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INTRODUCTION

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

BACKGROUND

NWC Program Development

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 year I-1. 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 in accurate and usable data bank. In 1964 the author combined some of
the ideas of Browne and Villars (who had never collaborated with each other) into the outer skeleton
of the Browne program. At the same time a new method of handling condensed species put an end
to convergence failures. In 1968 some important suggestions were made by Professors W. R. Smith
and R. W. Missen, who had developed their own program at the University of Toronto using the
reaction-adjustment method. (A later section of this report is devoted to a discussion of their work.)
Since that time the NWC program has continued to evolve in the direction of data automation and
new applications.

General Development of Thermochemical Programs

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

lWestern States Section of the Combustion Institute. P'rocteedings of ihe First Conference on Kinetics,
Equilibria and J'erftrnwnce of High Temperature Svstenms. ed. by G. Bahin and E. Zuckowsky. Washington. D.C.,
Butterwortlis Scientific Publications, 1960.

3
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One approach, presentedJ by Whitc, et al., is directly motivated by the free-cnergy criterion for
chemical equilibrium2. Tile resulting numerical procedure is the method of steepest descent, which is
a general method for the numerical solution of nonlinear algebraic equations.

The second approach, presented by Brinklcy3, 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 valled components)4 . 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
establishes the gram-atom amount of each chemical element. Both sets of equations are solved
simultaneously 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.5 and Browne6 . The
latter, in particular, introduces the concept of the "optimnized" basis, in which the components are
piesent irn the greatest possible molar amounts. Browne's computer code for the equilibrium-constant
approach was successfully used from 1960 to 1964 by the Naval Weapons Center, then known as the
U.S. Naval Ordnance Test Station (NOTS).

The reaction-adjustment method of Villars is the third approach 7'8 . This, too, was a method
suggested early in thle de,ýeloprnent of computer codes but not widely used before the development
of the present program. Its theory is simple: The chemnical system is divided into a number of
subsystems, each relating a nonbasis species to the basis. The subsystem with the greatest discrepancy
in its equilibrium relationship is corrected stoichiometrically. In this way the gram-atom amounts
(chosen correctly at the start) do not change. The reason for convergence is clear: Each iteration is
equivalent to arresting all possible reactions but one and allowing that one to proceed according to
the law of mass action. This possible (though not plausible) kinetic model can only lead in the
direction of equilibrium.

In its computations! aspects the mnethod presented by Villars has both advantages and
disadvantages. Unlike thle former methods, it does not require the inversion of large matrices. This
simplifies the coding and reduces the required computer memory. On the other lland, 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 smnal molar amounts.

2.B. Whiitw, S. M. Johnson, and G. B3. Dantzig. "Chienical Equilibrium in complex Mixtures." J. C'hewm.
Pln's., Vol. 28 (May 1958). pp. 751-5.

3.R. Brinkley, jr. 'C~alculation of the Lquilibrium11 Composition of systems of Many Constituents," J. Client.
Phvs., Vol. 15 (1947), pp. 107-10.

41l1. J. Kundiner and S. R. Brinkley. 'Calculation of Complex Equilibrium Relations." hId. Eng. Clhenm
Vol. 42 (1950), pp. 850.5.

5National Advisory Committee onl Aeronautics. General Mfethod and Thermnodynanmic Tables .fbr Comnputation
of' Equilibrium C'omnposition and Temperature of* Chemical Reactions. by V. N. H-uff, S. Gordon. and V. E. Morrell.
Washington, D.C., NACA 1951. (NACA Report 1037.)

6 Nava! Ordnance Test Station. The Theoretical Computration of' Equilibrium C'ompositions, Thmermodynamnic
Properties and Perb,,,mance Oicracterastics of' Propellant Systems, by H. N. Browne Jr.. M. M. Wiiilams. and
D). R. Cruise. China Lake, Calif., NOTS, 1960. (NAVWIE*PS Report 7043. NOTS IT 2434, public~ation UNCLASSIFIED.)

71.S. Villars. "A Method of Successive Approximations ror Computing Comnbustion Equilibria oil a iigh
Speed Digital Computer," J. C/acm. Phys., Vol. 63 (1959). pp. 52 1-5.

81. * S. Villars. "Computation of Complicatad Combustion Equilibria onl a high-Speed Digital Computer," in
Proceedipmj.. of' the First Conference on Kinetics, k*-gilibria and Performance of If igla Temperature Systems, ed. by
(G. lBahr and E. Zuckowsky. Washington. D.C.. uutterworths Scientific Publications. 1960.

4
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It was decided to try Villars' method and to choose an optimum basis by 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 burden 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
variou. s 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 S chemica! elements and N molecular species such that N is
greatei than S. Relating the species to the elements is a molecular composition matrix C. Here the
individual elements Lik state how many atoms of the kth element are contained in a molecule of the
ith species.

Let any arbitrary choice of S molecular species be denoted

i')I ;S

where the subset of i's chosen is considered to be a function of a dummy indexi. A basis is formed
by i(j) if and only if the following relationship exists:

JBI 0 0 (I)

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

I << Sb/k =ci(),k (2)
1 <.k <•S

Equation 2 involves three intdxes, i, j, and k, where i is not independent because of its functional
relationship to j. This equation describes thi forrmation of the square basis matrix B by extracting
some of the rows of the larger, composition matrix C, namely those rows corresponding to the
chosen species.

5
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The optimization problem requires that i(j) be chosen to form a basis ani that the
corresponding molar amounts ni(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 specks subscript i becomes itself a function of a subscript in, such that

ni > ,z 2 7 • . . i m ; Ili m~ > i ... > 1 ni N (3 )

The basis is now found as follows. First iI is chosen to be the first basis species and the ilst
row of the C matrix is put into the first row of the B matrix. Next the / and m indexes are set to
the value 2. The third step is to test im as an acceptable basis species. This is done by inserting the
imth row of the C matrix into the jth row of the thus far incomplete B matrix. If there is linear
dependence among the rows of the incomplete B matrix, the test fails, and the rn index is increased
by unity. If there is no linear dependence, im becomes the jth basis species, which is to say, i(f) and
both the j and In 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:

I(1ine) (BLinc)T = 0 (4)

where 7' denotes transposition and Bin1c 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:

bk Qk - bpjbnh// bIk _11 (5)

where b~k rmplaces thM element bkk and n and Q are dummy indexes. 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 Stoll9 and other texts on
linear algebra.

The complete B matrix is determined at the end of the optimization process, and the P, matrix
of reactiori coefficients is expressed

v = CB'1  (6)

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

9W (7)
/=1

where gi is the standard Gibbs free energy of the ,th species at the given temperature T.

R. Stoll. Lihear Algebra and Matrix Theory. New York, McGraw-Hill, 1952. Chapter 8, especially section 8,7.

6
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PROCEDURES FOR DETERMINING EQUILIBRIUM

The equilibrium procedure requires that a first estimate of the equilibrium composition be
given. This estimate need not closely approximate the finai solution, but it must express the dsired
gram-atom amount of each chemical element. This expression can be accomplished in many ways.
One way, easy to code, is to set the molar am-ount 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 particular way requires that the monatomnic species appear in
the formulation.

The general iterative procedure assumes that the gram-atom amounts are correct and that the
optimum basis has been chosen for the current estimate of the molar amounts. The reaction
coefficient matrix, v,, and the array of equilibrium constants, Ki, are therefore available from
Equations 6 and 7. A pass is made through the reaction (nonbasis) species to determine whether the
proper equilibrium relationships arn met. If not, the molar amounts, ni, arc stoichiome'rically
corrected. The basis is again optimized whenever the current basis is no longer optimum. The details
are described below using the conventions of Prigoginel°

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

S -- Y• uiiq) + i(8)

therefore, a stoichiometric change in the extent of reaction, At, causes the following alterations in
composition.

"n!= i + A (9)

Iliai) Il"ia) " VilN I <<" s (10o)

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

Basis optimization guarantees that ni is smaller than any of the n /I- in the basis for which
vil 4/ 0. In actuality most reaction species are smaller in molar amount by many orders of magnitude
than the basis species from which they are formed. The gaseous species more thanl two order of
magnitude smaller are arbitrarily classified as minor species, and the rest of the nonbasis species,
including condensed species of any molar amount, are classified as major species.

The correct equilibrium relationship for the ith reaction is expressed as

S

-E -Yi(/) vii n (Anij)) + 7i Vil (Ani) = Qn Ki (11)
j=1

101. Prigogine and R. Defay. Chemical Thermodyntamics, translated by D. Everett. London Longmum., Green

and Co., 1954.

7
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where tile phase parameter -yi takes the value unity if the ith species is a gas and the value ;:ero if it
is condensed, and

p
A =- /N

Ei "int

where P is the given pressure. If tile current molar guesses are incorrect, the terms on the left will
equal some value other than Qn Ki and are denoted VW Qi. The iterative procedure obviously must
adjust the values of ni until the values of Qi approach thosc of Ki within a specified tolerance. The
log of the equilibrium constant may be differentiated with respect to the reaction parameter
(assuming A to be constant), yielding

vti. nj/1iiu) +-ti/, dý = d(.n K) (012)

An estimate of the stoichiometric correction for a major species is obtained by applying
Newton's method of locating roots, which is expressed 1y the following approximate form of
Equation 12:

S 2
A,• tKi.nQi)/(.."i v2'niq(") + yi/ni) (13)

Equations 9 and 10 are then applied. (In practice, Aý is not allowed to take values leading to
negative ni.) All major species are corrected by this method during the iteration pass. This differs
from the method used by Villars, 'who applied the correction only where the discrep-
ancy IQn Ki " V1 Qi I was greatest. The modification is justified for two reasons-(l) little additional
computing time is required to actually make the correction after the discrepancy is determined, and
(2) the basis optimization has minimized the interaction effect that a given correction has on the
other equilibrium relationships.

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

n li (Ki/Qi) (14)

za.= . ,i (1S)

Equation 10 is then applied. This approach assumes that the error in Ki is contained entirely in the
value of ai. This is nearly true for minor species, befause a large relative change in n! is
accomplished by a small At, and there is no appreciable change in the basis. This separate analysis of
minor species also differs frcm that of Villars. Again there are advantages. Equations 14 and 15
require less computing time than Equation 13. Then, too, the former equations compute the molar
amounts of tile minor species to a high degree of accuracy (four or more significant decimal places)
even when the relati./e 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 pass, 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 equilibriumn relationships passed the
following tests:

(major species) (1 17iQi) I < 10 (16)

(minor species) (1 - Ki/Qi) < 10"4 (17)

However, not all equilibrium relationships are binding. This is discussed in the ihext section.

DELETION OF 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. Tihe following two procedures are particularly suited to the method of

determining equilibium presented above.

When the computed amount of a condensed species becomes negligibly small (say, 10-6) and

Ur F• - Qn Qi is negative, no corretion is applied, and the equilibrium relationship is no longer

binding. hi this way a phase is deleted and a degree of freedom is gained in accordance with the

phase role 11

When a reaction ,cc,:s entirely among condensed species, the denominator in Equation 13 is

zero. In this situation the phase rule states tiat at least one of the involved species cannot be

present in ary molar amount (if we aic free to specify pressure and temperature). The situation is

handled by ignoring Equation 13 and determining a value of Aý that takes the sign of I.- Qn Qi

and that has a magnitude not leading to negativ,: molar amounts when Equations() and 10 are

aupiied. This is symbolical!3 expressed as

Aý = sign (Qu Ki - Q1 Qi) mi..ll h ,i I Il(2)/ I ii2 .... "li(S)! ls (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 extreme!y difficult cases. hn fact, correct solutions can be obtained where no gas phase is

present.

1 A. Findlav. Phase Rule. New York, ')over. 1951.

9
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NUMERICAL EXAMPLES OF BASIS AND
EQUILIBRIUM CALCULATIONS

Considei a system coutaining 1 gram-atom of carbon and 2 gram-atoms of oxygen. The
following combustion species may be chosen at.d associated with ihe composition matrix shown
below:

i £

I c 1 0"
2 C3  3 0
3 0 0 1
4 02 0 2 C (composition matrix)
5 CO 1 1
6 Co2 1 2
7 C(graphite) 1 0

One way to choose the ipitial composition guess is to set the monatomnic gases to tile desired
gram-atom amounts and the rest of the species to zero as follows:

Species i 21

C 1 1.0
C3  2 .0
O 3 2.0
02 4 .0
CO 5 .0
CO2  6 .0

C(graphitc) 7 .0

Obviously the best basis for these composition valkies is:

Species i Vi)

C I
0 2 3

for these are die 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, let us say that at a later iteration the current
composition guesses are:

Species £ .i

C 1 0.4874996
C3  2 0.0045000
O 3 0.5005000
02 4 0.5000000
CO 5 0.4985000

CO2  6 0.0005000
C(graphite) 7 0.0000004

10
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(If previous calcula',ons 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:

Specis M

0 1 3 0.5005000

02 2 4 0.5000000
CO 3 5 0.4985000
C 4 1 0.4874996
C3  5 2 0.0045000
CO2) 6 6 0.0005000

C(graphite) 7 7 0.0000004

Species iI (0) is immediately chosen as the first basis species and the ilst (here the third) row
is ta!en from the composition matrix to become the first row of the basis matrix.

10 1J = Bn"

Next the ind (here the 4th) row of the C matrix is placed into the B matrix:

[B I (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;

(Y•b1;h h111•\ 0+2
b2= bbl2 / b]l = 0 - 0+ 0 = 0

b b2h hl, b 0+2b22 =b212 " b11 12 0 l•=

Because both elements of the transformed row are zero, 0, is rejected as a basis species.

Next i3 (CO) is tested as the basis species. The i3 rd row (here the 5th) of the composition
matrix is placed it,to the second row of the basis matrix:

[o ~ I (to be tested)

11

I
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Gram-Schmidt construction transforms the first element of" the second row as follows:

bbh2h bill 0+1
b21 - •,bh2 11 = I -"0+ 0 = 1

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

The results are summarized thus:

Species j i(j) .. __im

0 1 3 1 3
CO 2 5 3 5

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

0

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

v CB"1' I I .1I

3 0 L -3 3
0 1,] 1 0l 0
0 2• 2 0
I 1 ; " 0 1

1 2-1 1
10 10

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

i

I (.1) 0 + (1) CO C
2 (3) 0 + (3) CO- C3
3 (1) 0 + (0)C CO 0
4 (2) 0 + (0) C• 02
5 (0) 0 + (l) CO- CO
6 (1) 0 + (1) CO- C02
7 (-1) 0 + (1) CO o C(g.aphite)

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

-1
In K1  • [gC " [(-9)0g + (1)] gcol

where g is the given Gibbs free energy at the given temperature T.

Let us say for the sake of an example that T = 5500 K and P 1 atm and that the
equilibrium constants computed by the above method turn out to be

Reaction 2n Ki (5500)
1 -1.4
2 -5.95
3 0
4 ..

5 0
6 ..

7 -3.91

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

6
A = P/•'ti (summation to be taken only over gases)

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, 2n Q for the first reaction is computed thus:

Jn Q -2 vii •n (Aniot)' + Qn Az'i

=[(-) Qin (0.502"2 nCO) + (+1) Qn (0.5022 . no)] + Qn (0.5022 nC)

+ JA,975 (0.5005) (05022) 1.3829
1 0.4985 =

The molar amount of C is not less than one hundreth of that of CO or 0, so t~le formula for
the correction of a maje" species is used:

2
At (9.n KI + Qn QI ) /i( ( jvifnqj) + IIni)

+ +2 (+1)2 +1
A• = (-1.4 + 1.3829)) () +---t2  + c I

A= (-0.0171)/6.055 = -0.0028
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The corrections in composition are now made as follows:

0 nO = 0.5005 - (-1X-0.0028) = 0.4977

CO n,1 = 0.4985 (+1(-0.0028) 0.5013

c n 0.4975 0.0028 = 0.4947

(These new values may be substituted into the expression for Qn Q above yielding -1.4004, which is
a significantly better estimnate of 9W KI.)

Next, we turn to the second reaction

(-3) 0 + (3) CO C3

Because nC 3 = 0,0045 is less than 0.01 of the smallest (n0 = 0.497'/) concentration of the basis
species, C3 is classified as minor.

The equilibrium constant is given as Qn K = -5.95 or K - 0.002605 and Q is evaluated by

= (0.5022 n,)3 (0.5022 nC3 )

(0.5022 nCO) 3

= (0.5022) (0.4977)3 (0.0045) = 0.0002212

(0.5013)3

(Note that the new values of no and rCO are used.) The new concentration of C3 is found by the
formula for minor species.

(0.002510 0
=0.0045 0.002212 = 0.0053

The change in the basis species is then determined

At = 0.0053 - 0.0045 = 0.0008

11 = 0.4977 (.3) 0.0008 = 0.5001

riCO = 0.5014 - (+3) 0.0008 = 0.4990

(Again, a reevaluation of Q shows a greatly improved estimate of K.)

The third reaction

(1) 0 + (0) CO - 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) 0 + (+1) CO - C(graphite) shows the formation of a ccondensed
species, and so it is considered to be major even though its concentration is well under 1/100 of
the smallest basis species. Qn Q is found as follows:

Rn Q3  (-1) Rn (Ano) ', (+!) Rn (Anco)

(- [(.1) n (0.5022)(0.5001) + (+1) 9n (0.5022) (0.4990)]

= 2n 0 - 0.0022
0.4990

(No term involving nc(grapnite) appears in this expression because C(graphite) is a ilongas.)

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

nC(graphitc) < 0.000001, and Rn K7 - 9n Q7 is negative

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

The procedure outlined is repeated for all species until all binding equilibrium relations are
satisfied to a specified 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 1968,12 Their work points out that a converge,'e forcer is r'equired
for the method. It was an oversight that this had not been reported in the work by the author. 13 A
device to force convergence is indeed required.

The NWC program computes limits on At

'Umin '6 `U < A•Jmax (19)

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

l/2AP~min < Atj < l/2At-max (20)

Empirically this has been found to work.

Smith and Missen use a more eleganw •chnique, which in effect tests the results of each
reaction adjustment to ensure that the free energy minimum has not been passed over. If' this occurs,
they reduce the extent of the adjostment.

12 W. R. Smith aad R. W. Missen. "calculating Complex Chemical Equilibria by an Improved Reaction-
Adjustment Method," Can. J. Chem. Eng., Vol. 46 (1968), pp. 269-72.

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

Smith and Missen further draw parallels between the reaction-adjustment method and linear
programming. This inspired thl author to update the basis by the tableau method of linear
programming 1 4 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 (see Chaptei XlIl of Chemical Thermodynamics1 0 ) states that "Whatever
the number of phases, of components, or of chemical reactions, the equilibrium state of a closed
system for which we know the initial masses is completely determined by two independent
variables." This determination is made by the NWC thermochemical program in the theoretical
evaluation of propellant performance. In the mathematics of the program the independent variables
chosen are pressure and temperature. Two other variables of interest and possible choices for
independent variables are enthalpy and entropy. These too, however, are computed from •.quilibriurn
compv..,itions and are therefore dependent on pressure and temperature in this program. Desired
value of entropy or enthalpy are achieved by repeating the above determination for various
temperatures, and new temperature guesses are obtained by interpolation.

Theoretical propellant evaluation is based on a straightforward thermodynamic model consisting
of two processes: (I) constant pressure, adiabatic combustion and (2) isentropic, adiabatic expansion.

The assumptions behind the combustion process include

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

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

3. G6iseous species individually obey the perfect gas law and collectively obey Dalton's law of
partiul pressures.

When su-l1n assumptions are made, the system enthalpy and the system pressure completely
determine the linal state and chemical composition of the system after combustion. The solution to
this state and con~position 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 o" the heats of formation of the individual propellant

14G. Hadley. Linear Programming, 2nd ed. Reading, Mass., Addison Wesley, June 1963. Pp. 126 ff.

Real propellants for which this assumption is not valid are said to "burn on the wrong side of the nozzle."
This may be referred to as a Type I inefficiency and is one of the principle reasons for disagreement between the
program and reawity.

**

in ramijets, the stagnation energy of the ii.coming air becomes part of the system. This may simply be
added to the heat of formation of air.
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ingredients. 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 aft 298K and one
atmosphere.

The assumptions behind the expansion process include: (la) Reaction kinetics fast enough that
chemical equilibrium is maintained throughout expansion, i.e., the shifting hypothesis; (lb) reaction
kinetics so slow that no appreciable change occurs in the chemical composition during expansion, i.e.,
the frozen hypothesis; (2) expansion process is reversible*; (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 nuingases occupy no volume.

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

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

The first problem is to find the value of temperature at which a given cnthalpy 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 exhaust pressure. In both cases, pressure is entered directly into the equilibrium
code and temperature gucsses most be introduced until the enthalpy or entropy conditions are
satisfied.

Enthalpy and entropy are each monotonic functions of temperature: their functional values
always increase with increasing temperature. In ideal cases, they are smooth, nearly linear curves. In
less frequent, but certain to occur, cases the curves are 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 tile following formula"

Ti = Ti.1 ~ f (Ti.1I)If*'I(Ti. 1 (21)

where Ti is the new guess, Ti. 1 is the previous guess, f(T) is 11(T) - H,) in the case of enthalpy
balance, and J(T) is S(T) - So in the case of entropy balance. HIo and So are the desired values of
enthalpy and entropy. The derivative in the case of enthalpy is expressed asf'(T)j=C and in the case
of entropy f(T) = C IT.

Newton's method is very rapid when the curve is fairly straight and when 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 too low. The range of much of the JANAF '.iermochemica- data
is 298 to 6,000K. These can be chosen as the limits, because if they do not bound the answer, the
computer effort is futile anyway.

*This covets a multitude of sins such as nt shocking in the nozzle and equal velocities for gas and niongas
phases at each point in the flow. Real systems for which this assumption is not valid have what may be referred to
as the Type If inefficiency.
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The method proceeds as follows: Take the arithmetic mean of the temperature limits
(T) 0.5(TU + Tlj and compute the value of 11(T) or S(T) depending on the process. If H(T) is
greater than 110 (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 degree.

The interval-halving method' is the slowest practical ipproach 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 uie established and
modified according to the results of the temperature guesses (a guess too high gives a new upper
bound and vice-versa). Guesses are first chosen by the formula for Newton's method. However, they
are used only if they do not approach one of the bounds by more than halfway; in this case the
halfway point is used.

The program thus uses Newton's method, with an interval-halving "override.' 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 program 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 "I" and the state of the gas after isentropic expansion to the exit pressure may be
designated by the subscript "2".

ThL state variables computed during the first process are T1 , V1  andSI given the chamber
pressure, P1 , and the propellant heat of formation,Hi. Thiose computed during the second process
are T2, V, and il2 gven the exit pressure, P2' and entropy, S, = S1.

The state of the gas after the expansion may be computed under either a shifting or frozen
hypothe i;: In the latter case the chamber composition is retained rather than computing new
equilibri.,,n conditions at the exit conditions. Obviously, the values of T2, V2 and H, differ under
the two hypotheses, but the design equations presented below (which use these values as input) are
identical for both hypotheses.

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

I -2J(H H - 2)
I -\/(22)

where gMKS 9.80665 m/s 2 , .1 = 4186 (g-joules)/(kg-calories), m = 160 g and H is system enthalpy
in calories. (The program does not actually require a 100 g reference mass; it is merely a
jinie-honored convention.)

A
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The questions arise: Flow does one correct the impulse for conditions other than the chamber
and exit pressures given? Al"o, how does one correct for a nozzle that does not have an optimum
expansion ratio? Furthermore, how does one determine design parameters such as the thrust
coefficient and the optimum expansion ratio itself?

Two comments can be made immediately: (1) As far as the first questiorn is ,oncerned, 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:

" = CpCV (23)

However, equations of a gauiima 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:

H = I1o + 1 nRT (24)

7c'I

S = so • 1.nR Qn T nR Qn P (25)

where 11o and S) are arbitrary constants and y, and y,, are the parameters to be fitted.

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

H 1 ,+ PH1 V (26)

"^V (27)5o + v nR n (PV)-nR nP"0 v 1 Rý

where So) is a new arbitrary constant, and L. = 24.218 calories/liter-atm. is introduced so as to
consistently express enthalpy in calories.

The constants -f. and 1. are to be determined as that H2 and V2 are correctly predicted from
H1I and V1 by Equations 26 and 27. The solution may be shown to be

__"- I PI VIP21V2 L (28)

YV 1 (29)

£n V1 .Qn V2

where I0 and So' cancel out. 7c may be called the calorimetric gamma because it predicts the heat
content during the expansion. -'t, may be called the volumetric gamma because it predicts the changes
in volume during the expansion. In fact the familiar relation

PIV = P2 V2
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may be derived from Equation 29, assuming &S = 0. The two gammas will not, in general, be equal,
due to nonuniform Neat capacity and changes in composition in real systems.

