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INTRODUCTION

The Naval Weapons Center has developed a computer program, often 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 3 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
composition, enthalpy, entropy, specific heat ratio and molecular weight of both the combustion
chamber and cxhaust, frozen and shifting equilibrium, specific impulse, boost velacities, thrust
coefficient, characteristic velocity, and exhaust gas velocity can be coemputed 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 compuier 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.S. 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 uf nonlinear algebraic equations that must be simultaneously
solved and because of the necessity of devising computer codes general enough to handle any
particular chemical systeral. There have been three historic approaches to the probien.

1Westcm States Scction of the Combustion Institute. Proccedings of ihe First Conference on Kinetics.
Equilibria and  Performnance of High Temperature Systems, ed. by (. Bahn and E. Zuckowsky. Washington, D.C.,
Butterworths Scientific Publications, 1960.

A oy
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One spproach, presented by White, et al.. is directly motivated by the free-energy criterion for
chemical equilibrium?. The resulting numerical procedure is the method of stecpest descent, which is
a general method tor 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 called components)®. It contains as many species as there are chemical
elements, and from it all other species may be formed by chemical reaction. A set of equations then
establishes the equilibrium relationship of each nonbasis species to the basis. Another set of equations
estabiishes 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 al.> and Browne®. The
latter, in particular, introduces the concept of the “optimized” basis, in which the components are
present 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 (NGTS).

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
ot the present program. lts theory is simple: The chemical system is divided into & 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 model can only lead in the
direction of equilibrium.

In its computational 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 choice of the basis. It 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 Equilibrium in Complex Mixtures.” J. Chenl,
Phys,, Vol. 28 (May 1958). pp. 751-5.

33. R. Brinkley, Ir. “Caleulation of the Lquilbrium Composition of Systems of Many Constituents,” J. Chem.
Phys., Vol. 15 (1947), pp. 107-10.

4]!. J. Kandiner and S. R. Brinkicy. ‘Calculation of Complex Equilibrium Relations.” Ind. Eng. Chem
Vol. 42 (1950), pp. 850-5.

5Nmionul 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.)

6Nuva} Ordnance Test Station. The Theoretical Computation of Equilibrium Compositions, Thermodynamic
Propertics and Performance Cheracteristics of Propellant  Systems, 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.)

71). S. Villurs. “A Method of 3uccessive Approximations for Computing Combustion Equilibria on u iigh
Speed Digital Computer,” J. Chem. Phys., Vol. 63 (1959). pp. 521-5.

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

»
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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.

-,

S ae
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The optimization problem requires that ifjj be chosen to form a basis anda that the
corresponding molar amounts Nj(j) 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 molar amounts are in descending order.
Here the specics subscript / becomes itself a function of a subscript m, such that

n, EN, ZFeeZn 2n; Z 2 n; (3)
h 2 m™ 'N

The basis is now found as follows. First /] is chosen to be the first basis species and the ijst
row of the C matrix is put into the first row of the B matrix. Next the / and m indexes are set to
the valuec 2. The third step is to test iy, as an acceptable basis species. This is done by inserting the
iyth row of the € 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 {est fails, and the m index is increased
by unity. If there is no linear dependence, I;; becomes the jth basis species, which is to say, /j) and
both the j and m indexes are increased by unity. From here the process returns to the third step
until i(S) is determined.

Browne established linear dependence by the following relationship:
|8 ) gne)T i = o X

where 7' denotes transposition and B¢ 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: "

' ZS:b b ; b2 )6, 3 Sn ) ()
by, = by - ’ g: 0 l<sn<j .|
O T Ok T\ W nh/ =4 % | Pk lcree

where ”S'Zk replaces the element by, and 7 and % are dummy indcxes. 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 thc end of the optimization process, and the » matrix
of reaction cocfficients is expressed

= cp’! (6)

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

5 & 7
fn K; ﬁ*‘ 2—:1' g,(j)] ™

where g; is the standard Gibbs tree energy of the Jth species at the given temperature 7.

gk. 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 cquilibrium procedure requires thut a first estimate of the equilibrium composition be
given. This estimate need not closcly 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 arount of one monatomic species of each chemical
element 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 esiimate of the molar amounts. The reaction
cocfficient matrix, », and the array of equilibrium constants, K;. are thereforc available from
Equations 6 and 7. A pass is made through the reaction (nonbasis) species to determine whether the
proper equilibrium relationships are 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 Prigogine!0

The chemical reaction which yields the ith reaction species from the basis may be written as

S~ 1 (8)
2 i
=1
therefore, a stoichiometric change in the extent of reaction, Ag, causes the following slteraiions in
composition.
’11! = "i + AS (())
1
T T VPN THWAN [ <<
"igj) = Mgy Vi b<j<S§ (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 Miej in the basis for which
Vyi # 0. In actuality most reaction species are smailer in molar amount by many orders of magnitude
than the basis species 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 equilibriurm relationship for the ith reaction is expressed us

S
= 20 gy v o CAmyggy) v O (An) = W K, "
/=1

10l. Prigogine and R. Defay. Chemical Thermodynamics, translated by D. Everett. London Longmans, Green
and Co., 1954,

e B . . . e Vo 4 Y
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where the phase parameter y; takes the value unity if the ith species is a gas and the value ero if it
is condensed, and

where P is the given pressure. If the current molar guesses are incorrect, the terms on the left wili
equal some value other than @i A and are denoted @1 Q). The iterative procedure obviously must
adjust the values of n; until the values of @Q; approach those of K; within a specified tolerance. The
log of the equilibrium constant may be differentiated with respect 1o the reaction parameter &
(assuming A to be constant), yielding

5 )
T ) Vi) + 71'/"1‘) de=dln Ky (12)
/=

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

S .

At = (W K; - QI-)/(IZI'YI V;-)‘/-/n,‘(j) +7;np) (13)

Equations 9 and 10 are then applied. (In practice, AE is not allowed to take values leading to
negative ”i') All major species are corrected by this method during the iteration pass. This differs
from the method used by Villars, who 4pplied the correction only where the discrep-
ancy IQn K; - Q,‘I was greatest. The modificaticn is justitied for two reasons—(1) little additional
computing time is required to actually make the correction after the discrepancy is determined, and

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

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

”1" = n (Ki/Qi) (14)
At = nj - ny (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 15
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 every
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
EQUILIBRIUM CALCULATIONS

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

i Species <
c -
(3

0

)

Cco

6 CO,
C(graphite)

= C (composition matrix)

W B b —
OMN =t — 0O IO

—_— e O D W -

~1

L ——

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

Specics i n
C 1 1.0
C3 2 0
0 3 20
0, 4 0
<0 5 0
CO, 6 0
C(graphite) 7 .0
Cbviously the best basis for thesec composition values is:

Species i iti)

C 1 1

0] 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 iteration.

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

Species i ni

! C 1 0.4874996
| C 2 0.0045000
0 3 0.5005000

‘ 0, 4 0.5000000
! co 5 0.4985000
€0y 6 0.0005000

C(graphite) 7 0.0000004

—_
<
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(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 ol the second row as follows:

SO 4 N L) S
byy = by - S, vl 0T

This element is non-negative and CO is immediately accepted es a basis species without further
calculations. Also, because therec 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 i m
0 ! 3 ! 3
Co 2 5 3 5

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

o[ ]

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

v = cgl = o] [1 1 = [ 17
3 0 1 0 3 3

0 1 1 0

0 2 2 0

1 0 I

1 2 |1

|1 o] S

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

!

1 ) 0O + (1) CO—» C
2 (3) 0 + @3)CO— C3
3 () 0o + (@O CoO— 0
4 (2) 0O + (0) CO—> 0,
5 (0) O + (1) CO—>» CO
6 (1) 0O + (1) €CO—> €0y
7 1) O +

(1) CO —» C(g.aphite)

12

ot i ISEY

i, AN

3
Al
5
3
A

:)
.%
%
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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 i
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)

]

U.4975_(0.5005) (0.5022) | _
o [ W = -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:

,

AF = (0n Ky + @ Q) /(X vylnigy + 1np)
-1)2 2

st = (e vy (G2, €2 1)

Ak = (00171)/6055 = -0.0028

13
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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) 0O+ 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.
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.

14
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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 ccndensed
species, and so it is considered to be major even though its concentration is well under /100 of
the smallest basis species. €n (2 is found as follows:

it

Q3 = (1) W (Ang) ¢ (+1) W (Angq)

- [£-1) ®1 (0.5022) (0.5001) + (+1) 2 (0.5022) (0.4990)]

_ gy 2:3001
= M 0.4990

= 0.0022

(No term involving nC(graphite) 2PPCATS in this expression because C(graphite) is a iongas.)

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

nC(gl’ﬂphitC) < 0.000001, and &n K7 - fn Q7 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 required
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 Aé
Afpin < A8 < Qg (19)

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

1/24%

i S AE < 1245 (20)

max
Empirically this has been found to work. -

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

12W. R. Smith aad R. W. Missen. “Calculating Complex Chemical Equilibria by an Improved Reaction-
Adjustment Method,” Can. J. Chem. Eng., Vol. 46 (196R8), pp. 269-72.

13D. R. Cruise. ““Notes on the Rapid Computation of Chemical Fquilibria,” 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 ti:: author to update the basis by the tableau method of linear
programming' © instead of the more time consuming Gram-Schmidt construction previously reported
(footnote 13). This updated 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 (sce Chaptes Xl of Chemical Thermudynamicsm) states that “Whatever
the number of phases, of components, or of chemical reactions, the equilibrivun 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 theoreticul
evaluation of propellant performance. In the mathematics of the program the independent variables
chosen are pressure and temperature. Two other variables of interest and possible choices for
independent variables are enthalpy and entropy. These too, however, are computed from wquilibrium
compeations und 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 ncw temperature guesses are ubtained 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

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

19

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 technique 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 Prograinming, 2nd ed. Reading, Mass., Addison Wesley, June 1963. Pp. 126 ff.

*

Real propellants for which this assuinption 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 disagreement between the
program and reaiity.

*
In ramjets, the stugnation 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 elements in their most natural state dt 298K and one
atmosphere.

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

When such assumptions are made, the system entropy and the system:t 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 thermodynaimics.)

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 cf performance and design parameters, however, demand that the propellant model above

e 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
system entropy. The second problem is to find the value of temperature which satisfies the system
entropy at a given cxhaust pressure. In both cases, pressure is cntered directly into the equilibtium
code and temperature gucsses must be introduced until the enthalpy or entropy conditions are
satisfied.

Enthalpy and entropy are each monotonic functions of temperature; their functional vulues
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 themselves: Newton’s method and the interval-halving method.

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

where T; is the new guess, T;.| is the previous guess, /{T) is H(T) - H, in the case of enthalpy
balance, and f/T) 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 asf’(T)'=Cp and in the case

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

Newton's method is very rapid when the curve is faitly 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 lower 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 {iermochemical 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 cqual velovities 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 Il inefficiency.
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The method proceeds as follows: Take the arithmetic mean of the temperature limits
(T) = 0.5(Ty + T;) and compute the value of H(T) or S/T) depending on the process. If H(T) is
greater than £/ (or equivalently for S), T becomes the new upper limit. Otherwise, it becomes the
new lower limit, The process is then repeated. T becomes successively a better estimate 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 degrec.

The interval-halving method'is the slowest 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 techniques. Temperature bounds «re established and
modified according to the results of the temperaturc 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 *‘overnde.’ The advantages of

both methods are obtained. When the curve is fairly linear, the convergence is rapid: when the curve
“misbehaves” 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 1o thie exit pressure may be
designated by the subscript “2".

The state variables computed during the first process are T4, V| andS; given the chamber
pressure, Py, and the propellant heat of formation, H . Those computed during the second process
are T?_, V: and I~12 given the exit pressure, I’2, and entropy, S+ = Sl'

The state of the gas after the expansion may be computed under either a shifting or frozen
hypothe is: in thie latter case the chamber composition is retained rather than computing new
equilibriv.n conditions at the cxit 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
opumun; i.c., the value of pressure predicted at the exit by the continuity equatjon is the same as
the given ambient pressure. In this case, impulse is simply evaluated as follows:

"y - Hy

1 Hy - Hy) .

= lm - ' (22)
EMKS

! sp

where gy = 9.80665 m/s%, J = 4186 (g-joules)/(kg-calories), m = 1060 g and H is system enthalpy

in cualories. (The program does not aclually require a 100g reference mass: it is merely a
iirne-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 parameters such us 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 equations given in textbooks are inaccurate and misleading. especially
when applied to shifting flow and when the conventional definition of gamma is used:

/c, (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:

- e .
H = Hy + 377 nRT (24)

. Ty _
§=S, = —71«'" nR ¥ T - nR 1 P (25)

where /1, and S, arc arbitrary constants and 7y, and 7, are the parameters to be fitted.
The perfect gas law, PV = nRT, may be substituted into Equations 24 and 25 yielding:

Te

H=H, + :/‘—-1 PVL (26)
vy (27)
§ =85+ ] nR & (PV)-nR n P -
v

where S()' is a new arbitrary constant, and [ = 24.218 calorics/liter-atm. is introduced so as to
consistently express enthalpy in calories.

The constants 7, and v, are to be determined us that Hyund V5 are correctly predicted from
Hy and V; by Equations 26 and 27. The solution may be shown to be

Yo Hi-Hy

Yol T BV, L (28)
n P2 - Pl

yy = ————— (29)
¢n Vl - V2

where H, and S()' cancel out. 7, may be called the calorimetric gamma because it predicts the heat
content during the expansion. 7y, 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,

19

et — e —



NWC TP (037

may be derived from Equation 29, assuming AS = 0. The two gammas will not, in general, be equal,
due to nonuniform heat capacity and changes 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), k& = 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.

. Vik
Alm ———_ml_l) 31

; . . , m
using the relationships /1y - H = 1/2 m »? and n=3.

Equaiions 26 and 27 may be substituted into this expression giving

- -1
PV e (_P_) My
m Yl Py (32)

Alm = [Py =

The pressure at the nozze throat is found by minimizing this expiession with respect to P. The
solution ss

po o p 2\ (33)
1 “"v+l

The thioat area for umt mass {low is found by subsiituting P* back into Equation 32.
A% = fP%) (34)
The optiraum expansion ratio for the given exit pressure may now be found
(Ala™)opt = iP5 )IP*) (35)
If the nozzle expansion ratio is not optimum, then the true exit pressure (Pé) is not the same
as the given ex't pressure (P5). P} may be found implicitly from the given value of the expansion
ratio.
(A/A%) given = f(P})/f(P*) (36)

The energy of propulsion is then given by:

Ye
AH= — .
el (LPI VI) H <Pl
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(In the special (optimum) case where Pi = PZ’ then H = ) - )
In both optimum and nonoptimum cases, the specific impulse is given by

1 2AH

T eemmm——

ISP EMKS m

+ JKLAPY) (Py - Py) (38)

The vacuum specitic impulse follows casily:

S 2 AH . |
Usplvacuum %\/7 — + JKLIPy) P, (39)

Finally, the thrust coefficient and the characteristic velocities are found by conventional relationships.

Cr = 8MKs Isl)/E’Kl‘f(’)‘) "] *

c* = 81ps [sp/Cf @1)
whers gropg = 32.16 ft/s2.

The program currently outputs (/g )opt’ Vs (4/4), and C/ under both frozen and shifting
hypotheses. Corrections for nonopumum expansion may be obtained under one of the program
options.

The program was modified in 1965 so that the computation of v, and +), is applied to several
regimes. Thesc are separated at points where condensed phases appear and disappear from the system.
The values of 7, and v, 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

0.
(sp) g +’5—,.;)
where the switch density, p*, is given by

Mass oi’ missile - Mass of propellant 42)
Voluiue of propellant

p* =

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
EVALUATICN PROGRAM (PEP)

The instructions below assume that one is making a batch run and that he 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.

Columin 63-67  Heat of formation of compound 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 tiie 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 S5SAR 00co
23




NWC TP 6037

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 i~ 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
flelds used on the pressure and weight ratio cards.

A complete sample input deck for a well-known hybrid system is listed after Table A-]
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 velocities and three pages of nozzle design data
4 1 Inputs pressures in psi instead of atmospheres
S 1 Increases precision of species concentrations one order of magnitude
S 2 or Increases precision even further
higher
6 1 Inputs an extra identification card
1 Inputs a pressure-temperature point instecad of chamoer 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 scrial 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 jteration
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 applicd to various species
at cach iteration
16-19 Leave FFor internal use
Blank

~RUN 419051+1320018A0B5G+45356419+05+75/0 CRUISE

~ADD PEP*RUN,

0011000000

SULPHUR

MOLASSES

1000,

~-FIN

1447

CRUISE 2 9
1s 40000 <0474

22H 12C 110 -1550 +0574
10 90,
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Appendix B

PEP TELETYPE USAGE
(Pertains mainly to NWC users)

First obtain a user number for yourself, an identification number for your icletype (TTY), and
a job order number 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 (w0 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 s your job order number, cccc is your NWC organizational code, 1nd t is a time
estimate in minutes. The TTY and 9G arc typed as shown.

Afier the computer prints out the date, type in @ADD PEP*RUN. exuctly 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
prograin. 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 ficlds. The end of each field 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 {o start over, hit a carriag> 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 Ly
hitting a *“break release” button, which turns on dafter you have hit the “break™ key). The computer
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types INTERRUPT LAST LINE and rcturns. Type @@XTIO and hit carrnage 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. Delete the long output (option 3), if you do not need it.

2. Punch the information on cards and submit a batch run.

3. 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)

A= V{system volume in liters)

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 temperature (in K) and pressure (in atmospheres),
respectively, The variable CF is the nozzle thrust coefficient. Those who regard charactenstlc velocity,
C*, as a meaningful number may obtain it by the relation

C* = 32.17 ISP/CF

The variable, ISP*, 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 to 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 riass flow rate expressed as in2-sec/lb.

Optional output includes boost velocities. These are shown in number pairs: the first is the
switch dens1ty (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 Sl 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 0ot 3ebl Dk COMPOSITION
SULFUR “ 1s
MOLASSES =1355L 2?H  12c¢ 11%0

INGRED. WTSe&TOT AL/ GRAM ATOMS/ CHAMWERy EXHAUST RE§ULTS/ PE RFORMAN CE
10,00000 97,00000 1Ln«n000
S5¢TR4264 H 39155053 ¢ 240892132 0 «3118%57 S

T(K) T{F) PLATM) P{PST) EMTHALPY ENTROPY Cch/CV GAS RT /v
850, 1071, 63.02 190M N0 =i39.57 169,12 11,1664 34169 ¢21le448

1475964 Ci 1.2629¢ H20 « 75298 CO2 «55919 (N4

«I0STT H2S «c0ln7 H2 «"U116 CO «NL209 CSO
1.25-06 C52

T(KY TUF) PCATH) PIPST) ENTHALPY ENTROPY CP/CV GAS PTIV

501. 44z, l1.0C 14,70 =156.9¢ 169412 1.2045 3,059 0327
c+15012 Cs 172024 H20 58589 CO2 «41894 CHu
«¥1181 H2ZS e L2221 He 05005 CO +J0004 CSO
IMPULSE IS EX T P* CF ISp* OPT EX C[C-I5P AwM, Ex 7
12042 141936 T15, 38,48 1,6¢° 8.98 «0  «D740L 429,
12341 1.14E3 79T, 39,14 1,625 93.4 9 .67 «0 407560 5Nl

INGREDs DENSITIES ARE

(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) [DEFIGJ] 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 (0O) [PEP] Outputs nozzle performance. {
EQUIL (E) [HBAL,SBAL] Computes composition for a pressure-ternperature 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. i
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 (0Q) [PEP] Outputs temperatures and composition.
PEP (M) Main program puts everything together.
PUTIN (1) [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.c., 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.
SLITE,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.

*ponessential 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).'

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

"[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? |
)
| Turn basis switch on.p- o Jlr“ Ny & Ny for a1l § where iy f ﬂf‘l

i'YesJL

l 18 ny £ 0.0in; o) for all j where vy "5}= No

No

(MINOR SPECIES)

Test Y- 0

e

"
¢
1‘! (MAJOR SPBCIEE“

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

No
I_ls IT a aultiple of four? -

[
o

15 species in equilibrium
with basis (eq. 17)?

(1]

Apply stoichiomstric correction

Q‘L Apply stolchiometric correction
(eq. 13, 9. 10).

(sq. 14, 15, 10).

No Begin Condensed Phase Procedure

Tsny <1077

Turn convergence switch off.h._

S
.
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=

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 CCMMON 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

Basis matrix

Option block

Ingredient composition matrix
Atomic numbers

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

Ingredient composition

Gram-atom amounts (a)

System weight y
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

FLOOR 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 free 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 (L?_)

RC T term for species ¢p (L3)

RD T3 term for species Cp (Ly)

RE T2 term for specics Cp (Lg)

RF Reference cnthalpies (Lb)

CH Reference entropies (L7)

IM Temporary variable

w48 Temporary variable

Cp System heat capacity

FN Number of moles of gas in system

C Species composition matrix

SPECIE  Names of species (ficld data)

LL Vectio 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.
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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 (1015). 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.

[t 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 several 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 aveoid 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

~1JSE 119sCRUISE*PEPLIB
-FORs IS LIBPROYLIBPRO/A
DIMENSION A(20)s B(2)
WRITE (6+4)
& FORMAT (=1=-)
REWIND 11
DO 9 J=mlse9C03
READ i5919ERR=10+END=11) (A(1)sI=1s13)
C 1 FORMAT (10A692X1A591X0A591X0A6)
1 FORMAT (10A6s 1Xe F6e0s 1Xe AS5» 1X» A6)
ENCODE(19s8) Al1lL)
19 FCRMAT (F6.0)
All1)=B(1)
WRITE (11+5)(A(I)sIm1s12)
5 FORMAT (10A6}A5!1XOA591H))
C 2 FORMAT (12A69Al1917)
JJsJ=-1
9 WRITE (693)(AL1)elx1012)9J)
3 FORMAT (-~ =10A6+2X9A5s1X2A5+17)
GO T0 11
10 READ (30020)(A{L)sL=1914)
WRITE ( 6+20)(AlL)YsL=1r14)
20 FORMAT{13A619A2)
11 END FILF 11
CALL EXIT
END
~-XQT
1EA-5~-85 (VICTOR) 378H 243C 102N 860 205F
2 N!ITRO DIPHENYL AMINE 10H 12C 20 2N
100DER321/43DEH14 B10H 596C 22N 1080
2 NITRO DIPHENYL AMINE 104 12C 20 2N
2-TDMECLO4 (INFO 635P) 3C TH 1CL  6F 4N
2-TDMEHCL (INFO 631C) acC TH 1ICL  6F 4N
8CBHIEF1UNGC (FAPEMON) 8¢ 84 18F 10N 60
8CBH18F1UN60O (FAPEMON) 8C g8H 18F 10N 60
9Cl14H12FEN30 (TVOPA) 9C 14H 12F 6N 30
9C14H12F6N30( TVOPA) 9C 14H 12F 6M 30
ACETAMIDE 2C §H 10 IN
ACETYL TRIETHYL CITRATE 22H  14C 80
ACETYLENE 2¢C 2H
ACETYLENE 2¢C 2H
ACETYLENE (GASEQUS)# 2H Fis
ACRYLIC ACID -HC~ 4H 3C 20
ACRYLIC NITRILE 3C 3H 1N
ADIPIC ACID 6C 10H 40
AIR (DRY AT SEA LEVEL) 835N 2240 5AR
AIR (500K OR 900R) 835N 2240 5AR
AIR (1000R OR 555.56K) 835N 2240 SAR
AIR (750K OR 1350R) 835N 2240 5AR
AIR (1500R OR 833,33K) 835N 2240 SAR
AIR (10VUK OR 1800R)K) 835N 2240 SAR
AIR (2000R OR 1111.1K) 835N 2240 5AR
AIR (125VUK OR 2250R)K) 835N 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

L e —— i v e Sy % s a B .
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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
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¢

cb3C 10en  B60 2USF
12¢C 20 2N
Sv6C 22N 1Q80
12¢C o 2N
7H 160 of LN
7H 1L oF LN
EH  1&F 10N 40
&h  18F {ON 60
14 1CF 6N 10
14w 12F 6N 30
SH 10 1IN
14¢C 1Y)
<H
2K
2C
ic <0
H 1N
2240 S AR
2240 S AR
c240 S AR
€¢40 S AR
2240 SAR
2240 5 AR
¢240 5AR
2240 SAR
1AL
1AL
140
1AL
fAL
I 1zH
33 12H
3¢ =-U -0 =N
1AL
3H
1AL
1AL 3cL
19H 1AL 38 1N
s¢ N
ic SN
4C
1c 5N 4C 1cL
7H 20 iN
5H v 1N
3H ZN 10
LH jcL
4H 10 2N
I~ 1F
.8H 151  6F
SH 20 N
7H 30 Vot
7H 40 1™
N 11
2N I0
2N 30
2¢ 2N 40
8H 40 ZN
10h 50 N

