
DOUBLE PRECISION DLVTP,DLVPT

LOGICAL TP,HP,EQL
REAL MIXMW

COMMON/COND/DVAR, ARER, MDOT, P, IVAR, V,RHO, T, STGMA (25) ,1LS, LSP3, YEXT
COMMON/NECC/RR ,MIXNW,M2,GAMMA, TCPR, R
COMMON/SPFC/DUX1 (6),SP¥M (2,27) ,DUK2 (25, 62)
COMMOX/SPECES/EN (25) ,ENLN (25) ,DELN (25) , A (15, 25)
COXMON/PCINTS/DLVTP, DLVPT,GAM, WM

COMMON/INDX/TP,HP,DUH3 (6)
COMMON/MISC/TT, PP,CPRO, HRC, ENN, DUMY (32)

AF039
AFOUO
AFO41
AFOL2
AFOU3
AFOLY
AFOUS
AFQU6
AFO47
AFOU8
AFO49

AGOO
AGOD2
AGOC3
AG004
AGO0S
AGOO®
AGOQ7Y
AGNO8
AG009
AGO10
AGOT
AGO12
AGOD13
AGO14
AGO15S
AGO16
AGO17
AGO18
AGO19
AG020
AG021
AG022
AG023
AGO2u
AG025
AGO26
AG027
AGO28
AGO29
AGO30
AGO31
AG032
AGO33

AHO01
AHO002
AHOO3
AHOOUL
AHOOS
AHOO6
AH0N07
AHOO8
RHOCO
AHO1O
AHCT
AHO12
AHO13
AHO1U4
AHO15
AED16
ARC17
AEO1R
AH019



C INITIALIZE AHO20

TP = .TRUE. AHO21
HP = .FALSE. AHO22
AH023
C EQUILIBRIUM SHOCK AHO24
CALL ELEMNT (LS,SPNM,SIGMA) , AHO25
GAM = GAHMA AHO026
ENI = 0.1/FLOAT (LS) AHO27
ENIL = ALOG (ENI) » AHO2R
po 2 I=1,LS AHO29
EN(I) = ENI AHO30
2 ENLN({I) = ENIL AHO31
ENN = 0.1 AHO32
EOL = .TPRUE. AH033
CALL SHOCKS (EQL) AHO34
CALL ESOUT AHO35
AHO36
c FROZEN SHOCK AHO37
M = MIXMW AHO38
DLVTP = 1.D0 AHO39
DLYPT = -1.D0 AHOULO
GAM = GAMMA AHOU41
po 3 I=1,LS AHOU2
3 EN(Y) = SIGMA(I) AHOL3
EQL = .FALSE. AHOUY
CALL SHOCKS (EQL) AHOLS
CALL FSOUT AHOU6
AHO47
RETURN AHOU4S8
END AHOU9
$IBFTC SHCKS DECK
SUBROUTINE SHOCKS (EQL) ATOO1
AT1002
c SHOCK EQUATIONS AI1003
AI004
DOUBLF PRECISION A,Y,ARA : AIO00S
DOUBLE PRECISION SIGMA,ENLN,DFLN AI006
DOUBLE PRECISION DLVTP,DLVPT AIO07
AI008
LOGICAL EQL,NEXT AI009
AI010
REAL MIXMW,M2 AIO11
AI012
DIMENSION A{2,3),Y(3) AI013
ATI014
COMMON/COND/DVAR,AREA,MDOT,P,IVAR,V,RHO,T,DUMT(25),LS,LSP3, NEXT AI01S
COMMCN/NECC/RR,MIXMW,M2,DUM2, TCFR,R A1016
COMMON/GHSC/GRT (25) ,HRT {25) ,SR (25) ,CPR(25) , DCPR (25) AT017
COMMCN/SPECES/STGMA (25} ,BNLN(25),DELN(25),A4R(15,25) ATI018
COMMON/POINTS/DLVTP,DLVET,GAMMA, WM AI019
COMMON/MISC/TT,PP,CPRO,HRO,DUN3 (33) AT020
AIO21
c INITIAL ESTIMATE OF PRESSURE AND TEMFERATURE RATIOS AID22
P21 = (2.*%GAMMA*M2 - GAMMA + 1.)/(GAMMA + 1.) AIO23
T21 = P21%(2./M2 % GAMMA - 1.)/(GAMMA + 1.) ATO24
IF (FQL JAND. T*T21 .GT. 2000.) T21 = 0.7%T21 + 600./T AI025
37026
CONST = MIXMW*V/R*V/T aT027
P21L = ALOG (P21) 21028
T21L = ALOG (T21) AT0N29
ATIO030
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c

100

101

ITERATFE ON PRESSURE AND TEMPERATURE RATIOS

DC 4 K=1,8
PE = P21%p
TT = T21%T

IF (FCL) CALL EQLBRM

CALL THRE (TT,1.)

IF (NEXT) GC TO 5

TCPR = 0.

THR = 0.

Do 2 I=1,LS

TCPR = TCPR + CPR(I)*SIGMA (I)

THR = THR + HRT{I}*SIGMA(I)
THR = THR*TT
RHO12 = T21/P21*MIYMW/WHM

AA = RHO12*CONST

A(1,1) = -AA*DLVET - P21

A(1,2) = -AAXDLVTPD

A{1,3) = P21 - 1. + CONST*(FHO12 - 1.)

AA = (V*RHO12) *%2/R

A(2,1) = —AAXDLVPT + TT#*(DLVTP - 1.) /WM

A(2,2) = —AAXDLVTP - TT*TCPR

A(2,3) = THR — HRO - V*V%(1. - RHO12%RHO12) /{2.*R)
Y(3) = A(1,1)%2(2,2) - A(1,2)%A(2,1)

Y{2) = (A(1, N *A(2,3) = A(2, D) *A{1,) /¥ (3

Y(1 (A(1,3)*2(2,2) - A(2,3)*A(1,2)) /Y (3)
Y1 = DABS (Y (1))

Y2 = DABS (Y (2))

IF (Y2 .GT. Y1) Y1 = Y2

IF (Y1 .LT. 0.5E-04)} RETURN

Y1 = ¥1/0.4C54652

IF (Y1 .LF. 1.) GO TO 3

Y(1n = Y(nH, /11
Y{2) = Y(2)/¥1
P21L = P21L + Y(1
T21L = T21L + Y (2)
PZ1 = EXP(P21L)
T21 = EXP(T21L)
CONTINUE

IF {.NOT. ECL) GO TO 6
WRITE (6,100}

FORMAT (9HO (SHOCKS),5X,3AHEQUILIBRIUM SHOCK CALCULATION FAILED)

NEXT = .FALSE.
RETURN

WRITF (6,101)

FORMAT (9HD (SHOCKS),5X,31HFKOZEN SHOCK CALCULATION FAILED)

NEXT = .TRUE.
RETURN

END

$TIEFTC ELMENT DECK

C

136

SUBROUTINE ELEMNT (LS,DSPEC,SIGMA)

COLLECT FLEMENT DATA FOR EQUILIRRIUM SHOCK OR COMBUSTION

DOUBLF PRECISION DSPEC,DSP
DOUBLE PRFECISION EN,ENLN,DELN

AIO3Y
AI032
AT033
ATI034
AT035
AIO36
AIO037
ATIO038
ATI039
RICUO
ATOUN
AIOL2
AIOu3
ATIO4Y
AI045
ATOULG
ATIOUT
AIOUS
ATIOH49
AIOSO
AI051
AI052
AIOS3
AIOSY
AIODSS
AT0S6
AT057
AI058
AT059
AI060
AIO061
AI062
AI063
AIO6Y
AI065
AI066
ATIO067
AI068
AIO0RY9
AY070
AT071
ATI072
AIO73
AIOT7L
ATO07S
RIO076
ATIO077
AT(078
AI079
AIORO
AT081
AIOR2
ATIOB3
AIOBY
ATICRS

AJ001
RJO02
23003
AJOCL
AJNNS
AIRCA
AJ007



C

C

2

Q9

10

11

DIMENSION DSPEC (25) ,SIGMA(25),SP(2),LNT (%) ,5UBS (4)

COMMON/LTUS/LTHY,LDAT
COHMON/SPECES/EN(ZS),ENLN(ZS),DELN(ZS),A(15,25)
COMHON/MISC/DUH1(7),LLMT(15),BO(15)
COMMON/INDX/TP,HP,NLM,8S,I01,DUM2(3)

EQUIVALENCE (DSP,SP(N))
IF (LS .EQ. NS) GO TO 10

CONSTRUCT LIST OF ELEMENTS PRESENT

READ (LTHM,99) DUMMY

NSP = NS + 1

READ (LTHHM,99) (SP(K) ,K=1,2), (LT (K) ,SUBS(K) ,K=1,4) ,DUNNT, DUMNZ,
* DUMM3

FORMAT (2A4,16X,4 (A2,F3.0)/31/A1/R1)

po 8 I=NSP,LS

IF (DSPEC(I) -NE. DSP) GO TO 8

po 3 1=1,15

A(L,I) = 0.

IF (NLM .NE. 0) GO TO 4
NLM = 1

LLMT (NLM) = LMT(1)

DC 6 K=1,4

IF (SUBS(K) -EQ. 0.) GO TO 7
Do S L=1,NLH

IF (LLMT(L) .NE. LUT(K)) GO TO 5
A(L,I) = SUBS(K)

GO TO 6

CONTINUE

NLM = NLM + 1

LLMT (NLM) = LMT (K)

A (NLM,I) = SUBS(K)

CONTINUE

NS = NS + 1

IF (NS .1T. LS) GO TO 2

GO TO 9

CONTINUE

GO TO 2

REWIND LTHM

COMPUTF ELEMENT CONCENTRATION IN GM—-ATOMS/GHM
po 11 L=1,NLM

BO(L) = O.

po 11 I=1,LS

BO{L) = BO(L) + A{L,I)*SIGHA(TI)

I01 = NLM + 1

RETURN
END

$IBFTC EQUIL DECK

o

SUBROUTINE ECQLBRM
CALCULATE EQUILIBRIUM COMPOSITION AND PROPERTIES
DOUBLE PRECISION G,X,SUM

DOUBLE PRECISION EN,ENLN,DELN

DOUBLE PRECISION DLVTP,DLVPT

LOGICAL CONVG,ISING,LCGV,TP,NEXT

AJ008
2J009
23010
AJO11
330172
AJ013
AJO 1Y
23015
AJ016
AJ017
AJO1R
AJ019
AJ020
AJ021
23022
AJ023
AJO28
aJ025
AJ026
AJ027
AJ028
AJ029
AJ030
RJ031
AJ032
AJ033
AJO34
AJ035
AJ036
AJ037
23038
AJ039
AJ040
AJOU1
AJOU42
AJOu43
AJOuY
AJ0OUS
AJOU6
AJOU7
AJO48
AJOU9
AJ0S0

AJ051
AJ052
AJOS53
AJOSY
AJ0SS
AJNS6
RJ057
AJ058

AK0O01.
AK002
AKO0O3
AROQY
AKOOS
AKQO6
AR007
AKOOQR
AKOO09
AX010
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C

2

C
43

182

63

177

72

67

175

176

138

DIMENSION PROW({18)

COMMON/PCINTS/DLVTP,DLVET, GAMPA, WY
COMMON/SPECES/EN (25) , ENLN (25) ,DELN (25) , A {15, 25)
COMMON/MISC/TT,PP,CPRO,HSUBD, ENN,SUMN, ENNL, LLMT (15) , B0 (15)
COMMON/INDX/TP,HP,NLM,NS,IQ1,CONVG, KHAT, IMAT
COMMON/GHSC/GRT (25) ,HRT (25) ,S®(25) ,CPR (25), DCPP (25)
CCHMON/MATX/G (28,28) ,X (28)

COMMCN/NECC/DUM1 (4) ,CPSUM, DUM2

COMNCN/COND/DEBM3 (35) ,NFXT

INITIALIZE

SMALRO = 1,.0E-06
SMNOL = -13.815511
SIZE = 18.5

SIZEF = 0.

CONVG = . FALSE.
ISING = .FALSE.
LOGV = _FALSE.

ITN = 35

ITNUMB = ITN

TLN = ALOG (IT)

TM = BLOG(PB/FNN)

ENNL = ALGG (ENN)

CALL THRM (IT,1.)

CPSUM = 0.

DO 2 I=1,NS

CPSUM = CPSUM # CPR(I)*EN(I)

BEGIN ITERATION

CALL MATPRIX

NUMB = ITN- (ITNUMB - 1)

102 = IQ1 + 1

IF {.NOT. CCNVG) GO TO 67

IF (LOGV) GC TO 63

DO 182 L=1,NLM

PROW(L) = G{IQ1,L)

GO TO 72
LOGV = .TRUE. ——- SET 0P MATRIX TO SCLVE FOR DLVPT
G(IQ1,I02) = ENN

I0 = IQ0Y - 1

Do 777 I=1,10

G(I,I02) = G(I,IQM

IMAT = IMAT - 1

ITST = IMAT

CALL GAUSS

IF (ITST .NF. IMAT) GO TO 774
IF (.NOT. CCNVG) GO TO BS

IF (LGGV) GO TO 171

SUM = Q.

b0 17% L=1,NLHK

SUM = SUK + PROW(L)*X (L)
DLVTP = 1. + (G{IQ02,IQ1) - SUM)/ENN - X (I01)
CCPR = G(I(2,102)

po 176 I=1,101

CCPR CCPR = G(IQ2,I)*X{I)

LOGV = .TRUE.
GO TO 43

AKO011
AX012
AKO13
ARKO14
AK015
AK016
AK017
AK018
AKO19
AK020
AK021
AK022
AKQ023
AKO24
AK025
AK026
AKO027
AK028
AK029
AK030
AKO031
AK032
Ax033
AKO34
AK035
AKO036
AK037
AK038
AK039
AKOUQ
ARO41
AROUL2
AKO43
AKOuY
ARO45
AKOL6
AKOu47
AKOULSB
AKOUS
AKOS50
AKO0S51
AK052
RK053
RKOSL
RK055
AK056
AKO0S7
AKO58
AKO0S9
AKO60
AKO061
AK062
AK063
AK064
AKO65
AKO66
AKO067
AKO6R
AK069
AK070
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C
774

172

a71
74

970

776

8s
C

93
101

917

C

SINGULAR MATERIX
IF (.NCT. CCNVG) GO TO 871
WRITE (6,172)

FORMAT (9HO (EQLBRM),5X,26HDFRIVATIVF MATRIX SINGULAR)

Go TO 1171

WRITE (6,74)

FORMAT (9HO (ECLBRM),5X, 1SHSINGULAR MATRIX)
IF (ISING) GO TO 873

ISING = .TRUE.

po 970 I=1,NS

IF (EN(I) .NE. 0.) GO TO 970
EN(I) = SMALNO

ENLN(I) = SHNOL

CONTINUE

WRITE (6,776)

FORMAT (9HO (FQLBRM) ,5%, THRESTART)
GO TO 43

ITNUMBE = ITNUMB - 1

OBTAIN CORRFCTIONS TC THE ESTIMATES
IF (TP) X(IC2) = 0.

DLNT = X (IQ2)

suM = X (I01)

pc 101 I=1,NS

DELN(I) = HRT(I)*DLNT - HPT(I) + (S®(I) - ENLN(TD)

DO 99 L=1,NLM

DELN(I) = DELN(I} + A(L,T)*X(L)
CONTINUE

AMBDA = 1.

AMBDA1 = 1.

SUM = DABS(X(I01))

IF (ABS (DLNT) .GT. SOUM) SUM = ABS(DLNT)
DO 917 I=1,NS

IF (EN(I) .GT. 0. .AND., DELN{I) .GT. SUM) SUM = DELN(I)
IP (EN(I) .NE. 0. .OR. DELN(I) .LE. 0.) GO TO 917
SUMT1 = (=9.212 - ENLN(TI) + BNNL)/(DELN(I) - X {I01))

SUM1 = ABS(SUM1)

IF (SUMY .LT. AMBDA1) AMBDA1 = suM
CONTINUE

IF (SUM .GT. 2.) AMBDA = 2./5UM

IF (AMBDA1 .LT. AMBDA) AMBDA = AMBDA1

APPLY CCRBECTICNS TO ESTIMATES

SuM = 0.

po 113 I=1,NS

ENLN{I) = ENLN(I) # AMBLA*DFLN(I)

EN(I) = O.

IF ((ENLN(I) - ENNL + SIZE) .LE. 0.) GO TO 113
EN(I) = EXP(ENLN(I))

SUM = SUM + EN(I)

CONTINUE

. SUMN = SUM

115

IF (TP) GO TO 115

TLN = TLN + AMBDA*DLNT

TT = EXP(TLYN)

CALL THRM (TT,1.)

cPSuUM = 0.

po 3 I=1,NS

CPSUM = CPSUM + CPR{T)*EN(TI)
ENNL = ENNL + AMBDA*X (IQV)
ENN = EXP{ENNL)

TM = ALOG (PP/ENN)

AKOT1
AKO72
AK073
AKCTL ,
AKNTS
AKO076
A¥077
AK078
AKNT79
AKO80
AKO81
AKO82
AR083
AKO8L
AK085
AKOB6
AKO87
AR(ORS
AK089
Ax090
AK091
AKN92
AK0N93
AKO9L
AK095
AK09%
AK097
A¥x098
aAK099
AK100
ARK101
AK102
AK103
AK104
AK105
AK106
AK107
AE108
AK109
AK110
AK111
AK112
AK113
AK114
AK115
AK116
AK117
AK118
AK119
AK120
AK121
AK122
AK123
AK124
AK125
AK126
AK127
AK128
AK129
AK130
AK131
AK132
AK133
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C

130

13

373 FORMAT ({(9HO (EQLBRM),5X,I2,52H ITERATIONS DID NOT SATISFY CONVERGEN
*CE REQUIREMENTS)

TEST FCR CONVERGENCE

IF (ITNUMB .EQ. 0) GO TO 13

IF (AMBDA .LT. 1.) GG TO 43
SUM = (ENN - SUMN) /ENN

SUM = DABS (SUM)

IF (SUM .GT. 0.5E-05) GC TO 43
DO 130 I=1,NS

Ah = ABS (DELN{T)/SUMN) *EN (I)
IF (AR .GT. 0.5E~05) GO TO 43
CONTINUE

CONVG = .TRUE.