Design calculations may be based on the continuity equation for one-dimensional flow:

t kpi'A (30)

where t;i = mass flux (g/s), k = 1,000 (liters/i3), p density (g/liter), v = velocity (mi/s) and
A = duct ;ross-sectional area (in 2 ).

Equation 30 may be rewritten in terms of state variables.

A/i; V/k (31)
V2mJ (IH1-1-)

using the relationships III - H = 1/2 n v. and p =

Equadions 26 and 27 may be substituted into this expression3 givii,,.

____ _____I "PI(32)

A/li = .fP) - Y (32)

P k 2rv' )L/ ,

The pressure at the nozzle throat is found by minimizing this expiession with respect to PA The
solution is

Ft  =2 ( 1 Y v! (7v 'l) (33)

The thomat area for unit mass flow is found by subs~ituting P* back into Equation 32.

/A.*/,; = ViP*) (34)

The optimum ixpansion ratio tor the given exit pressure may now be found

(A//t")opt = j(P2)/f-(l'*) (3 5)

If the noiizle exiansion ratio is riot optimum, then the true exit pressure (P2) is not the same
as the given ext pressure (P 2 ). 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:

Al l ( (37)
A C I =. (LPIVI) 2 0
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(In the special (optimum) case where Pi "2 P2 , then H = -111 - 112.)

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

S- + JKI.f(P,)(P.. P2 ) (38)
SP' 9MKS 2 2 2

The vacuum specific impulse follows easily:

(IP)vacuum gMKs r + JKLJ(P•) P1 (39)

Finally, the thrust m'oefficient and the characteristic velocities are found by conventional relationships.

Cf' gMKS lsp/['IKLJ(P*) P1 ] (40)

C*= I"PS I sp/ q' (41)

where gFPS - 32.16 ft/s 2 .

The program currently outputs (lsp)opt, *y3,, (A/A), and Cf. under both frozen and shifting
hypotheses. Corrections for nonoptimum expansion may be obtained under one of the program
options.

The program was modified in 1965 so that the computation of y, and -t,, is applied to several
regimes. These are separated at points where condensed phases appear and disappear from the system.
The values of -t, and 1. vary from regime to regime. Each regime is scrutinized for minimum throat
area. If more than one occurs, the smallest is the one chosen.

BOOST VELOCITY

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

AU =(Q SP) g Q/1 +(I *

where the switch density, p*, is given by

* = Mass of missile - Mass of propellant (42)
Volume of propellant

and p is the density of the propellant.

We use lb-mass/in 3 to measure p and lb-mass/ft 3 to measure p*, as input to the computer, in
abject submission to the illogical common usage. The units are made the same before computing the
ratio.
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Appendix A

INPUT INSTRUCTIONS FOR THE PROPELLANT
EVALUATION PROGRAM (PEP)

The instructions below assume that one is making a batch run and that 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 Duta (Appendix 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-I 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 ingiedieits. 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 fbrmat of the ingredient composition card is as follows:

Column 1-30 Name of ingredient (alphanumeric)

Column 31-33 Number of atoms of first element in compound (punch no decimal)

Column 34-35 Symbol of first element (left adjust)

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

Column 39-40 Symbol of second element and so on as needed up to six elements and
coLumn 60.

Column 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 arbitrary multipliers into the composition; thus the following is equivalent
to the example above:

AMMONIUM DICHROMATE 1611 4N 140 4CR -1688 .0776
Mixtures may also be entered as single ingredients as follows:

AIR (DRY AT SEA LEVEL) 835N 2240 5AR 00co
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The pressure and weight ratio cards each consist of 12 six-column fields. The first field contains
tne 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 appear :- the ingredient
composition cards. There are, of course, as many cards as there are ingredients. The weights normally
are chosen to add up to 100 g, although this is not required. Decimal points must be punched in all
fields used on the pressure and weight ratio cards.

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

1ABLE A-1. Program Options.

Option no. Type Function performed

I 1 Deletes exit calculations

2 1 Includes ionic species in the calculations

3 t Deletes boost velocities and three pages of nozzle design data

4 1 Inputs pressures in psi instead of atmospheres

5 1 l'creases precision of species concentrations one order of magnitude

5 2 or Increases precision even further
higher

6 1 lnputz an extra identification card
7 1 Inputs a pressure-temperature point instead of chamber and exhaust pressures. This allows

a P-T-H-S chart to be developed
8 1 Outputs a list of all combustion species considered

9 1 Allows serial number input for ingredients

10 1 Allows v-'dification of H and p data

Option 11-15 are used only for debugging

11 1 Printr out thermo data computed at every temperature guess

12 1 Prints out the first guess of the composition

13 1 Prints out compositions every fourth iteration
14 1 Prints out the log of the equ~libriurn constants at e-cry temperature guess
15 1 Outputs a code that indicates the classification the program has applied to various species

at each iteration
16-19 Leave For internal use

Blank

-RUN 419151,1320018AO05G,4535419'05'75/0 CRUISE
"-ADD PEP*RUN*
0011000000 CRUISE 2 9
SULPHUR iS 4'0000 *0474
MOLASSES 22H 12C 110 -1550 .0574
1000. 14.7 10. 90.

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

The RUN card is typed next. It starts with (4RUN followed by one or more spaces. Then, on
the same line, type uuuTTY, mmminmmmmmm9G, ccccuuu, t, where uuu is your user number,
mmmmmmmm is your job order number, cccc is your NWC organizational code, -Ind t is a time
estimate in minutes. The TTY and 9G are typed as shown.

After the computer prints out the date, type in (WADD PEP*RUN. exactly as shown. (Do not
forget the period.)

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

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

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

If you wish to start over, hit a carriage r~turn instead of the input discussed above.

Terminate the run by typing (444,X TIO and then @,FIN instead of the prompted input. After
the computer prints out execution time, type (a0hITERM to sign off.

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

A "control X" typed before a carriage return deletes the current line and allows you to start
over.

A run may be aborted by hitting the "break" key (on some teletypes this must be followed by
hitting a "break release" button, which turns on ifter you have hit the "break" key). The computer
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types INTERRUPT LAST LINE and returns. Type ,,'X TIO and hit carriage return. The run
eventually stops.

If a run is deliberately or accidentally aborted, type (a'XQT CRUISE*QAME to restart the

program, instead of OVADD 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 outp, 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 information
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 my 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 units 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 system
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 variab!e designated A in the text and may
be expressed as

A = R (0.08205 2-atm/mole/K) T (K)
V(system volume in liters)

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

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

Three lines of performance results appear 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 the definition Uf impulse to what was
previously called the theoretical exhaust velocity. Therefore, to obtain the official SI impulse,
multiply the value outputted by 9.806 in/see.

The next number (IS EX) is the isentropic exponent, which is the 'number, 1'y such that

r'= 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 characteristic 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
airbrrathing propulsion work. The optimum expansion ratio (OPT EX) is the ratio uf the nozzle 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 mass flow rate expressed as in2 -sec/lb.

Optional output includes boost velocities. These are shown in number pairs: the first is the
switch density (see text), and the second is the velocity in feet/second. Inputted densities follow in
pounds/in 3 . The next output shows the performance of the propellant through nozzles with
expansion ratios of I to 100. These include three kinds of impulse: optimum (ambient pressure = exit
pressure), vacuum (zero exit pressure), and sea level (exit pressure = I atmosphere). Units are given
in SI units as well as the older English units. Note that all impulses need to be corrected for nozzle
half angle.

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

CRUISE .•9/ 1 L4 8 0 9: 34 .- ,3 DI..H COMPOSITION

SULFUP . iS
MOLASSES -155L 2.H 12c 130

INGRED. WTS.LTOTAL/ GRAM 4TOMS/ kHAV'tsF,• EXHAUST RESULTS/ PERFORMANCE

10.01000 9'.,0 00f) IVLrl*fl-'OO

5e7P4264 H 3.155053 C 2,a9ZL32 0 .311857 S

T(K) T(F) P(ATM) P(PLI) ENIHALPY ENTROPY CP/CV GAS 'T/6
85U. 1071* 68.02 1or . nu -139,5ý 169,12 l.1bh4 3.169 e,1,40

1.75q64 Ci 1.2629g H20 #7929P C02 .55919 CH4
.3T'C77 H2S ,Znnlf7 H2 .t4116 CO *0C.20 CSO

1.25-06 C52

TIK) TPF) P( ATM) PlPz!) ENTHALPY ENTPOPY CP/CV GAS PI/V
501. 442. IUC 14.70 -156.9; 169.12 1.2045 3.059 .aS7

.615012 CS 1.77.024 H20 ,S4569 CO .41894 C04
.31181 H2S .,2221 Hý .,ilOlD CO .OO0 CSO

IMPULSE IS EX T* P* CF ISP* OPT EX D-I.P A0M. LX T

120*2 1.1936 775. 3 A *48 1.6ý' 8.98 .0 .0'P401 429.
L 2 3 * I lsl4ES 97. 39.14 1.62P Q 3.4 9,.67 *0 *07566 51110

INGRED. DENSITIES ARE0 000 U::00'

ICPU 179SECS. I
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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 evaluate performance

(U) Utility routine

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

A summary of the PEP subroutines follows:

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

*DATE (U) Calendar date routine.

DEFIOJ (Ei) [EQUIL] Computes optimal basis.
DESIGN (P,O) [PEP] Computes and outputs performance parameters.
DESNOZ (0) [PEP] Outputs nozzle performance.
EQUIL (E) [HBAL,SBAL] Computes composition for a pressure-temperature point.
FIXBAS (E) [EQUIL] Fixes basis to compensate for phase changes that occur due to temperature

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

*LKCLKS (U) [PUTIN] Looks at system clock.
ONED (P) [DESIGN] One-dimensional flow calculations.
OUT (0) [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) [EQUILI Computes stoichiometric coefficients and equilibrium constants.
SBAL (P) [PEP] Computes isentropic exhaust state (i.e., a P,S point).

*Nonessential system utility subroutines.
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SEARCH (I) [PUTINJ 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.

SUTE,SLITET (U) Through this rout .e the program seeks to turn off simulated lights to obtain:
LITE(I) 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 tableau method of linear programming.
TAPEB (I) [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) [TWI-CH] Computes equilibrium relation for TWITCH to i..odify.
TWITCH (E) [EQUILTSBAL] Main equilibrium subroutine. This is flow ch.arted below.

**Nonessential system utility subroutines.
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FIGURE D-1. Flow Chut for Computation Procedures.
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Appendix E

IDENTIFICATION OF VARIABLES IN COMMON BLOCKS

The following information is provided for those who wish to dig into the equilibrium program.

BLANK COMMON

A Basis matrix
KR Option block
AMAT Ingredient composition matrix
JAT Atomic numbers
ASPEC Element names (field data)
IN Number of ingredients
IS Number of ele~nents
FIE ý Ingredient composition

ALP Gram-atom amounts (a)
W27 System weight
N Number of combustion species
BLOK Ingredient namcs (field data)
DH Ingredient heati of formation
RHO Ingredient densities
ISERI Output identification (field data)
WATE Ingredient weights
Wl(4) System heat of formation
WI(5) Chamber pressure
WI(6) Exhaust pressure
W43 Density
IG Number of gaseous combustion species
NP N+ I
VNT Combustion species concentrations
W47 Temporary
NAME Temporary
SER 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
H1 Species enthalpy

SD Species entropy
Y Species heat capacity
iC Iteration index
IR Storage area for sorting
DMU Species Gibbs free energies (uj)
VLNK Natural log of equilibrium constants
101 Indices for basis species (io))
RA Constant terms for species cp (LI)
RB T term for species cp (L2 )
RC T2 term for species cp (L3 )
RD T3 term for species cp (Y)
RE T-2 term for species c1) (1 5)
RF Reference onthalpies (Lb)
CH Reference entropies (L7 )
JM 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 (field data)
LL Vectfo to kee,, track of certain computational data concerning combustion species

COMMON/SCRATC/

HiN Temporary storage for compositions. This is used to analyze splits between the liquid and
solid phase.of a species.

PLOT Temporaiy 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 "I11" by both PEP and PEPLIB.

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

It is not convenient to the users to reassign serial numbers once assig. ed 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 avoid confusion. Since these are sometimes
long, they are sometimes continued on the following line. The proper serial number in that case is
on the line which contains the composition.
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Program With Truncated Input

-ASGAX CRUISE*PEPLIB//21734
-USE 11,CRUISE*PEPLIB
-FOR.IS LIBPROLIBPRO/A

DIMENSION A(20)9 B(2)
WRITE (694)

4 FORMAT (-1-)
REWIND 11
DO 9 J..99Q9;
READ i;.1,ERR=lO.ENO=11H)A(I),I1'l31

C 1 FORMAT (lOA6t2XvASlX9A59lX9A6)
1 FORMAT (10A6, lX9 F6Ot IX. AS. lXs A6)

ENCODE(199B) A(11)

19 FORMAT (F6.0)
A(11)uB(1)
WRITE (11#5)(A(I),I=Iv12)

5 FORMAT 4I1A6.A5lXvA591H))
C 2 FORMAT (12A6,Al,17)

JduJ-1

9 WRITE (6,3)(AI)lIwl.12)'J'J
3 FORMAT (- -0A6b2X9AS.lXvAS'I7)

GO TO 11
10 READ (30920)(A(L)tL=1914)

WRITE I 692E)(A(L)9Ls1t14)
20 FORMAT(13A69A2)
11 END FILF 11

CALL EXIT
END

-XQT

1EA-5-85 (VICTOR) 378H 249C 102N 860 205F -0538 1.463 615

2 NITRO DIPHENYL AMINE IOH 12C 20 2N +0135 .0535 59

100DER321/43DEH14 810H 596C 22N 1080 -0661

2 NITRO DIPHENYL AMINE iOH 12C 20 2N +0135 .0535 359

2-TDMECLO4 (INFO 635P) 3C 7H 1CL 6F 4N 50 -0345 *0650 $4001

2-TDMEHCL (INFO 631C) 3C 7H 1CL 6F 4N 10 -0448 .0650 S4002

8C8HN1&FlN60 (FAPEMON) 8C 8H 18F ION 60 -0271 .0000 *5003

8C8H18F1UN60 (FAPEMON) SC 8H 18F ION 60 -0240 .0000 G5004

9C14H12F6N30 (TVOPA) 9C 14H 12F 6N 30 -085 .0000 GS005

9C14H12F6N30(TVOPA) 9C 14H 12F 6N 30 -0430 *0554 *5006

ACETAMIDE 2C 5H 10 IN -1310 *0360

ACETYL TRIETHYL CITRATE 22H 14C 80 -1257 *0408 008

ACETYLENE 2C 2H +1846 .0263 S5009

ACETYLENE 2C 2H +1892 .0220 *5010

ACETYLENE (GASEOUS)* 2H 2C +2081 G 011

ACRYLIC ACID -HC- 4H 3C 20 -1282 .0384 * 012

ACRYLIC NITRILE 3C 3H IN 0612 .0000 *1015

ADIPIC ACID 6C 1OH 40 -1480

AIR (DRY AT SEA LEVEL) 835N 2240 SAR +0000

AIR (500K OR 900R) 835N 2240 SAR +0049
AIR (00R OR 555.56K) 835N 2240 SAR +0063

AIR (750K OR 1350R) 835N 2240 5AR +0113

AIR (150OR OR 833.33K) 835N 2240 SAR +0135

AIR (1OU0K OR 180OR)K) 835N 2240 SAR +0180

AIR (200OR OR 1111.1K) 835N 2240 SAR +0201

AIR (1250K OR 2250R)K) 835N 2240 5AR +0249
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Program Output

IEA-5-a.ý (VIC 70H¢) 37ýH Z.43C It)kN 860 2ur, F -538 1.40• 1

2 NITRO DIPHE KYL AlAINE In0H 12C 20 2N !35 .0535 2
1(;JCDEk3Z 1/43ý LH14 ;1 " i 5Y,6C 22N 1080 -to01 3
2 NITRO LIPHE NYL AMINE IlIli 12 C i 2 K, 135 .05 35 4

? 'T DPIE C L 4 (1r 100 635P) 3c 7K1i ICL 6F 4,N .50 -345 .06ý0• 5
-)"TDVEhC L (IN FO 6351C) 3C 7H 1ICL 6F LN 10 -448 . G6 0 6
(-LdHloFl',N60 (0APLMUN) UC SH 1,%F IOIN 60 -273 QOGOC. 7
1,C6HIdFl h60 (FAPLIIJN) 8C dh 18F ION 60 -Z.40 .0 GCC -
QC14hI2Ft:N3u (TVOPA) 9C 14H. IZ.F 6N -10 -385 .06UJ0 9
'i214HIi F ¢%30(TVUPA) Qc 14h12I F 6N 3u -43Q .0554 10
ACETAM~u t 2(C 5 H 10 1IN - I.10 ! ,03bU I11
ALETYL T •IETH %L CITPRATE 22H 14C du -1257 . 04 C' 12
ACETILEt4E 2C 2 N 1 646 .02o3 13
ACETYLENE 2C 'IN I192 .322.0 14,
A CETYLENE (GA E 0U ) S , 2 N 2; C 406I 15
ACP!YLIL ACID -HC - 4H 3(2 zO -12.&2 .03P.,4 lo
ACRYLIC NITkl Ltr 3C 3H IN 6b•2 *C,'O•C 17
ADIPIL A CID 6C i6H 40C - 1409 16
AIR (UAY AT S LA LEVEL) 835N 2;'4U 5AR c 19
AIR M5CK OR 9CCk) 635N 22.40 5AIF 49 2U
AIR (luC.OR ok ý55,56K) 035N 2.240 5AR 63 21
A 1R •7 LK OR 1350R) 835h 2240 5AR 113 22

A IR I( 11•R 0 h 33.33K) 635N 2)240 5AR 135 23
A IR 1 U C.K 0 R1• IbUi) K) 835h 2240 5AR 16 0 24

AiR (20 c R O II I .I k) 635N Z.240 5AR 201 25
AIR (le fLK O) k Z250k)K) b35N 2240 5AP 249 20
ALUMINUM (PURi CRYSTALTNE) IAL 0 .0976 27
ALUMINuMA (PURL (2kYSTALINL) IAL n .0976 20
ALUMINUM Ult)O kIE 20 1A,. -1.32 o 115>2 2Y

ALU1MINUM bEkY LLIUIs (ALLOY) luE IA. () .0674 3 L
ALUM IhNuM BEkY LLIUM (ALLOY) 3bE IA,. 0 .079•5 31

ALUMINUM UOkI OL 12a IAL -314 .0921 ! 2
ALUMINhUM i•ORON (ALLUY) 12, IAL -6UO .0978 33
ALUMINUIM bOROiYURIrE IAL 3b 1I-H -301 10199 34
ALUMINU/,s 6OROhYDkIDL. IAL 31 1 2H -208 • r" 35
ALUMINUM CAkb• IDE 4AL 3C -0 -A _ -215 .0852 30
ALUMINUM FLO UkI.DE 3 F IAL -644 37
ALUMINUM HYDR IUL IAL 3 H -92 .0516 36
AL UM I kUM NITk 1Lb I N IAL -1407 .1170 3 y
A LUM INU AI (NUN -REACTIVE) 1U4 T .0976 4 U
A LUP.I NUh. PEA(2 hLURATE 12u IAL 3CL- -014 .0939 41
,ALUMINu/.bUROH V kKI DE uIM ET H ILA A ? c 19H IAL 3 b I N -468 .0205 42
AMINOXYLENE ( AYL.IDENE) 11 H sc IN -65 43•
AMINO TE ]kO.O LE 3H I C 5N 5d5 .0595 44
AOINL TLýPMINA I E POLYbUTAUILNL 6H 4C 56 Q•360 45
AMINO TL IKOLOLE PLRCHLORA7L 4H lC 5N 40 1 CL 204 #C668 4o
AhiMONIUM ACET ATE 2C 7H 20 IN -18ýO . 64 22 47
AMMONIUM bICA kbuNATL I1¢ 5 H 3 U I1N t. 560 .ý'.5 70 4o
AMM4ON IUM CARS CNATE Ic C H 2N -30 -234 C 4y

AhMo NI UM CHLO KI, L)E Ii to H ICL -1410 U0551 5 ;1
AMMUNIUM1 CYANATE IC c 4H 10 U 2n - 1245 .04ý4• 51
AMMONIUM F LO U kIvE 4 H I ri 1F -3000 . C304+ 5 ?
A/hAiON IUM FLOU kO$1LICAIE ?N .8H 151 6 F - 353 0 .0726 53
AP,h iMNI UM FOkcl ATt. I C 5H 20 IN -0I05 U04L2 54
ANMONIUM (PLYC OLLATE 2C 7H 30 1 ". -1410 55
AMMONIUM (jLYO AALLATE 2 C 7 H 40 1~ -2100 1.1
.4MMO N I UM I OVI &,E 1 h I N 11 -336 57
A04NI MNU M N ITR ATE 4H 2N 30 -1090 .06t3 58
A MMO N1IUA NITR ATE 4 h 2N 30 o-1090 .0623 5 y
A MMO N 1UM OXAL ATE 5 H 2 L i N 40 -k:160 e0542 6 C
A MMO N IUM OXAL ATE 2C SH 40 2N -Z160 61
AMMONIUji JXAL ATE (HYDRATED) 2C 10H 50 IN -2400 .0542• 62
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AMMUNIUM PEkChLURAT6 (AP) 1CL 4H 1N 40 -602 .0704 63

AIMONIA TRIbOKANE 3b 10H IN -867 .0000 64

AMMONIA 311 1IN -1U04 .0244 65

AMMONIA C6AE (US)) 3 H IN -649 66

AMMONIATED AL jMINUM IODIDE 1AL 31 9N 27H .n -676 .OOCO 67

AhMONIATLD ALLKINUM IODIDE IAL 31 13N 39H -n -722 .0000 6b

AMMUNIATLO ALUMINUM IODIDE 1AL 31 20N 60H -0 -782 .0000 69
AA1MONIATED ALLMINUM IODIDE IAL 31 6N 1bH -0 -622 .0000 lu

AMNONIAT tD ALuMINUM IODIDE IAL 31 IN 3H -n -282 . 00Or 71

AlMONIATED ALLMINUM IODIDE IAL 31 3N 9H -0 -454 .0000 72
ApMOMIATtD AL w4INUM IODIDE IAL 31 5N 15H -n -592 .000O 73

AMMONIATED ALLMINUM IODIDE 1AL 31 7N 21H -0 -645 .0000 74

A.MONIATLD bENYLLIUfM IODIDE lVE 21 4.N 121H -0 -642 .0000 75

AMMONIATED bEkYLLIUM IODIDE lbE 21 ON 18H -0 -690 .0000 76
AP.MONIAILD bEkYLLIUM IODIDE lbE 21 13N 39H -n -792 .0000 77

AMMONIAIED CALCIUM IODIDE I CA 21 Iti 31H -n -507 .0000 7
AMMUNIATLD C ALC IUM IODIDE ICA 21 21t 6p -(I -57l .O00 7S

AMNO.hIATtL CALCIUN IODIDE ICA 21 6N 13H -0 -720 .0000 8;
AMMUNIATED CALCIUL IODIDE 1LA 21 8N Z4H -_ -735 .0000 81

AlhONIATLD COPPER NITRATE ICU 4N 6u 6H -C -630 .0000 82

AMMONIATED LOFPEk NITRATE ICU 6N to 12H -0 -769 .0000 8
AýMýIONIATLD COPPER NITRATE ICU N 60 181H -n -822 .0000 84

ARNONIATED LI'7HIUM IODIDE I I I 1 N 31 -H -608 .0000 85
AMMONIAILD LITHIUA IODIDE ILl 11 i1i 6H -P -691 .0000 80

AMMONIAlED LITHlUM IODIDE 1LI 11 3N 9H -r -751 .0000 87
ANMONIATELD LIIHIUN IODIDE ILl 11 4N 12H -n -799 OuUO 8b

AMMVONIATED LITH±UP, IODIDE ILI 11 5 N 15H _n -825 .vC00 89
AM4ONIATED LITHIUM IODIDE 2L1 21 11iv 33H -I -417 .0000 90

AMMONIATED LITHIUM IODIDE ILl 1. 7N 21H -V -857 .0000 f,

APMONIATED MAbNESlUM IODIDE 11MG 21 2N 6H -1 -500 .0000 92

A1F, ONIUM ALUMINUK PERCHLORATE 12H 3fN 240 IAL 6CL -514 .075o 93

AMMONIUM AZIDL 4H 4N 452 . 466 94

AHMONIUM AZIDE 4h 4N 452 .04o6 95

AMmONIUM dOROFLuORIDE 4H 1 IN 4F -L.
8
6C .0666 9o

AMMONIUh RO0MiDE 4H IN IOR -659 .C678 97

AMmONIUM CYAN IDE 2N 41H IC -0 -. 0 .0000 9o
AMMONIUM DICHNOMATE* 8 H 2N 70 2CR -1689 .077o 99

AMMUN IUM DICYANAMIDE 2C 41H 414 121 .0000 lou

AMMONIUM FLOUklDE 4H IN IF -167 101
AMMONI UM FORMATE 51H IC 1N 20 -ýI08 102
AMMONIUM IOE IDE 41H I N 11 -334 103

AMMONIUM PEiI(DATE 4H IN 40 11 -360 .127r 104.
AMMONIUM PEkC hLURATE 340H 3400 85N o5CL -590 .0704 105

AMMONIUP, SULPHATE 81H 2N 4 U IS -r133 .0643 106
kf!YL FER WOCEN• h114 15C 1FF' -ol .0422 107

ANILINE 7H bC IN 79 .0367 I06
AkGON IAR -C n .064.4 109

ASTROGELL 3'1H 15C 10 IAL -436 .0540 110
AZO'b i'ISObUTYkGNITRILE" ,2 8 C 12H 4.N 333 .0000 111
rqARIUM C iOMAT L ICR 40 -1347 112