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
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AMMUNIUM PEKC nLURATE (AP) 1L 4w iN 40 -602 G704 63
AMMONIA TRIBLO KANE 3 10H In -867 0000 64
AMMONIA 3K N -1004 .0244 65
AMMONIA (GASE (US)» IH N 649 66
AMMONIATED ALUMINUM IODIDE 1AL 31 ON 27TH =N =676 .00CO 67
AMMONIAT LD ALUMINUM IODIDE 1AL 31 13N 39H =n =722 00006 b
AMMONIATED AL UMINUM IODIDE 1AL 31 20N 60H =0 -78¢ +CoGOC 6y
AMMONIATED AL LMINUM IODIDE 1AL 31 6N 18H =0 =622 .003C /G
AMMONIAT ¢0 AL LMINUM I0ODIDE 1AL 3J 1N I -n =282 »0000 71
AMMONIATED ALLMINUM JODIDE jaL 31 IN 9H ~-D =454 0000 72
AMMONIAT cD AL UMINUM I0DIDE 1AL 31 SN 15H =0 =592 +J0C0 73
AMMONIATED ALULMINUM IODIDE 1AL 31 7N 21H =0 =-¢45 00060 74
AMMONIATLD BLERYLLIUM ICDIDE 10 21 4N 12H =0 ~¢h2 L0COO0 75
AMMCNIATED BE KYLLIUM 10DIVE 1bE 21 oN 18H =0 =690 2000 76
AMMONIAT D BEXYLLIUM IODIDE 16E 21 13N I9H =N -?92 .,0000 77
AFMONIATED CALCIUM ICPIDE 1Ca 21 113 IR =N =507 .0000 7¢
AMMONIATED CALCIUM 1O0DIDE 1ca 24 2N 6 =0 =570 L00u0 75
AFMONIATED CALCIUM ICDIVE 1¢a 21 6N 13H =0 =727 0000 &,
AMMONIATED CALCLIUM 10OCIDE 1A 21 UN 4K =N =735 .000C0 -3}
AMMONIATED COFPER NITRATE 1CU 4N sy 6H =0 ' =630 .0060 82
AMMONIATED COPPER NITRATE 1CU 6N 60 12H =0 =769 .,0000 X
ANMOUNLATED COFPER NITRATE 1CU EN 60 15H =" =822 0000 84
AMMONIATED LITHIUM 1ODIDE 1L 11 N I =" -608 0000 BS
AMMONIATLD LITHIUM LODIDE T"wil 11 i 6H =0 -6%1 .0009 8o
AMMONIATED LITHIUM LODIDE 1L 11 IN 9H =T =751 G000 87
AMMONIATED LITHIUM 10DI1DE 1 1 A 12H =0 =799 +J0U0 g»
AMMONIATED LI THiUK 10DIDE wI 11 SN 15H =N =825 +GCOG 69y
AMMONIATED LITHIUM 10DIDE 2Ll 21 11x 33W -0 =417 .00CQ 90
AMMONIATED LITHIUM 10DIDE ity 1z N 21 =D =857 0009 %1
AFMONIATED MAGNESIUM IODIDE 1M 21 2N 6 =9 =500 00CLD 92
AKMKONIUM ALUMINUM PERCHLOKATE 12H IN G 240 1AL ACL =514 +U0758 93
AMMONIUM AZIDGE 4H bin 452 o 486 94
AMMONIUM AZIDE 4h 4N 452 <046 95
AMNMONIUM SOROFLUORIDE 4H 1o 1N 4F ~c860 +06068 96
AMMONIUM oROMIDE 4H N 18R =659 +Cb78 97
AMMONLIUM CYANIDE 2N 4H ic =0 -" 0 +000C 90
AMMONIUM DICH AOMATE+ Sh 2N 70 2CR ~1688 43770 Q¢
AMMUNIUM DICY ANAMIDE 2C 4H iy 121 0000 100
ANMONIUM FLOUKIDE 4H 1N 1F =187 171
AKMONIUM FORMATE SH 1c 1N ¢ -¢108 102
AMMONIUM IOLIDE 4H IN 11 -334 103
AMMONIUM PERICDATE 4H 1N 40 11 =360 #1270 104
AMMONIUM PERC hLURATE 76400 3400 85N oSCL =590 L0704 105
AMMONIUM SULP HATE 8H 2N 4y 18 . “¢133 Wub4l 10¢
LMYL FERKQOCENE ¢7H15¢ 1F¢ =01 o0&c2 107
ANILINE : 7H 6C In 79 #0367 10%
ARGON 1AR ~C n C «06aé 109
ASYROGEL L %4 15¢ 10 1AL =436 +0540 110
ALO“bL57 ISObUTYRGNITRILE "¢y 8C 12H N 13,0009 111
cARIUM C hOMATE 1CR 40 -1347 112
HARIUM NITRATE w» g é0 1baA =907 1170 113
UARIUM PeRORIUE TsA 20 =0 -0 -a ~889 L1791 114
u5ASIC LEAD LA RDUNATE ire  2C ou Z2H 7 115
BENCENE 4H ol 147 ,9317 11¢
BERYLLIUY BUROUHYDRIDE 2b 1oL &H -666 #0218 117
RERYLLIUM HYD RIDE 10E 2H =399 LUU00 118
BERYLLIUM NITKIGE JWE 2N =0 -0 =" -chtb JL020 119
HERYLLIUM (NOA=-HKEACTIVE) 1u? C «06c8 120
EERYLLIUM (PURE CRYSTALINE) 16E D +0668 121
B1S TKIAPINOGLANIDINIUMDECAY4OR 2C 2aH 1lb 12w 159 00uC 122
PISDIFLUCROAM INOHEPTANE 7¢C  14n F 2N 22N U426 1245
61S(CMETFYLHY LRAZINUIDECALGRA 4C 204 1(u enN 100 +D4U6 124
Bl1SCDIFLLOROAPINOIELUTANE “¢,3 4C 8H oF 2N =353 (43?7 125
PIS(UIFLLOROAPINOIDIFLUORUMETH 1¢C 6F N =693 42000 126
B1SC(DIFL LORUAMINOIMETHYLPENTAN 6C 12H &F 2N =309 000D 127
E1S(DINL YROFLUORETHYLIFOPMAL 5¢ AR :F 4N 1n0 =359 0576 128
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RISCDINI TROPK CPYL)ACETAL wbUNPA EC 14H 4N 100 “470 +4865 12v
BIS(DINI TROPRGLPYL)IFURMAL oOsPF 7C 12H 4N 100 =475 43516 13v
BISCFLUVKAUXY) LIFLUOROMETHANE 1¢ 4F 20 =1122 003 131
BISCTRINITRUE THYLINITRAMINE 4C 4H BN 140 13 W0 J2 132
BISCOIFLULOROANMINOIBUTANE “2,3 4C 5H 4F 2N =348 L0433 133
BIS(DIFL LORCAMINGIMETHYLPERTAN 6C 12d 4F 2N =361 0415 134
SISCDIFL LORVAKINOIOCTANE “2,2 8C 1éd 4F 2N =347 40397 135
BISCDINITRO) FLUOROPROPANE 3C SH 1F 2N 40 ~530 LulGO 136
BISEDIMNI TROPRCPYLIACETAL wONFA 3¢  14H 4N 100 =485 Jaby1 137
EISCDINI TROPRLPYL)FORMAL BDNPF 7C  12H 4n 100 =457 L0511 1%s
BISCFLUOKOXY) UIFLUOROMETHAME 1¢ 4F 290 =-1159 L0433 139
RIS(METHYLHYD nAZINOJIDECABUKANE 2C <4H  10B &N =470 L0000 140
BORINE AKMONI ATk 1e oh i =13aC Q204 141
PCKON (PLRE CKYSTALINE) v 0 +00u5 142
EORON (A ™ORPHCUS) ib 37 <0856 143
HURON CARBIDE 4B 1C =221 .Q945 144
BURON NI TRIDE 1u 1N =ct3N Q795 145
EORUN SL LRRY 553k dotv 252C (50 2AL -425 «7536 140
RORON Oa 1DE 2o 30 ~4239 L3656 ©Y47
BURON (TRONA)} 676 30 =259 40845 1bo
BRkOMINE FENTA FLUORIDE 18R SF =627 .0843 149
BROMINE FENTA FLUORIDE 18P SF =S6¢é L000C 150
BEKOMINE MONOF LUORIDE 1R F =161 L00C0 151
BROMINE TRIFLULORIDE 1R 3¢ -530 +1012 15¢
BROMINE TRIFLUORIDE 18R 3f =446 L0000 153
ETNEC 4n 5S¢ 4N 150 =430 063N 154
BINEN 4H 4C EN 140 39 L0704 1585
BUTAREZ (PHILLIPS IKFO)} 519h 37C &0 =21 03¢5 150
BUTAMNE (L 42=81 SDIFLUQROCAMIND) Le 8H 4F 2K =318 L 0uCC 157
BUTANE(Z 93=BI SDIFLUOCKOAMING) 4¢ &H 4F 2N -248 LU0UO 154
BUTAREZ (PHIL LIPS INFO) 519h 347¢C 80 =21 0325 159
BUTYL SILANE 12H 4C 151 357 LQOLO 160
EUYYLNIThAMINGE (NORNMAL) 4C 1CH N 20 =264 JU365 161
BUTYL RUvBEK Ah 4C =376 0332 16¢
CALCIUM vORIDGE 519K 347¢C 50 -21 .03¢ 163
CALCIUM LARBI VE 2¢ 1Ca -234 0BG 1é4
CALCIUM CAREGNATE (LACO3) 1¢C 30 1ca w895 165
CALCIUM CHLORK 1pE 2CL  1CA 1710 L0775 166
CALCIUM FLUOR IDE 2F 1Cha 5722 + 1149 Y4
CALCIUM HYDRIDE Z2H 1CA 1092 Q014 160

CALCIUM MNITKATE 1CA 2N 60 =0 =N 1365 LuEs52 16y
CALCIUM PrEROXIDE 1A 20 =C -0 -f £185 0040 170
CALCIUM CXIDE (CAD) 1¢ 1CA <71 171
CANDELIL LA wAX 2¢ 4H =453 0325 172
CANDELIL LA wAx 2¢ 4H =453 L0325 17
CARBON b LACK 1¢ 0 20657 17«
CARBON 0 10XIDe 1c 20 -¢137 ,03y8 175
CARBON D ISULF 1DE (whHEW) 1¢ 25 276 0456 1746
CARBON MUNOXIVE 1c 10 =943 ,57¢1 177
CARBEON (GRAPHITE) 1C 7 «0818 178
CARBON TETRACHLURIDE 1CA 4oL =216 179
CELLULOS L 6C 10n 5¢ ~1417 0458 180
CELLULOS L ACETATE () 1490 109C  T4u =-11383 +0519 131
CELLULOS t ACETATE (CARBOFPUL) 149H 109C 740 =1C79 ,Q448 182
CELLULOSE DINITRATE é6¢C EH eN 90 7164 L0599 183
CELLULGUGSE TRINITRATE 6¢C 7H IN 170 =524 o0599 184
CELOGEN 2¢ bH 0 4N -1001 L=
CERIUM 1CE =0 -¢ -0 -t C +2619 186
CERIUM NITRIDE 1Ce v =0 -C -n ~£0¢ 0000 187
CESLIUMm 1¢s -0 -0 -G r 0 .0076 188
CESIUM  (PURE (RYSTALINE) 1¢S 3..06%0 18¢
CESIUM ALIDE 1¢s 3N ~12 G000 190
CESIUm C ARBONATE 1¢ 30 «CS =821 .15¢1 191
CESIUM HYDRIDE 1¢s th =¢ - =N 217 1231 192
CESIUM PERCHL WKATE €S 1L 4y =0 -N =447 1201 193
CESIUM TUNGSTEN FLUORIDE 6F I =1160 1770 19«
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CHLORINE TRIFLUORIDE 1cL  2F
CHLORINE 2¢L
CHLORINE HEPT uXIDE 2¢L 70
CHLORINE MONO FLUGRIDE 1cL 1F
CHLORINE PENTAFLUORIDE (uAS) 1¢L 5¢
CHLORINE PENTAFLUORIDE ((CLF3) 1¢L SF
CHLORINE TYRIFLUURIDE 1ML 3F
CHROMIUM 1(R =0 -0 -0
CIRCO LIGHT PROUCESS OIL 320 150
CIRCO LIGHT PROCESS OIL 320 15¢C
COPPER CFLORI DE 2CL  2¢Cu
COPPER UXIDE 10 2CL .
CCPPEK C HROMI TE 30 1€ 1CP
COPPER HYDROX uDL 2H 20 icu
COPPER CaIDE (HYDRATED) 2H 20 icu
CUPRIC O xIDE 1w 10
COPPER CFURE C(KYSTALINE) iy
CYANAMID E 10 2H N =0
CYANOGAUNKYL AZIVE 2¢ 2h oN
CYANOGEN (GAS OUS) 2C N
CYCLCHEX YL AZ DG 6C 11H IN
CYCLOPENTYL AZIVE S¢C 9H IN
CYCLOTET sAMLT hYLENE TETRA HhX 38h 4C N 80
DECAD IBO KANE b 2k
DECABOKAKE 100  14hn
DEKAD IAZ ENE 1Ny 22H 4N
LIAMINO CLIBOR ANE 28 124 2N
DIAMINUG LANID Inc NITRATE 1c 8n 6N 30
DIAMINOG LANID INIUK AZIDECLAZAL 2C 8H 6h
DIAMMONI LM DE CABORANE 1% 1ok 2N
DIAZIDOT WINITRAZAHEPTANEVATH 4 8 12N 60
D1BORANE b OH
DIBUTYL FHTHALATE 22H  16¢ 40
DIBUTYL FTHALATE STSC 790h 144y
DIESEL UL 221 t12¢C
DIETHYL PHTHALATE 12¢ 14k 40
DIETHYL TRIAMINE 134 4C AN
DIETHYLEME 6L YCOL DINITRATE 4C BH N 70
DIFLUORC AMINE 2F 1H iN
DIFLUOKOMETHY LENEBISOXYFLUORID 1¢C 4F 20
DIBORANE 2b 6H
DIETHYL FHTHA LATE 140 12¢C 40
DIETHYL FHTHA LATE 14 12¢ 40
DIBUTYL FHTHALATE 12¢ &2n 40
DICYANDL AMIDE 2¢ 4H 4N
DICYANRO” L BUTYNE 144 6¢C 4H N
DIHYDRONITRONITRIMINOPYRIDINE 5¢C 4H AN 40
DI~N=PROFYL ADIPATE ' 120 «2H 40
DIMETHYL AMMON LITHIUM 10DIDE 17w 11 “C 13H
DIMETHYL AMMON LITHIUM [ORIUE 1Imwir 1 6C 19H
DIMETHYL AMMON LITHIUM I1OLIDE 1L 11 10¢ 31M
DIMETHYLAMINE ~BURANE ADDUCT 2C 1CH 18 1N
DINITRO TOLUEANE o 7¢ N 40
DINITROP RENOX Y ETHANOL 98K 104C 26N 750
DINITROP ROPYL ACRYLATE BH 6C iN 60
DIOCTYL AVIPATE 420 22¢ 40
DIOCTYL AZELATE 48n  25¢C &0
DIOCTYL AZELATE “8MH  ¢5¢C %40
DITRISDI FLUORCAMINOMETHYLUREA 3c 2H  12F 8N
DOUECAHY DRODE CABORATEDIAMMINE 108 1By N
puLCITOL 6C  14H LX)
DYNAMAR 732/740 970H S49C 1143 1430
DYNAMAR hX=73C : TSGH 4430 2440
DYNAMAR HX=742 S42H SY4C EON 810
E1N7 (A MIXTuKE) Le1H 123¢C S2N 2320
EPOXY 2u1 24h 164 &C

40

10

6AL (9CL

=-48C

~76

300
-2¢2
~427
=464
417

=320
=20
=328
-278

1099

-109%

«439

219
881
1414
207
385

=129
-381
=745
-239
741
=450
458
354
-733
=754
-476
-73%
=149
=520
=600
1121
179
-832
-¢32
-733
85
541
143
1104
=477
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=463
=516
820¢C
-271
=514
=733
-£55
-85S
-203
=564
1740
1420
120N
=380
-552
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«0536
«00G0
. 0000
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0642
<0000
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2160
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#0009
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000
« 0000
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« 0000
«+0000
«0000
3378
0378
0254

003446
2 04Y7?
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« 0000
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EPON 824 260 21C 40 . n ' 61
ERYTHRITCL TE TRANITRATE 4LC 6K 4N 120 =395 .QGOC ¢62
ESTANE 957H 536C 12K 1400 =910 ,0379 263
ESTANE b 55K 302¢ IN 100 =940 <0376 b4
ETHANETH I0L 2¢  6H 15 =0 =9 -258 L0000 265
ETHANECT y1=D1 AITRO) 2C 4K 2N 40 -289 LG0CO Y.
ETHANECT y1,1=TRINITRO) 2C 3w 3N 60 =166 +055¢ 267
ETHANECT 42=81S DIFLUOROAMINGIL 2C &M &F 2N -356 000D 268
ETHANECY y2=61S DIFLUOROAMINGIG 2C  4H  &F 2N -310 L0000 26%
ETHANECT y2=D1 TeTRAZOLYL) 4C oW 8N 639 ,0000 etu
ETHANOL 2C  6H 10 =0 =0 =1440C <0000 71
ETHYL CENTRAL ITE 17¢ 204 2% 10 -127 ete
ETHYLENE : 2¢  &4H 289 .0205 ¢?3
ETHYLENE CAKB CNATE 3C  4H 30U ~1574 L0GCO 274
ETHYLENE OIMYOURAZINE 12H  2C 4w 346 <0396 75
ETHYLENE DINI TRAMINE CEDNAJ 2¢C  6H 4N 4O -158 L0632 et6
ETHYLENEGIS(AMINOGUANIDINEAZID 5C 16H 14N : 496 <0000 <77
FAPETRIN 6C &H 6F 6N 100 -318 .000C 7o
FAPETRIN ' 6¢ 84 6F 6N 100 268 L0000 279
FERRIC UXIDE (ANHYDKOUS) # 30 2F: ~1230 .1818 280
FERRIC OXIDE HEMATITE 2FE 30 -1235 1848 281
FLOROX CCLF30) 10 3f 1¢L =371 0486 <82
FLUORINE 2F 82 40543 283
FLUORINE NITRATE 1F In 30 31 0000 84
FLUORLNE (LIQUID) 2F =76 <0543 28%
FLUORO”2 y2°DINITRGETHANOL”Z 2C 3K 1F 2N %0 741 ,0000 ¢Bé
FLUORQETBANEC 1,1=DINITRO~-1-) 2¢ 34 1% 2N 40 488 L00U0 287
FLUOROTRINITRUMETHIOE ic 1F IN 60 =221 0573 288
FLUOROXY TRIFL UOROME THANE 1C &F 10 = 1769 +00GH 8y
FGRMAMIDE 3 1¢C IN 10 -1370 L0410 290
FREON 11¢ (RCGERS) 2¢ & -2195 291
GASOLINE (LIQUID) 4bu  21C «794 L0257 292
GENPOL A-20 754 555C 3700 ~1110 293
GILSINITE B66H 744C 6N 68 «40N <0384 294
GLUTAMIC ACID SC 9K 40 N «1610 +0555 e95
GUANIDINE S 1¢C IN =0 =0 -288 ,0000 296
GUANADINE CARBONATE 3¢ 10 30 6N ~-1290 297
GUANIDINE NITKATE 6 1C 4N 30 -843 .0503 98
GUANIVINIUMNE TRAMINOTETRAZLAT  2C 7TH 9N 20 141 0000 299
GUANYLAZ IDE N ATRATE 1C  4H 6N 30 é6 L0000 300
H C BINDER (PAUL) 1060 T71C BN -10? 301
HEPTADYNE Bh 7C -1127 L0293 302
HEXANE 140 6¢C 664 20255 in3
HEXACYANC”37H EXENE 12¢ 6H 6N 862 <0444 204
HEXACYANC”3”HEXYNE 12C  4n 6N 1045 0487 305
HEXACYANC”3,5 “0OCTADIYNE 14C  4H 6N 1146 kb6 308
HEXAKIS LIFLUGRUAMINO DIPROPYL 8K 12F 68N 10 oC =315 L059¢ 307
HEXANE (242,55 TRIMETHYL) 2Cw  9¢ «537 L0240 ing
KEXANITROETHANE CHNE)D 20 &N 120 95 L0812 30y
HMX 4C &H BN 80 61 ,0686 31y
HTPB (SINCLAI k) 1034 73¢C 10 13 .0332 311
HYCAR 1394 70¢ 10 =121 .0339 312
HYDRATED AMMONIUM PHOSPHATE In 188 70 1P -3010 3513
HYDROXYE THYL CELLULUSE ISH 22C 140 -1200 .04bt 314
HYDROXYL AMMONIUM NITRATE(NES) 2N I 40 -908 315
MYDROXYL AMMON IUMPERCHLOR ATE 1cL 4n IN SO -497 L0767 316
HYDRAZINE NITKATE SH 3N 3¢ =531 L0595 517
HYDROXYL AMMONIUM NITRATE(NBS) 2N 3H 40 -908 318
HYDRAZINE 4H 2N 376 03064 31y
HYDRAZINE AZI e 5H 5N 727 0470 320
HYDRAZINE CYANCFOKMATE 4 S SN 579 .0k62 321
HYDRAZINE DIB Ui ANE 20 10 2N -500 G339 322
HYDRAZINE HYD KATE (N2H&, HIU) 6H 2N 10 ~2900 LC378 123
HYDRAZINE 51T KGFORM Sh  1C 5N 40 -95 0676 324
HYDRAZINECT 31 ~METHYLCYANOETHY & 9H N 339 ,0353 325
HYDRAZINE(2)B GRANECEICOMPOUND Bp 28H &N <60 0000 326
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HYDRAZINE(3)IB LKANECICILOMPOUND 108  <éh ON -108 .0000 327
HYDRAZINE(L)B CRANECICICOMPOUND 106  ¢BH 8N -92 0000 328
HYDRAZINE DIPEXKCHLORATE 6H 2N 80 2CL =309 L0797 329y
HYDRAZINIUM D LFERCHLORATE 2CL  6h 2N 80 =296 03061 339
HYDRAZI ¢ IUM NITKOFORMATE (hNF? 1c SH SN 60 =94 L0671 339
MYORAZINIUM PEeRCHLORATE 1Ll SH N 40 =320 0700 332
HYDRAZOb ISISOBUTYRONITRILE 3¢ 14H 4N 172 0000 333
HYURA201C ACI 0 (GASEOUS) 1h I y 1635 334
HYDRAZOT e TRAZ WL "V D 2¢ 4 17N . Lto4 007" 335
HYDKROCARLUN PCLYMER Zh 1 =139 LU33¢ 53¢
HYLROGEN (GASEULUS) 2h n ix7
HYDRGLEN A2lUE 1 N 146C o394 33
HYDRCLEw AZLIDGL L] In 1430 G030 33y
HYDKULGEN CYAM UDE (GASEOUS) n 1C 15 932 J024r 340
HYDRGuEN CYaANIDE (LIQUIO) 1H 1¢C 1w 1154 L0365 561
HYDKOWLEN FLUORILE 1h 1F - 3581 40357 342
HYDROGEN FREE RADICAL 1H 500 343
HYDROWEN PERO AIDE (100 PL) 2H 20 =1319 L0570¢& Shé
HYDROGEN PERO AlLE (%0 PC) €504 5720 -1927 0630 545
HYDRGGEN PEKOAIDE (70 PC) 766K 57%0 =16b4 J0b0OG S4¢
hYDROLEN PEKO ALUE (9C FC) Cb2H 5.60 =1439 LU501 347
HYDROGEN PERO ALDE CGASEOUS) 2n 20 ~958 0000 Sho
HYDWROGEN SULFLbE n 15 =141 0763 34y
HYDROGWEN CCRYGULENLICY 2n =-10N68 L0026 35v
HYDROXYE THYL FETHACKYLATE 154 6C 2 = 12600 o04¢0 351
HYDKOXYL RADICAL n v =L =0 -r 591 00C0 352
HYDROXYL AMINE IH IN, 10 =793 00wy 253
HYDROXYE THYL CELLULUSE 35 20 146v =1200 +0484 354
HYDROXYT ERMINAT POLYHUTADIENE 103w 73¢C 10 13 2u332 5%
HYCAT (B ENNET ) 140 25¢C 2FE 40 40441 586
HYCAT (o ENNETT) s6n  29C 2FE 40 (0441 357
JI0P C(ue LEE) IEH 19¢C 0 =908 L0312 35¢
IGLIC AC D 1h 11 pd -0 -n =324 L1671 359
IV0DINE ¢l =0 -y -0 -0 0 #1700 S6u
I0DINE PENTAFLUURIDE SF 11 =928 1140 361
IODINE PENTUX ibE 50 21 127 #1732 262
IUDINE ThICHLGRIDE 11 3cL =0 -0 -r 90 41125 363
I0DUFORM  (CH43) 1H ic 51 =85 +1643 564
IRON UXIDE 30 eFtL ~1230 184D 365
IKON OXi Dk C(YrLLOW) 2h 40 2FE =1490 ,1318 3680
IRON 1FE 0 2837 347
150 OCTANMNE 154 8¢ =470 368
JP4 (LIWLID TLRKBGJET FUEL) 17H 9¢ ~¢81 0254 349
JP5 (MONT STEVENS STANDARUY) 194 10¢ =37 L0296 Are
KRATON ' 4h kY9 =1073 0349 371
KRATON 5 TYRENE BUTADIENE 4H 3c -1073 0340 372
KRATON (CO=POLYMEK) &H 4C =100 0342 373
LAMINAC 4116 555H S%8¢C 1710 =574 374
LEAD ACE TYL SALICYLATE 14H  18¢C ik 1Py -E57 a?s
LEAD OXIUE (M 1INIUM) 4o 3P =262 43286 374
LEAD GBETA RECGRCYLATE 21H ¢ 70 1Py 0 arr
LEAD OXIDE 1?8 1 =235 “Te
LEAD 300 ATE 1F8 21 60 =267 1913 379
LEAD SAL ICYLATE 100 14C 60 1P =84 0337 180
LEAU 2= THYL HEXOATE 54K 16C 4y 1PB c 381
LEAD 2-E THYL HEXOATEk 340 16C 40 1Py 9 382
LEAD AZiLUVE &N 1Pu 397 L0000 383
LEAD IODATE 1P 21 60 =247 41913 384
LEAD UXIUE (L ITHARGE) 10 1P =235 #3440 385
LEAD OXIuE (MASSICOT) 10 1P =255 +28488 386
LEAD DIOXIDE 20 1Pu =276 +33¢4 187
LEAD SAL ICYLATE 10H  14¢C 60 1Pb ~84 40337 388
LEAD OXILE (PLATTNERITE) 20 1P =66 3384 389
LITHIUM ALUMINUM HEXA HYURIDE 1AL  6H 3Ll =1417 040 390
LITHIUM ALUMI NUIA FERKCHLURATE IL1 240 1AL 6CL =645 0897 391
LITHIUM ALUMINUM TETRA HYDKIDE 1AL 4k 11 -~690 .0331 392
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LITHIUM AMIDE »

LITHIUM AZIDE

LITHIUM EERYLLIUM HYDRIDE
LITHIUM bOROH YOKIDE
LITHIUM CARBIDE -

LITHIUM CARBO NATE

LITHIUM CICYAAAMIDE
LITHIUM FLUGR 10E

LITHIUM hYDRY OE

LITHIUM hYDRO AIDE

LITHIUM NITRATE

LITHIUM NITRI GE

LITHIUM FERCH LORATE (LICLO4)
LITHIUM FERIO GATE

LITHIUM (PJKE CRYSTALINE)
LP=33

Lp=275

MAGNESIU® (PURE CRYSTALINE)
MAGNESIUM ALUPINUM HYDRIODE
FAGNESIUM BOR 1DE

MAGNESIUM CYANAMIDE
MAGNESIUM FLUGRLDE
MAGNESIUM HYD KIDE
MAGNESIUM NIT WATE
MAGNESIU# OXIDE

MAGNESIUR PER CHLORATE
MAGNESIUM (NON=KEACTIVE)
MAGNESIUK OXI DE

MAPO (ARC)