IF (ITNUMB .NF. 0) GO TO 160
WRITE (6,973) ITN

GC TO 873

160 IF (.NOT. {TP .AND. CONVG)) GO TO 143
CALL THRM (TT,1.)
CPSUM = O.
DO 4 I=1,NS
4 CPSUM = CPSUM + CPR({I)*EN(I)
143 ITNUEB = ITN
GO TO 43
c CALCULATE EQUILBRIUM PROPERTIES
1171 DLVPT = -1.
DLVTP = 1.
CCPR = CPSUM
GO TO 199
171 sSUM = 0.
DO 179 L=1,NLM
179 SUM = SUM + PROW (L) *X (L)
DLVPT = ~2. + SUM/ENN + X (ID1)
199 GAMMA = ~1./(DLVPT + DLVTP%*2%ENN/CCPR)
WM = 1./FENN
DO 872 I=1,NS
872 EN(I) = EXP (ENLN(I))
RETURN
873 WRITE (6,900)
900 FORMAT (940 (EQLBRM),5X,34HECIILIBRIUN CALCULATIONS ABANDONED)
NEXT = .TRUE.
GO TO 171
END
$IBFTC SOUT DECK
SUBROUTINE SPOUT
o SPECIAL OUTPUT

140

DOUBLE PRECISION EN,ENLN,DELN
DOUBLE PRECISION DLVTP,DLVPT

LOGICAL FROZ

REAL MIXMW,M2,MACHI,MACHF,M21,LSUBM

COMMON/KQGUT/DUM1(21) ,UNITO,DUM2(32) ,FPS,ST,DRUGO
COMMON/COND/DVAR,AREA,MDCT,P,IVAR,V,RHO,T,SIGMA(2S),LS,LSP3,NEXT

COMMCN/NECC/RR,MIXMW,M2,GAMMAT, TCPR,R
COMMON/GHSC/GRT (25) ,HRT (25) ,SR(25) ,CPR(25),DCPR (25)

AK134
AK135
AK136
AK137
AK138
AK139
AK140
AK141
AK142
AK143
AKI4G
AK145
AK1U46
AK147
AK148
AK149
AK150
AK151
AK152
AK153
AK154
AK155
AK156
AF157
AK158
AK159
AK160
AK161
AK162
AK163
AK164
AK16S
AK166
AK167
AK168
AK169
AK170
AK171
AK172
AK173
AK174
AK17S
AK176
AK177
AK178
AK179

ALOO1
ALOO2
ALOO3
ALOOUY
RL00S5
AL0OO06
ALCO7
ALODR
ALNDOS
ALO1O
ALOTT
ALO12
ALO13
ALO14
ALO1S



C

101

C

102

c

103

COMMON/SPEC/DUM3 (6) ,SPNM (2,27),DUNL (25,62)

COMMOK/AFUN/CX3,C¥X2,CX1,CX0,1TPSZ,1SyPY ,ETA,D,VISC,BETA

COMMON/MISC/TF,PF,CPRO,HPD,ENN,DUNS (32)
COMMON/SPECES/EN (25) ,ENLN({25) ,DELN (25),A(15,25)
COMMOXN/POINIS/DLVIP,DLVET,GANMAF, UM

FNTRY ECCUT

EQUILIRRTUM COMBUSTICN OUTPUT

WRITE(6,101)

FORMAT (1H1,50%,30d%** EQUILIBRIUM COMRUSTION *¥)
VI = 0.

GO TO 2

ENTRY ESGCUT
EQUILIERTIUM SHOCK OQUTPUT
WRITE(6,102)

FORMAT (1H1,47¥,374*% ECHILTRRIOM SHOC¥ CALCULATTON
Vi= V

pPI= P

RHOI= RHOC

TI= T

P21= PF/PI NOT REPRODUCIBLE
721 = TF/TI L

RHO21 = P21,/T21*WM/MIXMY

FROZ = .FALSE.

Go TO 3

ENTRY FSOUT
FROZEN SHCCK OUTPUT
WRITE (6,103)

FORMAT (1H1,49X,32H%% FROZFY SHNCK CALCULATION *x*)
PI=P .

Vi= V

RHOI= RHO

TI=T

P21= PF/P1

T21 = TF/TI

RHO21= P21,/T21

= PF

V= VI/RHO21

RHO= RHOT*RHOZ1

= TI*T21

GAMMAF = TCER/(TCPR = 1,/MIXME)
FROZ = .TRUE.

CALL THRM (1I,1.)

PMLOG = ALOG({PI*MIXMW)

5=0.

DO 4 I=1,LS

IF (SIGMA(I) .EQ. 0.) GC TO &4

S = S + SIGMA(I)*(SR{I) - ALOG(SIGMA(I)) - PMNLOG)
CONTINUE '

S = $%1,987165

MACHI= SQRT (M2)

VF = VI/RHO21

RHOF= RHOT*RHO21

CALL THRM (TF,1.)

PMLOG = ALOG {PF*WH)

SF= 0.

Do 5 I=1,LS

IF(EN(I) .FC. 0.) GC TO S

SF = SF + FX(I)*(SR(T)} - ALOG(EN(I)) - PHLOG)

*k)

ALO1F
ALO17
ALOYS
ALOY
ALO20
ALO21

ALO22

aL023

ALO24
ALO25
ALO26

ALO27
AL028
AL029
ALO3D
ALO31

ALO032
ALO33
ALD3R
ALO35
ALO36
ALO37
AL038
ALO39
ALOLO
ALOUN

ALOU2
ALDL3
ALOULY
ALOUS
ALOUG
ALOWT
ALOUSB
ALO49
AL0S0C
ALOS1

ALOS2
ALOS3
ALOSH4
ALDSS
AL0SH6
ALOS7
ALOS58
AL059
ALO6D
ALO61

ALO62
ALQO63
ALOGY
ALOARS
ALOGS
ALOAT7
ALO68
RLO69
ALO70
ALO71

ALO72
ALO73
ALO74
ALO7S
ALDT6
ALOT7

ALO78
ALNTQ
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5

205

305

405

104 FORMAT (/41X,13HINITIAL STATF, 17X, 11HFINAL STATE,17X,198FINAL/INIT

C

6
C

142

CONTINUE
SF = SP*1.987165
MACHF= SQRT(VF/R*VF/TF*WM/GAMMAT)

S21= SF/S
G21= GAMMAF/GAMMAI

IF (VI .EQ. 0.) GO TO 205
SVI= VI/MACHI

SVP= VF/MACHF

¥21= VF/VI

M21= MACHF/MACHI

SV21= SVF/SVI

GO TO 305
MACHI = 0.
SVI = 0.
SVF = 0.
V21 = 0.
M21 = 0.
SV21 = 0.

IF (-.NOT. FROZ .OR. ITPSZ .NE.

4) GO TO 405

CRLCULATE L (M) FOR RINETIC AREA FUNCTION

PST = 1,

ROSVST = (GAMMAI/SVI)*1.01325E+06
L50UBM = (1./PF)*(RHO21/(RHO21-1.) )% (ROSVST/ (PST*VISC) *MACHTI) ** ( (1.

*~FETA) /ETR) ¥ (D*PI/ (4. *BETA)) ** (1. /ETR)

WRITE (6,104)
*IAL RATIO//)

IF (UNITO .NE. FPS) GO TO 6

CCNVERT FROM INTERNAL (CGS) UNITS TO FPS UNITS

PI= PI*2116.2
PF= PF*2116.2
VI= VI/30.48

VF= VF/30.48
RHOI= RHOI*62.43
RHEOF= RHOF*62,.43
TI= TI*1.8

TFP= TF*x1.8

SVI= SVI/30.48
SVF= SVF/30.48

WRITE (6,105) PI,PF,P21,VI,VF,V21,RHOI,RHOF, RHO21,TI,TF,T21,5,SF,

* S21,MACHI,MACHF,M21,GAMMAI,GAMNAF,G21,5VI, SVF,SV21

10S FORMAT (10X,8HPRESSURE, 1PE35.5,E29.5,F32.5/11X, 10H (LB/FT**2) /10X,
* BHVELOCITY,E35.5,E29.5,¥32.5/11X, 88 (FT/SEC) /10X, 7THDENSITY,F36.5,
* E29.5,E32.5/11X,10H(LB/FT**3) /10X, 1 1THTEMPERATURE, E32.5,E29.5,

* E32.5/11X,7H(DEG R) /10X,7HENTRCPY,E36.5,E29.5,E32.5/11X, 140 (BTU/L
*B/DEG R) /10X, 11HMACH NUMRER,E32.5,F29.5,%32.5//10%X,5HGAMMA,E18.5,
* E29.5,E32.5//10%X,14HSONIC VELOCITY,¥29.5,£29.5,E32.5/11X,8H(FT/S¥

*C))
GO TO 8

IF (UNITO .RE. SI) GO TO 7

CONVERT FROM INTERNAL (CGS) UNITS TC STI UNITS

PI= PI*1.01325E+05
PF= PF*1.01325E+05
VIi= VI*0.01

AL080
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31082
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ALO8U
A1085
ALD86
ALO8BY
ALO8S
ALOB89
AL090
AL091
ALQ92
AL093
ALO9Y
AL09S
ALO96
AL097
21098
AL099
AL100
AL101
AL102
AL103
AL104
AL105
RAL106
AL107
AL108
AL109
AL110
AL111
AL112
AL113
AL114
AL115
AL116
AL117
AL118
AL119
AL120
AL121
AL122
AL123
AL124
AL125
AL126
AL127
AL128
AL129
aL13o0
AL131
AL132
AL133
AL134
AL135
AL136
AL137
AL138
A1139
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C

1086

7

107

8
108

109
9

110

VF= VF*0.01

RHOI= RHOTI*1000.

RHOF= RHOF*1000.

= S%4184.0

SF= SF*4184.0

SVI= SVI*0.01

SVF= SVF*0.01

WRITE (6,106) PI,PF,P21,VI,VF,V21,RHCI,RHOF,RHO21,TI,TF,T21,5S,SF,
* S21, MACHI,MACHF,M21,GAMMAT,GAMMAF,G21,SVI,SVF,SV21

FORMAT (10X%,8HPRESSURE,1PE35.5,E29.5,E32.5/11X,8H (N/M**2)/10X,8HVE
*LOCITY, E35.5,E29.5,E32.5/11X,7H (M/SEC) /10X, THDENSITY,E36.5,E29.5,
* E£32.5/11X,9H (KG/M**2) 710X, V1HTEMFERATURE,E32.5,E29.5,E32.5/11X,
* 7H(DEG K)/10X,7HENTROPY,E36.5,E29.5,E32.5/11X, 16H (JOULE/KG/DEG K)
*/10X, 117HMACH NUMBER,E32.5,E29.5,E32.5//10X,5HGAMMA,E38.5,E29.5,
* B32.5//10X,14HSONIC VELOCITY,E29.5,E29.5,E32.5/11X,7H (4/SEC))

GO TO 8

PRINT OUTPUT IN INTERNAL (CGS) UNITS

WRITE (6,107) pI,PF,P21,vYI,VF,V21,R40I,PHOF, RHO21,TT,TF,T21,S,5F,
* SZ1,HACHI,MACHF,M21,GAMMAI,GAMMAF,G21,SVI,SVF,SV21

FORMAT (10X,8HPBESSURE,F35.Q,F28.U,F32.ﬂ/11X,5H(ATM)/10X,8HVELOCIT
*Y,F33.2,F28.2,F3u.3/11X,8H(CM/SEC)/10X,7HDENSITY,1PE36.5,E28.5,

* 0PF32.4/11X,10H(GM/CM**3)/1OX,11HTEMPERATURE,F30.2,F28.2,F3u.u/
* 11X,78 (DEG Ky /10X, 7HENTROPY,F36.4,F28.4,F32.4/11X, 14H (CAL/GN/DEG
*K) /10X, 11HMACH NUMBER,F32.4,F28.4,F32.4//10X,5HGANMA, F38.4,F28.4,
* F32.4//10%X, 18HSONIC VELOCITY,F27.2,F28.2,F34.4/11X,8H(CN/SECY))

WRITE (6,108)

FORMAT (/67%,7HSPECIES,5X,13HMOLF FRACTION)

po 9 I=1,LS

EN(I) = EN(I)*WH

WRITE(6,109) (SPNM(K,I) ,K=1,2) ,EN(T)

FORMAT (68X, 2A4,3X, 1PE12.5)

CONTINUE

WRITE (6,110) WM,DLVTP,DLVPT

FORMAT (/10X,24HMIXTURE MOLECULAR WEIGHT,36X,F12.5//10X,22HD(LOG ¥
*QLUME) /D (LOG T) ,Fu9.4/14X, 13HAT CONSTANT P//10X,22HD(LOG VOLUME)/D
* (LOG P) ,F49.4/14%,13HAT CONSTANT T)

RETURN
END

$IBFTC OUTPP DECK

Cc

SUBROUTINE OUTP

QUTPUT CAN BE GIVEN IN (1) INTERNAL (CGS) UNITS, (2) FPS OUNITS
(3) SI UNITS

LOGICAL ALLM1,CONC,CBUGC,EXCHR,NFXT,RHCCON,TCON
REAL MDOT,IVAR,N,M,MW,MIXNMW,N2,MACH,LSUBN
DIMENSICN SPNM(2,27),PRC({25),PRX(30) ,XXH(30),ESP(2,25)

CCMMCN/OPTS/VERSI,TIMEV,VERSA,ARFAV,ELIM,TCON,PHOCON, IPRCOD
COMMON/COND/DVAR,AREA,MEOT,P,IVAR,V,RHO,T,SIGMA(25),LS,LSP3,NEXT
COMMON/SINT/HMIN,HINT, HN,HKNP1, HMAX,NH, AVH,EXAX,ERRN,ICV,KCUNT,ERPP
COHMON/KOUT/TITLE(ZO),UNITI,UNITO,CONC,EXCHR,DELH(30),PPS,SI,DBUGO
COMMON/REAC/LSR(Q,BO),XX(30),RATE(30),LKEO(30),DLKEO(BO),MM(30),LP
COMMON/RRAT/A (20),N (30),EACT (3n),R(30),H(25,30),ALLHY]
COMMON/AFUN/CN (4) ,ITPSZ,LSUR%,ETA,D,VISC,BETAL
COMMON/SPEC/SNAM(2,3O),MW(ZS),W(25),STOIC(25,3O),OMEGA(?Q,3O)

AL141
AL142
AL143
AL14U
AL145
AL14€
AL147
AL148
AL149

AL150
AL151

AL152
AL153
AL154

AL1S5
AL156
AL157
AL158
AL159

AL160
AL161

AL162

AL163
AL164

AL165
AL166

AL167
AL168
AL169
AL170
AL171

AL172
AL173

AL17b
AL17S
AL176
AL177
AL178
AL179
AL180

AL181

AMO0O1
AMOO2
AMOO3
AMOOU4
AMO005
AMOO6
ANM007
AMOOS8
AMOOO
AMO10
AMO11
AMO12
AM013
AMOTU
AM01S5
AMO16
AM0O17
AMO018
AMO19
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COMMON/XVSA/XTB (40) ,ATB (40) ,NTB,XU,AU(2),CX (4) AMO20

COMMON/NECC/RR,MIXMW,M2,GANMA,TCPR,R AMO21
COMMON/PORE/PK (28) , 0K (28) , RK (28) , F (28) AMO22
COMMON/DERN/F (28) , ALPHA (28) , BETA (28, 28) AM023
COMMON/SKIP/NEGL (25) ,I1,I2,IT AMO24
COMMON/GHSC/GRT (25) ,HRT (25) ,SR (25) ,CPR{25) , DCPR (25) AMO2S
COMMON/SABS/S1,AA,BB,S2,DA, D22, DTERM A¥026

AM027
EQUIVALENCE {SPNM,SNAM(1,4)), (ELANK,SPNM(1,27)) AMO028
EQUIVALENCE (PRX(1),XXH(1)) AMO29
AMO30
ENTRY OUT1 AMO31
AMO32

C ** TITLE PAGE L4033
IF (VERSI .EQ. TIMEV} GO TO 98 AMO34
I =2 AMO3S
GO TO 99 AMO036

98 I = &4 AM037
99 IF (VERSA .EQ. AREAV) I = I - 1 AMO38
GO TO (100,200,300,400),I AM039

100 WRITE (6,101) AMOULO
101 PORMAT (1H1, 14X,21HDISTANCE-AREA VERSION) AMOL1
GO TO 3 AMOH42

200 WRITE (6,201) AMO43
201 FORMAT (1H1,12X,25HDISTANCE-FRESSURE VERSION) AMOLY
GO TO 3 . AMOU4S

300 WRITE (6,301) AMOUG
301 FORMAT (1H1,16X,17HTIME~AREA VERSION) ANMOLT
GO TO 3 AMOUS

400 WRITE (6,401) AMOU9
401 FORMAT (1H1,14X,21HTIME~PRESSURE VERSION) ANDS0
3 WRITE (6,102) (TITLE(I),I=1,20) AM051
i02 FORMAT (1H+,49X,33HGENERAL CHFMICAL KINFTICS PPOGRAM,11X,26HNASA L AMOS2
*EWIS RESEARCH CENTER///26X,20A4///9X,8HREACTION,31X,8HREACTION, AMOS53

* 38Y,23HREACTION RATE VARTABLES/10X,6HNUMBFR,74X,1HA,16X,1HN,9%,  AMOSS

* 10HACTIVATION/119X,6HENERGY) AMOSS
AMDS6

c PRINT REACTICN INFORMATICN AMOS7
DO 6 J=1,LR AMOSS
N1 = LSR(1,J) AMOS59
N2 = LSR(2,J) AMO60
N3 = LSR(3,J) AMO61
N4 = LSR(4,J) AM062
WRITE (6,103) J, (SPNM(I,N2),I=1,2), {SPNM(I,N3),I=1,2),A(J),N(J), 2MO63

* EACT (J) AMO6Y
103 FORMAT (12X,I2,27X,2A4,2X,1H=,2X,2A4,23%X,1PE12.5,5X,0PF10.4,5%, AM0O6S
* F10.2) AMOGE

IF (N1 .GT. 0) GO TO 5 AMO67

IF (N1 .LT. 0) GO TO & AMO68

N1 = 26 AM069

GO TO 205 AMO70

4 WRITE {6,105) (SPNM(I,N4),I=1,2) AMDT 1
105 FORKAT (1H+,63X,1H+,2X,244) AM072
GO TO 6 AM073

5 IF (N4 .GT. 0) GO TO 205 AMOTY
IF (N4 .LT. 0) GO TO 204 AMOTS

N4 = 26 AMOT6

GC TO 205 AMOTT

204 WRITE (6,1105) (SPNM(I,N1),I=1,2) AM078
1105 FORMAT (1H+,27X,2R4,2X, 1H+) AMD79
GO TO 6 AM0SO
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205 WRITE (6,104) (SPNA(I,N1),I=1,2), (SPNM(I,N4),I=1,2)
104 PORMAT (1H+,27X,2A4,2X,1H+,25%,1H+,2%,2244)