HARIUM NITRATt , 2N 6U IbA -9C7 .1170 113

UARIUM PLROXIUE luA 20 -C -0 - -889 .1/91 114
L)ASIC L-AD LA hbuNATE 3ka 2C ou 2H 1 115

BENZENE 61m 0C 141 .J3 17 118

bERYLLIuM. BSROIIYDRIDE 2b 10L 61H -666 .0218 117

bERYLLIU0 HYD RIDE IbE 2H -399 .0000 11 b
8ERYLLIUP. NITlKIDE 3UE 2N -n -0 -e4 -- 64 .u0U0 119

ýERYLLiuM (NOA-KEACTIVE) 1U2 C .0608 120

FERYLLIUP (PUkE CRYSTALINL) IFE 0 .0668 121
BIS 'HIAOINOGLANIDINIUMDECAdOR 2C 20H ICb 12P 160l .OOuC 122

bISDIFLULROAM INOHEPIANE 7C 14H 4F 2N -?21 .U426 12.ý
S.I S (C MET 4YLhY PRAZINU)DECAiGORA 4C 20h1 lC u 6 N IU ' s9404 1?4

BIS(DIFL LOROA PINO)LUTANE'e23 4C 5H 4 F 2N -353 .o437 125
PI1S (L IFL LOROA P INO) D IFLUO RO1E TH IC 6F ZN -698 .Q000 126

b IS(DIFL LORUAPINO)MLT HYLPENTAN 6C 12H '.F 2N -30ý .OO.0 127

5 S(DIN IRHOFLUORETIIYL)FOPMAL 5C 6H .F 4N InO -559 .0576 12b
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11S ( D INI IROPk CPYL) A CETAL oUNPA 8C. 14H 4 N 100 -47C .ý465 129
8IS(DIN170(3PR(,PYL)FURMAL ubi4PF 7 c 12H 4N 100 -475 90516 13U
SI$(FLUUWOXY)ýIFLUOkOHETHANE 1 c 4 F 20 -1122 . 00 J3 131
131$(TklNlTRuElhYL)NITRAMINE 4 C 4H bN 140 13 tj J2 132
BIS(DIFLLOROAF.IthO)BUTANE-2,3 4C 6H 4F 2N -346 .0436 133
FIS(DIFLLORUAMIhrO)METHYLPLNTAN 6C 12.4 4F 2N -363 .0415 134
9IS(DIFLLORUAKINO)OLTANE'R,2 8C 16H 4F 2N -347 .0397 135
BIS(DINZIRO) ýLUOkOPROPANE 3C 5H IF 2N 4U -53ý1 Q000 130
81S(DINIIROPRCPYL)ALETAL uDNFA CC 14H 4N 100 -485 .3491 137
EIS(DINI 1ROPR LPYL) FORMAL UDNPF 7C 12H 4N 100 -457 .0511 130
BIS(FLU~kOXY) UIFLuOROMETHANE 1L 4F 20 -1159 .04ý3 139
FIS(METhYLHYDhAZINO)DEC.•bvhANE ýC '4H Ica, 4N -470) .0000 14U
RORINE APMON1 ATt 10 oh 1N4 -134C .02C#4 141
PGkON (PLRE CkY$TALINE) 1• n .0645 142
EORON (AýORPE•CU$) 1b 37 .0656 143
dQRQN CA hbIDE 46 Ic -221 .0905 144
BORON NI 7RIDE lu IN -=S ,4 r 0795 145
FORON SLLRRY 55 '1H Colo 252C 1,50 2AL -425 . ý5 36 14o
PO RON OA luE 2u 30 -4339 .36ý6 147
BORON (T RONA) 67b 30 -3ý .oU64 5 14o
BhOMINE ýENTA FLUORIDE Ib R 5F -627 .0663 149
BROMINE FEN7A FLUORIDE 16P 5 F -561 .0000 150
BROMINE MONO FLUURIDE IbR F -141 .0000 151
PBROM INE TRIF L OR I DE IbR 3 F -530 . I C12 152
8 ROM INE 7k I FL OR ID E lbR 3 ý -446 JO0UO 153
ETNEC 4h 5C 6N 150 -43n .0660 154
87NEN 4H 4C 6h 140 39 .07J4 155
BUTAREZ (PHILLIPS INFO) 51911 37C o0 -21 .0325 15o
BUTANE (2t•-bl bDIFLUORrl.;MINU) 4C 8H 4F 2K -316 ,oUco 157
BUTANE(ý,3-UI SDIFLUOkOAMINU) 4L 8H 4F 2N -348 .UOUO 156
DUTAREZ (PHILLIPS INFO) 519m 347C 80 -21 .0325 159
BUTYL SILANE. 12H 4C 151 357 LIDbO 16U
EUTYLNITkAMlNL (NORMAL) 4C 1OH ZN 20 -264 .U365 161
BUTYL RuibBER 8H 4C -376 .U332 16Z
CALCIUM tORIDL 5 19H :547C 60 -21 .03&5 163
CALCIUM LAREIIUE ?C 1CA -234 .08G1 1ý4
CALCIUM CAReONATE 0.AC03) I L 30 ICA -1.895 165
CALCIUM CHLOR IDE 2CL 1CA -1710 U0775 166
CALCIUM FLUOR IDL 2F ICA -. 5722 .1149 167
CALC "UM HYDRI DE 2h IC A -1092 .0014 16b
CALCIUM NITkA 7i I CA 2N 6O 0 - r - 1360 u652 16Y
CALCIUM I-EROX IDE IL A 20 -C -0 -c -0165 .O0jc 170
CALCIUM CXIDE (CAO) I C ICA -ý71ý 171
CANDELILLA wA x 2 C 4H -453 .0325 172
CANDELILLA WAx 2 C 4H -453 *0325 173
CARBON b LAC•k 1C 0 .06ý7 174
CARbON D IOXID L I C 20 -r137 . 03Y6 175
CARBON D ISULF IDL (WHEW) IC 2S 276 .0456 176
CARBON MCNOXI VE Ic 10 -943 .570I 177
CAR6ON (URAPH ITO) Ic 0 .0a1b 176
CARBON T ETRAC HLURID6 I CA 4CL -216 17Y
CELLULO, L 6C 1Oh 5c -1U17 ,0458 18u
CELLULOb L ACE 7ATE (2) 149h 1 09C 74u -1163 oU539 181
CELLULOS L ACEIATE (CARBIOPUL) 149H I1lj9L 740 -1079 .0448 1F2
CELLULOSE DINITRATE 6C 8H 2h 9n -1144 90599 183
CELLULOSE TElhlTRATE kC 7H 3N 110 -524 .0599 184
CLLOGEN 2C 4H 20 4N -Ic-01 1b•
CERIUM I CE -0 -L -0 -r C .2419 1146
CERIUM h ITRID k I cE lN -0 -c _r -!08 .00GO 187
CESIUM IlOS -0 -0 -0 -i_• 0 .Oo76 18b
CESIUM (PURE LRYSTALINE) 1 cS I .. 067o 189
CESIUM A !IDE ItCS 3N -12 ,GCOO 19L,
CE51UM C ARSON ATL I1C 30 zC5 -821 .15eI 191
CESIUM HYDRIDL I CS 1H -u -0 C. _ 217 .12.51 199,
CESIUM PERCHLkkATL lCS 1CL 4U -0 -o -47 .1201 193
CESIUM TUNGSTEN FLUOPIDE 6F Icý lw -116U .1771? 194
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CHLOkINL TRIFLUURIDi ICL 3F -'.6C .0652 195
CHLORINE 2CL -76 .0536 19o

CHLORINE hEPTwXIDE 2CL 70 300 .0000 197
CHLORINE MONOFLUORIOE 1CL IF -222 .0000 19b
CHLORI~t PENTAFLUORIbE (6AS) 1CL 5f -427 .ODO 199
CHLORINE PENTAFLJORIDE (CLFS) 1CL 5F -464 .0642 200
CHLORINE TRIFLUORIDL ICL 3F -4.1 .0000 201
CHROMIUM ILR -0 -G -0 -0 0 .2599 t02
CIRCO LIbHT PROCESS OIL 32H 15U -320 .0250 iC3

CIRCO LI'HT P kOCESS OIL 32H 15C -320 o0250 d04
COPPEk C1LOkl U 2CL 2C6 -328 .1270 Z0)
COPPER OXIDE 10 2Cb -278 .2160 c 0
CCPPEk C IhOMITE 30 lCu 1CR P' .2150 207
COPPER HYDROXIDL 2H 2u ICU -1099 .1216 2CO
COPPER .AIDE (HYDRATED) 2H 2U lCU -1099 o1216 20v
CUPRIC OXIDE ILU 10 -439 elu

COPPER ( FURL LKYSTAL.NE) 1i U 0 o320 3  ý11
CYANAMIDE IL 2H ZN -0 .n 219 .0000 I12
CYANOiAUthYL A1I1)E 2C 2h oN 881 .000') t13
CYANO6EN (GAS OuS) 2C 2N 1414 k14
CYCLCHEXYL AZ IDL 6C 11H 3N 207 ,OS56 215

CYCLOPENIYL AZIiE 5C 9H 3N 385 .03$3 g1o
CYCLOTEThAMLThYLENE TETRA HMX 8H 4C &N 60 61 .06ob 217
DECAD 10 RkANE 6m 26 0 .0079 41r
DECABONA NE 10o 14H -129 .0339 e19
DEKAbDIAL NE Inb 22H 4N -381 .0000 d2G
bIAMIIoO LIBORANE 2a 12H 2N -745 .U000 221
DIANIN0bLANIDIN& NITRATE IC 3 " 6N 30 -239 .0000 222
DIAMINOb UANIDINIUK AZIDE(UAZAL 2C b H 61h 741 .0513 223
0DA nMONILM DECAbOkANE 10o 1oh 2 h -450 .3000 424
DIAZIDOThINITRAZAHEPTANE vATH C 8 H 12N 60 458 .0000 d25
b18ORAN 2v 61H 354 .0OO0 k26
DIBUTYL FHTHALATE 22m 16C 40 -733 .037 i.27
DIbUTYL I-THALATE 575C 7QOH 144u -754 .0378 22K
DIESEL UIL 22m 12C -476 .0254 Z29
DIETHYL PHTHALATE 12C 14h 40 -733 e3t
DIETHYL TRIAMINE 13H 4C 3N -149 .0344 231
DIETHYLLNE 6LYCOL DINITRATE 4C 8H 2N 70 -520 .04Y7 232
DIFLUOROAMIhE ?F 1H IN -600 .0000 233
DlFLUOkOMETHYLENEbI4OxYFLuORID 1C 4F 20 -1121 .0433 234
DIBORANE 2b 6H 179 .0158 05
DIETHYL F-HTHAALATE 14m 12C 40 -832 236
OlETHYL FHTHALATE 14H 12C 40 -E32 237
DIbUTYL WKTHALATE 12C i2H 40 -733 13b
DICYANDIAMIDE 2C 4H 4K 85 .05G5 239
DICYAluO'ZBUTlr,*l,4 6C 4H 2N 841 .0415 r40
DIHYDRONITRONlTkIhNIOPYRIDINL 5C 4H '4h 40 143 .0650 e41
DI-N-PROFYL ADlPATE 12.k 2h 40 -1164 24i

DI4ETHYL AMMON LITHIUM IODIDE ILI 11 4C 13H IN -477 .0000 243
DIMETHYL AMMON LITHIUM IOUlUE ILI 11 bc 19H Ih -473 .0000 244
DIMETHYL AMMON LITHIUM IOLoIDE ILI 11 10C 31H IN -463 .0C00 245
DIMETHYLANINE-buRANE ADDUCT 2C 1CH 1a IN -516 .0000 246
DINITRO TOLUENE 6H 7C ZN 40 -620C 247
DINITROPi•ENOXY ETHANOL 98H1 104C 26h 750 -271 .0565 24b
DINITROPWOPYL ACRYLATE 81H 6C ZN 60 -514 .0471 249
DIOCTYL ADIPAIE 42m 22C 40 -733 .0332 Z50
OIOCTYL AZELATE 48n 25C 40 455 061
DIOCTYL AZELAIE 48h i5C 40 -655 252
DITRI1D1FLUORCAMINOMETHYLUREA 3C 2H 12F 8N 10 -203 .0679 253
DODECANYDRODEC^uORATEDIAMMINE 100 I1H ?N -5o4 .0361 254
DULCITOL 6C 14H 60 -174f, .0530 i55
DYNAMAR 732/74L 970H 549C 11. 1430 -1420 .0376 e5o
DYNAMAR hX-73C 754h 41*5C 2440 -120n .0420 257
DYNAMAR HX-74 ¶'42H 5ý4C EON. 810 -360 00360 256
E117 (A MIXTIk) 441H 173C 52N 2320 6AL A9CL -552 s0604 i59
EPOXY 2ul 24h 16L 40 -661 .0404 260
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EPON 626 24H k1C '.0 0 261
ERYTHNT1CL TEIRANITkATE 4C 6H 4N 120 -395 .O0O k62
ESTANE 9?7 H 536C 12I 1400 -911 .0379 263
ESTANE b 55H 302C 1N 100 -940 .0376 e64
ETHANLTHIOL 2C 61 Is -0 -1) -25F .0000 265
ETHANE(1 ,1-DIftITRO) 2C 4m 2N 40 -269 .0000 ý66

ETHANE(I ,1,1-TRINITRO) 2C 3H 3N 60 -166 J 5 5 267
ETHANE(1 *2-13 S DIkLUOROA$1N0)L 2C 4" 4F 2N -356 .UOO0 26b
ETHAtNE(I ,2-bIS DIFLUOROAMINO)G 2 C 4H 4F ZN -31n .0000 269
ETHANE(1 ,i-DI TTRALOLYL) 4C OH 6N 6 3Q .0000 d7U

ETHANOL 2C 6H 10 -0 -0 -144C ,OOUO 0.71
ETHYL CE NTRAL ITE 17C 2ON 2!q 10 -127 02
ETHYLENE 2L 4H 289 .0205 :73
ETHYLENE CARWONATE 3.C 4H 3U -1576 ,OCO 274
ETHYLENE DIHYDRAZINE 12H 2C 4N 346 .0396 275
ETHYLENE DINITRAMINE (EDNAJ 2C 6H 4A 40 -158 .0632 076

ETHYLENEbIS(APINObUANIDINEAZID 5 C 16H 14N 496 .0000 e77
FAPETRIN 6 C 8H 6F 6$N Ino -318 .0000 0T6
FAPETRIN 6C 8H 6F 6N 100 -268 .0000 279
FERRIC OXIDE (ANHYDNOUS)* 30 2Ft -1230 .1818 ,80
FERRIC OXIDE HEkATITE 2FE 3u -1235 .1848 2I81
FLOROX (CLF30) 10 3F ICL -371 .0666 Z82
FLUORINE 2F -82 .0543 283
FLUORINt NITRATE IF 1N 30 31 .0000 484
FLUORINE (LIQUID) 2F -76 .0543 285
FLUORO"2 92DI hITROETHANO L2 2C 3H iF 2N 50 -741 DO C000 e86
FLUOROETliANE(1,1-DINITRO-I-) 2C 3H IF 2N 40 -488 OOuO 297
FLUOROTRINITRUMETHIDE IC IF 3N 60 -221 .0573 288
FLUOROXYTRIFLIjOROMETHANE IC 4F 10 -)769 ,0000 289
FORMAMIDE 3H IC 1N 10 -1370 s0410 290
FREON 116 (R C6ER) 2 C 6F -2195 291
GASOLINE (LIQrUID) 46H ZIC -794 .0257 292
GENPOL A-20 75mu 555C 37 00 -1110 293
GILSINITE 866H 744C 6N 6S -400 .0364 294
GLUTAMIC ACID 5C 9H 40 1N -1610 .0555 .9 5
GUANIDINE 5H IC 3N -0 -0 -288 .0000 d96

GUANADINE CAR6ONATE 3C 1O$ 30 6N -1290 297
GUANIDINE NIT kATE 6H IC 4N 30 -843 .0503 198

GUANIuINIUMNhINAMINOTETRAZLAT 2C 7H 9N 20 141 .O000 099
GUANYLAL IDE N ITRATE IC 4H bN 30 Z6 .0000 300
$ C BIND ER (PAUL) 106H 71C 6N -102 S01
HEPTAY•,L 81 7C -1127 .U293 302

HEXANE 14H 6C -464 .0245 3nl3
HEXAC(YANC'3$HEXENE 12C 6H 6N 862 .U444 .j04

HEXACIANC"3"HIXYNE 12C 4H1 6N 1045 .0457 305
HEXACYANC'3,5 OCTADIYNE 14C 4H 6N 1146 ,u466 £06

HEXAKIS LIFLUORUAMINO DIPROPYL 8H 12F 6N 10 6C -315 .0596 307
HEXANE (2,2,5 TRIMETHYL) 2CH 9 C -537 .024.6 308
HEXANITkOETHANE (NNE) 2C 6N 120 95 .0812 sOy

HMX 4C 8H 8N 80 61 .0686 Slu
HTPB (SINCLAIk) 103H 73C 10 13 .0332 311
HYCAR 139H 70C 10 -121 .0339 312
HYDRATED ANMONIUM PHOSPHATE 3N 18$ 70 IP -3010 £13
HYDROXYEIHYL CELLULUSE 35H 22C 140 -1200 .04b4 314
HYDROXYL ANMONIUM NITRATE(NdS) ?N 3H 40 -908 315
HYDROXYLAMMONIUMPERCHLORATE ICL 4H 1N 50 -497 .0707 316
HYDRAZINE NITNATE 5H 3N 30 -531 .05V5 .317
HYDROXYL AMNOhIUM NITRATE(Nbs) 2N 3H 40 -908 318
HYDRAZINE 4H 2N 376 .03o4 319
HYDRAZINE AZI U 5H 5N 727 .0470 320
HYDRAZINE CYAKOFOkMATE 4C 5ii 5N 579 .0462 ý21
HYDRAZINE DIBSWANE 2d IO 2N -!00 .0339 322
HYDRAZINE HYDWA7E (h2H4.HZ.) 6H 2N 10 -2900 .0378 323

HYDRAZINE ';ITTkF0RM 5h iC 5N 60 -95 a0676 .ý24
HYDRAZIN $E(l I -AETHYLCYANOETHY 4L 9H 3N 339 .0353 325
HYORAZINE(2)BCRANE(8)COMPOUND 8u 28H 4$ -60 .0000 326
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HYDRAZIhL(3)BKRAhE(lC0fOMPOUNO 106 e4h 6N -108 .0000 .S27
HYDRAZINE(.)8(,RANE(1O)COMPOUND 10b 26H 8N -92 90000 328
HYDRAZINE DIPEiCHLORATE 6H 2N .80 2CL -309 s0797 329
HYDHAZIhIUMI DIPERCHLORATE 2CL 6H 2N s0 -296 .0361 330
HYDRAZIoIUM NITROFORMATE(HNF? IC 5m 5N 60 -94 .0671 331
HYDRALINIUM P.RCHLOIATE ILL 5H ,.N 40 -320 .0700 332
HYDRALObISI$O UTYRONITRILE SC 148 4N 172 .0000 333
hYYDRAZOIC ALIo .I A•ScOUS) 18 31i 1635 334
HYD AZO?:TRAZ%.L "# t ?C 4h 1u ' h L4O ..00ýq 335
HYDRO(VARLUN PCLYNIR 21, 1C -339 .053dt 33t
HV LIHO(EN (GAScUU) 2k n 307
HYDROGEN AZIDLE 1 _. 3h 146C ,.03Y4 ,30
HYDR06Ew4 ALID L I H .1N I- 1!.0.-10 ,L,3 = 9

H YDR tLN CYANDEL (GASEOUS) 1" IC Ir; 932 .G24', 340
HYDkruENk CYANZD- (LIQUID) 1 H rI 1 N '1154 .0315 641
HvDROtaEN FLuO.LUL 1h I F -6581 .0357 142
HYDROGEN FREE RADICAL 1H 5,e090 343
HYDROuEN PEROAIDE (100 PL) 2 i 20 -1319 .0508E )44
HYDROGEN PERO AIDaE (5" PC) e51#4 5720 -1927 .043CL 45
HYDObLEN PE40xI (70 PC) 746H 579v -1684 .0464 A4o
hYDRObEN PEROA IUE (9W PC) c42H 5,60 -1439 .U53I 347
HYDROGEN PENOAIDL (GASEOub) 2ti 20 -95, .000 3 4
HYDNOtEN SULF ibE 2 1t -141 .0763 349
HYDRObEN (CYLGENIC) 2H -1068 .0026 35u
HYDROXYEINYL eETHACxYLATE ^o H 6C 30 -1200 .04t.0 351
HIDt.OXYL NADI CAL Ii 11 mL -0 -e 591 .JULO .ý55
HYDROAYLIAMINE 3h IN. 10 -793 ,0Oouu )S•
HYDROXYL THYL LELLULUSE 35H Ž2L 14u -1200 .0464 354
HYDROXYTERAINAT POLYbUTADILNE I03H 73C Io 13 ,U332 .55
HYCAT (BLNNETI) 36H 29c ZFE 40 .0441 .56
HYCAT (uENNETI) 368 29C c FE 4.( .0441. 357
XDP Wo. LEE) 3FH 19C kO -909 .0312 350
ZODIC ACID 0Im 11 30 -0 -'0 -324 .1671 359
IODINE 2k -0 -L -0 -n 0 .17o0 360
IODINE PENTAFLUUR10h 5F 11 -928 .1140 L61
IODINE PEaTUXIDE 5U 21 -127 .1732 ,,62
IODINE TkICHLi.RIDE II 3CL -0 -0 _ -90 *1125 363
IODOFORM (LHA 3) IN IC 31 -85 .1443 .i64
IRON OXIDE 30 2F- -1230 01840 365
IkON OXIDE (YtLLOw) 21h 40 2FE -1490 .1318 36o
IRON IFE 0 62837 367
150 OCTANE 168H 8C -470 A368
JP4 (LIwLID ToHuOJET FUEL) 17H 9C -. 81 .0254 369
JP5 (MNON1 STEVENS STANDARu) 19H 10( -387 .02v6 -87C
KRATON 4h¶ 3C -1073 .0340 371
KRATON STYRENE bUTADIENE 4H 3C -1073 .034 n 372
KRATON (CO-POLYhER) 6H 4C -1U0 .0342 373
LAMINAC -. 116 555H 558C 1710 -574 374
LEAD ACE.IYL SALICYLATE 14H 18C 40 1P8 -657 375
LEAD OXIDE (fINIU0) 4u 3PL" -262 .32b6 376
LEAD uETA RECORCYLATE 21iH 7C 70 IPa 0 377
LEAD OXI DE 1PB 14 -235 37o
LEAD I00ATE iPS 21 60 -267 .1913 379
LEAD SALICYLAI8 10H 14C 60 1Pb -64 .0337 380
LEAD 2-ETHYL HEXOATE ý4H 16C 4u 1Pa C 381
LEAD 2-E7hYL . EXOATk, 34H 16C 40 1Pa 0 382
LEAD AZli DE 6N IPu 397 .0000 383
LEAD ZODATE iPB 21 60 -267 .1913 384
LEAD UXIoiE (LITHARG,) 10 IPj -235 .3440 385
LEAD OXI UE (MASSICOT) 10 1PL- -235 .2888 386
LEAD DIOXIDE 20 '1PL -276 .3364 387
LEAD SALICYLAIE 10H 14C 60 1Pf -84 .0337 388
LEAD OXI LE (PLAYTNEHITE) 20 IPu -66 .3384 389
LITHIUM ALUMINUM HEXA HYDRIDE IAL 6H 3LI -1417 .401I 390
LITHIUM ALUMI UUA PEXCHLURATE 3L1 240 IAL 6CL -645 .0897 191
LITHIUM ALUMINUM TETRA HYDRIDE 1AL 4h 1iL -690 .0331 392
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LITHIUM AMIDE. 2H 1LL IN -1894 .332v 393
LITHIUM AZIDE ILI 3N 57 .0000 394
LITHIUM UERYLLIUM HYDRIDE IoE 4H 2LI -. 9oa8 O.0 ,95
LITHIUM b0RUHVDkIDE lu 4H ILI -0131 .024o 390
LITHIUM CARAbIDE 2LI 2C -L -0 -. -375 .0596 .97
LITHIUM CAR60 NATE 2LI 1C 30 -4'OC .0762 39o
LITHIUM CICYA APIDE 2C 1LI 3 rd -120 .0000 399
LITHIUM FLUORIDE ILI 1F -5620 .0939 4.00
LITHIUM hYDRIdE 1H ILI -0726 ,0296 401
LITHIUM hYDKOXIDE 1H iLI. 10 -4868 .0917 402
LITHIUM NITRATE ILI 1N 30 -1670 .0b859 403
LITHIUM NlTRI VE 3LI 1 i - 355 .0498 404.
LITHIUM PERCH LORATE (LICLU'.) ICL ILi 40 -E54 .0877 405
LITHIUM FERIODATE ILI 40 11 -49 C .1520 40o
LITHIUM (PJkE CRYSTALINE) ILI 0 .0193 407