N-BUTYL FERRO CENE

MERCURIC FLUO KIDE

MERCURIC OXIDE

MERCUKOUS AZI DE

MERCURY (LIGUib)

METHANE

HETHANE

METHANOL

METHOAYA MINE

WETHYL ACRYLATE (LIWs) =HC=

PETHYL ALLONOWL

PETHYL AFNMOMNI A
METHYLNI TROAC e TATE

MIXED HYDRALINE FUEL 3

MIXED OXIDES GF NITROGEN
MIXED HYURAZINE FUEL 5

MIXED HYURAZI NE FUEL 3

MON 25°75

MONOBASIC AMM GNIUM PHOSPHATE
MOUNOBASIC CUPKRIC SALICYLATE
MUNOBASLC CUP KIC RESORCYLATE
MONOBASIC LEADC RESORCYLATE
PONOBASLIC LEAD SALICYLAT
FONOMETHYL HYDRAZINE (MMK)

N P AMINL

NH&BF&

NICKEL

NICKEL OXIDE

NICKEL CuRBIDGL

NICKEL CFHLORI DE

NITKOGEN

NITROGEN TETR OXIDE (N204) LI
NITROUS CX1VDE

NWC TP 6037

NITROCELLULUS ¢ (12.0PLPCENT N)755H

NITROGLY CERIN

NITRATE
NITRIC ACLD (uAS)

2H 1Ll IN
LI 3N
1uE 4R <Ll
10 v iLr
2L 2¢ =¢
2Ll 1¢C 30
2¢ ILi 3w
1wl 1F
1H 1Lt
1H iLs 10
LI 1IN 30
LI I
1L 1L 4o
1Ll 40 11
11
214C 0550 1070
416C 546H 850
1mG 7
2AL  B8H 1M6
20 1My
1MG 1c il
2F 1M
2H 1M
1MG 2N 69
10 1M
30 Tme  CCL
103
248MGR4BY
184 9C 10
18H  14C 1FE
2F 1HG
10 L
2hG 6N
1HG
1¢C 4h
LH iC
4H 1c 10
1c SH N
6H 4e 20
4H 1c 10
SH 1C in
N SH 1N
¢47H  93C 231N
63N 1C10
114H  12C 46N
647H 93IC 231N
175N3c50
N (Y] 1P
14C 10H 0
14C  10H 90
14¢ 10H 30
14C  10M 90
1] 1c 2N
7H 6¢C N
1o N bLF
NI
10 Tva
Il 1¢ =
2CL .
2N
2iv 40
2N 10 =t
6.(C 245N
3cC 5u in
Sh In Y]
1h N 30
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+00U0
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3%¢
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3%9e
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4«00
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11
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b1y
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W2é
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«30
“21
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NLTROAMI NOGUA nIuInE 1C
NITROETH ANE 2C
NITROGEW PENT OLX1DE N
NITROGEN TETRUXIDE (GASECULS) 2N
NITROGEN TRIFLUURIDE 3F
NITROGEN TRIFLUURIDE IF
NITROGUA WYL A LIVE 1c
NITROMET rANE 1C

"NITRONITRAMIN CPYRIDINIUMCLUA 5S¢

NITRONIUM ALUKIWUM PERCHLURAT 14l

NITRONIUN PERCHLORATE 1CL
NITROPRO FENE FOLYMER 3¢C
NITROSOAFINEC A~ ~VIAMETHYL) 2¢C
NITROSOL BINDER 14%n
NITROSYL FLUORIDE 1F
NITROSYL PERC HLORATE 1cL
NITHOSYL TETRA FLUOKOLHLORATE 1cL
NITROUKE A 1¢
NITRYL FLUORI VE 1F
NITRYLTE TKAFL LOROCHLOKATE 1cL
NITRIC ACLlD (Liw) 1h
NITROGUANIDINGE 1¢
N=AMYL ALCOHOL S¢C
N=AMYL ALCOHOL 5¢
N=PHENYL PORPH CLINE 13n
NORMAL HePTANGL 16h
NoN=DIN] TRO=N <BUTVYLAMINE (DNHA 4C
02/he2 (O/F =1U.0058) La9H
0e/ne W/F 3104602538) LE9H
OCTANE 18H
OLEIC ACID (VEGETABLE OIL)=HC= 34H
0YT0 FUelL 2 YY9H
OXAMID (Be LEE) én
OXYCHLOR INE TKhIFLUCRIDE 10
OXYCHLOK INE TRIFLUOKRIUVE 10
OXYGEN (GAS) 20
OXYGEN DIFLUORIDE 2F
OXYGEN D IFLUORIDE . 2F
OXYGEN (LIQUI W) 20
0ZONE 7]
PENTALOR ANE (GASEOUS) S5b
PENTAoOR ANE  (L2IGUID) S
PENTALRL THRIT CL 5S¢

PEMTAERY TnRIT (L TETRANITRATE 5¢

PENTARIS (HYDRAZINEIVDECABORANE 10u
PERCHLORIC AC LD C(ANHYDROUS) 1cL
PERCHLOK YL FLLOKIVE (CLOJF) 1cL
PERFLUORC MET HACRYLATE bH
PERFLUOR CFORMAMIDINE (PFF) 1¢

PERFLUOK CGUAN 1IDINE (PFG) (LIW) 1C
PERFLUOR CGUAN IDINE (PFG) (G6AS) 1I1C

PERFLUOK CPIPERIDINE ¢
PERFLUUK CPIPE KIDINE 5¢
PETRIN OH
PETRIN OH
PHENOXY ) 98+
PHENYL A 2IDE 6C
PHOSPHORLS (RED) 1p
PLASTISOL NITKOCELLULOSE ?755h
PLEXIGLA LS 8H
nC 755h
POLYMETHYL VIAYLTETRAZOLE 6n
POLYPROP YLEN GLYCOL 12n
PULYETHY LENE 2¢
POLYURET HANE uliINDER YHTH
POLYACRY LAMID & 3¢

Sh
SH
Su
40
N
1N
2n
IH
Sn

6CL

N
SH
GOH
1C5¢
N
N

4t

In
N
LF
in
4H
12h
12K
1¢¢
7¢
9H
59740
5940
&8¢
18¢
430¢C
2¢
3F
3F

10
10

9H
9H
12n
8H
LYY
1H
1F
EC
&F
SF
5F
11F
11F
5¢
14
134¢C
5H

6ulC
5¢
6G0¢
4C
6¢C
Y]
5364¢C
S5n

SN 20
1% 20
- -2
ON en
N 20
1CL 6N
IN 100
00
N 20
2N 1¢
4oN 1640
10
Su
1N 10
3 10
A
1N 20
v
4l 20
10
10
1 10
3N 40
20
2n 5030
N 20
1cL.
1CL
&0
4n 20
106
40
30
20 &F
N
AN
3N
1N
N
IN 100
In 100
26N 750
In
245N 9900
20
245n 7900
&N
Y]
128 1600
n 10

0

45
=447
=93
24
~414
=450
S48

““6?

-1°P
61
157
14
-476
-324
284
~489
611
=290
105
-658
~209
-922
~922
-1212
-6
-13

=47C
~723
-$94
137¢
=371
~300

=155
g1
-9?
631
237
122
1609
~401

40
“iyr
~50
= 1400
-29C
127
162
17¢%
1703
-513
=517
271
694
=136
=586
=906
=546
(10
=555
“453
-91C
-1590

NIV
W 2376
3592
«COUD
NV v
vuS0l
D00
«00CH
NN
¢ JUI0
«07v4
0000
0036
« 0515
«3000
07062
e10cy
«00u
-QOUO
«C00Y
«0542
«C0L2
+509
0509
G409

« 04133

Q323

0602
«06506
e J6 09

0549
«0G0U
+ 0412
«05¢3
«0231
000N
«0523
U640
« 3000
«0639
«C0CO
20650
«0000
+0000
«N00LC
0625
+00CD
« 0857
0557
«05¢45
033
0794
«059¢
«04 26
U590
0462

0325
0379
0000

459
by
461
LY ¥4
461
bbb
445
466
467
46¢
bty
Ly
4?1
L7¢
“73
474
475
470
“??
'Y4)
79
48
481
482z
«B3
“8é
485
480
437
48¢
48y
490
491
492
493
494
495
496
“97
498
«9y
500
501
502
503
>0«
305
500
507
300
50y
510
511
512
513
514
515
516
517
51s
519
524
PY3 ]
S5é¢
523
524



NWC TP 6037

PULYACRY LONIT KILE 3k
PULYARINE COMFOSITE 30¢
PULYBUTAUIENE (SEE oUTAREZ) 6H
POLYBUTADIENE ACh A (THIOUKCL) S99n
POLYTETRAFLUO hOLTHYLENE 2C
POLYETHYLENEH YORACINE (PEH) 2c
POLYPROP YLEN ulYCOL 124
POLYBUTAUIENE ALRYLIC ACIVL 1Cén

POTASSIUPM PERCHLURATE (XCLU&) 1cL
PUTASSIU® PER CHLORATE (KCLU4) 1cL

POTASSIUM 10D ATE 30
POTASSIUN SUL FATE Lo
PCTASSIUY 1%
POTASSIUF AMA LGAL 1k
POTASSIUM ALI OE 18
POTASSIUP CARBONATE 1c
POTASSIUN CHL CRIDE 1¢L
POTASSIUr FER KICYNANIDE 3K
POTASSIUM HYD RIVE 1%
POTASSIU? NITRATE T
POTASSIUN 10DATE (KI1O3) ™"
POTASSIUM PERCXIDE 2R
POTASSIUN SUL FATE 40
POTASSIUF SUL FIDE 2Kk
PRKOPANE 8h
PROPYL N]ITRATE 7¢

PROPANE(1,1=D INITRO) (LIWUID) 3¢
PROPANE ( 1y1-D INLTRO) (GASECUS) 3¢
PROPANEC 13141 =TRINITRO) h1"
PROPANE( 1,1, y3=TETKANITKOG) iC
PKOPANE(1,2~B 15 DIFLUOROAMINULY 3C
PROPANE (1,25 1S UIFLUUGROAKING) XL

PROFARE {19 3=D INITKO) A1
PROPANE(z=N1T hQ) 3C
PROPANEC Ly2=D INJTRO) 3¢
PROPYLENE POLY uLYCUL DIACRYL 102k
PROPANE ( 1=N1T n0) 3C
P=GUINONLDIUX IME 4i4C

RDXCHEXAFYDRO TRINLTROTRIAZINE) 3C
RED FUMLIKhG NWITRIC ACID (14NOZ)151H
RED FUMING NITRIC ACID (TUKUC) %5h

PED FUMING NI TRIC ACID C14n02)151H
RP=1 2n
RESORCINCL 6H
RUBIDIUM 1KkB
SEA wATEN 966N
SILICUN LIOXIDE (PURE MOJAVE) 20
SILICON TLTRACHLORIDE 151
SILICON (PUKE CRYSTALINE) 181
SILVER 1 uDATE Io
SILVEK 1 CDATE 20
SIiLVER METAL 1AG6
SILVER NITRATE 1AG
LE= 67 Zol(
*5=027 141¢C
SODIUM ALUMINOUN ARMICE 1AL
SODIUM ALIDE IN
SODIUM U ARBIT LKATE IH
SODIUM o CROKY LURIDE 1B
SCDIUM CARBOMATE 1C
SOhIUM CHLORA TE INA
SOUIuNM CHLOKRI LE InA
SODIUM FLUORI UE 1¢
SODIUM nYDRIDE 1A
SODIUM L CUATE (AW = DHSKIOVZ) NA1
SO0LUM PERCHL CrATE 40

L34
195K
4C
671cC
4F
(1]
éC
70¢
1K
1K
1K
1§

1Hu
N
30
1K
1Fc
1hH
30
11
<0
1s
15
3c
3¢
SH
on
S
4h
&n
6H
1,1
7H
6H
S4C
I
4I4h
6H
165N
114N
1L5N
1c
¢C
=0
4999
184
4CL

14
11

N
LehH
T04H

8H

INA

4C

4H

I

1cL

1Ce

INK

1H

11

LT

N
250

19N

1]
<0
40
40
4V
11
F43

-0

2K

éc
-0
1%
30
=-{
2K
-G

N
2
2N
IN
N
“F
4fF
an
th
2N
1%u
T
1450
ON
4710
3140
4710

Qo
-ty

Ina
-y

1AC
14G

20
295v
25¢0

4N

N
ThA
ZNA
30

-0
(%]
tcL

45

160

6N
-0

-0
-0

3¢
&40
40
LY4]
80
2N
2N
4c
0
40
en

145N
60

G
1v6

=2

-C

-0

-

-
L

-

74
=316
55
~-14N
-1052
4
~-855
-84
-742
=742
~568
=-1966
n

-43
~5
-1495
-1397
-126
~-339
=1167
=568
-1071
-1966
‘JO?
591
-514
-297
=166
=157
~172
=34¢
=294
=376
-491
-338
-1000
b4 €
=700
6¢

- =654
~544
~654
= 1340
=784
o
3792
-4l
~901
4]
149
-149

n
-177?
-1145
-23197
-152"
o0
-1393
=-1206
-821
~835
-1672
- 3245
-£71
-53%
-75ﬂ

Q398
U362
034
0330
Dk 54
W ULLU

0237
91N
2910
o 1405
«3982
« 05306
»UGCC
0736
« 0477
«0717
+ 0684
0516
0767
+ 1405
«00GC0
«0f02
(652

4e29¢8
w0455
«JULD
3002
«GOO0
+u0U0
+00U0
04bY
0355
04069
0379
3353
U505
«065¢
0567
0567
G567
Q207
'LYE]
«U553
0301
«0759
«J1535
GE74
22010
v 2010
3791
1571
o523
00542
«COuD
«06068
« 3793
0390
U914
«J879
50732
« 1008
US04
1544

525

$27
525
529
530U
531
53¢
533
Y34
535
516
537
238
59
340
541
542
563
shé
545
560
547
Sbd
5S4y
550
551
55¢
553
354
555
5%¢
557
550
559
56C
261
56¢
563
564
56%
3606
567
568
56Yy
570
571
572
573
574
575
370
577
57
579
58¢
581
592
583
584
585
SBeo
587
58&
58¢
590



SODIUM P EROX]I VE

SODIUM FOTASS lum LlIuw ALLCOY
SCDIUM ThIOCY ANATE

SuUbIUM (HURE ULKRYSTALINE)D

SPAN &5

STYRENE

SUCCINIC ACID

SULFUK

SULFUR D IOXILE

SULFUR THIOXI LE

SULFUR (FONUCLINIO)

SULFURIC ACID

SULPHUR

TETRAHYD nONAP THALENE
TETRACYAMNUCYC LOPRKUFPANETy 1y¢y ¢
TETRACYANOETH YLe Mt
TETRACTHYLPEN TAMINEPERCHLURATE
TETRAELTHYL LE ad

TETRAFLUGROHY GRAZINE (N2F4)
TETRAKIS AMLY ACKYLATYE (TAA)
TETRAKIS DIFLUCRUAMIIWOMETHANE
TETRAKIS LIFLUVKUANILOMETHANE
TeTRARISC(OLFL LUKOAMINOY (THH)
TETRAKID (HYUR AZINRL) vECAL ORANE
TETRAMET hYL L cAD
TETRARMET FYLAM INOTRIOROHYLRIDE
TETRAMET LYLYR ICYCLOVECYLENED LA
TETRANITHO DI FLUOROE THANE
TETRANIT 0O ME THANG
TETRANIT nQETH YLENLDIAMINE
TETRANLIT ROMET HANL

TETRALOL ¢
TETRAZOL EC2=F cTHYL=5=AMINY)
TeTRALOL E(S5=AMING)

TETRALZOL t{5=C YANO)
TETRAZOL e (S=H YDRUXY)
TETRALOLECS)S “HYDKALO)

THOKIUM

TIN CukEY)

TITAMIUM DIOX iDE

TITANIUM

TITANIUM BORI UE

TITANLIUM DIUOKIVE

TrETN

THETN

TGLUENE DIRSOCYANATYE

TULUENE DIAMIMNE

TOLUENE LIRSOLYAWATE

TRIACETIN

ThIACETIN

TRIAPINGLUANT DIk
TRIAYINUGCUANI UINE NITRATE TAGM
TRIAMINGOGUANI UINE (TAG)
TRIAMINO cUANI ULINECYANCFORMATE
TRIAMINGGUARKI UINEDICYANANLIDE
TRIAMINOGWUARI LINIUM AZIDE (TAZ)
TRIAMINO GUANT VInnIUM TRIBOKOHYD

THIAMINO CUANI UINIUM NUNABOKOKYD
ThIAMINOGUANTI DINIUM DECRBOROHYD
TRIAMINOFELAM INE
TRIAZOETHANOL *2

TRICALCIULM PHCSPHATE
TRICYANO “3°BU TENE 14141
TRICYANU3“BUTYNE 1,141
TRICYANOETHANGE Y,1,1
TRICYANOETHYL ENE

NWC TP 6037

2NA 20
In iN
1NA 9C
TicA

INH 15¢C
Sn -39
4C 6H
15
15 20
15§ 30
15 =0
2H 1s
1%

120 10¢C
¢ 2H
6C 4n

28hn 3C

LK g¢
4F 2h
2¢ 10n
1¢ &F
1c &F
4¢ 4
10y 2JH

124 4C
4L ZO0H
14¢  Z6H
¢ 2F
1c an
L 4H
1¢ 4N
1¢C 2H
2¢ SH
ic n
cC in
1c 2H
2¢ 4H
114 =0
15N
171 20
171 -0
Jbs 11
2t 17
SC 9H
5¢ 9H
bn 9C
Ih 7¢
6 GC
14H 9¢

14h 9C
n 1cC
1cC OH
1¢ EH
S¢C GH
I7C 9H
1C 9H
1¢C 17w
1c 23d
1¢ 26M
OH 3¢
2¢ Sh
3y 3¢
7¢C H]
7¢ 3H
s¢C I
5¢C 1H

=-C
n =

I
10

«0

=0

=C

-0
&0

wh

5N
1pP8

8F

4y
&F
&N
1PE
kY]

N
vy
&N
1Y
b

3N
S

biv
1UN

-y

-G
i
i
N
In
2h
ol
40
[-X"]
0
[
it

YN

9

YN

b

Su
108
gN

3N

n 2P

3N

3N
IN

46

-2
-¢
18

-0
-0
-J
-0

200

4N

oM

N

8¢C

10

-0

y0
90
20

20

6N
oN
8N

10

-
-1
-0

-n
-r

-h

ScL

20

10

~1546
43
=515
-635

-1600C

1108
1337

2
1977

-13
1C07
1174
=545
161
=19
-1v6
12
12
=266
=13
202
=293
=145
-3eo?
45
19¢
45
£2%
$Q?
a5
110
-17

301

=-a551
6]

- 1009
-973
418
=415
=855

=16
=855

-1334

-133¢

552
=59
553
601
591
718
329
131
120
550
258

-3156
846
1128
807
1019

«GOCO
0300
« 0350
«354¢(
U3
«2567
JTu7
«1057
e Y Y3
«0706
0662
«0730
20354
N3
06e9
04 7C
« 0599
s UUCY
01530
« 0631
000
U579
»00CC
0721
+ JG U0
0352
«JGU2
+U593
<0632
s uUdYE
«CCu0
00D
05596
<0000
«20U0
«C000
«4043
02076

oe
1626
1625
«05387
«0537

0449
«Ch19

« G419
0564

<0555 -

«0563
+0516
+C505
0520
.0000
» 0000
«0000
«0589
U415

10633
04353
«0630
« 0433

591
592
593
594
59%
596
$97
5%b
599
o0¢
601
o2
enN3
6Ne
605
ofo .
617
608
s1]
o1y
¢11
612
613
olée
015
016
617
¢leo
oly
02l
021
0l¢
023
6264
T4
620
¢27
v2b
c?
o3y
611
L3
633
t4
035
(%1
03?7
030
6%y
wbi
T3]
642
043
(YY)
645
0bo
ob?
(1Y)
049
85u
651
652
053
054
655
656



NWC TP 6037

2N
N
2h
10
10

1AL

In
Th
5N
&y
IN
A
ol
iN
(<X 4
3w
bty

oF
e

-

- 0y

Q

~ = -
[+ e B
"C ™

T
-
™m

[}

-
n
h

50
90
?0
[-1¢]

3¢

2h

4h
2N

7aad 3500 141N

THKICYANO TRIAZ INE”S 6C 6N
TRICYCLODECYL INEUIAMINE 10¢ 164
TRIETHYL AMINE 15h 6¢
TRIETHYL ENEGL YCOLUINITRATE 12H 6C
TRIFLUOR CAPINE UXIDE ¥ N
TRIFLUOKRCMETH YL HYPUFLUOKITE 1¢ 4F
ThiMEThY LAMIN tduhaNE ¢ 12k
TRIMETHY LENE ALANF 3L 12hn
ThIMETHY LOLET hAive TRINITR AMTe 7 5¢
TRANS=U{ MeTHY L=A.UTEThAZCLL 6 6K
TRINITRU “3°HY URUXTIUTAROUL 4 ™
TRINITROLTHYL NITHATE (Thew) 2¢ ZH
TRINITRUFYOKO AYoUTYXKICACIL 4¢ 5K
TRINITROPETHANE (NITROFOUNM) 1¢ o
TRISDIFL LOROA P LW VFLUORCNETHAM 1C 7F
ThIS CANM NIA) DELAOORANECTS) 1% 23H
TRISCOIF LUOKO MMINO)BUTANE 4C A
TRISCOIF LUQRO ARLNU) FLUOROMETHA  1¢C TF
TRISCULF LLORAZLLOIPKOPANE 14K 14
TUNGSTENW (PURE CRYSTALING) 14
TUNGS TN OXIl e 1w 3v
TURPENTL WE teén  10¢C
Uh$YM=D1 PLUUR CUKEA C(ULFU) 1¢ 2H
UhSYR=DI it THY LHYDKAZINE (ubmK) ¢ 8H
UKANIUM v =C
UnANIUK ALUMI nUm (ALLOY) 2aL 1
UKANIUM ALUMI num CALLOY) TaL  1u
UKANIUM ALUMIANUM CALLOY) bal 1
UKEA OXA LATE 4L 1ChH
UhEA 1 Y
VANADIUmM OX1DE 50 Zv
VITONA . 17 7h
VITEL 207 (LEER) 55 s
VITON=TE FLON (173 MiXTURL) 220 100¢
wWATEk %H 10
YELLOw I rUN OXIVE ZH 40
ZIRCONIU N 11k
Z1RCONIuUM BUR IDE 2v 12
21IRCONIUYM CARLIVE 12 1C
TIKCONIUM DipsChlbe 2o 1
ZIRCONIUN HYD hIuE 2H 14
SUFPLEMENTARY LIST. CauvTiChe

“$-02° 161¢
“5=0¢° IL0C bebn
ALUMINUM OXIDeE 2AL 30
ANMMONIUM SULF ATE 2n “H
AMMONIUM PENRC HLOKATE 36N 3400
AMMONIAT LD COFPER NITKATE 1CU  4iy
ANMONIATED COFPPE¥ NITRATE 1¢U 6N
AMMONLATELD COFFER NLTRATE 1cu i
AMMUNIATED AL ULMAINUM I0DIDE 1AL 31
AMMONLAT tD AL CKINUM 1001 0De 1AL 31
AMMONIAT ED ALLMINUM 10DIDE 1AL X1
AMAONIAT LD AL LMINUM L1GDICE 1AL 31
AMMONLAT LD AL LMINUM I00IDE 1Al 31
AMAONLATED AL UMINUK 10DIGC 1AL 3,
AMMONIAT &0 AL UMINUM T0DIUL 14L 3}
AMMONLIAT cb AL UMINUM I10DLlOE tAL 31
AMMONIATED wERYLLIUM 10DILE 1v€ 21
AMMONIATED BE KYLLIUM J003DE 1wE 21
AMMONIATED HE KYLLIUM 1001V 1vE 21
AMHONIATED MAGAESLUM 10U LLE 1mG 21
AMMONLIATED CALCLUM 10DIDE 1CA 21
S AMONIATED CALCLIUm JOUIDE 1¢A 21

¢950

1%
S
oV
50
00
th
Ah
Sh
&N
7\
YN
10w
2w
ah
th
131‘
cN
tu
il

47

&0
eS5CL
6H
12H
16k
Sh
oM
15K
18H
21H
¢7H
IvH
6
12H
1&H
SYH
OH
3IH
6H

-
-

-

-
~

-

Y

-
)
-
-
A
-
-t
-

~
-

-
-

1C0¢
-173
-867
=645
=413
-173%
LY}
=285
=397
975
-371
=134
677
=61
-281
=539
=272
245
-411
9]
31
=119
=705
198

=-7é
=-10¢
=129
1760
1326
chis
1401
=729
18698
-3792
n

-6354
=434
=600
Yy
n

0
-c397
=-1145
-4C0N
-iluf
=590
630
76§

[ ys
co?
454
592
622
645
674
72¢
752
642
697
792
509
507
&mn

¢57
o568
659
060
064
662
%X
obé
wbb
obt
667
(171
669
o?u
a1
o072
c?s
o074
67y
670
6?77
0o
679
o8y
681
0d2
083
ofé
v85
-31-]
o¥7
08b
68y
o9L
691
092
693
0%«
T H
6906
697

69¢

o542
«0523
23670
« 0639
w704
W0yl
WOoy
«0u0
+ 000
0G0
Ry
«OUQ
00U
00U
«GSh
WUl
« 033
000
0RO
000
«OU0
SO

o9y
00U
701
70z
7043
704
705
706
707
708
70y
710
711
71¢
713
71«
71>
710
117
718
71y
124
72.
72¢



AMMONIATELD CALCIVA L10VIWE
AMAONIAT =D CALCLULM LODIDE
AAMONIATED LI THiIUm [CGDIDE
AMMONIATED LI THIUM 10DIDE
AMMUNLAT ¢ LI ThilUm LCDIVE
AMMUNIATED LI THIWA aCuIbE
APAONIATED LI ThaUur 100I0&
AMMONIAT cb LI Vhaus J00LIDC
AMMONLIATED LI TALUL 4CDIVE
APMONLIUM CYAivabe