CONVERT ACTIVATION ENERGY TO B-FACTOR
6 B(J) = EACT({J)/1.987165

IF {.NOT. ALLM1) GO TO 7
WRITE (6,106)
106 FORMAT (///51X,29HALL THIRD BODY RATICS ARE 1.0)
Ge TO 13

7 SRITE (6,107)

107 FORMAT (///41X,50HALL THIRD BODY RATICS ARE 1.0 EXCEPT THE FOLLOWI

*NG/ /)
K =0
po 12 1=1,LS
po 12 J=1,LR
IF (M(I,J) .EQ. 1.) GO TO 12
K=K + 1
IF (K .EQ. S5) K =1
G0 TO {8,9,10,11M,K
8 WRITE (6,108) (SPNM(K,I),K=1,2),3,8(I,])
108 FPOBMAT (5X,2HM{,2A4,1H4,,I2,3H) =,F10.5)
GO TO 12 :
9 WRITE (6,109) (SPNM(K,I),XK=1,2),J,8(L,J)
109 FORMAT (1H+,36%,2HM(,2A4,1H,,I2,3H) =,F10.5)
GO TO 12
10 WRITE (6,110) (SPNM(K,I),K=1,2),J,M(T,J)
110 FORMAT (1H+,68X,2HM(,2A4,1H,,12,3H) =,F10.5)
GO TO 12
11 WRITE (6,111) (SPNM(K,I),K=1,2),d,4(1,J)
111 FORMAT (1H+,100X,2HM(,2As,1H,,12,3H) =,F10.5)
12 CONTINUE

13 IF (VERSI .EQ. TIMEV) GO TO 14
WRITE (6,112) HMIN,HMAX,HINT,EMAX

112 FORMAT (///56X,20HINTEGRATION CCNTROLS//15%,1THMINIMNUY STEP SIZE,
* E14.5,3H CM,33X,17HMAXTMOM STEP SIZE,E14.5,3H CM//15%, TTHINITIAL
*STEP SIZE,E14.5,3H CM,33X,22HMAXIMNUY RELATIVE ERROR,F10.5)

GO TO 15
14 WRITE (6,113) HMIN,HMAX,HINT,EMAX

113 FORMAT (///56X%X,20HINTEGRATION CONTROLS// 15X, 17THMINIMOM STEP SIZE,
* E14.5,4H SEC,32X,17HMAXIHUM STEP SIZE,E14.5,4H SEC//15%X,1TTHINITIA
*] STEP SIZE,E14.5,48 SEC,32X,22HMAXINUN RELATIVE ERROR,F10.5)

** SECOND PAGE
15 WRITE (6,114)

114 FORMAT (1H1,50X,31H** ASSIGNED VARIABLE PROFILE ** 7 /)

GO0 TO (16,18,19,19,20) ,ITPSZ

16 G0 TO (116,216,316,416) ,IPRCOD
ASSIGNED VARIAELE TABLE
116 WRITE (6,117) XU,AU

117 FORMAT ({34X,64HTHE AREA IS CALCULATED BY INTERPOLATION FROM THE FO
(,22,1H) ,10%,

*LLOWING TABLE//36%X,THSTATION,10X,17HAXIAL DISTANCE
* 7HAREA (,A4,A1,1H))
GO TO 516
216 WRITE (6,217) XU,AU

217 FORMAT (32X,68HTHE PRESSURE IS CALCULATED BY INTEFPPOLATION FROM TH
*E FOLLOWING TABLE//36X,7HSTATICN,10X,17HAXIAL DISTANCE

* 9X,11HPRESSURE (,2A4, 1H))
GO TO 516

(22,10,

AMOB1
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316 WRITE (6,317) AU

317 FORMAT (34X, 64HTHE AREA IS CALCULATED RY INTERPOLATION FROM THE FO
*LLOWING TABLE//36X,7HSTATION,14X,11HTIKE (SEC),16X,T7HARER (,Ad,
* A1,1H))
GO TO 516

416 WRITE (6,417) AU

417 FORMAT (32X,68HTHE PRESSURE IS CALCULATED BY INTERPOLATION FROM TH
*E FOLLOWING TABLE//36X,7HSTATION,14X,11HTINE (SEC), 15X, 11HPRESSUR
*E  (,2R4,1H))

516 DO 17 I=1,NTB

17 WRITE (6,616) I,XTB(I),ATB(I)

616 FORMAT (38%X,I2,14X,1PE12.5,15X,E12.5)

GO TO 21

18 GO TO (218,318,418,518) ,IPRCOD
ASSIGNED VARIABLE POLYNOMIAL
218 WRITE (6,219) AU,CX

219 FORMAT (40X,S52HTHE AREA IS CALCULATED FRCM THE FOLLOWING POLYNOMIA

*L//23X,6HARER (,A4,R1,5H) = (,1PE12.5,9H) ¥**3 + (,E12.5,9H) X**2 +
*(,E12.5,6H)X + (,E12.5,1H))
GO TO 21

318 WRITE (6,319) AU,CX

319 FORMAT (38X,56HTHE PRESSURE IS CALCULATED FROM THE FOLLOWING POLYN
*OMIAL//20X, 10HPRESSURE (,2AY4,5H) = (,1PE12.5,9H)X**3 + (,E12.5,9H)
*X*%2 + (,B12.5,6H)X *+ (,E12.5,1H))
GO TO 21

418 WRITE (6,419} AU,CX
4719 FORMAT (U0X,52HTHE AREA IS CALCULATED FRCM THE FOLLOWING POLYNOMIA

*L//23X,6HAREA (,A4,31,5H) = (,1PE12.5,9H)T**3 + (,F12.5,9H) T#*2 +
*(,E12.5,6H)T + (,E12.5,1H))
GO TO 21

€18 WRITE (6,519) AU,CX
519 FORMAT (38X,56HTHE PRESSURE TS CALCULATED FROM THE FOLLOWING POLYN

1

C

*OMIAL//20X, 10HPRESSURE (,2A4,5H) = (,1PF12.5,9H)T**3 + (,E12.5,9H)
*T*%2 + (,E12.5,6H)T + (,E12.5,1H))
GO To 21

SPECIAL AREA FUNCTIOW
19 WRITE (6,118) LSUBM,ETA
118 FORMAT (41X,50HTHE AREA IS CALCULATED FRCM THE FOLLOWING FUNCTION/
*/46X,16H1/ARER = 1 - {(X/,F10.3,4H) *%(,F10.5, 1H))
IF (ITPSZ .EQ. 4) WRITE (6,1118) n,VISC,BETAL
118 FORMAT (/6X,20HHYDRAULYIC DIAMETER =,FR.4,3H CM,7X,23HVISCOSITY COE
*FFICIFNT =,E12.4,10H GY4/CM~-SEC,7X,6HRETA =,F7.84)
GO TO 21

ZERO VFLOCITY - ASSIGNED VARIABLE NOT PEQUIRED
20 WRITE (6,119)

119 FORMAT (36X,60HTHIS IS A V=0 PROBLFM ~ AN ASSIGNED VARIABLE IS NOT

C

* REQUIRED)

NEGLECTED SPECIES
21 IF (I1 .NE. 0) GO TO 22
WRITE (6,120)

120 FORMAT (///37X,70HNO SPECIES WILL RE PERMANENTLY NEGLFCTED FROM AL

*L ERROR CONSIDERATIONS)
GO TO 228
22 WRITE (6,121)

121 FORMAT (///31X,69HTHE FOLLOWING SPFCIES WILL BE NEGLFCTED FROM ALL

146

* ERRCE CONSIDERATIONS//)
K =0
DO 28 II=1,I1
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I = NEGL(II) o AM205
K = K + 1 NOT REPRODUC‘BLE; AM206
IF (K .EQ. 6} K =1 T ru207
GO TO (23,24,25,26,27) ,K AM208
23 WRITE {6,122) (SENM(J,I),d=1,2) aM2nQ
122 FORMAT (61X,2A4) AM210
GO TO 28 AM211
24 WRITE (6,123) (SPNNM(J,I),Jd=1,2) AM212
123 FORMAT (1H+,76X,2aH) arM213
GO TO 28 AM21U
25 WRITRE (6,124) (SENM(J,I),J=1,2) AM215
124 FORMAT (1H+,80%,2A4) AM216
GO TC 28 AM217
26 WRITE (6,12%) (SPuUM({J,I),J=1,2) AM21R
125 FORMAT (1H+,92X,234) AM219
GO TO 28 AM220
27 WRITE (6,126) (SP¥M(J,TI),J=1,2) AM221
126 FORMAT (1H+,28X,2A4) AM222
28 CONTINUE AM223
AM228
228 IF (RHOCON) WRITE (f,1126) AM225
1126 FORMAT (///3RX,56HTHE VOLUME (DENSTTY) WILL BE HFLD CCN3TANT FOF T AM226
*HIS CASE) AM227
IF (TCON) WRITE (6,2126) aM228
2126 FORMAT (///40X,51HTHE TFMPERATURE WILL B® HELD CCNSTANT FOR THIS C AM229
*ASE) am230
RETURN AM231
AM232
ENTRY 0UT2 AM233
AM234
C INITTAL CONDITIONS AM235%
WRITE (6,127) aM236
127 FORMAT (141,52X,26H** TINITIAL CONDRITIONS **x//) AM237
GO TC 29 AM23¢
AM239
ENTRY OUT3 AM240
AM241
c GENERAL OUTPUT AM2u2
WRITE (6,128) AM243
128 FORMAT (1H1) ’ AM2uL
AM245
29 MACH = SORT (M2) AM2U6
MAX = MAXO({LS,LR) AM247
AM248
TENT = O. AM249
CSUM = 0. AM250
PMLOG = ALQOG (P*MTXMW) AM251
c TOTAL ENTROPY AND MASS FRACTION SUM AM252
pc 0 I1=1,1S AM253
IF (SIGMA(T) .EQ. 0.) GO TO 30 AM254
TENT = TENT + SIGMA(I}*({SR(I) - BLCG{SIGMA(TI)) - PMLOG) AM25S
30 CSUM = CSUM + SIGMA(T) =MW (1) AM256
TENT = TENT*1.987165 AM257
: AM258
TXXH = C. AM259

C ENERGY EXCHANGE RATES AM260
po 31 J=1,LR AM261
XXH (J) = XX (J)*DELY(J) AM262
31 TYXH = TYXXH + XXH(J) AM263
AM264
IF {(VERSI .FC. TIMEV) GO TC 32 AM255
TIME = DVAR AM266
X = IVAR AM267
GO TO 133 AM268
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32 TINE = IVAR AM269

X = DVAR AM270
AM271

33 IF (UNITO .NE. FPS) GO TO 48 AM272
AM273

C CONVERT FRCM INTERKAL (CGS) UNITS TO FPS UNITS AM274
X = X/30.48 AM27S
AREAA = ARFA/929.0304 AM276
DOTM = MDOT,/453.59237 AM277

PP = P*2116.2 AM278

Vv = v/30.48 AM279
RHOO = RHO*62.43 BM280

TT = T*1.8 AM281
AM282

WRITE (6,129) TIME,AREARA,X,PP,NH,VV,AVH,REQO, (SNAM(I,JCV),I=1,2), AM283

* T?,DOTM,TENT,ERRN,MACH,KQUNT,GAMMA AM284
129 FORMAT (16X,4HTIME, 1PE14.5,5H SFC,14%X,4HEAREA,E14.5,7H SQ FT, AM28S

* 14X, 4HAXIAL POSITION,E18.5,4H FT///20X,15HFLOW PROPERTIES, 45X, AM286
*  22HINTEGRATION INDICATORS//22X,8HPRESSURE,F22.5,30X,21HSTEPS FR AM287
*OM LAST PRINT,9X,I4/23X,10H(LB/FT*%2)/22¥,8HVELOCITY,E22.5, 30X, AM288
* 17THAVERAGE STEP SIZE,0PE24.5/23X,8H (FT/SEC) /22X, THDENSITY, 1PE23.5 AM289
*,30X,20HCONTRCLLING VARIABLF, 11X, 2A4/23X, 104 (LB/FT*%3) /22X, 11HTEMP AM290
*ERATURE,E19.5/23X,7H (DEG R) /22X, 14HMASS FLOW RATE,E16.5/23X,8H(LB/ AN291
*SEC) /22X, THENTROPY, F23.5, 30X, 14HRELATIVE ERROR,0PE27.5/23X, 14H (BTU AM292
*/LB/DEG R) /22X, 11HMACH NUMBER,1PE19.5,30%,20HPREDICTOR ITERATIONS, AM293

* 11X,13//22%,5HGAMMA, E25.5) AM294
AM295

IF (I2 .EQ. 0) GO TO 34 AM296

IS = I1 + 1 AM297

DO 233 K=IS,IT AM298

KK = NEGL (K) AM299
ESP(1,K) = SPNM({1,KK) AM300

233 ESP(2,K) = SPNM(2,XK) AM301
WRITE (6,130) ((ESP(I,K),I=1,2),K=IS,IT) AM302

130 FORMAT (1H+,81X,18HELIMINATED SPECIES,13X,2Aa4,2¥%,2A4/ (113X, 2A4,2X, AN303
* 2A4)) AM304

, AM305

34 WRITE (6,131) AM306
131 FORMAT (//56X,19HCHEMICAL PROPERTIES//) AM307
, AM308

CONV = 0.02883 AM309

IF {(CONC .OR. EXCHR} GO TO 36 AM310
AM311

c PRINT MASS FRPACTICNS AND ®FEACTICN CCNVERSICK RATFS AM312
WRITE (6,132) AM313

132 FORMAT (1X,7HSPECIES,4¥,13WMASS FRACTION,3X,13HNOLE FRACTION, 3X, AM314
* 27HNET SPECIES PROTLUCTION PATE,5X,8HREACTION,3X,2RENET REACTION C AM315

*ONVERSION RATE,3X,13HRATF CONSTANT) AM316
WRITE (6,133) AM317

133 FORMAT (50X, 16H (MOLE/FT**3/SEC),11X,6ENUXRER, 7K, 224 (MOLE-FT**3/LE AM318
*%2/SEC) ,7X, 11E(CGS UNITS)) AN319

DO 35 J=1,LR . AM320

35 PRX(J) = XX (J) AM321
CONV = 1./62.43 AM322

GO TO 37 AM323
AM328

36 IF (CCNC .OR. (.NOT. EXCHR)) GC TO 39 AM325
AM326

c FRINT MASS FRACTIGNS AND ENERGY FXCHANGE RATFS AM327
WRITE (6,134) AM328
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134 FORMAT (1X,7HSPECIES,4X,13HMASS FRACTION,3X,13HMOLE FRACTIOW, 3X,
%« 2THNET SPECIES PRODUCTION RATE,SX,8HREACTION,5X,2UHNET ENERGY EXC

*HANGE RATE,SX,13HRATE CCNSTANT)
WRITE (6,135)

135 FORMAT (SOX,16H(HOLE/FT**3/SEC),11X,6HNUMBE?,8X,21H(BTU-FT**3/LE**

*2/SEC) ,7X,11H(CGS UNITS))

Cc COMPUTE MASS FRACTIONS
37 po 38 1=1,LS
38 PRC(I) = SIGMA(I)*MW(I)

GO TO 44
39 IF ((.NOT. CONC) .OR. EXCHR) GC TC 41
c PRINT MOLAR CONCENTRATIONS AND REACTION CONVERSTON PATES

WRITE (6,136)

136 FORMAT (1X,7HSPECIES,QX,13HCONCENTFATION,3X,13HMOLE FRACTION, 3X,

* 27HNET SPECIES PRODUCTION RATE,S5X,8HREACTION,3X,28HNFT REACTION C

*ONVERSION RATE,3X,13HRATE CONSTANT)
WRITE (6,137

137 FORMAT (12X,13H(MOLES/FT**3),25X,16H(MOLE/FT**3/SEC),11X,6HNUMBFR,
* 7X,22H(HOLE—FT**3/LB**2/SEC),7X,11H(CGS UNITS))

po 40 J=1,LR

40 PRX(J) = XX (J)
CONV = 1./62.43
GO TO 42

Cc PRINT MOLAR CONCENTRATIONS AND FMERGY EXCHANGE EATES

41 WRITE (6,138)

138 FORMAT (1X,7HSPECIES,“X,13HCONCENTFATION,3X,13HMOLE FPACTION, 3%,

* 27HNET SPECIFS PRODUCTION BATE,5X,8HRFAC

*HANGE RATE,SX,13HRATE CONSTANT)
WRITE (6,139)

TION,5%,2UENET ENERGY EXC

139 FORMAT (12X, 134 (MOLES/FT*%3),25X,16H (NOLE/FT**3/SEC), 11X, 6HNIMBER,
* 8X,21H (BTU~FT**3/LB¥*2/SEC) ,7X,11H(CGS UNITS))

C COMPUTE MOLAF CONCENTRATIONS
42 po 43 I1=1,LS
43 PRC{I) = SIGMA(I)*RHOC

44 po 47 IJ=1,MAX
IF (IJ .GT. LS .OR.
FMOL = SIGMA(IJ) *MIXMW
WW = W(IJ)*62.43
XXX = PRX (IJ)*CONV
WRITE (6,140)

1J .GT.

LR) GO TO 45

(SPNM(I,IJ),I=1,2),PRC(IJ),FHOL,WW,IJ,XXX,PATE(IJ)

140 FORMAT (2X,2AU,2X,1PE12.5,“X,E12.5,11X,E12.5,16X,I2,1UX,E12.5.11X,

* E12.5)

GO TO 47
45 IF (IJ .GT. LS) GO TO 46

FMOL = SIGHMA (IJ)*MIXMW

WW = W(IJ)*62.43

WRITE (6,141)

(SPNM(I,IJ),I=1,2),PEC(IJ),FHOL, WV

141 FORMAT (2X,2AQ,2X,1?E12.5,UX,E12.5,11X,E12.5)

GO TO 47
46 XXX = PRX(IJ)*CONV .