,LP-33 314C 055H 1070 1215 -696 .046S 40'
LP-2ý5 416C 646H 850 67S -720 ,04J8 409
MxGNESIUM (PU RE CRYSTALIN.) 1MG , .0be '.1U
MAWNESIUP ALUPINUM HYDRIDE 2AL 8H 1MG -3o5 .u3?b 4.11
PAGNESIUM BOR IDE 2L I M -478 .0970 412
MAG NESIUl CYANAMIDE 1MG I C zN -0 -r -937 .0000 413
MAGNESIUM FLUORIDE 2F IMb -Z662 .10.,3 414
MAGNESIUP HYD kIDE 2h lMu -645 .05ý4 415
MAGNESIUM NIT HATE 1MG 2N 60 -0 -r' -127Z .0731 416
MAGNESIUP OXI DE 10 Imu -3610 .130o 417
MAGNESIUI, PER LhLORATE 80 l1o ZCL -631 .U939 418
MAGNESIUP (NON-kEACTIVE) 1U3 0 .0628 4 1,o
MAGNE$IUP OXI uE 240MG?4bu -3567 s1292 420
MAPO (ARC) 18i 9C 10 3N Ip -266 421
N-fsUTYL FLRROCENE 18H 14C 1FE In .0430 422
MERCURIC FLUOkIDE 2F IHo -39F .3216 423
MERCURIC OXIDE 10 1HiU -100 .4G23 l24
MERCUROUS AZI DL 2hG 6N 2v2 00U0 425
MERCURY (LIQU IV) 1H6 0 o4873 42o
METHANE IC 4H -1271 .0153 '27
METHANE* 4H iC -1118 42b
METHANOL 4m IC 10 -178C .026? 4?V
METHOAYAMJ.NE IC Sm IN 1c -276 .000 JO 630
mETHYL ACRYLA E (Lii.) -HC- 6H 4C 20 -954 .03o4 431

METHYL ALLOPO.L 4H ic 10 -1781 .02o5 432
METHYL AMMONI A 5H IC IN -216 .0236 433
METHYLNI1ROAC LTATE 7L 51H IN 40 -922 .00UO 434
MIXED HYDRALIhE FUEL 3 647H 93C 231N 297 .0323 435
MIXED OXIDES OF NITROGEN 63N 1C1O A3 o0520 43o
MIXED HYDRAZIAE FUEL 5 114H 12C 44N 60 149 .03o1 437
MIXED HYDRAZIAE FUEL 3 647m 93C 231N 297 .0323 43b
MON 25"75 175N325u 69 .04ý8 439
MONOBASIC AMM(jNIUM PHOSPHATE 1N 6H IP 40 -3020 .0651 440
MONOBASIC CUP WIC SALICYLATE 14C 10H 70 2CU -700 441
MONOBASIC CUPRIC RESORCYLATE 14C 1DO 90 2CU -4782 442
MONOBASIC LEAD RESORCYLATE 14C 10H 90 2PB -1900 443
MONOBASIC LEAD SALICYLAT 14C 10H 90 2PB -332 444
MONOMETHYL HY DRAZINf (MM1) 614 iC 2N 276 .0316 445
N P AMINL 7H 6C 1N -1287 .0329 446
NP4BF' Ib 1N bF -164C .0853 447
NICKEL 11i 0 ,3• 15 44d
NICKEL 0XIDE 10 11L -773 449
NICKEL CARbID L 3i 1 IC -U - " 5 E 7 2 # 5 0
NICKEL CILORI CE 2CL I1w -So0 .124', '.51
NITrOgEN 2 N -104 .3292 45i
NITROGEN TETROXIDE (N204) LIQ 21% 40 0 .. )517 453
NITROUS CXIUE 7 N 10 -• -U .n 4'. .071C 454
NITROCELLULCoS (I.oPE.-PCEiT N)755h 6'-(C 245N Y900 -617 U5e. J 455
NITRO, ULY CERIN 3C 511 3m 90 -400r .U5 7 450o
NITRATE 5h 3,4 -V -932 457
NITRIC ACID WuAS) lh IN 30 -509 .00lu 45t
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N,'TRO AM INI.GUA iiI u It, E1 51 h S5N 20 45 .COOO 459
NITROETHANE 2 c 5 H 1 " 20 -44 2 .3376 46w
NITROGE1i PENT ..x I D. 11N 5u '-93 .3593, 401
NITkOGEN TETR4LXDE (GASE0L&S) 2N1 40 24 .C000 '.6
NITROGEN, TRIF LUOQIDL 3F IN -416 .CO.l 463,

NITROGEN TRIF LUVRIDL 3F IN -460- .z5rjZ 464
KITROGUAtYL A ilUE Ic 2i' ca 20 54.4 .0Vj0 465
NITROIETIANi& 14 31 IN 20 -44'3 .OOCO 466
,NITRONITRAMINCFYRIDINIUMCL04 54 5m 1C4 4N ).0 7 Oo6l) 467

NITRONIUP ALUM11.1UM PERCIILUmAT 1AL 644 IN1 3 0%0 -1,r, .J.J ) '. 4c
NITRONIUP PER ChLORATE 1CL IN o0 61 .0 0.U 46o
NlTkOPROI-ENE POLYMER 3L 5H1 1N 20 -!51 .0oU0 '.71
NITk0SOAPINE(h,':-lAETHYL) 24 6H1 2N 10 16 .0036 471
NITROSOL bIND kR 14ti 1ý5C 40N1 1640 -476 .0515 47a
NI7RO4YL FLUORIDE i F IN 10 -3Z4 .3000 4.73
NITROSYL VERC HLORATE ICL IN 5u -261. .070, 474
NITkOSYLIETRA FLU01104IILORATL ICL 41. 1.14 10 -489 .1019 475
NITROUREA 1L hi 314 30 -611 .00.,jt) 470
NITRYL FLUORI&~ a I 1 F N 4 -290 6 30u,0 4.77
N Ir R YL T E iA FLLOROCHLOkATE 1CL 4 F 1 N 20 -305, 1 CO0 '.7b
NITRIC A CID (LI.1 lI 11 I 3,u -658 .0542 4 7 1
NITROGUAtIDINL I C 4H1 414 20 -209 4O00~ 48L
N-AMYL ALCOHOL 5L 12h 10 -922 +5u9 481
11-AMYL ALLOIIOL 5c 1211 10 -922 .050O9 4.82
N-PHEN'tLOORPHLL114E 13H 0Cc I ti 10 -123 ,.0409 483
NORMAL 11 :PTAN L. 16Hi 7C -4411 48d#
N9N-Dl11IlRO-N-bUTYLAMIN6 CDfitJ 4C 911 3N 40 -13 .0433 485
021li2 (01 F al L).o0 0 ) ý' 9 H 594U. 0 486
02/112 WIF al 6. cp0:o 8) t691 59~4o c 44?
OCTANE 1~I d m b -470 48a
OLEIC ACID (VEGETABLE OIL)-11C- 3411 18C 20 -723 .0323 489
OTTO FUk.L 2 49911 430C 2N 5030 -696 490
OXAMID (b. LEE) 4H 2C iN 20 -1376 .0602 491
OXYCI4LOR1INE TkIFLUORIDE lo 3 F I CL, -371 .0606 492
OXYCHLOKINE THIFLUOkIDE 10 3F ICL -3an .0669 493
OXY6E11 (GAS) 20 0 494
OXYGEN D IFL110 RIDE 2F 10 -155 .0549 495
OXYGsEN DIfLUOI4IDE 2F 10 -d1 .0000 498
OXYGEN (LIQUI v) 2 U -97 .0412 497
OZONE 3 u 631 .O5d3 49b
PENTAbORANE (GASEOuS) 5b 9hw 237 *0231 '.9Y
PE NY AUo 0(ANE (L IQUI1) 5 w 9H4 122 .000n 5 0 L
PENTALRZIHRITCL 5 L 12h1 40 -1609 .0523 ýo I
PENTAERV~nRITCL TLTi(ANITRATE 5C OHI 4N1 12t, 401 .0840 502
PENTAKI (H YC RAZ INL ) DEC AbOR ANE LfIC 34M ION 40 .3000 5 03
PERCIILO#(lC ACID (ANHYDROUS) I CL I H 40 -11 r .0639 zk0&
PERCHLOHVL FLLOU4DE (CL03F) ICL IF 30 -50 .0000 sOS
PEPFLUORC MLThIALRYLATE 61 H &L 20u 6F -1 IQV .0650 S00
PE R FLUOk CF OR MAMI DIN E ( PF F 1C 4 F Z N -290 .0000 507
PERFLUOkCGUAN IDINE (PFG) kLlI') I C SIp 31 127 .0000 j0b
PERFLUONLbUAN IDINE (PFG) (GAS) I C 5 F 3N1 102 .0000 u 3. 09
PLRFLuOkCPIPE RIDINE 54 C IF I N -172S .0625 510
PERFLUONLPIPE kIDINE 5 C 1I1 11I1 -1703 .O0002 511
PE TR IN 9H4 5C 3N 100 -513 *US 57 512
PETRIN 9H Sc 3N1 100 -51! .0557 :113
P&IENOXY 981h 104 C 26N1 750 271 .0565 514
PHENYL AZIDE 64C 5H1 31 694 .03Y'3 515
PIIOSP NOR LS (RIED) I P -136 .0794 518
PLASTISOL NITI.OCELLULOSE 7551, 6ýO C 245N1 9900 -5a6 .0599 517
PLEX IGLA LS ON 5C 20 -906 e0426 )lb

" 75511 6004 245tt 9900 -58!' .0590 519
P0LYM~t1YHL VI hYLTET~lAZL k 611 4C 4N (70 .0462 52i.
POLYPROPVLEN bLYCOL 12h1 6C zo -b5 5 521
PfuLYETHYLENE 24c 4H1 -453 @03i5 52Z
POLYURETINANE v1t.DkR 96711 536C 12h1 1400 -91 C .0379 523
POLYACRYLAPOIDt 3C 5h IN 1n -1590 .0000l 524
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P(jLYACRYLONITkILE 3h 3ý IN 74 .039S 525

PvLYAMINL C014POSITE ý0(, 105H 25h -316 0342 52o

POLYBUTAUIENE (SEE uUTAREZ) 6H 4C 55 .0364 527

POLYBUTADIENE ACh A (THIOKOL) 999h 6?iC 19N 160 - 101 .03 3 'ý 52o
POLYTETRAFLUO NOLTmYLENE ? C 4 F -1952 *0b $4 529
POLVETHYLENf.H YDoALIhE (PEH) 2C 6H 2N 4 9OU60 53U

POLYPkOPYLEN uLYCOL 12h 6C ýO -855 531

POLYbUTAUlENE 4RYLIC AClu %4h 70C 40 -84 .0337 532
POTASSIUlv PER CHLORATE (KCL04) ICL 1K 40 -742 *U90 533
PrjTASSIUo PER CHLORATE CKCLU4) 1CL IK 4 0 -742 90910 534
POT A S S I U lk 100 ATL 30 1 K 11 -56P ol4G5 535
POTASSIUr SUL FATE 4 u is 24 -1966 . D9 6 2 ý36
PCTASSIUF I K c OU500 537
POYASSIUP AAALuAft, 1K Itiu -0 -n -4? uCOC 23b
POTASSIUO ALI DE 116 34 -5 90736 539

POTASSIUP CARfjONA7E I C 30 2 K -1495 .0677 540

P0 TA S b I U 0 CWLCRIDE ILL 1 K -1397 oo?17 W

POTASSIUP. FERmICYNANIDE 3K IFc 6C 614 -C -126 .0684 542

POTASSIUM HYD R ID E I K 1 H -0 -0 -0 -339 0516 ý43
POTASSIUO NITRATE IN 30 IK -1167 .0707 )44

POTASsluP IODATE (KI03) I K 11 30 -568 *14U5 $45

POTASSIUO PER OXIDE 2 K 20 - L -0 -1071 .0000 546

POTASSXUIO SUL FATE 40 Is 2 K -1966 .09oZ 54?
POTASSIUP SULFIDE ?K is -c. -0 -)07 *0652 54b

FkOPANE 8h 3C -591 54Y

PIVOPYL h ITRAT k 7 C 3c 1 N 30 -514 4.298 556

PROPANE( 1,1-0 INITRO) CLIWUID) 3 C 6H 2114 40 -297 v0455 551

PROPANL(1,1-DINITRO) (GASEOUS) 3C bh 2N 40 -It6 UUU0 55ý

PkOPANE(ititi-TitINITRO) -tC 5H 3N 60 -157 00Jý 553
PkOPANE(IpItIq3-TLTi(ANITk(j) ýc 4h 4N 60 --172 @GQUQ ý54

PROPANE( lt2-B Ii DIFLUOROA14INU) 3 L 6 li 4 F 2 N -34 1; . 'i 0 L -'j 555

PROPANE(1,2-615 DIFLUUROAMINU) 3C, 6H 4F 2N -294 OUUO $56
PkOFAIE( 19 3-b INITkO) I L bh 2 (1 4(' -399 .04bY 557

PROPA.NL ( Z-NIT hO) .1 C 7H I IV zo -491 oU355 55b
PkOP ANL ( , 2-D INJ T,'%O) 3 C 6h 2 N 40- -33e .04tj9 559

PhOPYLLNL POLV uLVCUL DIALRYL 102h '54C 1YU -Icuo .0379 56C

PkOPANE(I-NIThO) 3 C 7h 1 N 2n -44E , -03 5 i >61
P-fAUINQNLD1C)XIML 414C 4.-4h 1450 145N -7UG .00 56k

RDX(HLkAýYDRO TkI N 1 TkOTR I AZ IN E ) 3 C 6H ON 60 66 C656 563
PLD FUMiIN6 141 1RIC ACID (14NO2)151H 165N 471U -654 .050 564
RLD FUMIN(a NI IRIC ACID '(:UI.Ur.) 85h 11 4w 314U -544 . 05 0 565

PED FUMIN6 hl TkIC ACID C14NO2)15IH 165N 4710 -654 .0567 36o
RP-1 211 ic 134 0 #02o9 567

RESORCINCL 6H 6c 2u -7b4 u4u3 566
RUbXDIUh IkB -0 -U -C c 00553 569
SEA wATEo, 99bm 4990 3NA ImG C L -,ý79 2 .030 570

SILICUN LlOXI VE (PUkE 110JAWL) 2u is A -. W P .0759 571
SILICON ILTRA CHLORIDE I ý I 4CL -'J -0 -901 13535 572

SILICUN (PURE CRYSTALINE ISI 0 0874 573
SILV ER I 6DATE 3o 11 1 A C -149 .2G10 574

SILVEk I CDA7E !0 11 IAG -149 .201r 575
SILVER M LTAL IAG n 03791 570

SILVER NlTRATt IAG IN 30 -1, -n -177 *1571 577

*S-,'6' LoZ C ije4H 295U -1145 .,ýS 2 3 57b

*S-02' 141C 704H 35dO 141N -:-.197 .0542 579

SODIUM A LUM IN 6M Am I E IAL 6H 414 1 KA 1521i C00 580
SODIUM ALIDE 3N INA oG .0668 591

SODIUM d AR61T UkATL 3H 4C ZN 30 INA -1393 . u793 5!2
SODIUM OCROHYLORIOL lb 4H INA -1?06 .0390 583

%DIUM CARDONA% Ic 30 ýNA -621 .014 SR4

',0ftIUM C ýLONA Tk INA ICL 3U -0 _rl - 8 0, 5 .0809 585

SOD I UM CHLORI U E INA 1CL :1672 . 07 a 2 5EU
S 0 D I Uh F LUOR I u k I F INA ý245 .1008 587
SODIUM hVORIDt I tiA I H - G _n -m -171 U5u4 586
SODIUM lcuATE CAW - DHSKIU.0 NAI II o3 -535 .1544 589

SODIUM PkkChL CxATE 40 lNm I CL -75 5 9 L,
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SODIUM PkkOXI IýE 2NA 20 - C -0 -1546 .1011 591
SODIUM i-.TASS IUm LIw ALLOY 3K IN. -L; -u -43 GQCU 592
SODIUH T hIOLY ANATL I NA I c IN is -515 .0000 ý93
SVDIUM ( IURE LKYSTALINE) I NA 0 . a3 11c 594

SPAN a5 30H 15C 10 -665 .054C 595
STYREivE S " el C 8r u3bb 596
SUCCINIL ACID 4C 6H 40 -1900 .3567 597
SULFUR is 0 .0747 59b

SULFUR D IOXIý E 15 20 -0 -0 -1108 .10i" 599
SULFUR T ýIOXI 6E is 30 -C -0 - 13 J 7 o3Y93 00C

SULFUA ( ýONOC L I It I C 15 -0 - G - j 2 00706 601

SULFURIC ACID 2 h is 410 -0 n -1977 U6*2 002

SULPHUR is 0 .0730 403
TETRAHYD h0NAP THALENc 12 H 10c -13 & 03 5 4 604

TLTRACYAhUCYCLOPkvPANE1,I,2,2 7 C 2 H do h 1007 *U495 005
TETRALYAhUETH YLtNL 6 C 4 H 1174 .0469 000.
TETRAcTmVLPEN IAMINEPERCHLuRATL 28h a c 5 N 200 C L -545 .047C 60?
TETRALIN YL LE AD 9 H a C 1 F$3 161 U595 60b
TETRAFLU %. R 0 h Y iýRAZINE (N2 F4) 4F 214 -19 OLIUýu 009
TtTRAKIS A10LY ACKYLATE (TAA) ?c 10H 8F 4N 20 -396 e0530 0 1 tj
TETkAKI!b DIFLUCRUANINUMETHANE IC BF 4N 15 90631 oil
TETRAKIS IFLU tkuA(41(#(jMETHANL ic 8F 4 11 12 *Coco 612
TtTRAKIS (DIFLLUKOAMINO) (Tmý) 4 C 48 6 F 4 N 10 -266 .,jS 79 013
TETRAKIb (HYDP AL I ItL) io I C Ab OKAN E I r1u 3 0 H b N -10 . 00 0c 014

TLTRAMET EYL L r.Au 1 ? H 4C 1 PF 202 60721 015
TETRAMET ýYLAM iNUTRIcOROHYýRIDE 4L 20H 3b 1 N -293 JQUO 016
TETRAAE7 ýYLYR iCYCLOV EC YL ENLD 1A 14C 16H 2N -145 .0352 017
TETNAtilT VU DI fLuOnOrTHANE ?L 2 F 4N sc -30 JOV 610
TkTkAN17 KO ME THANr IC 4N ou 45 *0593 oly

TLTRANIT oUETH VLENLOIAP.INL ZL 4H 6 N 3 U 1 '0 c .0632 u20

TLTRANIT hOMLT HAN L I C 4:4 r u 45 * ýi 5 Y 2 o2l
TLTRAiOL t Ic ZH 4N &09 . cc 0 02k
TLTRAZOLL(2-10 0HYL-5-AMINw) 2 c 5 H 5 ,4 $07 joci 023
TkTkAtOL t(5-A MINO) I c ! H 5 to 565 , 'ýj 5 9 6 c, 2 4

TETRAiOL L(5-C V A N 0 ) z c 1 pi 1 14 ICIO 10000 02 5
TLTRAZOLt(5-H VDA VX Y I C 2H 411 10 -17 .0000 62o
7ETRALOLi(595 -H " D kAL 0) i C 4H I UN 309 60000 o27
THOkIUh ITH -r -0 -c- 0 *4043 u2b
TIN (ukEV) ISN 1 92076 02ý

TITANIUM ýIOX IDL I T 1 20 -&551 o3v
TITA141UM 1TI -0 -0 .0 -- c 0 *1024 oil
TITANIUM bORI DE " b 1 T -In0j o1626 031
TITANIUM DIUO kWE 2 k: I T 1 -971 16Z5 633
T P, E T k 5 L 9 h to 9() -415 .0537 e34
TME T N 5 C 9 H 3 iq 90 -415 .0537 035
TOLU F N E DIRSOLYANATe 6h 9 C 2 h 20 -85S 106
TOLUENE DI AKI hL 171 h 7 C -" N -16 90449 07
TOLUENE LIRSO L V,% 1,A T E 6 H 9 C d 11 20 -e55 030
T A I A C L T I K 14H 9 C 0 U -1334 eC419 6 ! lv
Tk I A C LT 11. 14H 9c to -1334 eC419 o4L
T kIAF0 INQ L-UANI DINE 9 h I C 6 11 553 e0564 641

TRIVVINuLUANI DINE NITRATE TALN ic of H 714 3 0 09 0555 642

TRIAPOINUbUANI v11vE (TAG) It 6H ON ;53 :056S o43
TRIAMINUbUANI ýINiCYANOFORIOATE 5C 9H VN 601 *0516 044
TNIANINO(WANI DINLiýICYANAMIDý !C 9h 914 591 *0505 o45
TRIAMINobuANI VINIU14 AIIDL (TAZ) IC 914 9N 718 eOW o4o

TRIAMINOLUANI ultslUM TRIBOkQNYD IC 17H 3b 6N 329 .0000 W

TRIAKINOL.UANI PINIUM NcNABOkOHYD IC 23H 9U bh 131 .0000 o4b
TkIAMINOCUAkIOINIUM DECi,.6O#(OHV0 IC 26H IOU BN 12n .0000 a49
TRIAMIkOP-ELANINE (,) H 3 C 9 N 550 *0589 6 5 1ý
TkIAZOET14ANOL ' 2 2 C 5 K 3 N 10 25e *0415 051
TRICALCILM PHWHATE 8(j 3CA 2 p -A56 652
TRICVANO'3'UU11EhE'IIjI 7L 314 3h 846 00433 053
TRICVANU'3'8UTYNE'IIvl 7C 3H 3N 1128 *0453 *54

T R I C Y A N 0 E T HA N c ' I , I , 1 5 c 3H 3 N 807 .0430 655
TRICVAhOkTNVLkh1E 5C IN 3N 1019 *0433 C156
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TkICYANOIRIAZINE'S 6 C 6N 100t .3502 057
T~lCYCLOLCYL lhD0IAMINE loc 16M1 2N -173 .0390 056
TRIETIIYLANINE 15h 6 C 1IN -667 659
TR IETHYL ENEGL YCOLD INIT RikTE 12$ 6c 2 N 80 -64.5 .04,z7 *60
TRIFLU0I CAFIN E UXJDL 3f IN 10 -413 .0000 o61s

TRIFLUOk CMETH YL HYl'c.,FLUQkITi 1 c 4F 10 -1733 .COOO 662
Tk INE 7hY LAMIN LJukANr. 7 C 1 2H 1.j 1~ -46? Q2.jý6 c63
TFINE THY LLNL AL,.%NF 3 L 12H 1AL 1iN -285 .ou 6 o64
Tk1MFTMY LOLET A~i 7PI T'N I THAllL 9 # 5 c 3r f, 0 -359 7 .0557 c6 5
Tk .S D .ýiYLA.PL k Z L 4(C 6Hi 1~a ',-475 .CO JJ 06t