ARGON

BARIUM NITRATE

RARIUM PLRONILE

BERYLLIue NIiTHIVE

CALCIUN CARBILE

CALCIUM AITKATE

CALCIUM FERuX DL

CAKBEON ( AMONP RUUS)

CAR3UN MUNOAT LE
DECAHYDR CNAPT HALENE
PlaUTYL TIN MALGATE
DIMETHYL AMMON LITHIUM lOUIve
DIMETHYL AMMCHA LITHIUM IUOILE
DIMETHYL AMMON LITHIUM 10uvivE
ExLl=-Cs510

ETHANLTHIOL

KC &3« VICTOR

HYDRGL !, CYAN LDE

HYUEGebn CYAN LOE

LEAD wITnATE (LEE)

LITHIuUN rYDKRIVE

LP=2C)5

[

FAGNESIUY OAl ve

PEThAnE

MUKOBASLIC LeAy AeaOnCYLATE
NITROUS LaTDE

Nalne WAk =1.,ul5¢)
CeuNE

PeowULIUNEDIOY fre
LULYMERL CED FURMALDLHYDE
USE SERL/L 520 bln KCLOARw AR
PUTASSIuUr NITKATE
POTASOLlUt AmALGAN

SallCult

CCOIUM NATRAT &

SOOIUM b LKOMY UKIDE

S001UM HYLRIDC

SuUbIUM NITRAT ¢

TeEFLOMN

TITANIUH

URANLUN

VITUN &

VvITeEL <CLIEBOLL)

JkS5 ULy SEE MUNT STEVEND)
IRFHA 8¢ o8AC 14NCz ce2H2U J7HE
SUCKOSE (TAoL e SUuAR)
PULYME k] cED F CRMALDEHYDE
ALUMINUM UXID

Exb=C51u

HC 424  VICTOw

LeaD (PUBE CRYSTALIWE)
LEALD NITRATE (Lek)

VITul A

CARLON wlLACK

CIeUTYL TIN ¥ xlcATE

NWC TP 6037

1A el O
1ca 2 ¢t
1w1 11 i
11 11 N
i 11 i
10! 11 it
"Wl 11 3T
2L 21 11w
1w 14 TN
2 (3] "
1Ak =L -l
TeA 2N 50
oA 0 =V
ZbE :-! ':4
1¢A 2C =0,
1CA 2l 6V
ica v =v
1C
1¢C 10 =~
180 1UL
2on 12¢ 40
1Ll 11 «C
i 1 uC
oI 11 10¢C
198 15¢C N
2¢ 6H 18
756 S04 10
in 1c¢ i
1H 1cC 1t
2N 6V et
1wl 1n =2
416C cwtbnH 850
ey 15K 107u
Lo bawltl
1 4H  =(
14¢ 1tn A
N 10 =C
Lo Sebuy
v -{ badY
Wby bLobh 16U
2n 1¢C 1v
“a N 40
1N 1Me =7,
6n 2¢ 10
1N 30 1A
Tnd 1p 4t
INA TH =
MY N 50
1¢ 2F
111 =0 -0
v = -t}
2.6n 740 3420
558 <bC N
16n Qc
4F 1eéuw 180N
220 12c 11u
2H 1c 10
2AL 2
160 15¢C N
750 SCC 1u
1B
2N (1Y} 1Pe
cloh ¢74C 142ZF
1¢
c™h 12C (Y
48

1IH
15H
sk
E1H
-J

-v

-y

-G

121¢

-3
2Pis
-l

-’

165N

=
151
=N

=G

1
s

538"

40

727 WLl
735 S0l
-1 dULT
(12 B VN
751 Ut
799 WJUU
14 VIvR
417 WUl
&£57 o0
BRI /A1)
3 oOLi
SU7 L1117
e&c o177
chod eIy
234 VI
1305 o35
é1sf  JOuu
917 007
Y43 W45
ebet Juliv
=531 «d52c
677 JCul
47! WLl
(Y-S N TR
=188 J0444
¢S50 G0
154
1154 JGi2
952 0cé
=324 01637
¢?19  euid
=720 WGk e
=74 eLbbl
3567 Jtevi
1115 LULC
-19¢n
463 W07
o
708 W07
=700 40505
1343 0509
0
1165 076
4r Judh
“1r2f L0301
-1212 U216
115%  JuoH
e VR
1312 W01
= 1937 JTv4
¢ 162
"Wt
=-1496 0058
=17¢0 JUL S
=274 JLéve
=541 Ju507
«1550 J0574
=134 L0509
=40C +0670
=188 0446
156
N Lhu9b
-324 41637
=1897 0G50
* L0037
-$31 0528

723
124
725
72¢
re?
Tie
729y
73y
731
73¢c
73
734

Téy

751
75¢
783

Sa

75¢
/57
758
75y
764
761
762
765
764
76>
766
767
768
164
77y
771
77¢
773
7?74
75
770
777
776
77y
78¢
781
78¢
783
784
785
[4.X%
787
78¢




(Pt LEE
RETPE (SLFCLALNR)
POLYSULULHEIDE Lt:
CAnBOw LeNiThIve
caLcl PORMA T
HELI U
FOLYJULP FADE  Lre
TETEAFONPALTR ISAZLINL

NWC TP 6037

173n

1254
4C
en
ThHE

1¢ v
4C

AMAONTUT blu VRATE (nl1SNILevte 1%n

CTHE (AkL iCRkPL/mnIAA PAPER)
LAGRYL METHAC RYLATE

AAALIC A CiD

/AALIC ACID D IHYURATE
/aNTHRACEh&

DeCACYLE LE

SILVER I(uIDE

/ SILVER OAlDE

/

NITROGEN (GAS cULY)

SYFO

PCLE

FEFO

N=BUTANE (uwA )

SODIUM HYDROX 40DE
NAPTHALE NE

CARBON TETRAFLUGURIDE (GAS)
SILL BURDETT = PMT WALL F
ISOBUTYLLENZENE (LSE 1754)
DECAHYDK CNAFPT hALEWE
TETRAHYD FONAP THALL NG
MeTHYL NAPTHALEuE (1+)
Th=. (MEK

ShELLUYNL H

N=HUTYL vLENZENE  (OENSON)
NedUTYL ct&NZEWE (LANGE)
AMSCO T4 0H SOLVENT

L7990
12n
2¢
2¢
104
15h
)
2AG
2N
T4H
2H
én
10h
1NA
12¢
1¢
UELD
19¢
144
12n
174
20H
174n
19¢
17¢
4C

SHELLDYNL-BUT YLbENZeNE (/=1)  791n

TETRALIW=DECALIN (?20=3()
FETHYLIN=TETRALIN (702 0)
DECALIN=TETRALIw (Zu~¢0)

THE FOLLUWINGL LATA WAY KINULY PRUVIDED BY &D LARUUTY OF NOS

9YH
1u6n
999h

73U
che

SN

oL

C42H
H
ah

TEbH

17¢
L0
&0
14¢
s¢C
11
v

11¢
X
5¢
4
10
oH
4F

14K
10¢
16¢C
11¢
1é¢
1a0iC
14K
14n
12H
749¢
TeéC
107¢
Syel

1Y

XAt

[

40

O
by

ey

w
in
LH

h
div
4N

1H

RDE REL THe CARO THAT USED TO ok HE®E LESTWOYEU.)

i
1CA
“';l
12¢
ch 1
10¢ 17F
10 ¢ F
1230 oF

IT 15 PHEPAF D FKOM KEPLATED HEAT UF CuMBUSTION DATA

1
<
1
2 CLOHEXENE
.

’
A
’

-

1 =TRINITRU=Z=HYYROXYLUTYRL Q4L
C
1 9=NI TROXY =¢=NITKOAMINU=DIAGLGC
Y
’

T=TRINITRU=C~=HYORUXYLUTAKGICGL

Yy 2=t ISCLIFLUCRUAMING) = =FLThY Wbt

PROUPANE
1=0IFLUQ RUAMT WU=244,6-TRIN
SENLENE
T91=blme THYL HYURAZLINE NIT

1Thutnég

RATECL2¢C

192=5LSCDLFLUVCRUVANINOIEUTARE L J4C
V1)1 =TRINTRO =g b=k 1 S(OL FLLURULISC

AlMIONIPE nTANE
DeMETHYL =5~«Vv]I WYL TETRAZOLE
LIt AClu COPCLYmEK(IZ:1)
2=METHYL =0<-MF THUXYETHYLE TE
oLE

ACRY SE3C

TRAZI52C

J=NITRU=.=HYD hOKY=1,42,6=TKkLAL0"22C

Le

2y I=DIFLLOROAWINO=2=ETHYLLUTALTSC

NL
(L9292 FLUORCGUINITRUETHY L)
LATE

AlCke J5S¢

s J5H
Ui7n
UuTH
LGuwuHr
Gudn

S

VioYh
[VEvR-2, ]
LCuTH
SelH
745K
wulH

U1lh

L'JSH

nove GLEK

ICh0u

CCuv

GC2N

CNeo

v Xo
00w
NGl

r1e0

r37¢

CCsv

00c¢un

RS

49

VIR
Uean
UC4F
clan 240
JO3N
JUA4F
GCSN UukF
Se1M
cciN
Quen
Uus¥

UG2N (CF

-

DI NN

ooy
& nn

=707
195
«?7C4
152
117
=04
-32

by
=138
=557
=517
¢S6t
184
¢53S
f
-12
=421
-11

“19¢

107
-119
=139
“437

o o
<o

[V )

[N €

2 ™

v

o4
Tt
G012
Lbbs
WLbT2
+ 3939
w3 dd
NVER Y
vasblte
(5y7
Lo bt
5%
e2Cay
2521

U5
U549
oiSTn

5\;700
TN B

0313
G319
0354
l'J}?G
0334
U399
0313
IER M
292
U382
G382
305

29
794
791
79¢
795
79
795
79¢
797
19y
799
oGt
o
2
e
KA
ofs
cNo
07
aCo
o0y
o1y
o1
V8 ¥
£13
0l
15
tteo
517
a1y
61y
S2UL
o2
v2e
¢23
&2
025
L2¢
we’?
wlo
wly
<3v
31
o2
0ts
vw3a
w35
ol
c3?
ol
c3y
wéd
cb1
che
whl
chy
ebs
whé
XX

u“l
sSu
051
6S¢
v54
054



NWC TP 6037

244~01IN) TKOPH eNUXY ETHANOL G20 ¢l% L0s0
S5=DIFLUO wUAM] fU=2¢4,38=TRIWIThu " 27C LL4H (Cou
TULULNE

XYLIODING L3I0 U1in OO
2=FLUORV =243~ uvih ITRUETHANUL LOZC GL3Id (JUsu
2=HYDRUA Y=4(Z =HYDROXY=3=mpe THACUZIC Gciftn LGEU
RYLYLOXY )=PROFPUAYEERNZOPHAONWONE

Cec 9bge 9696 =~HEXANITROAZLLENUT2C LJ4n (1.0
ILNE

ZembETHYL -5=VIKhYLTeTRAZOLL LOLC U éH COaN
T THYL 5=VInYLTeTRAZOLE/RYDRI?7C S5albn 0350
CAXY=~ETHYL=-MET hACKYLATE CCPLLYM

Ea(1C:1)
Ty2=UINL1KO=2 =ChLURVETHANUL UJRC €53H 0050
Ty3=bUTAMNEDIOL ¢D4C vity CO20

CSeHYUROX YETHY L=1-1~mETHYLTETRACCAC (DBK G010
2oLk

S<NITROO ARBITARIC ACID 1750 390n 320v
S=AMINOT e TRAZ LLE NITRATL LC1¢ CZ4H CO30
C-AMINOT¢TRAZLLE PERCHLORATE CO1C 0L4H COwO
A COMMER LIAL FLUOKOCARBON 249C 1290 CG2u
A PARAFFINIC CIL U776 Yean

A PHOSPHITED FULYALRKRYL POLYPHELOTC 109n Q04O
NOL

A NAPHTHENIC TYPE OIL L73C 117n

A SUBS!LITUTED ACRYLUNITRILE w138C¢ 015n CJ20
ACETYLTRIBUTYL CITRATE C20¢ 024n GO
ACRYLAMI LE Lu3l G75H CO1C
ACRYLONI TRILE 575¢ o09n COZO
ADAMANTINE 217¢C 016K

BISTETRA ¢OLE £02¢ vi2n COLtWN

BISr2,d~WETHO XYETHOXY ETHYL ETO12C Ce2d GOow
HER

il?(g-FLbORO-L.Z-DIuITROETHVL)QOkC LuSn 0030
nwlN

PISCZ~FLLORO= ¢ 2=DINITPOETHYLICOUAL G4y CI1CO
NITrRAMING

ElS(2=FLULORU=C,c=DINITROETHYLIUDAL QOubH (0%
NITKOSAM INE

BLSCZy2y c~TRIMTROETHYLISEeALATO14( Gelh (160
ELSC2=FLLORU=~Cyd=DINITROETHYLICIAC UO6K G100
CXAMIDE

BISC2=FLULURO~¢c, c=DINITROETHYLIWDO6C QL4H C120
OXALATE

CASTOR D IOLC{H YUROAY NODe27.,=2%5059C 111H 11¢H
CARDOAYT ERMINATED PULYBUTADLERU73C 1058 €C10
3

CARHOXY TEKMINATED FPOLYISLOLUTYUL7TL 1354 (01v
LENE

CARBOXY TERMI nATED POLYSULTADIECT72¢ 1.&8d 0010
NE

CARBOXY TERMI NATEL POLYBUTADIEOY1( 928H 001u
NE NITRILLE

CARHOXY TERMINATED POL 'BUTADIEGENC 962H CS5in
NE NITRILE

CARSOXY TERMINATED POLYBUTADIELO9C 103H 21%v
NE NITRILE

CARBOXY TERMINATED POLYBUTADIESSSC Y99H 0130
NE NITRILE
CARNAUBA wAX
CANDELLI A WAX

067C 127w U040
069c 122d 0G0

CUMEME HYDROP ERUXIDE Jé2C 83MH 1740
DELRIN 334C 60410330
DIHYDKOX YGLYO XIME 0C2¢C CiLeH LO&O

DIETHYLEMEGLY COL DINITRATE (D4c 0C8n 0070
OIETHYLEME GL Y(OL MUNOBUTYLETHUIOC Q20H (0«0

50

ik
Glat

GaenN

[VIVE.Y N

169N
GusM
GOSN
SuOF

QG0N

J01N

wO1N
169N

QUSH
uuéh
JCGON

Uoeh
Quok

CU4N

JCSH

J30N

C34N

JC2N
GU2N

DUTE

Cu1F

ngicL

cotrctL

Ga?F
CC2F

CU?F

(uZF

CozrF

] L]
-— -
o »
~ &
wy o w

t
—
o
w
X

=bol
-142
=471
=137
-1080
=500
-1055

0576

«55
eS¢
57
bSa
by
chbu
561
obe
cbl
X3
63
¢66
067
1.1
1Y-X
«70
571
672
073
Y&
575
e706
77
78
Y47
«80
681
882
a8
c84
cd>
£Bo
w7
s¥a
ody
e@0
691
oY
L94s
094
95
w90
o097
4]
e9Yy
00
y01
yie
403
v04
Y05
yGo
yo?
yNg
YOy
91¢
y11
g1
¥13
914
(2}
“in
¥1?
v18
y1¢9
v2¢



NWC TP 6037

ERACETATE

LIETHYLEME GL YCOL DIMETHYL ETHZO6L Ulé4n
Ek

DIFKOPYLENE GLYCOL ESTER UF SEU63C b64H
BACIC AND MALIC ACIODS

DIMETHYLACETAMIDE Co4C LT
DIOXANE 442C,0T6H
NIETHYLOXALAT E Coé6C L10n
DIBASIC LEAD FHTHALATE wuBC 0%4n
DIETHYL FHTHA LATE G12¢ 014H
DI-1SOBUTYL ACELATE C17¢C U3eh
ETHRANULA FINE u02¢ J.7H
ETHYLENE CIAMINE DIPERCHLURATE 002C 01Cn
ETHYL ACKYLATE tN5¢C 00En
ETHYLACRYLATE ACRYLIC ACIVD 475C 7:6H
ETHYL CY (LOHE aANE 063y 0164

CUANIDINJUM=5 ~NITRAMINOTETRAZGLO2C Gu7H
LE

GUANIDINIUM N ITRATE UYL JLen
HEXANETR INITR ATE C36v WA
HYOKOXYL AMMON ium NITRATE COdH G
HYOROXYL AMMON JUumM PECHLOKATE LJ4h L I5u
HYDROXY TERMINATED POLYLUTADIE.AT( .l ubn

NE NITRILE

HYDROGENATED HYURUXYTERMILATEUL71C 120n
/POLYBUT ADIENE

HYDROCARUON O IL L1 Uuln
HYDROXY TERMIWATED POLYLUTADLeU?73¢ 117H
NE

AYDROAYE THYLMETHACRYLATE a4C 194
ISUPRUPYLAMMONIUM NLTRATEL ML 010K
ISODECYL PELA KGUNATE L17¢ Qe

LEAD-G.M-DXACLIULIDU SALICYLATMEBC Cién
Luw ACETYL CELLULOSE ACETATE 423C 57¢n
METHANOL UJ1C CLlan
METHROXY=CI-(BATUXYDLIETHYLEM GG52C 111m
LycoL)

MELAMINE C6C LL6H
MERCAPTO TEKFM INATED POLYLUTALLICYLPC Fuln
EWE NITRILE

MONOMETH YLHYD KALINE NITRATE (31¢ GL7H
N1oNTyU=TRISCc=FHLUORO=2, c=DINIIN?C JJIOH
TRUETHYL )=CARBAMATE

NITROSTAKCH LoNC U75nu
H=FLUORO -N~BU TYLNITRAMINE GO4C UCH
N=-FLUORO =SEC-bUTYLNITRAMINL CO4C OUYH
~FLUORG =TERT ~BUTYLNITRAWINE GQ4C LIYH
N-gUTYL ACRYLATE GO7¢ 012k
NONFUNCT JONAL POLYHBULTADLENE £04C U.oH
NONFUNCT IONAL POLYEUYADIENE T04C UubH
NoNgN =i n1FLU CROHEXANEAMIDINE F(6C C11H
PETROLATLMCTE CHNICAL) (7210 131k
PETROLEUr JELLY J726 130K
PLASTICI LERCE STER OF FATTY ACINTALC T¢EM
Ds)

POLYETHYLeENE (PELLETS) G20 Gl
POLYETHYLENE (FILM) {20 vibn
PGLYETHYLEN GLYCOL CdZC Juan

POLYMETHYLENE POLYPHENYLLISOCYALULL SnoH
NATE

POLYOXYETHYLENE SORGITAN wONOLEZDL 1UL3H
LAURCLTE

POLYPROP YLENE FlLM AMTC UloH
PCLYETHYLENEA priONIUM NIV RaTe  fg°0 c27n
PULYVINYLPYRF LLIDINE oL ? i
POLYPKROUP YLENE GuYCCL NS

coz¢
Nezv

Qo1

i037¢

M0wv
00wy
ChGay
GJ40
0010
uneo
0020
AR XY

meo
A7

L0yo
JUIN

vutil

CL10

0Ce/

Lldov

[Ne#
[IRERY
GA2v
Lduv
25TV
w10
Q1e¢0

Ulbn
640
2020

Moy

1010
Glev
theo
GCzv
Voo

gt2aw

toev

ud1u
NORRT

J1%u

1rvu
17wy
L17v

51

GC1N

oo3prs

Q01w

02N GO ctL

COYN
wU4H
C0IN

ui 6y

JueM

wuit

(VA I

PIVRY
LC7N

JeSN
aGeN
JLeHn
Co2m

GON

151+
Hudh

\

=258
~279
=2R5
~799

b

23
=307
~325
~101
=615

478
=491
105
=278

)
1132

r

%71
~é7°

=131

-iTef

v21
722
ves
924
y25
92¢
ye?
v28
729
734
931
$33
734
2%
g%
%37
PAY
v3y
749
vé4

v42
yé3
Yay
vh)

Ssho

vb?

rhe

vhG

»5¢

v31
v5¢e

il:;

¥S5u
vss

50

57

vS5¢o

AR
M
LR

vb2
vo4
Ybha
w65
966
y6?7
vba
yé9
97y
571
97e
973
974
975

-Q?o

w77
97
9?9
y8C
981
6d2
¥23
/%
[

yhe



FPULYTETR rvETR L lve ETHER

NWC TP 6037

WLYCLL.34C 11aa

PULY=Tge=0UTYLEwE GLYCCL R Y B R
PULYLLYLLRYL LLeAR1E bl &ih
FOLYbuTEnE=S 1720 1ein
FOLYEUTAVIENE LIGL LS 110n
FOULYEUTALIEN /ALARYLOUKITRILe CUtt?(C sown
PCLYMER

FOLYBUTALLIENE /ACRYLUNITRILE CULSAC curd
POLYFLEK

FOLYOUTALIENE /FALRYLONITRILE CGS0&L . tn
PuLYMER

PYFOmeLL 1TIC ViANKMYURIUVE WITL Tren
SORBITOUL PENTAnITRATE &L wuYn
TETKAMET hYLA®™ FPOLTIUM NITKATE ¢R3IC 5710
TLTRACYANMOGETH YLENE e S Lukn
TeTRAETHYLAMP UNJ UM BITRPATL LT LeTH
TRINITRO FLUOR Ltk THANE et oLuey
TRINITRO CHLUR CAL THA WE w10 LG
TRAINITRULKOME #ETHANE LITL LAY
TRINITRUMPETHA NE fR1C ulin
TRIMETHYLAMAO h1uM NLTRATL WI3C GtUH
TRIETAYLCwE GLYLOL wINITRATe Lol C12h
TRIMETAYLULPR UPAL {740 L14n
TRIEThYLAMINE "T5C CL15nm
TRIETHYL CITRATE L12¢ deln
TRhISCI=CL=ETHYL)=AZIFIDILYL) LESCTIC UETH
NLENE

TRINITROETHYD ALTRUXYETHYLNITRALLAC Lubh
LS § 743

STEAM 2h 1
FUG neSn 14K
PROPYLENL 7 Y]
NITROGEN WAL ot
MIELSEN COMPOULNUY 11¢ cbh
NUZ (bAS) i v
IRON FENTACAREONYL 1FE e
RP=1 (RFL) 1950 1.CC
CESIUM NITRATL 1C$s 1
ThT 7¢ iy
NUS3ED 52¢ «70H
0TTO 11 L71C o?06n
NOS 2b3 24y 4R
oxsol Il M6k 440
0xs0L I I70h 410y
BRFCRINE (uwAd) 2ufF
HYDROQOLEW bRUMIOLE (LES) h 12
0170 11 2740 YHUAH
DECABOURALE A 16y 1En
DECAEQKANE & 2¢S 1le
EITETRALLLE 2¢ N
MuLYbbENLIM TRIOAIVE 10 39
BROMOTHRI FLUOR UMETHANE ¢ 1b
TNENG b4 by
ETHMEV £¢ 130
FENZOTKI PURUX ANE (ETF) A9 60
AMMONJUMTRINTI TRUIMIOAZOL E(AT C &
THICKUL TP=H=3314 (N0 FE) T6ChH 352v
APMONIUM BIFLUGUKIDECAFHLIW HEJ Sk n
NcOG (NTU HISL) 2h 4
AMURMAL REXYL CARBORANE e cbil
FL'. POLYPMER (UgNEILL) Yy zhC
F1?2=47 (S1E ) 13¢ Sv
SYLWAKD 151 o
WITCO F17ve4?7 (Jus) 17 50

DIMER AL ID/EPULAULYS NEW LIMNLER 9SC 174n
R&5 HYPe (UTC) soln wobl

el
50

v

3]
ey
55¢0
370
1w
140

Heo
ol
1oin
att

on
L
[
wn
231y
<k

1le

14n
tH
1An
15v
[=3]

52

o

B

v
z

Ta?h

O <
@

o
FUO n T
el

-

o C
r2CrCY O C

[\ PRI VIR QP o
”~

Ju 3k

Ulok

SAK

Sk
1¢1»
155~
1591

&5CL
72CL

Gen

(43
L

aN

105 olCL &S

42H

]
18
i

3

[}
-
L3 AN
-
-

1 ]
- N
wn &
~ ~
- O -

®
-—
T
[
--

<1381
059 ?
VYN
0652
C5u1
«J6 12
U618

G452

-C7U5
«T075
sUbc e
-Y-¥4
' 6Y

U517
«3379
eIk 1Y
b

e Ju
L343
VR

yA7
VED)
yay
yyu
791
y92
vys

154

¥7¢

- o
1R



L]

NWC TP 6037
pl ISU CYANATE (DRI S94 ’an on 2C
ISOoUTYLLENZE nE 17 14n
Mol DINLIROSOFENTAMETHYLENETET S5C 13K &N 20
RAMINE
HYDRAZINE Dio CKANE (JOE) 2u 1n N
HTPU/ZALURATIVE (40s) t56C ¥7eon i 130
TRINITKOELTHYL CRTHOUCAREBONATE 20 &N 12N ¢e?
SHELL EFCH 015 10 chn «0
ALUMINUN ThIJOANIVE TRIHYDRATE 2AL ¢d ¢H
LITHIUM FEROX iDE 2Ll v
AMMONIUM S5=N1 TRAMINOTETRAZULE 1¢ Th 5n 20
A TETKALCLE P ULYURETHALE Ge9n 5,30 1230 ¢aln
RaS cb1C vyohH i g0
NeA ((T) $645C véon 1590
L 329 A0 YUIH 2o 90D
IFD1 12¢ 138 2N 20
ERLCS510 15¢  19n 1h 40
CASTOR 0©liL 62¢ 111m Yo
Al 4H e SV
ADHG 149¢ 516h 214N 293¢
NG 1¢ 4n 4N an
TAGN 16 9h N i
GN 1¢ 1 (3 10
GLYOXAL hYDRA LINE PULYMEK 2¢ H 2N
DhTT LY 10 ton
HEXANITRUOHENRZ eNE 6C &N 120
MANGANES E TMN
PEG4OGO (CARB CwAX) 2C 4H 10
BITRETRA ZOLE 2C ZH 9N
CHROMIUM CARB UNYL JAX78/5168 1CR  &¢C ¢
MOLYBDENLM CARBONYL JAXTE/S516E 1m0 6C 60
TUNGSTEN CARB CNYL JAXT 475168 1w 6C ¢0
SODIUM AZIDE <4TEFLON (STOICH) 1¢ 6N 2F 2NA
CATOCENE c7¢C 32n 2FFf
GE=RTV=615/A+p 2¢C OH 181 10
HTPE (AFAPL VARIANT) 654C 958H eN 200
CHROMIUM OCTOATE 1CR 24C 44M 60
F1780C 160¢ 2554 1000
HeD ] 8¢ 12n 20 eN
HCGZ 4 669C 9Y9H 1N 130
MNA 7¢ & cN 20
PAR 658 40¢ 46H &o
PCPC240 564C Fy9H 2170
PCPO201 564C 999H 2170
PAP1 224C 155H 270 7N
POLYMEG 1000 4C &H 10
POLYMEG <000 4C EH 10
POLYSTYKENE 8¢ 8H
R=-158 624C 999H 3740
TATH 6¢ 6N 60 [-3,]
RGSHM e67C G99 50
STABOXOL P 13¢ 10n eh
TEDGN 6¢C 12H &0 2N
THERMAX “C
LACQUER NITROCELLULOSE ¢00C 774H 226N 9520
HYLENE w (HF ESTIMATED) 15¢ 22K N 20
CSHIONY1G (o  (wetD) SC 1CH  1eN 80
G6LYCIDYL AZIDE 3C 7H 10 3N
LEAD STYPHNATE 1PB  o6C XK N
CALCIUM CHROMATE 1CA  1Ch 40
EARJUM C HROMA TE feA  1Ch 4O

53

S0

=154
=124
0%
-Su2
=550
=250
«327
-)Q}‘
-.3)7
2¢?Z
=397
o
180
=579
«5u1
-1a7
- 24
1Cs*
1e72
=21z
-34
-75%
ers
&47
12

¢]

1058
725
1170
=889
=645
-478
1158
1888
122
-506
1297
-717
-16
-49
=696
1397
-1393
~-202
=274
-874
106
1364
-143
-3
~41
=645
0
-661
-150
b9
564
=205
-¢111
1347

e 318
021
0545

0342
03329
edobb
eub LY
s Je?éb
eus33
sudS3e
TR
oL35c5
WEYA
o377
T
Ty
suldo
w623
006l
edbco
.05:@
051y
sU35¢
«C57¢
U717

W 25¥9
09435

0614
U372
»0332
0361
0433
«0375
0327
+ 0623
0419
0395
0396
20445
« 0355
0354
<0379
«0326
(698
0433
+ 0379
o040
«C7C4
0599
«0306

«0470
«1091
e 1064
01625

1,52
1S«
1uss
1uso
1.87
1ude
Wiy
ARV -1V
1,41
v
LIVLEY
1.5
1065
1ube
1067
AIT-T4
tuhy
1eTu
“.«7'
1ule
1u7)
1.7s
1073
1u'fo
1??
)
1079
1080
1081
1082
1083
1084
1085
1080
1087
1086
1089
1090
1u91
1u92
1093
1u%4
1095
10906
1497
1098
1099
1100
1101
1102
1103
1104
1105
1106
11C7
110
1109
1110
1111

-
-
-
wro



NWC TP 6037

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 arc several reasons for this other than the fact that binary father 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 end 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 (A2,12). The first part is the atomic
symbol commonly used by chemists; the second is the number of such atoms in the molecules. For
example, AL ICL 3 designates A1Cl13. 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.