WRITE (6.,142) IJ.XXX.RATE(IJ)
142 FORMAT (79X,T2,14%,1PE12.5,11X,E12.5)
47 CONTINUE

TXXH = TXXH*0.02883

WRITE (6,143) MIXMW,TXXH,CSUM
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143 FORMAT ( /BX,2UHMIXTURE MOLECULAR WEIGHT,F13.5,5X,26HTOTAL ENRRGY

*EXCHANGE RATE,1PE15.5,7X,17HMASS FRACTION SUM,0PF14.8)
WRITE (6, 144)

144 FORMAT (49X,21H(BTU-FT**3/LB**2/SEC))

C

GO TO 78
48 IF (UNITO .NE. SI) GO TC 63

CONVERT FROM INTERNAL (CGS) OUNITS TC ST UNITS
X = X*,01

AREARA = AREA*.0001

DOTM = MDOT*0.001

PP = P¥1.01325E+05

VvV = V*,.01

RHOO RHO*1000.

TENT TENT*4184.0

WRITE (6,145) TIME,AREAA,X,PP,NH,VV,AVH,RHOO, (SNAM(I,JCV),I=1,2),
* T,DOTM,TENT,ERRN,MACH,KOUNT,GANMA

145 FPORMAT (16X,4HTIME,1PE14.5,5H SEC,14X,4HARRA,E14.5,7H SO0 M ,

* 14X, 14HAXIAL POSITION,E14.5,8H N ///20X,15HFLOW PROPERTIES, 45X,
*  22HINTEGRATION INDICATORS//22X,RHPRESSURE,F22.5,30X,21HSTEPS FR
*OM LAST PRINT,9X,I4/23X,8H(N/M*%2)/22X,8HVELOCITY,E22.5,30X, 174AVE
*RAGE STEP SIZE,0PE24.5/23X,7H (M/SEC) /22X, 7H4DENSITY, 1PE23.5, 30X,

* 20HCONTROLLING VARIABLE,11X,2A4/23X,9H (KG/¥*%3) /22X, 11HTEMPERATUR
*E,E19.5/23X,7H (DEG K) /22X, 14HKASS FLOW RATR,E16.5/23X,8H(KG/SFC) /
* 22X,7HENTROPY,E23.5,30X, 14HRELATIVF ERROR,0PE27.5/23X,16H (JOULF/K
*G/DEG K) /22X, 11HMACH NUMBER,1PE19.5,30X,20HPREDICTOR TITERATIONS,

* 11X,13//22X,5HGAMMA, E25.5)

IF (I2 .EQ. 0) GO TO 49
IS = I1 + 1

DO 248 K=1IS,IT

KK = NEGL (K)

ESP(1,K) = SPNM{1,KK)

248 ESP(2,K) = SPNM(2,KK)

C

1

c

1

150

WRITE (6,130) ((ESP(I,K),T=1,2),K=IS,IT)
49 WRITE (6,131)

CONV = 4.,1840
IF¥ (CONC .OR. EXCHR) GO TO 51

PRINT MASS FRACTIONS AND REACTICN CCNVERSION RATES
WRITE (6,132)
WRITE (6,146)
46 FORMAT (SOX,15H (MOLE/M**3/SEC), 12X, 6HNUMBER, 7X,21H (MOLE-M** 3 /KG**2
*/SEC) ,BX,11H(CGS UNITS))
DO 50 J=1,LR
50 PRX{J) = XX (J)
CONV = 0.001
GO TO 52

51 IF (CONC .OR. (.NOT. FXCHR)) GC TO 5S4

FRINT MASS FRACTIONS AND ENFRGY FXCHANGE RATES
WRITF (6,134)
WRITE (6,147)
47 FORMAT (50X, 15SH{MOLE/N**3/SFC),12%X,AUNUNBER,7X,22H (JOULF-HK*x*3/KG**
*2/SECY ,7¥,11H(CGS TUNITS))

-
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c

c

c

o

C

COMPUTE MASS FRACTIONS
52 po 53 1=1,LS
53 PRC(I) = SIGHMA({I)*MW(I)
GO TO 59

54 IF ({(.NOT. CONC) .OR. EXCHR) GO TO 56

PRINT MOLAR CONCENTRATIONS AND REACTION CONVERSION RATES
WRITE (6,136)
WRITE (6,148)

148 FORMAT (12X, 12H (MOLES/M*%3) ,26X,158 (MOLE/U**3/SEC) , 12X, 6HNUMBER, 7X
*,21H (MOLE-M*%3/KG**2/SEC) , 8%, 11H(CGS UNITS))
po 55 J=1,LR

55 PRX({J) = XX(J)
CONY = 0.001
GO TO 57

PRINT MOLAR CONCENTRATIONS AND ENERGY EXCHANGE RATES

56 WRITE (6,138)
WRITE (6,149)

149 FORMAT (12X, 12H (MOLES/M#**3) ,26X,15H (MOLE/¥**3/SEC) ,12X,6HNUMBER,TX
*, 220 (JOULE-M*%3/KG**2/SEC) ,T7X, 11H(CGS UNITS))

COMPUTE MOLAR CONCENTRATIONS
57 po 58 I=1,LS
58 PRC{I) = SIGHMA({I)*RHOO

59 Do 62 IJ=1,HAX
IF (IJ .GT. LS .OR. IJ .GT. LR) GO TO 60
FMOL = SIGMA (IJ)*MIXMW
WW = W(IJ)*1000.
XXX = PRX(IJ)*CONV
WRITE (6,140) (SPN®(I,1J),I=1,2),PRC(IJ),FHOL,W¥,IJ,XXX,RATE(1J)
GC TO 62
60 IF (IJ .GT. LS) GO TO 61
FHOL = SIGMA (TJ) *MIXMW
WW = W(IJ)*1000.
WRITE (6,141) (SPN¥(I,I1J),I=1,2),PRC(IJ) ,FMOL, AN
GO TO 62
61 XXX = PRX (IJ)*CONV
WRITE (6,142) IJ,XX%,RATE(IJ)
62 CONTINUE
TXXH = TXXH*4.1840
WRITE (6,143) MIXMW,TXXH,CSUM
WRITE (6,150)
150 FORMAT (48X,22H (JOULE-M**3/KG**2/SFC))
GO TO 78

PRINT OUTPUT IN INTERNAL (CGS) UNITS

63 WRITE (6,151) TIME,AREA,X,P,NH,V,AVH,PHO, (SNAM(I,JCV),I=1,2),
* T,MDOT,TENT,EREN,MACH,KCUNT,GAMMA

151 FORMAT (16X,4HTIMF,1PE14.5,5H SEC,14X,UHAREA,E14.5,74 SO C4,
* 14X,14HAXIAL POSITION,E14.5,4H C¥///20X,1SHFLOW PROPERTIES, 45X, 2
*2HINTEGRATION INDICATORS//22X,8HPRESSURE,CPF23.5,29X,21HSTEFS FROM
* LAST PRINT,9X,I4/23X,5H(ATH)/22X,8HVELOCITY,F20.2,32X, 17THAVFRAGE
*STEP SIZF,E24.5/23X,8H (CM/SFC) /22X, THDENSITY, 1PR23.5,30%, 20 HCONTRO
*LLING VAPIABLE,11X,2A4/23X,10H (GM/CM**3) /22X, 11HTFUPERATURE,
% OPF17.2723X, TH{DEG K) /22X, 14HMASS FLOW RATE,1PR16.5/23X,8H (GM/SEC
*y /22X, THENTROFY,0PF23.4,30X, T4HRELATIVE EPROR,E27.5/23X, 148 (CAL/GH
*/DEG K) /22X, 11HMACH NUMBER,F19.4,30%X,20HPREDICTOR ITERATIONS,11X,
* 13//22%,5HGAMMA, F25.4)

AMLST
AMUS2
AMUS3
AMUSE
AMuss
AMUSE
AMUST
AMU5S
AMU4S9
AMUEO
AMUAR1T
AMUE2
AMUG]
AMLEY
AMUGS
AMUGS
AMUET
AMUES
AMUEO
AMUTO
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IF (I2 .FQ. O
IS = I1 + 1
DO 263 K=IS,IT
KX = NEGL (K)
ESP({1,K) = SPN

263 ESP(2,K) = SPEN

o

152 FORMAT (50%,16R(MOLE/CM**3/SEC),11X,6HNUMBER, 7X,22H (MOLF~CM**3/GHE*

C

153 FORMAT (50X, 16H(MOLE/CM**3/SEC) ,11%X,6YNUMBER,BX,21H(CAL-CH**3/GM*%

C

C

v, 154 FORMAT (12X, 13H(MOLES/CM*%3) 25X, 16H(MOLE/CM*%3/SEC),11X,6HNUMBER,

&

.

C

155 FORMAT (12X, 13H(MOLES/CHM**3),25X,16H (MOLE/CH¥**3/SEC), 11X ,6HNUNBER,

c

152

WRITE (6,130)
64 WRITE (6,1317)

IF¥ (CONC .OF.

GO TO 64

#(1,KK)
M (2,KK)
({(ESP(I,K),I=1,2),K=1IS,IT)

EXCHRR) GO TO 66

FRINT MASS FRACTIONS AND PEACTICN CONVFRSION RATES

WRITE (6,132)
WRITE (6,152)

**2/SEC) , 7%, 11H
bo 65 J=1,LR
65 PRX(J) = XX (J)
GO TO 67

66 IF (CONC .OR.

(CGS UNITS))

(- ¥OT. EXCHR)) GO TO 69

PRINT MASS FRACTIONS AND ENERGY EXCHANGE PRATES

WRITE (6,134)
WRITE (6,153)

*2/SEC) ,7X,11H(CGS UNITS))

COMPUTE MASS FRACTIONS

67 DO 68 I=1,LS
68 PRC(I) = SIGMA
GO TO 74

{(I) *MW (I}

69 IF {(.NOT. CGNC) .OR. EXCHR) GO TO 71

PRINT PFOLAR CONCENTRATIONS AND RFEACTION CONVERSION RRATES

WRITE (6,136)
WRITE (6,154)

* 7X,22H (MOLE-C
po 70 J=1,LE
70 PRX(J) = XX (J)

GO TO 72

Uxx3/GH*x%2/SEC) ,7X,11H(CGS YUNITS))

PRINT MOLAR CONCENTRATIONS AND ENERGY EXCHANGE RATES

71 WRITE (6,138)
WRITE (6,155)

* 8X,21H(CAL-CH**3/GN**2/SEC) ,7X,1T1H(CGS UNITS))

COMPUTE MOLAR CONCENTRATIONS

72 po 73 I=1,LS
73 PRC(I) = SIGMA

74 po 77 1J=1,MAX
IF {IJ .GT. 1S

(I) *RHO

.OR. IJ .GT. LR) GO TO 75

FMOL = SIGMA(IJ) *MIXMW

WRITE (6, 140)
* RATE({IJ)
GO TO 77

(SPNM(X,IJ3),I=1,2) ,PRC(IJ),FMOL,W(IN ,IJ,PPX(IJ),
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75

76
77
156

78
157

158
79

159

80

160

83
164

84
161

162
81

82

163

IF (IJ .GT. 1S) GO TO 76

FMOL = SIGMA(IJ)*MIXMK

WRITE (6,141) (SPNM(I,TJ),I=1,2),PRC{IJ),FHMOL,W (IJ)
Go TO 77

WRITE (6,142) IJ,PRX(IJ),RATE(IJ)

CONTINUE

WRITE (6,143) HMIXMW,TXXH,CSUA

WRITE (6,156)

FORMAT (49X,21H (CAL-CH**3/GM*%*2/SEC))

WRITE (6,15T)

FORMAT (//2(uX,8HVARIABLE,5X,1OHDERIVATIVE,SX,QHINCRENENT,GX,1UHRE
*LATIVE ERROR,UX)) :

1L = LsSp3/2

1P =1

po 79 1=1,L

LP = LP + 1

WRITE (6,158) (SNAM(K,I),K=1,2),F(I),RK(I),E(T),

* (SNAE(K,LP),K=1,2).F(LP),RK(LP),ElLP)

FORMAT (2(&X,2AU,2(BX,E12.5),5X,E12.5,5X))
CONTINUE

IF (2*L .EQ. LSP3) GO TO 80
WRITE (6,159) (SNAM(K,LSP3),K=1,2),F(LSP3),RK(LSP3),E(LSP3)
FORMAT (70X,2A4,2(4X,E12.5) ,5%X,E12.5)

IF ({.NOT. DBUGO) GO TO 82

DEBUG OUTPUT (INTERNAL UNITS)

IF (VERSA .NE. AREAV) GO TO 83
WRITE (6,160) AA,BB,DA,D2A,DTERH

FORMAT (1H1,12X,2HAA,18X,2HBB,13X,15HD(APEA)/D(IVAR),8X,17HD2(AEEA

*) /D (IVAR) 2, 8%, 27H(1/AREA) *D (AREA) /D (IVAR) -3A/8%,712.5,8X,E12.5,9X,
* E12.5,12X,E12.5,18%X,E12.5)

GO TO 84

WRITE (6,164) AA,BB,DA,D2A,DTERY

FORMAT (1H1,12X,2HAR,18X,2HEB, 11X, 190D (PRESSURE) /D (IVAR) ,4X,21HD2 (

*PRESSURE) /D (IVAR) 2, 4X, 320 (1/PRESSURE) *D (PRESSURE) /D (IVAR) /8X,E12.5

*,8%,E12.5,9%X,F12.5,12X,E12.5,18X,E12.5)
WRITE (6,161) (I,I=1,LR)

FORMAT (/37X,58HOMEGA(I,J) RATE OF DRODUCTICN OF SPECIES T BY RE
*ACTION J//1X,7HSPECIRS,55X,BHPEACTION/(18X,12,7I15))

po 81 I=1,LS

WRITE (6,162) (SPNM(K,I),K=1,2), (CMEGA(I,J),Jd=1,LF)
FORMAT (/2X,2A8,8E15.5/(10%,B8E15.5))

CONTINUE

IF (ABS (1.-CSUM) .LE. .CO1) RETURN

WRITE (6,163)

FORMAT (7HO (OUTP) ,5X, 19HINVALID COMEBOSTTION)
NEXT = .TRUE.

RETURN

END

$IEFTC PREDD DECK

C

SUBROUTINE FRED
EFRFORY ALL NECESSARY PRE-DEFIVATIVE CALCUIATICNS

DOUBLE PRECISION DP1,DP2
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LOGICAL ALLM1,TCON,NEXT ANCOY

ANOOR

REAL IVAR,MLOT,LKEQ,MM,N, ™, MIXMU, N2 ANOO9
ANDTO

CCMEON/OPTS/VERSI,TIMEV,VERSA,AREAV, ELIH, TCON, PHOCON, TPRCOD ANO11
COMMON/COND/DVAR,AREA, NTOT, P, TVAR,V,RYG,T,SIGMA (25) ,15, LSP3, NEX™  ANO12
COMMON/SPEC/SNAN (2,30) ,M¥(25),% (25) ,STOIC (25,30) ,OMEGA (25, 30) ANDT3
COMMON/REAC/LSR (4,30) ,XX (30) ,PATF(30) ,LKED (30}, DLKEG(30) ,¥%(30),LR ANO1U
COMMGN/RRAT/A (30) ,N(30) ,FACT(30),B(30),M(25,30),ALLK] ANO TS
COMMCN/GHSC/GRT {25) ,HRT (25) ,SR(25) ,CPP(25), CCPR (25) ANO16
COMMCN/NECC/RR,MIXMW, N2, GAMKA, TCPR, P ANO17
COMMON/SEBS/S1,AR,BB,52,04,D28, DPTEPH ANO18
AND19

IF (TCON) GC TO 5 ANO20
GO TO 1 ANO21
ANO22

ENTRY PREDI AND23
MHARN = O ANO2G

c THERMODYNAMIC EBROPERTIES ANO25
1 CALL THRM (T,1.) ANO26
ANO27

ALOGRT = ALOCG (RR*T) ANO28B
DO 4 J=1,LR ANO29
AND30

¢ REACTICN RATE CONSTANT ANO31
: RATE(J) = A(J)*T*#N (J) *EXP (=B (J) /T) ANO32
ANC33

c LN KFQ AND DB(LN KEQ) /DT ANO 34
N1 = LSR(1,J) AN035
N2 = LS§R(2,J) ANO36
N3 = ISR(3,J) ANO37
NG = ISR (4,J) AND38
DELG = GRT(N3) - GRT(£2) ANO39
DELHE = HRT{N3)}) - HRT(N2) ANOUO
IF (N1 .GT. 0) GO TO 2 ANOU1
DELG = DELG + GRT (N4) ANOU2
DELH = DELH + HRT (N&) ANON3
LKEQ(J) = ~TFLG - ALOGRT ANOUY
DLKEQ(J} = (DELH ~ 1.)/T ANOU4S
GO TO 4 ANOUE

2 IF (N4 .GT. 0) GO TO 3 ANOU47
DELG = DELG ~ GRT(N1) ANDUS
DELH = DELH - HRT(N1) ANOUQ
LKEQ(J) = —-TELG + ALOGRT ANOSO
DLKEQ(J) = {DELH + 1.)/T ANOS1
GO TO 4 AN0S2

3 DELG = DFLG + GRT(N4) - GRT(N1) ANO53
DELKE = DELH + HRT(N4) - HRT(NT) ANOSY
LKEQ(J) = -DELG : ANOSS
DLKEQ (J) = CELH/T ANDSE

4 CONTINUE ANO57
, ANOSP

c MIXTURE MCLECULAR WEIGHT ANOS9
5 SSUM = O. AND6O
DO 6 I=1,LS AND61

6 SSUM = SSUM + SIGMA(I) ANO62
MIXMW = 1./SSUM AND63
ANDGY

c ASSIGNED VARIABLE ANO6S
IF (IPRCCD .GT. 2) GO TO 7 ANDGE

X = IVAR ANQET
IF (VERSI .EQ. TIMEV) X = DVAR ANDER
CALL CINP (X,AVAR,DA,D2R) ANDEQ
GO TO 8 ANCTC
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C

C

C

7 TIME = DVAR
IF (VERSI .EQ. TIMEV) TINE = IVAR
CALL CIRP (TIME,AVAR,DA,D2A)

CALCULATED VARIABLE
8 TP (VERSA .EC. AREAV) GO TO 9
P = AVAR
IF (V .NE. 0.) AREA = MDOT/ (RHO*V)
GO TO 10
9 AREA = AVAR
P = BHO*RR*T/MIXMW
MASS FLOW RATE
MDOT = RHO*AREAXV

10 po 20 J=1,LR

¥1 = LSR{1,J)
N2 = LSR(2,d)
N3 = LSR(3,J)
NG = LSR(4,J)

