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INTRODUCTION

The Naval Weapons Center has developed a computer program, ofien referred to as the NWC
thermochemical program or the propellant evaluation program (PEP), for the calculation of high-
temperature thermodynamic properties and performance characteristics of propellant systems. This
report is a summary of the methods and equations used in the program, which will handle a
maximum of 12 chemical elements and 200 combustion products. Flame temperature, chemical
compuosition, enthalpy, entropy, specific heat ratio and molecular weight of both the combustion
chamber and cxhaust, frozen and shifting equilibrium, specific impulse, boost velocities, thrust
coefficient, characteristic velocity, and exhaust gas velocity can be computed with this program. The
assumptions made, the limitations imposed, and the input data required for the solution of a specific
problem by use of this program are discussed in detail. The appendices provide a working guide for
those using the program and give examples of computer inputs.

BACKGROUND

NWC Program Deveiopment

The NWC thermochemical program did not come suddenly into being. As early as 1951
thermochemical computations were performed at NWC (formerly NOTS) when Dr. W. S, McEwan and
S. Skolnik developed and reported an approach using an analog computer. Dr. D. 8. Villars reported
his reaction-adjustment method in 1960. The same ycar H. N. Browne, Jr., completed a program using
a method reported by NASA. Mary Williams and Dr. Howard Shomate contributed toward the

automation and building of an accurate and usable data bank. In 1964 the author combined some of

the ideas of Browne and Villars (who had never collaborated with cach other) into the outer skeleton
of the Browne program. At the same time a new method of handling condensed species put an end
to convergence failures. In 1968 some important suggestions were made by Professors W. R. Smith
and R.W. Missen, who had developed their own program at the University of Toronto using the
reaction-adjustment method. (A later section of this report is devoted to a discussion of their work.)
Since that time the NWC program has continued to evolve in the direction of data automation and
new applications.

General Development of Thermochemical Programs

In the past 20 years the computation by high-speed digital computers of high-temperature
chemical equilibria has become one of the important applications of computers. It is a challenging
application, because of the large sets of nonlinear algebraic equations that must be simultancously
solved and because of the necessity of devising computer codes general enough to handle any
particular chemical systera!. There have been three historic approaches to the probiein.

1Westcm States Scction of the Combustion Institute. Proccedings of ihe First Conference on Kinetics.
Equilibria and Performance of High Temperature Systems, ed. by G. Bshn and E. Zuckowsky. Washington, D.C.,
Butterworths Scientific Publications, 1960.
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One approach, presented by White, et al. is directly motivated by the free-energy criterion for
chemical equilibriumZ. The resulting numerical procedure is the method of stecpest descent, which is
a general method for the numerical solution of nonlinear algebraic equations.

The second approach, presented By Brinkley3, uses equilibrium constants and for purposes of
background will be described in some detail. First, a “basis” is chosen. A basis is a subset of
molecular species (also calied components)?. It contains as many species as there are chemical
elements, snd from it all other species may be formed by chemical reaction. A set of equations then
establishes the equilibrium relationship of each nonbasis specics to the basis. Another set of equations
establishes the gram-atom amount of each chemical element. Both sets of equations are solved
simultanccusly by the Newton-Raphson method, which is a general method for the numerical solution
of nonlinear algebraic equations.

Interesting variations in the latter method are presented by Huff et al5 and Browneb. The
latter, in particular, introduces the concept of the “optimized” basis, in which the components are
ptesent in the greatest possible molar amounts. Browne's computer code for the equilibrium-constant
approach was successfully used from 1960 to 1964 by the Naval Weapons Center, then known as the
U.S. Naval Ordnance Test Station (NOTS).

The reaction-adjustment method of Villars is the third approach?:8, This, too, was a method
suggested carly in the development of computer codes but not widely used before the development
of the present program. Its theory is simple: The chemical system is divided into a number of
subsystems, each relating a nonbasis species to the basis, The subsystem with the greatest discrepancy
in its equilibrium relationship is corrected stoichiometrically. In this way the gram-atom amounts
(chosen correctly at the start) do not change, The reason for convergence is clear: Each iteration is
equivalent to arresting all possible reactions but one and allowing that one to proceed according to
the law of mass action. This possible (though not plausible) kinetic modei can only lead in the
direction of equilibrium.

In its computationa! aspects the method presented by Villars has both advantages and
disadvantages. Unlike the former methods, it does not require the inversion of large matrices. This
simplifies the coding and reduces the required computer memory. On the other band, the speed of
the method is greatly dependent on the choicc of the basis. 1t is admittedly quite slow when
components are chosen that are present only in smal! molar amounts.

2w, B. White. S. M. Johnson, and G. B. Dantzig. “Chemical Equilibrivm in Complex Mixtures.” J. Cheni
Phys., Vol. 28 (May 1958). pp. 751-5.

35. R. Rrnkley, Ir. “Caleulation of the liquilibrium Composition of Systems of Many Constituenis,” J. Chent.
Phys., Vol. 15 (1947), pp. 107-10.

4. 1. Kundiner and S. R. Brinkicy. ‘Caleulation of Complex Equilibrium Relations.” Ind. Eng. Chem ,
Vol. 42 (1950), pp. 850-5.

SNu*ionul Advisory Committee on Acronautics, General Method and Thermodynamic Tables for Computation
of Equilibrium Composition and Temperature of Chemical Reactions. by V.N.Huff, S. Gordon. and V.E. Morrell.
Washington, D.C.. NACA 1951, (NACA Report 1037.)

ONuval Ordnance Test Station. The Theoretical Computation of Equilibrium Compositions, Thc.rn.wodynamic
Propertics and Performance  Cheracteristics of Propellant  Sysrems, by H.N.Browne Jr, M. M. Williams, and
D. R. Cruise. China Lake, Calif., NOTS, 1960. (NAVWEPS Report 7043. NOTS TP 2434, publication UNCLASSIFIED.)

"p. S. Villars. “A Method of 3uccessive Approximations for Computing Combustion Equilibria on 4 igh
Speed Digital Computer,” J. Chem. Phys., Yol. 63 (1959). pp. 521-5.

8y, S. Villars, “Computation of Complicated Combustion Equilibria on u High-Speed Digital Computer,” in
Proceedings of the First Conference on Kinetics, Frilibria and Performance of High Temperature Systems, cd. by
G. Bahn und . Zuckowsky. Washington, D.C.. Butterworths Scicntific Publications. 1960.

4
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It was decided to try Villars’ method and to choose an optimum basis ty Browne’s method.
The automatic choosing of the optimum basis is not difficult to code, and it serves two purposes: It
greatly speeds convergence, and it relieves the user of the burcden of choosing the basis himself.

ORGANIZATION OF REPORT

The next three sections of this report describe the combination of Villars” and Browne's
methods for computing a chemical composition at a given pressuie and temperature. The description
is divided into three parts. The first part presents in detail the basis optimization technique used,
which differs only slightly from that reported by Browne, The second part presents the procedures
for determining equilibrium. which follow essentially the method of Villars, except for some suitable
modifications to increase computing speed. The third part presents certain manipulations with
condensed phases that increase the generality of the method. The remaining five sections describe
various aspects of the method. For a concise presentation, the procedures are described in the
notation of linear algebra,

The appendices describe how to run the program on the computer.

BASIS OPTIMIZATION

Consider a system which contains § chemica! elements and N molecular species such that N is
greater than S. Relating the species to the elements is & molecular composition matrix C. Here the
individual elements ¢;; state how many atoms of the Ath element are contained in a molecule of the
ith species.

Let any arbitrary choice of § molecular species be denoted
ifj) I <j<S

where the subset of /'s chosen is considered (o be a function of a dummy index /. A basis is formed
by ifj) if and only if the following relationship exists:

|B| + 0 )

where the vertical bars dencote the determinant of the matrix B and where the elements of B are
defined as follows:

n

bik = i)k )

VAN/AN
.
VAR
]

Equation 2 involves three induxes, /, j, and k, where / is not independent because of its functional
relationship to j. This equation describes the formation of the square basis matrix B by extracting
some of the rows of the larger, composition matrix ¢, namely those rows corresponding to the
chosen species.
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The optimization problem vequires that ifj) be chosen to lorm a basis and that the
corresponding molar amounts #;¢;) be as large as possible. This can be done by a process of trial and
error. First the molecular species must be so sorted that the nolar amounts are in descending order.
Here the specics subscript i becomes itself a function of a subscript m, such that

n, Zn, ZeZn Zh Z 2 n; (3)
h 2 Im mt ‘N

The basis is now found as follows. First i] is chosen to be the first basis species and the i)st
row of the C matrix is put into the first row of the B matrix. Next the / and m indexes are set to
the value 2. The third step is to test i), as an acceptable basis species. This is done by inserting the
ipth row of the C matrix into the jth row of the thus far incomplete B matrix. If there is linear
dependence among the rows of the incomplete B matrix, the test fails, and the m index is increased
by unity. If there is no linear dependence, iy, becomes the jth basis species, which is to say, (/) and
both the j and m indexes are increased by unity. From here the process returns to the third step
until if$) is determined.

Browne established linear dependence by the following relationship:
|rgne ) gme)T = o 4)

where 7 denotes transposition and BiNC is the incomplete B matrix. However, it was found that the
test could be performed much faster by using the Gram-Schmidt construction. This construction is
expressed as follows: L

' ZS:b b ; AL PPy (%)
bor. = byy - g: 0 1<n<j -1
O T Ok T e O nh/ 4 O Puk 30 202k

where ”;Zk replaces the element by and n and % are dummy indzsxes. If all elements of the jth row
are zero after the construction, there is linear dependence, and the test fails. The underlying theory
of linear dependence and the Gram-Schmidt construction are presented in Stoll” and other texts on
linear algebra,

The complete B matrix is determined at the end of the optimization process, and the v matrix
of reaction cocfficients is expressed

v = cp! (6)

Equilibrium constants may then be computed from the elements of the v matrix as follows:

5! & 7
U K; =gT Wi~ 21’ Vs 8i(j)] @
/=

where g; is the standard Gibbs free energy of the /th species at the given temperature 7.

9R. Stoll. Linear Algebra and Matrix Theory, New York, McGraw-Hill, 1952, Chapter 8, especially section 8.7.

6
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PROCEDURES FOR DETERMINING EQUILIBRIUM

The equilibrium procedure requires thut a first estimate of the equilibrium composition be
given. This estimate need not closely approximate the finat solution, but it musl express the desired
gram-atom amount of each chemical element. This expression can be accomplished in many ways.
One way, casy to code, is to set the molar amrount of one monatomic species of each chemical
clement to the desired gram-atom amount, then set the molar amounts of the rest of the species at
zero (or at negligibly small values). This particuiar way requires that the monatomic species appear in
the formulation.

The general iterative procedure assumes that the gram-atom amounts are correct and that the
optimum basis has been chosen for the current estimate of the molar amounts. The reaction
coefficient matrix, », and the array of equilibrium constants, Ki‘ are therefore available from
Equations 6 and 7. A puss is made through the reaction (nonbasis) species to determine whether the
proper equilibrium relationships arc met. If not, the molar amounts, »n;, arc stoichiometrically
corrected. The basis is again optimized whenever the current basis is no Jonger optimum. The details
are described below using the conventions of Prigoginel©

The chemical reaction which yields the ith reaction species from the basis may be written as
S (8)
2 i
=1

therefore, a stoichiometric change in the extent of reaction, Af, causes the following alteraiions in
composition.

n}. =n; + Ak 9)

= . e 1A f <
M) = Pigj) JUJE 1 </< 85 (10)

where the primed n; denotes the molar amounts after the change. This chunge, by definition, does
not alter the gram-atom amount of any chemical element.

Basis optimization guarantees that n; is smaller than any of the Hii) in the basis for which
Vyi # 0. In actuality most reaction species are smaller in molar amount by many orders of magnitude
than the basis spccies from which they are formed. The gaseous species more than two order of
magnitude smaller arc arbitrarily classified as minor species, and the rest of the nonbasis species,

including condensed species of any molar amount, are classified ss mgjor specics.
The correct equilibrium relationship for the ith reaction is expressed us
S

_E YG) Y e (4,.,1,(,.)) typ W (Any) = W K, (1)
J=1

10l. Prigogine and R. Defay. Chemical Thermodynamics, translated by D. Everett. London Longmans, Green
and Co., 1954.
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where the phase parameter y; takes the value unity if the ith species is a gas and the value zero if it
is condensed, and

where P is the given pressure. If the current molar guesses are incorrect, the terms on the left will
equal some value other than R K; and are denoted W1 Q;. The iterative procedurc obviously must
adjust the values of n; unil the values of ¢; approach those of K; within a specified tolerance. The
log of the equilibrium constant may be differentiated with respest to the reaction parameter &
(assuming A to be constant), yielding

5 )
E 7‘0') V;;/'II(/) + 7,'/"1)‘15 = d(Qﬂ Kl) : (12)
J=1

An estimate of the stoichiometric correction for a major species is obtmned by applying
Newton's method of locating roots, which is expressed by the following approximate form of
Equation 12:

S :

AE = (0 K; - Q,-)/(Izlvi V'fz}'/”[(j) +7;np) (13)

Equations 9 and 10 are then applied. (In practice, A% is not allowed to take values leading to
negative n;.) All major species are corrected by this method during the iteration pass. This differs
from the method used by Villars, who applied the correction only where the discrep-
ancy IQn K; - Q,‘I was greatest. The modificaticn is justified for two reasons—(1) little additional
computing time is required to actually make the correction after the discrepancy is determined, and

(2) the basis optimization has minimized the intcraction effect that a given correction has on the
other equilibrium relationships.

An estimate of the stoichiometric correction for minor species is obtained as follows:

ny = n; (KiQ;) (14)
At = n; r (15)

Equation 10 is then applied. This approach assumes that the error in K; is contained entirely in the
value of n; This is nearly true for minor species, because a large relative change in n; is
accomplished by a small Af, and there is no appreciable change in the basis. This separate analysis of
minor species also differs frem that of Villars. Again there are advantages. Equations 14 and 1S5
require less computing time than Equation 13. Then, too, the former equatious compute the molar
amounts of the minor species to a high degree of accuracy (four or more significant decimal places)
even when the relative molar amounts are quite small (e.g., 10-10 or 10-20), (This is useful in some
applications involving ionic species.) It was also found that computer time is saved by correcting the
minor species only on every fourth iteration puss, unless convergence is attained among the major
species in the meantime. The variable A, defined above, is computed once at the start of cvery
iteration pass.
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Convergence was considered to be attained when all binding equilibcium relationships passed the
following tests:

(major species) | (1 - K;/Q)) | < 10 (16)

(minor species) l a - Kl-,-’Qi) l < 104 (17)

However, not all equilibrium relationships are binding. This is discussed in the next scction.

DELETION CF CONDENSED PHASES

The formulation of the chemical equilibrium problem, as usually presented, is not general
encugh to completely describe the behavior of condensed phases. To overcome this weakness special
procedures must be used. The following two procedures are particularly suited to the method of
determining equilibdum presented above.

When the computed amount of a condensed species becomes negligibly small (say, 10'6) and
@ F, - fn O is negative, no correction is applied, and the equilibrium relationship is no longer
binding. In this way a phase is deleted and a degree of freedor is gained in accordance with the
phase rule 11,

When a reaction wcouts cntirely among condensed species, the denominator in Equation 13 s
zero. In this situaton the phase rule states that at least one of the involved species cannot be
present in any molar amount (if we aie free to specify pressure and temperature). The situation is
handled by ignoring Equation 13 and determining 2 value of Af that takes the sign of ¥ K - n Q;
and that has a magnitude not leading to negative molar amounts when Equations 9 and 10 are
appiied. This is symbolically expressed as

A = sign (@ !\I - QI) min i”,‘, )'li(])/llli.1|. III-(:)/|_VI'2|,.... ’1i(S)/|V-Sll (18)

In this manner the molar amount of at least one condensed species is reduced to zero.

When these procedures were included in the computer code, correct solutions were obtained
even in extremely difficult cases. In fact, correct solutions can be obtained where no gas phase is
prasent.

llA. Findlay. Phase Rule. New York, Dover. 1951
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NUMERICAL EXAMPLES OF BASIS AND
EQUIL!BRIUM CALCULATIONS

Conside: a system coutaining 1 gramatom of carbon and 2 gram-atoms of oxygen. The
following combustion species may be chosen ard associated with the composition matrix shown
below:

i Species <
1 ¢ B
2 C3
3 0
4 0, = C (composition matrix)
5 Cco

6 CO>

7 C(graphite)

Ot —O S O

—_ e e D D W

L ——

One way lo choose the iritial composition guess is to set the monatomic gases to the desired
gram-atom amounts and the rest of the species to zero as fellows:

Specics i n

¢
C3
0
9]
T0
COy
C(graphite) 7

1

(35 )

SN hWote —
coococooo

Cbviously the best basis for these composition values is:

Species i iti)
C 1 {
O 2 3

for these are the species in greatest concentration from which all other species may be formed. This
is the basis the program would use on the first jteration.

For a more interesting example of a basis calculation, let us say that at a later iteration the current
composition guesses are:

Species i ni
C 1 0.4874996
C3 2 0.0045000
0 3 0.5005000
0, 4 0.5000000
CcO ) 0.4985000
COy 6 0.0005000
C(graphite) 7 0.0000004

10



NWC TP 6037

(If previous caleuluions are correct, these values will still reflect the proper gram-atom amounts of C
and 0.)

These may be sorted into the order of decreasing molar cuncentration:

Species m i’ﬂ. h
0 1 3 0.5005000
0, 2 4 0.5000000
CO 3 5 0.4985000
C 4 1 0.4874996
Cs 5 2 0.0045000
COy 6 6 0.C005000
C(graphite) 7 7 0.0000004

Species il 10) is immediately chosen as the first basis species and the ilst (here the third) row
is talen from the composition matrix to become the first row of the basis matrix.

0 1] = Bin('

Next the i:nd (here the 4th) row of the € matrix is placed into the B matrix:

0 1
0 2

} = B (to be tested)

Although linear dependence is obvious in this case, the program actually performs the Gram-Schmidt
construction which transforms the second row as follows:

. Zbap by ) )
2 21 Shy2 )11 70 G s 0=0

e Zbay by, ,
22702 TEp 3 Pi2= ot 1 =0

Because both clements of the transformed row are zero, O, is rejected as a basis species.

Next 1'3 (CO) is tested as the basis species. The 1‘3rd row (here the 5th) ot the composition
matrix is placed irto the second row of the basis matrix:

0 1
[1 l] = B (to be tested)

i1

0 LR
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Gram-Schmidt construction transforms the first element of the second row as follows:

hoy by 0+1

=1 -G

! = ———————— = =

This element is non-negative and CO is immediately accepted es a basis species without further
calculations. Also, because there are now as many basis species, as there are elements (B is square),
the basis is complete and because of the above technique, “optimized.”

The results are summarized thus:

Species g itj) m .
0 ! 3 ! 3
co 2 5 3 5

The next step is to find the inverse of the B matrix which is

i w-[s ]

The v matrix of reaction cocfficient is now found as follows:

v=cgl =

oW —ta— 00
|

—_— e D O W —

Ll

The coefficients may be verified by noting that the following chemical equations balance:

l
|

i
1 H o + (10— C
2 (3) 0 + (3)CO— C3
3 () o + ((OyCO— 0
4 (2) 0 + (0) CO—> 0,
5 () O + (1) CO—» CO
6 () O + (1) €CO—= COy
; 7 1) 0 + (1) CO—» C(g.aphite)

12
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These coefficients may be used to determine the equilibrium constants for each reaction. For instance
for the first reaction

-1
oK) = 57 lgc - () gg + (D] gcol

where ¢ is the given Gibbs free energy at the given temperature 7.

Let us say for the sake of an example that 7= 5500 K and P = ] atm and that the
equilibrium constants computed by the above method turn out to be

Reaction % Ki (5500)
1 -14
2 -595
3 0
4
5 0
6 o
7 -3.91

The variable A, which converts molar concentrations to partial pressures, is computed as follows:

6
A= l’/z T (summation to be taken only over gases)

=1
A = 1/{0.4874996 + 0.0045 + 0.5005 + 0.5 + 0.4985 + 0.0005)
A = 1/1.9914996 = 0.5022 (rounded)

Since all products involved are gases, & Q for the first reaction is computed thus:

i

n ¢ = -3 Vi n (An,-(j)) + Avl-

il

[(-1) &1 (0.5022 - neg) * (+1) W (0.5022 - ng)l + @ (0.5022 - nc)

]

o [9_.4975 (0.5005) (0.5022)

0.4985 ] = -1.3829

The molar amount of C is not less than one hundreth of that of CO or O, so the formula for
the correction of a majer species is used:

A = (fn K| + W Ql)/(X ”z?j/"r'(/‘) + 1/ny)

_ (e e
Ab = (1.4 + 13829) (—“'(T + W + %—
At = (00171)/6.055 = -0.0028

13




NWC TP 6037

The corrections in composition are now made as follows:

, Species
- ¢ n(l) = 0.5005 - (-1X-0.0028) = 04977
co néo = 0.4985 - (+1)¥-0.0028) = 0.5013
C n(i = 04975 - 0.0028 = 0.4947

(These new values may be substituted into the expression for &1 ( above yielding -1.4004, which is
a significantly better cstimate of W1 Ky.)

Next, we turn to the second reaction

¢3) 0+ (3)CO — C3

Because nC3 = 0.0045 is less than 0.01 of the smallest ("O = 0.4971) concentration of the basis
species, C3 is classified as minor.

e

The equilibrium constant is given as &1 K = -5,95 or K = 0.002605 and Q is evaluated by

0, = 03022 1)’ (05022 ncy)
- (0.5022 ngq)?

. " 7 3 .
_ (0.5022) (04977)° (0.0045) _ o on0onys
(0.5013)3

(Note that the new values of ng und npg are used.) The new concentration of Cy is found by the
formula for minor species.

0.002510
= 0.0045 (0.002212) = 0.0053

The change in the basis species is then determined

At = 0.0053 - 0.0045 = 0.0008
ng = 04977 - (-3) 0.0008 = 0.5001
neg = 0.5014 - (+#3) 0.0008 = 0.4990

! . (Again, a reevaluation of @ shows a greatly improved estimate of K.)
} ' The third reaction

(1)o+(@© CcOo— 0

| simply shows the formation of a basis species from itself and so it is ignored.
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Reactions four through six fall into the same categories as the first three and so will not be
illustrated here.

The seventh reaction (-1) O + (+1) CO = C(graphite) shows the furmation of a cendensed
specics, and so it is considered to be major even though its concentration is well under 1/100 of
the smallest basis species. 21 (¢ is found as follows:

it

n 053 QYR (Ano) (+!) &n (A"CO)

- [4-1) %1 (0.5022) (0.5001) + (+1) U (0.5022) (0.4990)]

g, 0:3001
" 0.4990

= 0.0022

(No term involving NC(grapnite) 3Ppears in this expression because C(graphite) is a iiongas.)

Normally this species would be corrected as before for a major species. But the following
conditions exist:

NC{graphite) < 0.000001, and kn K, - &1 Q5 is negative

Therefore, no correction is made and the equilibrium relation is not binding.

The procedure outlined is repeated for all species until all binding equilibrium relations are
satisfied to a specitied tolerance.

THE WORK OF SMITH AND MISSEN

Professors Smith and Missen at the University of Toronto reported further results on the
reaction-adjustment method in 1968.!2 Their work points out that a converger-e forcer is zequlred
for the method. It was an oversight that this had not been reported in the work by the author.!3 A
device to force convergence is indeed required,

The NWC program computes limits on A
Afpin < 88 < By (19)

such that negative concentrations do not occur. It forces convergence by narrowing these limits as
follows:

1/24%

i < AF < 1/24%

max (20)

Empirically this has been found to work. -

Smith and Missen use a more clepeni r3chnique, which in effect tests the results of each
reaction adjustment to cnsure that the free energy minimum has not been passed over. If this occurs,
they reduce the extent of the adjostiment.

12W. R. Smith aad R. W. Missen. “Cualculating Complex Chemical Equilibria by an Improved Reaction-
Adjustment Method,” Can. J. Chem. Eng., Vol. 46 (196R), pp. 269-72.

13D. R. Cruise. “Notes on the Rapid Computation of Chemicul Equilibria,” J. Phys. Chem., Vol, 68 (1964),
pp. 3797-802.
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Smith and Missen also report that faster convergence can be achieved by obtaining a better
initial estimate of the composition,

Smith and Missen further draw parallels between the reaction-adjustment method and linear
programming., This inspired th: author to update the basis by the tableau method of linear
programm'mg] irstead of the more time consuming Gram-Schmidt construction previously reported
(footnote 13). This updatcd version works by testing each species after adjustment to determine if it
is now larger than any of the basis species with which it reacts, If so, the two are interchanged, and
the equations are updated as suggested by the tableau format (footnote 14).

NOTES ON THE PROPELLANT MODEL

A theorem by Duhem (see Chapter X1l of Chemical Thermudynamicsm) states that “Whatever
the number of phases, of components, or of chemical reactions, the cquilibritin state of a closed
system for which we know the initial masses is completely determined by two independent
variables.” This determination is made by the NWC thermochemical program in the theoretical
evaluation of propellant performance. In the mathematics of the program the independent variables
chosen are pressure and temperature. Two other variables of interest and pussible choices for
independent variables are enthalpy and entropy. These too, however, are computed from wquilibrium
compeations and are therefore dependent on pressure and temperature in this program. Desired
value  of entropy or enthalpy are achieved by repeating the above determination for various
temperatures, and new temperature guesses are obtained by interpolation.

Theoretical propellant evaluation is based on a straightforward thermodynamic model consisting
of two processes: (1) constant pressure, adiabatic combustion and (2) isentropic, adiabatic expansion.
The assumptions behind the combustion process include

I. Reaction kinetics are fast enough that chemical equilibrium is attained before the products
feave the combustion chamber and enter the nozzle.*

2. No heat exchange occurs between the propellant system and the surroundings.**

3. Gaseous species individually obey the perfect gas law and collectively obey Dalton’s law of

partial pressures.