Tk IN ITHkj 3MHYvuxyuTAlN0L 4 L 7n VI -7,71 .0016J 667

TRNITRUI0yDkO At, U TY.W1C AC IL, 41.. 5H N 90 -67?~ Cul c.69
ThIN1TRU ?ETHNLt C(dITPOF0100 iC Im rd 60 -6)1 .3576 o7u
rkls~)1FL LOROA f 1,4 0f L U0 CM TI h A k 1 7F 1. -281 .0563 ci7 1
TkIS (AMMNIA) U EL A w0 1A tvE (I llu. Z;H -53) . 00~ c 72
T R 1DI f LUOk 0 1i NU) bUT AN 4 C 78 ý 3?r -273 . 04 33 t;7 1
T R IS( UI1F LUOK0, e',k kj) PLU0OR.ML ThA I C 7 F 314 -24'S . . ' o74
TlS (DIuF Lu0kA 011,0)PiKOPANL 14Hi 1r 61. 30 1 F -411 . , c, 75
TUNGSTEN~ (PUW L LkYSIALINL) 1~ ol 06969 67o
TuNGS1tN OXIC L 1~ w 3u -0 1 677

TLRPENTi iE 16 1 1 :C -11F . U2, 076
UltSYVM1-L i LUUF C0NEA (U(DFU) I C 2$ f1 2N 10 ý-70 5 .O) 0 6ýt j7 9

UN SY e-D I i'LTH Y LHY~hAZINL (u0mH) I (' 8h , 198 .ý023 co 8j
uONAN1Im Iu -~ c C. L ' -" .6751 031

UmANI UK k L UPI I IW (ALLOY) 2AL 10 -76 .29ý9 082
UkANIUM ,ALUMI I%Ui- (ALLOY) TAL lu -105, .2461 023
UkANIUM ýL UP, I NU-4 (ALLOY) 4AL 10 -129 .2163 oP4
L'HEA UXA LATL 4. 10H t u 4 N - 17411 '8
UP, EA I' 4Hi Iu 2 K -13,26o .04a2 68e
VANA EpIUri OXID L 5u vJ -4 64 o97
VITONA 1%( 7h1 lF -1ý,01 .00o5J 086

* V~t 2 (~t £~1~C 1,O -729 o2240 68'A
V ITO N-TE fL0N (1/3 MiXTU#%L) 2?H 1C~ 17 6F 6 ; 5 .3731 696
WATEh ' l -ý792 .03o1 091

*YELL0w I ýON 0 AIuE 2$ 40 ZF Fr) 092
ZIRC0NI0P I~k f0 .2311 693
ZINCONlu~ P eU IDE ?w 1 L 1 -634 s.21S'v 094.
Z I ACON I U f CAk t.1u L Iz IRI C -C 0~- -436 .24.50 4,:

S1 FC 0,11 u D itj CkI D 20 lZ -6oC .220U 6.96
Z I RC GN 1 U HYD hIu E 2 HI 1L -444 &20ý4 097

SUFPLLMLNlAkY L.LSIT CATICN. In09
0 'IOU

'S-02' 14.1C 7~'.ri 35Z0 141N - C39 7 .0542 701
0 C6,36)36 bt411 05u -1145 .0523 70i

AL UPII 1UPI OXID L 2AL 30 -4COn o 03670 7t03
AMNONIUM SULF ATE 2 N t iH 1 ý 4 - i14 . .0610 70Ll4
AhMONIUpi PEKC hLUKATL ý40M 3.60 b5 " 65CL -59 'ý *u04 70!1
ANMOFIIAT LD CoP~LF'k NI T1ATE I CU 41.l ou 6H - 630 *.0JC 70o
AMMON IAT tD CO PPLV& NITR A TE 1 C U 6h~ 60 12$H ' 765 o000O 707
A14MONlAT LD C0FPEIk NiTkATE I CU 614 00 lbH -,E22 .Ov0 708
ANI4UNIAT ED AL LhMNUki IOcJI DL IAL 31 1r t. 3 -C Zc12 .000U 70Y
AMMONIATt D AL 6ML NUM IODI~ Dr AL 31 311, 9i1 - 454 .060 710
A PM 0N IA T L A LLM 1NUPJ~ ODIDL IAL ! 1 5 14 15H 592 6 Lf,0 711
A PMON I A 7LD AL LAINUM IU10 0 l EAL 31 t ld4 -61 622 -QUO 71Z
A i4I0N IA TLD A LLMI NUM IODI D L 1~AL 31 7% 21$H -01 645 .000 71ý
AMMU0NIAT Lo AL L04NO Wi0il UO~ lAL !~ A~ YN 7H -F o76 .OCO 714
AKMON IA T tO AL U.1 Nul~lOD 10 UI. 1AL 31 1 r- N IH - ~ 722 .030 71)
A 01140N IA T r A L tM 1NUM IODIDE iAL 31 2)N 6')H - b2 .C.iO 710
AMPIONIATL() u E R VL L IU is IOD I 'L I t'E 21 4.N 12H 642 .030 717
AhMO N IAT L Db ~L kYLLIUr? IODID 10u1E 21 L 1 1ýH r ~ 69? .0 uc0 71a
A M 0N IA I LD d E kYLLlUri 100 lt I kE 21 1 ý, ý -' 792? 0 r() 71 v
AP;MCIN1AT kb A4A LNL $IUrl IOLU IýL 101G 21 c.N 6$ - 500 *.000 ?2'j
AhMONIAT EU C ALC!Uel IODIDE 1iCA 21 1. 314- 507 .000 72.
A IMUNIA! LV CA LC1Ui IODIDE 1 cA 21 6 H 6 -r' 7 U .0U 72i
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ARMONIATLD CALCI0,-1' IOUIuV ICA 1Z O. 1eH -, 72' , 723
AMMUNIAT.tD LALCI", OUP I0DDE ICA 21 Q N H -4 735 .C.Z 724
A 1P10NIAT D LI THIUIs DIDI IL1 1 11 1 i - b 0l.W ? UL' 725
AM0NILT0D LI"HI , IU. C0DI"D ILlE I L 1 .r p1691 .u :J 72o

AtlYMuNIATr.0 Li ihIUb, iCDI)E 4L1 11 N -H 751 .C ul 72?
AMMONIATEU LII H114 06 tL£= I L 1 11 i4o# -z 799 .,* 6 12r,
Al 04NIATE. D LX 1 hlUP- 10DIDE ILT 11 4i. 15H .r .25 U " 729
A MONIAT L U 611hiUP IOD ID 2L1 21 1114 1 3H _r, 417 .0wG 73u

APM, MhIATfD LI TlMII, 6 CDIU t IL 11 7, .H Wn a57 cLI"' 731
Al"MUNIU, CYAN4 AU 214 4t, H i. -1 -7 ,GG 73

iiG 0N IAR A --C. -- 1 - .04 73ý

BARIUm N iTRAT L ILA 21 0 -00 907 .117 734

ýAPIUM 11LK0)I LL 10A a0 Q ~ -n ec . 17 w 7'.
SEWYLLIo P. NiT h.I td E 3bE Z.0 -- -. - 4o4 ,v 3 c,
CALCIUU LARbI OL ILA 2C -t, -, -Q 234 . ',:,' 737

CALCIUM NITA Tb ICA Z, I u -6 1r1 1305 .0.5 ?30
CALCIUM FEPUjX IDL I CA Zu -'v -L _' 

1
.1 .- ,. 7r'

CAkk0N (AI4OKPhuuS) IC 917 )o!37 74C.
CAR30N MCNO0IoL I(. 10 -6 -0 -' 943 .o.45 741

DECAHYCb ,NA P T mIAL E 141 E U. -4! -W 0 v1 744.
DIhIUTYL IUN P:ALrATE 2ýh 12C 40 1Ss -'31 ,05 . 743
DIMETHVL AMMC'N LITHIUM 1001Lu IL1 11 4C 13• N 477 1, -" 744
DI"L.THYL AMCMh LITHIUM IUDIbE ILl 1 OC 19H IN 47! .tLiw 74ý
DIhNEVhYL AMMON LITHIUM I0uIlE IL, 11 12C 31k *N 46.'3 •0;i' 74c
EkL-Cý1U Iqli 15C IN 40 -18 .0J444 747
E'7HANLTHI4OL 2(. bH Is -0) -n 250 GOJO 74o
HC 414. lICTO h 75m 5 'CL 10 134 74y,
HYDRO. iI. CYAN IC DE Im 1C 1fq -, -," 1154 00!2 Isu
HYt100W-hi, CYAN i0l: 1H IC 1. - _' 9.)2 .044 751
LEAD %11" ATL (LtE) ZN 6) IPE. -324 .1637 75,'
LITH 10, iYDkblE 1L l1 1 - U - -e =719 .w2.3 IS3
L P -2 C5 416C 0%6H 85o0? ~7s -721) .04"'o 7"' 4
L -3 1146u C, 5H 107L, 1L1,F -tit .,.4 .i 'Is :

I"AGNE 41UlI OAI wr. 4V. 4 1; ,4 4 0 -. )5o7 71 V 75 c

PLThAiWL IU L ,H -C -) .r 111 !. *ULC t57
ft-uOBASI C Lt Au k.t40iCYLAIL 14C I>'. ; ri 2pis -190U 756
".I TWOUS L.A. I I U -' C r' .. 443 .071 75Y
./112 (u/F I- .u(': ) LO Ill 5 341d 76Co

c:. ON f. 4 -_( -I .j - r 70? .o71 761
P- IUIIUdU N I' 011P, r 4.:l 4 t,4.4 14'0 145k,• -70r, .0505 762
V'ULY I EkI LED Fl,,mALDLHYDE 2h IC lU -1343 .05"09 76-%

uýE SLkIoL •.* FLk KCL 4'U'4'*' 0 164
PUTASSlUI" NIT kATL '., li ,9,, -1 -h 1165 .076 76:
PUTAS.)Iut Ae'AALUAII Ik IN -( -1H .) 4• .t UO '/66
Sb.L I CuIt, L 6m 2C 10 1s -I1 2r' .3ol 767

tCDIUM NLTkATY IN 30U INA -1312 ,bl6 760
q~(JIUM b 0LOHY uLmiE ',,A Ib 4h -f -I I15'. .U.h /69
,;ODIUM HY1ýRIo t INA I H - -0 -r _11 .05" 77u
%uULIUh N ITRAT r 4 %A IN .0 - -C r 1112 .0b1 771
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PCPC240 564C 9y9H 2170 -1393 .0395 IU95
PCP0301 5640 999H 2170 -1393 .0396 IU90
PAPZ 224C 155H 270 Z7N -202 .0448 1097
POLYMEG 1000 40 8H 10 -E74 .0355 109b
POLYNEG COU00 4C 8H 10 -874 e0354 1099
POLYSTYkENE 8C 8H 106 .0379 1100
R-18 624C 999H 3740 -1364 .0326 1101
TATi 6C 6N 60 6H -143 .0696 1102

R45M 667C 999H 50 -3C .0433 1103
STAbOXOL P 13C 1011 21 -41 .0379 1104
TEDGN 60 12H 80 21N -645 ,0460 1105
THERMAX AC 0 .C704 1106

LACQUER NITROCELLULOSE €00c 774H 226w 9520 -663 .0599 1107
HYLENL w (HF ESTIMATED) 15C 22H 2N 20 -150 .03o6 110o
CSlON14Co (CrEo) SC 101H 14N 80 t479 1109
GLYCIDYL AZIDE 3C 7H 10 31N 564 ,0470 111U

LEAD STYPHNATE IPB 6C 31H 3N g0 -205 s1091 1111

CALCIUM CHROMATE ICA lOb 40 -I11 .104.4 1112
EARIUM CCROMAIE lbA 1Ck 40 -1347 .1625 1113
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Appendix G

PEP AUXILIARY PROGRAM

In theory, the thermodynamic data for the combustion species could be put onto a magnetic
tape and the SEARCH subroutine of the propellant program made to digest this information. In
practice, it was decided to "predigf:st" 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 dcck followed by two sets of input cards. The
first set contains Holerith information and is somewhat permanent. Since this first may be considered
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 pairs as there are elements in the species. The
information 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 ICL3 designates AIC13. The phase of the species also appears on this card in
column 36. Other information on this card, such as name and molecular weight, is not processed.

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

FIRST CARD Ll(end in 13) L2 (end in 26) L3(end in 39) L4(end in 52)

SECOND CARD L5 (end in 13) L6 (end in 26) L7(end in 39) L8 (end in 52)

where

C p 1I + LI.E) + L3 0 2 + L4 () 3 + L5®02

16 is the integration constant for total enthalpy (kcal/mole)
L7 is the integration constant for entropy (cal/mole/°K)

E is T/1000
(L8 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. It 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 ihe species is solid and the symbol * when it is liquid. Plus and minus signs are added
for ionic species. However, only the leading six symbols are available on the output tape for the
equilibrium program.

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

PEPAUX automatically deletes and edits. Species which are repeated are deleted and noted in
the output. This provides a method of updating the thermo data files. Newer 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 elementary species appear, this allows
one to consider problems in which these elements do nrt burn. If one wants to know what happens
if 10% of his aluminum does not burn, he inputs 90% of his aluminum as A! and 10,01 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 gaseous 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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-ASGeAX CRUISE*PEPAUX//21734
-USE 12. ,CRUISE*PEPAUX
-ASG#T AoF2///256
-USE 28oA
-ASGtT 8,F2///256
-USE 29.8
-FOR.1S PBkPAUXvPEPAUX/A

C004MON /PAUX/ ,!E(101I, 141(1012). IN(l,)1)9. 4K(5092)9 KNISO), JNM7
C UNIVAC 1108 VERSION* FORTRAN IV

1.JE(7)9 OUT(22)s SPEC(S). 1S(5)o PARA(20)91FEDUND(297777)t JD# NJD
INTEGER S

1 FORMAT (1433. 12X9 £11 1SX* 11) 0070
3 FORMAT 4129 2A19 11) 0090
4 FORMAT 12AlIl1) 0100
5 FORMAT IA1,11I 0110
8 FORMAT (184 2A69 16)
9 FORMAT (114 3159 2X9 A6) 0150

554 FORMAT (7(F3.0v1X9A6)v 12/ E12.0,F6*0,E1Z.0)
10 FORMAT (15HUREDUNDANCY IN 2A6)

REWIND 28
REWIND 29
DO 11 1 a 1.97

11iREAD 15#3flE(I)o H1(Io1)o HHI9i2)s IN(I) 0190
DO 1,2 1 a 1.22 0200

12 READ i5o4)14K(Is1)9 HK(It2)p KN(I) 0210
DO 13 1 a 1.5 0220

13 READ 15#5)SPEC(I)o ISMI 0230
CALL BUFFER (1o00#Ot.,0,0s06)
141(9891) a SPEC(i.)
143(99.1) x SPEC(S)
141(98,2) - HK(1.1)
141(99.2) m HK(191)
CALL SHOJAN
CALL NONJAN
LIM 2 JD + NJD
0O 110 K a 1.2 0730
REWIND 28
REWIND 29 05
DO 108 1 a 19LIM 05
READ (29.8) KHASE, REDUND(loI,, REDUND(2p1)*S
READ (25) (ý'J(Llv JE(L). L a197)

102 READ 123) (PARA(L)v L a 1.9)
103 READ (28) (PARAtL.'. L a 10.18)

WRITE 16.6666) KHASEt REDUND(1.1)v REDUND(2ollo (JN(L)o JEl)
I L a 1.7)9 IPARAIL)o L a 1.18)#S

6666 FORMAT (15o 2A6o 9Xs 1413/ 9E12.4/9E12.4p15)
IF (I oLEs JD) GO TO 107
IF IK .EQ& 2) GO To 107

104 LiI a 1-1 0820
IF IJEll) .EG. 55) GO TO 107
DO 105 J a ItLI! 0810
IF lREDUNO1#J) - REDUND(11.I) 105s106*109 0840

106 IF (REDUND(ZJ) - REDUND1291)) 1059109#105 (185o
105 CONT INUE 0860
107 60 TO 150,551, K 0870
50 IF (KNASE - 1) 108951.108 0680
51 CALL BUFFER 12#KHASE#SPREDUNDI1,I)t J9# JE# PARA)

GO TO 108 0950
55 IF (KNASE-il 108#108#51 0960

109 WRITE (6910)REDUND(1.I)o REDUNO(291) 0970
108 CONTI'NUE 0980
110 CO~NI'NUE 0990

K14ASE w -1
CALL BUFFER 139KHASEoS9REDUND(1.I)9 JN. JE. PARA)
CALL KINDAT
END FILE 12
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REWIND 12
WRITE 1696420)

6420 FORMAT (29H1 PEPAUX WORKED SUCCESSFULLY.)
CALL EXIT 1040
END 1050

-FOR. IS SHOJANSMOJAN/A
SUBROUTINE SHOJAN

C o . SUBROUTINE TO DIGEST JANAF DATA AS FITTED BY HOWARD SMOMATE,
COMMON /Pt1UX/ IE(101)s HI(1O1,2)9 IN(1O11# HKE50*2)o KN(50)9 JNI7)
19JE(7) OUT(22)t SPECE5)0 ISE5)9 PARAE2O)9REDUND(2#77771v J0, NJD
DIMENSION CRAZE3))
DATA (CRAZECI)t I a 1#3)/ lHC9 1MGs 1HL/
DIMENSION HOLES). ELM(692)9 MA(6)
INTEGER SPSA

I FORMAT (SA6# SX. Ale llX9 6(2A1, 12)t 1X# 16)
'2 FORMAT 118. iZAl. 161
3 FORMAT W4F13.O)s F5*O. 3X9 FS.Q. aX, IS)
4 FORMAT 17HOMIX UP 219)

it, 0 9
JNM7 a 0

101 READ 15.1) EMOL1I).I.1.5)t PHASE, U(ELM(I.J),Jn1,2),PEA(1),Im1,6),S
102 IFIRST a 0
103 DO 11 1 a 1,16
11 OUTER) me SPECIII

IF (NA(1I .EQ* 0) RETURN
C o . IF NO ATOM COUNT9 SHOJAN IS FINIISHED.

JDO JD + 1
INDEX a 1
00 9 I a 1.7
JNEI) a0o

9 JEMl of0
DO 17 1 s 1999
DO 16 j a 1.6

C o o COMPARE HOLERITH WITH PERIODIC TABLE.,
IF EIII(I.1) .NE. ELM(J.1)) GO TO 16
K a NAIJ)
IF E1 *GE. 96) GO TO 12
IF EHI41Et2l .ME. ELM(J.2)1 GO TO 16
OUTI INDEX) a HIEIv1)
OUT4INDEXel) a MHE11.2)
INDEX a INDEX + INEI)
OUTE INDEX) a HKEKo1)
OUT(INDEX+11 a HK(K.2)
INDEX a INDEX + KN(K)
JN(J) a K
JEW.) u lEE I)
GO TO 17

C .*a o ATTACM CHARGE APPENDAGES*
12 DO 13 L 8 1.K

OUTE INDEX) w ELMEJ91)
13 INDEX *INDEX -& 1

JNEJ) *K
JE(J) *0
IF El oEQo 90) JNEJ) so -K
GO TO 17

16 CONTINUE
17 CONTINUE

IF (JEWI *NE* 0) GO TO 16
OUT(21 v OUTEL)
OUTfI) a 1ME

C . o ATTACH PHASE IDENTIFICATION APPENDAGE.,
11 KNASE a2

IF (PHASE .EQ9 CRALE(1)I OUTE INDEX) a SPEC(21
IF EPHASE *EO. CRAZE(2U) KMASE a I
IF !PHASE *EO. CRAZEES)) OUT(INOEX) or SPECM3
WRITE (2992) KHASE. (OUT(I), I a 1.12), S
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WRITE (28) (JN(L)o JEiL)v L. a 1.7)
87 READ (503) A.BC9DTLoTU9SA

IF (S .ME. SA) WRITE (6.4) SvSA
READ 15.01 EFtGoH*TLTUSA
IF (S *NE. SA) WRITE (694) SPSA
READ 15.1) (HOLf1)9IsI,5)9 PHASE# ((ELM(loI.J)J1.2),NA(1),91,161,S
IF 1S 9ME9 $A) GO TO 89
IF (PHASE *NE. CRAZE(2)) GO TO 89
IF (IFIRST *NE. 0) GO TO 88
IFIRST a 1
GO TO 87

86 WRITE (26) AoBC9D9EoF9G9TLtTU
READ (593) A#BsC.DvTL.TU9SA
IF (S .ME. SA) WRITE (694) SsSA
READ (5,3) EoFoGsHTL9TU9SA
IF (S *NE- SA) WRITE (6.4) S.SA
WRITE (28) ABC9D9E9FG9TLtTU
GO TO 101

89 WRITE (28) AoB.CoDoEtF9G9TL9TU
WRITE (28) AoBC#D9EoF9G9TL9TU
GO TO 102
END

-FOR. IS CONVERoCONVER/A
SUBROUTINE CONVER (PARA# A98vCvDsEtF9G9TLoTU)

C e o SUBROUTINE TO CONVERT OLD PARAMETRIC FORMS TO NEW PARAMETRIC FORMS.
DIMENSION PARA(201
A a PARA(3)
B m PARA141*1000o
C a 0
D 0 0.
E a PARA15)/I000000.
F a PARA11) + PARA12) - PARA(3)*3000* - PARA14)*4500000#
1 + PARA(5)/30900
F u F/1000@
G a PARA161 - PARA(?)*ALOG(3000s) - PARA(4)*3000*
1 + PARA(5)/4500000# + ALOWG100.)
TL a )PARA17)
TU a PARA($)
RETURN
END

-FOR. IS NONJANoNONJAN/A
SUBROUTINE NONJAN

C * . . e THIS SUBROUTINE PROCESSES NON JANAF TYPE DATA ACCORDING TO DOW
C s s e e AND OLD NOTS (NAVWEPS 7043) FORMATS.