THIRD BODY FACTOR
MM(J) = 0.
IF (N1 .NE. 0 .AND. N4 .NE. 0) GO TO 13
IF (ALLM1) GO TO 12
po 11 I=1,LS
11 MM (J) = MM{J) + M(I,J)*SIGMA(I)
GO TO 13
12 MNM(J) = SSuUM

13 EXP1 = RATE(J)
EXP2 = 1.
IF (LKEQ(J) .GT. 0.) GO TO 14
EXP2 = EXP(-LKEQ(J)/2.)
GO TO 15
18 BXP1 = EXP(ALOG(RATE(J)) - LKEQ(J))

([T}

NET REACTICN CONVERSION RATE
15 IF (N1 .GT. 0) GO TC 17
IF (N1 .LT. 0) GO TO 16
DP1 = RATE(J) *SIGMA (N2)
DP2 = RHO*EXP1*#SIGHA (N3)*EXP2*SIGMR (N4)*BXP2
XX (J) = MM (J)*(DP1 - DP2)
GO TO 20
16 DP1 = RATE (J)*SIGMA({N2) /RHO
DP2 = EXP1*SIGMA (N3) *EXP2*SIGMA (N4) *EXP2
XX (J) = DP1 - DP2
GO TO 20
17 IF (N4 .GT. 0) GO TO 19
IF (N4 .LT. 0) GO TO 18
pDP1 = RHO*SIGMA (N1) *RATE (J) *STGHA (N2)
DP2 = EXP1¥EXP2*SIGMA (N3) *EXP2
XX (J) = MM (J)*(DP1 - DP2)
GO TO 20
18 DP1 = SIGMA (N1) *RATE (J) *SIGMA (N2)
DP2 = EXP1*SIGMA (N3) *EXP2/RHO*EXP2
XX (J) = DP1 - DP2
GO TO 20
19 DP1 = SIGMA (N1) *RATE {J) *SIGMA (N2)
DP2 = EXP2*SIGMA (N3) *EXP1*SIGHA (N4) *EXP2
XX (J) = bP1 - DP2

ANOT1
ARO72
ANO73
ANO74
ANOTS
ANOTE
ANO77
ANO78
ANO79
ANOS8O
aNost
ANOS82
ANO83
ANO84Y
ANO8S
ANO86
ANO8B7
ANO88
ANO89
AN0SO
ANO91
AR092
ANO093
ANO9Y
ANO9S5
ANOY6
ANO097
ANO98
ANO99
AN100
AN101
AN102
AN103
AN104
AX105
AN106
AN107
AN108
AN109
AN110
ANt
AN112
AN113
ANT14
AN115
AN116
AN117
AN118
AN119
AN120
ANI21
AN122
AN123
AN124
AN125
AN126
AN127
AN128
AN129
AN130
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101 FORMAT (7HO (PRED) ,5X, THWARNING, 3X, 13HMACH NUMRER =,F8.4,19H IS APP

102

20 CONTINUE

21

RHO2 = RHO*RHO
TCPR = 0
bo 22 1=1,LS

TOTAL CP/R
TCPR = TCPR + CPR(I)*SIGMA (I)

NET SPECIES PRODUCTION RATE

W(I) = O.

DO 21 J=1,LR

OMEGA (I,J) = RHO2*STOIC (I,J)*XX (J)
W(I) = W(I) + OMEGA(I,J)

22 CONTINUE

23

GAMMA (FROZEN)
GAMMA = TCPR/(TCPR - 1./NIXHW)

MACH NUMBER SCUARED
M2 = V/R*V/T*MIXMW/GAMMA

IF (VERSA .NE. AREAV .OR. (M2 .LT. 0.9025 .OR. M2 .GT. 1.1025))

* GO TO 23
WMACH = SQRT (M2)
WRITE (6,101) WMACH

*ROACHING 1.0)

MWARN = MWARN + 1

IF (MWARN .LT. 15) GO TO 23

WRITE (6,102)

FORMAT (7HO (PRED),5X,25H15 WARNINGS HAVE OCCURRED)
NEXT = .TRUE.

RETURN

CALL DERV

RETURN
END

$IEBFTC DERVV DECK

Cc
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SUBROUTINFE DERV

COMPUTE ALL DERIVATIVES WRT THE INDEPENDENT VARIABLE

DOUBLE PRECISION DPS1,DPS2

LOGICAL TCON,RHOCON

REAL IVAR, MIXMW,M2
COHHON/OPTS/VERSI,TIMEV,VERSA.AREAV,ELIH,TCON,RHOCON,IPRCOD
COHMON/COND/DV&R,AREA,MDOT,P,IVAP,V,RHO,T,STGMA(25),LS,LSP3,NFXT
COHHON‘SPEC/SNAH(2,30),MW(25),9(25),STOIC(25,30),OﬁEGA(ZS,BO)
COMMON/GHSC/GRT(25),HRT(ZS),SR(ZS),CPR(ZF),DCPR(ZS)
COHHON/DERN/F(ZS),ALPHA(28),BETA(28,28)
COMMON/NECC/RR,MIXMW,M2,GAMMA,TCPR,R
COMMON/SABS/S1,AA,BB,52,DA,C2A,DTERN

EQUIVRLENCE (DV,F (1))

AN131
AN132
AN133
AN13Y
AN135
AN136
AN137
AN138
AN139
AN140
AN141
AN142
AN143
AN1U4Y
ANT4S
AN146
AN147
AN148
AN149
AN150
AN151
AN152
AN153
AN154
AN155
AN156
AN157
AN158
AN159
AN160
AN161
AN162
AN163
ANT6L
AN165
AN166
AN167
AN168
AN169

A0001
A0C002
40003
AO0O4
20005
A0006
A0007
A0008
40009
A0010
A0011
ADQ012
AO013
R0014
AD001S5
K00 16
A0017
rco1e
ACO19



D2ADT2(D2)
D2ADX2{D2)

VXV¥D2 ¢+ DV/V*DA
(D2/V - DV*DA) /v

DPS1 = 0.DO
DPS2 = 0.D0
po 1 1=1,3
F(I) = 0.
1 ALPHA(I) = 0.
DENM = RHO
IF (VERSI .NE. TIMEV) DENM = RHO*V
po 2 I=1,LS
IT=T1 + 3
DSIGMA/DIVAR
F(II) = W(I)/DENM
S1 FOR AA
DPS1 = DPS1 + P(II)
S2 FOR BB
2 DPS2 = DPS2 + HRT(I)*F(IT)
S1 = MIXMW*DPS1
S2 = MIXMWXDPS2

GAMT = GAMMA -~ 1.
BB FOR DERIVATIVES
BB = GAM1/GAMMA*S2

AA FOR DERIVATIVES
AA = S1 - BB

DAVAR/DIVAR
IF (VERSI .EQ. TIMEV .AND. IPRCOD .LE. 2) DA
IF (VERSI .NE. TIMEV .AND. IPRCOD .GE. 3) DA

IF (VERSA .NE. AREAV) GO TO 4
ASSTGNED AREA EQUATIONS

DTERM = DA/AREA - AR

Tt = l./(M2 - 1.)
T2 = M2*T1

CV/DIVAR
F(1) = V*T1*DTERM

BRHO/DIVAR
IF (.NOT. RHOCON) F(2) = -RHO* (T2*DTERM + ARA)

CT/DIVAR
IF (.N¥OT. TCON) F(3) = ~T*({GAMI*T2*DTERM + BB)

CAREA/DIVAR WRT IVAR

IF (VERSI .EQ. TIMEV .AND. (IPRCOD .EQ. 1 .AND.
* D2ADT2 (D2A)

IF (VERSI .NE. TIMEV  AND. IPRCOD .EQ. 3) D2A

T3 = (D2A - DA*DA/AREA) /AREA

fHon

V*DA
DAV

«NE.

D2ADX2 (D22)

A0020
AQ0021
A0022
209023
ao024
A0025
A0026
A0027
ACQ28
AQ029
40030
40031
A0032
AQ033
A0034
A0035
A0036
A0037
A0038
A0039
AQ040
AQOU1
AQ042
Ao043
A0O4Y4
A0QuUS
AQ0Ub
A0047
AQO48
AQ049
A0050
A0051
A0052
A00S53
AO0S54
A0055
40056
A0057
A0058
A00S59
AQ060
AC061
A0062
A0063
AOO6U
A0065
40066
A0067
A0Q068
AQ06A9
AQ070
A0071
A0072
A0073
ACQ74
AO0075
A0076
A0077
A0D78
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C TCSTGMA/DIVAR WRT IVAR
DO 3 I=4,LSF3
3 ALPHA(T) = 0.

O

CV/DIVAR WRT IVAR
ALPHA (1) = V*T1%T3

Cc CRHGC/DIVAR WET IVAR
IF (.NOT. RHOCON) ALPHA(2) = ~RHEHOXT2%T3

Cc CT/DIVAR WRT IVAR
IF (.NOT. TCON) ALPHA(3) = -T%*GAMT*T2%T3

GO TO 6
Cc ASSIGNEL PRESSURE EQUATIONS
4 DTERM = DA/P

T2 = ~1./GANMA
c DV/DIVAR

IF (V .NE. 0O.) F{1) = -DA/(RHO*V)*1.01325E+06
c CRHO/DIVAR

IF (.NCT. RHCCON) F(2) = ~RHO*(T2*DTERM + AA)
c DT/DIVAR

IF (.NOT. TCON) F{3) = -T* (GAM1*T2*DTERK + RE)
c CP/DIVAR ¥RT IVAR

IF¥ (VFRST .EQ. TIMEV J.AND. IPRCOD .FQ. 2) D237
IF (VERST .NF. TIMEV L(AND. IPRCOD .FC. 4) Dn2A

D2ADT2 (D2A)
D2ADX2 (D2A)

W

T3 = (D23 ~ DA*DA/P)/P

o DSIGMA/DIVAR WRT IVAR
DO S5 I=4,LSF3
5 ALPHA(I) = Q.

c DV/DIVAR WRT IVAR

IF (V .NE. 0.) ALPHA(1) = -T2A/(RHO*V)*1.01325E+06
C CRHO/DIVAR WET IVAR

IF (.NOT. REBOCON) BALPHA(2) = ~RHO*T2x%T3
c ET/DIVAR WRT IVAR

IF (.NOT. TCON) ALPHA(3) = ~T*GAMI*T2*T3

6 CALL EART
RETURN
END
S$IBFTC PARDD DECK
SUBRCUTINE PARD
c COMPUTE ALL MIXED PARTIAL DERIVATIVES
LOGICAL TCON,RHOCON

REAL LKEC, MK, N, M,MIXMW,M2
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AOQOD79
L0080
AO081
A0082
A0083
0084
A0085
A0086
A0087
A0088
A0089
20090
A0091
A0092
AC093
AQ094
A0095
20096
A0097
20098
20099
A0100
A0101
20102
20103
AOQ104
310105
A0106
A0107
A0108
A0109
A0110
A0111
A0112
A0113
AC114
A0115
A0116
a0117
20118
A0119
30120
A0121
20122
A0123
A0124
A0125
20126
A0127

A0128

APOO1
APDO2
APQOO3
APQOU
ADP0OOS
AP006
APQOO07
AP0OO08

a



C

2

3

4

5

DIMENSION PXXRHO(30),PXXT(30),PXXSIG(BO,ZS),PGSIG(ZS),PHZSIG(ZS),

* PS1SIG(25),PS2SIG(25) ,PAASIG (2€) ,PBBSIG(25)

COHHON/OPTS/VERSI,TIMEV,VERSA,AREAV,ELIM,TCON,RHOCON,IPBCOD

COMMON/COND/DVAR,AREA,HBOT,P,IVAR,V,RHO,T,SIGMA(25),LS,LSP3,NEXT

COMMON/SPEC/SNAM(2,30),HH(ZF),W(25),STOIC(25,30),OMEGA(ZS,BO)

COMHON/REAC/LSR(G,30),XX(30),RATE(30),LKEQ(30),DLKEO(30),MM(30),LR

COMMCN/RRAT/A (30) ,N (30}, EACT (30),B (30) ,M(25,30) ,ALLM1
COMMON/GHSC/GRT (25) ,HRT (25) , SR (25) ,CPR (25) ,DCPR (25)
COMMON/NECC/RR,MIXHW,M2,GAMKA,TCPR,R
COMMON/SABS/S1,AA,BB,S2,0A, D2A,DTERN
COMMON/DERN/F (28) , ALPHA (28) ,BETA (28,28)

po 1 I=1,LSE3
po 1 K=1,LSE3
BETA(I,K) = O.

po 2 J=1,LR
po 2 I=1,LS
PXXSIG(J,I) = 0.

XX (J) WRT RHC,T,SIGMA(I)

po 9 J=1,LR

N1 = LSR(1,J)

N2 = LSR(2,J)

¥3 = LSR(3,d)

LSR (4, 3)

EXP1 = RATE (J)

EXP2 = 1.

IF (LKEQ(J) .GT. 0.) GO TO 3
EXP2 = EXP(-LEKEQ(J)/2.)

GO TO 4

EXP1 = EXP (ALOG(RATE(J)) - LEEQ(J))

W

IF (N1 .6T. 0) GO TO &

IF (N1 .1T. 0) GO TO 5

PXXRHG (J) = —MM (J) *EXP2*SIGMA (N3) *EXP 1*SIGNA (N4) *EXP2

PXXT (J) = MM(J)*EXPT*¥RHOXSIGMA (N3) *EXP2*STIGMA (N4) *EXP2*DLKEQ (J)
PXXSIG (J,N2) = RATE(J)*MM(J) + XX (J)/MM(J)*H (N2,J)

PXXSIG (J,N3) = =-MM(J)*EXPT1*RHO*EXP2*SIGNA (NU4) *EXP2 + XX (J) /MM () *
* M(N3,J)

PXXSIG(J,N4) = —MN(J) *EXP1+#RHO*FXP2*SIGHA (N3) *EXP2 + XX (J)/RNM(JI) *
* M (NU,J)

GO TO 9

PXXRHO (J) = —RATE(J)/RHO*SIGMA (N2) /RHO

PXXT (J) = EXP1*SIGMA (N3) *EXP2*STGNA (N4) *EXP2*DLKEQ (J)
PXXSIG(J,N2) = RATE(J)/RHO

PXXSIG(J,N3) = —EXP2* (EXP1*SIGMA (NU4)) *FXP2
PXXSIG(J,N4) = —EXP2* (EXP1*SIGHA (N3))*EXP2

GO TC 9

wonH

IF (N4 .GT. 0) GO TO 8

IF (N4 .LT. 0) GO TO 7

PXXRHO(J) = MM(J)*SIGMA(Nl)*RATE(J)*SIGMA(NZ)

PXXT(J) = EX?Z*MM(J)*EXP1*SIGMA(N3)*EXP2*DLKEO(J)

PXXSIG (J,N1) MM {(J) *RHO*RATF (J) *SIGMA (N2) + XX {J) /MM {J) *H (N1,J0)
PXXSIG(J,N2) MM (J) *RHC*RATE {J) *SIGMA (¥1) + XE (J) /UM (J) *HM(N2,T)
PXXSIG(J, ¥3) ~FEXP1%* (EXP2*MM (J)) *FXP2 + TXAJY /MM LT %M (N3, )

GO TGC 9

it o

APOO9
APO10
APO 11
AP012
APOL3
APOL
APC15
AP016
AP017
APO18
APO19
AP020
APO21
AP022
AP023
APQ24
AP025

_AP026

AP027
Ap028
AP029
AP030
AP0O31
AP032
AP033
APO3L
AP035
APO36
AP037-
APO38
APCO39
APOUO
APO41
APO42
APO43
APOLY
APOU4S
APO46
APO47?
APOUS8
APOU9
AP0OS50
APO51
AP052
APOS53
APOSL
APOS5
APOS6
APOS7
APOS58
aP059
APO60
AP061
APO62
APO63
APOGU
APO6ES
APO66
APO67
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7 PXXRHO(J) = EXP1*SIGMA (N3)*EXP2/RHO*EXP2/RHO

PXXT (J} = EXP1*SIGMA (N3) *EXP2/RHO*FXP2*DLKEQ (J)
PXXSIG {J,N1) RATE {J) *SIGMA (N2)

PXXSIG{J, N2) RATE (J) *SIGMA(NT)

PXXSIG(J,N3) =EXP2*EXP1* (EXP2/RHO)

GC TO 9

PXXRHO(J) = 0.