When such assumptions are made, the system enthalpy and the system pressure completely
determine the tinal state and chemical composition of the system after combustion. The solution to
this state and composition is found by a computing technigue called “enthalpy balance.” The method
used by the propellant evaluation program is described below.

The system enthalpy itself is determined by the propellant heat of formation, which (excluding
heats of mixing) is a linear weighting of the heats of formation of the individual propellant

140. Hadley. Linear Programming, 2nd ed. Reading, Mass., Addison Wesley, June 1963. Pp. 126 ff.

*
Real propellants for which this assumption is not valid are said to “burn on the wrong side of the nozzle.”
This may be referred to as a Type | inefficiency and is one of the principle reasons for disugreement between the
progrum and reaiity.
"%
In rumjets, the stagnation energy of the incoming air becomes part of the system. This may simply be
added to the heat of formation of air.
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ingredienis. The value of enthalpy does not change during combustion, so this is also the value of
the system enthalpy after combustion. By definition, system enthalpy is the heat needed to form the
system in its current state from the clements in their most natural state dt 298K and one
atmosphere.

The assumptions behind the cxpansion process include: (l1a) Reaction kinetics fast enough that
chemical equilibrium is main.ained throughout expansion, i.e., the shifting hypothesis; (1b) reaction
kincetics so slow that no apupreciable change occurs in the chemical composition during expansion, i.e..
the frozen hypothesis; (2) expansion process is reversibie®; (3) no heal exchange between system
and surroundings; and (4) gaseous species individually obey the perfect gas law and collectively obey
Dalton’s law and ncngases occupy no volume, :

When such assumptions are made, the system entropy and the systen: pressure completely
determine the final state of the system, regardless of the path. The solution of this state and
composition is found by a computing technique called entropy balance. The latter differs little from
enthalpy balance. (Systein entropy is referenced to the third law of thermodynamics.)

The need for the techniques described below arise because the chemical equilibrium problem is
formulated to calculate composition and state from given pressure and temperaturc values. The
calculation ¢f performance and design parameters, however, demand that the propellant model above

2 utilized.

The first problem is to find the value of temperature at which a given enthalpy and pressure
requirement is satisfied. This provides the “adiabatic flame temperature™ and, as a by-product, the
systetn entropy. The second problem is 10 find the value ol temperature which satisfies the system
entropy at a given cxhaust pressure. In both cases, pressure is cntered directly into the equilibrium
code and temperature guesses must be introduced until the enthalpy or entropy conditions uare
satisfied.

Enthalpy and entropy are each monotonic functions of temperature; their functional values
always increase with increasing temperature. In ideal cases, they are smooth, nearly linear curves. In
less frequent, but certain to occur, cases the curves arc actually discontinuous, This occurs at the
fusion temperatures of condensed species.

Two numerical methods suggest theinselves: Newton'’s method and the interval-halving method.

Newton’s method consists of correcting successive temperature guesses by the following formula’
T; = Toy = (T (Tp) (21)

where 7; is the new guess, T | is the previous guess, f/T) is H(T) - H, in the case of enthalpy
balance, and f/7T) is S/T) - S, in the case of entropy balance. H, and S, are the desired values of
enthalpy and entropy. The derivative in the case of enthalpy is expressed as f/T/=C, and in the case

of entropy f(T) = C,,/T. b

Newton's method is very rapid when the curve is fairly straight and vhen a good guess is given.
There is no guarantee of its convergence, It definitely will not converge in areas where the curve is
discontinuous as mentioned above.

The interval-halving method depends on setting upper and iower temperature limits. That is,
first, a temperature for which the enthalpy (or entropy) is too high; and second, a temperature for
which the enthalpy (or entropy) is toc low. The range of much of the JANAF ihiermochemical data
is 298 to 6,000K. There can be chosen as the limiis, because if they do not bound the answer, the
computer effort is futile anyway.

*This covers a multitude of sins such as no shocking in the nozzle and cequal velocities for gas and nongas
phases at cach point in the flow. Real systems for which this assumption is not valid have what may be referred to
as the Type II inefficiency.

17

jo

13



NWC TP 6037

The method proceeds as follows: Take the arithmetic mean of the temperature limits
(T} = 0. 5(Ty + Ty) and compute the value of H(T) or §{T) depending on the process. If H(T) is
greater than /1 (or cquwalemly for ), T becomes the new upper limit. Otherwise, it becomes the
new lower hmlt. The process is then repeated. T becomes successively a better cstimate of the
desired temperature, gaining one bit in precision for every iteration. Using the original limits of 298
and 6,000K, about 13 iterations are required to achieve a precision of one degree.

The interval-halving method is the siowest practical approach to the problem. However, it has

one overwhelming advantage over other methods: if the answer is contained in the original limits, the
method will always converge.

The propellant program combines the two techmiques. Temperature bounds are established and
modified according to the results of the temperature guesses (a guess too high gives a new upper
bound and vice-versa). Guesses are first chosen by the formula for Newton’s method. However, they

are used only if they do not approach one of the bounds by more than halfway: in this case the
halfway point is used.

The program thus uses Newton’s method, with an interval-halving “‘overnide.’ The advantages of

both methods are obtained. When the curve is fairly linear, the convergence is rapid: when the curve
“misbchaves” convergence is at least certain.

ESTIMATION OF NOZZLE DESIGN PARAMETERS

The NWC thermochemical prograin  evaluates theoretical specific impulse by exact
methods: enthalpy balance for the combustion process and entropy balance for the expansion
process. The state of the fluid immediately after combustion is completed may be designated by the

subscript “1" and the state of the gas after isentropic expansion to the exit pressure may be
designated by the subscript ““2".

The state variables computed during the first process are T4, V| and S given the chamber

pressure, Py, and the propellant heat of formation, ;. Those computed during the second process
are Ty, Vyand /4 given the exit pressure, P4, and entropy, S, = S.

The state of the gas after the expansion may be computed under cither a shifting or frozen
hypothe:is: ‘n the latter case the chamber compusition is retained rather than computing new
equilibriv.n conditions at the exit conditions. Obviously, the values of T, V4 and #, differ under

the two hypotheses, but the design equations presented below (which use these values as input) are
identical for both hypotheses.

The computation of optimum impulse assumes that the expansion ratio of the nozzle is
optimum; i.c., the value of pressure predicted at the exit by the continuity equation is the same as
the given ambient pressure. In this case, impulse is simply evaluated as follows:

2J( )-

H - H

- | | - Hy | (22)
P Eyks m

where gy = 9.80665 m/sz, J = 4186 (g-joules)/(kg-calories), m = 100 g and H is system cnthalpy

in calories. (The program does not aclually require a 100 g reference mass: it is merely a
iime-honored convention.)
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The questions arise: How does one correct the impulse for conditions other than the chamber
and exit pressures given? Alro, how does one correct for a nozzle that does not have an optimum
expansion ratio? Furthermore, how does one determine design paramcters such as the thrust
coefficient and the optimum expansion ratio itself?

Two comments can be made immediately: (1) As far as the first questior is concerned, there is
no better way to Jetermine the correction than rerunning the program at the desired pressure
conditions: (2) The gamma cquations given in textbooks are inaccurate and misleading. especially
when applied to shifting flow and when the conventional definition of gamma is used:

Wl Cy (23)

Hoviever, equations of a gamma form may be used effectively, if the values for gamma are
fitted to the exact solution of the state variables yielded by the program.
This approach assumes that the equations of state for enthalpy and entropy may be written:
~ Yo ,
H=1H,+ nRT (24)

72“1

Ty )
S—S()=mnRQnT-nRQnP (25)
where /1, and S, are arbitrary constants and 7o and 7, are the parameters to be fitted.

The perfect gas law, PV = nRT, may be substituted into Equations 24 and 25 yielding:

Yo
H=4H,+ :/‘—1 PVL (26)
vy (27)
§=8,+ =3 nR W (PV)-nRenP <
YV'l

whetre S”' is a new arbitrary constant, and I = 24.218 calories/liter-atm. is introduced so as to
consistently express enthalpy in calories.

The constants Yo and v, are to be determined as that Hyund V4 are correctly predicted from
Hy and V| by Equations 26 and 27. The solution may be shown to be

el TPV Py, L (28)
7] P2 - in Pl
Ty (29)

¢n Vl - V2

where H, and So' cancel out. v, may be called the calorimetric gamma because it predicts the heat
content during the expansion. v, may be called the volumetric gamma because it predicts the changes
in volume during the expansion. In fact the familiar relation

T _ Ty
PV T = Py,
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may be derived from Equation 29, assuming AS = 0. The two gammas will not, in general, be equal,
due to nonuniform hect capacity and chaunges in composition in real systems.

Design calculations may be based on the continuity equation for one-dimensional flow:
= kpvA (30)

where m = mass flux (g/s), & = 1,000 (liters/m3), p = density (gfliter), v = velocity (m/s) and
A = duct zross-sectional area (mz).

Equation 30 may be rewritten in terms of state variables.

R | S—
Alm ml_l) at)

. . . - m
using the relationships Hy - H = 1/2 m v? and p = 7

Equaiions 26 and 27 may be substituted into this expression giving

- -1
N A (,,) &
m Vel Py (32)

Al = fiP) = , ' e

The pressure at the nozzle throat is found by minimizing this expression with respect to P. The
solution is

{(yy-1
p* = Pl (.._2;.)7%(71’ ) (33)

“I'v+ l

The thioat area for umt mass flow is found by substituting P* back into Equation 32.
A*im = fP%) (34)
The optiraum expansion ratio for the given exit pressure may now be found
(Ala™)opt = P (35)
If the noztle expansion ratio is not optimum, then the true exit pressure (Pé) is not the same
as the given ex't pressure (P;). P7'_ may be found implicitly from the given value of the expansion
ratio.

(A]A*) given = f(PYIAP*) (36)

The energy of propulsion is then given by:

Yo
A H= — .
el (LPI VI) H <Pl
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(In the special (optimum) case where Pi = Py, then H = Hy - H,)

In both optimum and nonoptimum cases, the specific impulse is given by

_ 1 2IAH ey
Iy = g—-——MKS\/—m + JKLf(PY) (Py - Py) (38)

The vacuum specific impulse tollows easily:

= _d JAH
m

1) =
( spvacuum . grars

+ JKLIPY) P3 (39)
Finally, the thrust coefticient and the characteristic velocities are found by conventional relationships.
Cr = &yks lyp | IKLIP*) 1] (40)

c* = 81ps /s,,/Cf @)
where grps = 32.16 ft/sz.

The program currently outputs (Isp)opt’ Yy (AlA), and C/- under both frozen and shifting
hypotheses. Corrections for nonoptimum expansion may be obfained under one of the program
options.

The program was modified in 1965 so that the computation of Yo @nd 7, is applied to several
regimes. Thesc are separated at points where condensed phases appear and disappear from the system.
The values of 7, 4nd 7, vary from regime to regime. Each regime is scrutinized for minimum throat
area. If more than one occurs, the smallest is the one chosen.

BOOST VELOCITY

The formula for boost velocity of an idealized missile (one free of gravity and drag) is

AU = Ug,) g i (1 +5p

where the switch density, p*, is given by

Mass o missile - Mass of propellant (42)

p* = 3
Voluine of propellant

and p is the density of the propellant.

We use Ib-mass/in3 to measure p and lb-mass/ft3 to measure p*, as input to the computer, in
abject submission to the illogical common usage. The units are made the same before computing the
ratio.
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Appendix A

INPUT INSTRUCTIONS FOR THE PROPELLANT
EVALUATION PROGRAM (PEP)

The instructions below assume that one is making a batch run and that hc has already
produced the library tape or file described under PEP Auxiliary Program (Appendix G). It does not
describe the optional input of ingredients by serial number; that is described under Automated Input
of Ingredient Data (Appendin F). The latter option works for both batch and teletype runs.

The input deck for the equilibrium program consists simply of three groups of cards: (1) the
control card, (2} the ingredient composition card(s), and (3) the pressure and weight ratio card(s).

The first 19 columns of the control card contain option switches. Their functions are
summarized in Table A-1 at the end of this appendix.

In columns 21 through 26 of the control card appear the first six letters of the name of the
person running the problem. Ending in column 30 is the number (not to exceed 10) of propellant
ingredients: this number must agree with the number of ingredient composition cards that are to
follow the control card (punch no decimal point). Ending in column 40 is the number of runs to be
made on that system of ingiedients. This number must agree with the number of pressure and weight
ratio cards that are to follow the ingredient cards (again, punch no decimal point).

The format of the ingredient composition card is 1s follows:

Column 1-30  Name of ingredient (alphanumeric)

Column 31-33  Number of atoms of first element in compound (punch no decimat)
Column 34-35  Symbol of first element (left adjust)

Column 36-38  Number of atoms of second element in compound

Column 3940  Symbol of second element and so on as needed up to six elements and
coiumn 60,

Colurmin 63-67  Heat of formation of compuund in calories per gram (right adjust with no
decimal point)

Column 69-73  Density of compound in pounds per cubic inch (punch decimal point)
This last item may be omitted if boost velocities and density-impulse are not required.

Examples of ingredient composition cards follow:

AMMONIUM DICHROMATE " 8H 2N 70 2CR -1688 0776

It is possible to introduce arvitrary multipliers into the composition; thus the following is equivalens
to the example above:

AMMONIUM DICHROMATE 16H 4N 140 4CR -1688 0776
Mixtures may also be entered as single ingredients as follows:
AIR (DRY AT SEA LEVEL) 835N 2240 S5AR 0oco
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The pressure and weight ratio cards each consist of 12 six-column fields. The first ficld contains
the chamber pressure, and the second contains the exhaust pressure. Following these are consecutive
weight ratios for the propellant ingredients in the same order in which they appcar =~ the ingredient
composition cards. There are, of course, as many cards as there are ingredients. The weights normally
are chosen to add up to 100 g, although this is not required. Decimal points must be punched in all
fields used on the pressure and weight ratio cards.

A complete sample input deck for a well-known hybrid system is listed after Table A-J
Table A-1 contains necessary information that should be studied before using the program.

TABLE A-1. Program Options.

Option no. Type Function performed
1 1 Deletes exit calculations
2 1 Includes ionic species in the calculations
3 1 Deletes boost velocitics and three pages of nozzle design data
4 1 Inputs pressures in psi instead of atmospheres
N 1 Increases precision of species concentrations one order of megnitude
S 2 or Increases precision even further
higher
6 1 Inputs an extra identification card
1 Inputs a pressure-temperature point instead of chamber and exhaust pressures. This allows
a P-T-H-S chart to be developed
1 Qutputs a list of all combustion specics considered
9 1 Allows serial number input for ingredients
10 1 Allows p*~dification of H and p data
Option 11-15 are used only for debugging
11 1 Printe out thermo data computed at every temperature guess
12 1 Prints out the first guess of the composition
13 1 Prints out compositions every fourth iteration
14 1 Prints out the log of the equilibrium constants at every temperature guess
15 1 Outputs a code that indicates the classification the program has applied to various species
at cach iteration
16-19 Leave For internal use
Blank

~RUN 419051+1320018A0B5G94535419+05+75/0 CRUISE

~ADD PEP#*RUN.,

0011000000

SULPHUR

MOLASSES

1000,

-FIN

1447

CRUISE 2 9
1s +0000 +0474

224 12C 110 ~1550 40574
10 90,
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Appendix B

PEP TELETYPE USAGE
(Pertains mainly toc NWC users)

First obtain a user number for yourself, an identification number for your tcletype (TTY), and
a job order numbcr for the use of the people in Code 3132, Call Ext. 3019 for a UNIVAC 1110 user
number, and call Daryl Vaughn at ext.3561 for the teletype identification number, if it is not
already pasted to your teletype.

~ Approach the teletype and dial 7 (120 cps), 6 (.0 cps), or 5§ (10 cps). It should ring once and
give a 1,000-cps beep. Type in the teletype identification upon coupling. A secret password is now
required at this point (call ext. 3019 for information).

The RUN card is typed next. It starts with @RUN followed by one or more spaces. Then, on
the same line, type uuuTTY, mmmmmmmmmm9G, ccccuuu, t, where uuu is your user number,
mmmmmmmm is your job order number, cccc is your NWC organizational code, and t is a time
estimate in minutes. The TTY and 9G arc typed as shown.

Afier the computer prints out the datc, type in @ADD PEP*RUN, exactly as shown. (Do not
forget the period.)

The computer will now mumble for 10 or more lines, and then you wili be greeted by the PEP
program. The program will prompt you for an input and provide a typing guide. The first inputted
line contains the options, the name of the user, the number of ingredients, and the number of runs
to be performed on that set of ingredients. Type the options under the option number,

Ingredient information may now be entered by serial number. Obtain a list from Code 3245,
and send any updates for the list you wish to add. Enter the serial numbers in the order you wish
and type them consecutively so they end under the “V's" of the typing guide. (They » thus right
adjusted in five-column fields.)

The program will next prompt you for the chamber pressure, the exit pressure, and the weight
ratios. The weight ratios are in the same order as the ingredients. Always type the decimal point and
remain inside the fields. The end of each fleld is indicated by a “V” in the typing guide. (Actually
the guide stops short of the 12 fields that arc possible.) The number of ingredients is limited to 10.

If you wish to start over, hit a carriags return instead of the input discussed above.

Terminate the run by typing @@X TIO and then @FIN instead of the prompted input. After
the computer prints out execution time, type @@TERM to sign off.

A “control Z” deletes the previous character (but defeats the typing guide).

A “control X” typed before a carriage return deletes the current line and allows you to start
over,

A run may be aborted by hitting the “break” key (on some teletypes this must be followed by
hitting a “break release” button, which turns on after you have hit the “break™ key). The computer
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types INTERRUPT LAST LINE and rcturns. Type @@XTIO and hit carrage retura. The run
eventually stops.

If a run is deliberately or accidentally aborted, type @XQT CRUISE*QAME to restart the
program, instead of @ADD PEP*RUN; it saves time and money.

To save more money, try the following: )

1.
2.
3.

Delete the long output (option 3), if you do not need it.
Punch the information on cards and submit a batch run,

If you do not mind the longer turnaround time, submit a batch run with an “N" (night
run) option,
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Appendix C
COMMENTS ON THE PEP OUTPUT

The program output deliberately has been made concise so that a great deal of information
may appear on a single page of a report. However, the conciseness requires that some explanations be
given to the uninitiated,

The first line contains the user’s name, the date, and the precise time of day. This informution
is repeated on successive pages so that, if the pages are separated, they are uniquely identified.

The input ingredients are printed next, so that the input may be checked.

The ingredient weights are printed next, and the total system weight follows the individual
weights. The total system weight is generally chosen by the user to be 100 g, but whatever the user
chooses, the value is important to other outputs described below. :

The gram-atom amounts for each chemical element are next. These are based on the given
system weight,

The chamber conditions are then printed out with headings. The enthalpy has uniis of
kilocalories per system weight, and the entropy has units of calories/K per system weight, CP/CV is
the ratio of specific heats, and GAS identifies the number of moles of gas produced per sysiem
weight. Effective molecular weight is obtained by dividing GAS into system weight. Note that
although nongases are not included in this computation this is the proper molecular weight to use in
gas dynamic equations. The quantity RT/V is equal to the variable designated A in the text and may
be expressed as

R (0.08205 L-atm/mote/K) T (K)
V{system volume in liters)

A =

The chamber composition follows in units of moles per system weight. If one prefers to vbtain
partial pressures in atmospheres, multiply each composition by RT/V priated above.

The exhaust plane results follow, in the same format and units as the chamber results just
described.

Three lines of performance results appeur next. The first contains headings; the second contains
the results for a frozen flow (no chemical reactions) through the nozzle; and the third contains
results for a shifting flow (reactions in equilibrium) through the nozzle. Impulse is in the units of
seconds and is the same in engineering and met:ic units. Unfortunately, the SI people introduced
confusion where none previously existed by changing thc definition of impulse to what was
previously called the theoretical exhaust velocity. Therefore, to obtain the official Sl impulse,
multiply the value outputted by 9.806 m/sec.

The next number (IS EX) is the isentropic exponent, which is the number, 7, such that

PV?» = constant
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for isentropic flow near the nozzle throat. The values of IS EX and CP/CV do not agree, because the
gas is not perfect.

The variables T* and P* are throat temperatur¢ (in K) and pressure (in atmospheres),
respectively. The variable CF is the nozzle thrust coefficient. Those who regard characteristic velocity,
C*, as a meaningful number may obtain it by the relation

C* = 32.17 ISP/CF

The variable, 1SP*, is the vacuum impulse to be obtained from a sonic nozzle. That term is used in
airbreathing propulsion work. The optimum expansion ratio (OPT EX) is the ratio of the nozde exit
area 1o nozzle throat area at which exit pressure equals ambient pressure. The density impulse is
labeled D-ISP, and the exit plane temperature is in K.

Appearing just before the exit temperature (EX T) is A"'M., which stands for A*/M. This is the
ratio of nozzle throat area to miass flow rate expressed as in 2.50¢/lb.

Optional output includes boost velocities. These are shown in number pairs: the first is the
switch density (see text), and the second is the velocity in fect/second. Inputted densities follow in
pounds/in3. The next output shows the performance of the propellant through nozzles with
expansion ratios of 1 to 100. These include three kinds of impulse: optimum (ambient pressure = exit
pressure), vacuum (zero exit pressure), and sea level (exit pressure = 1 atmosphere). Units arc given
in SI units as well as the older English units. Note that all impulses need to be corrected for nozzle
half angle.

A final cutput shows the computer CPU time consumed by the calculations.

CRUISE ©G/15/78 09ty 3ebl Dk COMPOSITION
SULFUR “ 1s
MOLASSES =15%5L 2?H  12¢ 110

INGREDs WTSe&TOT AL/ GRAM ATOMS/ CHANUER/ EXHAUST REéULTS/ PE RFORMAN CE
10.00000 992.0J0G0 1Ln.0u000
SeT84264 H 34155083 C 240892132 0 +311857 S

T(K) T{F) PLATM) P{pPST) ENTHALPY ENTROPY cP/CV GAS RT /v
850, 1071, 63,02 170M.NU  =139.57 169,12 1.16h4 34169 <lcl68

1.,75964 C3 162628 ¢ H20 279298 CO2 «55919 (H4
«3CHTT H2S «c01N7 H2 «"U116 CO «NL209 CSO
1.25-06 C52
T(K) TLF) PCATH) P{PSTI) ENTHALPY ENTROPY CcP/CV GAS RT/V
501, Q42 1.0C 14,70 =156.9¢ 169,12 1.2045 3,059 0327
2.15012 Cs 1,72024 H20 58589 C02 +41894 CHw
«¥1181 HZS e L2221 HZ «05005 CO «J0C04 (SO
IMPULSE IS EX T Ps CF ISp*  OPT EX [C~-I5P AwM, Ex T
1202 1.1936 T15., 3B M8 146c° 8.98 0 07401 429,
12341 1.14E3 79T, 39,14 1.62F Q3.4 9,67 «0 D756 5Nl

INGRED. DENSITIES ARE
« 0000 « 000

(CPU 1+T9SECS.)
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Appendix D
BRIEF DESCRIPTIONS OF PEP SUBROUTINES

In the summary below the first item to appear is the subroutine name. Then appears a letter
code in parentheses to explain the usage of the subroutine. The meanings of the letters are as
follows:

(M) Main program

(I)  Input routine

(0) Output routine

(E) Routine directly involved in equilibrium calculations
(P) Routines that cvaluate performance

(U) Utility routine

Following the letter code appears the name of the calling subroutine(s) in square brackets. Finaliy a
brief description appears.

A summary of the PEP subroutines follows:

ADIUST (E) [DEFICJ] Correct errors in gram-atom balance that arise due to truncation errors.
BOOST (P,0) [DESIGN] Computes and outputs boost velocities.

*DATE (U) Calendar date routine.
DEFIOJ (£) [EQUIL] Computes optimal basis.
DESIGN (P,0) [PEP] Computes and outputs performance parameters. :
DESNOZ (O) [PEP] Outputs nozze performance. i
EQUIL (E) [HBAL,SBAL] Computes composition for a pressure-temperature point. ;
FIXBAS (E) [EQUIL] Fixes basis to compensute for phase changes that occur due to temperature ;

change. ;

GIBBS (D) [EQUIL] Computes enthalpy, entropy, and Gibbs free encrgies for all species. ;
GUESS (E) [PEP] Computes initial guess of composition.
HBAL (E) [PEP] Computes constant pressure combustion (P,H point).
IPHASE (P) [DESIGN] Characterizes and locates phase changes.
LINDEP (E) |DEFIOJ] Estabiishes linear independence of basis.

#LKCLKS (U) [PUTIN] Looks at system clock.
ONED (P) [DESIGN] One-dimensional flow caiculations.
OUT (Q) [PEP] Outputs temperatures and composition.
PEP (M) Main program puts everything together.
PUTIN (I) [PEP] Main input routine.
RANK (U) Sorts an array into decreasing order of size.
REACT (E) [EQUIL] Computes stoichiometric coefficients and equilibrium constants.
SBAL (P) [PEP] Computes isentropic exhaust state (i.e., a P,S point).

*Nonessential system utility subroutines,
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SEARCH (1) [PUTIN] Searches combustion data for pertinent species.
*SETCLK (U) Sets the system clock to zero,
SETUP (E) Preliminary analysis of equilibrium situation, computes maximum and minimum shifts
in concentration so that negative concentrations do not occur.
SUITE,SLITET (U) Through this rout .¢ the program seeks to turn off simulated lights to obtain:
LITE(1) off--optimum basis
LITE(2) off-linear independence in basis
LITE(3) off--temperature convergence
LITE(4) off--composition convergence
STOICH (E) [PUTIN] Preliminary analysis of elementary composition.
TABLO (E) [TWITCH] Updates optimal basis by the iableau method of linear programming.
TAPEB (1) [SEARCH]} Input buffer for combustion data.
THERMO (E) [EQUIL] Computes system enthalpy and entropy.
*TOFDAY (U) Time of day.
TSALT (P) [TSBAL] Computes a T,S point by slow, but reliable method when TSBAL fails.
TSBAL (P) Fast equilibrium computation for specified temperature and entropy (T,S); occasionally
' fails to converge.
TWID (E) [TWITCH] Computes equilibrium relation for TWITCH to i.ndify.
TWITCH (E) |EQUIL,TSBAL] Main equilibrium subroutine. This is flow charted beiow.