COMMON /PAUX/ IEf1O1)v Hl1101.2). IN1101)9 HK(5092)9 KN(50)v JN(71
1..JE(71. OUTi22)9 SPEC(S), IS(S). PARA(20)#REDUND(297777)9 JO. NJD
DATA ELECT/ 6HEEEEEE /

I FORMAT (14139 12X9 lit 15X9 11)
2 FORMAT (189 12A1. 16)
6 FORMAT (4E13s0) 0120
7 FORMAT (6E9o6*2F6eOsI1) 0130
NJD m 0
DO 99 LIM 0 197777 0240
DO 98 1 a 1.18 0250

98 OUT(I) a SPEC(l) 0260
READ (5.11)(JN(I) JE(I). I1 197). LEVEL9KHASE 0270
IF IJN(1) *EG. 0) GO TO 100

C o * IF NO ATOM COUNT#SKIP OUT.
NJD or NJD + 1

29 IF IKHASE) 30931030 0290
30 READ (5.6) A. Bo C. Do Ev Ft G

TL a 298.
TU a 6000.
JAN a.1 0310
G~o TO 32 0320

31 READ 1507HPARA(I)o I a Ip81,KHASE,(PARA(I)9I a9.16) 0330
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JAN ? 2 0340
32 INDEX a 1

DO 17 1 a 1997
DO 16 J a 107 0370
KK a J
IF (JN(J)) 14017914 0ol0

14 IF IE(1E) - JE(J)) 16159.16 0390
15 OUT(INDEX) I HI(I.1) 0400

OUT(INDEX+1) a HI(1,21 0410
INDEX a INDEX + INII) 0420
K a JNIJ) 0430
OUT(INDEX) wHK(KtI1 0440
OUT(INDEX+I) a HK(K*2) 0450
INDEX a INDEX + KNEK) 0460
GO TO 17 0470

16 CONTINUE 0480
17 CONTINUE 0490

OUTIINDEX) m SPEC(KHASEI 0500
INDEX a INDEX + IS(KHASE) 0510
IF (JEll) oNEo 0) GO TO 23
IF 4INDEX MNE. 1) GO TO 18
OUT(INDEXI a ELECT

1. 1 ABi(JN(1)) 0530
IF (JNIf1) 19.23921 0540

19 DO 20 1 a 1l1AB 0550
OUT(INDEX) 0 SPEC(4) 0560

20 INDEX a INDEX + IS(4W 0570
GO TO 23 0580

21 DO 22 I a 19IAB 0590
OUTEINDEX) R SPEC(S) 0600

22 INDEX a INDEX + IS(5) 0610

23 IL 0 MINO(INDEX-69.6) 0620
IL a 1
IU a IL + 11 0630
WRITE (2992) KHASEP 4OUT(Il. I m IL.IU), NJD
WRITE128) (JN(Lit JE(L), L w 1.7)
IF (JAN .EQo 2) CALL CONVER (PARA(1)#A#BC9DsE9FcG9TLtTU)
WRITE (28) A9B.CtDtE9F9G9TL*TU
IF (JAN eEQ. 2) CALL CONVER (PARA(9)9A*BCtDpEoF9G9TL9TU)
WRITE (28) A*B*C*DtEPF#G.TL.TU

99 CONTINUE
100 RETURN

END
-FOR.IS KINDAT.KINDAT/A

SUBROUTINE KINDAT
C . . a . THIS SUBROUTINE READS IN CHEMICAL KINETIC AND COLLISION CROSS
C a a . o SECTION DATA FOR MORE ADVANCED VERSIONS OF THE THERMOCHEMICAL
C * . . * PROGRAMo

DIMENSION PARAE2O)
REAL JUMP

554 FORMAT (7(F3.Q.1XtA6)t 12/ E12.OF6*09E12o0O
DO 209 1 a 1,10OU
HEAD (5,5541 (PARAEK). K a 1.I4))LBJ*8UMPtJUMP9HUMP
IF ILSJ *NE. 1) GO TO 556
BUMP a -BUMP

556 WRITE (12) (PARAIK)# K a 1914) 9 BUMP, HUMP. JUMP
IF (PARA(i) oEQo 0G) GO TO 210

209 CONTINUE
21U CONTINUE

DO 219 1 a 191000
READ (5.555) VA. VS. VC
WRITE (12) VA. VS. VC
IF IVA oEQ. 3.) Go TO 220

219 CONTINUE
220 CONTINUE
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555 FORMAT (F4@Qo A69 E10@01
RETURN
END

-FORIS BUFFER#BUFFER/A
SUBROUTINE BUFFER (IWO PHASE* So REDUND, JNoJE# PARA)
DIMEN$ION B1N(20935)o .E(7.9 .JN(7.9 PARAI18,
IF UIWoEgo 1) GO TO 11

SINE 1.1) a PHASE
GO TOE 11.21.51). 1W

11 REWIND 12
1 a0
GO To 99

21 BIN1192) a REDUND
BINd1,03) a S
DO 31 1 a 1.7
K a 3 + 2*(J-11
BIN(l#K4-1) 8 JNIJ)

31 BIN(I*K,2J a JEWJ)
DO 41 1 a 1.18

41 BIN(I.tj17) a PARA(j)
IF (PHASE *LT* 0a) GO TO 51
IF 11 *LT. 20) GO TO 99
I1u0

51 WRITE (12) l(BIN(JK), K x 1035)9 J a 1.20)
99 RETURN

END
-XQT
3L12
IINA2
19K 1
37R82
55CS2
87FR2
4BE2

12MG2
20CA2
38SR2
!'6BA2
BORA2
58 1

13AL2
21SC2
39Y 1
57LA2
89AC2
95U52
9 6U 12
9 7U22
98U32
99U42
22T12
23V 1
24CR2
25MN2
26FE 2
27C02
28N12
29CU2
30ZN2
31GA2
32GE2
40ZR2
41C52
421402
43TC2
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44RU2
'SRbl2
46PD2
47AG2
48C02
491N2
50St42
5SOcE 2
59PR2
60ND2
61P142
625142
63EU2
64GD2
65 T82
66DY2
671402
6SER2
69TU2
7OYS2
71LU2
7214F2
73TA2
.74W 1
75RE2
76052
771R2
78PT2
79AU2
SOHGI
GITL2
82PS2
9UT142
91PA2
92U 1
93NP2
14S12
6c 1
63812
IS82S

33AS2
ISP I
7N 1
114 1

84P02
52TE2
345! 2
16S 1
so 1
85AT2
W3 1
35OR2
17CL2
9F I
214E2

IONE2
16AR2
36IKR2
54XE2

0
2 1
3 1
4 1
5 1
6 1
7 1
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81
91
102
112
122
132

142
152
162
172
182
192
202
2W
222

0
$1
*1
+1
-1

ALUMINUM CC) 26e982 AL 1 2-A
*79604324E51-,74234602E+l 912013784E+2-,41592804E+1 299 TO 09S? 1265 2-8

-,79464640E-1-,24076189E+1 ,17672812E+2 .00000000 298 TO 0932 1265 2-C
ALUMINUM (C) 26.982 U4 1 2-0
o79604320+012-74234596+01 *12013784+02'°*41592802+01 298 TO 0992 1265 2-E

-,79464629-O1-.24076188+01 ,17672811+Q2 .00000000 298 TO 0932 1265 2-F
ALUMINUM, MONATOMIC (0G 26.982 AL 1 4-A
.48557431+01 *17986383-00-=84569434-01 o12009095-01" 298 TO 6000 1265 4-8
.19636010-01 e76611834+02 *45244449+02 *77999999+02 298 TO 6000 1265 4-C
ALUMINUM MGNOCHLORIDE (0) 62,435 AL 1CL 1 6-A
,88697597+01 ,17984430-00-,16823909-01 o14157672-02 298 TO 6000 964 6-8

-,57386842-01-,14046012+02 .64827267+02-911200000+02 298 TO 6000 964 6-C
ALUMINUM (L) 26.982 AL 1 3-D
,75878742+01 ,11669338-03-.29586136-04 ,21870895-05 0932 TO 6000 1765 1-8
,93873461-05-,19028412-00 ,17602579+02 o20720000+01 09J2 TO 6000 1265 3-C
ALUMINUM (L) 26.982 U4 1 3-D".75878742+01 .11669338-03-,g9586136-04 .21870895-05 0931 TO 6000 1265 5-F
993873461-05-,19U28412-00 .17602579+02 *2072n000+01 0931 TO 6000 1765 3-F
ALUMINUM# MONATOMIC (G) 26.982 U4 1 4-A
*4d557431+01 ,17986383-00-,84569434-01 .12009095-01 298 TO 6000 1265 4-8
*19636010-01 976611834+02 645244449+02 *77999999+02 298 TO 6000 1265 4-C
ALUMINUM CHLOROFLUORIDE (0) 81.433 AL 1CL 1F 1 7-A
,13469642+02 ,37285351-00-,10065834+00 ,85780854-02 298 TO 6000 964 7-8

-,1d165674-00-.12464722+03 ,82534085+02-,12000000+03 298 TO 6000 964 7-C
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Appendix H

LISTING OF PEP PROGRAM

SUBROUTINE ADJUST
COMMENT. AOJLSTS GmAM ATOP'BALANCE FPPORS BY MODIFYING THE BASIS.*
CALLED BY UEFIUJ

~COMMON A412,12), I'RIZc)o AMAT(11,12), JAT(12), ASPLCI1Z2, IN, IS,

2ISERI(1Vr)o WATL.(1), W116), W43, 16, NP, VNT12uI), W47, NAMF, SEP
OCOMMON IISPIUMi TL(24P,022, TU420C92)9 W142nnil, VNU(200,11J, QA,

ZIOJ(IZD, PAIZMh.IZ)l RP(2011v2)# PC(200,92)9 RD(ZL6flv2) RE(20ý9,2)
3RF12Ut)92)s CN(.!COU,z), JMv W4N8o CP, FN, C(1292OU)t $PECIEE?CO)
DIMENSION EP412)0 X1I7)
00 1 1,75ll
EPRI ALPII)
00 1 J = I N

I CR112:= EPU - C(19.j)*VNT(J)
DO 2 K z I I15
XIK) =0.
DO 2 1 1Is

2 X (K) =X 4K) # A I, K )*EP1 1)
DO 3 X : I IS
J =IOJ.i(K)

3 VNT (J) :VNTEj) + X(K)
77 FORMAT lIP 12E10.7 )

IF (KR( 1o) ECo. (ji GO TO 99
WRITE 46077) (ALP(J),9 J =1,15)
WRITE (6,77) ( EPI..)t J = Ills)
WRITE (6,77) (XIJ) , J = Ills)

99 RETURN
END

SUBROUTINE BOOST4W43,SSI)
COMMENT. COMPUTES URAC, FREE BOOST VELOCITIES FROM IMPULSE AND DENSITY.
C IF NOT DESITED, DLLETE THE CALL IN SUBROUTINE DESIGN.

DIMENSION w42(20)q W44(201
DATA .JM/18 /
DATAIW42(I), I ,6/.1.1,2.3.5.6.b,7,8,
1 10G.,1:0O.175.2ZOO.,30o,1OO0.,3OOO.,50OO.

227 FORMAT( /6(FS.Ol,1N/F6.C1)/6(F5.0,OIH/F6.o)/6( F6oO#tH/F4;or9)
23U FORMAT f/43HUBOOST VELOCITIES FOR PROPELLANT UENSITY OF Fbi5t

11014 (Sect OF FSo3f IH))
W48 :17Z8.*W4Si

123 VO W43d.O 36128
VI SSI*32,174
DO 127 J =1, .iM

127 W4d4(J) ZVI*ALOG(1.C* W48/ W'421J))
138 WRITE (6,230) w439 Vo.....

WRITE (6,227)fW42fJ), W441J), J1,.JM)

139 RETURN 6CND f~
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SUBROUTINE OEFIOJ
C COMPUTES SERIAL NUMBER FOR AN OPTIMUM BASIS A LA HN BROWNE J.j.

OICOMMON A412,121, KR(202, AMAT(1O,12), JAT(12), ASPECI121, INv IS,
IFIE(Intl,62 IEIIO,62, AI.P(12), W27, N, BLOK1IU,S2, LoH(102, RHO4IO),
ZISERl4lo), WAIC(lIf,1 W116)9 W43, 16, NP, VNTI2u12, W47?, tiAMF, SEP
OCOMMOW /IBRIUM/ TLICO,21, TU(200,22, W342001, VNU1200tI192 QA,
IYAU, H(701J, SuW2'Q), Y42002, JC, IR420092 ), DMU(Zljfl), VLNK(210)t2
Z1oJ(1212 RA(2QU,2! k8200,921* RC(200,2,9 RDo2L~tl2, RE(200,2)t
3RF(200,22, CH1200,2), JM, W'48, CP, FN, C412,2002, SPECIE1200)
'49LL (2002
CALL SLITETfIKoonfFX)

GO TO(7,112,KOOUFX
7 CALL SLITE (1)

CALL RANK(IRW3,N2
00 1 1- 9,N

I LL(I) c
2 IF=n

DO 6 1 1,15S
3 IF :IF *1

IF 1IF-N) 9,9,8
8 WRITE (6,10)

10 FORMAT fIMQCANT FIND BASIS
CALL EXIT

9 00 '4 J = 1Is
K =IR(IF,11

'4 A(JI1 CI.JqK)
5 CALL LINC.EP1I2

CALL SLTYET42#K0UUVFX2
GO TO (6693)9 KDOVCFX

66 L L(K2 I L
6 10.2(1 K

CALL ADJUST
11 RETURN

END

SUBROUTINE DESIOU TEPRHESYSENTJ,! 2
I)COMMON A412912), KR(2'n2, AMAT110,12), JAT(12.,1 ASPLCIIZ2, IN, is,
IFIE(1O,62, IE110,Ct, ALP(122, W27v N, BLOK1¶0,51, L14(102, RHO(10)l
21SERI1O2,i hJATLflrAt W1t6), W43, IG, NP, VNT(97), W4?# NAME, SEP
COMMON ISCRAYCIPLOT(59100)

')COMMON /IBRIUM/ TLI2L,2), TU1200,21, W3t20r12, VNU42U01,121, QA,
ITAU, M42LO2, 50(2nD), Y(ZOO)D, JC, IR(20092), 0MU(24Jt11, VLNK121)o)
210J2(1?1, PA(200,21, RB(200,22, RCtZOD,22, RD(2UO,21, REt2002lo
3RF(200,22, CH1200922, JM, W489 CP, FN, C(12,200), S3ECIE(2UD2
DIMENSION TEMP (202,PRESl20),HEAT(2O2,VOLUl20)IPH(i~02
DIMENSION SPI(22,AST(2),PST(22,GAM(2),CF(2),EV(22 ,CSTE2IQISP(22,
I0EXt22,Ehf2)9THRT(219TEX(2)

I FORMAT ('4E1#,.6, 19)

TEMP(I = T

HEAT(I ) :HE
VOLUM =? FN**USZCIB*TEIPR
IPHEII IPHASEhJ)
NPNTS = I
IF (IEO* 11 %30 TO0 99
SPI fJ*I I 9* 329'4*SQRT ((HEAT 112-HEAT(2) )/W272
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IC TEXIJ.13 TEMP42I
AS =VOLU(f2)/SQRT (HEAT (A -HEATE2j)
CONV 1 .o/1OOOiSQRT 1372.*W2?)
NSTART =2
IF WJ *LQ* 03 60 TO 21
DO 2 U LIM =1,8
00 19 K = NSTART, NPNTS
IF INPNTS *E0. 2) GO TO 9
IF IIPH(IK-1) .EC., VrPHlK33 GO TO 19
IF fABS(TEMP(KJ-TEMqPlK-I33 *LTo 2.3 60 TO 19

9 TEMPI4K13I: TEMP(K)
PPES(K413 PRESIK)
HEAT (1413 HEATh')
IPHIK*13I IPHII(3
Y OLU (K I1I VOLUIK)
IPH(K) IPHIK-1)
NSTART x
NPNTS NPNTS 1
TUP TEMPcK-1j
TLO TEMP(K~l
PUP PPES(K-1)
PLO PRe.StK.I)
HUP HE AT(K-13
HLO=HEAT (K+ 11
00 15 L = IOU
TZMPIX) z S*ITUP*TLO)
TE =TEMP(K I
IF (TE *.*LT* Tr3IP41)) GO TO 151
TEMP (1( TLO
PRES(K) PLO
NEAT(K) HLO
GO TO 16f

15 1 IF (TE -1. .61. TLX(?)3 GO TO 152
TEMP(1() :TUP
PPES (K ):PUP
HEAT(1(3 ZHUP
VOLU (K) = FN*.LCZ[5*TEMP(K)/PRE!, IK)
GO TO 21

152 T E 7E4P I K?
CALL TSBAL (TE, PPESIX), HEATtic., VSYFNT,PUP,PLO)
IVA ZIPiiASEIJI
IF (IVA .NE. !IPH(X-llI GO TO 13
IF (IVA mEQ. IPH(K.113 GO TO 16
TUP =TMPMPK
PUP =P R LS 4K)
HUP =HEATI13
GO TO 15

13 TLO =TEMPMK
PLO =PRLSMK
81.0= HEATIK)
IPH(K) IVA

-15 CONTINUE
16 VOLUCKI FN*s.j82Cr*TEMP(K3/PRES(K3

GO TO 20
19 CONTINUE

GO TO 21
20 CONTINUE
21 DO 31 L 2,NPFNTS

CALL ONE DIHEAT(13,TEMPIL-13 ,PRESIL-1),HEAT(L-1),VQLU(L-1),TEMP(LI
ltPRES(L3,v HEATIL), VG.LUfL3, PST(J+13, ASTAR, 6T, GC, FjV, LL).

IF (PRES IL) aLT* PST(J*133 GO TO 53
31 CONTINUE
S3 IF fPST(.j+3 *LT. PRLS(L-133 GO TO 32

PST(j.1)I PRESIL-11
ASTAR YOLU(L-13 /SQRT (HEAT( 1) - HE A T(L"13 I
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32 OEX (J.1) = AS/ASTAR
G AM (J+1) =69
CONV = 1 ./1000 ./$CRT (P368.*WZ7)
AST(J41) = ASTAR*CONV
CONVI= 9c606/lDO~te/4184e/24#218
CFI.J'1) CONVl*SP14J4l)/U1( 5)/A STtJ.1)
EVI.J+I) :32#174*SPI1J41)

EL(.J.1) fW43/.U!1 613)*-tl.78) *SPIIJ*1)
AST(J.1 AST(JJ1 )*155O./s0O22D462
THRT(J.1 ) TEMP(L)*IPRES(L) /PST(J*1))**6T
IF J .EQ. 0) GO TO 99
CONV = CUNW/COT.VI
P ASr :P ST (J+ 11

9875 D0 49 K =:,U
IF IKR( 3) .NE. 0 .A ND. K &EQ* 2) G0T094376
PLOT (1,4( = K
AREA = ASTAR*PLOTLI,N)
00 33 M : L NPN.TS
IF IM #GE& NPNTS) GO TO 34
IF (AREA eLTs VOLU(M)/SQRT(HEAT(I) -P-EAT4MN)i GO TO 34

33 CALL ONE O(HEAT(1),TEMP(M*1),PRF.S(M*I),HEAT(M*j,LIVOLUUM*1),TEMP(p4)
1,PRES(H),HEAT(M).VOLUtM),VA,VB,GTGC,GV,LL)

34. L = M
PUP = PAST
PLO =PAST/3s
00 43 M 1,28
PLOT (2,4) :.5*(PUP+PLO)
IF ((PUP-PLOT(,L,K))*t(PLO-PLOT(2,K)I 35944t44

35 VOL = VOLtlIL)*IPRFS(L),PLOT(2,KH)**(1./GV)
GO TO t3b937) t LL

36 HE: =HEAT(L) + GL*(VOL*PLOT(29K) - PRES(L)*VOLUtL))
GO TO 38

37 HE :-HE'TIL) #GC*ALOGIPLOT(2,K)/PRES(L))
36 IF IAPEA VOL/SQRT(HZAT(l)-HE)) 39944940
39 PLO ZPLCT12,K)

GO TO 43
40 PUP =PLOT(2,K)
43 CONTINUE
44 PAST = PLOT (2,K)

PLOT(39K) TEMPlL)*tPRES(L)lPLOT(2,K) )**GT
PLOT(~4tK) = 9.3294*SORT((I4EATfl)-HE)/W27)
PLOT45,K) = PLOTI'49K) 4 PLOT(2,K2*AREA*CONV

'49 CONTINUE
2 FORMAT 11P 5E18.7)

9876 WRITE (6,1243)
1243 FORMATti 72HoIMPULSr IS EX T* P* CF !SP* OPT EX

X 0-ISP A*M. EY T
1245 FORMATI F7. I,F6.4,F7.'3,F7.2,F7.3,F7. 1,FT.Z ,F7. IF8.5,F7.U)
124.'. FORMATI/Fl. 1, F8.4 ,F t.(IF 7.29,F7.3,v 7XF 7*2 9F7.ltF8s 5 F7.0 1

WdRITE( 6,12'e4)SPIII) ,GAMI1),THRTI1) ,PST(1) ,CF(I), OEXII)
I , RI SP(I ) , AST ( I ) TEX( 11

WR1TEI6 ,12451 SPI12) ,6AM124,THRT(Z( ,PST(2) ,CF(2), CST(2),OEX(2)
X,RISP(2)vASTt2),TEX (2)

24 FORMAT( 'UINGREO. DENSITIES ARE'/19F8,41)

IF(KR(3 I *Gl. 0(60 TO 96
C DELETABLE NON- ASCII OUTPUT OF DATE AND TOFDAY.

kIRITE(6q,23) U SERl IfI,I:2 ,6)
23 FORI4ATI'1,95A6)

CALL BOOSTiWq3,SP 1(2))
98 CONTINUE
9V RETURN

END
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SUBROUTINE OESNOZ
C NOZZLE HAPLWARE &uESIGN POUTrNE.

OCOMMON hI02,12), YR(Z."), AMAT(10,123, JATI121, A!SPLC(123, IN, IS,

2ISEF:1E1.'3, 6A3,~ wl(6), W43, 16, NP, UNT12ul) , W47, NAMr, SER
COMP'ON /5CRATC/PLdrE', 100)
CALL SL ITET 13,ISL )
IF (ISC .EQ 1 I) A Q TO 99

2 L FORMATI 0 1',S5A 6
0C '49 K=1,lr00
TVA:PLOTI'4,K)4(PLrTU),K)-PLOT(4,K3)*(PLOT(2,KJ-1.,/PLOT(2,K)
IF(K *EQ. 26 .0ON. V. *EQo 6b )WRITE ( 6o23) ( sERif I )oIz2,6)
IF IK sF6. 1 OR K oEU. 26 *OR* K 9EQ. 66)WRITF(6,2O0U)

2..CO FORMATE'CloI ExP .'1,' EXIT$','I EXIT','I FXIT','I OPTIMUM'
&*OPTIMUM',' VACLUuM', ' VACUUM',' SEA LV', * SEA LVO/

S' RATIO'," PRLSS ' q' PRESS' ,' TEMP','I IMPULSE',' IMPULSL'
C,' IMPULi*, ' IMPULS' ,'IMPULS#, ' IMPULS'/

tl.DX,IATM'.' S ','q K'I,'0 SEC,,, S Is,'I SEC,
L 5 ',l's SF.c',' SI')

VA--PLOTfd.,K litlul. 3
VB-PLOT (49K 3*9.8C621
VC=PLOT (SoK )*9*806dl
VO:TV4*9.90621

49 WRITEI6,77773PL0T(IK),PLO)Y(Z,K) ,VAPLOTl3,K),PLOTI4,K),V.9,
&PLOT (59K )*VC#TVAVD

7777 FOPMAT(Fbi.OF7.3,F7.1,F7.O,F8.1,FB. c',r7.1,F7.Dl,F?.,F7.(')
99 RETURN

END

SUBROUTINE EQUILI TEtPPHE91ENTPtTXl
COMMENT. THIs -ROUTINE COMPUTES CHEMICAL EQUILIBRIUM FOR A PRESSURE,
c TEMPERATURE POINT. OTHER OUTPUTS ARE ENTHALPY AND ENTROPY. HEAT
C ICPI AND MOLES OF GAS ARE AVAILABLE THRU COMMON*
C THIS ROUTINE IS CALLED BY PEP, HBAL, SBAL, AND TSBALo
COMMENT UNITS ARE TE (DES. Ko) PR (ATM*) HE (CAL/SYS W!.) ENTR (CAL/D
C ISYS. WTs) 4,.YSTEM WEIGHT IS W27 IN COMMON*
COMMENT. IX IS 0 FOR FROZEN EVALUATION OF THERMOOYNAmIC VARIABLES.
c -IX IS I iOR EQULIPRIUM EVALUATIONS 1 IX =2 FOR KINETIC IN SOME VER
COMMENT. IN ALDITION To PRESSURE TEMPERATURE POINTS THIS ROUTINE MAY BE
C FREELY FI~R VOLUME TEMPERATURE POINTS By USING THE FOLLOwING P'ODIFIE
C CALL SEQUENCE. VNT(NP:=ALOG(oO8205*rE/Vn) KR( 17) 1 CALL EQU
C (TE, PR, hE, ENTR, rX) MRc 17 PP=FN*VNT(NP)
C V IS THE SYSTEM VOLUME IN LITEFRSiSYSo WT*

OCOMMON A(12912)t KR120)v AMATI11O12)9 JATIIZI, ASPEC(123, IN, IS,
IFIE(1O,619 IE11Olb)t ALP(123, W27, N, BLOKIIO,51t OHIIO), RHO(IO),
2ISERI(101, WATL(II)t 41(6), W43, 16, NP, VNT42U1I)o M47t NAME, SEP
CCOMMON /IBRIUM/ TL(200,?i, TU4200,2)0 W31200), VNU(?O0,123, QA,
1TAU9 HI2UC)o S0120017 Y(20019 JC, IP1200,2), OMU42UC), VLNK(2C103,
2IOJ(1Z), RA(2OU,2), RBE200,21s RC(70092)t R0(20092), RE1200,2)v
3RFt2('O#2), CH(200U2)t JM9 W48, CR, IrNt C(12P2003, SPECIE(2Cfl)
COMMON/MOON/TS TEST
DIMENSION X(12)9 XMII?)