PIXT(J) = EXP1*SIGMA (N3) *EXP2%SIGMA (NU) *EXP2*DLEEQ (J)
PXXSIG (J,N1) = RATE({J)*SIGMA (N2)

PXXSIG (J, N2) RATE (J) *SIGMA(NT)

PXXSIG(J,N3) = ~EXP2% (EXPT1*SIGMA (NU))*FXD2
PXXSIG(J,N4) = ~EXP2% (EXP1*SIGMA (N3))*EXP2

(LI (I T}

PXXT{J) = PXXT(J) + XX(J)*(N{J) + B(J)/T)/T
GTGMT1 = GAMMA* (GAMMA - 1.)
PGAMT = 0

GAMMA WRT SIGMA(I) AND MACH NUMBER SQUARED WRT SIGHMA (I)
po 10 1I=1,LS

PGSIG (I} = GTGM1*(MIXMW - CPR(I)/TCPR)

PM2SIG(I) = —~M2*% (MIXMW + PGSIG(I)/GAMMR)

10 PGAMT = PGAMT + STIGMA{TI)*DCPR(I)

11

12

13

14

15
16

GAMMA WRT T
PGANMT = ~GTGH1/TCPR%*PGAMT

FACH NUMBER SQUARED WRT V

PH2V = 2.*VAMIXMH/(GAMMA*R*T)
MACH NUMBER SQUARED WRT T

PM2T = -M2%* (1./T + PGAMT/GAMMA)

TERM = RHO
IF (VERSI .EQ. TIMEV) GC TO 12
TERM = RHO/V

DSIGHA/DIVAR WRT V
DO 11 TI=4,LSP3
BETA{II,1) = -F(IT)/V

DCSIGMA/DIVAR WRT V AND DSIGMA/DIVAR WRT T
DO 14 TI=4,LSP3

I=1II-3

DO 13 J=1,LR

BETA(II,2)
BETA(II,3)
BETA(IT,2)
BETA (IT,3)

BETA{II,2) + STOIC(I,J)*PXXRHO(J)
RETA(IXI,3) + STOIC(I,J)*PYXXT(J)
F{ITI)/RHO + TERM*BETA(II,2)
TERH*BETA (1T, 3)

oo

CSIGMA (I) /DIVAR WRT SIGMA (K)
DO 16 II=4,LSP3

I =17I1-3
DO 16 KK=4,LSP3
K = KK - 3

DO 15 J=1,LR
BETA(II,KK)
BETA (IT,KK)

BETA(II,KK) + STOIC(I,J)*PXXSIG(J,K)
TERM*BETA {II, KK)

(]

S1 WRT V,RHO,T,SIGMA(I) AND S2 WRT V,BHO,T,SIGHMA (I)

PSSV

APOGS

APD69

APO70
APO71

APO72
APQ73
RAPOT4

APO7S
APOT76
AP077
AP078
APO79
APOBO
APO81

Ap082
AP083
APO8BY
APOBS
APO8B6
APO87
AP088
APO89
APO90
AP091
AP092
AP093
APOQY4
AP(09S
APO96
AP097
APNI98
AP099
AP100
AP101
AP102
AP103
AP104
AP105
AP106
AP107
AP108
AP109
AP110
aP111
AP112
AP113
AP11Y
AP115
AP116
AP117
AP118
AP119
AP120
AP121

AP122
AP123
AP124
AP125
AP126
AP127
AP128



0

PS2V = 0. Api29

PS2RHO = 0. o AP130
PS2T = 0. AP131
DO 18 II=4,1SP3 AP132
I =11 -3 AP133
PS1V = PSIV + DBETA(II,T) AP138
PS1RHO = PSTRHN + BETA(II,2) AP135
PS1T = PS1T + BETA(IT,3) AP136
PS2V = PS2V + HRT(I)*BETA(II, 1) AP137
PS2RHO = PS2REC + HRT (I} *3FTA(II,2) AP138
PS2T = PS2T + HRT{I)*BETA(IT,3) + CPR(I)*F(LI)/T AP139
PS1SIG (1) = 0. AP1LO
PS2SIG(I) = 0. AP141
DO 17 KK=4,LSP3 AP142
XK = KK - 3 AP143
PS1SIG(I) = PS1SIG(I) + BETA(KK,II) AP1GY
17 PS2SIG(I) = PS2SIG(I) + HRT {K)*BETA(KK,II) AP14S
PS1SIG(I) = MIXMW*(PS1SIG(I) - S1) AP1U6
18 PS2SIG(I) = MIXMW*(PS2SIG(I) - S2) AP147
PS1V = MIXMW*PS1V AP148
PS1RHC = MIXMW*PSIRHO AP149
PS1T = MIXMW*PS1T AP150
PS2V = MIXMWAPS2V AP151
PS2RHC = MIXMWXPS2RHO AP152
PS2T = MIXMW*PS2T - S2/T AP153
AP154
GMIDG = (GAMMA ~ 1.)/GAMMA v AP155
S20G2 = S2/ (GAMMA*GAMMA) AP156
BB WRT V AP157
PBBV = GM1DG#PS2V AP158
BB WRT RHO AP159
PBBRHO = GM1DG*PS2RHO AP160
BB WRT T AP161
PBBT = GMI1DG*PS2T + S20G2%DGAMT AP162
AP163
AA WRT V AP164
PAAV = PS1V - PBBV AP165
AA WRT RHC AP166
PAARHO = PS1RHO - PBBRHO : AP167
AA WRT T AP168
PAAT = PS1T ~ PBBT AP169
AP170
EB WRT SIGMA(I) AND AA WRT SIGMA(I) AP171
Do 19 I=1,LS AP172
PBBSIG(I) = GMI1DG*PS2STG(I) + S20G2*PGSIG (I) AP173
19 PAASTG(T) = PSI1SIG(I) - PBBSIG(I) AP174
AP175
IF (VPRSA .NE. AREAV) GC TO 24 AP176
ASSIGNED AREA EQUATIONS AP177
T = 1./(M2 - 1.) AP178
GAMT = GAMMA ~- 1. AP179
, AP180
DV/DIVAR WRT V AP181
BETA(1,1) = T1*(DTERM - F(1)*PH2V = U%*PAAV) AP182
CV/DIVAR WRT RHO AP183
BETA {1,2) = —V*T1*PAARHO AP18L
CY/DIVAR WRT T AP185
BETA (1,3) = —T1% (VXPAAT + F(1)*BM2T) AP186
EV/DIVAR WRT SIGMA(I) AP187
DO 20 II=4,LSP3 AP1R8
I =TI -3 ap189
20 BETA(1,TI) = —T1%(VKPAASIG(I) + F (1) *PM2SIG(T)) AP190
AP191
IF (RHOCON) GO TO 22 AP192
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CRHO/DIVAR WRT V
BETA (2,1) = RHO*T1* (PAAV + T1*DTERMN*DPM2V)
CRHO/DIVAR WET RHO
BETA (2,2) = RHO*T1*PAARHO + F(2)/RHO
DRHO/DIVAR WRT T
BETA(2,3) = RHO*T1*(PAAT + TI1*DTERM*PM2T)
CLRHO/DIVAR WRT SIGHMA (I)
DO 21 Ii=4,LSP3
I=1II-3
27 BETA(2,II) = RHOXT1*(PAASIG({I) + TT1*DTERM*PM2SIG(I))

22 IF (TCON) RETURN
DT/DIVAR WRT V

BETA(3,1) = T*(GAMTIXT1% (M2*PAAV + TI1*DTERM*PH2V) - PBBYV)

CT/DIVAR NRT RHO
BETA(3,2) = T*(GAMT*M2%*T1*PAARHC - PBBRHO)
DT/DIVAR WRT T

BETA (3,3) = TH*(T1* (GAM1% (M2¥PAAT + TI*DTERM*PH2T) — M2*DTERM*PGAMNT

* ) - PBBT) + F(3)/T
DT/DIVAR WRT SIGHMA(I)
DO 23 TI=4,LSP3

I =11~ 3

23 BETA(3,II) = T#(T1%(GAMT*(M2*PAASIG(I) + T1*DTFRE*PM2SIG (I))

* DTERMN*PGSIG{I)) - PBBSIG(I))
RETURN

ASSIGNED PRESSURE EQUATIONS

28 T1 = 1./(GAMMA*GAMMA)

DV/DIVAR WRT V

IF (V .NE. 0.) BETA(1,1) = =F (1) /V
CV/DIVAR WRT RHO
BETA (1,2) = -F (1) /RHO

DV/DIVAR WRT T
BETA (1,3) = 0.
DV/DIVAR WRT SIGHMA (I)
DO 25 II=4,LSP3

25 BETA{1,II) = 0.

IF (RHOCGN) GO TO 27
DBHO/DIVAR WRT V

BETA(2,1) = —RHO*PAAV

DRHO/DTIVAR WRT RHO

BETA (2,2) = F(2)/RHO — RHO*PAARHO
CRHO/DIVAR WRT T

BETA(2,3) = —RHO* (PAAT + TI1*DTERMXPGANT)
DRHO/DIVAR WRT SIGMA{I)

PO 26 II=4,LSP3

I=1I1I-3

26 BETA(2,II) = —RHC* (PAASIG(I) + T1*DTERM*PGSIG (I))

27 IF (TCON) RETURN
CT/DIVAR WRT V

BETA(3,1) = —-T*PRBV
DT/DIVAR WRT RHO
BETA(3,2) = -T*PBBRHO

DT/DIVAR WRT T

BETA(3,3) = BB - T*(PBBT ~ T1*DTERM*PGAMT) + F(3)/T
CT/DIVAR WRT SIGMA(T)

DO 28 II=4,1SP3

I=11-3

AP193
AP194
AP195
AP196
AP197
Ap194
AP199
AP200
AP201
AP202
AP203
AP204
AP20S
AP206
AP207
AP208
AP209
AP210
AP211
BP212
AP213
AP214
AP215
AP216
AB217
AP218
AP219
AP220
AP221
AP222
AP223
AP224
AP225
AP226
AP227
AP228
AP229
AP230
Ap231
AP232
AP233
AP234
AP235S
AP236
AP237
AP238
AP239
AP240
AP241
AP242
AP243
AP24Y
AP24S
AP2U6
AP247
AP248
AP249
AP250
AP251
AP252
AP253



23 BETA({3,II) = -T*(PBBSIG(I) - T1*DTERN*PGSIG (I)) AP25L

AP25S

RETURN ADP256

END AP257
$IBFTC THRMM  DECK

SOBROUTINE THRM (T,HONLY) 20001

AQ002

c THIS ROUTINF CALCULATES (DIMENSIGNLFSS) THERMONYNAMIC PROPERTIES A0003

c FROM PCLYNOMIAL CURVE FITS AQ00U

' AQ00S

LOGICAL NEXT AQ006

20007

COMMON/COND/DUN(33) ,LS,LSP3,NEXT ACO08

COMMON/GHSC/GRT (25) ,HRT (25) ,SR(25) ,CPR(25), DCPR(25) A0009

COMMON/TCOF/C(7,2,25) ,TLOW, THID,THI 20010

. AQ011

F{T) = A1+T#*{A2+T* (A3+T* (AU+T*A5))) 20012

20013

IF (T .EG. TPREV) RETURN A0014

A0015

IF (0.35%TLOW .LE. T .AND, T .LE. THI) GO TO 3 20016

1P (T .LE. 1.20*THI) GO TO 2 20017

20018

WRITE (6,100) T 40019

100 FORMAT (7HO (THRM),5X,SHERROR,3X,3HT =,F8.2,16H IS OUT OF RANGE) A0020

NEXT = .TRUE. 20021

RETURN 20022

20023

2 WRITE (6,101) T AQ024

101 FORMAT (THO (THRM),5X,7HWARNING,3X,3HT =,F8.2,16H IS OUT OF RANGE, AC025

* 4X,28HEXTRAPCLATED VALUES RFTURNED) 20026

20027

c LOCATE PROPER TEMPERATURE RANGE AQ028

3 K= 2 AQ029

iIF (T .GT. TMID) K = 1 20030

A0031

po 4 I=1,LS 20032

20033

C COMPUTE H/ (R*T) 200304

A1 = C(1,K,I) + C(6,K,I)/T AQ035

a2 = C{2,K,1)/2. 20036

A3 = C(3,k,I)/3. 20037

AL = C(4,K,T)/b. 20038

AS = C(5,K,I)/5. 20039

4 HRT(I) = F(T) 20040

IF (HONLY .EQ. 0.) RETURN AO0G

A0042

TPREV = T AQOL43

po 5 I=1,LS AQOLUY

A0045

c COMPUTE G/ (R*T) AOOLE

A1 = C(1,K,I)*(1.—ALOG (T)) *+ C(6,K,I)/T - C(7,K,I) AQOLT

A2 = -C(2,K,1) /2. ° ACO4R

A3 = -C(3,K,T) /6. AO0L9

AL = -C(U4,K,I)/12. AQ050

AS = -C(5,K,1)/20. AQ0S1

GRT (I) = F(T) A0052

A0053

c COMPUTF S/R AOO5H

a1 = C(1,K,T)*ALOG(T) + C(7,K,T) AQOSS

A2 = C(2.,K,T) A0056

A3 = C(3,K,1)/2. v AOO0S7
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AL C(4,K,I)/3.

AS = C(5,%,1) /4.
SRII) = F(T)

c COMPUTE CP/R
A1 = C(1,K,T)
22 = C(2,K, 1)
A3 = C{(3,K,I)
AU = C(4,K,T)
AS = C(5,%,I)
CPR(I) = F(T)

c COMPUTE (DCP/DT) /R
AT = C(2,K,T)
A2 = 2.%C(3,K,I)
A3 = 3.%C{4,K,T)
Ab = u4_*C(5,K,T)
A5 = 0.

S5 DCPR(I) = F(T)

RETURN
END

$IEFTC INTEE DECK
SUBROUTTINE INTE

C SET UP AND CALL FCR INTEGRATION

C OBTAIN SUGGESTED STEP SIZE FCR YEXT TNTEGRATION STTEP

EXTEPNAL PERR
LOGICAL NEXT,ELIHN

RERL IVAR

DIMENSION YN (33),Y(28),C(25)

CCMMCN/OPTS/VFRSI,TINEV,VERSA,AFEAV, FLIM,TCCN, RBHOCON, IPRCOD
COMMCN/COND/YNP1(33),LS,LSP3, NEXT
COMMON/SINT/HMIN,HNM1, HN,HNP1, HMAX, NH, AVH,ENAX, ERRN,JCV, KOUKT, ERED
COMMOGN/PORE/PK (28) ,0K(28) ,RK(2R) ,E(28)
COMMON/SPEC/SNAM (2,30) ,#¥ (25),¥ (25) ,S™0IC(25,30) ,0HEGR (25, 30)

EQUIVALFNCE (IVAR,YNP1(5))u(Y.YNP1{6))u(C,YNP1(9)),(HTNT,HNM1)

c INITIAL STEPS OR RESTART

ENTRY INTI

NREST = 0

EMAX2 = EMAX/2.
FMAXS6 = S.%ENAX/6.
LSPR = LS + 8

HNP1 =
DO 3 T=1,LSE8
YN(I) = YNP1(I)

[SS N

HN = HNP1
CALL TRED

CALL CASI (BN,PK,HNP1,CK)

HNM1 = HN
HN = HNP1
CALL EBRED
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CALL CASI (HN,0K,HNP1,PK)

AQ058
AQ059
AQ060
40061
AQ062
A0063
AQO6Y
AQD6S
AQ066
AQ067
RO068
AQ069
20070
20071
AQ072
AQ073
AQ07L
AQ0TS
40076
AQ077
AQ078
AQ079

AROO1
AR0O02
ARQOO3
AROOU
ARQOS
AROOS6
AROO7Y
ARGOS
ARQO9
ARO10
ARD11
AR012
ARO13
AROT4
ARO1S5
ARO16
ARO17
ARO18
ARO19
ARC2C
ARO21
ARO22
ARN23
ARQ24
ARO25
ARO26
ARD27
ARD28
AR029
ARO30
aRN31
ARO32
AR0O33
AR(O34
ARD3S
ARO3E
ARD37
ARO38



o

C

100 FORMAT (7HO (INTE),5%,43HCOMPOSITION TRROR — NRGATIVE CONCENTRATIOM

23

4

101 FORMAT (7HO{INTE),5X,7HRESTAFT,10X,22HINDRPENDENT VAPIAELXE =,E13.5
*,2X,11H(CGS UNITS),5%,23HCONTROLLING VARIABLE =
*,17X,UHH(N),17X,6HH(N+1)/48X,3(E12.5,1OX)//51X,5HK(N-1),17X,QHK(N)

102
5

103

po 23 I=1,LS
IF (C(T) .GE.
WRITE (6,100)

0.) GO TO 23

*S)
NEXT =
RRTORN
CONTINUE
RETURN

«TRUE.

FREPARE TO CCNTINUE INTEGRATION
ENTRY INTC

DO 4 I=1,LSES8

YRP1(I) = YN(I)

CALL PBRED

RETURN

GENERAL STEP

ENTRY INTG

CALL CASG (HN,QK,HNP1,RK)
RELATIVE EDROR IN TNTEGRATION ST
ERRN = ERROR(Y,RK,E,JCV,UNPT)
TEST FOR RESTART CONDITICNS

IF (ERRN .LE. EMAX .OR. HuP1

EP

«GT.

HMIN) GO TO 7

WRITE {6,101) IVAR, (SNAM(J,JCV),J=1,2) , HNMI, HN,HNPY

*, 17X, 6HK (N+1) , 16X, 6HE (N+1))
po 5 I=1,L5P8

IF (I .GT. LSP3) GO TO 5
WRITE (6,102)
FORMAT (30X,2A4,4{10X,E12.5))
YNRP1(I) = YN(I)

NH = NH + 2

STOP AFTER 10 BESTARTS

IF (NREST .LT. 10) GO TO 6
WRITE (6,103)

FORMAT

NEXT = .TRUF.

RETURN

NREST = NREST + 1

HMIN = HMIN/2.

ANP1 = HMIN

GO TO 2

HANM1 = HN

HN = HNP1

pc 8 I=1,LSE8

IF (I .GT. LSP3) GO TO 8
PR (I) = OK(I)

QK (I) = RE({I)

YN (I) = INP1(I)

CALL BRED

TEST FOR NEGATIVE CONCENTRATIONS
DG 9 I=1,LS
IF {C(I) .GE.
WRITE (6,100)
NEXT = .TRUE.
RETURN

0.y GO TO 9

,20U//5 1%, 6HE (N-1)

{SNAM (J,I},J=1,2) ,PK(I),OK(I),RE(D),F (1)

(7HO (INTF) ,5X,25H10 BFSTARTS HAVE OCCURRFD)

AR(039
ARQUO
AROQU1
ARQOUZ
AROU3
ARNOUL
ARQUS
AROLE
AROUT
AROLSB
AROU9
AROS50
AROS1
AR052
AROS3
AROSYH
AR05S
ARDS6
AROS7
AROS®
AROS9
AROB0
AROGK
ARQ62
AR063
AROGU
ARQGRS
ARQESH
ARD67
ARQO68
AR(O6SG
ARO70
AROT1
AR(C72
ARQO73
AROT74
ARO75
ARQT76
ARQ77
ARDTE
ARO79
AR080
ARO8B1
ARO82
RROR3
AROSBH
ARQORS
AROBA
ARO8B7
AR(O88
AR089
ARO090
AR091
ARQ92
AR(QO93
ARQQ4 .
AR095
ARDAH
AR097
AR0QOR
ARCQOQ
ART00
AR101
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Cc

9

10

CONTINUE

OPTIONAL AUTOMATIC ELIMINATIONS
IF (ELIM) CALL AUTO

GRT STEP SIZE FOR NEXT INTEGRATICN STEP
KOUNT = 0

IF (ERRN .GE. EMAX2) GO TO 10

IF (HN .GE. HKMAX} RETURN

CALL SEARCH (PERR,EMAX,HN,HNP1,HMAX)
RETURN

IF (ERRN .LE. EMAX56) RETURN

TF (HN .LFE. HMIN) RBETURN

CALL SEARCH (PERR,EMAX,HMIN,HNP1,HN)
RETURN

END

$IEFTC CASMHM DECK

o 0o a0

C

166

10

20

SUBROUTINE CASH

CHOOSE (1) INITIAL STEP (RESTAPT) FCRHULR
(2) GENERAL STEP FORMULA

SET UP AUGMNENTED MATRIX
COMPUTE INCPEMENTS
DOURLE PRECISION A

REAL TVAR

COMMCN/OPTS/VFERSI, TIMEV,VERSA,AREAV,FLIN,TCCN,RHCCON, IPRCOD

COMMON/COND/DVAR,ARER, MCCT, P, IVAR,Y (2R) ,1S,LSP3,NEXT
COMMCK/DERN/F(28), ALPHA (2R) , BETA (28, 28)
COMMON/MATX /A (28,29)

EQOUIVALENCE (VN1,Y (1))

DATA FP5/0.0001/

ENTRY CASI (HN,QK,HN1,RK)
DIMENSICN QK {28) ,RK(28)

INTTIAL STEP OR FESTART

INGEN = 1

JK = 0

F1 = 0.