*plonessential system utility subroutines.
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1 'I Juitialization

_'F'E. Se: Iteratlon index (IT) to zero.
Tossure (P) .

Gibbs free energies “‘ ) Turn basis switch on,

Cowpogition Matrix (C)
Phase parapeters ('1)

First estimates of the composition ("L)

‘;‘l Turn convergence switch onTl

l chr—c:u_f'l‘ by o;r:lr

w
“
8
IIut convergence lwuch.l Test basis awitch,

(Optimization not necessary,)

)| &

Begin Optimization Procedure
Dutput -éﬂﬂ'—f_rﬂj—
Turrent valuex of n species (8q. 3).

i Set i(1) « ‘1'
(end)
Put 1135 row of C into first 1ow of B,
Set j =2, m» 2,

Increase w by one.

{Put 1 8h row of C'into jth row of B (eq, z)_.l

Q—L-{Tcn linear dependence in B (eg., 4 or 5).'

Compute reaction coefficients and equilibrium constants (eq. 6 and 7).
Turn basis switch off,

Yes

"[Begin Ecuilibrium Procedure

q.n i s N No Increase i by one.

vy wrrregnil]
¢ —(BASIS SPECIES) 4—*2u{boes i = i()) for any J? |
x)
| Turn basis switch on.p- No Jlrh Ny & nyyyfor a1l § where Yyy # n?‘I

L

l Is ny 2 0.011\““ for all j where v“ fmﬁ No J Test vy, = 0

) s

%]
v
No —{ (MAJOR_SPECIES)]

4

Yes

(MINOR SPECIES)

No
I_ls IT a aultiple of fou;}——

[
o

15 species in equilibrium

22 _lwith basis (eq. 17)?
Q‘L Apply stolchiometric correction
Apply stoichiomstric correction {og. 13, 8. 10).

(sq. 14, 15, 10).

No Begin Condensed Phase Procedure
1 ny < 10701

Turn convergence switch off.h._

o
.
ITM‘. ifln K - 1nq is mutM
Apply stoichiometric correction

(eq. 18, 9, 10). 2

'!1-{1‘( st if denominator of eq. i3 is umq

]
o=

[E species in equilibrium with basis (eq, 16)7]_ Y_'-'.’.

FIGURE D-!. Flow Chart for Computation Procedures.
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The following inforniation is provided for those who wish to dig into the equilibrium program.
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Appendix E

IDENTIFICATION OF VARIABLES IN COMMON BLOCKS

BLANK COMMON

A
KR
AMAT
JAT
ASPEC
IN

IS
HE}
IE
ALP
w27

BLOK
DH
RHO
ISERI
WATE
Wi(4)
Wi(s)
w1(6)

W43

1G

NP
VNT
w47
NAME
SER
FLOOR

Basis matrix

Option block

Ingredient composition matrix
Atomic numbers

Element names (field data)
Number of ingreJients
Number of elzments

Ingredient composition

Gram-atom amounts ()

System weight /
Number of combustion species
Ingredient names (field data)
Ingredient heats of formation
Ingredient densities

Output identification (field data)
Ingredient weights

System heat of formation

Chamber pressure

Exhaust pressure

Density

Number of gaseous combustion species
N +1

Combustion species concentrations
Temporary

Temporary

Temporary

Lower limit of concentrations
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COMMON/IBRIUM

TL Lower temperature limits for species data

TU Upper temperature limits

w3 Molecular weights of species

VNU Reaction coefficient matrix (Vij)

QA Temporary variable

TAU Temporary variable

H Species enthalpy’

SD Species entropy

Y Species heat capacity ,

JC Iteration index

IR Storage area for sorting

DMU Species Gihbs frec energies (uj) _
VLNK  Natural log of equilibrium constants -
10] Indices for basis species (i(j)}

RA Constant terms for species ¢p (L)

RB T term for species ¢y (Lz)

RC T2 term for species cp (Ly)

RD T3 term for species Cp (Ly)

RE T2 term for specics cp (LS)

RF Reference cnthalpies (L)

CH Reference entropies (L7)

IM Temporary variable

w48 Temporary variable

Cp System heat capacity

FN Number of moles of gas in system

¢ Species composition matrix

SPECIE  Names of species (ficld data)

LL Vectro to keen track of certain computational data concerning combustion species
' COMMON/SCRATC/

HN Temporary storage for compositions. This is used to analyze splits between the liquid and

solid phase.of a species.
PLOT Temporary storage for nozzle design results.

COMMON/MOON/
TSTEST Convergence test for T-S point.



NWC TP 6037

Appendix F
AUTOMATED INPUT OF INGREDIENT DATA

The program (PEPLIB) appears below with data. It allows a user to enter ingredient data, if he
is lucky enough to find it on the list, by the serial number that appears to the right. If option 9 is
employed, the ingredient serial numbers are punched on a single card following the option card in
format (10I5). PEPLIB creates a tape or file which is given label *‘11"" by both PEP and PEPLIB.

The program date is the compilation of propellant ingredient data as of 10 May 1978. It
contains many corrections and additions to previous lists.

It is not convenient to the users to reassign serial numbers once assigied to an ingredient.
Therefore, note that the oldest data is in alphabetical order. Following that is a supplementary list
that is also in alphabetical order. Following that is another list of scveral dozen ingredients, which
are in the order received. Finally, there are two more supplementary lists, one of which is data
received from Ed Barooty at NSWC, Indian Head, MD. This is heat of combustion data and is in
alphabetical order.

Chemical ingredient names are mostly generic to avoid confusion. Since these are sometimes
long, they are sometimes continued on the following line. The proper serial number in that case is
on the line which contains the composition.
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Program With Truncated Input

~ASGeAX CRUISEPEPLIB//21734

-USE 11+CRUISE*PEPLIB
-FOR»1S LIBPROWLIBPRO/A

DIMENSION A(20)s B(2)

WRITE (6+4)

& FORMAT (=1-)
REWIND 11
0O 9 J=ls99953

READ i5919ERR=10+END=11) (A(1)sI=1s13)
C i FORMAT {10A692X1A531XsA591X9A6)
1 FORMAT (10A6» 1Xe FbeO»

ENCOBE(19sB) A(l1)
19 FCRMAT (F640)
All1)1=B(1}

1Xe

WRITE (1195)(A(I)eIx1s12)
FORMAT (10A6sA591XeA5s1H))

JJsJ=-1

WRITE (693)(Al1)elu1012)9J)
FORMAT (- =10A692X9A5s1X9A5+17)

5

C 2 FORMAT (12A6+Al1917)
9
3

GO T0 11

10 READ (30920)(A(L)sL=1914)
WRITE ( 6920)(A(L)sL=1914)

20 FORMAT(13A69A2)
11 END FILE 11
CALL EXIT
END
-XQT

1EA-5~85 (VICTOR)

2 N!TRO DIPHENYL AMINE
100DER321/43DEH14

2 NITRO DIPHENYL AMINE
2-TDMECLO4 (INFO 635P)
2-TDMEHCL (INFO 631C)
8CBHLIEF 1UN6O (FAPEMON)
8CBH18F 1UN6O (FAPEMON)
9C14H12F6N30 (TVOPA)
9C14H12FEN30(TVOPA)
ACETAMIDE

ACETYL TRIETHYL CITRATE
ACETYLENE

ACETYLENE

ACETYLENE (GASEQUS)#
ACRYLIC ACID -HC~
ACRYLIC NITRILE

ADIPIC ACID 6C

AIR (DRY AT SEA LEVEL)
AIR (500K OR 900R)

AIR (1000R OR 555456K)
AIR (750K OR 1350R)
AIR (1500R OR 833,33K)
AIR (10uVUK OR 180Q0R})K)
AIR  (2000R OR 1111.1K)
AIR (125UK OR 2250R}K)

10H

22H

835N
835N
835N
835N
835N
835N
835N
835N

A5y 1X» Ab)

243C 102N 860 205F
12C 20 2N

596C 22N 1080
12C 20 2N
TH 1CL  6F 4N
TH 1cL  6F 4N
8H 18F 10N 60
8H 18F 10N 60
14H 12F 6M 30
14H  12F &M 30
5H 10 IN
14C 80
2H
2H
2C
ac 20
3H 1N

2240 5AR

2240 5AR

2240 SAR

2240 5AR

2240 SAR

2240 SAR

2249 5AR

2240 5AR
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50
10

-0538
+0135
-0661
+0135
-0345
-0448
~0271
-0240
-038%
-04130
-1310
-1257
+1846
+1892
+2081
~1282

0862z
-~1480
+0000
+0049
+0063
+0113
+01135%
+0180
+0201
+0249

14463
«05135

¢ 0535
« 0650
« 0650
+« 0000
+ 0000
+0000
« 0554
« 0360
« 0408
00263
« 0220

« 0384
+ 0000

61%
59

359
$4001
$4002
#8003
G5004
G%5005
#3006

008
$5009
#5010
G 011
* 012
#1013

-y v e 0y %t e oWl :
ety Y E e w I VT el s



TeEA=5=5> (VIC TOK)

2 NITRO OLIPHE nYL AMINE
TUCDER3I 17430 EHTS

¢ NITRO LIPHE hYL AMINE
2°TOMECL Ge (I nwkU £35P)
PCTONERCL (INFO 4318)
cLoh16FT Ind0 (FAPEMUN)
2CBHISFIINGD (FAPEMUN)
QCI4HI2F ¢N3U (TVOPA)
YCI4HICF en20CTVUPA)
ACETAMIVE

ACETYL TALETHYL CITRATE
ACETYLENE

ACETYLENE

ACETYLENE (GASEQUS) ™

ACRYLIL ACIo =HC -~
ACRYLIC NWIThL i
ADIPIC ACID 6C  TUH

AIR CLKY AT S&A LeVEL)

AR (50LC(K OR 9CCk)

AIR  (1UICR Ok 555456K)
ALR  \73LK OR 1350R)

AIR (15.9R Ok &£33.33K)
AIR  (10C.k OK 15GCKIK)
ATk (20C,R OR 1711.18)
ALR  (1¢ioK Ok c250KIK)
ALUMINUM (PURE CRYSTALINE)
ALUMINUM (PUREe CKYSTALINE)
ALUMINUM DIBORIVE

ALUMINUM HBEKYLLIUM (ALLOY)
ALUMINUM BERYLLLUm (ALLOY)
ALUMINUM BOKIVE

ALUMINUM bORON (ALLOULY)
ALUMINUM bORO hYURIDE
ALUMINUM BOROHYDKIDE
ALUMINUM CARB l0E

ALUMINUM FLOUKLDE
ALUMINUM HYDP (DL

ALUMTIIWUM NITK 1uk

ALUMINUM (NON-REACTIVE)
ALUMINUM PERC HLURATE
ALUMINUMBUROH YORIDEUIMETHYLAM
AMINOXYLENE C(XYLIDENE)
AMING TETKQLOLE

AMINE Te hMINA TEL POLYBUTADIENT
AMING TE ThOLOLE PERCHLORATE
AMMONIUM ACET ATE

AMMONIUM BICA RBUNATE
AMMONIUM C(AKB CNATE
AMMONIUM CHLORIVE

AMMUNLUM CYANGKTE

AMMONIUM FLOURIVE

AMHAONIUM FLOUROSILICATE
AMMONIUM FOKMATE

AMMONIUM GLYC GLLATE
AMMONIUM GLYO XALLATE
AMMONIUM IO0DI VE

AMMONIUM NITRATE

AMKONIUM NITRATE

AMMONIUM QXAL ATE

AMMONIUM OXAL ATE

AMMONIUM OXALATE C(HYDRATED)

NWC TP 6037

Program Output

375K 243C 10w

10n0
517
191
3¢
IC
4C
3¢
9C
9C
2C
22H
2¢
2¢
2K
4H
1
[
835N
LISN
235N
835N
035N
835k
835N
35N
1AL
1AL
2o
1uE€
IsE
128
120
1AL
1AL
4AL
3F
1al
N
1weé
12v
2¢
11K
3K
Sh
bH
2¢
1¢
1c
T
1¢
4H
2N
1¢
2C
2¢
*H
4H
4N
SH
2C
2¢

12¢C
9v6C
12¢
7H
7H
EH
&h
14n
14H
SH
14C
<H
2K
2C
ic

3H

2¢40
22840
2240
€240
2240
2240
240
2240

1AL
1AL
140
1AL
TAL

860 2USF

20 2N
22ZN 1080

o0 2N

1¢L of LN
1CL oF LN
1¢F 10N 60
18F  {ON 60
1¢F 6N 10
12F 6N 30
10 IN

[3V]

<0

1N

5 AK

S AF

5 AR

SAR

S AR

5 AR

5AR

SAP

1&H
12h
-U -0 =N
3cL

1AL 38 N
N

5N

SN 4C 1CL
20 iN

v 1N

¢N 10

jcL

iu 2N

1F

151 &F

20 N

30 Ve

40 1w

11

30

30

EN 40

40 2N

50 1N

50
10

o m——— =

(_‘l

~53k
135
=¢o01
13%
~345
~448
=271
=-c40
-3185
=430
-12110
-1257
1646
1392
«Ca1
-1282
652
1489

142
«0535

0535
206572
GOLD
Q0 GC
.00CC
«0uln
0554
0300
<048
«0203
«2229

«032%4
«Q0uC

D976
0976
1152
+07v5
0921
0978
+0199
L] C
0852

10516
«1170
0970
0939
00265

W05Y5
0360
(668
(ih22
570

20551
«Jbts
103064
P IY-¥4

e06¢3
«0623
e0542

0542

o O N VL WA SO

O N N S N 4
£ N

[P QPR S Y
O ~NO W

RN N
n - G

Wi PN N RN NN
-C: CO N WV L

Wi
& N

W
c v

L W
Cx O~
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EKC nLURATE (AP) 1CL  &H iN 40 -602 0704 63
AMMONIA TRIBO KANE b 10H In -867 0000 64
AMMONIA In 1N =-1004 ,0244 65
AMMONIA (GASE LUS)I® IH in -649 66
AMMONIATED AL UMINUM IODIDE 1AL ) ON 27TH =D =676 .00CO 67
AMMONIAT D ALUMINUM IODIDE 1AL 31 1IN 39H =N =722 0000 6>
AHMMONIATED AL UMINUM IODIDE 1AL 31 20N 60W =D -78z +0GO0 6y
AMMONIATED AL LMINUM IODIDE 1AL 31 6N 18H =0 =622 .003C /G
AMMONIAT ¢0 AL LMINUM I0DIDE 1AL 3J 1N I =N =282 »0000 71
AMMONIATED ALLMINUM IODIDE AL 31 IN SH =D =454 L0000 72
AMMONIAT cD AL UMINUM I0DIDE 1AL 31 5N 15H =0 =592 +J0C0 73
AMMONIAT ED ALUMINUM IODIDE 1AL 31 7N 21H =0 =-¢45 00060 T4
AMMONIATLD LERYLLIUM ICDIVE 1€ 21 4N 12” =0 ~é42 L0C00 75
AMMCNIATED BE KYLLIUM 10DIVE 1bE 21 oN 1BH =8 =690 ,2000 76
AMMONIAT LD BEWYLLIUM IODIDE 16E 21 13N 39K =N -792 0000 77
AFMONIATED CALCIUM ICPIDE 1CA 21 113 Ig =N -507 .0000 7¢
AMMUONIATED CALCIUM 1ODIDE 1cA 24 2N =0 =57" 400¢0 75
AFMONIATED CALCIUM IGDIUE 1¢A 21 6N 13H =0 =727 0000 &,
AMMONIATED CALCIUM IODIDE 1eA 21 UN bW =P =735 .00C0 81
AMMONIATED COFPER NITRATE 1CU 4N sy 6H =0 ' =630 ,0060 8¢
AMMONIATED COPPER NITRATE 1CU &N 60 12H =0 =769 0000 )
ANMONLATED COFPER NITRATE 1CU kN 60 18H =" =822 .00C0C 84
AXMONIATED LITHIUM 10DIDE 1 11 N I =" -608 0000 BS
AMMONIATLD LITHIUM LODIDE 1wl 11 N 6H = -6%1 ,00092 8o
AMMONIATED LITHIUM LODIDE 1y 11 IN 9H =T =751 G000 87
AMMONIATED LITHIUM 10DIDE 1L 1 4 12H =0 «?799 +J0U0 8>
AMMONIATED LITYHiUM IODIDE I 11 SN 15H =N =825 +GGOO 69
AMMONIATED LITHIUM 10DIDE 2Ll 21 1Iln 33H e -417 .00CQ 9y
AMMONIATED LITHIUM 10DIDE ity 12 N 21 =D =857 0009 %1
AFMONIATED MAGNESIUM IODIDE 1M6 21 2N 6K =1 =500 .00CD 92
AMNONIUM ALUMINUM PERCHLOKATE 12H IN 240 1AL ACL =514 +0750 93
AMMONIUM AZIDE 4H biv 452 o 486 946
AMMONIUM AZIDE Lh 4N 452 L0406 95
AMNONIUM BOROFLUORIDE 4H 1o 1N 4F -c860 J06068 Q6
AMMONIUM dROMIDE 4H N 18R =659 +C678 97
AMMONLIUM CYANIDE 2N 4H 1¢ =0 -7 0 .000C 90
AMMONIUM DICH AOMATE® Sh 2N 70 2CR ~1688 43770 Q¢
ARMUNLIUM DICY ANAMIDE 2C 4H i 121 0000 100
ANMONIUM FLOUKIDE 4H 1N 1F -1c87 11
AMMONIUM FORMATE SH 1c 1N 20 -¢108 102
AMMONIUM I0ULIDE 4H IN 11 -334 103
AMMUNIUM PERICDATE 4H 1N 40 11 =360 L1270 104
ARMONIUM PERC HLURATE I40H 3400 385N oSCL =590 L0704 105
AKMONIUM SULP HATE 8H 2N 4y 18 - -c133 Wubél 100
ENYL FERKOCENE ¢7H  15¢C 1F¢ -1 J04c2 107
ANILINE : 7H 6cC in 79 0367 106
ARGON 1AR =C n C 0664 10¢%
ASYROGELL %4 15¢ 10 1AL -436 0540 110
ALO"bLIS57 ISObUTYROGNITRILE "¢ 8C 12H N 131 ,0000 111
“ARIUM C hOMATE 1CR 40 «1347 112
HARIUM NITRATE » g é0 1bA -9C7 1170 113
UARIUM PERORIUE 1sA 20 =0 -0 -a ~889 J17%1 114
DASIC LEAD CARDUNATE Irg  2C ou ZH 7 115
BENCENE bH oC 147 9317 11e
BERYLLIUY BURCUHYDRIDE 2b 1oL  &H -666 40218 117
BRERYLLIUR HYD RIDE 1€ 2H =399 LuU00 118
BERYLLIUM NITKIGE 3uE 2N =0 -0 -n -chbb L0020 119
HERYLLIUM (NOA=HKEACTIVE) 1u? C +06¢c8 120
EERYLLIUNM (PURE CRYSTALINE) 16E 0 0668 121
BIS "KRIAPINOGLANIDINIUMDECASOR 2C 2sH 1lu 12w 189 +00uC 122
FISDIFLUCROAM INOHEPTANE 7¢  14n 4F 2N 120 Juk26 1235
GIS(CMET FYLHY LRAZINUIDECALGRA 4C 26K 1(u en 100 40404 124
B1SCOIFLLOROAPINOILUTANE “¢;53 4C 8K oF 2N =353 L0657 125
PISCLIFLUOROAPINGIDIFLUORUMETH 1¢C oF N =693 42000 126
EIS(DIFL LORUARINOIMETHYLPENTAN  6C  12H F 2N =309 J00%LH 127
EIS(DINL YROFLUORETHYLIFOPMAL 5¢ AN :F 4N IR0 -359 0576 120
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Appendix G
PEP AUXILIARY PROGRAM

In theory, the thermodynamic data for the combustion species could be put onto a magnetic
tape and the SEARCH subroutine of the propellant program made to digest this information. In
practice, it was decided to “predigest” this information with an auxiliary progran., which is called
PEPAUX. There are several reasons for this other than the fact that binary rather than a BCD tape
may be produced. These will become apparent as the description progresses.

PEPAUX consists of a somewhat small program deck followed by two sets of input cards. The
first set contains Holerith information and is somewhat permanent. Since this first may be consldered
part of the program deck, it will not be described in detail except to note that at present it contains
74 cards and that the first 47, which contain element names, may be permuted in any order.
However, the order determines the precedence of the element in the molecular names. Hence, if H
precedes C. methane will be denoted H4C: otherwise it will be denoted CH4. As can be suspected
from this, PEPAUX generates automatically the Holerith names of all combustion species.

The second and main part of the input to PEPAUX is the thermodynamic data for the
combustion species. This contains three card sets for as many species as desired. The first card is a
species identification card, and the second two contain the data itself. The number of cards in this
group is 3n + 1, where n is the number of species. An extra, blank card is placed at the cnd to
signal the end of the input deck.

The identification card contains the molecular composition of the pertinent species and phase.
The composition consists of as many information puirs as there are elements in the species. The
infermation pairs begin in column 48 and repeat the format (AZ,2). The first part is the atomic
symbol commonly uscd by chemists; the second is the number of such atoms in the molacules. For
example, AL I1CL3 designates AICl3. The phase of the species also appears on this card in
column 36. Other information on this card, such as name and molccular weight, is not processed.

1he two data cards which follow have a format compatible with the JANNAF thermochemical
data in floating point form as follows:

FIRST CARD Ly(end in 12) L,(end in 26) La(end in 39) L4(end in 52)

SECOND CARD Lg(end in 13) Lg(end in 26) Lo(end in 39) Lg(end in 52)

where ,
~

- 0l + L@ -2
Cp = 1] + 1,0+ ;02 + 1,e% + L0

Lg is the integration constant for total enthalpy (kcal/mole)
L, is the integration constant for entropy (cal/mole/°K)
© is T/1000

(Lg is the heat of formation and is not uscd.)
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More thermodynamic data is permitted to follow the blank card. Another format is used tor
the second group of thermodynamic data, which is described in both NAVWEPS 7043 and
NAVWEPS 7609. 1t will not be repeated here, especially since the JANAF fits have become generally
accepted. Some remarks on PEPAUX operation follow.

PEPAUX not only generates Holerith names for each combustion species but also adds the
symbol $ when the species is solid and the symbol * when it is liquid. Plus and minus signs are added
for ionic species. However, only the leading six symbols are available on the output tape for the
equilibrium program.

PEPAUX reorders the species so that gases come first, and condensed species follow on the
output tape. This saves computing time when the equilibrium program utilizes this tape.

PEPAUX automatically deletes and edits. Species which are repeated are deleted and noted in
the output. This provides a method of updating the thermo data files. Newer daty is simply placed in
front. This way, older data in back is deieted. If the input deck becomes too large, the redundant
data can easily be removed by studying the previous PEPAUX output.

Logical tape 12 is written by PEPAUX and the plastic ring is removed. It is used by the
equilibrium program until an updating effort is required of PEPAUX.

If one is using thermodynamic data supplied by NWC, the following peculiarities should be
noted. The symbols Ul, U2, U3, U4 and U5 are fictional elements that have the same data (except
atomic number internally) as Be, B, Mg, Al, and C. Since only elemeniary species appear, this allows
one to consider problems in which these elements do nct burn. If one wanis to know what happens
if 10% of his aluminum does not burn, he inputs 90% of his aluminum as Al and 10% as U4,

The JANAF data was fit by Howard Shomate at NWC and supplied to Harold Prophet at Dow
Chemical for further distribution. Shomate was not always satisfied with the fit and sometimes
spliced two fits (over different temperature regimes) together. In these cases three groups of three
cards appear for a single gascous species. The first is the single fit and is ignored by PEPAUX, which
picks up the better fit represented by the two regimes on the following six cards.