The 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) Ly(end in 26) Ls(end in 39) Ly(end in 52)
SECOND CARD Lg(end in 13) Lg(erid in 26) Lq(end in 39) Lg(end in 52)

where

o Ll

= a2 a3 -
Cp =1 + 1O+ 1300 + 1,67 + 10

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 for
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 tapc. 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 data 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 gasecous 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 124 +CRUISE*PEPAUX
~ASGsT AsF2//7256
-USE 28+A
~ASGsT BeF2///7256
=USE 2948
«FOR¥1S  PEPAUX+PEPAUX/A
COMMON /PAUX/ 15(101)s HI(10192)9 IN(1D1)s HK(5092)s KN(50)s JN(T)
C UNIVAC 1108 VERSIONs FORTRAN 1V
19JE(T)s QUT(Z22)s SPECIB)y 15(5)s PARA(20)+FEDUND(2+7777)s JDs NJD

INTEGER §
1 FORMAT (1413 12X» Ils 15Xs 11) 0070
3 FORMAT (12s 2Als 11) 0090
4 FORMAT (2A1911) 0100
5 FORMAT (Als11) 0110
8 FORMAT (187 2A6s 16) ‘
9 FORMAT (1H 315» 2Xs A6) 0150

554 FORMAT (7(F3,091XsA6)s 12/ EL12.09F6400E1240)
10 FORMAT (15HOREDUNDANCY IN 2A6)

REWIND 28
REWIND 29
DO 11 I = 1497 .
11 READ (8s3)VE(L)}y HI(Le1l)e HI(LI92)s IN(LD) 0190
DO 12 | = 1s22 0200
12 READ {894)HK(191)s HK{I92)e KNIT) 0210
00 13 I = 145 0220
13 READ (845)SPEC(I)s IS(I) 0230

CALL BUFFER (190000049090:04)
HI(98+1) = SPEC(4)

HI{99s1) = SPEC(S)

HI(98s2) = HK(191)

HI(999s2) = HK(Is1)

CALL SHOJAN

CALL NONJAN

LIM = Jp + NJD

D0 110 K = 192 0730
REWIND 28

REWIND 29

DO 108 1 = 1sLIM 0750
READ (29+8) KMASE » REDUND(1s1)s REDUND(2s1)+S

READ (28) (JilL)s JE(L)s L = 107)

102 READ (28) (PARA(L)» L = 1+9)

103 READ (28) (PARAiL)s L = 10+18)
WRITE (606666) KHASEes REDUND(1s1)s REDUND(29¢I)s (JN(L)» JE(L)Y
1 L= 197)s (PARAIL)e L = 1+918)95

6666 FORMATY (185y 2A6s 9Xs 1413/ 9E13.4/9E1344915)

IF (1 JLEs JD) GO TO 107
IF (K +EQe 2) GO YO 107

1064 LIT = [} 0820

IF (JE(}Y) +EQ. 85) GO TO 107 .

00 108 J = 1:LII 0810

IF (REDUND(1+J) - REDUND(1s1)) 105+106¢105 0840
106 IF [(REDUND{2»J) =~ REDUNDI(2+1)) 1059109+105 0830
105 CONTINUE A 0860
107 GO TO (850+55)y K . . 0870
50 IF (KHASE - 1) 1084519108 0880
51 CALL BUFFER (2+KHASEsSsREDUND{(1s1)9 JUNs JE+ PARA)

GO TO 108 0950
55 IF (KHASE=1) 1008+108+51 0960
109 WRITE (6+10)REDUND{(1+1)» REDUND(2s1) 0970
108 CONTTNVE 0980
110 CO~tINUE 0990

KHASE = -]

CALL BUFFER (39KHASE»SsREDUND(191)s JN» JEs PARA)
CALL KINDAT
END FILE 12
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REWIND 12
WRITE (696420)
FORMAT (29H) PEPAUX WORKED SUCCESSFULLY)

CALL EXIT 1040
END

1050
18 SHOJAN » SHOJAN/ A

SUBROUTINE SHOJAN

e o SUBROUTINE TO DIGEST JANAF DATA AS FITTED BY HOWARD SHOMATE,
COMMON /PAUX/ JTE(101)s HI(10192)9 IN(101)s HK(B002)e KN(5O)s JN(T)
19JEIT)s QUT(22)s SPEC(B)s 1S(5)e PARA(20)+REDUND(2+7TTT)s JDs NJUD
DIMENSION CRAZE(3)

DATA (CRAZE(I)s I = 103)/ 1HCe 1HG» 1ML /
DIMENSION HOL(5)» ELM(B92)9e NALS)

INTEGER S»SA

FORMAY (5A6e 5Xo Als 11X 6(2A1s 12)s 1X» 16}
FORMAT (18 12A1s 16)

FORMAT (4(F1340)0 FS35.0s 3X» F5,0y 8Xy» 15)
FORMAT (THOMIX UP 219}

JO = Q E

JNIT) = O

READ (541) (HOL{L)slmloS)e PHASEs ((ELM{IsJ)oJmlp2)eMA(T)oln1v6)9S
IFIRST = ©

PO 11 1 = 1,18

OUT(1) = SPECI(])

IF (NA(1) +EQs O) RETURN

e o IF NO ATOM COUNT» SHOJAN 1S FINIISHED.

JO = JD 4+ ]

INDEX = ]

DO 9 I = 107

JN(1) = Oy

JE(LI) = Q,

DO 17 I = 1499

DO 16 J = 16

e o COMPARE HOLERITH WITH PERIODIC TABLE,

IF (H1(1s1) oNEe ELM(Jel)) GO TO 16

K = NA(Y) ’

IF (1 +GE. 98) GO TO 12

IF (HI(712) oNEe ELM{J92)) GO TO 16

QUT( INDEX) = HI(1s])

OUT(INDEX+1) = HI(1+2)

INDEX = INDEX ¢ IN(1)

OUT{ INDEX) = HK(Ksl)

OUT(INDEX+1) = HKI(Ks2)

INDEX = INDEX + KN(K)

JN(J) = K

JE(J) = 1E(])

GO T0 17

o o ATTACH CHARGE APPENDAGES

DO 13 L s 14K

OUT( INDEX) = ELM(J91)

INDEX = INDEX + 1

JNEJ) = K

JELJ) « 0

IF (1 +EQe 98) JN(J) = =K

GO TO 17

CONTINUE

CONT INVE

IF (JUE(1) «NE. Q) GO TO 18

oUT(2) o OUT(L)

oUT(1) = 1HE

o o ATTACH PHASE IDENTIFICATION APPENDAGE.
KHASE = 2

IF (PHASE +EQe CRAZE(1)) OUT(INDEX) = SPEC(2)
IF (PHASE «EQs CRAZE(2)) KHASE = 1

IF (PHASE +EQs CRAZE(3)) OUT(INDEX) = SPEC(3)
WRITE (29+2) KHASEs (QUT(1)s I = 141210 §
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. WRITE (28) (JN(L)s JE(L)s L = 107)
87 READ (543) AsBaCoDoTL9TUSA
IF (S oNEe SA) WRITE (6+4) SeSA
READ (5921 EoFoGoHeTLTUSSA
" IF (S oNEe SA) NWRITE (694) S595A
READ (591) (HOL(I)ol=195)s PHASEs ((ELM({ToJ)oJm]e2)eNA(TI)eln146)9S
IF (S oNEs SA) GO TO 89
IF (PHASE J+NEe CRAZE(2)) GO TO 89
- IF (IFIRST oNEs O) GO TO 88
IFIRST o 1}
GO T0 87
88 WRITE (28) AsByCoDoEsFeGTLTU
READ (543) AsBsCoDoTLTUSSA
IF (S «NEse SA) WRITE (694) S»SA
READ (843) EsFoGoHeTLOTUISA
IF (S oNEe SA) WRITE (694) S59+5A
WRITE (28) A'BsCHIDIEsFeGeTLTU
GO TO 101
8y WRITE (28) AsBoCrDIEsFeGITLITU
WRITE (28) AsBsCrDeEsFeGeTLITU
GO TO 102
END
«~FORe 1S CONVER»CONVER/A
SUBROUT INE CONVER (PARAs AsBsCoDIEsFIGTLITU)
C o o o o SUBROUTINE TO CONVERT OLD PARAMETRIC FORMS TO NEW PARAMETRIC FORMS,
DIMENSION PARA(20)
A = PARA(3)
PARA{41%#1000,
(* )%
Qe
PARA(5) /71000000,
PARA(L) + PARA(2) = PARA{3)%3000s ~ PARA(4)#4500000,
’ 1 + PARA(5)/3000,
F = F£/1000,
G = PARA(G) —~ PARA(2)#ALOG(3000,) =
1 + PARA(S) /4500000, + ALOG('1000,)
TL = PARA(T)
TU = PARA(S)
RETURN
END
~FCRe 1S NONJAN s NONJAN/A
SUBROUTINE NONJAN
C o o o o THIS SUBROUTINE PROCESSES NON JANAF TYPE DATA ACCORDING TO DOW
C o o s o AND OLD NOTS (NAVWEPS 70433 FORMATS.
COMMON /PAUX/ 1E{101)s HI(10192) IN{101)e HK{8092)s KN(50)s JN(T)
1oJE(T)s OUT(22)9 SPEC(B)s IS(8)s PARAI20)+REDUND(297T777)s JD+ NJD
DATA ELECT/ GHEEEEEE /

MMOoONo
s seEDN

PARA(4) #3000,

1 FORMAT (1413, 12X» 11¢ 15Xs I1)
2 FORMAT (I8¢ 12A1ly 16)
6 FORMAT (4E1340) 0120
7 FORMAT (6E946+12F640s11) 0130
NJO = O
DO 99 LIM = 147777 0240
DO 98 | = 1,18 0250
98 OUT(I) = SPECI(1) . 0260
READ (859o1)(JUNU1)s JE(L)e I = 197)9 LEVELIKHASE 0270

IF (UN(1) «EQse O) GO TO 100
C o o o o IF NC ATOM COUNTsSKIP OUT.
NJD = NJD + 1

29 1F IKHASE) 30421,30 0290
30 READ (546) Ae Bs Co» Do Ev Fo G

TL = 298.

TV = 6000,

JAN = ) 0310

GO 10 32 0320
31 READ {(8¢T){PARA(I)s I = 198)+KHASEs(PARA(I)¢] = 9416) 0330
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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

L)

102

112

122

132

142

1%2

162

172

182

192

202

212

222
0

$l

*)

+l

-1
ALUMINUM (C) 264982 AL 1
¢T9604324E+1=0Th234602E+1 +12013784E+2~,41592804E+1

= T9464640E=-1-0240T76169E+]1 +17672812E+2 00000000
ALUMINUM (<) 264982 U4 1
e 79604320401~474234596401 412013784+402+4415926802401

“e79464629-01~¢24076188+01 417672811402 400000000
ALUMINUMs MONATOMIC (6} 264982 AL )
«485574631401 417986383-00-,84569434-01 ,12009095~01
019636010-01 ¢76611834+02 445244449402 477999999402

ALUMINUM  MCNOCHLORIDE {G) 624435 AL 1CL

088697597401 +17984430~00~616823909-01 +14357672-02
~e57386842-01-514046012402 464827267+02-411200000402
ALUMINUM L) 26,982 AL 1
275878742401 +411669338-03-,29586136-04 ,2187089%~0%
092873461-05=,19028612-00 417602579402 420720000401
ALUMINUM (L) 264982 U4 1
o 75878742401 411669338-03-,29586126~04 421870895-0%
093873461-05=419028412-00 417602579402 20720000401
ALUMINUMs MONATOMIC (6) 26,982 U4 1
e48557631401 ¢17986383-00-,84569434~01 ,12009095-01
019636010-01 76611834402 4452644449402 +77999999+02

ALUMINUM  CHLOROFLUORIDE (G) 614433 AL 1CL

¢13469642+402 +37285351-00~,10065834+00 ,85780834-02
~618165674~00-012464722+403 482534085+02+412000000+403

63

298
298

298
298

298
298

298
298

0932
0932

0932
093¢

298
298
1F

298
298

TO

70
T0

T0
TO

T0
TO

TO
TO

TO
TO

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
1268

964
964

1263
1265

1265
1265%

1265
1265

964
964

2-A
2-8
2-C
2=D
2-E
2~F
a~A
4~8
4=C
6=A
6-8
6-C
3-D
3-8
3-C
3-D
3-€
3-F
4=A
4~8
4=C
7=A
7-8
7-¢



¢

NWC TP 6037

Appendix H
LISTING OF PEP PROGRAM

SUBROUTINE ADJUST
COMMENT . ADJLSTS GrAM ATOM-BALANCE FPRURS BY MODIFYING THE BASIS.,
CALLED BY DEFIOJ
CCOMMON B (124120 WKRUEZO)y AMATULIN,12), JATE12), ASPECILLIZ)y INy ISy
IFIECiIN, &)y TE(L0,4 ), ALP(12), W27, Ny BLOK(1Cy5)y UH(LG), RHOCLO)D,
CISERI(1IN)y WATEUL)y WLltE), WU, IG, NP, VNT(2ul), W4T, NAMF, SER
OCOMMON /IBRIUM/ TLI2uM23, TUL20C,2), WX(200 ), VNUC200,12), GA,
1TAU, HE2L0), SUECOY, YE200), JCy IR(20Cs2)y DMUL2LN),y, VLNK(ZTO),
2I00€12) PAL20UL22y RRUI2UD,2), PCLZDON,2),y RDI2uNy 20y RE(ZGL2)
IRF(2UN42)e CHILLCU,Z)y UM, WUB,y CPy FN, Cl12,20U)y SPECIE(2CO)
DIMENSION EP(12), X112}
00 1 1 =1,1IS8

EP(I) = ALP(I)
DO 1 J = 1N

1 EP(I) = EP(I) = CULl,JIsVNT(J)
DO 2 K = 1,IS

X{K) = D, ’
DO 2 I = 1,1S '
X(K) = X(K) ¢ ACI,K)®EP(I)
00 3 K = 1,Is
J = 104 (K}
3 UNT(J) = UNTEG) + X(K)
77 FORMAT (JP 12F10,7)
IF (KR(1lo) «EO0e G) GO TO 99 °
WRITE (6,77) (ALP(J}y J = 141IS)
WRITE (6,771 ( EP{uJ)y J = 1,185)
WRITE (6477) (X{J) 4 O 2 1,I§)
99 RETURN
END

[

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

DIMENSION wh2t20), wid (20)

DATA UM/ 18 /

DATAMNU2(T)y T = 21418)/5003069156925693C095509600 4690 47106,48B0

1 10Ce9150e91754v20044300441000.,3000.,45000+ /
2217 FORMATL /¢(FSe0yih/F6e0)/6(FS ey 1H/FEe0)/6(F6404H/FSeN))
230U FORMAT(/43HUBOOST VEILOCITIES FOR PROPELLANT UENSITY OF F845,
L10H (S+Ce OF F843y IH))
WU8 = 17 8.%W43
123 V0 = W43/.036128
VI = SSI%32.174
Do 127 v = 1, JM
127 Whk (J) = VISALOG(1.Co w8/ WH2(J))
138 WRITE (6,230) wh3, VO
WRITE (6,227) (b2t U)y WHULY),y JZ14uM)
139 RETURN
LND
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SUBROUTINE DEFI10J

COMPUTES SERIAL NUMBER FOR AN OPTIMUM BASTS A LA HN BROWNE JUKe
DCOMMON A (12,12), KRUZO), AMAT(10,12), JAT(12), ASPECI(12), IN, 1S,
IFIECLIN, 60y IELL046)y MIPEL12), W2T, N, BLOK110,5), LH{10), RHO(1D),
CZISERI(10)y WATELLD), WILE), WH3, IG, NP, VNT(2Ul), W4T, NAMF, SER
OCOMMON /IBRIUM/ TL(2C04.2), TUL200,2),y W31(200), VNU(20D,12), QA,
1TAU, HL2CN), Sul270), YL200), JCy IRL20G,2), DMUL2LD), VLNK(270),
SI0J(12)y RA(20UL,2'y KB(20D,2), RC(200,42), RDI2LDY2)y RE(200,2),
3RF(200,2)y CHI200,2), JM, WhB, CPy FN, C(12,200), SPECIE(200)
4,LL (200)

CALL SLITET(3,K0UDFX)

GO TO(7,11),KU00UFX

7 CALL SLITE (1)

CALL RANK(IR,)W3I4N)

001 I = 1,N
1 LLII) = 9
2 IF = 0

Doe I =1,I8
JIF 2 IF « )

IF (IfF=N) 9,9,8
8 WRITE (6,10)
0 FORMAT (1TMOCANT FINC BASIS )

CALL EXIT
9 00 4 J = 1,IS

K = IR(IF,i)
4 AtJyI) = ClUyK)
5 CALL LINCEP(I)

CALL SLITEY(24KD0OFX)

GO TU (6643)y KDODFX
6 LLIK) =

6 I0JtI) = K

CALL ADJUSTY
1 RETURN
END

SUBROUTINE DESIGHN (TEyPRoKE»SYSENT,J,I)
NCOMMON A(12,12)y KRU2N)y AMAT(LD,32), JAT(R2), ASPLC(12)y IN, IS,
IFIE(10,6)y TEC0104€6)y ALPL12), W27¢ Ny, BLOK(1DyS5)y UH(10)y RHO(1Q),
QISERI(10), MATELLD), Wite), W43, IG, NP, VYNTI(97), wl?, NAME, SER
COMMON /5SCRATC/PLOT(5,100)
NCOMMON /IBRIUM/ TL(I20D,2), TU (200,20, W3(20N), VNUL2UD,12)y QA, /
1TAU, HE2UD), SLI200), YI200), JUC,y IRI(200+2), OMU(2U0), VLNK(ZOD},
210J012), RAL20U,Z)y RB(20042)y RCI20042)y RDI2uD, 2}y REC200,42),
IRFL200,42)y CHIZOD,2),y UM, WHB, CPy FNy Cl12,20U), S>ECIE(2uD)
DIMENSION TEMP({20) PRES(20),HEAT({20),VOLUC20),IPH (20)
DIMENSION SPI(2))AST(2)4PST(2),GAME2),CFL2),EV(2)4CST(2),RISPL2),
10EXC2) g Ent2) o THRT(2) ,TEX (2)
1 FORMAY (u4EL16.64 19)

TEMP (1) = T¢
PRES(I) = PP

HEAT(I) = HE |

VOLU(T) = FN®,UBZ05%TE /PR
IPH(I) = IPHASE(J)

NPNTS = 1

IF (1.€E0+ 13 w0 TO 99
SPI(J*1) = 943294%SQRTUIHEAT (L) ~HEAT(2))/W2T)
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1C TEX
AS
CON
NST

IF
9 TEH
PRE
HEA
IPH
VoL
IPH
NST
NPN
Tup
TLO
pPuP
PLO
HUP
HLO
Do

tJdel) = TEMPL2)

S VOLU(2)Y/SQRTULHEAT (L )=HEAT(2))

V T 14/71000,/50RY{8372.,%W27)

ART = 2

{(J «EQs D) 60 TO 21

20 LIM = 1,8

19 K = NSTART, NPNTS

(NPNTS +EQ. 2) GO0 Y0 9

(IPH(K=1) +ECs TPHIK)) GO YO 19

(ABS (TEMP(K)-TEMPIK=1)) 4LTe 2¢) GO YO 19

Pi{Kel) = TEMP(K)
S(Ke1) = PRES(K)
TIK+1) = HEAT(¥)
(Kel) = IPH(K)

UtK+1) = VOLULK)
(K} = IPH(K=-1)
ART + Ko}

TS = NPNTS ¢}
TEMP(R=1)
TEMP(K+1)
PPES(K=1)
PRESIKe 1)
HEAT{K=1)
SHEAT (ke 1)

15 L = t,1¢

0"

Mot og gt

TEMP IK) 2 (54 (TUPSTLO)

TE
IF

S TEMPIK)
(TE ®4s oLTe TEMPIL)) GO TO 151

TEMP(K) = TLO

PRE

HEA

GO

151 IF
TEM

PRE

HEA

VoL

GO

15¢ TE=
CAL

IVA

1F

IF

TuP

PUP
HUP

GO
13 TLO
PLO
HLO

IPH
+15 CON
16 vol
GO
19 CON
GO
20 CON
¢l DO

CALL ONE D(HEAT(1),TEMP(L=1) ,PRES(L-1),HEATIL=1), VOLUIL=~1),TEMP(L]}

1,PR
IF
31 CON
$3 IF
PST
AST

S(K) = PLO

T(K) = HLO

T0 16

(TE =14e «GT, TEX(2)) 6O TO 152
PIK) =zTUP

S(K) zpuPp

TiK) cHUP

UK) = FRNe.i S US®TEMP(K) /PRES (K)
10 21

TEMP LK)

L TSBAL (TE, PPESIK), HEAT(E), SYSENT,PUP,PLOD)
= IPHASELJ)

(IVA JNE, IPH(K=])) GO TO I3
(IVA EQ. IPH(K+1)) GO TO 16

TRMP LK)

PRES(R)

HEATEK)

15

TEMP (K)

PRES(NK)

HEAT(K)

(k) = IVA

TINUE

UIK) 5 FNx 82054 TEMP(K)/PRES (K)

TO0 20

TINUE

T0 21

TINUE

31 L = 2,NFNTS

T

"I no Iy

ES(LY,y HEATIL)y VOLULL),y PST(Jel), ASTAR, 6T, 6C, GV, LL)

(PRES (L) LT, PST(U+41)) GO YO 53

TINUE

(PST (u+l) LT, PRESIL-1)) GO TO 32
tuel) = PRESIL=-1)

AR = VOLUCL=-1)/SQRY(HEAT (1) = HEATIL-1))