F2 = HN1

F3 = HN1/2.

F4 = F3

GO TO 2

ENTRY CASG (HN,QK,HN1, BK)
GENERAL STEP

INGFN = 2

LTK = O

F1 = ENTXHNT/((2.%HNT + HY) *EN)
F2 = HN1k (HNT + HX)/(2.%FN1 + HY)
F3 = HN1

FlU = F2

AR102
AR103
ARI04
AR105
AR106
AR107
AR108
AR109
AR110
ART11
AR112
AR113
AR114
AR115
AR11€
AR117
AR118

AS001
AS002
AS003
ASOOQU
ASQOO05
AS006
AS007
AS008
AS009
AS010
ASO11
ASO12
AS013
ASO14
AS015
AS016
As017
AS018
AS019
45020
AS021
AS022
AS023
AS024
AS025
A5026
AS5027
25028
25029
35030
AS031
25032
ASN33
ASN34
AS035
ASN36
ns027
AS03#%
asn3e
rsou0
ASOL1
RS042
ASOL3



LSP4 = LSP3 + 1

po & I=1,LSE3

po 3 J=1,LSE3

2(1,J) = —FU*BETA(I,J)

A(I,I) = 1.D0 + A(I,I)

IF (DABS(A(I,T)) .GE. EPS) GO TO 4

IF (JK .GE. 3) GO TO &

JK = JK + 1

AN1 = 2.%({1. - EPS)/BETA(I,I))

G0 TO (10,20),INGEN

A(I,LSP4) = F1*QK(I) + F2%(F{I) + ALPHA({I)*F3)

CALL LESV (EK)

VN = Y(N)

Do 5 I=1,LSE3

Y(I) = Y(I) + RK(I)
IVAR = IVAR + HN1

IF {(VERSI .EQ. TIMEV) GC TO 6
DVAR = DVAR + 2.%HN1/(VN + VN1)
RETURN

DVAR = DVAR + (VN + VN1)/2.*HN1
RETURN

END

$IBFTC LESVY DECK

C

C

Cc

SUBROUTINE LESV (K)

THIS ROUTINE IS A GENERAL DOUBLFE PRECISION LINEAPR EQUATION SOLVER
IN THIS PRCGRAM IT IS USED TC COMPUTE THE INCREMENTS K(I)

DOUBLE PRECISION A,S,TS,B
LOGICAL NEXT

REAL K

DIMENSION S (28),K(28)

COMMCN/COND/DUMMY (34) ,N, NEXT
COMMON/MATX /A (28,29)

FP = N+1

DO S I=1,N

GET SCALE FACTORS
TS = 0.DC

DO 6 J=1,N

B = DABS(A(I,J))

IF (B .GT. TS) TS = B
CONTINUE

IF (TS .EQ. 0.DO) GO TO 100

SCALE ROWS
po 10 J=1,NP

10 a(I,J3) = A(I,d}/7TS
5 CONTINUE

BRGIN TRIANGULARIZATION
IF (N .FQ. 1) GO TO 25
NM = N-1
DO 15 J=1,NM

ASOuLU
ASQUS
ASOUL6
Asou7
As048
ASQuU9
AS0S50
AS051
AsS0S2
As5053
ASO54
AS055
AsS056
AS057
AS058
AS059
AS060
AS061
A5062
AS063
ASO64
AS065
AS066
AS067
ASC68
AS069

ATO0O01
AT002
AT003
ATOOY
ATODS
AT006
ATO07
AT0O08
AT009
ATO10
ATO11
ATO012
AT013
ATO14
ATO15
ATO16
ATO07
AT018
ATO19
ATN20
AT021
AT022
ATO023
ATO2U
AT025
ATO026
AT0O27
ATO28
AT029
ATO30
ATO31
ATO32
AT033
ATO34
AT0O35
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C FIND MAXINUM ELEMENT IN CCLUMN J BELCW DIAGONAL ATO036

IT = J AT037

JP = J+1 ATO38

DO 16 I=JP,N AT039

IF (DABS(A(I,J)) .GT. DABS(A(II,J))) II = I ATOLO

16 CONTINUE ATOL 1

IF (II .EQ. J) GO TO 20 ATOL2

c INTERCHANGE ROWS II AND J ATO43

DO 17 L=J, NP ATOUY

TS = A(II,L) ATOUS

A(II,1) = A(J,L) ATOL6

17 a(J,L) = TS ATOLT

ATOUS

c ZERC COLUMN J BFLOW DIAGOWAL ATOUY

20 DO 18 I=JP,N ATO0S50

TS = A{I,J)/A(J,J) ATO51

IF (TS .EQ. 0.D0) GO TO 18 AT0S52

DO 19 L=JP, NP ATOS3

19 A(I,L) = A(I,L) - TS*A(J,L) ATOSUY

18 CONTINUE ATOS5

15 CONTINUE ATOS6

ATOS7

c BACK SUBSTITUTE ATOS58

25 TS = A(N,N) ATO0S9

IF (DABS(TS) .LT. 1.D-10) WRITE (6,102) AT060

102 FORMAT (7HO (LESV),5X, 11HSINGULARITY) AT06 1

S(N) = A(N,NP)/TS ATO62

K(N) = S(N) AT063

IF (N .EQ. 1) RETURN ATOGYL

DO 26 I=2,N ATO6S

M= NP - I AT066

TS = A(M,M) AT067

IP (DABS(TS) .LT. 1.D-10) WRITE (6,102) ATO68

B = A({M,NP) ATO69

MP = M+1 ATO70

DO 27 L=MP, N ATO71

27 B = B - A(M,L)*S (1) ATOT2

S(M) = B/TS ATO73

26 K(M) = S (M) ATO7S

30 CONTINUE ATO75

RETURN ATO76

AT077

100 WRITE (6,101) I ATN78

101 FORMAT (7H0(LESV),3X,3HROW,T4,39H OF THE CCPFFICIFNT MATRTY IS ALL ATO79

1 ZEROS) AT080

PO 50 I=1,N AT081

50 WRITE (6,103) (A(I,J), J=1,NP) AT082

103 FORMAT (1H1,8F16.6/(1X,8E16.6)) ATOR3

NEXT = .TRUE. ATO8U

RETURN ATO8S

ATO86

END ATOBY
$TEFTC ERRORR DECK

FUNCTION ERROR (Y,RK,E,JC,H) AUDO1

AU002

c COMPUTF THE FELATIVE FRROR IN AN INTEGRATION STEP OF SIZE H AU0O3

AUOOL

c CETERMINE THE CONTROLLING VARTARLE AUNOS

: ATIDO06

DOUBLE PRECTSION DNP1,DN,DN%1,C,ASSY AU007

AUDOR
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DIMENSION Y (28) ,RK(28),E(28) AUQOS

AUO1O
COMMON/COND/DUX1(33) ,LS,LSP3, NEXT AT0 11
COMMON/SINT/HMIN,HNM1,HN,HNP1,HMAX,NH,AVH, EMAX, ERRN,JCV,KOUNT, ERRP AU012
COMMON/PQRE/PK (28) ,QK (28) , DUM2 (56) AU013
COMMON/SKIP/NEGL (25) ,I1,I2,IT AUO14
AU01S
C = (H + HN)/(HN + HNM1) AUO16
PAC1 = ABS({H*H/(2.%H + HN)*(2.%H - HN)/(H + HN + HNM1)) AUO1T
AUO018
ERROR = =1. AUO19
DO 4 I=1,LSE3 AU020
E(I) = O. AT021
IF {ABS(RK(I)) -EO0. 0.) GO TO & AU022
ABSY = ABS(Y(I)) AU023
IF (ABSY .EC. 0.) GO TO & AUO24
DNP1 = RK(I)/H AU025
DN = OK (I)/HN AUO26
DNM1 = PE(I)/HNM1 AU027
FAC2 = DABS {{DNP1 — DN) - C*(DN - DYM1)) AU028
c CHECK FOR CATASTROPHIC SUBTRACTION AU029
IF (FAC2 .LE. ABS(DNP1)*1.0E-04) GC TO 5 AU030
E(I) = FAC1*(FAC2/ABSY) AUO031
5 IP (I .LE. 3 .OR. IT .FQ. 0) GO TO 3 AUO032
IT=1-3 20033
C SKIP NEGLECTED SPECIES AUO34
Do 2 J=1,IT AU035
IF (NEGL(J) .EQ. IT) GO TO 4 ATIO36
2 CONTINUE AUO37
3 IF (E(I) .LE. ERROR) GO TO 4 AU038
ERROR = E(I) AU039
Jgc = 1 AUOUO
4 CONTINUE  AUO41
AUOU2
RETURN 4 AUOU43
END AUOLL
$IBFTC PERRR  DECK
FUNCTION PERR (H) AV001
AV002
c THIS ROUTINE PREDICTS THE ERROR WHICH CAN BE EXPECTED FROM A AVOO03
C STEP OF SIZE H AVOOL
AV00S
DOUBLE PRECISION SUM AVO06
AVOO7
DIMENSION Y (28),RK(28),E(28) AV0OS
AV009
COMMON/COND/DUM (5), YN (28) ,LS, LSE3, NEXT AV010
COMMON/SINT/HMIN,HNM1, AN, HNP1,HMAX,NH,AVH,EMAX, SRRN,JCV,KOUNT, ERBD AVO 11
COMMON/DERN/F {28}, ALPHA (28) ,BETA (28,28) A¥012
COMMON/PORE/PK (28) ,0K (28) ,DUM1(56) AVO13
AVO1H
C = H/(2.%H + HN) avo1s
co = H/2. AVO16
C1 = B/HN AY017
C2 = H + HN AVO01R
PERR = 0. AV019
Av020
DO 2 I=1,LSE3 AV021
RK(I) = CO* (QK(I)/HN + F(I)) AV022
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E(I) = C®(CI1*CE(I) + C2%(F(I) + ALPHA(T)*H))

CO0 = C*C2
po 4 I1=1,LSE3
suM = 0.D0

po 3 J=1,LSE3

IP {J .EQ. I) GO TO 3

SUM = SUM + BETA(I,J)*RK(J)

CONTINUE

RK(I) = (E(I) + CO*SuM)/ (1. - CO*BFTA(I,I))
CONTINUE

DO 6 I=1,LSE3

sum = 0.D0

Do S J=1,LSE3

SUM = SUM + BETA{I,J) *RK(J)
RK(I) = E(I) + CO*SUHM

Y{I) YN (I} + RK{I}

PERR = ERROR(Y,RK,E,JC,H)

RETURBN
END

$IEFTC AUTOO DECK

C

170

-

SUBROUTINE AUTO

AUTOMATIC ELIMINATION FRCM ERRQR CONSIDERATIONS OF SPECTES WITH
NON-REPRESFENTATIVE ERRORS

REAL MEDIAN
DIMENSICON ERROR ({25} ,EE(25)

COMMCN/COND/DUM1 (33) ,LS5,LSP3,NEXT
COMMON/PQRE/DUM2 (84) ,E (28)
CCMMON/SKIP/NEGL (25) ,11,1I2,1IT

EQUIVALENCE (EE(1),E (4))

I2 =0
£ = 1S - I1
IF (M .LE. 3) RETURK

K =0

po 3 I=1,LS

IF (I1 .EQ. 0) GO TO 2

DO 1 J=1,I1

IF (I .EQ. NEGL({J)) GO TO 3
CONTINUE

K=K+ 1

ERROR (K) = EE(I)

CONTINUE

N = M/2 ¢+ 1

DO 5 NN=1,N

EMX = ERROR (NN)

I = NN

NI = NN + 1

DO 4 II=NI,M

IF (ERROR(II) .LE. ENX) GO ™0 4
FMX = ERROR (II)

I =11

AV023
AVO24
aV025
aV026
Av027
Av0o28
AVO29
AV0O30
AVO31
AvV032
AV033
AVO34
AV035
AV036
AvV037
AV038
Avo039
AVOL4O
Avoul
AVOU2
AVOUL3
AVOLL
AVO45

AWO0O1
AWO002
AW003
AWOOL
AWDO0S
AW006
AWOD7
AWQOOR
AW009
AW010
AWO11
AWO012
AW013
AROTY
AWO1S
AWO16
AW017
AWO1IR
ARODY9
AW020
ARO2Y
AW022
AWD23
AWO24
AH025
AWOD26
AWO027
AWO2R
AW029
AWO30
AWO31
AW032
AWO33
ARWO3L
AWC3S
AND36
pW037
BWO3R
AWO039



CONTINUE
ERROR (I) = FRROR (NN)
ERROR (NN) = EMX

CONTINUE
MEDIAN = ERECR(N)
CUTOFF = 15.*MEDIAN

po 8 1=1,LS

IF (I1 .FQ. 0) GO TO 7

PO 6 J=1,T1

IF (I .FQ. NEGL({J)) GO TO 8B
CONTINUE

IF (EE{I) .lE. CUTOFF) GO TO 8
12 = 12 + 1

K= I1+ I2

NEGL(K) = I

CONTINUE

IT = I1 + I2

RETURN
END

"$IBFTC CUBSS DECK

C

SUBRQUTINE CUBS (X,Y,N)

DIMENSION X {N),Y (W)
DIMRNSION A (40),B(40),C(40)
DIMENSION S {40),T(40),0 (40}

COMMON/AFUN,/C1,C2,C3,C4,ITPSZ,ELY, FTA,DIAN,VISC,RFTA
EQUIVALENCE BM,OON, B, TNy, {C{N,s(1})

F(X) = ((A1%X + A2)*X + A3)*X + Al

DF(X) = (3.%AT*X + 2.%A2)*X + A3

D2F(X) = 6.*ATKX + 2.%A2

G{A) = 1./(1. = RA**ETA)

DG(B) = ETA/FLM*TERN** (ETA-1,) *B*B
D2G(C,D,E} = C*(ETA - 1. + 2. *ETAXTERM**ETAXD) /E

FROM INPUT TABLE COMPUTE COEFFICIENTS FOR CURIC SPLINE INTERPOLATION

ANC DIFFERENTIATION
CONT = .33333333
CON2 = 16666667
DXI = X{2) - X(1)
DYI = Y(2) - Y(D
DI = DYI/DXI

S(1) = CON1*DXI

T(1) = CON2%DXI

U(1) = DI - ({({(Y (=Y (MM)/(X(3-X(N)) + DI) /2.
NM = §-1

DO 2 I=2,NM

DXIM = DXI

DYIM = DYI

DTM = DI

DXI = X{I+1) - X(I)

DYT = Y(I+1) - Y(I)

DI = DYI/DXI
S{I) = COM1*(DXIM + DXI)
T(I) = CON2*DXI

AWOUO
AWOUN
AWOU2
AWO43
AWO4YG
AWOUS
AWOUE
AWOUT
AWQUS
AWO4S
AWDS0
AW051
AW0S52
AWOS3
AWOSU
AWO0SS
AWO0S6
AWO0ST
AWO0SS8
AWOS59
AWO060
AW061

AX001
AXO0N2
AX003
AX00u
AY00S
AX006
AX007
AX008
AX009
AX010
AX011
AX012
AX013
AX014
AX01S
AX016
AX017.
AX018
AX019
AXD20
AX021
AX022
AX023
AX024
AX02S
AX026
AX027
AX028
AX029
AX030
AYX031
AX032
AX033
AXO34
X035
AX036
AX037
AX03R
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2 U(I) = DI - CIM A¥039
S(N) = CONT*DXI AXO40
U(N) = (DI + (DYI+DYIM)/(DXI+DXIMY)/ /2. - DI AX041

AXOU2
DO 3 I=1,NM AX0Uu3
TT = T(I) AXQuu
T(IY = T(I)Y/S(T) AX0US
U{(T) = U{(I)/S(I) AXO0UB
S(I+1) = S({I+1) - TT*T(I) AXOLT7

3 U(L+1) = U(T+1) -~ TT*U(I) AX0us

U(N) = U(N)/S(N) . AX0U9
AX0S50

A(N) = U(N) AX051
no 4 J=1,NM AX052
I = N-J AX053
4 A(I) = U(I) = T(IY*A(I+1) AX0S4
AX055

DC 5 I=1,NNM AX0%6
DXI = X(I+1) - X(I) AX0S7
DYI = Y{I+1) - Y (I) AX058
B(T) = DYI/LXYT — CON2%x{A{I+1}-A(I))*DXTI AX059

5 C(I) = Y(I+1) — CON2*A(TI+1) *DPXT*DXI - B(TI)*X (T+1) AX060

RETURN AX061

AX062

ENTRY CINP (XI,YI,LY,D2Y) AX063

GO TO (66,10,11,11,13),1ITPS? AX06Y

. AX065

C COMPUTE Y, DY/DX, D2Y/DX2 FROM CUBIC SPLINF COFFFICIENTS AX066
66 DO 6 I=1,NM AX067

IF {X(I) .LE. XI «AND. XI .LE. X(T+1)) GO TO 7 AX068

6 CONTINUE AX(069

WRITE (6,100) XI,X(1),X(N) AX070

100 FORMAT (7HO(CINP),5X,3HXI=,F13.5,17H IS CUT OF PANGE/10X,5HX (1=, AX0T1
1 F13.5,5X,5HX(N)=,F13.5) AX072
AX073

7 DXT = X(I+1) - X{(I) ’ AX074
AT = (A(I+1Y-A(I))/DXI/6. AX07S
ATX = A(IVY*X(I+1) AX076
AXI = A(I+1)*X(I) - AX07T7
A2 = (AIX - AXI)/DXI/2. AX078
AIX = ATIX*X (I+1) AX079
AXTI = AXI*X(T) AX080
A3 = (AXI - AIX)/DXI/2. + B (I) AX081
ATX = AIX*X{I+1) AX082
AXI = AXI*X(I) AX083
A4 = (AIX - AXI)/DXI/6. + C(I) AX084