The PEPAUX program and input follow.
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=ASGIAX CRUISE®PEPAUX//21734
-USE 126 'CRUISEWPEPAUX
=ASGeT AsF2/77256
=USE 28+A
~ASGsT BesF2/7/72%6
-USE 2948
«-FORs 1S PEPAUXsPEPAUX/A
COMMON /PAUX/ J2(101)s MI(10102) INCIDL) s MK(5092)s KN(50) JN(TY
C UNIVAC 1108 VERSIONs FORTRAN 1V
LoJE(T)s QUTI22) SPECIB)y 1S(8), PARA(20)9F'EDUND(2+7T77)s JDs NJD
INTEGER §
FORMAT (1413» 12X» Il 15X 11)
FORMAT (129 2Al IIL
FORMAT (2A1911)
FORMAT (Alsl1)
FORMAT (189 2A6+ 16) .
FORMAT (1M 315y 2Xs A6)
554 FORMAT (7(F3,001X+A6)s 12/ E12.09F6400E1260)
10 FORMAT (15HOREDUNDANCY IN 2A6)
REWIND 28
REWIND 29
DO 11 I = 1497 .
11 READ (593)E(I)s HI(Isdl)s HI(I02) INIT)
D0 12 [ = 122
12 READ {894)HK(I91)s HK(I92)s KNII)
00 13 I = 145
13 READ (8+5)SPEC(I)s 1S(I) .
CALL BUFFER (19000004+0+0:¢0,)
HI(98+1) = SPEC!(4)
HI(99s1) = SPEC(S)
HI(98s2) = HK{ls1)
HI(99+2) = HK(Is1)
CALL SHOJAN
CALL NONJAN
LIM = Jp + NJD
PO 110 K = 142

O ®WE W

REWIND 28

REWIND 29

DO 108 1 = 1,LIM

READ (29+8) KHASE » REDUND(1s1)s REDUND(2+1)+S

READ (28) (VilL)y JE(L)s L = 1o7)

102 READ (28) (PARA(L)» L = 159}

103 READ (28) (PARA\L)s L = 10+18)
WRITE (696666} KHASE» REDUND(1sI)s REDUND(2+1)s (JIN(LYY JE(L)Y
1 L= 197)s (PARA(L)e L = 1418)9S

6666 FORMAT (1549 2A69 9Xs 14613/ SE1344/9E13e4r18)

IF (1 oLEs JD) GO TO 107
IF (K +EQs 2) GO TO 107

104 L1 & 1)
IF (JE(1) +EQs %5) GO TO 107
00 1085 J = 1:¢LII
IF (REDUND(1+J) - REDUNDI1s1)) 10541069108

106 IF (REDUND(2+J) =~ REDUND(2+1)) 105+109»10%

105 CONTINUE

107 GO TO (80,55%), K .

50 IF (KHASE - 1) 1089519108

51 CALL BUFFER (2+KHASE+SsREDUND(1s1)s JN» JEs» PARA)
GO TOo 108

55 IF (KHASE=1) 1084108451

109 WRITE (6+10)REDUND(1+1)9» REDUND(2+1)

108 CONTTNUE

110 CO~tINUE
KHASE » =]
CALL BUFFER (3)KHASEsSsREDUND(191)s JNs JEs PARA)
CALL KINDAT
END FILE 12

567

0070
0090
0100
0110

0150

0190
0200
0210
0220
0230

0730

0750

0820

08130
0840
0850
0860
0870
0880

0950
0960
0970
0980
0990
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REWIND 12
WRITE (696420)
6420 FORMAT (29H1 PEPAUX WORKED SUCCESSFULLY,)
CALL EXIT 1040
END 1050
=FORs 1S SHOJAN» SHOJAN/ A
SUBROUTINE SHOJAN
C o o o o SUBROUTINE TO DIGEST JANAF DATA AS FITTED BY HOWARD SHOMATE,
COMMON /PAUX/ JTE(101)s HI(101902)9 IN(101)s HK(5002)e KN(50)s JN(T)
19JEIT)s QUT(22)s SPEC(B)s 1S(5)e PARA(20)+REDUND(297777)s JDs» NJUD
DIMERSION CRAZE(3)
DATA (CRAZE(I)» I = 193)/ 1HCe 1HG» 1ML /
DIMENSION HOL(5)» ELM(692) 9 NALS)
INTEGER S»SA
FORMAT (5A69 5Xo Als 11X 6(2A1s 12)9 1Xs 16)
FORMAT (18¢ 12A1 16)
FORMAT (4(F1340)9 F3.09 3X» F%,09 8Xy 15)
FORMAT (THOMIX UP 219)
JO = Q P
JN(T) = 0
101 READ (841) (HOL(I)sIm1ls8)s PHASEs ((ELMIIoJ)eJdm)s2)sMAIT)o1m106)9S
102 IFIRSY = ©
103 DO 11 I = 1s18
11 OUT(1) = SPECI(1)
IF (NA(1) +EQs O) RETURN
C o o o o IF NO ATOM COUNT» SHOJAN 1S FINIISHEDs
JO = Jb 4}
INDEX = 1
DO 9 I = 197
JN(1) = O,
9 JE(1) = Q,
DO 17 I = 1499
DO 16 J = 196
C o ¢ o o COMPARE HOLERITH WITH PERIODIC TABLE,
IF (HI1(1s1) «NEs ELM(Je1)) GO TO 16
K s NA(JY) ’
IF (1 +GE. 98) GO TO 12
IF (HI(192) oNEes ELM{J92)) GO TO 16
QUT( INDEX) = HI(Is]})
QUT(INDEX+1) = HI(1+2)
INDEX = INDEX ¢+ IN(1)
OUTLINDEX) = HK(Ksl)
OUT( INDEX+1) = HKI(Ks2)
INDEX = INDEX + KN(K)
JN(J) = K
JELJ) = 1E(])
GO TO 17
C e o o o ATTACH CHARGE APPENDAGES
1200 13 L = 19K
QUT(INDEX) = ELM{Jel)
13 INDEX = INDEX «+ 1}
JNLJ) = K
JE(J) =« 0
IF (1 +EGQe 98) JUNIJ) = =K
GO TO 17
16 CONTINUE
17 CONTINUE
IF (JE(1) «NE. O0) GO TO 18
OUT(2) o OUT(L)
OUT(1l) = 1HE
C o o o ¢ ATTACH PHASE LDENTIFICATION APPENDAGE.
18 KHASE = 2
IF (PHASE +EQs CRAZE(1)) OUT(INDEX) = SPEC(2)
IF (PHASE <EQs CRAZE(2)) KHASE s )
IF (PHASE +EGs CRAZE(3)) OUT(INDEX) = SPEC(3)
WRITE (29+2) KHASEs (QUT(1)e I = 141219 §

FWN»-
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. WRITE (28) (UN(L)s JE(L)s L = 147)
87 READ (543) AsBeCoDoTLoTUSA
IF (S oNEe SA) WRITE (6+4) SeSA
READ (502) EsFoeGoHeTLoTUsSA
" IF (S oNEe SA) WRITE (694) SeSA
READ (591) (HOL(I)slzle8)s PHASEs CCELMIToJ)odn192) oNACT)olnls6)9S
IF (S «NE+ SA) GO TO 89
IF (PHASE oNEe« CRAZE(2)) GO TO 89
- IF (IFIRST «NEs O) GO TO 88
IFIRST o }
GO 10 87
88 WRITE (28) AsBryCoDIESFsGoTLTU
READ (543) AsBoCoDoTLeTUISA
IF (S oNEs SA) WRITE (6+4) S$e5A
READ (893) EsFeGoHsTLoTUSSA
IF (S oNEe SA) WRITE (6+4) SeSA
WRITE (28) AsBrCIDIEIFsGITLITU
GO T0O 101
89y WRITE (28) AsBrCIDIESFsGoTLTU
WRITE (28) AsBrCrDsEWFeGeTLITU
GO TO 102
END
-FORe 1S CONVERYCONVER/A
SUBROUT INE CONVER (PARA+ AsBoeCrDIEIFIGsTLTU)
C o o o o SUBROUTINE TO CONVERT OLD PARAMETRIC FORMS TO NEW PARAMETRIC FORMS.
DIMENSION PARA(20)
A = PARAL3)
PARA{4 #1000,
0.
Qs
PARA(5) /71000000,
PARA(L1) + PARA(2) = PARA{3)#3000. - PARA(4)#4500000,
’ 1 + PARA(S5)/3000,
F s F/1000,
G = PARA(6) = PARA(2)#ALOG(30Q00,) =
1 + PARA(S5) /4500000, + ALOG('1000,}
TL = PARA(T)
TU = PARA(S)
RETURN
END
~FOR» 1S NONJAN s NONJAN/ A
SUBROUTINE NONJAN
C o o o o THIS SUBROUTINE PROCESSES NON JANAF TYPE DATA ACCORDING YO DOW
C o o ¢ o AND OLD NOTS (NAVWEPS 7043} FORMATS.
COMMON /PAUX/ 1E(101)e HI(10102)s IN(101)s HK(8092) KN(50)s JN(T)
12JE(T)y QUT(22) 0 SPEC(S)s IS(8)s PARA(20) +REDUND(297777) JD¢+ NJD
DATA ELECYT/ G6HEEEEEE /

MmO No
s sEeEDN

PARA(4) #3000,

1 FORMAT (14139 12Xs 11+ 15Xs 11)

2 FORMAT (18+ 12A1» 16)

6 FORMAT (4E1340) 0120

7 FORMAT (6E9¢6+2F640511) 0130
NJO = O
DO 99 LIM = 147777 0240
DO 98 | = 1,18 0250

98 QUT(1) = SPEC(1) . 0260
READ (Be1)(UNUI)s JE(L)e I = 197)0 LEVELIKHASE 0270

IF {UN(1) +EQs O) GO TO 100
C o s o o IF NC ATOM COUNT»SKIP OUT,
NJD = NJO + 1

29 IF IKHASE) 130131,30 0290
30 READ (546) As Bs Co» Do Ev Fo 6

TL = 298,

TV = 6000,

JAN = ) 0310

GO T0 32 0320
31 READ {(SB+T7){PARA(I)» I = 1¢8)sKHASEs(PARA(I)s] = 9416) 0330
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14
15

16
17

18
19
20
21

22
23

99
100
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JAN = 2

INDEX = 1

00 17 t = 1497

00 16 J = 17

KKk = J

IF (UN(J)) 14917014

IF (IE(Y) =~ JE(J)) 16915916
OUT(INDEX) = HI(1s1)
OUT(INDEX+1) = HI(1+2)
INDEX = INDEX + IN(I)

K = UN(J)

OUT ( INDEX) =HK(Kel)
OUT(INDEX+]1) = HK(Ke2)
INDEX « INDEX + KN(K)

GO TO 17

CONTINUE

CONTINUVE

OUT{INDEX) = SPEC(KHASE)
INDEX = INDEX + IS(KHASE)
IF (JE(1) eNEs 0) GO TO 23
IF (INDEX oNEo 1) GO TO 18
OUT{INDEX) = ELECT

-
iﬁgef AeglJN(l))
IF (UN(1)) 19923921
DO 20 I = 14.]A8
OUT U INDEX) = SPEC(4)
INDEX = INDEX + 1S(4)
GO TO 23
0O 22 1 = 141A8
OUT ( INDEX) = SPEC(5)
INDEX = INDEX + 1S5(5%)
IL s MINO({INDEX~6+6)
IL =1
IUs [L + 11
WRITE (29+2) KHASEs (OQUT(1)e I = JLelU)» NJD
WRITE(28) (JIN(L)y JELL)s L = 197)
IF (JAN «EQe 2) CALL CONVER (PARA(1)9AsBICIDIEIFcGoTLTU)
WRITE (28) AsBoCrDsEsFeGeTLTU
IF (JAN +£Qe 2) CALL CONVER (PARA(9D)sAsBoCoDIEsFsGoTLITU)
WRITE (28) AsBosCoDIEsF+GoTLYTU
CONTINUE
RETURN
END

-FORs 1S KINDAT sKINDAT/A

[aXaKal

554

556

209
210

219
220

SUBROUT INE KINDAT

o o THIS SUBROUTINE READS IN CHEMICAL KINETIC AND COLLISION CROSS
e SECTION DATA FOR MORE ADVANCED VERSIONS OF THE THERMOCHEMICAL
o o PROGRAM,

DIMZNSION PARA(20)

REAL JUMP

FORMAT (7(F3,001X0A8)y [2/ E12s09F6:09£12,0)

DO 209 I = 1451000

READ (5¢884) (PARA(K)s K = 1914) oLBJsBUMP s JUMP s HUMP

IF (LBJ oNEs 1) GO TO 556
BUMP s ~BUMP

WRITE (12) (PARA(K)y» K = 101“) s BUMPs HUMPs JUMP
IF (PARAL]L) +EQes O¢) GO TO 210

CONTINUE '

CONTINUE

DO 219 I = 1,1000

READ (5+455%) VAs VBs VC

WRITE (12) VAs VBe VC

IF (VA ,EQ. 3,) GO TO 220

CONTINUE

CONTINUE

by

0340

0370

01380
0390
0400
0410
0420
0430
0440
0450
0460
0470
0480
0490
0500
0510

0830
0540
0550
0560
0870
0580
0590
0600
0610
0620

0630
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585 FORMAT (F4.0s A6» E10,0}

-FOR» 1S

11

21

31
41

51
99

-Xat
aLl2
11NA2
19 1
37R82
55C52
87FR2
4BE2
12M62
20CA2
385R2
568A2
88RA2

58 1
13AL2
215c2
39Y 1
57LA2
89AC2
95052
96U12
97u22
98U32
99U42
22112
23v 1
24CR2
25MN2
26FE2
27¢02
28N12
29¢u2
302N2
316A2
326€2
40ZR2
41C82
42M02
431C2

RETURN
END

BUFFER+BUFFER/A
SUBROUTINE BUFFER (IWy PHASEs S» REDUND» UNsJEs PARA)

DIMENSION BIN(20U935)s JE(T7)e JUN(T)s PARA(18)
IF {IW.EQ., 1) GO TO 11

I=l+}

BIN(I»1) = PHASE
GO TO(11021+51)s IW

REWIND 12
[ = 0
GO TO 99

BIN(1+2) = REDUND

BIN(Is3) = §

DO 31 g = 1,7

K& 3 ¢+ 2%(J=1)

BIN(IsK41) = UN(J)
BINIIsK4+2) = UEIJ)

DO 41 y = 1,18

BIN(1sJ417) = PARALY)

IF (PHASE oLTe Oo) GO TO 51
IF (I oLTe 20) GO TO 99

1 =0
WRITE (12)
RETURN
END

IBIN(JIK) s K = 1435)s J = 1+20)
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44RU2
45RH2
#4PD2
4TAG2
48CD2
491N2
S0SN2
S58CE2
59PR2
60ND2
61PM2
625M2
63EV2
64GD2
65782
660Y2
67HO2
68ER2
69TV2
70Y82
71LU2
T2HF2
T3TA2
TawW 1
T5RE2
76082
771R2
78PT2
79AU2
80HG?2
81TL2
82PB2
90TH2
91PA2
92V 1
93NP2
14812
6C 1
83sl2
51582
33AS2
1%P 1

IN 1

14 1
84PO2
52TE2
345€2
165 1
80 1
83AT2
831 1
358R2
17CL2
9F 1
2HE2
10NE2
18AR2
36KR2
54XE2
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81

v

102

112

122

132

142

152

162

172

182

192

202

212

222
0

sl

")

+1

-1
ALUMINUM (C) 264982 AL 1
¢ T9604324E+14074234602E+1 412013704E+2-,41592804F+1

“e T9464640E-1-,240T76189E+]1 ,17672812E+2 ,00000000
ALUMINUM {C) 264982 U4 1
079604320401-474234596401 +12013784+4022441592802401

=e79464629-01-024076188+01 +17672811402 400000000
ALUMINUMs MONATOMIC (G} 264982 AL )
048557431401 +17986383-00-484569434-01 ,12009095~01
¢1963601C-01 476611834402 445244449402 477999999402

ALUMINUM  MONOCHLORIDE {G) 62443% AL 1CL

+88697597401 417984430~-00~,16823909-01 +1435£7672-02
~e57386842-01-,14046012402 464827267+02-411200000+02
ALUMINUM L) 26,982 AL )

298
298

298
298

298
298
1

298
298

275878742401 411669338-03-029586136-04 (21870898-05 093¢
093873461-05+,19028612~00 417602579402 (20720000401 093¢

ALUMINUM (L) 264982 U4 1

+ 75878742401 411669338-03-,29586126-~04 42187089505 0932
093873461~05-419028412-00 417602579402 .20720000+0]1 0932

ALUMINUM» MONATOMIC (G) 26,982 U4 1
248557431401 417986383=00-484569434~01 ,12009095-01
+19636010~01 +76611834402 445244449402 77999999402

ALUMINUM CHLOROFLUORIDE (G) 61¢433 AL 1CL

013469642402 +37285351-00~,10065834+00 8578083402
~e1d165674-00-012464722+03 «82534085+02+4120000004012

63

298
298
1F

298
298

TO

70
T0

T0
TO

T0
TO

TO
T0

TO
T0

TO
To

TO
TO

0932
0932

0932
0932

6000
6000

6000
6000

6000
6000

6000
6000

6000
6000

6000
6000

126%
126%

1265%
1265

1265
126%

964
964

1265
1265

1269
1265

1265
1265

964
964

2-A
2-8
2-C
2=D
2-E
2~F
b=A
4-~8
“-C
6=A
6-b
6-C
3-D
3-8
3-C
3-D
3-€
3-F
b-A
4-8
4=C
7-A
7-8
7-¢
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Appendix H
LISTING OF PEP PROGRAM

SUBROUTINE ADJUST
COMMENT, ADJLSTS GrAM ATOM-BALANCE EPRORS BY MODIFYING THE BASIS.
CALLED BY DEFIOQJ
CCOMMON A (1241209 FRICC)y AMATIIN,12)y JATU12), ASPECLIZ)y INy IS,
IFIE(I0,6 )y TECLID ), ALP(12)y W27, N,y BLOK(L1CyS5)y UM(LG)y RHOCLUD,
CISERICIN)y WATE(L"), WllE), WUZ, IG, NP, VNT(2ul), W4T, NAMF, SER
OCOMMON /IBRIUM/ TLI20My2)y TUL20C,2), WX(2DR ), VNUC200,120, GA,
LTAUy H{200)y SDULLCOY, Y(2P0), JC, IR(20C,2), DMUL2LN), VLNR(Z7Q),
2I0J(12),y PAI20L2) s RRI2UN,2), PCL20ON,2)y RDI(2uNy2)y RE(ZGL2),
JRF(2UN9 20y CHILCU,Z)y JMy WUBy CPy FNy CU12,200)y SPECIE(2CO)
DIMENSION EP(12)y X112)

DO 1 1 = 1,18
EPLI) = ALP(I)
DO 1 J = 1N
1 EP(I) = EP(I) = CUl,JulsVNT(J)
DO 2 K = 1,4IS
X{K) = 0, :
D02 T =1,Is
¢ XU{K)Y = XUK) ¢ A(I,K)®EP(I)
00 3 K = 1,IS
J = 104 (K}

3 VNT(J) = UNTLG) * X(R)

T7T FORMAT (1P 12E40.2)
IF (KR{1g) «EQ0s G) GO TO 99 °
WRITE (6,77) (ALPIU)y J = 1,19
WRITE (6,771 ( EPtU)y J 2 1,19
WRITE (6,77) (XtJd) 4, J 2 1,1I8)

99 RETURN
END

SUBROUTINE BOOST(W43,SSI)
COMMENT, COMPUTES OURAC FREE BOOST VELOCITIES FROM IMPULSE AND UENSITY.
c IF NOT DESITED, DELETE THE CALL IN SUBROUTINE DESIGN.

DIMENSION wh2120), wil(20)

DATA UM/ )8 /

DATAWNU2(T)y T = 142801 /5e00009356925¢930095549600 40694 ,73448R0a,

1 10Ce+150e91754v2004,3004,1000.,3000.,5000, /
2217 FORMATL /7 ¢(FSe0y3h/F6e0)/6IFS ey 1H/FE60)/6(F6404H/FS D))
230 FORMAT(/43HUBOOST VEIOCITIES FOR PROPELLANT DENSITY OF F845,
110H (SeCGe OF FBe3y 1H))
WhE = 17:8.%W43
123 V0 = W43/,036128

VI = SSI#32.174

Do 127 v = 1, JM
127 Whk (J) = VISALOG(1.Ce W8/ N4 2(J))
138 WRITE (6,230) wh3, VO

WRITE (6,227) (wk2tu), WUUIY),y, JZ1,uM)
139 RETURN

LND
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SUBROUTINE DEFIOJ
COMPUTES SERIAL NUMBER FOR AN OPTIMUM BASTS A LA HN BROWNE JUKe
DCOMMON 4 (12,12), KRUZO), AMAT(10,12), JAT(12), ASPEC(12), IN, 1S,
IFTE(LIN, 60y IE11046)y ALP(12), W27, N, BLOK(10,5), LH(10), RHO(1D),
ZISERI(LI0), WATE(LID), WILE), W43, IG, NP, VNT(2Ul), W4T, NAME, SER
OCOMMON /IBRIUM/ TL(2C0,2), TU(2004,2), W31200), VNUI200412), QA,
1TAU, HL2CN), Sul270), YL200), JC, IR(20C,2), DMUL2LUD), VLNK(270),
2104(12), RAL20u,2'y KB(200,2), RCU200,2), RO(2L0Oy2), RE(200,2),
3RF(200,2), CHI2D0,2), UM, W8, CPy FN, Ctl2,200), SPECIE (200)
4,LL(200)
CALL SLITET(1,KOUDFX)
GO TO(7,11),K000FX
7 CALL SLITC (1)
CALL RANK(IR)W3I4N)
DO 1 I = 14N
1 LLIIY = 9
2 IF = 0
DO & 1 = 1,IS
3 IF = If 1}
IF (IfF=N) ©,9,8
8 WRITE (6,10)
O FORMAT (1THOCANT FINCD BASIS )
CALL EXIT
9 D0 4 J = 1,IS
K = IR(IF,1)
4 AtJyI) = ClusK)
5 CALL LINCEP(I)
CALL SLITET(24KOUOFX)
GO TU (6643)y KDOCFX
6 LLIK) = O
6 I0JtY) = K
CALL ADJUST
1 RETURN
END

SUBROUTINE DESIGH (TEyPRyKE»SYSENT,J,I)
NCOMMON A (12,12}, KR(20), AMAT(10,12)y JATUL24y ASPLC(12), INy IS,
IFIE(30,6)y TECL0.6), ALP{12), W27, Ny BLOK(1D0y5)y UH{10), RHO(10),
2ISERI(10), WATE(LN), WLle)y W43, IG, NP, YNTI(97), W4T, NAME, SER
COMMON / 5CRATC/PLOT (5,100} /
NCOMMON /7 IBRIUM/ TL(200,2), TU(200,2), W3(200), VNUL2UDs12)y QA,
1TAU, HE2U0), SUL200), YI200), JC, IR(200+2), DHU( 240, VLNK(ZO0O},
210J032), RA{20042)y RBI20042)y RCI20D42)y RDI2UD,2)4 REL20042),
SRF(200,2 0, CHIZ0042), JM, WUBy CPy FNy CL124200), S>ECIE(2u0)
DIMENSION TEMP (20) ,PRES(20) (HEAT (20),VOLUI20), IPH (20)
DIMENSION SPI(2),ASTU2),PST{2),GAMI2),CFI2),EV(2),CST(2),RISPI2),
10EXt2) 9 Ent2) o THRY (2D, TEX(2)
1 FORMAT (4E1646y 19)

TEMP(I) = TE

PRES(I) = PP

HEAT(I) = HE |

VOLU(I) = FN#,UB2058TE/PR
IPH(I) = IPHASE(J)

NPNTS = I

IF (I.E0. 1} o0 TO 99
SPI(Je1) = 9, 3294#SQRTUIHEAT (1) ~HEAT(2))/W2T7)
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1C TEXtJ+l) = TEMP(2)

15

1

152

13

[ V)

)
3

AS = VOLU(2)/SQRTUIHEAT (5 )=HEAT(2))
CONV = 1.,/1000,/SORTIB372,%W27)
NSTART = 2

IF (J +EQ, D) 60 TO 22

DO 20 LIM = 1,8

DO 15 K = NSTART, NPNTS

IF (NPNTS ,EC. 2) GO T0 9

IF (IPH(K=1) +EC. TPH(K}) 6O TO 19

IF (ABS (TEMP(K)-TEMPI{K=1)) oL Te 2e) G0 Y0 19

TEMP (Ke1) = TEMP(K)
PRES(K+1) = PRES(K)
HEAT(K+1) = HEAT(¥)
IPHIK®1l) = IPH(K)
VOLU (K1) = VOLUIK]
IPHIK) = IPHIK=1)
NSTART = Ke]

NPNTS = NPNTS ¢ ]

TUP = TEWP(R=1)
TLO = TEMP(K+1)
PUP = PPES(K=1)
PLO = PRESIKe1)
HUP = HEAT(K=1)

HLOZHEAT (K+ 1)

Do 15 L = 1,10

TIMP (K) = +5%{TUP+TLO)

TE = TEMPIK)

IF (TE 44 oLTe TEMPILD) GO TO 151
TEMP(K) = TLO

PRES (K) = PLO
HEAT(K) = HLO
GO TO 16

IF (TE =4a +6T, TEX(2)) 60 TO 152
TEMP LK) =TUP

PRES (K) =PUP

HEAT (K) cHUP

VOLU(K)Y = FN®.i SsCS®TEMP (K)/PRES (K)
Go T0 21

TESTEMP LK)

CALL TSBAL (TE, PPES(K), HEAT(K), SYSENT,PUP,PLO)

IVA = IPHASELJ)

IF (IVA WNE, TPH(K=})) GO 70 13
IF (IVA EQ. IPH{Ke1)) GO TO 16
TuP TEMP LK)

PUP PRES(K)

HUP HEAT(K)

GO TO 15

TLO TEMP (K}

PLO PRLS(K)

HLO HEATLK)

IPH(K) = IVA

CONTINUE

vVOoLU (K) = FN*o8205+4TEMP (K) /PRES (K)
GO T0 27

CONTINUE

Go T0 21

CONTINUE

DO 31 L = 24NFNTS

M no iy

CALL ONE D(HEAT(l).TENP(L-l).PRES(L-]).HE!T(L-I)'VOLU!L“I),TEMP(LD
1,PRES(L )y HEATIL), VOLULL)y PST(Jel), ASTAR,

IF (PRES(L) -LT. PST(J+1)) GO TO 53
CONTINUE

IF (PST(u4l) LT, PRESIL~-1)) G0 Y0 32
PST(Jel) = PRESIL=1)

ASTAR = VOLU(L~1)/SQRYIHEAT(}) = HEATIL 1))

: 67
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32 OEX(J*1) = AS/ASTAR
GAM(Je1) = GV
CONV = 1./1000./SCRT(2368.,%N2T}
AST(Js1) = ASTAR®CONV
CONV1 = 980671000 +/41844/24,218
CFLJ*1) = CONVI®SPI(J#1)/WL(51/7A5T(J*1)
EVIU*1) = 32,174%SPI(JL)
RISP(J*1) = WW3/ 03613 #SPI(Jel)
EL(J*1) = (W43/,07613)%5(,78)  #SPI(Jel)
AST(Je1) = ASTUJ+1)%)550./.00220462
THRT(J#1) = TEMP(L)®(PRESIL) /PST (J® 1))%%GT
IF (J «EGe 0) GG TO 99
CONV = CUNV/CONVI
PAST = PST(J*1)