67

f A



NWC TP 6037

32 OEX(J*l) = AS/ASTAR
GAM(J+1l) = GV
CONV = 1.,/1000./S5CRT(8368.%N27)
ASTUJ*1) = ASTAR®CONV
CONV1 = 9:80671000./4184,/24,218
CFLU+1) = CONVIRSPI(J*1I/NL(5)/7AST({Js1)
EVIU+1) = 32,174%5P1(J1)
RISPIJ®L1) = Wa3/.03613 *SPI(Je})
ELGJ*Y1) = (W43/,07%613)%4¢,78) *SPI(Jel)
AST(Jel) = AST(J+1)%1550,/.00220462
THRT(J®1) = TEMP(L)®(PRES(L} /PST(J*1))®%GT
IF tJ «EUs 0) GO TO 99
CONV = CUNV/CONVI
PAST = PST(J+1)
9875 DO 49 K = 1,100
IF (KRU3) +NEL. O JAND. X JEQe 2) GOTOS376
PLOT(1,K) = K
AREA = ASTAR®PLOTI(1,h)
00 33 M = L NPNTS
IF (M «GEe NPNTS) GO TO 34
IF CAREA LT, VOLU(M)/SQRT(HEAT(1) =HEATI(M}I? GO TO 34
33 CALL ONE DU(HEAT(L) yTEMP(M*1) yPRES(M* 1) JHEAT{M* L), VOLUINM*] ), TEMPIM)
1,PRES(H ) JHEAT (M) (VOLU(M) ,VA,VB,GT,GT,GV,LL)
34 L = M
PUP = PAST
PLO = PAST/ 3,
DO 43 M = 1,28
PLOT(24K) = (S*(PUP+PLO)}
IF ((PUP=PLOT (., M) )2 (PLOPLOT(2,K))) 3,44, 044
35 VOL = VOLULL)®(PRES(L)/PLOT(2,K) )% (1,/GV)
GO TO t36437), L
I6 HE = HEATIL) + GCO*(VOL*PLOT(24K) = PRES(L) *VOLUSL ))
GO T¢ 38
37 HE = HEATIL) ¢ GC*ALOG(PLOT{2,K)/PRES(L})
38 IF (AREA VOL/SQRT(HZAT(1)~HE)) 39,44,40
39 PLO = PLGT(2,K)
GO TO 43
40 PUP = PLOT(2,K)
43 CONTINUE
Wi PAST = PLOT (2,K)
PLOT(3¢K) = TEMP{L)® {PRESIL) /PLOTI2,K))%*GT
PLOT (U K) = 943294#SQRTUIHEAT (1) =HE/W2T)
PLOTISyK) = PLOT(U,K) + PLOTU2,K)®AREA®CONV
49 CONTINUE
2 FORMAT (1P SE18.7)
9876 WRITE (6,1243)
1243 FORMAT(/ T2HGIMPULSF IS EX T* P * CF IsP» OPY EX
X D=1SP ARM, EY T)
1245 FORMATL FlalyFbeloFT o0 sFTe23FTe3 4 FTal0FTe2,FT701yFB8e5,F7.0)
1264 FORMAT(/FTalyF8el sF TNy FTe2)FTe3y TXeFTe24FTelyFB8e5yF7.0)
WRITE( 6,1244)SPI (1) ,GAM{1), THRT (1) ,PST{1),CFL1), 0EX (1)
1 e RISPIL), AST(1), TEX(1)
CST(2) = PLOT(35,1)
WRITE(6 y1205) SPI(2) ,GAM{2), THRT(2) ,PST(2)CF(2),CST(2),0EX2)
FoRISPU2) JASTU2),TEX(D)
24 FORMAT(®UINGREDs DENSITIES ARE'/(9FB.4))
WRITEC6 424) (RHOUI) , I21,IN)
IF(KR(3) GT. 0)60 TO 98
C DELETABLE NON~ ASCII OUTPUT OF DATYE AND TOFDAY.
WRITE(6 +23) (ISERI(I) 122,6)
23 FORMAT(®1°,5A6)
CALL BOOST(W43,SPIt2))
98 CONTINUE
9% REVURN
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,PR(HEJENTR,IX)
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)
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31 CONTINUE
IF (ABS CALP (J) <« X(J))/XMEJ) LLY, ,00001) GO TO 3&
CALL SLITE(YD)
GO T0 39
38 CONTINUE
39 CALL DEFIOJ
CALL REACT (TE)
D0 211 1 = 1,N
211 WILT) = 50,0 =VLNK(I)
CALL RANK(IRyW3yN)
11 00 22 J( = 1,20
CALL TWITCH(PR,0)
CALL SLITET (4,K0QNFX)
GO TO(146y17) 4yKQOQFX
146 IF (KRE139=1) 15,14,15
14 WRITE (6,8)JUC,TEHPR
WRITE (6 49)(YNTLI)y 1 = 14N)
15 D0 23 ICC = 1,3
25 CALL TWIICH (PR ,1)
CALL SLTITET Y4 hOu-FX)
GO TO(2:922) yhCULIFX
CONTINUE
CONTINUE
CALL SLITE (3}

rs
R O

21 UNTUINP) 3 ALOG(PR/FN)
17 CALL THFKMO (TL, KHEy ENTR)
VNT(NP) = EXPLYNT(NP))
TET = 7¢E
RETURN
END

SUBROUTINF FIXBAS
UCOMMON A(12412)y KRUZM)y AMATI(10,32)y JATI12), ASPEC(12)y IMNy IS,
IFIE(10; 60y 1ECI046)y ALPU12)y W27y Ny BLOK(10y5)y UHIL0D)y RHOLLIO),
2ISERI(INDY, WATE(L( )y WIlE)y w43, IG, NP, VNTI201), W4Ty NAME, SER
OCOMMON IIBR;PM/ TL(zuD,2)y TUL200,2), W3(20R), VNUI20N,12), Q4
1TAU, HE2C0) 4 S0t UYy Y(2003, JCy IRU20Cy2), DMUC20D), VLNK (200},
2I0J012)y PAL2NL,20y RR(20042)y RCI2C092),y RO(2uDy2)y RELZ2NGWZD
IRFL20N,2), CHIE20U,Z)y JMy WUB,y, CPy FNy CL12y20U)y SPECIELZ2UM)
4yl teno)

IF (16 «£E0s N) GO TG 99

I6P = IG¥1
00 ¢ J 31,18
I1 = I06JW)

IF (OMULII) LLT, .9E¢12) GO T0 9
D0 8 I 2 IGP,n

IC = 99
IF (WNULtLd) otQs Le) GO TO 8
10 = a8

IF (MU L) «GFEs .9E+12) GO TO 8
DO 7 K = 1,I8
IF (K «ELe J) GO TO 7
19 - K
IF (VNU(1,K) «NEs Us) GO TO &
7 CONTINUE
VA = UNT({IID)
VNT(ITI) 2 VNT (D)
VNT D) VA
I0d ) I
LLt1y) = ¢
LLeIn) =9
GO T¢C 9
& CONTINUE
9 CONTINUE
99 RETURN
END
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SUBROUTTINE GIBWII(TE)

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

LA

NCOMMON A (12412),y KREZIN), AMAT(10,12), JAT(12), ASPEC(12),y IN, IS,
IFIE(10,6 )¢ IE(109€6)y ALP{12),y W27, Ny BLOK(1IC,)5), DHILO), RHO(1D),
SISERICIN ), WATE(LN), W1t6), W43, IG, NP, YNT(20L1), W47, NAME, SER
GCOMMON /7 IRRIUM/ TL(2UD,2)y TU(200,2), W3(200), VNUG20U0,123 G4y
1TAUy HEZCD)y SUL21ILD),, Y(2NOi, JCy IR(200,2), DMU (200D, VLNK(ZO0),
210J¢12), RA(20U,2)y KB(200,2), RC(20Q042), RD(2uN,2)y REV20G,2)
IRFI20042 )y CHELOUV2),y UMy WUB,y CPy FNy, C(12,20UL), SPECIEL20N)
FORMAT(3hHOTSF6,0,UH HyS=DyNU=D, 3/LINE)
FORMAT(S(IP3EL1264 4I241H ) )
3 FORMAT ( IDHODELETION Ay F1OW4)
THETASTE/1000.
DO 18 IS )yN
TUL=TU(T ,1)=100,
TU2=TUCT 41) +10,
TEQ=ABS(TULI, 1)=TL(I,2))
Q=C.
IFCTEWGE oTL (T 1) o ANDWJYESLELTU(IL 1)) GO TO 30
IFCTEGY aTL (Y 3l o ANDWTELLELTUCIL2)) GO TO 31
IF (TE LLFe 298416} GO TO 30
0=1C0N0CLO0O00OU.
31 K=2
YZ:RA(IoK"RB(I.K"THET"PC(I;K)‘1HETA**2‘R0(I.K"THETA*‘}
1 SRE(I JK).THETARR( =2)
HZ:(RF‘IQK"RA(I'K)*YHETA‘.S‘RB(IoK)‘THET“‘Z’(l./3-)‘RC‘I'K)
1 STHET A3+, 253RD (T KITHETA®SU«RE (I,K)%1,/THLTAI*1C00,
SDZ:CN‘I'K)‘RA‘I'K)‘ALOG‘THET"’RB(I'K,‘rHETA‘.S‘RC‘I'K"
1 THETA“Z’(1¢/3Q)*LO(IQK"THETA##3'05#RE(I.K)‘THETA*‘(-Z’
IF(TEWGE s TULs ANDo TE o LE «TU2oANDoYEQ.LEaLls) GO Tu 32
Yy{(l)=v2
KR{I)=H2
SD(I)zs0e
GO0 T0 20
32 K =}
Yl:RA(I'K’0RB‘I|Ki‘THETA‘PC(I.K)*THET‘*‘Z’RO(I'K,‘THEYﬁ‘*s
1 SRE(TI WK *THLTA*%X( =2)
HI:(RF(I'x”RA‘I'K).THETA‘.S‘RB‘I’K’*THETA"Z’(I./iO)‘RC‘I.K)
1l STHETASKI 4, 250R0 (1 KIS THETAR®U=RE(T,K)xl ,/THETAI»10LO0,
SDI=CHUT yK)SRA(TI4K)®ALOG(THETA)4RBITI JKIRTHETA¢ 52 RC(TI,K)*
1 THETASR2 4 (14/3+ ) %RD (L yK)®THETARK 2~ ShRE (I JK)uTHLTARNR(=2)
G0 T0 33
30K =}
YIZRA(I yK)ORB (L K)XTHETA®RC (I M) RTHETA®S24RD ([ ,K) *THET A% %
1 CRECTI JKIRTHETARR( <2)
Hl:(RFtI.K)‘RA(I.F)tTHEYA4.5tRE(I.K)tTHETAttz‘(1./3.)‘RC(I.K)
1 STHETA#R3I +,25#RD (I KIS THE TAwRU=RE (I K )nl o/ THETA %1000,
SDI=CH(I.K)*RA(f;K)*ALOG(?HEYA)OQB(I.K)*THETA’.S*RC(I.K)‘
1 THETA#®24(1,, 30 )RD (I yK) R THETA®® 3=, SERE (T K) ST HLTARR(=2)
IF(TESGE sTULoANDaTE o LE sTU2,AND.TEQ.LEsls) GO TG 34
Ytryzvl
H(I)=H]}
SDtI)=sS01
GO 70 20
34 YZ:R“I.K’ORB‘1'“)‘THf7l’pC(I.K)‘THET“‘ZORD(I.“]“HETA“3
1 SRE(Y yK)STHETASR( -2
H2Z(RFUY WKIPRALIyKI®THETA® S#PB T K)RTHETAR$24(1, /34 )18RC(TI,K)
1 STHET A3+, 25%RC(IIK)ISTHETA®®URE (IsK)®1 4/ THeTA #1000,
SO2=CHIT yKI*RAIT yK)IRALOG(THETAYSRBII yK)SVHET A, 5%RIL K)®
1 THETAS%2 4 (1/3¢ )MRD (I KIS THETANR 3w SHRE (I 4K ) *THET AN (=2)
33 Fa=(TUlIy1)=1us=TE) /20,
F12le.=F2
YII)SFleY1eF28yY2
HII)SF1ehl+F20hH2
SO(IIZF 1nSD1eFce5Nn2
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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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SUBRGUTIWE H BAL (TE,PKy ENTR,y LL)

COMMLENT, THIS ROUTINE COMPUTES A PRESSUPE ENTHALPY POINT,
INPUT EATHALPY IS Wl(4) I COMMOMN, IX WOPKS THF SAML AS FOUP EGUIL (WHICK SEE)

c
c

230

55

2Ny
20}

[N
L

22
14

& VOLUME LNPUT [NSTLAL OF PRESSUR WORKS THE SAMc wAY AS FOR EGUIL ALSC.
CCOMMUN ALI2,12), FR(™)y AMAT (10 ,12), JATOL2), ASPC(12), IM, IS,
IFIELIN, 6 )y IF LUy )y ALP(12)y W27y by BLOK(ITyu)y LHELG), RHOCLO),
QISERICIN), wATclL ),y WItLE),y WU3, I6e NPy VUNTU20L1), WUT, NAME, SFR
L COMMUN /IBRIUM/ TLIZUNy2)y TU2NGe2), WZL200), VNUL2LN,12), G,
1TAUY HE2.0), Sutéer u)y Y(270),y JCe IR(2CD42)y OMULIUG) s VLNKLI270),
SI0JU12) s BA(2NLed)y RRIZUDG,2)y PCI2MLe2), RDIZUA,2), REL23L,42),
IRFL2UD, %)y CHULNU W)y JMy WHEBy CPy FNy CU12,400U)y SPECIE(200)

COMMUN/SCRATC /HN(Z2U0,2)

FORMAT {IHTRESULTS MO DAMN GOOD )

FIU = 600

FTLSTR,
CALL EQUIL (TE PR HE JENTRyLL)
LIM =20
DO 11 T = 1,LIM
CALL SLTITETU{YyhOUIFX)
GO TOU!il,EUD) 4RI GWIFX
IF (HE = Wi(H)) 01,314,272
FTL = TE
FLP = VNII(NP)
HLP = HE
DO Tu L = 14N
HN{L 1) & UNT UL}
GO YO 114
FTU = TE
FUP = VMT(INP)
HUP = HE

CFz EMAX () 4N LF)

CF = BMINI(164uy CF)

T = (Wlill) = HEY/ZUCF*(CP)

UTS AMINGIOT, SstFTU=TE))

0TS AMAX (DT, JO4(FTL=TE))

TE 2 TE ¢ 0T

HOLD = H.

IF (FTLU=FTL JL1s ") 6O TO 21
IF (ARS(LT) LLT, 1) GO YO 14
CALL EQUIL (TF PR ,HE ,ZNTRH L)
CF = (HE = HOLuW)/Z(CPANT)

WRITE (& ,226)

wRITE (1cy236)

VA = (HUP=alv4))/(RHUP=HLP)
VE 2 (W1 u) =HLF )}/ (HUP=HLP)
cp = ny,

DO 2L L = 1,yM

CP = CP + VNT(LI®Y (L)

IF (LL JhFe 3D bC TG 4

VHTULY = VASHMIL,!) + VB®HN(L,2)
ENTR = EANTR ¢ (Milu4) = HEI/TE
RETURN

END
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FUNCTION IPHASLIL)

THIS ROUTIME UETERMINES WHAT CONDENSED PHASES ARE PRESENT,
OCOMMON A (12432), KRI(ZD)y AMAT(10,12), JAT(12), ASPEC(12)y IN, IS,

IFIELL06 )y IECLOy4)y ALPU12), W27, N, BLOKI3IUyS5), OH(1Q)y RHOLL0),

2ISERLI(1C ),y WATELLIO)y WALE), MU3, IG, NPy VNTL201),y W4T, NAME, SER
3,FLOOR

IPHASE = 0

IF (16 <t0s N) GO TO 99

INC 2 )

IGP = 1Ge}

D0 12 I = 16GP,N

IF (UNTUL) +LE. FLOOR) GO TO 2

IPHASE = IPHASE ¢ INC
INC = INC ¢ INC
RETURN

END

SUBROUTINKE LINDEP (1)

COMMENT o THIS KOUTINE ESTALLISHES LINFAR DEPENDENCE BY THE GRAM SCHMIOT=-

c

-1

~ Pt s
L PR N

T

0D ~ ~4

LS ¢ 3

7

ION AND THEN INVERTS THE A MATRIX BY THE METHOD OF CONJUGATE GRADIE
UCOMMUON A (12,12)y KREZN), AMAT{10,12), JATULLD)Y, ASPECHLZ)Y, 1INy ISy
IFIELLTe6 0y IE(42,t ), ALP(12), w27, N, BLOK t1Lyb)y UWILGL)y RHULLIDY,
SISERILIC), WATLULN), WllE), WU, IG, NP VNT(2Ul), W47, NAME, SER
DIMENSION SS{1&), DUI2,12)

DEI,I) = 1,

IF (1 «CTs IS)
IF (1 JEQs 1)
IM o 1 =}

DO T J 3 1,IM
DtJyl) = 0,

R = Q.0

DO 2 K = 1,1s
IF (AfK 41) +EQ0e Us)
IF (AtK gJ) oEQe Us)

R 2R + AMKyJI*ALK,I)
CONTINUE

IF (R +Eue 0.
C = R/SS (U}

VA = 0.

DO 3 K = },1S
ALK IY = MK,I) « gsAlK,J)
IF (AtKsI) «EQs Us) GO TO 3
VA = VA ¢ ABSEA(K.T))
CONTINUE

IF (vA (LTs 1)
DO 17 K = 1,4
DIK4I) = DIK,I)
CONTINUVE

SSUI) = e

DO 4 J = 1,1IS
$SE1) = sstld
CALL SLITE (2)
IF (1 +LTe IS}
DO 13 J = 1,1s
DO 13 K = 1,15
VA = 0.

0o 12 L =
VA 2 VA ¢ DlJyLISAIK,L)I/SSIL)
Atk ) =~ v

FORMAT (IF18,.6)

RETURN

END

GO TU 887
6O 10 8

60 10 2 -t
60 Y0 2

Ge T0 7

GO T0 &

= Q¥0tK,J)

¢ AlJyl)un2

6o TO &

Je IS

74
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TABRALTINE ONE O (HSY‘G'TZQPZ'HZpVZ'TO'POQHO'VOQPS.AS'GY'GC'G
NT LONTINUITY EQUATION FOR 3 DIMENSIONAL FLOw FOR ADIAGATYIC
Ok -+ UTHERMAL (20) MODELS,

Cur 100 A12412),KRE20)

IF “*R{11) oNE« Q) WRITE (6,1122)P2,P0

IF tAR(11) WNE. O0) WRITE (6,1128) HZ4HO

FOR=8T (° HXyHO'Z2ELG 4

IF (KR(1L) oNEs O) WRITE (6,1124)72,70

FORMATL® TZ,TO'2E1444)

IF (KR(11) «NE. Q) WRITE t6,11231v2,Vv0

FORMAT {* PXyPO"2F1440)

FORMAY (. VZ,VO'2E14.4)

6T = ALOGIYO/TZ)/ZALOG(PZ/PO)

GV = ALOGIPO/PL)/ALOGEVZ/VO)

IF (KR(11) «NE. Q) WRITE (64,1225)GV,6T

v,LL)
(1%

FORMAT (* GV,GT'2EL14 .4}

LL =1y

IF (ABS(T2-T0) .67, 3,) GO TO 19
L =2

GC = (HO-HZ)I/ALOG(PO/P2Z)

IF (KR(11) «NE+ O) WRITE (6,1127) GC,HSTAG
FORMAY (% GCyHSTAG®2E]HoH)

PSTAR = PZSEXP(=GV/2s ¢ (HSTAG=MZ)/GC)

HSTAR = hZ ¢ GCHALOG(PSTAR/PZ)

IF (KR{11) oNE. U) WRITE (6411291PSTAR,HSTAR
FORMAT (* PSTAR hSTAR® 2E14,4)

VSTAR = VZ#(P2/PSTAR)I®&(1,/GV)

60 70 20

GC = (HO=HZ)/{PO%VC = PT#VZ)

PSTAG = PZ# (1. ¢(HSTAG = HZ)/GC/PZ/V2)%*(GV/ (GY=1,4))
PSTAR = PSTAG#(2,/{GV+14)) ¥k (GV/(GV~14))

VSTAR = V24 (PZ/PSTAR)®#(1.,/GV)

HSTAR = KZ + GCH(PSTARSVSTAR - P2#V2)

AS = VSTAR/SQRT(HSTAG=HS TAP)

PS = PSTAR

RETURN

END

SUBROUTINE OQUT (PP, TE,HE JENTR,NS)
NTe COMPOSIYION AND STATE VARIABLE QUTPUT ROUTINE.
UCOMMON A(12,12), KR(27), AMAT(1N,12), JAT(12}, ASPEC(12), IN, IS,
IFIE410,6), IECL0,6), SLP(12), W27, N, BLOK(1C,5), DH(10), RHO(10),
ZISERI(1N), WATElLC), Wil6), W43, IG, NP, VNT(201), W4T, NAME, SER
3,FLOOR
CCOMMON /Z1BRIUM/ TL(20UD,2)y TU(200,2), W3(200), VNUI200412), GA,
1TAUy HI200), Sut203), Y(200), JC, 1R(20042)y DMUCZLO), VLNK(ZLO),
2100412), RA(200,2)y RR(20092), RCI200,2)s RD(2UN, 2}, RE(200,2),
3RFUZOUN,2)y CHI20Uy2), UMy W4B, CPy FNy Cl12,200), SPECIE(20D)
DIMENSION SPOT (), VOT(4)

FORMAT (/* T(K) T(F) P(ATM)  P(PSI) ENTHALPY LENTROPY  CP/CV
X GAS  RT/VY)

FORMAT (GF6.00F8020F9e2,FOe2oF9a24FB ol ,FT,3,F8,3)

FORMAT (4(1X,FOsE 41X ,A0))

FORMAT (4 (1X 41PES 42, 1X,A6))

FORMAT (jH )

GAMMA = CP/ICP = 1,987 14FN)

TF = 1.98TE = 459,4
VH = HE/Z 100040
PF = PR*i4,70069
WRITE (6,102)
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WRITE(S o104 TETF PHyPF yVH ENTR yGAMMALFNy VNTINP)

WRITE (6,21)

CALL RANK(IR, VNV, N)

Js=1

DO 9C4 TI= 1,N

I = IR(IL,1)

IF (VNT(I) (LE. FLOOK) GO TO 904

SPOT(J) = SPECIELT)

VOT(J) = VNTUI)

J s J e g

IF (J oLTe §) GO TO 904

IF (VOT(1) ,6Ts oiu9995) WRITE (6,4U) (VOT(K),SPOTLK) KZ144)
IF(VOT(1) oLEs «009995) WRITE(6,45) (VOTIK)¢SPOTIK) JhZ144)
J =i

CONTINUE \

JzoJe=l . :

IF (J oNEs OV wRITE (6,4S)(VOTIK)SPOT(K)KZ1yd)

RETURN

END

CUMMENT, TH15 PROGRAM CONSISTS OF ROUTINES PEP, TSALT, DESNOZs BOOSTy TSBAL,

c
c

TABLO, TwID, SLTUF, REACT, ADJUST, RANK, OUT,STOICH, EQUIL, PUTIN,
DEFIOQJy (NEOD, IPHASE, THERPMO, GIBBS, TWITCH, HBAL, ODESIGN, SEARCH,

c LINDEP, SBALy GUESSs TAPEB AND FIXBAS)

COMME
¢ P

C 1TH

15

14
12

NT. THE MAIN PROGRAM CONTROLS THE INPUT AND OuTPUT AND ESTABLISHES THE
ROPELLANT THERMUDYMAMIC MODEL IN THE wAY IT CALLS HbAL AND SBAL.
OCOMMON A(12,12), KRUZIOD®, AMAT(10,12), JAT(12), ASPECI12), IN, IS,
IFIE(10,46), IECL0yb), ALPI22), W27, N, BLOK(10,5), UH{10), RHOCLD),
2ISERI(30), WATELLC), W1(E)y wd3s IGs NPy VNT (2013, W4T, NAME, SER
34FLOOR
JCOMMON /IBRIUM/ TL(20L0,2), TUL2NG,2), W3(200), VNUL200,12), QA,
1TAU, H(2L0), $DLETW)Y), Y(200), JC,y IR(Z20Gs2), DMULZ0N), VLNK(Z20U),
210J012), RA(20us2), RR(20D,2), RCI20042)y RD(2uNy2)y RE(200+2),
3RFL20N, 20y CHUGOUY2),y UMy W4B, CPy FN, Cl12,20u), SPECIE{200)
4yLL ¢ 200)

COMMON/MOON/TSTEST ,TE, IRUN

CALL SETCLK

IRUN = N

TCH = 30u0,

TES AMAXI(TCH, SUL.2)

TSTEST = Q.

TE = AMINI(TE,500C.)

CALL PUT IN (LE)
E NEXT STATEMENT DELETES CALCULATION WHEN INPUT ERRQORS ARE FOUND.

IF (LE +EQs 1) STOP

PR = W3 (3)

IF (hRULL19) LEC. 1Y GO TO 15

CALL GUESS (TE,PR) .