AX0RS

YI = F(XI) AX086

DY = DF{XI) AX087
D2Y = D2F(XI) AX088
RETURN AX089
AX0S0

C COMPUTY Y, DY/DX, D2Y/DX2 FRCM INPUT PCLYNOMIAL AX091
1 A1 = C1 AX092
A2 = C2 : AX093

A3 = C3 AxX0noeu

A4 = CU ‘ AY09%
AXNAa6

YI = F(XI) axnaQ7

DY = DF{XI) ) AX098
D2Y = D2F(XID) AxQe9Q
RETURN AXIDQ
AY101
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c COMPUTF Y, DY/DX, D2Y/DX2 FROM INPUT SPECIAL FUNCTION AX102

c EXCEPTICNAL CASE AT X=0 AY103

11 IF (XI .EO. 0.) GO TO 12 AX104

TERM = XTI/ELM AX105

YT = G(TERM) AX1D6

DY = DG(YI) AX107

pD2Y = D2G(DY,YI,XI) AX108

RETURN AX109

AX110

12 YI = 1. AX111

AX112

c FIT A CUBIC THROGGH THE POINTS (0.,Y1),(.05,Y2'),(.05,¥2'"), AND AX113

c {.10,Y3'") IN ORDER TO FIND Y1' AND Y1'! AX114

TERM = .0S/ELM AX115

Y2 = G(TERM) AX116

Y2P = DG(Y2) AX117

¥2PP = D2G(Y2P,Y¥2,.095) AX118

TERM = .10/ELM AX119

Y3 = G(TERH) AX120

Y3P = DG(Y3) AX1I1

Y3PP = D2G(Y¥3P,¥3,.10) AX122

AX123

DY = (.05% (Y3PP-Y2PP)/ (. 10~.05) /2. — Y2PP)*.05 + Y2P AX128

D2Y = Y2PP - .05% (Y3PP-Y2PP)/(.10-.05) AX125

RETURN AX126

AX127

c V=0 CASE - ASSIGNED AREA IS NOT REQUIRFD AX128

13 YI = 1. AX129

DY = 0. AX130

p2Y = O. AX131

RETURN AX132

AX133

END AX134
$IBFTC SERCH  DECK

SUBROUTINE SEARCH (F,FOFX,A,X,EB) AY0O1

‘ AY002

o THIS ROUTINE USES AN OPTIMAL SEQUENTIAL SEARCH TECHNIQUE TO FIND X AY003

c IN (A,B) SUCH THAT F(X) = FOFX AYOOU

AY005

c ASSUMETIONS AY0O06

c (1) F(X) CONTINUOUS ON THE CLOSED IKTERVAL (A,D) AYOO07

c (2) FOFX IS NOT ECUAL TC ZERO AY008

_ AY009

COMMON/SINT/CUM (10) ,KOUNT,FX AY010

AYO 11

X1 = (2.%*A + B)/3. AYD12

KOUNT = 1 AY013

F1 = F(X1) AYO1U

IF (ABS (1.-F1/FOFX) .GT. 0.0001) GC TG 2 AY01S

X = X1 AYO16

FX = F1 _ AY017

RETURN AYO1R

AY019

2 X2 = (A + 2.%B) /3. AY020

KOUNT = KOUNT + 1 Y021

F2 = F(X2) AY022

IF (ABS{1.-F2/FOFX) .GT. N.0001) GG TC 3 AY023

X = X2 AYO2U

FX = F2 AY025

RETURN AY026

AY027
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3 D1 = F1 - FOFX

IF {D1*(FOFX-F2) .GT. 0.) GO TO 5
IF (DY .LT. 0.) GO TO U

X2 = 2

KOUNT = KOUNT + 1

F2 = F(X2)

IF (F2 .1LT. FOFX .AND. ABS(1.-F2/FCFX) .GT. 0.0001) &0 TO 5
X = A

FX = F2

BRETURN

X1 =B

KOUNT = KOUNT + 1

F1 = F(X1)

IF (F1 .GT. FOFX .AND. ABS(1.-F1/FOF¥) .GT. 0.0001) GO TO 5
X = B

FX = F1

RETURN

X = (X1 + %2)/2.

KCUNT = KOUNT + 1

FX = F(X)

IF (ABS(1.-FX/FOFX) .LE. 0.0001) RETURN
IF (KOUNT .FQ. 11) RETUFN

IF ((FX-FOFX)* (FOFX-F2) .LT. 0.) GC TO &
X1 = X

GO TO 5

X

F

>4
[N]
il

F2 = FX
GO TC 5

END

S$TIEFTC MATCO DECK

174

SUBROUTINE MATRIX

DOUBLE PRFECISION G,X
DOUBLE PRECISION EN,ENLN,DFLN

LOGICAL TP,HP,CONVG,TV,UV

CO¥MON/SPECES/EN (25) ,ENLN (25) ,DELN(25) ,A {15, 25)
COMMON/KISC/TT, PP, CPRO, HSUBO, ENN, SUMN, ENNL, LLMT(15),BO(1&
COMMON/INDX/TP,HP,NLM,NS,T01,CONVG,KNKAT, IMAT
COMMON/GHSC/GRT (25) , HRT (25} , SR (25) . CPR(25), DCPR (25)
COMMON/MATX/G (28,28) ,X (28)

COMMON/NECC/DUMY (4) ,CPSUM, DUM2

EQUIVALENCF (NLM,L),(TP,TV), (HP,UV)

I02 = IQ1 + 1
T03 = IQ02 + 1
KMAT = IC3

IF(.NOT.CONVG.AND.TP) XMAT = 102
IMAT = KMAT - 1

CLEAR MATRIX STORAGES TC ZERO
DO 211 I=1,IMAT

PO 211 K=1,KMAT
G{I,X)= 0.0L0

CONTINUE
$SS = 0.
HSUM = 0.

2Y028
AY029
AYO30
AYO031
AY032
AY033
AYQ34
AY035
AYO36
AYO037
AYO3R
AYO39
AYOUO
AYOL
AYDU2
AYOQU3
AYO4u
AYOQUS
AYOUS
AYO4W7
AYOUR
AYOU49
AYO050
AYODS1
AY0S2
AY0S53
AYOS54Y
RYOS55
AYO56
AYDST
AYOSR
AYos5a

AZ001
A7002
AZ003
AZOOL
AZ005
AZ006
AZ007
AZ008
AZ200Q9
2Z01¢C
R2011
AZ012
AZ013
A7014
AZ015
AZ016
AZ017
Az2018
A7019
RZ020
AZ021
RZ022
AZ023
AZ024
A7025
A7026
AzZ027
AZO2R
A7029
A7030
27031



15

55

59

62

65

102

145

BEGIN SET UF OF ITERATION MATRIX

KK = L

TM = ALOG (PE/ENN)

Do 65 J=1,NS

H = HRT (J) *EN (J)

F = {HRT(J) - SR(J) ¢ ENLN{J) + THM)*EN(J)
$S = H~F

TERN1 = H

IF (KMAT .EC. IQ2) TERM1 = F

Do 55 I =1, L

CALCULATE THE ELEMENTS R(I,K)

IF (A(I,J) .EQ. 0.) GO TO 55
TERM = A{I,J)*EN(J)

Do 15 K=I, L

G(I,K)= G(I,K) + A(K,J)*TERM
CONTINUE

G(I,I01)=G(I,I01) +TERN
G(I,102)=G(I,I02)+A(I,J)*TERM1
IF (CONVG .CR.TP) GO TO 55
G{I,IC3)= G(I,IQ3)+A(I,J)*F
CONTINUE

IF (KMAT .EC. IQ2) GO TO 64

IF (CONVG.OR.HP) GO TO 59
G(I02,I01) = G(I02,IQ1) + SS

G(102,I02) = G(IC2,I02) + HRT(J)*SS

G(I02,I03) = G(IQ2,IQ3) + (SR{J) = ENLN(J) — TM)*F
GD TO 62

G(I02,I02) = G(I02,I02) + HRT(J)*H

IF (CONVG) GO TO 60

G(I02,I03) = G(I02,I03) + HRT (J)*F
G(I01,103)=G(IQ1,IN3)+F
G(I01,I02)=G(I01,102)+TERN1
CONTINUE

SSS = SSS + G(I02,I01)

HSUM = HSUM + G(I01,I02)
G{I01,I01) = SUMN - ENN

REFLECT SYMMETRIC PORTIONS OF THE MATRIX

ISYM = IQ1

IF (HP.OR.CONVG) ISYN=TQ2
DO 102 I=1,ISYM

DO 102 J=1,ISYM
G(J,I)=G (I,J)

CONTINUE

COMPLETE THE RIGHT HAND SIDE

IF (CONVG) GO TO 175

DO 145 T=1,L

G(I,KMAT) = G(I,RMAT) + BO(I) - G(I,I0MN)
G(IQ1,KMAT) = G(IO1,KMAT)+ENN-SUMN

COMPLETE ENERGY ROW AND TEMPERATURE COLUMN
IF (KMAT .EC. IQ2) RETURN

IF (HP) ENERGY = HSUBO/TT - HSUM
G{IQ2,T03)Y=G(IQ2,IQ3)+ ENERGY

AZ032
AZ033
AZO34
AZ2035
42036
A7Z037
AZ038
AZ039
AZO040
AZO41
AZ042
AZou3
AZO4Y
AZ04S
AZOU6
AZO47
AZOLUSR
AZ049
AZ0S0
AZ051
AZ052
AZ053
AZOSU
AZ055
AZ056
AZ057
22058
AZ059
AZ06O
AZ2061
AZ062
AZ063
AZ064
AZ065
AZ066
AZO67
AZ068
AZ069
AZ070
AZ2071
AZ072
AZ073
AZO74
A2075
AZ076
AZO077
AZ078
Az079
AZ080
AzZ081
AZOB2
AZ083
Azo8as
AZ085
AZ08A
Az087
AZN88
AzC8e
AZ090
AZ091
AZ092
AZ093
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175 G{I02,IQ2)= G(IQ2,I02)+CPSUN

RETURN
END

$IBFTC GAUSCO DECK

83

176

10
18

20
87

22

28
29

SUBROUTINE GAUSS
SOLVE ANY LINEAR SET OF UP TO 20 EQUATIONS
DOUBLE PRECISION G,X,COEFX (20),504,2

COMMON/MATX /G (28,28) ,X (28)
COMMON/INDX/TP,HP,NLM,N5,T101,CONVG, KMAT, IMAT

EQUYVALENCE (IUSE,IMAT)
DATA BIGNO/1.E+38/
BEGIN ELIMIRATION OF NNTH VARIABLE

TUSE1=I0SE+1

DO 45 NN=1,IUSE

IF (NN~IUSE) 8,83,8
IF(G(NN,NN))31,23,31

SEARCH FOR MAXIMUM COEFFICIENT IN EACH ROW

DO 18 I=NN,IUSE

COEFX(I) = BIGNO

IF (G (I,NN).EQ.0.) GO TO 18
COEPX (I} = O.

DO 10 J=NN,TUSE1

SUM = G(I,J)

IP(SUM.LT.0.) SUM=-SUM
IF(J.NE.NK) GO TO 9

Z = SUM

GO TO 10 ~

IF {SUM.GT.COEFX(I)) COFEFX(I)=SUM
CONTINUE

COEFX(I) = COEFX(I)/Z
CONTINUE

TEMP = BIGNC

1=0

DO 22 J=NN,IUSE

IF (COBFX(J)-TFEMP) 87,22,22
TEMP=COEFX (J)

I=3

CONTINUE
IF(I) 28,23,28

INDEX .I LOCATES EQUATION TO BE USED POR ELIMINATING THE NTH
VARIABLE FRCM THE REMAINING EQUATIOCNS

INTERCHANGE EQUATIONS I AND NN

IF (NN-I) 29,31,29
DC 30 J=NN,IUSE1
2=G(I,J)

G (T,J)=G (NK,J)

G (NN,J) =2

AZ094
AZ095
AZ2096
AZ097

BAOO1
BAQO2
Ba00O3
BAOOY
BAOOS
BAOOG
BaAOO?
BA0O8
B2009
BAO10
BAO T
BAO12
BAO13
BAO4
BAO15
BAO16
BRO17
BA0O18
BAO19
BAQ20
BAO21
BrO22
BAO23
BRO24
BAO25
BAO26
BAO27
BAO28
BA029
BAO30
BAO31
BAO32
BRA033
BAO34
BAD35
BRO36
BAO37
BAO38
BAO39
BAQUO
BAOU 1
BAQOL42
BAO43
BAQULY
BAOUS
BAOUG
BAO4T
BAOLB
BAOUY
BAOSO
BAOS?
BA052
BAOS3
BAOS4
BAOSS



30

31

36

88
40

u4
45

47

48
50
51

23
151

CONTINUE

DIVIDE NTH RCW BY NTH DIAGONAL ELEMENT AND ELIMINATE THE NTH
VARIABLE FRCM THE REMAINING EQUATIONS

K= NN + 1

po 36 J = K, IUSE?

IF (G (NN,NN) .EC.0.) GO TO 23
G(NN,J) = G(NN,J)/G(NN,NN)
CONTINUE

IF (K-IUSE1) 88,45,88

PO 44 I = K,IUSE

DO 44 J = K, TUSE?

G(I,3) = G(I,J) — G(I,NN)*G(NN,J)
CONTINUE

CONTINUE

BACKSCLVE FOR THE VARIABLES

K = IUSE

J=K + 1

X(K) = 0.0D0

SOM = 0.0

IF(TUSE - J) 51,48,u48
Do 50 T = J,IUSE

SUM = SUM + G(K,I)*X(I)

CONTINUE
X(K) = G(K,IUSE1) - SUM
K=FK~- 1 :

IF (K) 87,151,847
IUSE = IUSE=-1
RETURN

END

BAOS6
BAOS7
BAOS8
BAOSY9
BAO6O
BA061
BAO62
BAO63
BAOG6Y
BAO6S
BAOG66
BAO6T
BAO6S
BAO6S
BAO70
BaA071
BAO72
BAO73
BAO74
BAO7S
B2076
BAO7T7
BAO78
BAO79
BAOSBD
BAO8B1
EAQ82
BAOS3
BAOBY
BAO8S
BAOB6
BADS7
BAOCSS
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Q

Perform one
integration step
and print results

178

Final
print location
reached
?

Yes

Call for
input to be
read

Call for output of
reactions and
controls

Call for calculation of
nen-input initial
conditions

Call for output
of all initial
conditions

Perform initial
integration steps
and print results

Print
results after
every integration
step
?

/ Call for input for \
next case to be

only

Print results at
print stations

Set next
print station

station

Print

reached in one
step
?

Take special
step to print
station and
print resuits

can be

Take one
integration step

\ read /

Figure 1. - Main program (GCKP).



Thermo-
dynamic data
input from
cards
?

Yes

Make thermodynamic
data tape from input
cards

Initialize and
set standard
options

Change
reaction rates
from previous
case

Add
new reactions
to reaction list
from previous
case
?

Read new reactions -
add new species to
input species list -
get thermodynamic
data for new species
from tape

Get reference
conditions;

initialize starting
conditions

Read key words
options, switches,
and controls

Call for initial
conditions

Figure 2. - Subroutine KINP,

®

Convert all input
o internal units

Calculate

equilibrium

combustion
?

equitibrium and
frozen shock

Call for
equilibrium and
frozen shock

calculations

Call for
equilibrium
combustion
calculations
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Call for
thermodynamic
properties

Calculate reaction
rate constants and
natural logarithm of
equilibrium constants

!

Calculate mixture
molecular weight,
third-body factors,
reaction conversion
rates, species
production rates,
gamma, and Mach
number

Call for
<de rivative calculation

Figure 3, - Subroutine PRED.
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S

Calculate f;,3, the Calculate fl, f5 f3 - derivatives of velocity, Calculate f1, fo, f2 - derivatives of velocity —I
derivative of species i density, temperature with respect to the density tem'perzz;tu?e with respect 10 integra,tion
concentration wrt the integration variable, using assigned area variablé using assigned pressure equations l
integration variable equations :

I .

Calculate fl Calculate fl

Calculate the first
derivative of the
assigned variable wrt
the integration variable

Constant density

case
?

Set fp = 0 | Constant density Set fp = 0

Caiculate f, Calculate fz

Constant Yes Constant Yes
Call for partial temperature Set f3 = 0 temperature Set f3 =0
derivative case ca75e
calculations )
No

( Return ) Calculate f4 ‘ Calculate {3 l

Calout o Calculate second
Culate seco derivative of pressure
derivative of area wrt wrt integration

the integration variable variable

Figure 4. - Subroutine DERV,



7

Calculate gj,3, the
partial derivative of
fi43, with respect to
integration variable

l

P

Caiculate @;,3, the
partial derivative of
fi43, with respect to
integration variable

Calculate 0y, Op, @3 - partial derivatives
of fy, fy, f3, with respect to the integration
variable - using assigned area equations

|

Set 0y = 0 |

182

Calculate oy

Constant density

Calculate )

Constant
temperature
case

Calculate 03

Set oy = 0

Set 03 = 0

Calculated aj, Oy, O3 - partial derivatives
of fy, fy, f3, with respect to the integration
variable - using assigned pressure equations

Calculate )

Constant
temperature
case

No

Calculate ag

Yes

Set 03 =0

Figure 4. - Concluded.
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Calculate partial
derivatives of net

reaction conversion

rate, gamma, and

Mach number squared
with respect to velocity,
density, temperature,
and species concentration

|

Calculate Bi+31 -
partial derivatives of
fis3, with respect to
velocity, density,
temperature, and
species concentration

SelBZi-()

Yes

Calculate [51‘ i
partial derivatives of
fl' with respect to
velocity, density,
temperature, and
species concentration

Constant
density
case

?

No

Calculate By 5 -
partial derivatives of
fp, with respect to
velocity, density,
temperature, and
species concentration

Constant
temperature
case

Yes ] Set B3, j = 0

Calculate B3 ; -
partial derivatives of
f3, with respect to
velocity, density,
temperature, and
species concentration

Figure 5. - Subroutine PARD.
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Calculate ﬁl,i
partial derivatives of
f}, with respect to
velocity, density,
temperature, and
species concentration

Yes

Constant
density
case
?

No

Calculate Bz' i~
partial derivatives of
fo, with respect o
velocity, density,
temperature, and
species concentration

Constant
temperature
case
?

No

Yes

Calculated B, i”

partial derivatives of
fo, with respect to
velocity, density,
temperature, and
species concentration

59!B3i'0|
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