9875 DO 49 K = 1,100
IF (KR(3) oNE. O +AKD. X JEQ. 21 GOTO93TH
PLOT (1,K) = K
AREA = ASTARSPLOTI(1,h)
D0 33 M = L ,NPNTS
IF (M +GEs NPNTS) GO TO 34
IF C(AREA «LTs VOLU(MI/SQRT(HEAT(1) =HEAT(M)Ii GO TO 34

33 CALL ONE D(HEAT(L1),TEMP(M#1) JPRESIM* 1) JHEATIM* L), VOLUIH®I) s TEMPIM)

1,PRES(HY JHEAT (M) VOLUIM) VA, VB,6T,GC,6V,LL)

I L = M
PUP = PAST
PLO = PAST/ 3,

DO 43 M = 1,28
PLOTI(2,K) = +S*x(PUP+PLO}
IF ((PUP=PLOT (cyK)IX(PLOPLOTI2,K)) )  3Se44,044
35 VOL = VOLULL)I®(PRES(L)/PLOT(2,K))%e(1,/GV)
GO TO 364370,y LL
T6 HE = HEATIL) + GCO*(VOL*PLOT(24K) = PRES(L) #VOLULL ))
GO TC 38
37 HE - HEATIL) ¢ GC*ALOG(PLOT(2,K)/PRES(L))
36 IF (AREA VOL/SQRT(HIATI1)-HE)) 39,44,40
39 PLO = PLCTI24K)
GO TO 43
40 PUP = PLOT(2,K)
43 CONTINUE
44 PAST = PLOT (24K)
PLOT(34K) = TEMP{L)*® {tPRESIL) /PLOTIZ2,K))#»GT
PLOT (U, K) = 943294SQRTI(HEAT (1) =HE)/W2T)
PLOT(SyK) = PLOT(U4,K) + PLOT(2,KI®AREA®CONY
49 CONTINUE
2 FORMAT (1P SE18.7)
9876 WRITE (6,1243)
1243 FORMATL/ T2HGIMPULSF IS EX T P CF IsP+ OPY EX
X D=1SP AsM, EY T
12405 FORMATUL FTalyFBelsFTeO0FTe2)FTe3,FTalsFTe2sFT014FB8e5,FT7.0}
1244 FORMATU/ZFTalygF8eloF T oM FTe29FTe3y TXeFT024FTalFB8e54F7.0)
WRITE( 641244)SP1(1) ,GAMI1), THRT (1) PST(1),4CFLLD, QEX (1)
1 ¢« RISP(L), AST(1), TEX(1)
CST(2) = PLOT(35,))
WRITE(S y12645) SPI(2),GAM{2), THRY(2) ,PST(2) ,CFU2},C5T{2),0EX{2)
X oRISPI2)Y ,ASTL2),TEX(Z)
24 FORMATU®UINGRED. DENSITIES ARE'/(9F8.8))
WRITELG 4 c4) (RHOUI) , I21,IN)
IF(KR(3) GY. 0UIGO TO 98
C DELETABLE NON- ASCII OUTPUT OF DATE ANU TOFDAY.
WRITE(6,23) tISERI(I) I22,6)
23 FORMAT(*1%,5A6)
CALL BOOST(W43,SPI(2))
98 CONTINUE
99 RETURN
END
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SUBRGUTINE DESKOZ
c NOZZLE HAPLWARE UESIGN ROUTINE.
OCOMMON 2(12,12), VRULT)y AMAT(10,12), JAT(12), ASPECI12), IN, IS,
lrIE(lqyé)' IE-X’J'(‘)' ALPHZ). ”27' Ny ELDK(!U.H. UH(]\‘J,' KHOt 13,
SISERLE1 )y WwATelL )y WlLE)y W3, TGy MP, UNT(2ul), W47, NAMF, SER
COMMON 7 5CRATC/PLOTLE,1CD)
CALL SLITET(3,1S80)
IF (ISC €0, 1) 660G TO 99
3 FORMAT(*1*,5A6)
D0 49 K=i,100
TVAZPLOT (U K) 4 (PLCTESyK) =PLOT (U oK) M (PLOTI2,K)=14)/PLOT(2,K)
TF(K oEQ. 26 JOR. ¥ JEQs 6GIWNRITE(O,23M0ISERLI(IN,T122,6)
IF (R oFue 1 JORe K oEQs 26 «O0Rse K oEQe 66IWRITF(6,200u)
¢.C0 FORMAT('(C*'y® ExPs*,"* EXITS,* EXTTY, FXITY,* OPYIMUM®
Ey* OPTIMUM® ,* VACUUM®y* VACUUM®,® SEA LV',* SEA LV*/
$' RATIO®*,* PRLSS*y* PRESS'y® TEMPYy ' IMPULSEY,* IMPULSL®
Eo* IMPULSYy* IMPULS',® IMPULS'y* IMPULS*/
ELOX ¢ *ATMH Y, ST, Ko, SEC*,* SI',* sgce
ay? SI%* SECY,? SI*)
VAZPLOT (oK )®lude3
VB-=PLOT (4yK )®9,8Ch21
VC=PLOT (54K )1%9,806¢1
VO2TVA% 9 ,90621
45 WRITE(E yTTTTIPLOT (L4 K) \PLOYE2,K) yVA 4PLOTHI 4K ), PLOTLU,K) VA,
EPLOT (54K )eVCyTVA,VD
TTTT  FORMAT(FLal o F T3y FTelyFTo0gFB8eloFBal¢FTaloFTalFTal,FT.0)
99 RETURN
END

~

SUBROUTINE EQUIL(TE,PRHEJENTR,TX)
COMMENT ., THIs ROUTINE COMPUTES CHEMICAL EOUILIBRIUM FOR A PRESSURE,
< TEMPERATURE POINT, OTHER OUTPUTS ARE ENTHALPY AND ENTROPY, HEAT
c tCP) AND MOLES OF GAS ARE AYAILABLE THRU COMMON.
c THIS ROUTINE IS CALLED BY PEP, HBAL, SBAL, AND T3BAL. '
COMMENT UNITS ARE TE (DEGs Ke) PR (ATM,) HE (CAL/SYS WTa4) ENTR (CAL/D

c /5YS. WT,) LYSTEM WEIGHT IS W27 IN COMMONS
COMMENT., IX IS O FOR FROZEN EVALUATION OF THERMODYNAMIC VARIABLES.
C I% IS 1 rOR EQULIPRIUM EVALUATIONS (IX = 2 FOR KINETIC IN SOME VER

COMMENT. IN ALDIVION TO PRESSURE TEMPERATURE POINTS THIS ROUTINE MAY BE

c FREELY FAR YOLUME TEMPERATURE POINTS BY USING THE FOLLOWIKG MODIFIE
c CALL SEQUENCE. VNTUINP)ZALOG(,08205%TE/V)) KRULIT) = CALL EQuU
c (TEy PRy HE, ENTR, iX) KR{17) = O PRIFN®VNT (NP)

c

V IS THE SYSTEM VOLUME IN LITERS/SYS. WT,
OCOMMON A (12,412}, KRU20), AMATIIN,12), JAT(12), ASPEC(12), IN, IS,
IFIE(10,6)y IECL0y6)y ALPU12),y W27, Ny, BLOK(10,5), DHILG), RHOLLID),
QISERIC10), WATL(YC), WLC6)y WU3, IG, NP, VNT(2UL1), W4T, NAME, SER
CCOMMON /IBRIUM/ TL(200,2), TU(200,2), W3(200), VNU(200,12), QA,
1TAU, HU200)y SD(200); Y(200), JUC, IR(200,2), DMUL200), VLNK(200),
21040120, RA(20Us2)y RBI20042)y RC(?0042)y RD{2GDy2)y RE(2D0,2),
3RF420092)s CH(ZOO+2)y JM, WU4B,y CP, Ny C(12,20G), SPECIE(200)
COMMON/MQON/TSTEST
DIMENSION X(12), XM(12)
8 FORMAT (IS,F10.,0y F12,3)
9 FORMAT (1P 10E13.,4)
1734 CALL GIBBSITE)
ChlLL FIXBAS
1738 IF (IX - 1) ?1le12912
12 DO 38 J = 1,1s
XtJ} = 0,
XHtJ) = (o
00 31 T = 1,N
IF (CtJ,y1) EQ. Qs) GO TO 31
XMUJ) = AMAXLICYUNTEI), xXM(J))
X(J) = X(J) ¢ CtJI,I)eVNY(I)

69



31 CONTINVE
IF (ABS (ALP (V)
CALL SLITELD)

- X4J)Y /XML

GO TO 39
38 CONTINUE
39 CALL DOEFIOJ
CALL REACT (TE)
DO 211 I <= 1,N
211 W3lI) = 50,0 =VLNK(I)

CALL RANK{(IRyW3IyN)
D0 22 J( = 1,20
CALL TWITCH(PR,O)

CALL SLITET (4,K0QNFX)
GO TOU146,17),KOOQFX
IF (KR{13i=1) 15,14,15
WRITE (6,8)JUCyTEyPR
WRITE (6,9) (VNTL]I),

D0 23 ICC = 1,3
CALL TWIICH (PR ,1)

CALL SLTITET (4 4hIu-FX)
GO TO(2:5422) s AQUIFX

CONTINUE

CONTINUE

CALL SLITE (3}

UNTU(NP) =z ALOG(PR/FN)

CALL THFKMO (TL, HEy ENTR)
VNT(NP) = EXPLYNT(NP))
TET = TE

RETURN

END

11

LY
14
1 = 1+N)

et r N
-~ RO

SUBROQUTINF FIXBAS
UCOHMMON A(12412)y KRUCO),
1IFIE (10,6,
2ISERININ), wATEULL( )y WiLE),
OGCOMMON IIBR‘PM/ TLIcU0,2)y
1TAU, HUE2C0) ) SUteTUY
21044 12), PAL20DL,2)
IRFL20N, 2,
4yl (200
IF (16 «+£0e N)
I6P = IG*
DO 9 J = 1,IS
11 = I6JW)
IF (DMULID)
D0 8 I
I¢ = 99
IF (WULtl,d)
10 - a8
IF (CMU L) «GE,
DO 7T K = 1,IS
IF (K oeEne J)
IQ - K
(VNU (1,K)
7 CONTINUE
VA = VNT(I1)
VNT(1I) = YNT (D)
VNT(I) = VA
Ioutd) = 1
LLery = ¢
LLUIID)Y =9
60 70 9

& CONTINUE

9 CONTINUE

RETURN

END

CHE20UL, <)y

GO TC 99

OLTO
2 I6Pyni

«9E¢12) GO

otQs L) GO TO

W 9E+12)
6o T0 7
sNEo

Us) GO TO

Y(2003}, JC,
RR(20042),y RCL2C0,2),
JM, WUB, CP,
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o7, .00001)

AMAT(10,12)y JAT(12),
IEC104¢6)y ALPL12)y W27,
h“3.

FN,

T0 9

8

GO 70 8

e

70

Ny BLOK(10,5),
16, NP, VNT(2U1)y W47y NAME,
TUL200,2), W3(200), VNUI20N,120, Gb,
DMUE2uB), VLNK (2001,
REL21Gy2)
SPECIE(2UM)

IR(20Gy2),

GO TO 3&

RO(2u0y 20
Cl12,20U),y

ASPEC(12),
UH(10),
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SUBRQUTTIANE GIBWI(TE)

COMMENT » COMPUTES INDIVIDUAL ENTHALPIES, ENTROPIES AND GIRBS FREE ENERGIES,

LA

NCOMMON A (12412)y KRUZN), AMAT(10,32), JAT(12), ASPEC(12), INy IS,
IFIE(10,860e TEL1D9€)y ALPI12), W27y Ny BLOK(IC,5)y OUHILG), RHO(LD),
CQISERI(IN), WATE(IN), W1t6), W3, IG, NP, VNT(20L1)}, W4T, NAME, SER
GCOMMON 7/ IRRIUM/ TL(2uDy2)y TU(200,2), W3(200), VNUL200,123 GR,
ITAUy HEZE0Dy SOL21IL),y Y(2N03y JCy IRI200,2), DMU(2LD), VLNK(Z0),
2I0J€12), RAL20U,2)y KB(20042), RC20042)y RO(2uN,2), REN20G2),
IRFE20042 )y CHIL0Uy2)y JM, WU4B, CPy FNy C(12,20UL)y SPECIE(20N)
FORHAT(3HOTIF64042UH HyS=DyHU=D, 3/LINE)
FORMAT(S(IPIEL1264 4I241H ) )
3 FORMAT (IDHODELETION Aby, F1lO.4)
THETAZTE/1000.
DO 18 IS 1,N
TUIZTU(I 4102 =110,
TU2ZTUCT 410 +10,
TEQZABSHITU(I, 1)=TLI(I,2))
Q=Ce
IFCTEWGE oTL T 1) o ANDWYEWLELTU(IL 1)) GO TO 30
IFCTE«GY aTL (Y 3l o ANDWTELLELTUCIL2)) GO TO 31
IF (TE JLFe 298416) GO TO 30
0=z10070CL00N00G.
31 k=2
YZ:RA(I.k)ORB(I.K)*THETAOPC(I;K)*1HETA**20R0(I.K!tTHETA**B
1 SRE(T JK I RTHETARR( =2)
HRZURFUT oK) RA(T yKIRTHET A oSHRBUI K IMTHETARRZ4 (1, /3, )8RCIT 1K)
1 STHETA##34,258RD (T K)IRTHETAS®U«RE (I ,K)%1 ./ THETAI#1CO0,
SO2SCHIT oK) *RA(T K )®RALOG (THETA)ISRB(T JK)STHET A ,S¥RCII ) ¥
1 THKTA**Z’(1./3.)*LO(I.KD"HETA#&3-.5#RE(I.K)#THETA**(-Z)
IFUTE«GE sTULe ANDo TE o LE aTU2o ANDoTYEQsLEels) GO Tu 32
y(Iy=zve
KH{I)=H2
SD(I)=SDe
60 T0 20
312 K =2
VI:RA(I,K)ORB(I.KitTHETAOPC(I.K)*THETA#*ZORO(I.K)‘THETA#*S
1 SREAT JKISTHLTA SR ( =2)
Hl:(RF(I.X)ORA(I.K)#THETAO.S#RB(I,K)*THETA*'Z’(I./&.)*RC(I.K)
1l STHETASRI ¢, 258R0 (1 K)I*THETA®®U=RE(T LK)l o/ THETAI®ILOD,
SDIZCHUT yK)SRA(TI4K)®ALOG(THETA)4RBITI JKIKTHET A4, 5% RC(I,K)*
1 THETASR2 4 (14/3 ) %RD (L KIS THETARK T =  ShRE (I JK)MTHLTANN(=2)
GO0 TO 33
30K =}
YIZRA(T yKISRB (L K)RTHETASRC(I KIS THETARR2#RD ([ K) *THET A%
1 CRECI K ) RTHETANR( «2)
HIZURFUT 4K) SRA(T g K )R THETA¢oSHRE (T JK I RTHETA®& 24 (1, /34 )8RC (T K)
1 STHETA#R3I 4, 25#RD(I KIS THE TAwRU =RE(I, K3l o/ THETA )% 1000,
SOL=CHUI yK)*RA(T yH)®ALOG(THETA) ¢RBUT \KIMTHETA+,S%RC(I,K) %
1 THETAS®2 401, 3o )HRD (I yK)RTHETARR 3=, S%RE(T JK)IRTHETA®RS(=2)
IF(TEeGE sTULloANDaTE o LE sTU2.AND.TEQ.LEsle) GO TG 34
Ytrrzvi
H{I)=H)
SDtI)=801
GO 70 20
34 YZ:RA(I.KioRB(I,K)tTHETAOPC(I.K)#THETlttzoRD(I.Kl#tHETAtts
1 SRE(] yK)#THETASR( -2
H2Z(RFUX yK)*RALTI g K )R THETA® o S#PB I 4K ) S THETA®#20(1, /3. )%RCLT  K)
1 *THET A3 4, 25#RC (I K)ISTHETA®RU“RE (I, K)&) o/ THeTA #1000,
SO2=CHIUT yKISRALT yK)ALOGUTHE TAYSRBII yK)SVHET A4, 58RI K) 2
1 THETA#%2 402/ 36 )RRD (T yK) S THETAMS 3w ShRE (T K )STHET ABN(=2)
33 FRI=(TUl1y1)=1Ue=TE)} /20,
F121e.~F2
Y{I)SFlsYleF28Y2
HUI)SFlehle+F2ohH2
SO(INZF 1wSD1eFce5ne
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20 IF (Y(I) «6Es Us) GO TO 1888
Q = 1000L00000G0OGC.
1888 IF (wl(3) «LTe Co) ¢ = Qo
IF (VE oLTe 298e1h) HIIIZHII) =(298,16~TE) #v(])
IF (TE oLTs 298¢16) SDUIIZSDUIN= YIID®ALOG(298.16/TE)
18 DMULCLIY = HII) - TE#SOD(I) + @
IF (KRE11Y = 1) 21,19,21
19 WRITE (6,1)TE
WRITE €6 42) (H(1),SDUI)0OMULI) oI, TI21,N)
21 RETURN
END

SUBFSUTTiIF GUFSITE PP}
COMMENT . THIS ROUTING COMFS UP WITH A CRUDE COUMPOSLITION GUESS LUT IT S
C TO GET CALCUATIOCNS 7FF TO A FASTEP START,
CCOMMON A (Y2,12)y kRUIM)y AMAT(IDN,12)0, JATUL12), B5PLCU12), IN, IS,
LFIE (3T g4 ), IE(aNg6)y ALP(Y2), W27, Ny ELOK UL Ce)y wh(ld)y RHULLIG),
PISERICIC ), WAT (L' )y Wit6)Y, wu3, IG, NP, UNT(2Ll), W4T, NAME, SER
2, FLOOGR
CCOMMOUN ZUEPIUMZ TLULILM )y TJ(2NCe2) e WI20M ),y VIWE207912)0y G2y
TTAU, HUTLUM)y Sule 0y YUZPrD), JC, IR(200A,2), DMUL2LN)y VLMNKIZTO)
CIOU(1M),y PA(ZNL ),y BR(2LP,2) ¢ PLIUETC,2)y REU2LD, 20y RE(200,2),
IRFLIL Ty CHUL LU )y My WHE, CPy FMy CUE2,c0u)y SPECLIELZUN)
Gyl i~y
FLOOKSW? 1/l Larm (o ¢KF LR))
87 90 89 J T 14N
VA = 27 :
pn Ra I 2 1,1
84 Vb = VA ¢ SCRT (&S H{C(T,J)))
89 d3lJ) = 17eD=Vi
CALL SLITE (1)
CALL GIRbS (TE)
00 14 I 2 1,w
L4 UNTULI) = %en)
CALL DEF 10J
771 CALL PERALTU(TE)
D0 1 I = LN
I VINK(T) = =VLNR(I)}
CALL RANR(IR,VLNKN)
DO 7 T =2 LN
Joz O IR(I,1)
IF (LL(J) +LEe B) 60 7O %
IF (UMULU) oGF, +%E*)2) GO TO 2
L CALL SETUPLY XMIlvaaMAX,J}
XMIN = S iCkxuMAyg
& VNT(JY = XMIN *+ VLT(W)
00 4 L = 1,I¢
K = 1nJtL)
IF th «FCe C) GO TO U
VNT(K) = VNTC(K) = VNULJ,L)®XMIN

4 CONTINUF

3 CONTINUF

5 CALL SLIIE (D)
CaLL SLYIJE (1)
D0 7 I = 1N

7 43411 = WNT (D)

27 RETURM

EnND
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SUBRCUTIWE H BAL (TE WPRy FENTR, LL)

COMMLNT, THIS ROUTINE COMPUTES A PRESSUPE ENTHALPY POINT.
INPUT EATHALPY IS Wld4) T*% COMMOMN, IX WOPKS THF SAML AS FGP EGUIL (WHICHK SEE)

c
c

230

55

27w
20}

-
L

22
14

& VOLUME LINPUT [NSTELAL OF PRESSUR WORKS THE SAMc wAY AS FOR EOGUIL ALSC.
CCOMMUN A 124120y FRUL™)y AMAT(IC,12), JAT(1?), ASPcC(12), IM, IS,
LFIECLN, 60y TEALG, )y ALP(12), W27, bty BLOK(17y5)y LH(1G), RHO (10D,
QISERICLIN)s WATclL )y WILE), WUI, 164 NP, VNTI20L1), W47, NAME, $ER
LCOMMUN /IBRIUM/ TLI(Z(Ny2)y TUI2RG2)y W2L200), VNULZ2UN,12), ¥,
ATAUy HE2.M)y Sutir udy Y(270), JCo 1R(200,2), DMULDLG), VLNK(270),
CI0UUL2) s RAU2NGye)y RRIZUMGW2)y PCI20L,2), RD(2uD,2), PE(20L42),
IRFL2U02 )y CHULNU )y UMy WUBy CPy FNy Cl12,200), SPECIECL200)
COMMUN/SCRATC /HN(Z20(y2)

FORMAT (LIHCRFSULTS AD DAMN GOOD )
FTU = 6000
FTLZT7%,
CALL EQUIJIL (TE PR HE ¢ENTRyLL )
LIM = 2¢C
DO 11 T = 1,L1IM
CALL SLTTET (Y mOULIFX)
GO TOUILIL,EUD) R wOFX
IF (HE = Wi(4)) 7u0l,l4,272
FTL = TE
FLP = VMNI(NP)
HLP = HE
DO Tu L = 4N
HN(L 1) = VYNT (L)}
GO Y0 11,
FTU = T¢
FUP = VMNTUINP)
HUP = HE

DO 74 L = 1,N

HNIL 47} = VWNT (L)

K = 1

CFz FMAX () 4N LF)

CF = SMIN(164suy CF)

0T S (W18) = HEYZICF*CP)

UTS AMINLIOT, S®tFTU~TE})

0Tz AMAX ((DTy 5« (FTL=TE))

TE 2 TE o DT

HOLD = H.

IF (FTL=FTL +L% ") GO TO 21
IF (A8S(LT) JLTs 1) GO Y0 14
CALL EQUIL (TF (PR HE ,ZNTRyLL}
CF = (HE « HOLuW)Z(CPANTY

WRPITL (64226}

wRITE (1cy236)

VA = (HUP=a lv4))/(RHUM=HLP)
VE 2 (WY {U4) =HLP )/ (HUP=HLP)
cp z ny,

DO 22 L = 1,N

CP = CP + VNT(L)wY (L)

IF (LL ohFe 1) bF 10 4

VHTIL) = VASHM(Ly!) + vBSHN(L ,2)
ENTR = EATR ¢ (Wlt4) = HEN/TE
RETURN

END
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FUNCTION TPHASLIL)
THIS ROUTIMNE UETERMINES WHAT CONDENSED PHASES ARE PRESENT,
OCOMMON A (12,12), KR(ZD), AMAT(10,12), JAT(12)y ASPEC(12),y IN, 1S,
IFIE(L1046)y IECLDyA)y ALPCLR),y W27, N, BLOK(31U,5)y OHIL10)y RHOL,Q),
2ISERICAC), WATELLN), WAL6), WU3, JG, NPy VNTL201), W4T,y NAME, SER
3,FLOOR

IPHASE = 0

IF (16 <tCe N)
INC 2 )

IGP = 1Gel}

DO 12 I = 1GP,N
IF (UNTUI) +LE, FLOOR)
IPHASE = IPHASE * INC
INC = INC ¢ INC

RETURN

END

G0 TO 99

GO TO {2

SUBROUTINE LINDEP (1)

COMMENTS TRIS KOUTINE ESTAELISHES LINFAR DEPENDENCE BY THE GRAM SCHMIDT~

c T

0D ~ ~4

W E

8817

-~ Pt s
(- T I N

10N AND THEN INYERTS THE A MATRIX BY THE METHOD OF CONJUGATE GRADIE
UCOMMON A(12,12), KRUZN), AMAT{10,12), JATL12), ASPECHLZ), 1My ISy
1FIE(L1N,6 )y IEC42,t 0, ALPC12), W27, N, BLOK{1Lyb)y UHLILYy RHULLID),
2ISERILLIC), WATLILP), Wll6), W43, IG, NPy VNT(2Ul), W4T, NAME, 5SER
DIMENSION SS{1&), DUI2,412)

DEI,I) = 1,

IF tI «CTs IS)
IF (1 +EC, 1)
IM 2 1 =}

DO T J 3 1,IM
D(Jy1) = 0

R = Q.0

D0 2 K = 1,18
IF (AtK ¢1) +EQ4 U
IF (AKX gJ) oEQe Us)

R 2R ¢ AlKJ2®AlK, 1)
CONTINUE

IF (R +Eue 04
0 = R/SS (I}
VA = 0.

DO 3 K = 1,IS
ALK, IV = AMKyI) « UsAlKyd)
IF (AtK4I) 4EQe Us) GO TO 3
VA = VA ¢ ABSLA(K.T))
CONTINUE

IF (VA (LY. 1)
DO 17 K = 1,4d

6O TU 887
6O 10 8

60 70 2 -t
GO0 Y0 2

6¢ 10 7

€O T0 &

D(KyI) = DIKyI) = QuDiKyJ)
CONTINUVE
SSUI) 2 we

DO 4 J = 1,IS
SSU1) = SSUI) o AlJylhun
CALL SLITE (2)

IF (I +LTs IS) GO TO &

DO 13 J = 1,18

DO 13 K = 1,1s

VA 2 0.