6 FORMAT II5*Fl1O.O, F12931
9 FORMAT (IP 10E13#41

1734 CALL GIBBSITE)
CALL FIXbAS

IT35 IF (IX - 1) 71121
12 Do 38 = 1,lS

XM(jl Le
00 31 1 =1 ,N
I F i ClJ sI I .EQ0. 0. * GO6 TO 31
XM(JJ AMAXI(VNT(II, XM(Jl3
xii (j) X +) ctj.13*vN~iEi)
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31 CONTINUE
IF IABSS(ALP (J) - X(J)) /XN(j) 9LT. . 00001) 60 TO 36
CALL SLIMEI1I
60 TO 39

38 CONTINUE
39 CALL OEFIOJ

CALL REACT (TE)
Do 211 1 c ,N

211 W3(11 5090 -VLNK(I)
CALL RANK(IR,43,N)

11 00 22 JL 1920
CALL TWITCH(PROI
CALL SLITET('4,KOOr3FX)
6O TO 4146,917 ),KO(OF X

146 IF (KR(l3)-li 15,14,15
14 WRITE f 6#8) JCt7EPR

WRITE (6,9) IVNTII), I: = ,N)
15 DO 23 ICC =193
2 5 CALL TW ITCH MPP I1

CALL SL ITE T 14 9 h~ 'FX)
G0 TO 12 . 22),KCu (F X

23 CONTINUE
2, C ON T U E

CALL SL I T (3)
2 1 JNT INP ) : ALOG(PR/FNI
17 CALL TH!Id40 MT, HE ENTR)

VNT(NP) zEXP(VN~tNP)l
TET =T
RET UR14
E ND

SUBROUTINF FIXBAS
UCOMMON A(12,12)9 KR(1an), APMAT(10,12), JAT(12), ASPEC1121, 14,t IS,

21SERE1fn), ~ATEllf'), W116), w43t 16, NP, VNT(2Ljlb, 447, NAME, SER
OCONMON /18R UMi TL(iL10,2I, TU(200,21, W3(200), VNU420n,12,9 QA,
1TAU, Hl 20) ,I SL,(,ru), Y(200), JC, IR120Ct2)t DML142u0)9 VLNN1(2C0O,
2I0Jil2it PA1200),2)t Rfkl200o2), RC(2CO9219 RV(209219?) RE12flU,2)t
3RF(2L'0,2), CH(20LA9 Z), JMv W48, CP, FN, C(12,20U)s SPECIE(Z~r)
4, LL (21'O
IF (16 .E0. N) 00 TO 99
IGP =IG~l
00 9 J 1,15i
II IOJ(J)
IF DMU (11) *LT, .9E*12) GO TO 9
DO 8 1 z IP,fj
IQ 99
I7 e-tNU(11,J) oL~o U.) GO TO 8

IF I rMU I I .GE. *9E*17) GO 7O A
D00 7 K - I I
IF lK *EI. .J) GO TO 7
IQ K
I F I VNU (I,K ) .NE, U.) I 0 To P.

7 CONTINUE
VA - NT (II I
VNT(111 VNT(I)
VNTII) VA
io.J(J) I
LL(I ) =
LLIII) 9
GO TO 9

6 CONTINUE
9 CONTINUE

99 RETURN
END
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SUBROUTINE GIEb~TE)
COMMiENT. COMPUTES INDIVIDUAL ENTHALPIES, ENTROPIES AND GisBs ("HEL ENERGIES.

~)OMNA1, ,KH(zfl)t AMAT(1C),122, JAT4121, ASPEC(122, IN, is,
iFIE(1016). IE410,EJ, ALP(121, hi??, No BLOKI1C,b)q U#44101# RHO(10),
2ISERI1CU, WATtEUj'), W1(61, Wi439 16, NP, VNT(2u1)g W47, NAMt, SER
GCOMMON /IRRIUM/ TLI ZURDZ2 TU(200922, Wit200), VNU(2Untl,2)9 6A
ITAU9 H(?CO), S.,IZJiU, Y42fl~j, .JC, IR1200,2), OMU(2flP), VLNK4Z10),
210JfIZ), RA420U,2), RB(200,2), rC(200,2), R012.,n?3, RE(Z00,219
3RF4200,Z2, CHf.OU,z21, .JM, W48, CP, FN, c(12,20ul, SPECIE42?O'l)

I FORMAT(3hOT:F6.0,'UH HqS-DMU-D, 3/LINE)
2 FORMAT1341P3E12.'s,13 t1H ) )
3 FORMAT 1IDHODELETION A6, F1O.4)

T HE T A-TEi10 00*
DO 16 I=IN
TU1:TUfII .1-10.
TU2=TU(I ,12IL.D
T EQ =ABS ( TUC I( 1)-TL( I,2))
0 :Ca
IF(TE*GE.TL (I, 1) .AND.TE.LE TU fI ,1I GO TO 30
IF(TE.GToTL(It3.t*ND.TELE.TUEI,2,, UO TO 31
IF ITC sLF, Z9d.1f) 00 TO 30
0=lO010C0OOO0ýu.

31 K=2
Y2:RA(IIS24RB(1,K)*TIHETA.PC(IK)*IHETA**2,RD(I,I(,*THETA**3

I *RE(IK2*THETA**(-?)
W2:(RF(I,K2.RAII,K*THETA*..*RB(I,K,*TMETA**ý&,1./3.)*RC(IK)

1 *THETA**3..25*RD(I ,K)*THETA**IA-PE IIK2'1./THLTA 3*1000.
SD2--CH(I 9K)4RA (It 0)*ALOG (THE TA2.RB( I 9K*THETA*.S*PC 11 K)*

I THETA**2*( 1.13.)*býD(Ik2*?HETA**3-.5*RE(I ,K2*THLTA**I-2)
IFITL.GE.TUIAND.TE.LE.TU2.ANO.TEO.LE.1.) GO Tu 32
Y (I 2 =Y2
H (I ) ZH2
S 0 1 )Z5 D~
GO TO 20

32 K I
Y lPA II iK) *RB 11, K TME TA *PC (I K)*TH ETA* *2#RD II, K )*THETA** 3

1 *RE(I #K I*T HLTA*( -2 )
H1:(RF(I,X).RA(I,K)*THETA..5*RB(IK,*THETA**Z+(1./,3.2*RC(IM,
I *THETA**34.2G*R I(,K2*THETA**4-RE(I,K2*1./THLTA 2*1UjC'0
S D : CH (I #X )R A(I #K )* AL OGITET( BITHE TA)4P K)*H ET A.I* *RC (I , K)

1 THETA**2.(1./3o)*PDII,M2*THETA**3-.5*REc dI,*rHLTA**1-2
GO TO 33

30 K 1
Yl=RA(I,2u)*RB (19K *THETA+RCU ,K 2*THETA**2,RD(iK) *THETA**'~

1 4RE(IK2*THETA**f-2)
H1:(RFEIK2.RA(I,02*rHETA4.5*PE(I,K)*THETA**2,+(1.,3.2.6ICEI,K2
1 *TH4ETA**3+*25*Rnh(I,K2*THETA**4-REtl,K2*1./THL:TA 2*1000.e
SD1:CHIIIK2.RAUKl(kALOG(!rHETA),RB(IK)*THETA,.5*RCIIM2*

1 THF.TA.*2.(1., 3.2*RD(IM2*THETA**3-@5*REEIK2.THLTA**(-22
IF(TE.GE.TU1.AND.TELE.TU?,AND.TEC.LE.1.) GO TO 34
VII) :YI
H (12 H1

GO TO 20
34 Y2=RAII ,K2.RBII,K)*THETA.RC(IIK*THETA**2.RO(I,K2*TH4ETA**3

I *RE1I9K2*THETA**(-2)
H2=(RF(IK2.RA(Ig)*THETA..5*PBII,K2*THETA**2,(1./3.2*Rctr,x2

I *THETA.*3+..?*RC41,X2*TI4ETA**4-RE( IK2*1./THc.TA2*1~jO.
SOZ:CH(I,K2.RAI1,K2*ALOG(THiETA2.RB4IK2.1HETA,.5*RCIhI,K2.
1 THETA**2.I1./3. 2*,D(Ik)aTHETA**3-.S*RE (IK)*THLTA**(-22

33 F2:-(TU( 1,I)-lU*-TE)/20.
F 1=1 .-F2
Y 11 ) F1* Y1.F2*Y2
H (I ) :F1 *I19.F2.H2
S04Il )=F 1*SD1.Fg*Sfl2
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20 I F IYfI ) GE* 09) GO TO 11888

1888 IF IW1131 *LT* 0a) Q = 0.
IF (TE 9L.* 290*16) H( I):141) -f298ol6-TE)*Y(I)
IF (TE *LT@ 298416) SD(I):SO(I)- YiI)*ALOG(298.16/TE)

18 OMUIU(I =H MI) - TE*SOII) + 0
IF (KRI 11) - 1) 2L191921

19 WRITE (6,11TE
WRITE (6,2) (HII'St) .07 OMU(I 1,, 71=19N)

21 RETURN
E NO

COMAOLNT. THI S RCUT~.0i. COýFS UP WIT'dl A CQLOF COMPCDSiTlON 6UESS UUT IT S
c To DE T CAL CIJA TIOý;4S ýFF TO A FASIFP START.

i COMMCN 6 12,12) , li?( "')t kMAT ( .19 12), JAT(I!)), Al~P&Cl 121 1 IN, IS,9

~,FL 0,ýq'

.7F u,7I CH4,2,u., LIIJM 9 W4 6 CP, rti, C(12,A0ý)v bPL CIE 42-.;)
4,LL I 1- 0 1

9 7 Do $9 1 ,
VA :'

U( Ad 19,I
8d VA =VA 4 SQRT4AoS(L(T!J)2)

C CAL L S L T ( 1.2
C ALL G I A b I T E
Dlo1 1~ = 10'

1 -4 VNTII) = :.
CALL nEF.LOJ

771 CALL r!EALT( TE I
00 I I IN

1 V LNK(QI) -VL K1%I I
CALL RANK(IRVLNK,N)
00 7 1I
j = 1R (I1,II
IF (LLIJ) .LE# 0) r,0 TO I
I F 4 WMU ( ) *GF . . ,1L.? * 00 G TO!

ICALL SETUP(YXMINw.XMAXJ)
XMIN =:ý*YA

6 VNTI.J XMIN * VIdTIJ)
00 4 L 1 91S
K = InJ L)
IF (K~ OF4:0 C) Go TO0 4
VNT(K) =VNT(KA - VNU(JL)*XMIN

4 CONTINUE
; CONTiNUF
~,CALL 511 IE (0)
CALL SLITTE (1)
00 7 1I 9,N

I1 ~.34I 1 V NT (11
2 7 RETURN'
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*SLJ8ROJT I iF H BAL I TE ,Pro F:NTR,9 LLU
COm,q LNT . THIS ROUTINE COrPUTES A PRESSUPE ENTHALPY POINT*
C INPUT ENTHALPY IS VII'.) I% COMIMON. IX WOOKS THF SAM(. AS PO~P EQUiL (WHICP SEE)
C A VOLUMF aNPUT INSTLAL. O~F PRESSUP WORI(S THE SAML wAY AS FOR EQUIL ALS C.

ýCOMMUN A(12,12), I~d',AMAT(lrtl2), JOT1171, ASPLeIl12) INi, ISO
IF IEWIO,6, IEI,' LP(12) W17. , f L- (I,), ,H(101, kHO (ll),
21SEPI~iI), wATrdI ), WIlt), W43, 169 NP,~ VNTI(2U1) W47, NAME, SS

3RFl2t10t'), cH. ,9, .jMt W46, CR, FNs C112,iflU)v S.PLCIE(21JO)
COMMUN/SLPATC /HN(2'.:L,2)

23o FORMAT (le.HfrR~ULTS Dý'1 DAMN GOODI
FTU =6C1!LP(.U
F TL =:7c

5 5 CALL EQIJIL lTE9PN,HF.,E'NTR,LL)
LIM = 2

CALL SL! TET (#,7uiFX)

21 IF IHE W1 44) 0 1C'114 #21`2
213 FTL = TE

FLP : V 0, 1(N P)
HLP :HE
0O 7L, L ION

7U H N L ,I) ~VNTIL)
GO TO I I

20 4 F TU = T E
F UP :V 4)1 fN P)

00 71 L JON
?I HN(L P) VNT (L I

11 1 A : I
CF= V-9AYaXll.on LF1
CF AM IN1 1 6 v u, C F

1)T (hWI (u) - HE)/ tC F*CP)
* UT= AMINiliT, .5*'FTU-1E)fl

0 T: A4A X (DT, or)* IF TL-TE)
TE :TE *OT
HOLD= .
IF (FTU-FTL *Lle o) C60 TO 21
IF' (ACS(LT) .1L1. 1 ) C-0 TO 14
CALL EQUIL (Tr,PNH HE NT R , LL

1~CF = WHE - H0Lu)/fCP.-flT)
13 WPITE (6,276:

wPITL ( l,9236)
21 VA: (HUP-ovl%4))/ (HUr-HLP)

U O 21 L = JON
CP :CP # Vf4T(L1*Y(L
IF ILL Vl. I1) C. r T G1 4

7 ý V NT fL1 VA*HN'(L, ! * VIB*HN(L,2)
14 ENTP = ENTR + (WI14) -HL)/TE

RETURN
END
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FUNCTION IPHASLIL)
COMMENT THIS ROUTIkE OF:TERMINES WHAT CONDENSED PHASLS ARE PRESENT@

OCOMI4ON A412932)9 KR(ZO), AMAT(10,12), JAT(12), ASPEC112I, IN, IS,

2ISERIIlC), WATL.E1r1)9 WI(6)t W439 I6, NP, vNT(2OI)t W'&7t NAME, SER
3, FLOOR
IPHASE :0
IF (16 sLO. N) 50 TO 99
I NC --I
IGP :IG*1
D0 12 1 = GP,N
IF (VNTII) *LE. FLOOR) 60 TO 12
IPHASE =IPHASE # INC

12 INC -'INC + INC
99 RETURN

END

SUBR~OUTINiE LINDEP (1)
(WlMl'ENT. ThIS POUTINL LSTAELISHES LINEAR DEPENDENCE BY THE GRAM SCHMIDT-
C TION AND TiEN IN'jERTý THE A MATRIX BY THE METHOD OF CONJUCATE GqADlE

JCOMINCN A(12912)9 KA(j3)), AMATI10,12), JAT(12)9 Aý,PLC,(1Z)r I'N, IS,

21SERIMl1b WATLlII", '41(6), W43, 16, NP, VNT(2i.,), W447, NAME, SER
DIMENSION S5(1.1, U(I'?12)
0(1,1) 1.I
IF 41 .ET. IS) 60 To 887
IF (I *EQ, 1) Go TO 8
IM I -1
00 7 j :I VIM

R 0.0
DO 2 K :1 915
IF IAIKti) *EO* Us) GO TO 2
IF (AtK,.J) .EQ* Us.) GO TO 2
R R 4 A(KvJ)*A(VI)

2 CONTINUE
IF ('4 Eiwa D.o 1 G TO 7

VA =0.
DO 3 K I $IS

ir wx(Kii 4EQ9 Us) GO TO 3
VA =VA * ABSSA(K-T))

3 CONTINUE
IF IVA &LT* &1) CO TO 6
DO 17 K = IJ

17 O(KI) =DIK,I) - U*Ej(K,J)
7 CONTINUE
8 SS(I) - i

DO d4 J =1I v6
'4 SS(Z) I=SS( 11 AIJ9 1)**2
5 CALL SLITE (2)

IF (I *LT* IS) 60 TO 6
867 DO 13 J = 1,15

00 13 K 1,15
V A =0.
00 12 L =J,I1S

12 VA =VA 4 OIJL)*A(X,Ll/SS(Ll
13 A Im J) WOvi

871 FORMAT 1IFI.6)i
6 RETURN

ENO
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'A OOLITNE ONE D (HS TAGvTZPZqH?,VZ , TOtPOvH09O9voPS#AS,6TqrGCqGV ILL)
COMMENT rCONTINUITY EQUATION FOR 1, DIMENSIONAL FLOw FOR AD1AtIATIC 119)
C OV' , -07AERMAL (20) MODELS.

IF >III *.NE. U2 wRITE (69,1122 1 Z ,Pei
IF (KR( III NE. 02 WRITE (69,1128 1 H Z NO

1128 F OR~'' i I' #71 X,H0*2E 14.4I
IF 4KRIlI) *NE& 02 WRITE (6,11242TZITO

1124 FORMATI'I TZ,TO'2E14.4)
IF IKRI 1)2 *NEo 0) WRITE 169,1123IVZ9VO

1122 FORMAT 1.9 PX,P012E146.4)
1123 FORMATI VZ,V002L14*4)

GT=ALOCG(TO/TZ~lAL0G(PZ/P02
GV =ALO6(PO/Pd.I/ALOG(VZ/VO)
IF IKR(I12 oME. 0) WRITE (6,11252GV,GT

1125 FORMAT Is GV,GY12E14,4)
LL=I
IF (ASS ITZ-TO) *GT* 3.2 GO TO 19
LL=
GC =(140-HZ2/ALOGfPOlPZ)
IF I K9?III *NE@ 02 WRITE (6,1127) GC,HSTAG

1127 FORMAT I I GCoHSTAG'2E14o4)
PSTAR PZ*EXPi-GY/2* * INSTAG-HZ2/6c2
HSTAR hZ 4 GC*ALOGIPSTAR/PZ)
IF 4NRI III 9NE. 0i WRITE (691129JPSTAP,HSTAR

1129 FORMAT 4' PSTARthSTAR' 2E1'4*41
WSTAR =VZ*4RZiPSTAR)*e41.jGV)
GO TO 20

19 GC :(NO-HZ 2/4PO*VG - P.1*VZ)
PSTAG =P2*41, +(HSTAG - HZ2IGC/PZ/VZ)**(GV/IGV-1.1)
PSTAR =PTG49tV1)*(VIV1)
VSTAR VZ*(PZ/PSYAR)s**(1./GV)
HSTAR hZ 4 GC*(PSTAP*VSTAR - PZ*VZI

2U AS =VSTAR/SORT(WSTA6-WSTAP)
PS = STAR
RETURN
END

SUBROUTINE OUT IPP,TE,HE,ENTR,NS)
COMMENT. COMPOSITION AND STATE VARIABLE OUTPUT ROUTINE,

LICOMI4ON A(12912), kR(2'1), AMAT(lrl,12), JAT(12I, ASPLC(1219 IN,, IS,
IFIE11O,6it IEiJ10,6), ALP(121, W279 N, SLOK(IC,5), DM410), RHO1IO),
21SERIIlO), WAYLdir), W1(6), W439 16, NP, VNT(2U12, W479 NAME, SER
3, FLOOR
OCOMMUN /ISRIUM/ TL(200l,2), YU1200,2), W3(2001, VNU12U0,121# QA,
ITAU, H42LO19 S02CzO)t Y(200)t JC9 IQ(?OO,2), OMUIZUOI, VLNK420O),
210JI1?2, QA42009i2, PP(2009Z)t PCI2k00,2), RD(2I0j,Zj, R~fZOC,22,
3RF12QfO,2,# CH(ZOU922, JMt W489 CP, FN, C412#200), SPECIEMZUD
DIMENSION SPOT(4)t VOT(4)

102 FORMAT fil TKIN rir) P(ATM) P(PSI) ENTHALPY LNTROPY CP/CV
X GAS RT /V 0

104 FORMAT (iF6.O,F8.2 ,Fcv.ZF9.2,F9.2,F8.4,F7, 3tFS.32
4I4 FORMAT E'4fIY,F9.5,1X,Ab))
145 FOPMAT(4 (1X,IPL9,2,IX,A6))
21 FORMAT EjH

GAMMA =CP/ ICP - 1.9b71*FNI
TF 1.R*TE - 45994
VII HE/If'00.'
PF PR*14. 70069
WRITE (6,.102)
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13 WRITE 16 9 104 ) T4 ,TFPRPF,9VHENTP,9GAMMA FNo VNT(NP)
WRITE (6,21)
CALL RANAIIR, wNT, t4)

DO 9C4 I= 1,N
I =IRII1 )
IF (VNT (1) oLE. FLOOk) GO TO 90'4
SPOT hi) SPECIEIT)
VOT(J) WTill

IF IJ .11. 5) 60 TO 9U4
IF I VOT 1 ) *GT. ot u9~99) WRITE 46,44) (VOTIK l,SPOT0M)9K=1,41
IF(VOTI 1) *LE, Q0C9995) WRITE(6,WS) EVOTIK ),SPOTIK) ,K:1,4.)

90~4 CONTINUE

IF (4 .NE. 01 wRITE 46,14S)(VOTIKlSPOT(K),K2,jq)
170i RETURN

END

COMMENT. THII PROGRAM CONSISTS OF ROUTINES PEP, ISALT, DESNOZ, BOOST, TSBALo
C TABLO, TolD, SLTU~q REACT, ADJUST, RANK, OUT ,STOZ CH, EQUIL, PUTIN,

C OEFIOJ9 CNED, IPHASE, THEPHO, GIBBS, TWITCH, HBAL, DESIGN, SEARCH,
C LINDEP, S8AL# GUESS# TAPES AND FIXBASI
COMMENT, THE MAIN PROrRAM CONTROLS THE INPUT AND OUTPUT AND ESTABLISHES THE
C PROPELLANT THERMODYNAMIC MODEEL IN THE WAY IT CALLS HbAL AND SSALo

CiCOMMON A(12,12), KRIZO!, AMAT(InIO2), JATI12), ASPEC412), IN, Is,

2ISERVIIO), WATL~lCIo W1409, W43, I6, NP, VNTI2Lj1I, W47, NAME, 5CR
3t FLOOR
,lCOMMON /ISRIUM/ TL(2LC,Z), TU(2nu1,2), W312001, VNUI2Ofl,12)9 QA,

1TAU, 14(70.), $012%), Y(200), 4C9 IRIZDD,2)9 DMU120n)v VLNK(2OO)t
210J(12), RA(2OU,2), PP(2017l,?), RC(2(0O,2)t RD(2uj~o2)9 RE(200,2)o
3RF(20flt2), CH(,9DU,2), JN, W48t CR, FN, C(12,ZOU)t SPECIE1ZOD)
4, LL ( ZOOD
COMM ON/ MOON /TS I ES T , TE , IRUN
CALL SETCLK
IRUN
TCH 3flLO,

6 TE: AMAXI(TCH, SUU-,~)
TSTEST =0.
TE =AMI~lITE,6O0ol'.
CALL PUT IN ILL)

C THE NEXT STATEMENT DELETES CALCULATION WHEN INPUT ERRORS ARE FOUND.
IF ILE .EO. 1) STUP
PR =Wi (5)
IF IKPI19) .EO. 1) 60 TO 15
CALL GUESS ITE PR )

1S IF 4 KR4 7) .EQ. 0) GO TO IN*
TE = Wl to)
VNT(NPl - ALOGtoUe2D5*Wl (6)V115j))
CALL EQUIL (TE, PR, HE, SE, 1)
PR =FN*VNTINP)
SYSENT = SE
GO TO 114

14. CALL H SAL ITE, PR, SYSENT, 1)
12 TCH = TE

HE W: 414)
CHN = FN
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114 CALL OUT (PRTiHESYSENT,1)
IF (KRI1) eEo. 1) GO TO 8
IF (Ul(5l ,GE. W1(6)) GO TO 125
WRITE I b93 )

3 FORMAT I0 WHY IS THE EXIT PRESSURE sGE. THE CHAMBLR PRESSURE.')
GO TO 8

125 CALL DESIGN ITL, PR, HE, SYSENT, 0, 1)
PR = W116)
CALL S BAL ITE, PR, HE, SYSENT, TCH, 0)
CALL DESIGN 4TE, PR, HE, SYSENT, a, 2)

22 TE = *5*(TCH4TLI
7II CALL S BAL (TE, PP, HE, SYSENT, TCH, 1)

CALL OUT (PRTE,HEqSYSENT,2?
FLOORW27*1 oE-7
CALL DESIGN (TE, PR, HE, SYSENT, 1, 2)
IF (KR(?) .sO. 0) CALL D-SNOZ
GO TO 8
END

SUBPOUTINE PUT IN ILE)
COMMENT INPUT ROUTINE CALLED BY MAIN PROGRAM.
CALLS ROUTINES DATE 4. TOFDAV (TIME OF DAY) WHICH MAY R4 OELETEO
C AL$C NOTE OELETABLL ROUTINES SETCLK AND LKCLKS THAT MEASUPE CPU TTME

oCOMMON AI4Z,12), KRIZV), AI1AT(1O,12)9 JAT(1?), ASPLCI|21, IN, IS,
1FIEI1O96)o IEE1O,9), ALP(12)3 W27t No BiLOK(10,3)o UHHIlOI RHO(IOD)
2ISERI(ID), wATElII)t Wl46b, W43, IGG NP, VNT(2UI), W47, NAME, SER
3,FLOORsITAG410lj3WINL(10)

COMMON/MUON/TSTESTTEtIRUN
DIMENSION JEIllIb)t JIE(1O,6)tSWINGiID)
DIMENSION ATWT(1Url)
DATA (ATWT(I), I 1 ,1tDlt/16OO8, 4.103, 6.94, 9.s3li 10.82, 106011

1,14*008, 16., 19., 20,1839 22.991, 24.32, 26.98, 2d.09, 30*9759
2 32.066, 35.457, !9.944, 19ot 40.08, 44.96, 47.9o 50.95t 52o019
4 54.94, 55.85, 58.94, 58.71, 63.54, 65.38, 69.72, 72.6, 74.92,
5 78.96v 79.916, 83.86s 85.48, 87.63, 88.91, 91.22, 92.911 9S.95,
6 99., lP1.1, 1U2.91, 106.94 107.88, 112.41, 114•82, 118.7, 121.76,
7 127.61, 126.91, 131o.lt 1!2.91t 137.36t 138.92, 14U.1o, I14J.91,
8 144.27t 147., 15r.35, 152., 157.26, 158&93t 162.51, 164.94. 167.2
97, 168.94, 173.C4t 174.99, 178.50, 186.95, 183.86, 186.22, 190.2,
I 192.2t 195*09, 1971, 220.61t 204.39, 207,21, 2118.99o 21G., 210.,
2 222., 20s3., 226., 2;7., 232., 231., 238., 23799 2S7.,12.oDl9.031t
31r.82,2u.32,26.98, 203, /