IF (KR(T7) ,EQ., 0O) GO TO 14

TE = Wlte)

VNT(NP)} = ALOGL.UB205%W1(6)/W1(5)})

CALL EQUIL {TE, PRy HE, SE, 1)

PR = FN*VNT (NP)

SYSENT = SE

GO TO 114

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

TCH = TE

HE = W1 (4)

CHN = FN
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CALL OUT (PRyTEH HE 4SYSENT, 1)

IF (KR(1) +EQs 1) GO TO 8

IF (wl(5) +GE. W1ltb)) GO TO 128

WRITE ( 643)

FORMAY (/* WHY 1S THE EXIT PRESSURE «GEs THE CHAMBLR PRESSURE.')
GO To 8

CALL DESIGN (T, PRy HEs SYSENT, Oy 1)
PR = Wl1ltée)

CALL 5 BAL (TE, PRy HE, SYSENT, TCH, Q)
CALL DESIGN (TE, PR, HE, SYSENT, O, 2)
TE = +S*(TCHeTE)

CALL 6 BAL (TE, PP, HE, SYSENT, TCH, 1)
CALL OUT (PRyTEHE ¢SYSENT,2)
FLOOR=W2 7%l ,E=7

CALL DESLIGN (TE, PRy HEy SYSENT, 1, 2)

IF (KR{ZY) JEQs D) CALL DISNOZ
GO0 To 8
END

SUBROQUTINE PUT IN (LE)

COMMENT INPUT ROUTINE CALLED BY MAIN PROGRAM,
CALLS ROUTINES DAYE & TOFDAY (TIME OF DAY) WHICH MAY BEL CUELETED
C ALSC NOTE DELETABLE ROUTINES SETCLK AND LKCLKS THAT MEASURPE CPU TTHME

o

1
2

3

1
2
§
5
6
7
)
9
1

4
3

COMMON 4(12,12)y KRI2D), AHAT(1I0,12), JATL12), ASPEC(12), IN, IS,

FIEL10,6)y TEL10,6) 4 ALPUR2)y W27y Ny BLOK(1095)y DHI1Q)y RHG(LIU),

ISERI(I0)y WATELLIO)y W1C6)y W43, IG,y NP, VNT(2G1), W4Ty NAME, SER

sFLOORYITAGLI0U) yWING(1IN)

COMMON/ MUON/TSTEST s TE, IRUN

DIMENSION JE(LIUyO)y JIE(ING6) 4SWING(1D)

DIMENSION ATWT(10N)

DATA (ATWT(I), I = 1,100)1/1.008, 4.N03, 6s94, Yelld, 16482, 17.011

11440N8y 166y 190y 200183y 224991y 2U4e32y 26498y 28.0%7y 304975,
32,066, 35,457, 79,944, 39,1, 4008,y U4eOby UTeFy 50+95y 52.01,
SheUy 55,85, 58494y 58471, 6345U4, 65,38, 69,72, 12,6, T4,92,
TBo96y T79.916, 83.8BULy 85448, 87,63, 88,91y 31422, 92491, 95.95,
994y 1M1ely 102491y 10644,y 107,88, 112.41, 114,82, 11847, 121476,
127661, 126091y 1314%, 1%2.91y 137436, 138492y LUUe13y 14J.91,
144,27 476y 157435, 1524y 157,264 158.93, 1624510 164 o994y 16742

Ty 16894, 173,04, 174,99, 178,50, 180,95, 183.86, 186.22, 190.2,
19242y 195409y 1974y 220061y 204039, 207¢21y 2NB 497, 21Ge, 2104,
232240 2¢B0y 2260y 22T ey 2326y 2310y 238Bay 2374y 257..12.0109-0310

1NeB2,2U,32,26,98, 213, /

s FORMAT (3911, al, A&, I4, SX, I5)
2 FORMAT (3Ahb, 6(13, ALY, FTe0,y F&.0)

2de FORMAT(SA6461I3,:AT)4F5.04F6.T)
82 FORMAT(14,5A6906(124A2), F5.0y F6.0)
3 FORMAT (12F 6.6, A&, A2)
CALL LKCLKS tvB)
CALL SETCLK
WRITE(6,6889) Vb
8889 FORMAT(*C(CPU'Fbe2,°'5FCS 1)
LE = 0
IF (IRUN) 19,11,19
11 WRITE (6,1200).
1200 FORMAT(* 1978 VERSION OF PEP.,*)
7771 WRITEL6,1120)
1120 FORMAT (/°GPUTIN OPYS, NAME, NO,OF INGRDS« M), ¢+ NOLOF RUNSIN)"*)
WRITE 16,1129)
1129 FORMAT (°*r123456789C (NAME) M N* )
READ (S 4l)(KR(1)y1 =1,19)yISERI(L1),ISERI(2),IN,I
XRUN
DO 12 I = 1,12
12 Jar¢n) = 0

IF (nRP{9) «NE. O) WKITE t6,1121)
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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(11,111C0)VaA
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) 2 WATE(I) + £MATH{I J)*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 Z1 I = 1,1nm
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213 ALP(J) = ALP{J) ¢ AMAT (L ,J)I®NINGI(I)/WATEL]D)
¥27 = Do
Witu) = (.
W43 = 0o
VA = 1,
Do 22 1 1eIN
SWINGI(I) WING(I)
Wiik) = wl(l4) + UHIII®WING(])
W27 = W21 ¢ WING(T)
IF (RHO(I)) 25,2%,24
24 W43 = WU3 » WINGII)/RHOUI)
G0 YO 22
2% VA = 19,
22 CONTINUE
WU4I = VA/WUZ swWed
120 IF (KRUU} (NE. 1) GO 10 23
IF (KP(17) LEQ0. 1) GO TO 23
W1l(S) = wltS)/)l4,70069
IF (KR{T7) ,EQs 1) CU TO 23
Wlte) = wl(6}/i4,70069
CALL DATE(ISERPI(3:)
CALL TOFCAY (ISERI(S))
23 WRITE $6,16) (ISERI(IN, I = 2,46)
16 FORMAT("1%,5A6,6X,°'0DH COMPOSITION'/?
0O 27 I = 1,1N
DO 135 L=z1,6
IF(JIECT L) sEwe €) GO TO 136
135 CONTINUE
136 LaL=-1
IOH=DH(I)
27 WPITE(E yo¥) UBLOK(T,3U)yud=1yS)yI0H(JIEITIgu) ydE(Lyd)yda14l)
8 FORMAT(2Xxy SAL, I7,2X,60L17,A2))
WRITE (645575 ) (SWING(LII) II=1,IN),W27
5575 FORMAT(*LINGREQD«wYS«LTOTAL/ GRAM ATOMS/ CHAMBERZ EXHAUSTY RESULTS/
SPERFORMANCE *//(7F 1045))
WRITE (46 ,301) (ALP (L) ASPEC(L)1=1,41%)
301 FORKAT (/5(F10.6,41%,04A2,41X))
IF (KP(2) JNE. 1) 6U TO 2?28
IS = 1Is ¢+ }
25 IF (Lf oNFs 1) G0N TC 29
IF (IRUN LEQ. v} GO TO &9
DO 20 I = 1,IKUN
Iy READ (S41)
WRITE ( 6,33
IRUN = N :
33 FORMAT(/* AT THI> POINT THE PROGRAM WILL ATTEMPY THE NEXT RUNG')
25 RETURN
END

SUBROUTINE RANK(LR,Y,N)

COMMENT. RANKS VECTOR Y It OESCENDING GROERy RANKINGS APPEAR IN IR(I,1),
DIMENSION X(20U), Y(Z00), IR(200,2)
D01 I = 1,N
IRIIL2)Y = IRLIL1)

1 X{(1) = AMAXI(YIL)y O
DO &4 I = 1IN
S = =1.0
DO 3 J = 14N
IF (S = Xtd)) o342
2 IR(ILY = 4
S = X(J)
3 CONTINUE
J = IR(I,LL)
4 XtJ) = =1.0
RETURN
END
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SUBROUTINE REACTITE)
COMMENT, THIS ROUTINL COMPUTES THE STOICHIOMETRIC COLFFICIENTS AND LOG EQUILIERT
c UM CONSTANTS FOR ALL REACIIOMS iN TERMS OF THE CURRENT BASIS.
CCOMMON A (12,12}, KRCZN), AMATILN,12), JATU12), ASPECLLI2)y INy IS,
IFIE(In, 6, JELLO, &), ALP(12), W27, N, BLOK{1G,S5)y uHU10), RHOGI101,
2ISERINIO0 ), WATELLC )y WL(E), w43, IG, NP, YNT{2U1), WGT; NAME, SER
QCOMMON 7 IBRIUM/Z TLI20L0,2)y TUL20Q42), W3I1200), VNU(2UN,121, QA,
1TAU, H(2L0), SDI20Q), YL200), JC, IR1200+2%y DMUL20C)s VLNKIZDDY,
21040121, RAL20Uy2), hBIL200,2), RCL2ZD0.2), ROL20UDy2)y RE(Z200+2),
IRFL200,2), CHULDU 20, JM, N48, CP, FN, C(12,200), SPECIE(200)
CALL SLITET L KOUCFX)
GO TOot2ie31)ROGLFX
21 00 11l & = 1,158
DC 7' J 5 LN
YNU ' 2,K) = 0.9
Do 1 2 1,418
1 VNUGJK Y = YNUGI,K) o AMIKI%CLY,d)
IF (ABS (WNUtJ,K)) = 0051) 10,100,112
10 VNULJWKDY = 0.0
11 CONTINUE

31 VA T 1,/71.9871/1¢E
DO 2 1 < 1N
VB = N, 0

DO 2 LS = 1,18
IF (WNULLLSH) 1742417
17 J 2 104tLS)
VB = VB ¢ VNULI,LS)*LMULJ)
2 CUNTINUE
VENKT)Y = VAelONMUL]I) - VB!
3 CONTINUE
IF (FRLL4) =1 7,447
4 WRITE (6,5}
WRITE (&6,46) (VLNK(I)y T = 14N)
WRITE (6481 (10JtI)y, I = 191IS)
FORMAT {10(5Ky17))
FORMAT (22HOLOGS OF EQUIL CONST,S)
FORMAY (1H JPELl.4, 9F12.4)
RETURN
END

- U

SUBROUTINE S BAL (YE, PR, HE, SYSENT, TCH, LL}
UCOMMON Af112412), KRU20), AMAT(10,12), JATU12), ASPLCI12), IN, IS,
IFIEL1IN, 60y IELLO.6), ALP(12), W27, N, BLOK(10,5), DH(10), RHO(L0),
2ISERI(L10), WAVELLD)y WILS), W43, IGs NPy YNTI201), W4T, NAKE, SER
CCOMMON /1ORIUM/ TL{200423y YUL200,21, W3(200), VNUL20D,12), QA
1TAU, HE24D), SDM200Y, YU 2001, JC, IR(200,2), ODMUL200), VLNWtZCD),
21040123, RA(20U2), KB(20042), RC(200s2), ROt2uly 2}y RE(200:2)y
IRFL20U,2)y CHIZDUsZ) s JMy WUB, CPy FNy Ct12,200), SPECIE(200)
COMMON/SCRATC /ZHNE200,2)

236 FORMAT (JIHORESULTS NO DAMN GOOD )
DIMENSION FACtZ)

FTIU = TCH
FIL=75.
LIn z 20

84 CALL EQUILC(YEPR,HEENTR,LL}
89 CF = FAC(ILL 1)
DO 15 J = 1,LIM
CALL SLITET(3.kDODFX)
GO TO(H115,23U),KUCDFX

210 IF (ENTR - SYSENT) 211,118,212
211 FTL = YE

FLP = YNT(NP)

SLP = ENTR

00 70 L = I,N

80
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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)

31

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

81
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16 00 17 J = 1,15
IF (IECI 42) oNtEs JATLLY)Y GO TO 17
ClUyNP) = TE(I,1)
GO TO0 18
17 CONTINUE
GO TO 99
18 CONTINUE
19 CONTINUL
23 NP = NP ¢}
IF (KHASE oNE. 1) G0 To 98
IG = NP -}
98 IF (NP LLTY, 20U) GoC . 99
WRITE (5,5)
FOEMAT (51HONO. OF COMBUSe SPECIES EXCEEDS PROG. LIMIT OF 200 )
99 CONTINUE
100 N = NP =}

wn

REMIND 2¢&
DO SC T = N
W3lI) = 50,

00 80 J = 1,Is
50 W3{I) = w3{I) - SQF* "ABSICIJ,I)N)

DO 81 J = 1415
H{J) = L.
.00 51 1 = },N
51 H(J) = HUIJ) ¢ ABS(CULJ,I))
D0 53 J = 1,15

1
IF (H{J) ) 52452,%3
WRITE ( o4 ASPECTLU)
* LE = 1
53 CONTINUE
IF (KR{8) «NE. O) wRITE (63124 (SPECIE(]I) -TZ1,N)
1124 FORMAT (°*CCOMPLETE SPECIES LIST FOLLOWS®*/(1X,11A6))
RETURN
END

w
o~

SUBROUTINE SETUPUIX ¢ X MINy XMAX, J)
COMMENT, THIS ROUTINE ODETERMINES THE MAXIMUM AN[D THE MINIMUM CHANGE
c ALLOWABLE IN RE*ZTICN COORDINATE J BEFORE NEGATIVE CONCENTRATIONS ARISE.
[+ IT ALSO SETs UP THE FUGACITY COEFFICIENTS FOR REACTIUN J IN X(J),
DIMENSION X (30)
OCOMMON A(12,12)y KR(ZO)y AMAT(10,12), JATU12), ASPECI12}), IN, 1S,
1IFIECIN,6), LELLQ,6) ALP(12), W27, Ny BLOK(10,5), DH(10), RHOIL10),
21SERI(1N ), WATELIC), WLIHY, W43, .G, NP, VNT(20l). W4T, NANKE, SER
OCOMMON /IBRIUM/ TL(2L0,2), TUt200,2), W3(20.)y VNUI200s12)y QA,
1TAU, H(2CT), SLt2C0Y, Y(200), JCy IR(200,2), DMU(200), VLNK(200),
210J(12), RA(20C,2),y RPIZ2D042)y RCU20042)y RO(2uNy2) e REL20U+2)
3RF(20042)y CHI{COU»2)y UM, WWBy CP, FNs C(12,200), SPLCIE(2GO)
XHMAX = +1N000CCCGLE+LS
XMIN =~,100000L00E+1¢C
0O 9 I = 1,18
X4I} = 0.
IF (VNU(Jel) JEQ, Oe) GO TO ¢
K = Y04l
VQ = VHT N}
IF (IG +LT, %) &O YO 6
4 Xe2) 2 YNUEU, D
C JIF(¥NUNJ LTINS 3,45,7
T XWAXT AMINL LAMAX, YO/¥YMILJS,I))
oG 10 9
3 IWINT awAX] CXMIN, YO/VNULJS,IN)
¢ (CNTIwe
(L4 I
Teg

i
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SUBRGUTTINE SLITE(Y)
DIMENSION LIT(4)

IF td +FCe 0) 6O TO 9
LITtwiz]

GO TO 99

DO 1C I=zl,b

LIT(I)=D

G0 To 99

ENTRY SLITET(J,4K)

K=2

IF (LIT(J) JEQ. O) GO TO 99
k=1 :
LIT(J4)z0

RETURN

END

SUBROUTINF STOICHULE)

NWC TP 6037

COMMENY PROPELLANT STOICHIOMETRY ROUTINE CALLED BY PUTIN,

COMMENT. ALUIASES, 12 UNBURNEC
c U3 = UMURNEL MAGNESTUM,

¢ U5 T UNBURNED CARBON,

C  EVAPLRATE BUT DO NOT REACT.

c TAPE TO PREVENT EVAP ORATION.

OCOMMON At12,12), KR(20),

Uy =
DON,T USE U6,

AMATI(10,12), JATI12),

BERYLLIUM, U2 = UNBURNEC BORON,

UNB URNED ALUMINUM,

THESE INERTS MELT aAND

GAS SPECIES MAY BE ELIMINATED FROM PerruX
ASPEC(12),

IN, IS¢

IFIECLD,60y TEC(LID,6), ALP(12), W27, N, BLOK{10U,5), DH{30), RHOCL10),

2USERI(30)y WATE(LlC), W1(6)y wU3y IGy NPy VNT(2C1), W4T, NAHFE, SER
3,FLOOR, ITAG(100),WiINGH10)

ODIMENSTON SYMB(10DO)

DIMENSION FE (10,0)

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

OATA (SYMB(I), I = 1,100¥/ 6 00HH HE
LI BE 8 C N 0 F NE NA MG AL
251 P S cL AP K CA sC TI v ceP
IMN FE co NI cu ZN GA GE AS SE Bpr
4KR RSB SR Y ZR NB Mo TC RU RH PD
SAG co IN SN se TE I XE csS 8A LA
6CE PR ND PH SM EU GO TR oy HO ER
TTM \ X} Ly HF TA w RE 0s IR PT AU
8HG TL PB BI PO AT RN FR RA AC TH
SPA u NP . us ul v2 us Uy F

1 FORMAT (8MOWMAT,S a6}
2 FORMAT (/* IHMGREDIENT CARD *12,* GOOFED UP,.*)

Do 1t I . i,1u0

11 ITAGUIY = 0

Do 19 I = 1,IN

DO 18 J = 1,6

IF (FIE(L4J)) 24,19,12

12 00 17 L = 1,1u0
IF (FECIZJ) = SYMEUL)) 17,13,17
13 ITAGHIL) =) .
IE(1,J) =L
GO Yo 18
17 CONTINUVE

WRITE € 6410 IE(1,44)
"4 WRIVE t 6420 1
LE = 1
& CONTINUE
CONTINUE
IS =1
00 25 T = 1,100
IF (ITAGUY)) 25,0540

B3
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eU ASPECIIS)
JATL(IS) =
IS = IS o
CONTINUE
Is =2 18 ~
00 31 1
DO 26 U
AMAT(T, V) =
K
J

SYMB(I)

[ R ]}

25

[

N2

1
by
1
1

"

26
D6 29

CJ

Crae by

uo 28 T
IF tIEtT )
AMAT (T ,K) =
GO YO 2¢
CONTINUF
CONTINUE
CONTINUST
RETURM

END

VAT (K))
Te(l,J)

28+27,28

Mt e o« Do @

21

SUBROUTINE TABLOCI Iy uJdeKK)
COMMENT, WHEH THE bASIS IS NO i.ONGER OP TIMUM,
c THE TABLEAUL METHOD OF LINEAR PROGRAMMING,
CCOMMON A1{12,12), KR{2D),
IFIE(INy6 )y IECLD,6), ALP(Y2), w27,
CISERIC1I™)y WATL(LC), WA(6),y WH3,
TCOMMON 7 IRRTIUM/ TLL2GN,2),
1TAU, H(2ED), SUte"y), Y(2D0), JC,
2I0J112), QAL200Ly2), KB (20N,2), RC(200,42),
IRFE20N,42)y CHUEOUYZ)y UMy WUB, CPy FN,
byLL200)
COMMON/MQON/TSTEST,TE
00 19 L = 1,N
IF (LL(L)Y +LTe )
IF (L «ECe JJ) GO
IF (A3SCWNULL yKK) )
VA = =VNUILKK)/ZVRUL UJKK)
GO 15 M = 1,1,
VNUCL,M)Y = YNU(L,¥)
VNULL,KK) = VA
00 lu ™M = 1,15
IF (ABS (VNUI(L ,M))
VNULLWMH) < G
6 CONTINUFE
9 CONTINUE
DO 2C 4 = 1,1s
20 VNULGJJyM) = Q.
VNU(JJsKKY = 1,
I0J(KKY = JJ
LLtJy) = n
LLiI) = 9
CALL REACT(TE)
IF (KR{12) .NE.
WRITE
FORMAT
RETURN
END

IH,

104
GO TO 19
TO 19

+LTe NO01) GO TO 19

15 + VASVNU(JJ M)

«GTse +00001) GO TO 16

1) 60 TO 99

999
99

(315, 3x, 86, * REPLACED &Y

AMAT (10,120, JAT(12),
N, BLOK (10,50,
NPy UNT(201), wiTy NAME, GER
TU(200,2), W3t200),
IR(20042)

ctr2,2n0y,

THIS ROQUTINE CHANGES IT BY

bSPEC(12),
DHE10),

INy 1S,
RHOt310),

VNUL200,12)y QA
DMULZ2U), VLNK(270),
RD 200y 2),y RE(ZOD2),
SPECIE(2L0)

(64999 T4 ,0J, 8Ky SPECIE(IT),SPECIE(.N)
t, AS)



NWC TP 6037

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 2 VS +» VYNT(1)sSD(D])
FN = 0.0
VSM = D.C

Do 12 1 = 1,16

IFC(YNTCI) «LEs Q0)GO TO 12

FN 2 FN ¢ YNTULD)

VSHMZ VSMe UNTOII®ALOGEYNT(I?)
CONTINUE

VSM = 1.5871%(V¥SM + FNRVNT(NP))
HE = VH

ENTR = VS = VSM

RETURN

END

SUBROUTINE TSALTUTE,PPHE+ENTRyPUPI,PLOI)

. ) E v ! SUPE AND ENTHALPY
COMMENT, THIS SUGROUTINE COMPUTES COMPOSITION, PRES
GIVEN TEMPERATURE AND ENTROPY. IT IS CALLED BY TSBAL.

[

166
22

COMMON A (12,12),KR(20)
COMMON/MOON/TSTEST
TSTEST = =217..93¢
PLO = PLVI

PUP = PUPI

PRZ(PUP +FLO)/ 2.

DO 22 Ja = 1,2N
CALL SQUIL(TE FR,HE,SE,41)

IF (KR{135) JNEos 0) WRITE(4,49)1JI,TE,SEsPUP,PLO
FORMAT (° TSBAL*I® FEeliy3IFl243)

IF (SE «GYs ENTR) PLOZPR

IF (SE +LTe ENTR) FPUPZPR

PRz (PUP+PLO)/ 2,

IF ((PU~=PLO)/PLO «LT. .00008) GO TO 23
CONTINUE

WRITE (&,1)

FORMAT (° TSALT STQPY)

CALL SLITE (3)

TSTESY = n,

RETURN

END

SUBROUTINE TSRAL(TE,PR,HEENTR,PUPI ,PLOT)

COMMENT . ThIS SUBROUTIANE COMPUTES COMPOSITION, PRESSURE AND ENTHALPY

o

LT13%

12

GIVEN TEMPERATURE: AND ENTROPY., IT IS CALLED BY TSuAL,
CCOMMON A (12,120, ¥RUZN)y AMAT(10,12)y JATL12), ASPECI(1Z), IN, IS,
IFICUI0,60y IECLN, €0, BLP(12),y W27y Ny BLOK(ITy5)y UHIIO)y RHOU(1O),
2!S£RI(1D!; VATE‘XC)' Hl‘b,' Wul, IG; NP, VNT‘ZU‘)7 H“7’ NAME, SER
CCOMMON / IBRIUM/ TL (U0 ,2), TUL200s2)y W3L200)y VNUC20D,12), Q4,
1TAU, HE200), SOUL200), Y(200), JC, 1R(200,2), DMUL2uN}, VLNKI2FC),
2I0J(121y PA(200Le2) s RRI20042)¢ RCUZCLUIZ2)y RDUI2UD,2), PEL2DU,2),
IRFI2C0,2)y CHUZOG,2)y UM, WHB, CPy Fhy Cl22,200L)y SPECIEL200)
DTMENSION X{12), XME12)

FORMAT (1S,Fi0.0, F12.3)

FORMAT (1P 10EL3.4)

KRE1E)=]

PRI S={PUP] +PLOI)

CALL GIEBSITE)

CALL FIXxess

00 38 4 = 1,15

XiJd? = Ve

iwig) T L.

00 ¥ 1 2 1len

1€ W Cty,e ) Ce Wwed S22 70 M)



31

4o
14

15
25

ry Ry

-
—~ o

COMME
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AMLJ) = AMAXLILUNT LI, XM(J))
Xtd) = X(J) ¢ CtJIy I)*VNTU(T)
CONTINUE
IF (ABSUALP(J) = X (J))/iMUJ) LT, o00001) GO TO 3o
CALL SLITEL])
60 TO 39
CONTINUE

CALL DEFIOJ

CALL REACT (TE)
00 211 I = 14N

W3(I) = 5N, 0 =VLNKI(I)

CALL RANK(IRsW34N)

D0 22 JC = 1,4¢0
PRSAMAX 1 (PLOL PR}
PRZAMIN 1 (PUPI ,PR)

CALL TWITCH(PR,Q)
CALL THERMO (T oHE ¢4STRY)

VXz1,

IF tJC oTe 5) VXZ2,

IF (JC +6Te 1I0) VXZU,
PRZPR*EXF(~LENTR=STRY)/(FN®VX)/1.9871)
CALL SLITET (4 ,KOGTFX)

GO TO(146,17) ,KUlUFX

IF (KR{Y2)=1) 135,14,15

WRITE (6,8)JC,TE,FR

WRITE (6 ,9)(VNT{1), I = 14N}

DO 23 ICC = 1,3

CALL TWITCH(PR,!)

CALL THERMO (TEHE,STPY)
PRZPR*EXP(=(ENTR=STRY)/Z{FN2VX}/1.5871)
CALL SLITET (4 ,nCLlFX)

GO TO(22422) yhDG"FX
CONTINUF
CONTINUE '
KR(1E1="
CALL TSALTU(TE 4FRHy“E,ENTRPUPIPLOI)}
VNT (NP) = EXP (UNT(NP))
RETURN
END

FUNCTION TwID (X)
NT,. COMPUTLS THE EGUILIBPIUM FUNCTION,.
GCOMMON A(12,12), KR(ZN), AMATII0,12), JATE12), &SPLCU12), IN, IS,
1FIE(LIN,6)y IE(.O46), ALP(12), W27, N, BLOK{YU,5)y, UHU1G)s RHOC1D),
2ISERI(17), WAT.Ulrm), Wit6), w43, IGy NP, VNT (201}, W4T, NAME, SER
GCOMMUN /IBRIUM/ TL(20LD,2), TULZ00,2), W3L200), VNU(220,412), QA
1TAU, H(2.0), SUL2UT), Y(2N0)y JC,y IR(200,2), OMUC200)y VLNKIZTO)
21000121, RA(20U,2), FBI20ON,2)y RCI200s2)y RDU2uUD9e 2)y RELZ20042),
ZRF(2C092)y CHU20US)y JMy, WUB, CP, FN, C(12,206U), SPECIE(200}
DIMENSION X (3C)

VA = NeN

TWID = Q.N0

DO 1 I = 1,18

IF (X(I) .EQe L) GG TO 1

11 VA 2 vA ¢ x(])

K = 10401}

IF (UNT(K) oLE. OUed GO TO 1}
TWID= TW1De X(I)SALOCIVNTIXRI
CONT INUE

TWID = TwID o VASYNTINP)
RETURN

EnD
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SURRLUTTINF TWITCHIPR ,JG)

CUFMENT, THTIL 1S TnE TQUTINE WHICH CONWERGES ON CHeMICAL COMPOSITION.

caLLe

401
<0y

02

r
%)

COMME

-
-

LY

4y
45
3

COMME

55

6o

6o

0 3y EOUTL.