DO 12 L = J,1I5

VA 2 VA ¢ DUJyL)®ALK,LI/SSIL)
““,J’ - VA

FORMAT (IF18.6)

RETURN

END

74
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ABRAWTINE ONE D (HSTAGTZyP24yHZ yWZ yTO4POyHO yVO 4P Sy ASGT46C,6
COMMENT LONTINUITY EQUATION FOR J DIMENSIONAL FLOw FOR ADIAGATIC
[+ 0F - ;UTHERMAL (20) MODELS,
Cur W07 A(12412),KRI20)
IF “vR{11) oNE. U} WRITE (6,1122)P2,P0
IF tAR(11) NE« O) WRITE (641128) HZ,HO
1128 FOR=8T (° MXyHOYZE LU ,4)

IF (KR(11) oNE. ) WRITE (6,1124)72,70
1124 FORMATE® TZ,TQO'2E14.4)

IF (KR(11) «NE. O) WRITE (6,1123)V2,V0
1122 FORMAT {* PXyPO'2E1444)
1123 FORMAT( . VZ,VO'2E14.4)

GY = ALOGITO/TZ2)/ALOGIPZ/PO)

GV = ALOGIPO/PLI/ZALOGEVZ/IVO)

IF (KR(11) «NE. U) WRITE (6,1125)6V,6T

1125 FORMAT (* GV,GT'2F 14,4}

v )

oLL
(19

LL = 1
IF (ABS(T2-T0) ,GT. 3.) GO TO 19
tL =2

GC = (HO-HZ)/ALOGtPO/PZ)
IF (KRC11) «NEs O) WRITE (6,41127) GC,HSTAG
1127 FORMAT (* GCyHSTAG'2EI 4. W)
PSTAR = PZeEXP{~GV/2s ¢ (HSTAG=HZ)/GC)
HSTAR = hZ ¢ GC®ALOG(PSTAR/PZ)
IF (KR(11) oNE. U) WRITE (6,1129)PSTAR,HSTAR
1129 FORMAT (* PSTARyhSTAR® 2£14,4)
YSTAR = VIS (P2/PSTARI®®(1.,/GV)
60 70 20
19 GC = (HO=HZ)/{PO%XVC = P2V2)
PSTAG = PZ#{ls ¢(HSTAG = HZ)/GC/PZ/VZ)%*(GV/ (GV=1,))
PSTAR = PSTAG#{2¢/{GV+1s)) ek (GV/(GV=14})
VSTAR = V24 (PZ/PSTARI*#(1.,/GV)
HSTAR = HZ + GC®(PSTARSVSTAR - PZaV2)
2U AS = VSTAR/SORT(HSTAG=HSTAP)

PS = PSTAR
RETURN
END

SUBRQUT INE OQUT (PR, TELHE JENTR,WNS)
COMMENT . COMPOSITION AND STATE VARIABLE OUTPUT ROUTINE,
(COMMON A(12,12), KR(27)y AMATI(1IN,12), JAT( 12}, ASPEC(12)y IN, IS,
IFIE(10,6)y IELLD96),y QLP(12), W27y N, BLOK(1C,5), DHI10), RHOC(10O),
SISERICIN)y WATE(LC), W1{6), WU3, IGy) NP, VNT(20U1), W4T, NAME, SER
3,FLOQR
OCOMMON /IBRIUM/ TL(200,2)y TUL200,2), W3(200), VNUL200,120, QA,
1TAU, HE200), Sut200), Y(200), JC, IR(200,2)y DMULZLO), VLNK(Z0O),
2I0J012), RAL20042), RR(20042)y RC(200,2), RDI2ULN,2), RE(20042),
IRFE20N,2)y CHI20U,2)y UMy WUB,y CPy, FNy Cl12,200), SPECIE¢200)
DIMENSION SPOT(U), VOT (W)
102 FORMAT (/* T (K} T(F) P(ATM) P(PSI)Y ENTHALPY ENTROPY CP/CY
X GAS RT/V )
104 FORMAT (CFB . 0¢FB8a2 F962¢F942,FFe2,FBlU4,FT,3,F8,3)
44 FORMAT (U(1Y,FOE 41X A06))
45 FORMATIU LIX 1PLYs2y1X,A6))
21 FORMAT (jH )
GAMMA = (CP/ICP = 1,987 1%FN)
TF 2 1e98TE =~ 459,44
VH = HE/Z 1N00.N
PF = PR=4,70069
WRITE (6,102)
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13 WRITE(6 +404) TE,TF4PRyPFyWHIENTR,GAMMALFNy VNTINP)

WRITE (6,21)

CALL RANK(IR, VWNT, N)

J 21

DO 9C4 I1= L,N

I = IR(IL.1)

IF (VUNT(]I) JLE. FLOOK) GO TO 904

SPOT (J) = SPECIELT)

VOT(J) = WNTI(])

J s Je

IF (J +LTe §) GO TO 90U

IF (VOT (1) 4GTe i u9995) WRITE (6,4U)(VOTIK),SPOTLK) KZ1,4)

IF(VOT(1) oLEs «009995) WRITELO 4S)IVOTIK)IoSPOTIK) JhZ1y4)

J 1
904 CONTINUE

. J zJ -l X .

IF (J oNEe OV WwRITE (6,45)(VOTIK ) SPOT(K) K= 1ed)
i7G RETURN

END

[l

CUMMENT . TH15 PROGRAM CONSISTS OF ROUTINES PEP, TSALY, DESNOZ,» BQOOSTy TSBAL,
c TABLO, TwID, SLTUFP, REACT, ADJUST, RANK, OUT,STOICH, EQUIL, PUTIN,
c DEFIOJy (NEDy IPHASE, THEPMO, GIBBS, TWITCH, HBAL,y DESIGNy SEARCH,
c LINDEP, SBALy GUESSs TAPEB AND FIXBAS)
COMMENT , THE MAIN PROGRAM CONTROLS THE INPUT AND OuTPUT AND ESTABLISHES THE
c PROPELLANT THERMODYMAMIC MODEL IN THE wWAY IT CALLS HbAL AND SBAL.
(COMMON A(12,12), KRIZ0D:, AMAT(10,12), JATI12), ASPECI12)y IN, IS,
IFIE(1N,6), IECL0.6), ALPI22), W27, N, BLOK(1G,5), UHI10)}, RHOC(10),
2ISERI(ID),y WATE(LC), W1lE), wH3y IGy NPy VNT(20L1), W4T, NAME, SER
34FLOOR
JCOMMON /IBRIUM/ TL(20L0,2), TUL2NG,2), W3(2000, VNUL200,12), Q4
1TAU, H(2.L0), $SDLETU), Y(200), JC, IR(20G,2), DMULZON), VLNK(Z0U),
21040120, RA(20uUs2)y RRE20M,2), RC(200,2)y RD(2uN, 21y RE(200,2),
IRFL20N,2)y CHUCOUY2)y JMy WUB, CPy FN, C(12,20u), SPECIE(200)
4yLL 200
COMMON/MOON /TSTEST,TE, IRUN
CALL SET(CLK
IRUN = N
TCH = 30u0,
& TES AMAXI(TCH, SUL.2
TSTESY = 0.
TE = AMINICTYE,,500C.)
CALL PUT IN (LE)
C THE NEXT STATEMENT DELETES CALCULATION WHEN INPUT EKRORS ARE FOUND.
IF (LE .EQ. 1) STOP
PR = W1 (3)
IF (kRL19) +E0. 1) GO TO 15
CALL GUESS (TE,PR) .
15 IF (KR(T) EQ. 0O) GO YO 14
TE = W1l(ol}
VNT(NP) = ALOG{.UB205%W1(6)/W1(5))
CALL EQUIL (TE, PRy HE, SE, 1)
PR = FN*VYNT (NP)
SYSENT = SE
GO TO 114
14 CALL K BAL (TE, PR, SYSENT, 1)
12 TCH = TE
HE = Wi (W)
CHN = FN
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114 CALL OUT (PRyTE WHE 4SYSENT, )

IF (KR(1) «EQs 1) GO TO 8
IF (wl(5) +GE. Wit6)) GO TO 128
WRITE ( 643)

3 FORMAT (/* WHY 1S THE EXIT PRESSURE oGE. THE CHAMBLR PRESSURE.')

GO T0 8

125 CALL DESIGN (Tky PR, HEs SYSENT, 0, 1)

PR = W1lte)
CALL 5 BAL (TE, PR, HE, SYSENT, TCH, Q)
CALL DESIGN (TE, PR, HE, SYSENT, 0, 2)

22 TE = +S*(TCHeTE)
70 CALL S BAL (TE, PP, HE, SYSENT, TCH, 1)

COMME
CALLS
C ALS

i
é
2le
82

8889

11

1200
7171

112¢

1129

12

CALL OUT (PRyTEHE ySYSENT,2)
FLOOR=ZW2 7%l ,E=7

CALL DESLIGN (TE, PRy HE, SYSENT, 1, 2}
IF (KR{ZY) JEQs D) CALL D:SNOZ

GO To 8

END

SUBPOQUTINE PUT IN (LE)
NT INPUYT ROUTINE CALLED BY MAIN PROGRAM,

ROUTINES DATE & TOFDAY (TIME OF DAY) WHICH MAY BE OUELETED
C NOTE DELETABLL ROUTINES SETCLK AND LKCLKS THAT MEASURPE CPU T THME
OCOMMON A (12,12), KRI20), AHAT(1I0,12), JAT(12)}, ASPEC(12), IN, IS,
IFIEC10y6)y TE(1046), ALPU12), W27, Ny BLOK(10,5)y DHI1Q)y RHG(LIO),
2YSERI(I0 ),y WATELLIC), W1l6), W43, IGy NP, VNT(201), W4Ty NAME, SER
J2FLOORYITAG(10U) 4w ING(1ND)

COMMON/ MUON/TSTEST s TE, IRUN

DIMENSION JE(LIUyO)y JIE(IN,6) 4SWING(1D)

DIMENSION ATWT(10N)

DATA (ATWT(I), I = 1,190)/71.008, 4.N03, 6+94, YelUliy 1082, 12,011
1,1440N8, 164y 19a9 200183y 224991y 24432y 26498y 28409y 304975,

32.066, 35,457, 79,944y 39,1, U008y U496y UTe9y S50+95y 52,01,

4 SH,9U4, 55.85, 58.94, 58471, 63.54, 65,38, 69.72y 12.6, T4.92,

5 TBe96y 71949164 8348Ly 8548y 874,63, 88491y 91422, 92491, 95.95,

6 99+ 1M1lely 102491y 10644,y 107,88, 112441, 114,82, 11847, 121.76,
T 127461y 126491y 13147, 172491y 137436, 138492, LUUCL1T, L14JS1,

B 144,27, 24Tey 157435, 1524y 1574269 158493¢ 162510 16494, 16742
97y 16RBa94,y 173,04y 174,99, 178,50, 18N.95, 183.8b, 186,22, 190.,2,
1 19242y 195409y 1974y 220061y 2004039y 20721y 2NB 97,y 21Gey 2104,
2 2224y 2i30y 2260y 22T ey 23289 2310y 238ey 2374y 237 091240149.031,
J1Ns 82,424,432 ,26,98, 213, /

FORMAT (iSI11, Al, A&, I4, 5X, I5)

FORMAT (3A6, 6(13, ALYy FT40y F6L0)

FORMAT(S AL, 6L I3:AT) sF5404F6.T)

FORMATL 144586 40(123A2)y FS,0,y F6.0)

FORMAT (12F 6.ty A&, A2)

CALL LKCLKS (Ve)

CALL SETCLK

WRITE(SE y£889) Ve

FORMAT( *CICPUFb6e2,4'SFCS 4 %)

LE = 0

IF (IRUN) 19,11,19

WRITE (6,1200).

FORMAT( * 41978 VERSION OF PEP,*)

WRITE(6 ,1120)

FORMAT (/°*0PUTIN OPYS, NAME, NOJOF INGRDS«tM), ¢ NOCOF RUNSIN)*)
WRITE (6,1129)

FORMAT (01234567890 (NAME) M N*1

READ (S 4 J)(KRIUL1)yI Z1419)4ISERI(L1),ISERTI(2),yIN,I
XRUN

po 1¢ I =
JAT(IY) = 0
IF (WRRP{9) JNE. 0} WRITE (6,1121)

1012
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1121 FORMAT (*INOW KEAD I INGREDIEMT SERIAL NUMBERS ENDING UNDER V.'/*
X v v v v v v v v veY)
IF (KP(9) 4ME, B) READ (S,1112) (I TAG(TIlyIZ1,1IN)
IF(RK(9) oNCe u) aRITE(641112)(ITAGLI) 4128 ,1IN)
1112 FORMAT (("1%)
KPPzl
REWIND 1)
READILIL 4110 Va
U0 13 1 = 1yIn
1.0 FORMAY (. 1A6,h5)
11 FORMEAT (Y ¢11AfE  AD)
IF (KP(9) +EQe O) bl TO 1114
K=ITAGILT )
IF (kP .LTe K)Y G2 TO 1117
REWIND 11
READ(11,111C1VA
KPz1
1117 0C 1113 uzKP,XK
IF(J «NE, KIRFAD( ']y )
IF{J «NE+ K) GO TO 1313
READ (11,2221 (bl IR T L), Lol 38)tUIEtT L) JELT, L) L2486}
#,0H{I)yRKOCT)
1113 CONTINUE
KPzK +}
60 Y0 11.5
1114 READ ( S,2) (BLUKEI pU s Js1y8) 3 (JTIELL s )9 JECTyudyJZ1,6)
$,0H(1Y,RHOCT)
1116 FORMAT (10AG,2X4AE425)
1115 DO 13 J=1,5
TE(I ) ZuE(T,4J)
13 FIE(IWJISJIE(T D)
IF (KRUL1W) JEQ. UY GC TO 1201
WPITE(H ¢ 1205) 4 IN
1205 FORMAT(* . TO CHANGE Dk & RHO, TYPE COUNT(1=°T2')y DH LRHO.,'/
[ v v v*})
DO 1274 ozl ,IN
READ(S,1.03)1,vA,VE
103 FORMATIIS,ZF1IC.0)
IF(] +E0, C)GO TO 1Z¢
DH{I)ZV A
1474 RHO(II=VD
1271 CONTINUE
CALL STOLCHILE)
bo 14 1= 1.1'1
WATCU(IY = Co
Ve 18 J = 1,10
K = JsT(u)
14 WATE(I) = WATE(I) + AMAT{I JI®ATWTIK)
CALL SEAKCHILE)
19 CONTINUE
16 wRITE (6,1122)
1122 FORMAT (*NREAD IN CH. P, £X0o P, WTl, WT2, ¢+ ET(e*/* (TO READ NEW C
XOMYROL CARPD HIT (fR. RETH)*)
WRITE (¢,1123)
1123 FORMAT (¢ v v v v v v v v V')
READ (5,3) WY(3), wili6), (WING(I), 1 = 1,10),I5€ERI(3), ISERTI(W)
IF (wl(S) «EQe Do) 6O YO 7778
IF (KPL2) oNE. 1) €0 10 20

il
11

IS = 15 -1
20 IRUN 2 THUN =
KR(19) = 1
IF (WING (1) oeEwse f'0) 60 710 120
KRI19) = (¢
DO 21 J = 1l
ALPCY)Y = O,
DO 21 T = 1,1N
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23 ALP(J) = ALPUJU) ¢ AMAT(L,J)SNINGI(I)/WATE(I)
¥27 = Do
Witu) = o,
W43 =0,
Va = 1,
DO 22 T = 1y4IN
SWINGII) = WING(I)
Wil6) = wlt4) + DHIII®WING(I)
W27 = W21 ¢ WING(T)
IF (RHO¢1I)) 2542% 4,24
24 WU3 = W43 + WINGIID/KRHO(I)
60 Y0 22
25 VA = 19,
22 CONTINUE
W43 = VA/W43 »wWe?
124 IF (KRUUY (NE. 1) GO T0 23
IF (KP(17) LE€0. 1) GO TO0 2%
W1l(S) = witS)/Z) 4,70069
IF (KR{T) +EQse 1) U TO 23
W1l6) = wl(6}/i4,70069
CALL DATE(ISERPI(3: )
CALL TOFCAY(ISERIU(S))
23 WRITE 16,16) (ISERItIN,y I = 2,6)
16 FORMAT(*1*y546,6X,°DH COMPOSITION'/?
0O 27 T = 1,1IN
DO 135 L=z1,8
IF(JIECT L) +EWe C) GO TO 136
135 CONTINUE
136 LaL=-1
IDH=DH(I)
217 kPITE(b.o‘)GBLOK(I.J).le.S).IDH.(JIE(I.J).JE(I.J).J:!.L)
83 FORMAT(2x, S5Ab, I7,2X,:6017,A2))
WRITE (64,5575 )(SwINGI(LI)y1I=1,IN), W27
5575 FORMAT(*LINGREQD«wTS«{TOTALY GRAM ATOMS/ CHAMEER/Z EXHAUST RESULTS/
SPERFORMANCE *//(TF 1045))
WRITE (6,301)(ALP(L) ASPEC(I) I21,1%)
301 FORKAT (/S5(F10.6,:iX,A2,1X))
IF (K2(2) +NE. 1) 6GU TO 28
IS = Is ¢+ }
25 IF (Lf o«NFs 1) GN TC 29
IF (IRUN LEQ. U} GO TO 29
DO 2L I = 1,IKUN
3u READ (S ,41)
WRITE ( 6,433)
IRUN = n ’
33 FORMAT(/* AT THI> POINT THE PROGRAM WILL ATTEMPYT ThE NEXT RUNe')
29 RETURN
END

SUBROUTINE RANK(LIR,Y,N)
COMMENT . RANKS VECTOR Y 1IN OESCENDING GROER, RANKINGS APPEAR IN IRtIL1)
DIMENSION X (20U}, Y(200), IR(200,2)
D01 I = 1,N
IRILI2) = IR(I,1)
1 X{(1) = AMAXItYID), . 1)
DO & I = 1,N
$ 2 =1,0
DO 3 J =1
IF (5 - xtJ
2 IR(IL) = 4
S = X(J)
3 CONTINUE
J T IR(ILY)
4 XtJ) = =140
RETURN
END

oN
))
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SUBROUTINE REACTITE)
COMMENT s THIS ROUYINGL COMPUTES THE STOICHIOMETRIC COLFFICIENTS AND LOG EQUILIERY
c UM CONSTANTS FOR ALL REACVIONS iN TERMS OF THE CURRENY BASIS.
CCOMMON R (12,12}, KROZN)y AMATIIN,12), JATL12), ASPECU12), INs IS,
IFIE(LIN, 4, JECLD,E), ALP(12), W27, N, BLOK{1L,5), 0MH(10), RHOLL1OD,
2ISERIILIO0 ), WATELLAD )y WLL6), HU3, IG, NP, YNT{2Ul)y W4T NAKE, SER
QCOMMON /7 1BRIUM/ TLI200,2)y TUL20042), W3(200), VNUL2UN,12), QA,
1TAU, HO20L0), SDL20Q), YE200), JCy IR1200420%s DMUL20C)s VLNKLIZDD),
210J112)1, RALZ20Us2)y KBIL200,2), RCLZN0.2), ROt200y2)y RE(Z200+2),
JRF(200,2), CHULDU,2), JM, N48, CP, FN, Cl12,20u), SPECIEC(2UD)
CALL SLITET L KOUCFX)
GO0 Tot2.4v31)ROGLFX
21 DO 11 &K = 1,18
DC ' J = 1N
YNU ' 44K) = 0.7
Do 1 3 1,418
1 VRNULJWK Y = YNUCGJI, KDY o AMIKIRCIY,d)
IF (ABS{VNUtJ,K)) = 0051) 10,100,112
10 VNULUJWKDY = 0.0
11 CONTINUE
31 VA T 14/71.987Y/7TE
DO 3 I < 1N
VB = N0
DO 2 LS = 1,15
IF (UNULILLS)) 17,2,17
17 9 2 1006LS)
VB = VB ¢ VNULI,LS)I*LMULY)
2 CUNTINUE
VLNKIT) = VAR{OMUC]I) - vB)
3 CONYINUE
IF (FRPLLIYY ~3)  T7,4,7
4 WRITE (6,5}
WRITE (646 (VENK(TIYy T = 1,N)
WRITE (6,81110Jt1)y I = 1418}
FORMAT {30tSX,17))
FORMAT (22HOLOGS OF EQUIL CONST,S)
FORMAY (1H 1PELl.4, SEL2.4)
RETURN
END

- o

SUBROUTIME S BAL (TYE, PR, HE, SYSERT, TCH, LL}
UCOMMON At12,12), KRU20O), AMATI10,12), JATU12), ASPLCi12), IN, IS,
IFIECIO, 60y IELLO.60, ALP(RQ), W27, N, BLOK(10,5), DH(10), RHOL10),
QISERI(LO )y WATELLID)y WIC6), WUZy IGe NPy VNTI201)y W4T, NAME, SER
CCOMMON /1BRIUM/ TLI200,2)y TUL20D,2), W3L200), VNUL20D,12), A,
1TAU, HE240), SUL200Y, YL200), JC, IR(200,2), DMUL200), VLNt2CD),
21041120y RAL20442), KB200,2), RC(2IDD,2)y ROL2uly 2}y REL200,2),
IRFL200,2)y CHIZODs<)y JM, WUB, CP, FN, CU12,20U), SPECIE(200)
COMMON/SCRATC /HNE200T,2)

236 FORMAT (JIHORESULTS NO DAMN GOOD )
DIMENSION FAC2)
FTU = TCH
FIL=T5.
LI = 20

886 CALL EQUILCYE PRYHEJENTR,HLL)

89 CF = FAC(LL 1)
DO 15 J = L,LIM
CALL SLITET (3 +nO00FX)

GO TYO(u115,21U),KUCOFX

21U IF (ENTR « SYSENT) 211.18,212
211 FTL = YE

FLP = YNTINP)

SLP = ENTR

00 70 L = 1,N
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T4 HNIL,1) = ¥NT (L)

GO0 TO 4115
2l2 FTU = T¢

FUP = VNTINP)

SUP = ENTR

41

SR

1

00 71 L = 14N

71 HNIL2) = VNT (L)
15 CF= AMAX 1(1.0,CF)

33

CF = AMIN1(364uy CF)
VO = (SYSENT = ENTR)/CP/CF
DT = TE=VQ

IF (v0) 131,133,133

0T = TE*(EXPIVQ) = 1,.0)
DTz AMINI(DT, «5«(FTU=-TE))
DT= AMAX (0T, Se{FTL=-TE))

37 TE = TE +OT

HENT = EATR

IF (FTU=FTL +LTe 24) GO TO 21

IF (ARS {SYSENT-ENTR)/SYSENT LT, ,000t1 GO 10 i3
CALL EQUIL (TE,PR,HE ENTF,LL)

15 CF= ((ENTR=HENT)/{CP#ALOGITE/(TE=DT))))
17 WRITE (6,236)
21 VA = (SUP=SYSENT)I/ (SUP=SP)

VB = (SYSENT=SLP)/{SUP-SLP}

cP = 0.

22

DO 22 L = 14N

CP = CP + UNT(LI=Y (L)

IF {LL +NE. 1) GO TO 18

UNT (L) = VASHN(L,1) ¢ VE®HNI(L,2)

18 HE = HE + TE*(SYSENT — ENTR)

1u

FACtLL*Y) = CF
RETURN
END

SUBROUTINE SEARCHILE)

o o TAPE SEARCH ROUTINE FOR THERMO DATA,
CCOMMON A (12,12), FRUIZ2D), AMAT(10,12), JAT(12), ASPLC(12),y IN, IS,
\FIEN1N,6), IELLOs6),y ALP(12), W27, N, BLOK(1Cy5), UH(10), RHOL1D),
2ISERI(1C ), WATLUIC), W1lib)y WH3, IG, NPy, VUNT(20L1), WHT, NAME, SER
GCOMMQON /IBRIUM/ TL(ZGBy2)y, TUL200,2), W3(20N), VNUL2GOD,12)y QA,
1TAU, HE240), SOCZ200),y YC20G), JCy IRE20042)y OHMUL20D), VLNK(20Q),
c10d012)y RAG2OL,2), RBI20U0,2), RC(200+2)y ROL2UDV2)y RE(20042)
IRFL20042 )y CHI20G42)y JM, WUB, CP, FN, Cl12,200)¢ SPECIC(200)
INTEGER 5

FORMAT (1H A6, I6)

FORMAT (34HO HARK. NO COMBUSTION SPECIES FOR Aoyl 4H REVISE PEPAUX)
IF (KR(2) +NEs 1) GO TO 10

IS = IS5 ¢ 1

JATHIS) = U

ALPIIS) = Q.
NP =

CALL TAPEB (1,U,u,0)

DO 99 LIM = 1,77717

DO 9 I =1,IS

C(IWNP) = 0.

CALL TAPER (2,NPy KHASE, S)

IF (KHASE +LYs O0) GO TO 100

« o SEE I¥F SPECIES BELONGS YO ELEMENY GROUP,
IF (IE(1,1) «EG. ) GO TO 99

DO 18 I = 1,7

IF (JECTI,41))16,19,16
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16 DO 17 J = 1,15
IF (IECI,2) oNEs JATILL)) GO TO 17
C‘J'NP, - IE(I'I)
GO T0 18
17 CONTINUE
GO0 YO 9¢
18 CONTINUE
19 CONTINUL
23 NP = NP ¢}
IF (KHASE «NEs 1) GO TO 98
IG = NP -1}
98 IF (NP LLY, 20U) GO Y. 99
WRITE (5,%)
FOEMAT [51HONO. OF COMBUSe SPECIES EXCEEDS PROG. LIMIT OF 200 )
99 CONTINUE
100 N = NP =}

wn

REMIND 2&
00 SC T = 14N
w3tI) = 50,

00 50 J = 1,18
S0 W3{I) = w3I{I) = SO "ABS{CIJ, 1D D)

DO 51 J T 1415
H{J) = L.
.00 51 1 = 1,N
51 HIJ) = HIJ) « ABs(CtJ, D)
DO 53 J = 1,Is

1
IF (HUJ) ) 5245453
WRITE ( to4) ASPECUU)
* Lt = 1
53 CONTINUE
IF (KR(8) oNE. O) wRITE (6:3120)(SPECIE(I) -TS1,N)
1124 FORMAT (*DCOMPLETE SPECIES LIST FOLLOWS®*/(iX411h6))
RETURN
END

w
o~

SUBROUTINE SETUPIX ¢ XMINy XMAX, J}
COMMENT, THIS ROUTINE OETERMINES THE MAXIMUM AND THE MINIMUM CHANGE
C ALLOWABLE IN RE*ZTICN COORDINATE J BEFORE NEGATIVE CONCENTRATIONS ARISE.
C IT ALSO SETs UP THE FUGAGITY COEFFICIENTS FOR REACTIUN J IN X(J),
DIMENSION X (30)
OCOMMON A (12,12)y KR(Z20), AMAT(10,12), JATU12), ASPEC(12}, IN, IS,
1IFIE(IN,6), IELL0s6), ALP(12), W27, N, BLOK(10,5%, DH(10), RHOL10),
21SERI(1N), WATELLID), W1lib), W43, .Gy, NP, VNT(2U1l)s W4T, NAME, SER
OCOMMON 7 IBRIUM/ TL(2L0,2), TU200,2), W3120.), VNU(200s12)s QA,
1TAU, H(2C?), SL'2C0O), Y(200), JCy IR(200,2), DMU(200), VLNK(200),
210J(12), RA(20C,2), RR(Z00,2), RC(200,42)y ROI2UNy2)y REL20U2),
3RF(200,2), CHUZOU,2)y UM, W4B, CP, FN, C(12,200), SPLCIE(2GO)
XMAX = «1NO0OCOCCLE+16
XMIN ==, 1030000L00E+1¢
DO 9 I = 1,18
X4l = 0.
IF (VYNUtJ,,I) EQ, O¢) GO TO §
K = Yoty
VQ = VHT (X}
IF (IG LT, X)) 6O YO 6
4 X€2) = ¥YNUEJ, D
C IF(YNUNLJILID S 3,6,7
T XWAX T AMINL LIMAX, VO/¥MItJS,ID)
oG 10 9
3 awINc: awaXl (XM IN, YO /VNULS,IY)
¢ CNTIwe
eE I
feg

i
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SUBROGUTINE SLITE(J)
ODIMENSION LIT (W)
IF (J +FEL,e 0) 60 TO 9
LITewi=l
GO TO 99
9 D0 IC I=l,4
1C LITLI)IZD
GO T 99
ENTRY SLIITETUJ,K)
K=2
IF (LIT(u) LEQ,., O) GO YO 99
K=l
LIT¢J)=0
99 RETURN
END

SUBROUTINE STOICHILE)

COMMENY PROPELLANY STOICHIOMETRY ROUTINE CALLED BY PUTIN,
COMMENT ., ALIASES, U!Z UNBURNEC BERYLLIUM, U2 = UNBURNED BORON,

c U3 = UMURNED MAGNESIUM, UG = UNBURNED ALUMINUM,

c US T UNBURNED CARBON, DON,T USE Ub, THESE INERTS MELT aAND

c EVAPCRATE BUT DO NOY REACT. GAS SPECIES MAY BE ELIMINATED FROM PeyotuX
c TAPE YO PREVENT EVAPORATION.

OCOMMON At12,12)y XR{20), AMAT()D,12), JAT(12), ASPECL3Z), IN, IS,
1FIE(LD,6)y IE(LD46)y ALP(12), W27, N, BLOK(1G,5), DH(3O)y RHO(1O),
2.SERI{10), WATE(lC), W1(6), wU3, IG, NP, VNT(2C1), W4T, NAMF, SER
3,FLOOR, ITAG{100) ,WiINGt10)

DIMENSTON SYMB(LIDC)

DIMENSION FE (10,6)

EQUIVALENCE (FE(1,1), IE(2,1))

DATA {SYMB(I)y I = 1,100/ 6 N0HH HE
LI BE 8 C N 0 F NE NA MG AL
251 P S cL AP K CA sC TI v cr
IMN FE co NI cu ZN GA GE AS SE Bpr
4KR RB8 SR Y ZR NB MO TC RY RH PD
SAG co IN SN se TE I XE csS BA L4
6CE PR ND PH SM EU GO TR oy HO ER
TTM \J:] Ly HF TA L RE 0s IR PY AU
8HG 7L PB BI PO AT RN FR RA AC TH

9P A u NP g
1 FORMAT (B8LDWMATY,S A6}
2 FORMAT {/* IMGREDIENT CARD *I12,* GOOFED UP.')
Do 1t 1 . Ji,1u0
11 ITAGUHIY = O
DO 19 1 = 1,IN
DO 18 J = 146
IF (FIE(IyJ))  14,19,12
1200 17 L = 1,3u0
IF IFE(I,J) = SYME(L)) 17,13,17
1% ITAGHIL)Y =1 .
IE(1,J) = L
GO YO 18
17 CONTINUE
WRITE ( 6o1) Ict]4u)
"4 MRIVE ( 6420 3
LE =1
& CONTINUE
.9 CONTINUE
1Is =1
0o 25 I = 1,1u0
IF (ITAG YY) 25,305,440

us ul u2 us Uy FM

&
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SYMB(I)
JAT(IS) =
IS = IS

- 1

25 CONTINUE

27 AMAT (I K}

wrN
O 0

1 ’

J *

26 AMATI(IWJ) = O
K '

J ’

F

Is =18 ~1
0o 31 1o IN
DO 26 1e12

"

D¢ 2%

CJ

Crae by

=1

U0 28 z 1

IF (IELT 0 VATUK)) 28427428
s FIetl.Jd)

G0 TO 2¢

CONTINUF

CONTINUE

CONTINUT

RETURM

END

SUBROUTINE TABLO(IIyuJdeKK)

COMMENT, WHEL THE bASTS IS NO i.ONGER OP TIMUM, THIS RQUTINE CHANGES LT BY
c THE TABLEAUL METHOD OF LINEAR PROGRAMMING,

104

15

-

(2]
[ &4

999
99

CCOMMON A(12412), ¥R(20), AMAT(10,12), JAT(12), SSPECLL12), INy 1Sy
IFIE(IN,6 )y IE(LIN,6), ALP(12), w27y N, BLOK(10,5), UH(10), RHO(10),
JISERI(LI™), WATL(LIC), W1(6), W43, Ius NPe VUNT(20UL), wWiTe NAME, SER
ACOMMON ZIRRIUM/ TL{2GN,2), TUI200,2), W3(200), VNU(200s120y A,
ITAU, HI2E0), SUta"y),y Y(200), JCy IR(20G42), DMUL207)y VLNKI(2T0)
210120, QAL20uLy2), KB (20N,2), RC(200,2), RD(2VU0,2), RE(ZOD2),
IRFI20N,2), CHUEOUyZ)y UMy WHB, CP, FNy, C(12,200), SPECIE(2U0)
GyLL (200)

COMMON/MQON/TSTEST,TE

DO 19 L = 14N

IF (LL(L )Y oLTe O) GO T0 19

IF (L «ECe JU) GG TO 19

IF (A3S{VNUCL yKK) ) +LTe N001) GO0 T0 19

VA = =VNUIL yKK)/V NUL uJ9KK)

0o 15 M = 1,71,

VNU(L,M) = YNUIL,¥) + VASVNULIJJI M)

VNULL KK ) = <=VA

00 1u ™M = 1,IS

IF (ABSUVNUIL,M)) «GT. 400001 GO TG 16

VNULtLWM) < G

CONTINUF

CONTINUE

DO 2C 4 = 1,15

VNUGJJWM) = Q.

VNUGJJyKKY = 1,

TOJ(KK) = JJ

LLiJJ) = N

LLiIlY = 9

CALL REACT{TE)

IF (KR{12) «NE. 1) GO TO 99

WRITE (6,999)14,uJ &Ky SPECIECIT) SPECIE LN

FORMAT (3I5, 3x, t&, * REPLACED BY *, AS)

RETURN

END
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SUBROUTINFE TAPEB (Iw, L, PHASE, S)
COMMENT, THIS ROUTLNE BUFFERS THE INPUT FROM THE LIRRARY TAPE. THIS SPEEDS
c INPUT ON ThE UNTIVAC oUT MAY SLOW IT ON A GOOD MACHINE,
JCOMMON 21124123y rR(cN), AMATI(IN,12), JAT(12), ASPCC(Yll), IN, IS,
1IFIEC1IP,6)y IEC,D96)y ALPU12), W27y Ny BLOK{Y0L9S)y LHIUL0),y, RHOCULIG),
QISERI(1IT )y WATE(L: ),y W1(6), WU3, IGy NPy VNT(201), W47, NAME, SER
ZCOMMON /IBRIUM/Z TL{2uUD,2), TUL20042), W3(2CD), VNUL2UO,12)s Q2
1TAUy HE2L0)y SULZT YUYy YL2RO), JC,y, TR(20042), OMUL2uUN) s VLNKI(IZTO),
2I0J012)y RAG20Ls2),y RBUI20N,2), RCI200,2)y RD(20N,2),y RE(ZNU )y
IRFU2CN,2 )y CHULOO42)y UM, WUB, CPy FNy Cl12y20U)y LPLCIEt(20M)
DIMENSION BIN(.O425)
GO TO (11,20, Ik
11 REWIND 12
I = 219
GO TO 9%
211 =21 ¢ )
IF (1 «LTse 21) GO TC 21
I =1
READ (12) ((BINCUsR) K = 1,35)4d21,20)
31 PHASE = BIN(I,i)
SPECIE(L) = BIW(I, &)
S T BIN(L,3)
00 4} J = 1,7
K = 3 ¢ s¥{y=1)

IE(Jyl) = BING]l.-ne])
41 TE(J42) = BIN(L.K*2)
RA(L 1) = BIN(I L58)
RBIL41) = BIN(1,19)
RClL 1) = BIN(L,2.)
RDIL 1) = BINII 1)
RE(L 1) = BINtL1,22)
RF(L 1) = BINtI.c?)
CHiL 1) = BIN(I,24)
TLIL 41) = BIN(I,2%)
TULL 1) = BINUI,2¢)
RA(L +2) = BIN(I4cT)
RBILy2) = BINU(L42%)
RC(L 42 = BIN(I,2¢)
RDU(L,2) = BINtI 37
RELL +2) = BINtGI,31}
RF{L+2) = BIN(IZ32)
CHIL 42) = BINU(Ly3T)
THEL 42) = BIN{I 24}
TUIL42) = BIN11,3%)
99 RETURN
END

SUBROUTINE THERMO(TE JHEyENTR)

COMMENT, CAMPUTES SYSTEM ENTHALPY, ENTROPY AND HEAY CAPACIVY
OCOMMON A {12,12)y KR( D)y AMAT(10,12), JATE12), ASPLCUE12), IN, IS,
AFIE(10,6)y IE(10,6), ALP(12), W27, N, BLOK(YUsn), LHIT10), RHOLLOD),
2ISERI(10)y WATELLIC), W1(6), W43, IG, NP, VNT(2Ul), W4T, NAME, SER
OCOMMON /IBRIUM/ TL(2GN,2), TUL200s2), W3(20N), VNU(20N,121, Q4,
1TAUy HE2Q0), SOI2CO), YI200)y JCo TRU20Ce2), ['MULZ2UND e VLNKI(ZCO)
2100 12), RA(20U,2), RB(200,2), RC(2C0,2), RDI20LO,2), RE120042),
3RFL20042)y CH(Z0U,2), UM, w48, CP, FN, C(12,200), SPECIE(2GO)

YH = 0.0

vS = 0,0

CP = 0.0

SC 11 I = 1.

CP  CP o UNT(I)esvi])
VH Z ¥W o yNT(]lleNt])
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11 VS = VS + YNTULL)eSD(D)
FN = 0.0
VéM = D.C

po 12 1 = 1,1I¢

IF(YNT(I) «LEes 0e)GO TO 12

FN = FN ¢ YNTULD)

VSMZ VSMe YNTUL)®ALOGI(YNT(I})
CONTINUE

VSM = 1 ,5871%(¥SM + FN®YNT(NP))
HE = VH

ENTR = VS = VSM

RETURN

END

SUBROUT INE TSALT(TE.PPoHEoENTRcPUPIoPLOI)

COMMENT,. ~ TKIS SUSPOUTINE COMPUTES COMPOSITION, PRESSUPE AND ENTHALPY
GIVEN TEMPERATURE AND ENTROPY. IT IS CALLED BY TSBAL.

(o]

166
22

COMMON A (12,12),KR(20)
COMMON/MOON/TSTEST

TSTEST = =217..93¢

PLO = PLOVI

PUP = PUPI

PRZ(PUP+FLO)/ 2.

DO 22 Ja = 1,2N

CALL EQUIL(TE ,FRyHE45E,1)

IF (KR(13) JNE. D) WRITE(S,91JI,TEySE4PUP,PLO
FORMAT (* TSBALYI® FEely3F12.43)
IF (SE +GYs ENTR) PLOZPR

IF (SE LT, ENTR) PUPZ=PR

PRz (PUP+PLO)/ 2,

IF ({PU~-PLO}/FLO «LT. 000087 GO TO 23
CONTINUE

WRITE (€,1)

FORMAT (* TSALT STQP?')

CALL SLITE (3)

TSTEST = 0

RETURN

END

SUBROUTINE TSRAL(TE,PP,HE(ENTR,PUPL,PLOT)

COMMENT . ThIS SUBROUTINE COMPUTES COMPOSITION, PRFSSURE AND ENTHALPY

c

J13s

12

GIVEN TEMPERATURE - AND ENTROPY, IT IS CALLED BY TSuAL,
OCOMMON A (124,123, KRUZN), AMAT(10,12), JATUL12), ASPLC(12), IN, IS,
IFIC (10,60, JECsN,€), BLP(12), W27, Ny BLOK(1Ty5)y DHLIO), RHU(LD},
2YSERI(ID!, WATE(LC), W1(6), W43, IG; NP, VNT(2uL1), W4T, NAME, SER
CCOMMON /IBRIUM/ TL (00,23, TU(200s20, W3(2000s VNUL20D,12), QA,
1TAUs HIZLD), SOL2P0), Y(200), JC, IR(220,2), DHULZuN)s VLNKI(27C),
21000120y PAI20Le2)y RRI20042)¢ RCU2TUIZ)y RDU2LD,2), PE(20U,2),
IRFL2G0,2)y CHUZOO, 20y JMy WHBy CPy FNy C(12,2000y SPECIE(200)
DIMENSION X {412),y XME12)

FORMAY (15,F30.0, F12.3)

FORMAT (1P 10EL3.4)

KRE16)Z1

PRz Se{PUP]l +PLOI)

CALL GIBRBSITE)

CALL FIXxess

00 38 J = 1,15

XiJd! = Y.

IwiS) T L.

00 %1 1 T 1len

IF Qg L) e wed S22 70 W)



31

4o
14

15
25

Py

-
~ o
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XMUJ) = AMAXLIGUNTLI), XM(J))
XtJd) 2 X{(J) ¢ CtJ, IIAVNT(T)
CONTINUE
IF (ABSUALP(J) = X(J))/4dMIJ) LT, 00001} GO TO 3o
CALL SLITEL])
GO To 3@
CONTINUE
CALL DEFI0U
CALL REACT (TE)
D0 211 I = 1,N
W3(I) = 5N, 0 =VLNK(I)
CALL RANK(IRyW3oN)?
D0 22 JC = 1,440
PRZAMAX 1 (PLOI ,PR)
PRZAMIN 1 (PUPI ,PR)
CALL TWITCH(PR,Q)
CALL THERMO (Tc o HE 4STRY)
vX=1,
IF (JC «(:Te 5) VXz2,
IF (JC 46T 10) VX244,
PRZPRAEXFPI~(ENTR=STRY) /(FNRVX)/1.,987T1)
CALL SLITET (4 ,KOGTFX)
GO TO(146,17) ,KUCUFX
IF (KR{YZ)=1) 15,14,15
WRITE (6,8)JC,TE,FR
WRITE (6,9)(VNTI1)y I = 1,N)
DO 23 ICC = 1,3
CALL TWITCH(PR,1)
CALL THERMO (TL,HE,SIPY)
PR=PR*EXP(=(ENTR=STRY)/{FN2VX)/1,5871)
CALL SLITET (4,ACLCFX)
GO T0U22,22) yhDG"Fx
CONTINUF
CONTINUE .
KR({1E1="
CALL TSALY(TE 4#R,“E ,ENTR 4PUPI ,PLOT)
VNT(NP) = EXP (VNTINP))
RETURN
END

FUNCTION TwID (X)

COMMENT., COMPUTLS THt EGUILIBRIUM FUNCTION,

CCOMMON A (12,12), KR(ZO)y AMAT(I0,12), JATL12), &SPLCU12), IN, IS,
1IFIE(L1N.6)y IE(LD4€)y ALP(12), W27, N, BLOK{YU,y5), LHU1()y RHOC1D),
QISERI(17), WATcULlr),y WIl6), WU3y IGy NPy VNT(20Ul), W4T, NAME, SER
GCOMMOUN /IBRIUM/ TL(2LN,2), TUI200,21, W3(200), VNU(2030,12), QA
1TAU, H(2.0), SUL200), Y(200), JCy IR(200,2), OMUC2G0)y VLNKIZ200),
2I0J112), RA(2DU2)y PB(2ON,2)4 RCI200,2)y RDU2uDy2)y RE(200,2),
3RFE20N,2)y CHI2DUW )y JMy W48, CP, FN, C(12,26U), SPECIE(20D)

DIMENSION X (3C)

VA 2 N0

TWID = Q.n

DO 1 I = 1,I8

IF (X(I) +EQe Le) GG TO 1

VA = VA ¢ XI(I}

K = 10410

IF (YUNTIK) JLE. Us) GO TD |}

TWID: TWIDe X(I)®ALOGIVNTIXR} S

CONTINUE

TWID = TuID + VASYNTINP)

RETURN

EnD
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SURRLUTTLF TWITCh{PR ,JC)
CUMMENT, THTIS 1S TnE TUUTINE WHICH CONWERGES ON CHLMICAL COMPOSITION.
CALLED 3y EQUTL.
GCOMMCN ALYG 120, KRULT),y AMATIIN,12) . JATLL?), ASPECL12),y DNy ISy
IFIEGL"e6 )y JEL.N9? )y ALPU12)y W27y N, BLOK(1L,3), UH{IC), RHOU10),
SISERI(LINY, AT L),y WItE), wt3,y IL. NP, YNT{Zul)y WhT, NAWF, SER
J+FLOC®
CCOMMUN Z1BRIUM/ TLL2.N,2), TUIZDG,20y W200), VRUIZ2UN12)y U4,
1TAU, HE2,0D), SLIEZAY, YIDNO), JC, IPUPTI2), DMUL 260Dy VANREZTG),y
2100017 ) . PAL2ALIZ)y RRL2UNY 2D,y RCH2MC, 2D, RDU2.N, 20y PELENUWCY
IRFUOLDe 20y CHMULGUE)y UM, WHB, CPy FNy Cl12,200), SPECIEL2LD)

byl temr)
ODIMENSTION X (30
Ic = r
v0o0 JC -1

VOO = 8 = VQQ/2u.
VRO = AMaxXi (eCuy VLQ)
Ve = 1,0
IF (KRL17) = 4) 411,402,401
401 DO 2UY 1 = 1,16
¢Ouy VC = VC ¢ UNTL])
VNTINP) = ALOG(PR/VC)
0 DO 99 J = 14N
IF (LLIJ) «LEe J) 6O TO Q9
IF (U0 ohEs O «APLe LLUJY oNE. 9) GO 10 99
KICK = O
Ve = vQo
7 CALL SETULP (X, XMIlvy XMAX, J)
IF (VNT(J) 6Te Oe) 6O YO 22
UX = = 1.001%VisYlu} ¢ FLOOR
50 TO 97
CONTINUE
VA = VLNKRIJ) = Twlu (Y)
VB = 1,0
LLty) = ]
IF (JeLE,LIG) WO 10 «
COMMENT MAJOI SPECIES TOLEPANCE
3 IF (AAS({VA).LT,. LeUOLNE) GO TO 99
2L IF ( (VNTUJ)eGTe w791 .E=T) «ORs (VAJLTSs O4) ) 06O TO o
IF (UNTtu) +EQs FLOOF) GO TO 99
UX = =VNT(J) * FLOQR
G0 T0 97
4 TF (UNT (L) «EQeUs) e TO Wi
IF(VASVNTINP) - LT, +5.3GC TO &6
V = EXP{=VA =VNT(NP))
XMMM = AMINL(=aAMIN, XMAX)
IF (UNT U/ XMMH oL Ta o0)) XMAXZ,0l1sXMMM
IF CIVOVATIJ)I/ZXMVYM (GTs 401) GO TO €6
GO TU 45
44 VvV = FLOORK
GO Tu ¢ :
45 VI AMAXI(V,FLOULR)
3 VTEGC = AcS{ls = VNTLUIVZV)
COMMENT MINOR SPECIE; TCLEKANCE
IF (VTEQ LT, .00C4) 60O YO 99
55 0X = ¥V = VNTH{U, )
LL(J) 2 o
YNT $J) = ¥
GO TO 82
66 VAZ VA+ ALOGIVAT(J)) + VNT(NP)
IF (ARS({VR) = ,DL7LB) 99,99,67
67 VB = 1.0/UNTLY)
6 DO &9 1= 1418
IF {X{I)) 6EB,y09,4td
6o K = I0JED)
VE = VB ¢ X(I3eX(T)/WNT(K)

r
%)
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€9 CONTINUE
VFz0.
IF (KRtleo) +EQs U) GO TO 801
Mz
IF (U oblie IG) Mze)
VSSSD(ty)
DO 80D (21,18
KzI0J(1)}
IF (K olce IG) HIH =VNUIJ,I)
80U VSZIVS=VNUIJ,I)eSUIK)
VFIAMAX T (Ney M/FN/L.%AT71 »yS$S)
LFIVF +Gle «S®VB) VFFZ1,5
IF (VF +2Te VB) VFFZ.,
IF (\F uLTf lu-‘)“ﬁ) VFF‘-‘S.
VFZVFFeVF
IF (KR{LLY WNEL U) wGITE (648021 JyM VF VB ,PR,yVA
8Nc FORMAT (16, 1P 57 12.Y%)
801 IF (VR Nee Do) GL¢ TG 72
Tu VR «00uN001
Ve e 994999
Te DX ZoVAZIVBeVF)
DXZ AMAX (DX =VUSVAT(U))
LLtJd) = v
97 UX= AMAX 4(DX, VORXMIN)
DXz AMIN.(UX, vQuXMAX)
IF (ABS (LX) obLTe eulUULISYNT(UY) GO TO 31§
WHS FOPMAT (1S41P L3E1L.L)
8¢ CALL SLITE %)
IC = 1
81 VUNT(J) = VUNT(J) ¢ QX
B VC = ,908YNT(Y)
V3 %0 I = 1,1y
IF (WNUtUyI)eEuwe T4) GG TO 98
975 K = IDJ L)
VETER) = VUNTU(K) = VNU(J,I)eDX
IF (UNT(R) +Gfs VC» GO TO 98
IFIKICK +EQe 1 oANC. VNT(K) +CTe VD) GO TO 95
VEOSVNT (K)
KICK 1

1 b0

—-xon

I1 =

90 CONTINUE
IF (KICK «NEs 1)} GC TO 99
CALL TABLO(II,uJd,KK)
99 CONTINUE
130 IF (KRULZIWNEWu) GO TO 107
999 WRITE (6,B88)(LLIVJY,y JU = 1,4N)
88 FORMAT (1HJO80TI1)
107 CONTINUE
RETURN
END
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Appendix I
LISTING OF THE XEP SUBROUTINES

The following listing shows routines which modify the PEP program to evaluate gaseous
detonation processes. Only those routines not common to PEP appear. XEP is run the same way as
PEP except:

1. Option 9, the input of ingredients by serial numbers is not allowed.
2. Ingredient densities must be inputted as grams/liter instead of lbs/in3.

3. The first pressure in the weight ratio card is a guess for the detonation pressure. It must

exceed the second pressure which is the pressure to which the detonation products are
expanded.