GCOMMCN B LY 12 )y WRELT), AMATIN, 120, JATUL2), ASPLCL12), DNy IS,
IFIELLI"y6)e 1ELLO07 )y ALPU12)y W27y N, BLOK (1L ,5), LUN(IC), RHCI(]O),
DISERI(IN), AT Li0), WIlE), wu3, IL, NP, YNT(ZuLl), W4T, NAMF, SER
Z.FLOG®

CCOMMUN /L BRIUM/ TLI2LN,2)s TUIZPO,20y WX200), VNUI2UN,12), (S,
1TAU, HUE2.0), SLIE2AY,y YU2R0)y JCy IP(PT2,2)y DHMUL2U0)y VINRIZTC),
2I00017) ¢ PALZNLIZ)y RRI2UNG2), RCU2GC,2), RDPI2CN, 20, PELENU,, ),
JRFECLD9 20y CHULGUWS)y UM, WHB, CPy FNy C{12,20U), SPECIE(2uLD)

Gell e
ODIMENSTION X (30)
Ic=r
vOoo JC -1

VOO = 8 = VQQ/2u.
VQQG = AMaxXYteCu,y VLQ)

Ve = 1,0

IF  (KRLLT) = ) 401,402,401
DO 2uUd 1 = 1,16

VC 2 VC ¢ UNT(])

VNTUNP) = ALOGI(PR/VC)

BO 99 J = 1,N

IF (LLtJ) JLEe J) GO TO Q9

IF (U0 oh€e O oAPLe LLEJY oNEe %) GO TO 99
KICK = O

VG = vQgo

CALL SETULP (X, XM1lvy XMAX, J)

IF (UNT(U) +GTs Qo) 6O TO 22

UX = = 1.,001svisTiu) ¢ FLOOR

60 TO 97

CONTINUE

VA = VLNKIJ) - Twlu (X))

VB = N, 0

LLty) = |

IF (JeLELIG) WO T0 4
NT MAJOI SPECIES TOLEPANCE
IF (ARS (VA LT, LeDOLNE) GO TO 99
IF £ (VNTUUD)aGTe w791 4E=7) «ORs tVALLTe O4) ) 6O TO o
IF (UNT (u) +EQs FLOOF)Y GO TO 99
UX = =VNTH(J) * FLOQR

G0 T0 97

IF (UNT (L) «EQeUs) &N TO 44
IF(VASVNTINP) -sLT. +5.,3G8C TO 66
V 2 EXP{-VA =VYNT(ANP))

XHMMM = AMINL(=aMIN, XMAX)

IF (UNTOUI/XMMH oL Ts o0)) XMAXZ,01]1%XMMM
IF ((VeVANTLJ)II/XMMM GT, «01) GO TO 66
GO TU 458

V = FLOOK

GO Tu ¢ :

VI AMAX IV, FLOULR)

VTEC = AcS(ls = VRKTUJUIZV)
NT MINOR SPECIES TCLERANCE

IF (VYEQ LT, .00C4) 6O YO 99
OX = V = UNTU(U, :
LLIJ) T o

YNT$J) = ¥

GO TO 82

VAz VA ALOGIVNT(JU)) + VNT(NP)
IF (ARS (VR) = ,OL"LB) 99,99,67
VB = 1. 0/VNTLJ)

DO 69 I = 1,18

IF {X{T)) 6Byt 4d

K = I0J¢I)

VE = VB ¢ X(I3eX(T)/WNT(K)

88



NWC TP 6037

€9 CONTINUE
VF:O'
IF (KRtlo) «EQ. L) Go 10 801
[ -4a]
IF tJ elie I6) HMZe)
vSsSD(U)
D0 800 [=],IS
KzI0J(1}
IF (K «lce 16G) HIM =¥:iUtJd, 1)
80U VSZIVS=VNULIJ,I)eSULIK)
VFIAMAX Y (Ney, M/FN/L %871 »yS)
IFIVF +Gls «S*VB) VFFZl.%
IF (VF +uTe VBI) VFFZ,,
IF (VF +LT: JaousVi) VFFZ25,
VFEVFF®VF
IF (KR{L1LY oNE, O3 wRITE (648021 JyM VF VB, ,PRyVA
dNc FORMAT (o 6y 10 57 11.Y)
801 IF (VRaNue Qo) LS 106 72
Tw VB = «0N0uN001
VQ = +994999
Te DX ZeVAZ(VB*VF)
DXZ AMAX L{DX. =VUsVATLO))
LLtJ) = v
ST UXz AMAX ,(DXy vORXMIN)
DXz AMIN.(OX, vQwmXMAX)
IF CABRS ILX) oLl Te eulL18UNT(U)) GO TO 31
W65 FOPMAY (U S,1P L3EIL.L)
8¢ CALL SLITE %)
ICc =z 1
81 VNT(J) = VNT(J) ¢ X
B VC = ,908UNT(J)
VO %o I = 1,15
IF (WNUtUsI)eEwe o) GG TO 98
975 K = IdJ L)
VRTUR) = UNTUK) = VANU(JyI)eDX
IF (UNT(R) +Gfes ¥Cu» GO TO 98
IFIKICK 4EQs 1 #ANCWe VNT(K) +CT. VD) GO TO 9%
VESVNT LK)
1

Ll
-
LI D I §
—_-xon

KK &
9o CONTINUE
IF (KICK JNCs 1} GC TO 99
CALL TABLO(II,uJ,kKK)
99 CONTINUE
100 IF (KRULZ)eNEL4) 6O TO 107
999 WRITE (6,B83)(LL{uJ),y JU = 1,N)
88 FORMAT (1HO80TI1})
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.




o
£ o
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70
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SUBROUT INE HUGO(PT ¢HE ¢ VyPONE y TONE yHR 4 VONE, SOLE 4HUNL )

OCOMMOUN A(12,12), RRULD ), AMATILN,12), JAT(12),
WWIEC1D, 60 TECLU )y 2LPUL2)y W2fy My BLOKEIL.SY,

QISERIL1M), WATE(LC ), W1lE), wi3, IG, NPy, VNTI2.1), W47,
GCOMMON /IPRIUM/ TLEZUN,2)y TULZNC2),y NEL20N), VANUL?LD,

1TAUy HE2.0), Sulzud,y Y(2P0),y JCy ERI27C4 20,

21000120y RA(2NG,c)y RR(2GN,2)y PCIZOT2)y RPU2LTy 2D

CMUL2,M ),

IRFL20N, 209 CHULOuyld)y UMy W8y CPy FNy C(12,200), SPECI

4,LL (200)
TUPP Z6C TL.0
TLOW=29P .16
KR(17Y =1
VNTINP) = ELOG(1456T1%TONE/VONE)
CALL FQULIL(TONE ¢PCOND ¢HONE ¢ 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,CF)
CF = AMINI(L64u, CF)
CV = CP = 1.9871#FN
DELTAT = +2/CV/CF
DELTATZAMINLI(DELT AT, S (TUPP=TONE))
DELTATZANMAX L(DLLT 2Ty o5 TLOW=TONED)
TONE = TUNESDELTATY
IF(AES(DELTAT)=,u"L) 1N,58,88
UNTUINP) = SLOG(1e%07Li#TONF/VONE)
CALL EQUILUTONLyPOUNE ¢HONE+SONE, 1)
PONE = FAN®VNT (NP)
ZZHE ~HONL=(VONE ¢V )% ({FR=PONE) /2.9
CF = tLZP=2)/(LVeDELTATY)
2p = 2
CALL SLITET {3 KDL"FX)

GO TOCT7LeT4)KCOTFX
IF(Z)T12,10, 7}
TLOWSTONC
GO TO 70
TUPP STONE
CONTINUE
CONTINUE
HONE = HCNE ¢ o
SONE = SUNE ¢ ZsTONE
KRE1ITY = N
IF (V oFue VONL) w0 TO 9r3
HREUIVONL/V )R kHT sHCNE) Z((VONE/VIs*2=1,C)

.

3 RETURN

END

92

ASPECLIZ2), 1N, IS,
UHLIS), RHOLLN),

NAME, SER
12), C3,
VLNKI(ZTC)

RE(23G12),

E¢(252)
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SUBRGUTINE PUT In (LE)

JCOMMON A (12412)y KRUCZN), BAMATU(LINZ12), JATU1?) ASPEC(12)y INy IS
IFIELLID,6)y IECLD06), ALP(12)y W27y Ny BLOK(1Ly5)y uH(ID), RHOLLC),
SISERI(IN ), WATELLI ),y WLtE), W3, IG, NP, VNT(2,1), W4Ty NAME, SEPR
COMMON/ TCINFO/AAARLE)

COMMON TTAG(IMNL),y WINGI(L1O)

DIMENSION ATWT(IUC), SwINGI(10), VOUT(1D)

DATA IRUN/D /

DATA (ATWT(I), I = 1,1C0)71.008, 4,703, 6494, Yeuldy 1Le82,y 12.011
19lUe0I8y 166y 194 2Le 183, 224991, 2“.32' 26-95' 2807, INe975,
32066, 25,457, 29,944, YO, 1, UN,C8, U4.98,y HTe%y G0eF%y 52471,
SUesPUy 5C48S5y SB.9Uy SB4T1y 63454y 6R438y 65672y 7246y THLG2,
TBu96y 794916,y 8748Ly 85,48y BTe63s BBe91y 514224 92491y 95495,
99e9 171ely 1u2e%l, 13664y 107488, 112,41y 114e02y L1EeTy 121476,
1274610 126094y 1313, 132.91, 137,26, 138492, 1UuLeld, L1409,
144627y 14Tey 150625, 1524y 157426y 158493, 10251y 16Ue04, 16742
97' 16809‘0. 1T3.C4, 174499, 1768450y 180695, 1034886, 1860221 1992
1 19242y 495409, 16Ty 220461y 2039y 2774210 P8 e9%y 2100y 213
2 2224y 2630y 2260y 28T ey 23240 2314y 23Bey 2374y 24740 4Ty 24Ty
3 2494y 2914y 25U, 5% /

@ NV EN

L FORMAT (1911, Al, AL, 14, IS5, 1S5)
¢ FORMAY (ubdby 6(F3¢3y 82)y FT40y Fbely 1T
I FORMAT (i2Fbeby ALy £?)
4 FORMAY (/1H 3Ux, 1Za:)
S FORMAT (L2H+INGREDIENTS 70X, 29H NEIGHT CAL./us DENSITY)
6 FORMAT (,2F1040)
7 FORMAT (4H )
8 FORMAT ((H SAG41Xy LcF%e3y FP43y Fl%e0y FOU)
5 FORMAT (4IH2GPAM ATONM AMOUNTS FOR PROPELLANTY WELIGHT OF F9.3)
1u FORMAT (4HD 124K (A 2y 4KH) M)
LeE = "
iF (IPUN} 19,4119
11 READ (541) (KRUD)y I T 1419)ISERIC1)y ISERI(2)y INs IT, IRUN
00 1¢ T = 141¢
le¢ JATH(IY = 0
DO 15 I = 1IN
13 READ (S,c) (RLUK(Iyu)y J2 145y (FIE(TIGJ)y TECiwJd)y J = e,

1 DHEI)y rHOLI)
catl STOLCHILE)
D0 14 I = 1l4IN
WATELI) = 0.
00 14 J = 1,15
K = J8T ()
14 JATE(I) = WATELI) ¢ LMATIIJ)*ATWT(K)
CALL SEARCH(LE)
REWIMD 1.
THE NEXT 8 CARDS CuNTRUL THF SC 4nz0 QUTPUT ON PSSLDG UNIT 1o
19 CALL CAMRAV(])
CALL FRANMEV
CALL CAMRAV (2)
CALL FRAMEV
INC = 1719/7(X0 » IN ¢ (N43)/4)
CALL SCOULTVY (1,1INC)
CALL LOCSTVI33,410L07,4)
CALL MAXFRM(SCLO)
IF (KR(6) +NEo 1) CC TO 18°
READ (5,i7)
WRITE (10,17
17 FORMAT (i0H
1 )
15 READ (5 ,3) Wlibl, wltbdy, (WINGIT)y I = J41C) ISERILZ), ISERT(U)
WRITE (6416) (USEFLI(IY, I = 2,4)
16 FORMAT (jHl 3Ads)

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
Vh = 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)

G0 T0 22
25 VA = 7,
2¢ CONTINUE

d43 = VA/MUD  wWa?

120 IF (KP(U) oNEs 1) GC TO 23
IF (KRULT) JEQ. 1) O TO 2
WI(8) = wllB)/ b, Tuhit9
IF (KR{7) t0Q, 12 GU TO 23
Wl(E) = wl(b)/  4,TJCER

«? WRITE (1lb644) (ASPFCUIV, 1
WRITE { cob) (ASPEC(I),y I
WRITE (1045)

WRITE ( oy7)

WPITE (le,7)

Do 27 T 2 4, IN

IF (KP(&) +NCse 23 GG TO 27
WRITE ( b8 )LBLORt LI uUYy U =
10H(I), RFOLID

27 WRITL (luy8)(BLOKELyu)y U =

TOH(I), PROLD)

" n

3

1,I8)
1,I%)

145), (AMATHI,U),

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 =
wRITE (lo,6) (ALPtI), I =
IF (KR(2) oNEs 1) GO TO 2
Is = IS ¢+ 1

2¢ IF LT oNEe 1) GO0 TG 09
IF (IRUN LEQ. J) GO TO 29
00 30 T = LlyIRUN

3U READ (5 ,1)
WRITE ( wyd D)
IPUN = n

1
1
8

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

29 RETURN
END

'
*

1,1

14IS)

1:15)
1s)
I1s)

Jg =

g =

1y3i2)oSWING (I,

L912)ySWINGUT),
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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 HUSO(PINGHIN G VINyPZERQ,TE,HRZERO4VMIN S ZERO, HZERO)

TCHZTE
HE = HIM
803 VWAVETSQRT(83ITcosUs(HKZERO-HE}/W2T)
905 LS =1
CALL OUT (PZERO, TE, HZERU, SZ2ERO, 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

PLIZ) = PONE

VELL2) = #130ML3ut caine.

HT(Z) = HONE=HIN

TET(I) = TONE

VONE = ,u5%VIN A

CALL HUGU (PIN, HIty VIN, FUNE, TONE, HRONE, VONE, SONE. HONE)
VLI1) = .85

PLI1) = PONE

VEL(1) = SORT(o3724% (HRONF=HIN)/®27)

HT{1) = HONE=HIN

TETH1) = TONE

NE

N

-
T
-4
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0o 1< LS IMeNE™M
IL 2 NE ¢ 2 « 18 =]
VLOILY = vLtIL =g
PLIILY = PLUIL=2)
TETCIL) = FETCIL=-)
VELCIL) = VEL(IL=?)
e HTUIL)Y = HT(IL=2)
VLIIMel) = VL (IM)
PLUIMeLY = PLULM)

TET(IMeY) = TETULI)
HT(IMel) = HTLIM)
VEL(IM*1) 2 VEL(4¥)
VL(INMe2) = L tiMe])) » (L
VLIIM) = vL (IVel) - LL
IL = IM <2
DO 15 J = IMuwil,”
VORE = VLIJ)I®Y N
CALL HUGGO (PINy HINy, VINy, PONEy, TNKRE, HRONE, VUNE, SUNE. HONE)
PL(J) = PONE
VEL(J) = SQRTV (o7 % (HRONE=HIN)/W27)
TET(J) = TONE

15 HT(J) = KONE = HIt
Al = VELIIM+)
A2 (VEL(IM*2)=vEL(IM)} /2./70L
A3 CVEL(IM) o VEL(IMe2) = 2,#VELIIM+1))/2./DL/70L
VMINP = Wi'IN
VMIN = VLIIMel) o A2/7 /A%
DELP = Dl
DEL = ARSUIVMIN-VMIANP)
90 17 1 = 1,2

IF (VELE. M) oL Te VELIIM+1)) 60 TO 1¢g

LA BTN ]

17 INM = IM +1

16 NE = NE ¢ 2

19 DL = DL/ <o
VMIN = VMIN®VIN
RETURN
END
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Appendix )
SUBROUTINE VERSION OF PEP

By exchanging the main program and input routine with the subroutines below, one obtaing 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.

SUBRCGUT INE PFP3

CCOMMON A (12,120 K{CN)y AMAT(LIN,12), JAT(12), ASPEC(12), IN, 1S,
IFIEC10, 60y LECLDyr), ALP(12)y W27, Ny BLOK (1145}, LUH(I0)y RHO(}O)D,
RISERI(1C )y WATLIL, )y WilE)y w3, IGy NP, VNTI2Ul), W4T, NAME, SER
OCOMMON ZIRRIUM/Z TLUIZULN,2), TU2NND,2), W3(20C), VNUC2GD,12), QA,
1TAUy HE200), SUL2Y D)y YL2NO),y JCy IP 200,20, DMUCLLD)y VLNK(200) s
2I0J€12)y RA(2DUVC)y PR(20N42)s RCI2N0,2), RNI2LD42)y REL20G,2),
IRFE200y2)y CHUZDU9Z2)y UM, WUB, CP, FNy C(12,200L)¢ SPECIEL240}
4,LL€200)

COMMON/MUON/TSTES s 4 TLy IRUN
COMMON/RESULT/ZSPL L) JASTUD ) yGAM(2),CFI2))EVI 2V RISP(2),0EX{2),
XTHRT (D) 4 TEX (2) yTCOMP oENTH(2) ENTRO(2),GASM(2),RTV (&)

TCH = 34c7,.

TEZ AMAXI(TCH, S0il.0)

TLIiEST = N,

TE = AMINI{TE,5000,.)

PRzWi(5)

IF (KP(T7) +EQs I} 60 TO 14

TE = WYte)

VNTUINP) 2 SLOGl.ULF2uS*ul(6)/Wl(S5))

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

PR = FN®UNT (NP)

SYSENT = SE

GO TQO 8

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

TCH = TE :

TCOMBZTCh

ENTH(L) Zall ) R )
ENTRO(1 ) 2SYSEMT R IR et
GASM (1) =FN '

RTVILIZVAT(NP) “PRPFCEDING PAGE NOT FILMED
GAM(1)ZCP/LCP-FN®Y.9E71) . —

GASMI?) =,

I6P=1Ce1

00 1 I=1GP,N

GASM(2) ZCASMI2)eVRT(])
RETURN

END

lsNaval

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

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

DIMENSION ISER(10),y wTS(1M)
NCOMMON A (12412)y FRELO), AMATI10,12), JATU12), ASPEC(12), INy 1S,
IFIEC1I,6) TELLID,¢6), ALPLI2), W27y Ny BLOK(IG,5)y UHIIU), RHOL10),
QISERI(IN), wATELELIM), Wi(H), w3, TG, NP, VNT(2u1), W47, NAME, SER
COMMON ITAG(17UL), WINGH(LOD)

COMMON/TLINFO/ZAAAALS)

DIMENSION ATWT(I0C), SWING(10)

COMMON/MUON/TSTEST,TE, IRUN

DATA (ATWT(I), I = 1,1000)/1,008, 4,703, 6,94, JeuUl3s 1082, 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'
5 78496y 794916, dTeBL, 85.48, 87,63y 88491y 91422, 9¢.91) 95,95,
6 994y 10dely lu2e®l, 10644, 1C7.88, 112,41, Llhev2y 11847y 121476,
T 127461y 126691y 131e%, 132.91, 137.36, 158,92, 440e13, 140,91,

8 144427y 1U4Tes 15N435, 1524y 157426y 158493, 162.51¢ 164494, 167.2
97, 168494y 173,04, 1740099y 178450y 180695, 153.8B6, 1864224 19042,
1 192,2, 195.00' lp’cv i 0ebly 200e39y 2NTe2l 9 284999 23Uy 21Uy
2 222.9 2‘3-. 2‘60. 22700 2320. 231!0 238.) 237.' 2370.12&”1090031'
310482924 632426.98y 2534 /

Lg = n

IF (IRUN (NE. J) GO T0 19

DO 12 T = 1,1

JAT(L) = N

KPZ1

REWIND 1.

REACI11 41110 Va

DO 12 I 2 lyln

KZISEP(I)

iF (nP LLT, K} WG TC 11147

REWIND 13

READ (11 ,4110)Y A

KPz1i

00 1113 uTKP,K

READ (11,1310 (VNTLL)VLEL,12)

FORMAT (41A6445)

KPZK 1

CONTINUEK .

DECODE(2 yUNTY (uLON T 4J)yu a5 e FTECTL )y TIECToudaU=148),y

1 OH(I), RHOL(I)
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14
16

19
1199

21

FORMAT (586, G(F3.3, A2}, F5,Cy FE.7y

CALL STOLICHI(LE)
DO 14 I 2 1yIN
WATE(Y) = (0.

00 14 J = §,Is

K = JAT{u)
WATE(I) = wATE(I)
CALL SEMRCH(LE)
IF (KRU(2) +NE. 1)
Is = IS =1

DO 1199 1=1,IN
WINGI{T)=nYSI(T)
KR(1G) n

00 21
ALP (V)
00 21
ALP (J)
L2327 S D

Nit4) = e

wu3 = 0.

VA = 1,

D0 22 I = l,IN
SWING(I) = WING(I)

= 1,15
Ne

= I'IN
ALPL{J)

"woes N

+

NWC TP 6037

AMAT Ty J)®ATHT(K)

GG T0 19

AMAT (I yJ)*WING(I) /WATE(I)

Wit ) = wldtd) ¢ DHUTI®WINGIT)
W27 = W27 ¢ WINGIT)
IF (RHO€L)) 25425424

WUl = W43 + WINGIID/RHOLT)

G0 T0 22
VA = T
CONTINUE

W43 = VA/W43  xW27

IF (KR({U) (NE« 1)
IF (KRE1TY JEQ. 1)

GO T0 23
o TO0 23

Wi(5) = wl(5)/44,700¢69

IF (KR(7) +EQe 1)

GG 70 23

W1te) = wl{6)/ 4470069

Do 27 I = §,1In
IF (KR(2) oNEW 1}
Is =2 I8 + 1

GO0 TO 28

CALL GUESS(250Uae5SUs )

RETURN
END
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NOMENCLATURE

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

S Number of chemical ¢lements
N Number of molecular species (N = §)
C Molecular composition matrix
Cik Elements of composition matrix
iH1<j<8§ A given chuice of basis species
bik = <ifj)k Composition matrix of basis species
nifj) Molar amounts
B Optimized basis matrix
bk Element of basis matrix
v Matrix of reaction coefficients
K; Equilibrium constant for ith reaction
&i Gibbs free energy for ith species
R Gas constant (1.9871 cal/K-mole = 0.08205 R-atm/K-mole)
T Temperature
A Small difference in reaction coordinate
n; Molar amonnts
n} New composition after adjustment of n;
I for gas . .

iff) Phase parameter {0 for condensed } for ith species

N
Y ”’Z} = RTIV

=
r Pressure
ef Guess for equilibrium constant
T H(T) - H, or S{T) - S, in euthalpy or entropy balance procedure
) Enthalpy at temperature T
H, Reference enthalpy .
S(T) Eniropy at temaperature T
Sy Reference entropy :
Cp Specific heat at constant pressure il "
K Degrecs Kelvin 1| ~ “#SECEDING PAGE NUT FILMED
H. VTS 1P Chamber state variables

Hh,V,T2,52,#) Exit plane state variables
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ViVa 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 (PVYv = 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

ct Characteristic velocity

g1ps Acceleration of gravity in common units

AU Ideal boost velocity

I3 Acceleration due to gravity

o* Switch density
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INITIAL DISTRIBUTION

20 Naval Air Systems Command

AIR-03B (i) AIR-503 (1) AIR-3312 (1)
AIR-03P2 (1) AIR-503E (1) AIR-53232 (1)
AIR-03212 (2) AIR-510B (1) AIR-5332 (1)
AIR-320 (1) AIR-5108 (1) AIR-5351 (15
AIR-320C, W. Vol:z (1) AIR-5109 (1) AIR-5366 (1)
AIR-330 (1) AIR-5203 (1) 5 Chief of Nava! Material
AIR-340B (1) AIR-52032C (1)

5 Chief of Nava} Material
MAT-030 (1) NSP-27 (1)
MAT-030B (1) NSP-2731 (1)
MAT-032 (1)

5 Naval Sea Systems Command
SEA-03 (1) SEA-04H (1)
SEA-031 (1) SEA-6531 (1)

SEA-033 (1)
3 Marine Corps Development. and Education Conimand, Quantico (Marine Corps Landing
Ferce Development Center)
i Air Test and Evaluation Squadron 5
1 Fleet Analysis Center, S¢al Beach (Library)
1 Naval Air Levelopment Center, Wasininster (Code 3014}
1 Naval Ammunition Depot, Hawthiome (Code 05, Robert Dempsey)
1 Naval Explosive Ordnarce Disposal Facility, Indian Head
1 Naval Intelligence Supnort Center (OOXA, Cdr. Jack Darnell)
6 Naval Ocean Systems ‘Center, San Diego
Code 133 (1)
Code 6133, R, Hagan (1)
Code 6341
Caraher (1)
Rathson (1)
Shadduck (1)
Serenson (1)
1 Naval Qrdnance Station, Indian Head (Code T'S, A, T, Camp)
1 Nava! Postgraduate Schoo!, Montersy (Prof. Netser)
1 Naval Ship Research and Develogpment Cerniter, Bethesda (Code 166, John F. Tulbot)
5 Naval Surface Weapous Center, Dahlgren Laboratory, Dahlpren
Code CG-32 (1)
Code DG (1)
Caode DGAA0 (1)
Code CR-22, F, Baroody (2)
2 Naval Surface Weapons Center, White Ozk
Code 312, W. C. Ragsdale (1)
WR.-12, H, Heller (1)
i Naval Intelligence Support Center Liaison Officer (LNN)
1 Avmiy Malerisl Raadiness Command, Rock Island (DRSAR-LEM)
I Ariny Missile Feesearch, and Development Command, Redstone Avsenal (AMSMI-RK, Dr, R. G, Rhoades)
4 Ariny Armament Ressarch and Deveiojsment Center (SMD, Coicepts Branch)
1 Army Haliistics Reseurch Lahoratories, Aberdeen Proving Ground {(DRUDAR-TSB-S {(STINSQ))



2 Air Force Systems Command, Andrews Air Forze Base
DLFP (1) :
SDW (1)
1 Air Force Aero-Propulsion Laboratory, Wiight-Patterson Air Force Base (RiA)
8 Air Force Armament Laboratory, Eglin Air Force Base

ELD (1) DLO (1)
DLDE (1) DLODL (1)
DLIW (1) DLO (1)
DLMI, Aden (1) DLR (1)

1 Air Force Rocket Propulsion Laboraiory, Edwards Air Force Base (MKCC)
1 Air Force Rocket Propulsion Laboratory, Edwards Air Force Base (MKP)
1 Foreign Technology Divisicn, Wright-Patterson Air Force Base (Code PDXA, James Woodard)
5 Wright-Patterson Air Force Base

AFAPL

RIA (1)
RIT (1)

STINSO (1)

XRDP (1)

XRHP (1)
1 Defense Advanced Research Projects Agency, Arlington

12 Detense Documentation Center
1 epartment of Defense Explosives Safety Board, Alexandria (6-A-145)
1 Lewis Research Center (NASA), Cleveland
1 Aluminum Corporation of America, Alcoa Center, PA (W. E, Wahnsiedler)
1 Applied Physics Laboratory, JHU, Lzurel, MD (W, B. Shippen)
I Atlaniic Research Corporation, Gainesville, VA (Phillip H. fsraham)
1 Beech Aircraft Corporation, Wichita, KS
I Convair Division of General Dynamics, Sun Diego, CA
1 Ford Motor Company, Dearborn, MI (C. J. Litz, Jr.)
1 Grumman Acrospace Corporation, Bethpage, NY
1 Holex, Inc,, Hollister, CA (Howard Dilts)
1 Honeywell Corporate Research Center, Bloontington, MN
1 Hughes Aircraft Company, Culver City, CA
1 Hughes Aiccraft Company, Missiles Systems Division, Canoga Park, CA
i MBA Assoclates, San Ramon, CA (Glen Hopkins)
1 McDwonnell Douglas Corporation, St, Louis, #0 (1, L. Bledsoe, Dept. E241)
1 Marquardt Corporation, Van Nuys, CA
1 Martin-Marietta Corporation, Orlando, FI.
1 Montana Energy and MHD Research and Development Institute, Inc., Butte, MT
1 North American Rockwell Corporation, Columbus, OH (R. C. Wykes)
1 Otin Corporation, Energy Systems Division, Marion, IL (I, L. Markovitch)
[ Ryan Aeronautical Company, San Diego, CA
1 The Boeing Company, Seattle, WA '
1 United Airciaft Corpo.ation, East Hartford, CT (Research Laboratories, R. L. O’Brien)
1 United Technolagics, Chemical Systems Divislon, Sunnyvale, CA (T. D, Meyers)
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