4. A plot is generated by this program. The plot is only a convergence check and may be
deleted.
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SUBROUT INE HUGO(PT yHE g Vy PONE y TONE yHR yVONE, SOLE yHUNE )
OCOMMON A (212,120, RR(LD)y AMAT{1IN,12), JAT(12), ASPECIL1Z), IN, IS,
AWFIECL1D, 60y IELLIG,C ),y ALPUYI2)y W2Fy My BLOKTILSYy LHEIS), RHO (310,
2ISERI11M), WATE(LC ), W1(E), wh3, IG, NP, VNT(201)4 W4T, NAMF, SER
GCOMMON ZIPRIUM/ TLEZUN,2)y TUL2NC,2)y NIL20N), VRUL2LD,12), €2y
1TAUy HE2.0), Sulaiudy YL2P0),y JCy IR(27C,20y LMUL2LN ), VLNK (TS,
ST0J0L12), RA(2NG <)y RBU2GN, 20, RPCIZDT2)y RNPI2L™y 20y RE(23Gy2)
IRFU2CNe2)y CHULOuUy2)y UMy WlB,y CPy FNy C(12,200), SPECIE(20D)
4,LL (200)

TUPP 26CTu.0

TLOW=29P,16

KRE17)Y =1

VNTINF) = ELOG(1436T7T1%TONE/VONE)

CALL FQULIL(TONE ¢PCOND ¢HONE 4 SONE, 1)

PONE = FANSVNT(NP)

2 HE-HONCL={VONL+V )= (PP =POMNE} /2.0

2P = 2

DO 8 J = 1,22

CFx AMAX 1(]l.N,4CF)

CF = AMINI(16su,y CF)

CV 2 CP = 198712FN

DELTAT = #2/CV/CF

DELTATZAMINI(DELT 2T, S%(TUPP=TONE))
DELTATZAHAX L(DLLT Ty oR*(TLOW=TONED)

TONE = TUNESDELTAT

IF(ALS(DLLTAT)=,u"i)1n,58,88

UNTUINP) = SLOG(1e%0T7i¥TONFE/VONE)

CALL EQUILUTONCyPUNE ¢HONE+SONE, 1)

PONE = FAN#VNT (WP)

ZZHE ~HONL=( VONL ey )% {FR=PONE) /2.9 \

CF = tLZP=2)/(LVeDELTATY)

2p = 2

CALL SLITET(3IKNL"FX)

GO TOCT7Ls74)KOOTFX

IF(Z)72,10,71

TLOWSTONC
60 TO0 70

TUPP ZTONL

CONTINUE

CONTINUE

HONE = HUNE ¢ o

SONE = SUNE ¢ Z/TONE

KRE1TY = N

IF (V oFue VONC) w0 T) 9r3
HREUAIVONL/V )RR kHT sHCNE) /((VONE/VIs*2=1,C)

3 RETURN

END

92
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SUBRGUTINE PUT In (LE)

GCOMMON A (12,12)y KRUZN), BMAT(IN,12), JATUL12)y ASPEC(12)y INy IS
IFIE(LC,6), IECLO)86),y ALP(12), W27, N, BLOK (1Cy5)y uH(1C), RHCULC),
QISERI(1D), WATELLD )y WLL6), WU3, IG, NP, VNT(20.1}, W47, NAME, SER

COMMON/ TICINFO/AAAR(E)

COMMON TTAGUINL), WING(IO)

ODIMENSTON ATWT(LUC), SwINGI10), VOUTI(1D)

DATA IRUN/D /

DATA (ATWT(I), I = 1,1C0)/71.008, Ho7C03y 69U,y Yeuldy 1Le82,y 12,011
191644078 160y 196 2Lel83y 224991, 24432, 26«98y 2607y 30,975,
32,066, 25,457, 19,944, 79,1, 40,08, 44,98, 5769y B0e%%, 52471,
54,94y 55485y SB.9U, SB.71, 63.54, 65,38, 656729 72646y THWS2,
78&96. 790916' B-’oe‘-' 350“80 87.630 85'911 910?2! 92'91' 95'°5'
9%e9 171ely 102491, 136 .4, 10788, 112,4}, 114e0 2y L1EaTy 121476,
127461, 126494, 1313, 132,91, 137.2%%, 135-92' 1“u013' 40,914,
198427 14 7ey 160035, 1526y 1574269 158493, Ju2eSle 16U¢0%, 167,2
979 168494, 173,04y 174.99, 176,50, 180'4 95y 163486, 1864224 19N¢2,
1 19242y 495409, 1974y 22Geb1ly 20Ue39, 27421y PE499y 21Ces 2134y
2 22260y 230y 2264y 24Ty 2324, 221ay 23Bey 2374y 24744 2430y 2474,
3 249 ¢y 251.. 2oley 5%, /

o N EN

l FORMAT (i911, Al, AL, I4, IS5, 151
¢ FORMAY (uB8by 6(F343y 82)y FT40y FbaCy 1IT)
3 FORMAT (12Fbeby ALy £?)
4 FORMAY (/1H 34x, 1Za%)
S FORMAT (IZH*INGREDIENTS 79X, 29H NEIGHT CALe/us UENSITY)
b FORMAT (,2F1040)
7 FORMAT (,H )
8 FORMAT (iH SA641Xy LiF%e3y F943y Fl%¢0y FOGU)
5 FORMAT (4XHZGRAM ATONM AMOUNTS FOR PROPELLANTY WLIGHT OF F9.3)
u FORMAT (.HD 12(4H (A 2y 4H) M
LE = "
IF (IPUN) 19,.1,419
1 READ (5,1) (KREID s I T 1419)3ISERIC1)y ISERTI(2),y IN, IT, IRUN
D0 1¢ T = 1l,1¢
¢ JATI(IY = n
D0 13 I = 1,Ih
5 READ (Syc) (RLUK(Iyu)y U2 145y (FIE(T,J)y IE(ied)dy 4 = leb),

1 DHUI)y wHOLID
CALL STOLCHILE)
DO 14 I = 1,4IN
WATELI) = 0.
00 14 J 115
(

K 2 JiT(u)

164 JATE(I) = WATELT) ¢ LMATUIT  J)*aTWT(K)

1

1

CALL SEARCHI(LE)
REWIMD 1.
THE NEXT 8 CARDS CuUNTROLL THF SC 4020 OUTPUT ON PSSLDU UNIT 14
9 CALL CAMRAV (1)
CALL FRANMEV
TALL CAMRAV (2)
CALL FRAMEV
INC = 1719/7(X0 + IN ¢ (N+3)/4)
CALL SCOULTV (1 ,1INC)
CALL LOCSTV (33, 1L09,4)
CALL MAXFRM(SCLO0)
IF (KR(6) +NEe 1) GC TO 18°
READ (5,4i7)
WRITE (1w, T
7T FORMAT (i0H
1 )

15 READ (5,31 Wlibly wlibdy (WINGIT)y I = J,1C) ISERIC2), ISERT(U)

b

WRITE {6416) (USEFI(I},y I = 2,4)
6 FORMAT (Ml 3Ag)

93
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IF (KRL2) JNEW 1) GG 70 20
Is = IS =\
20 IRUM = IRUN =
KRU19) = 1
IF {wING (1) «Fwe Oe) GO TO 120
KR(19) = r
DO 21 J = 1413
ALP(J) = T.
00 21 I = 1sIN
21 ALPUJ) = ALP(J) + AMATI(I,JI*WING(I)/WATE(]Y)
W27 = D,
Wwlilt) =,
Wil = Co
VA = 1,
Do z2 T 2 130
SWINGIY) = wINGD)

WIG4) = wl(4) ¢ UH(II®WINGL])

W2T = W21 ¢+ WILG(T)
IF (RHO (1)) <n,af,24
24 WH3 = wikd ¢ WINGII)/KHO(I)

60 T0O 22

25 VA = 1,

22 CONTINUE
d43 = VA/MNUI  wWe?

120 IF (KP(U) «NE, 1) GC TO 23
IF (KRUL1T) LEQ. 1) o T0 2

WIE) = wl(B)/ b.7ulit9
IF (KRU7) Jt0Q, 113 GU TO 23
Wl(E) = wl(b)/  4,TJCER
«? WRITE (lb44) (ASPFCtIN, I =
WRITE ( co4) (ASPECUI), I =
WRITE (1045)
WRITE ( oy7)
WPITE (1e,7)
Do 27 T 2 4, IN
IF (KP(&) +NCs 2} GO TO 27
WRITE ( Gy8)UBLORITyuUYy U =
10H(I), RFOLID
27 WRITL (luy8)(BLOKELyu)y U =
JOH(I), PROLD)

3

1,I8)
1,I%)

105)' ‘A“‘T‘I'J,q J

155)y CAMAT(IWU)

15 FORMAT (<NHEXEP VOLUKME RATIOS = 1CF1Ce%)

SU = N,
DO 34 I = 14Tn

34 SU = SU + WINGLI)/RKOU(D)
DO 35 I T 1,1k

35 VOUTI(I) = wINGUI)/ZRHCUI)/SU
WwRITE (10,26} (VOUTHLIY, I =
WRITE ( w,y?) W27
ARITE (1cy9) W7
WRITE ( wyl™) (ASTECUI), I
WRITE (1eelG) (ASFLECHT),y T
WRITE ( be6) (uLlPll), I =

1
WwRITE (loe6) (ALPtI), I 1
8

IF (KR(2) +NEs 1) Go TO 2
IS =2 Is + 1

2¢ IF (LE oNEe 1) GNP TO 09
IF C(IRUN LEQ. J) LG TO 2°

00 3L T = Ll,IRUN
3u READ (5 ,4)

WRITE ( wyd3)

IPUN = N

35 FORMAT (o2HOMAYRE THIS TIMID MONITUP WILL TRY THE NEXT SYSTEM.

29 RETURN
END

'
*

1,1

14IS)

1:15)
1s)
I1s)

*]

1y3i2)oSWING (I,

L912)ySWINGUT),




NWC TP 6037

SUBROUTINE PVPLOT

OCOMMON A(12,12)y KRUZN), AMATI(10,12), JATC12)y ASPFLL12), INy IS
IFLECL10,6), IEL10,6), ALP(12), W27, N, BLOK(LUy5)y FH(10), RHRO(10),
2ISERI(10), WATE(L"), Wl(E): W43, IG. NP, VNT(2Ul), W4T, NAME, SER
OCOMMON / IBRIUM/ TLI12C042),y TUL2NO,2), W3L20N), VNUL2CO,1£), CA,
1TAU, H(20C0), SUl2GU), Y(200), JCy IRIZO0,2),y DMUL2uN)y VLNKIZND)
210J(12), RA{20ue2)y FR(20D,2)y RLI200,42), RNI2LN,42) e PEIQ0N42)
IRFL20N,2 )y CH(LOG,2), JM, WHB, CP, FNy, C(12,2C0)y SPECIE(2UM)
4eLL (200

COMMON/EAPLO/ VL(FU)Y, PLL2Q), VEL(2N), HT(20), TET(2C),y WE

CALL GRTICIV (14 29 ley Bey 6PCQuy oNYly 1006y 100 1Cein 0,2,

DO 19 I = 1lyNE

IX1 = IXe

IP1 = IPZ

ISl = IS«

IVl = Ive

1¢1 = 1C¢2

IX2 = NYV(IVLILI )

PLII) = PLITY*,Bu.

HT(I) = KRT(IV/ZLD.

IP2 = NYVIAMINI(PL(I)y, 6000.))
IS2 = NYVIAMINLI(HT(I), 60NCe))
IV2 = NYVIAMINL(VEL(1),60004))
IC2 = NYVIAMINIU(TET(I), 6N00.))

IF (1.E£0.1) GO TO 1¢
CALL LINEVIIX1,IPL,IX2,IP2)
CALL LINEVIIX1,I51,1I)22,I82)
CALL LINEV(IX1,1C1,41X2,1C2)
IF (I JEUs NE) GO TO 19
CALL LINEV(IX1,IVi,IX2,IV2)
19 CONTINUE
CALL APLOTV (30, VL, PLy 94941y 1HP, NLAST)
CALL APLQTYV (30, VL., TET, 9,9,1, 1HT, NLAST,
CALL APLCGTV 430, VLy VELy 999,Ly 1HV, NLAST)
CALL APLOTV (30, VL, HTy 93941y 1HH, NLAST)
_CALL PRIAYV (33, 33HVOLUME RATIO ALONG HUGONIOT CURVE, 416,46 )

CALL APRNTV (0,=16, 61, 61H*PRESSURE ¥1nQ *TEMPERATURE *VELO
1CITY BENTHALPY /1L 44, $92)

RETURN

END

CMAIN PROGRAM
CCOMMON A (12,12)y KREZN), AMATI(1N,12), JAT(12)y ASPEC(L2), IN, IS,
IFIE(LIN,6 ), TECLIN,E), ALP(22),y W27y Ny BLOK (1045, CH(10), RHOI10),
SISERICIN ),y WATL(LC ), W1(6), W43, IG, NPy, VNT{ZuLl), W4T, NAHE, SER
OCOMMON 7 IBRIUM/ TLI20LN,2),y TUI2NDD,2), W3i1200), VYNUI200D,12), QA,
1TAU, HI200), SU(270), YI200), JCy IR(20N42)y DMUC20D)y VLNK(2G0),
2I10J(12)y RA(200y2)y RBU20U,2)y RCU20Uy2)y RDEZUNG 2Dy RELZU( LY,y
JRF{20U0s2)y CHCOO42), UM, WhB, CP, FNy Cl12,20U), SPECIE(200)
4,LL 200
COMMON/EXPLO/ VvLU=0), PL(?0), VEL(2D), HT(20), TET(20), WNE
COMMON/MUCN /TSTEST,TE
TTCFORMAT(J9HDINITIAL DENSITY = ,F12.6,6Xy19HINITIAL PRESSURE = F12,6
1/23HODETONATION PRESSURE = yF12¢5,6X922HDE TONATION VELOCITY = ,F12
245}
66CFORMATIYISHOHZAT OF REACTION =,F1142,13X,19HPARTICLL VELOCITY =,F12
1.2)
330FORMAT{3I¢HOIMPULSE FROM ISENTROPIC EXPANSIONZ ,Fl4.5)
BB8B8 CONTINJE
8 CALL PUT IN (LE)

PIN = W1t6)
HIN = W1 W)
VIN 2 1,9871eu27/w43/,.8205
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TES3GN0 .0

CALL GUELSSITE,PIN)

CALL CJNET (VMIN)

CALL HUSOI(PINGHINGVINJPZERO,TE,HRZERO4VMIN S ZEROyHIEROD)

TCHZTE
HE = HIM
803 VWAVETSQRT(83ITcosUs(HKZERO-HE}/W2T)
905 LS =1
CALL OUT (PZERQO, TE, HZERO, S2ERO, LS)
PR = PIN

90t WRITE(16,T7)IN43,PRPIERO,VHAVE
WRITEL 6,77)W43,PR,PZFRO,VWAVE
907 SOUNDVZSORT (8372, % (HRZERN=HZERO)/W2T)
PARTVZVWAVE =SOUNDV
SYSENT=S(EROC
CALL S RAL (TE, PF, 'HE, SYSENT, TCH, 1)
OME =HF
CALL EQUIL(29B4164PR,HEJENTR, Q)
DHREAC = (HZERO = HE)/7i000.
WRITE(16 66 )DHREAC ,PARTY
WRITE( 6,66 )DHKEAC,PARTY
FSI = 9.329usSWURT (IHJERO =~ QHE) /7 W27)
URITEL16,33)FS{
WRITE( 6,33)FSI
161G CONTINUE
CALL PVPLOT
GO TO 88¢A
END

SUBRUUT INE CJDcT (VMIN)
TCOMMON AL12412)y KRUZN)y AMATIING12)y JATUL12)s ASPEC(I2), IN, IS,
IFIECL0,60s IECLCA),y ALP(12), W27, Ny BLOK(1D45)y OUMIIC), RHO(10),
CISERI(1IN), wATGlLL ), WLllo)y W43, IGe NPy, VNT(2L1), W47, NAME, SER
DCOMMUN ZIBRIUMZ TL (200,20, TUL2NN,2), W2200), VNUIRCN, 120, CAy
1TMI, HEOLD)y Sule )y YI200),y JCy IF (200,20, DMULZUN),y VLNKIZDC),
21040120, 28120, )y KRIZONe2), RCUITGI2)y ROL2LNZ)s RE(OQ,2Y,
IRF(20042)y Cl Jredy JM, WHEB, CP, FNy Ci12,20u), S2ECIE(L0)
Gyl (a2

COMMON/EXPLO/ VLI"U), PLIPG)y VEL(ZM)y HYLZP), TeTU20)y NE
COMMON/ZMGON/TSIES T, TONE

PIN = Wwltk)

HIN = W1 (W)

VIN S 1987 1%Wc7/ 5847 /40B275

VONE = VIN

CALL HUGO (PIN, HIN, VIN, PONE, TONE, HRONE, VOM_y SONE. HONE)D
VLEZ) = i

PLI2) = PONE

VELE2) = #1300LIut vini.

HT(Z) = RONE=HIN

TET(Z) = TONE

VONE = o 55%VIN A

CALL HUGU (PIN, HIt, VIN, FUNE, TONE, HRONE, VOUNE, SONE, HONE!
VL) = .85

PLI1) = PONE

VEL(1) = SQRT (o372 (HRONF=HIN)/&27)

HT{1) = WONE=-HIN

TET(1) = TOMNE

NE
UL
v
Do
NEM

N

-1
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lc

17
1s
19

Go 1< L = IMNE™
IL 2 ME ¢ 2 ¢« v -1
VLEILY = VL tIL=-2
PLEILY = PLUIL=2)
TETCIL) = YETC(IL=2)
VELUIL) = VEL(IL=-?)
HTOIL) = HT(IL=2)
VLIIH+Y) = vL (IM)
PLIIMel) = PL (1IM)

TET(IMeY1) = TETLI™)
HTUIMe1) = HT (LMD
VEL(IM*1) = VEL(4M)

VL(INne2)

vLtIm

IL
Do
VOh

18
3

M

S VWL (Irvel)
o

J = IMuLL, "

VLIJ)I®Y N

VL CIMeY) » 0L

- LL

CALL HUGG (PIN, HIN, VIN, PONE, TANE, HRONE, VOUNE,
PLLV)
VEL tJ)
TET LD

HT(
Al
AZ
Al

J)

VE

PONE

S SQRV UGV «* (HRONE=KHIN) /wW27)

TONE

hONE = HIt

LiIMe+l)

(VELIIMe2)=vELIIM)) /2./0L
EL(IM) o VEL(IMe2)

tv

VMINP =
VMIN
OELP

DEL
a0
IF
Ix
NE

VitIN
VLIIMe1) o
Del

A2/ /A3

S ABRSIVMIN=-VMINPG)

17

(VEL M)

M
NE
oL

1 2 1,2

+1

v 2
/o
VMHIN®VIN

= 2e*VELLIIM#1)/2,/DL/00L

oLTe VEL(IMOL1Y) GO TO 18
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Appendix )
SUBROUTINE VERSION OF PEP

By exchanging the main program and input routine with the subroutines below, one obtains a
version of the program that may be made a satellite of another main program. This has been done

for the final

15

14
1c

—

reduction program for airbreathing propulsion tests. !5

SUBRGUT INE PFO3
CCOMMON A (12,12)y KN(ZNYy AMAT(ING12), JAT(12), ASPEC(12), IN, 1S,
IFIEC10, 60y IEC1046), BLP(12), W27, Ny BLOK (10453, LH(10), RHO(L1O),
2ISERI(10), wATLl.")y W1(6), W43, IGs NP, VNT(2U1), W47, NAME, SER
CCOMMON /IRRIUM/ TL(ZUN,2), TU(270,2)y W3(20C), VNUC200,12), QA
1TAUy HE2000y SUL2 0D, YE2N0), JC, IP (203,21, DHUGLT), VLNK(20Q),
2I0J(12)4 RAL20LIZ)y PRI20N,2), RCI200,20, RN(ZUL0, 20y RE(200,2),
SRF(200, 200 CHULDUs2)y UMy WUB, CP, FNy C{124200)y SPECIE(2G0)
4,LL(200)

COMMON/MGON/TSTES 1 o Tiy IRUN
COMMON/PESULT/SPLUL) JASTUP) yGAME2),CFU2)EVI2) \RISP(2),0EX(2),
XTHRT(2) 4 TEX (2) g TCOHR JENTH(2) o ENTROG2),GASM (2) ,RTV (&)

TCH = 34o7.

TES AMAX I(TCH, 5000

151 EST = n,

TE = AMINICTE o 5000 )

PRzW it}

IF (KP(7) +EQ. J) GO TO 14

TE = Wilp)

VHTUNP) = ELOGG.UF2uSkwll6)/WI(5])

CALL EQUIL (TE, PF, HE, SF, 1)

PR = FN&UNT (NP )

SYSENT = SE

60 To 8

CALL H BAL (TE, PR, SYSENT, 1)

TCH = TE :

TCOMBZT Ch

ENTH(1) Zal(4) s L

ENTRO(1 ) 2SYSENT | 5 R s

GASM (1) ZFN f

RTVI1IZVAT(NP)
GAM{1)ZCP/(CP=FN®149671)
GASM (7)) Z(,

I6P=1G+1

00 1 I:16P,N

GASM(2) ZcASMI2)+yNT(])
RETURN

END

“PRFCEDING PAGE NOT FILMED
 BLANK

> -

lsNa\ral

Weapons Center. The Final Reduction Program for Airbreathing Propulsion Tests at T-Range, Theory

and Usage, by L. R. Cruise. China Lake, Calif., NWC, Junuary 1978. (NWC TM 3364, publication UNCLASSIFIED.)
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SUBRUUTINE PUTINS(ISER,wTS)

DIMENSION ISER(1U), wTS(LIM)
NCOMMON A (12412)y FRELO), AMATI10,12), JATU12), ASPEC(12), INy 1S,
IFIECLNy6) TECLD,6), ALP(12), W27, Ny ELOK(YIUs5)y UHLIU)y RHOLL0D,
QISERI(IN), wATL¢LM™), Wi(H), w43, TG, NP, VNT(2u1), W4T, NAEME, SER
COMMON TTAGI17uL), WIMIID)

COMMON/ TLINFO/ZAAARLG)

DIMENSION ATWT(1I0C), SwWING(10)

COMMON/MOUON/TSTEST ,TE, IRUN

DATA (ATWT(I), I = 1,100)/1.00N8, 4,703, 6,94, 7.ull, 10.82, 12.011
1024008y 16 ey 19ey 20LelR3, 22,991, 24432, 26498, 28.u%, 30.975,

2 32.0%60 354487y 39,904, T9,1y L0.08y UULFb, 4Te9, 5C.95, 52.071,
4 5“o9u' 55‘85' 55'9“' 58.710 6305“' 65-38' 69!72' 72.6' 7“092'
S 78496y 794916, dTeBLy BSelUB, 87,563y 88491y 93472, 9¢e91y 95,95,
6 994y 10dely Ju2e%1, 10644, 107488, 212,81, 1ll4ec2y 11847y 121476
T 127461y 126691y 131.%, 132.91, 137436, 133,92, 440e13, 140,91,

8 144427y 14Tes 1957435y 1524y 197626y 1583493, 162451« 164494, 167.2
97, 168494y 173,04, 1740099y 178450y 180695, 153.8B6, 1864224 19042,
1 19242y 195409, 190,y 2:¢00bly 20439y 207421y 208499 210ey 2100y
2 222.9 2‘3-. 2‘60. 22700 2320. 231!0 238.) 237.' 2370.12&”1090031'
310682924 432426.98, 253, /

L = 0

IF (IRUN (NE. J) Go TO 19

DO 12 T = 1,1

JATHIY = 0

KP=S)

REWIND 1li

REACI11 41110 Va

D0 13 T = leln

KZISEP(I)

iF (nP LLTe K) GG TC 11137

REWIND 14

READ (11 ,1110)YaA

KPzi

00 1113 uTKP,K

READ (11,11200(VNTIL),LZ1,12)

FORMAT (il1h64A5)

KPZK 1

CONTINUEK .

DECODE(2 yUNTY (ulOW T oddgu oS5V o (FIECL I ZIECToudrU=146)y

1 OH(I), RHO(I)
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1199
r41]

21
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FORMAT (546, 6{F3.3, A2}, FS.Cy

CALL STOLCH(LE)
LO 14 I = 1yIN
WATE(Y) = 0,

00 14 J = t,Is

K = JAT {u)
WATE(I) = wATE(I)
CALL SE&RCH(LE)
IF {KR(?2) «NE, 1)
Is =2 15 -1

Do 1199 1=1,IN
WINGI(T)ZuYSUT)
KR(16) n

0o 21
ALP (U}
00 21
ALP ()
L2T 5 0.

Nitu) =

Ju3 = 0,

va = 1,

D0 22 I = t,IN
SWING(I) = WINGCI)

S 1,15
Ne

T 1IN
ALPLY) o

" oees e o0l

F6ey IT)

+ AMATHTI W J)*ATNT(K)

GC TO 19

AMATII oJI*WINGU(I) /WATE(D)

Wile) = wltl) ¢ DHITI®WING(T)
W27 = W27 « WINGIT)

IF (RHO (L)) 25,2¢%

WUI = W43 ¢+ WINGLI
GO T0 22

VA = 0,

CONTINUE

W43 = VA/W43 #w27

IF (KR{U) (NE. 1)
IF (kRC17) JEQ. 1)

124
}J/RHOLTI)

o 10 23
GO TO 23

Wl(5) = wl(5)/,.4,700¢9

IF (KR(7) JEQ. 1)

6G T0 23

W1le) = wllb)/i4,70069

0O 27 I = §,1tu

IF (KR(2) oNEs 1)
IS = IS + 1

CALL GUESSI2500L4y"
RETURN

END

GO To 28

Ue )
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NOMENCLATURE

Note: Symbols are listed in the order of their appearance in text.

S

N

C

Cik
iN1<;<8S
bik = <ifj)k
"iff)

B

bj
14
K;
&i
R
T
A
n

1
n;

iff)
A

[)

¢
M)
1T)
H,
S(T)
So
v

K

H\ VTS 1P

13,V,T7,52,0;

Number of chemical ¢lements

Number of molecular species (N > S)
Molecular composition matrix

Elements of composition mairix

A given chuice of basis species
Composition matrix of basis species
Molar amounts

Optimized basis matrix

Element of basis matrix

Matrix of reaction coefficients
Equilibrium constant for ith reaction
Gibbs free energy for ith species

Gas constant (1.9871 cal/K-mole = 0.08205 L-atm/K-mole )
Temperature

Small difference in reaction coordinate
Molar amonnts

New composition after adjustment of n;

I for gas , .
Phase parameter § ) o, condensed { for ith species

o
l/l; = RTIV

Pressure

Guess for equilibrium constant
H(T) - H, or S(T) - S, in enthalpy or entropy balance procedure
Znthalpy at temperature T
Reterence enthalpy

Entropy at teraperature T
Reference 2ntropy

Specific heat at constant pressure
Degrecs Kelvin

Chamber staie variables

Exit plane state variables
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ViVs Volume

Isp Specific impulse

EMKS Acceleration of gravity in Sl units

J Mechanical equivalent of heat

m Mass

Y Cp/Cy = ratio of specific heats

L Conversion factor

Yo A parameter that equals v only for a perfect gas

Ty Isentropic exponent (PVYy = constant). A parameter that equals y only for
a perfect gus

m Mass flow

k 103 liters/m3

P Density

v Velocity

A Duct cross-sectional area

P*A* Nozzle throat values

Cr Throat coefficient

c* Characteristic velocity

g1ps Acceleration of gravity in common units

AU Ideal boost velocity

g Acceleration due to gravity

ot Switch density
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2 Air Force Systems Command, Andrews Air Forze Base
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SDW (1)
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1 Defense Advanced Research Projects Agency, Arlington

12 Detense Documentation Center
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