SFORMAT (911, Alt A69 14, SX, 153
SFORMAT (6A6, 6(13, Aiel, F7.O, F6.0)

2,Z FORMAT(5A66(I.3,A, ) , F5.0F6.o0
32 FORMAT(lAX5A6tb(I~tA2), F5.0, F6,0)

3 FORMAT 4i2F6.6, A6, A?)
CALL LKCLKS(VB3
CALL SETCLK
WRITE(6 ,88891Vb

8889 FORMAT(tI(CPU'F6.2,tSFCS.)')
LE - 0
IF (IRUN) 19,11919

11 WRITE (6,1200).
1200 FORMAT( 011918 VERSION OF PEP.')

7771 WRITEI6,•120)
1126 FORMAT (/9DPUTIN OPTS. NAME, NO.OF INGROS. (M), * NO.OF RUNSIN)')

WRITE (6,11291
1129 FORMAT (o'1234567890 (NAME) 34 N')

READ ES,94(NR(1)3I :,I19),ISERI(1),ISERI(21,INI
XRUN

DO 12 1 = 1,12
12 JAT(1) I

IF (IP.(91 .NE. 01 WRITE (6t11213

77



NWC TP 6037

1121 FORMAT (1'NOW HEAD IN INGREDIENT SERIAL NUMBERS ENDING UNDER V.1/1
x V V V V V V V V VI)

IF (K01Q) 01F.J 0) READ (5,1112) (ITAGITII1lIN)
IF(I•(9) ,NC. w) -RITE116,111i)4ITAG(I1tI=191N)

1112 FORMAT (I' I5)
KP=1

READ(I I, III -)Va

DO 1. I I v,
iI ' FORMAT (.1A6,Az)

11 1FORMAT( 9 IlA6 Ab I

IF (Kn(9) .EQ. 0) b3, TO 1114
I:ITAGIT I
IF (Ko .LT* K) G.• TO 1117
REWIND .11
REA0 (11, I1101VA
KP:1

1117 DC 1.113 j-KKP, K
IFfJ .NE. K)PEAD( 1 1,Z)
IF(J *NF. K) GO Tr 1113
Pý4[) (11t222) (bL'•IKIL),L--ItS)t(JIEIILlJE(IL),L=1961

11DH 1I) ,RQ1O0 1)
1113 CONTINUE

KP:K +1
GO TO 1 1 5

1114 READ 5 ,Z)S,2RLuKi I tJ),J:I,5) , (JTE(I J) ,JE( It )0 J:1,6)
*ODH ( IRHO I I)

IIIb FORMAT I1OA6t2XA6,A )
1115 DO 13 J:9,5

IEiI,J)=vE(IJ)
13 F IE I I,J ) :JIE I ,J)

IF (KP(ld .EQ. U) GC TO 12E11
WPITE6 t 120 S) ,IN

'20 o FORMAT( t.TO CHANGF DE; & RHO, TYPE COUNT(I-'I2'), OH (RHO.,/
Eg V V Vt)

DO 12ý.4 w=1 9IN
RFADjýIZ, O3)IqwkqVb

IL03 FORMATI lbZFI(O)|
IFII ,EOs 0)GO TO 121..
UHI I =V A

1i14 RHO(I):Vb
1211 CONTINUE

CALL ST(IICHILE)
DO 14 1 ,I lit'
WATE(II : C.
00 14 J = 1 Ij
K - jaT I j)

14 W ATE(I) ; WATECI) + AmAT(IJ)*ATWT(K)
CALL SEDkCHILF)

19 CONTINUE
16 WRITE (6,1122)

1122 FORMAT ('IREAD IN CH. P, EX. P, WTI, wTZ, * ETo.l/' (TO READ NEW C
XoNTROL CAPD HIT LtR. PET.)')

WRITE (,t1123)
1123 FORMAT (I V V V V V V V V v)

READ (5,0) Wl(,)t m116)h (WINGII), j: 1,10)tISERI(I)t ISERTI()
IF EIl( S) .EOQ O.) O TO 7771
IF IKP(2) *NE' 1) .0 TO 20
IS z 1s -t

20 IRUN = IkUN - I
KR(19) = I
IF EIdNG(1) 1ewE 9'o) GO TO 120

KRI19) C
DO 21 J = Isl:1
ALP IJ) = Do
DO 21 I = ItIN
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21 ALP(tI J ALPIJI * AMAT(IJI*WINGIII/WATE I I
W27 = 0.
W1141Z L
W43 - C,
VA =1.
DO 22 I ItIN
SWINGEI) = WINbL(I
W I• 1( = iv( ) #, UH I )$WING I)

W27 W27 * WINGlT)
IF (RHO 1)) 25,2r,24

24 W43 = W43 # WING(I)/hHOII)
GO TO 22

25 VA : 2.
22 CONTINUE

W43 = VA/W43 *W27
12 .j IF IKR( 4 .NE, 1) G0 TO 23

IF (KD(17) .EO. 1) GO TO 23
w115) = %, l 5)/14.7T 069

IF (KR(7) .EQ• 1) 0o TO 23
W116) = h1(6/j4.?UC69
CALL DATLIISEPI(3! )
CALL TOFLAY (ISLPI5I1)

23 WRITE (6,16) (ISLFI(I)i I = 2961
16 FORMAT('I%,5A6,6X,$0H COMPOSITION'/)

00 27 r : 1,iN
DO 135 L:1,6
IFIJIE(I,L) oE.w, C) GO TO 136

135 CONTINUE
136 L:L-1 •

IDH:DH (I 1
27 WPITE(6,6t) IBLOK(I!,),J:i,S),IDH,(JIEII,J) ,JE(IJ),J:1,L)

83 FORMATI2A, SA6, 17,2X,64I?,A2))
WlPITE ( 6vS.57S)flSWING ITI) qII=IqIN ),W27

657b FORMAT(*'LINGREU.wTS.&TOTAL/ GRAM ATOMS/ CHAMPER/ EXHAUST RESULTS/
*PERFORMANCE 9//(7F 10.5) )

WRITE (6,301) (ALP(I) ,ASPEC(I)qI=,I S)
301 FORMAT (/S(FIG.6,-X,A2,1X))

IF (KP(2) *NE. 1) GO TO 28
IS IS * 1

• IF (L! .NF. 1) GO TC 29

IF fIRUN *EQ. u) GO TO 29
00 %L I t 1,IiUN

3u READ (Sl)
WRITE 4 6,33)
I RUN n

33 FORMAT(/' AT ThIjI POINT THE PROGRAM WILL ATTEMPT THE NLXT RUN*')
2 5 RETURN

SUBROUTINE RANK(IPYN)
COMMENT& RANKS VECTOR Y It, DESCENDING ORDER, RANKINGS APPEAR IN IRII,I)o

DIMFNSION XZO2f), YI-.1O), IR(200,2)
DO I I 1 ,N
IR(IZ?) IR(I,1)

I X(I) = AMAXItIY ), 11) )
DO 4 I 1 1,N
S -1.0
DO 3 1 1 #,N
IF iS - X(J)) ic,3,9

2 IR(I,1) = i
S = XiJ)

3 CONTINUE
j : IR(I,1)

4 XfJ = -1.0
RETURN
END
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SUBROUTINE RZEACT TE)

COMMENT. THIS NOUTINL COmPUTES. THE STOICHIOmEfRIC COLFFICIENTS AND LOG ECU ILIeRT
C UM CONSTANTS FOR ALL REACIJOPt'- N TEPAS OF THE CURRENT BASIS@

21SERI(IO)t WATI.1i(li WL1461 V143t 16, NP, YNT42u1), 1447T NAtPEp SER

OCCIMMON /1BRIUM/ TL('LOZ)i TU(20092), W34200), VNU(2uf~lzl2, CA,
ITAUv Ht?L.O), S012C'U) YIZOO)t .JC, IRt200,2)9 OMUIZ..C)o VLNKIZflD)i
2I0J412), RA(20U9Z)9 kB(2O(~,Z)9 RCtZO~o2), R042U0'q2), QEIVfl,2)v
3RF4200,21, CHI.(10,2), t JM, W48v CP9 FNo C412,20U)s SPECIE(2001
CALL SLITETtIvKC1UfFX)
GO To(?AV31),iOOCFx

21 DO 11 )K 1,15
DO ' 1 , IN
VNU ! J4K 0."
0O 1 1 Ills

1 VNU(IJ,K V NU4.J,N) * At IKJ*C(I#,J)
IF (A8SS4VNUf.J,K)) - 005C1) io0o101l

10T V NU (J,K I o.C
I1I CONTINUE
.31 V A t%1.j*9S7I/TL

DO 3 I 1 'N

DO 2 LS 1,15
IF (WNU1IILS)) 11,2,17

17 J --IOJ fLS)
V a Ve * VNUII,LS)*COMUIJ)

2 CONTINUE
VLNK(ri = A*IDMUtI) - V81

3 CONTINUE
IF l<Pt1'4) -1) 79407

4 WRITE (6,S)
WRITE 46,6)IVLNKtH), I 19N)
WRITE (6018)Ioj(01 I 1 los)

a FORMAT 10ISX o I) )
5 FORMAT (22HOLOGS OF EOUIL CONST,S)
6 FORMAT (IW IPE1l.4, 9F12,'4)
7 RETURN

END

SUBROUTINE S SAL fTE, PR, HE, SYSENT, TCH, LLU
CJCOMMON AI12,12)t KR(2~n, AMAT410,12), %kAT412)v ASPLC(121# IN, IS,

2ISERItIO)o WATE(10)o WI(61# WN3* 1G. NP, VNT42U1I, W'47, NAME, SCR
GCOMMON /10RIUM/ TLIZGO,2), YU(200,2), W342Ofl), VkU(200,12), Ch,
ITAU, H(201* SUIZCDr), YtM0)t JC* IRt2OO,2[, DM04200$, VLN~tZCD),
210J412), RA1200,Z), NBt2OO,21, RCUC1D,2)o RD42~j~oZ) REIZ0o2)v
3RFI200,2), CH('0D,2), JM, W48# CP, FM, C412,20U)v SPECIE12OO)
COMP4ON/SCPATC iHNNIZOC,?)

236 FORMAT IZ1NORESULTS NO DAMN GOOD
DIMENSION FAC12)
FTU - 1CH
FTL=756
LINM 20

8b CALL EQUIL(TE9PRsHELNTRLL)
89 CF = ACtLL*1)

DO 15 J Z ,LIM
CALL SLITET13,MOODVFX)
GO 7Of~I'411k,1U),MU0FX

71u IF tENTR - SYSENT) 211918s212
a11 FTL TE

FLP VNI(NP)
SLP CNTR
DO TO L Z ,N
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70 G N(L I I ZVNI IL)
C7O TO d41 IS

212 FTU =T
FUP VAJT(NP)
SUP = EN TR
00 71 L I,N

71 HNIL,2) VNTIL)
4.115 CF= AMAX I(1.O0,CF)

CF :AMINI116ou, CF)
VO =(SYSENT - ENTR)/CP/CF
OT = TE*WO
IF (0o) 131,153,133

13 1 OT =TE*(EXPIVQ) - I.n)
133 OT= AMINIIOT, S*I*FTU-TE))

OT: AP4AXIfOTv .5*(FTL-TE),

13 7 TE = TE * OT
HENT = EthTR
IF (FTU-FTL *LT. 29) GO TO 21
IF (APS$(SYSENT-ENTR)/SYSENT *LT. GD001) GO 1O 18
CALL EQUIL (TE,PR,HE,ENTF?,LL)

15 CF: ((ENTR-HENT)/(CP*ALO(i(TE/iTE-OiT)D)M
17 WRITE (6,236)
21 VA:= fSUP-SYSENTl/lSU-SL.P)

V8 = ISY5ENT-SLPM/SUP-SLP'

00 22 L = 1,N
CP = CR + VNT(L)*Y(L)
IF (LL *NE& 11 60 TO 18

22 VNT(L) = VA*HN(Lil) 4 VE,*HN(LZ)
IS HE =HE + TE*(SYSENT - ENTrR)

FAC(LL.2 I CF
R ETURN
E NO

S UBR OUT INE SE ARCH ILE)
C . o o o TAPE SEARCH ROUTINE FOR THERMO DATA.

OCOMP40N A412,121, I'R420), AMAT(10,1z), JAT( 1219 A4PLC(12I, IN, IS,

2ISERI(lO), WATLfiV), Wl16)9 W43# 109 NP, VNT(Z2.1I, W47, NAME, SER
OCOMMON /IBRIUMi TL(ZQ0,21, YU(200,2), W.3(2ofl), VNu(2Q0,12)s QA,
ITAU, H(2.u0)9 SU(Zflu), Y(ZDO), JC, I'R(20OO2)9 DMU120C0), VLNK42001,
'10JI1219 RA420L.,2), P4120O,2), RC(200,23, RD;(2u0,2), PE(200,2),
ZRF120O,21, CHI-iOUi2)v JM, W48, CR, FN, C(12,2OC), PCE0)
INTEGER 5

1 FORMAT (IHI A6, 16)
4 FO~RMAT (34H0 HARK. NO COMBUSTION SPECIES FOR Abs1'4H REVISE PEPAUX)

IF IMPI?) sME. 1) G0 TO 10
is IS is 1
JATIIS) z 0
ALPIIS) =U.

IU NP = 1
CALL TAPLB f1,U,U,O)
00 99 LIM = 1,7771
00 9 1 1 9I5

9 C(IvNP) : 0
CALL TAPES (2,NP9 KNASE, S)
IF lKHASE. *LTs 0) GO TO 100

C .. s SEE IV SPECIES BELONGS TO ELEMENI GROUP.
IF (IIE41,1) @EW. 0) GO TO 99

15 00 18 I : 1, 7
IF (lEE! ,l 36,91,16
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lb DO 17 J ia19S
IF (IE(I 921 ONE. JAT(,k)) GO TO 17
CE.J,NPI IE(I,l)
GO TO 18

17 CONTINUE
GO TO 99

38 CONTINUE
19 CONTINUE'
23 NP =NP .1

IF IIKHASL ONE. 1) 6O TO 98
IG:NP -1

98 IF INP *LT. ZOiJ3 GO '.. 99
WqITE (6,S)

SFOP)IAT 15NONO. OF COMBUS. SPECIES EXCEEDS PROG. LIMIT OF 20O
99 CONTINUE

100 N =NP -1
REWI NO I ý
00 Sc I O
w 3 (I) = 0.
DO 50 J It IS

50 IJ3tI ) w3~i 1 - SQFV'AESiC(.JIl))
DO 51 J 19:
HiJ) = t--.
00 51 1 ION

131 H J) =HW) 4, ABS (C I J* I))
DO 53 1J III$
IF (HIJ)) 52,5i,!3

52 WRITE. I L#4 ) ASPE.C(J)
LE =

53 CONTINUE
IF IKP(8) .NE. 0) hbRITL (61lI24l(SPECIE(I),T;;19N)

1124 FORMAT 4*CCOMPLETF SPECIES LIST FOLLOWS/U~X,l1$ib~
RETURN
ENO

7iUBROUVINE SETUP(XXMINXMAX, J)
COMMENT. THIS ROUTINE DETERMINES THE MAXIMUM AND TH4E MINIMUM CHANGE
C ALLOWABLE IN RE'r.TICNh COORDINATE J BEFORE NEGATIVE CONCENTRATIONS ARISE.
C IT ALSO SEI~ UP THE FUGACITY COEFFICIENTS FOR REAC-TIUN J IN X(loi

DIMENSION X (301
OCOMMON A(12912)9 KR(20), AMATE1Ov,19i JAT1121, ASPLC(IZI, IN, IS,
1FIEtIngl6), IE(IO,6), ALP112), W27, N, BLOK(1D,51, W4(1O), RHOIlO),
21SERIII-), WATE1IC), W116), W'43, .6, NP, VN7EZ2jl), W47, NAME$ SER
OCOMMON /IBRIUM/ TL(ZLO,2), TUIZOO,2), W3(20O), VNU(200,121, QA,
1TAU, H420)# SD(ZCOlt YIZOD), JC9 IR(2DD,2), OMU(20OI, VLNK(2OD),
210J(12)9 R442OU,21, RPAZOO,2)9 RC(20OZ), RD420'9Z), RE(ZOQ,210
3RF(200,2), CH(eOU,Z), JM, W4le, CR, FM, C(12,200), SPLCIE(2001
XMAX = flOOOOjOUjE*16
XMIN z-oIO0OOOUOOE+16
00 9 I : ,IS

IF IVNUI.Ji) .EO. 0.) GO TO 9
K ' la fIt
VQ VNT(K)
IF 416 *LT. *1 6O TO 6

4 X121 WhUIJ,I)
CIFIVNU(JIht 39ý,7
? zA::Z A"1001 xWAx. va.4iW4JtJ.I))

3 20fIN: Amp"Z4100IM. vcfivdt6jsJ.I
rocIu
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SUBROUTINE SL. TEW.)
DIMENSION LIT(44)
IF 1(J Fci. 0) 60 TO 9
LITW(Ir1
GO TO 99

9 0O IC I=:1,4
IC LIT(III

GO TO 99
ENTRY SLITETIJ,K)

IF (L'IT I.) .EQ. 0) Q0 TO 99
K =1
LIT IJ) :

99 RETURN
E ND

SUBROUTINF STOICH(LE)
COMMENT PROPEL.LANT STOICHlooMETRY ROUTINE CALLED BY PUTIN.
COMMENT. ALXASES. IU!: UNBURNEC BERYLLIUM, U2 -'UNBURNED eORON,
C U3 = U*BURNEU) MAGNESIUM, U4 = UNBURNED ALUMINUM,
C US -UNBURNED CARBON, DON,T USE Ub. TH4ESE INERTS MELT AND
C EVAP.gATE BUT 00 NOT REACT * GAS SPECIES MAY BE ELIMINATED FROM PtL'' "W
C TAPE TO PREVENT EVAPORATION.

OCOMMON At12,12), kR(2O)t AMATE1D,12)9 JAT(12), ASPEC(121, IN, ISr

Zý*SEPI(10)9 WATkj1f'), W1(6), W43t 1G, NP, VNT(2G1), W471 NAMF, SER
39FLOORvITAG(1DOI,~INGIOj
DIMENSION SYMO (100)
DIMENSION FE 110,6)
EQUIVALENCE (FE41,U), IE(l,1))
DATA ISYMBI I), I = 1,100)/ bfOOHH Hr
ILI BE B C N 0 F NE NA ms AL
2SI P S CL AP K CA SC TY V CP
3MN FE CO NI CU ZN GA GE AS SE BP
4KR R8 SR Y ZR NB S MO TC RU RN PD
5AG C D IN SN SB T E I XE C S BA LA
6CE PR NO) PM SM EU GO TS 0 Y HO ER
7TH Y B LU HF TA w RE Os I R P T A U
8HG 7 L PB 0 I Po A T RN FR R A AC TNH
9PA U '4p . US U I U2 U3 UN4 FM

1 FORMAT f 8NO WM T S A6 1
2 FORMAT WA INGREDIENT CARD 112t' GOOFED UP.')I

DO It I iqIU0
11 ITAGIII 0

DO 19 1 1,1k
DO 18 J 1,6
IF (FIE ( Ij)) 14,19,12

12 0O 17 L = sIlUD
IF IFE4IJ) - $YMFIL)) 17,13,17

11 1ITAG(L I I
IEfI,J) :L
GO TO is

17 CONTINUE

4~ WR16E 4 69,) 1
LE = I
SCONTINUE

,9 CONTINUE
IS :I
00 25 1 = 1,ILuO

IF ITASI1I) asZS, 4 0
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20U AWiEC(IS) SYMBUI)
.JATIIS) =
is = is 4

25 CONTINUE
Is= IS - 1
00 31 1 1, IN
DO 26 J = It12

26 AMAT(IsJ) 0.
DO 2c K ,
uO 28 J ,6
IF (IEII,.J) -jATIK)) 28927928

27 AMAT(I,K I: FIL('1,J)
GO TO 2c

26 CONTINUF
29 CONTINUE
31 CONTINUF

RETURN

SURROUTINE TABLO(II,.j.JoKK)
COMMENT. WHEi, THE bASIS. IS NO LONGER OPTIMUM, THIS ROUTINE CH4ANGES IT BY
C THE TA6LEAL, METHOD O'F LINEAR PROGRAMMING.

CCOMMON A(12912), WHd'2, AI4AT(10,12)9 JAT(12), ASPEC412), IN, IS#

'ICUMMON /lIPRIUM/ TL(2092,), TU(200,2), W1312001, VNU(20091Z), CjAt
ITAU, m(2C(), suu(..j), Y(200,t JE, IR(200,2), DMU42U'lli VLNKI2!'O)t
210J(1?)t QA(20)LtZ), kB1200,92), RC(200,2), RO(2U0,2), RtIU0092)s
3RF(2Ufl92)t CHhIýOu,.Z), JM, W48, CP, FN, C(12,2tnU), SPECIE(2Uol
4LL4I200)
COMMON/MOON /TSTE$T ,TL

104 00 19 L = ,N
IF ILL(L) *LT* 0) GO TO 19
IF (L *EC. JJ) G(- Tu 19
IF lA'4SIYNUILKK)) 9 LT. .000 1) GO TO 19
VA = -VNU(L,KK)/VNUI.ýJsKK)
FDO 15 M4 =91

1ý VNU4L.M) =VNU(L,P¼ + VA*VNUIJJgM)
VNU(L,KKMI) -VA
00 lu M tI
IF (ABS IVNUIL,pl) *GT* .00001) GO TO 16
VNUIL,M) G .

16 CONTINUF
19 CONTINUE

DO 2C '4 1,15
2 Z; VNU(JJ,M 1 0.

VNUIJJKK) I*1
IOJ(KK) :jj
LLIJ.JI n
LL(II1I 9
CALL QEACTI.TE
IF 4KRI12) *NE. 11 GO TO 99
wRITE (6,0999) ll.~~( SPECIE III I ,SPECIE I.ý.j

999 FORM4AT (315, 3X, 6b, ' RIPLACED SY A, 61
99 RETURN

END

84
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£ SUBP2OUTIINF TAPEB gI I, L, PHASE, S)
COPMMENT. THIS ROUT.LNE bUFFERS THE INPUT FROM THE LISPRAkY TAPE. THIS SPEEDS
C INPUT ON ThE UNIVAC aUT MAY SLOW IT ON A GOOD MACHINE*

OCOMMON A11212,19 ýRI.Jl)t AMAT(lfl,1Z)9 JATII?)1, ASPiýC(1I.'I, IN, IS,

2ISEP1(lT). 6ATa1:.), W1116), W43, IG, NP, VNT 42O1), W47, NAMV, SEP
:-COIKMON /IBRIUM/ TL12LjO,21, TU(2t'O,2), W3(ZCr), VNU(2uio*12i, U~t
1TAU, 11(2L0), SU~i(V"), Y11211O), JC, IR42DO,2)1, OhlU(2ur), VLNK(2'0)9

3RFIZ2fl,2), CHIi.00,2), JM, W48, CP9 FN, C(1,'2OU), .jPLClE(2CI)
DIMENSION BlN(ýO,!511
GO TO (11,213, IW

11 REWIND 12
1 20
GO TO 99

21 1 I * I
IF 41 *LTa 21) 60 '.C ZI
I i

31 PHASE = IN (I , I)

S BoIN 1 ,3
00'41 J = 1,7
K 3 + g*(J-11
IE4J,1l :BINII.K4I)

RA ILJ?) :BIN(I,?7J2

RC(L,?) BIN(I,2c )

ROIL 9 1 :BINII,,31)

99RETURN IN1,Z

OCOMMO 1 12,2) KR(.0), INT1,2,JTl),AP(1) S
T UI LqI ,), BIE(IO,6), L(2,47 ,8OIu~,L'40,ROI
RAILERI1), WATLIIO2), 16, 3,1,N, NTI) 4,NAE SR
OCOMM2) IBRIUN LIC,),TI202 w20, NI2J,2 A
1TAU, 92) O) SONI,2cD Y10) JI(0,),tU)AVNIO
RIOJI s), RA(200,SZ), P20?,R(c,) OZO2,PqO,

CRM Cp 2 ) VzdII93b()
99REUN w*VTewI
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11 VS =VS * VNT(I*SD(I)
FN = noO
VSM O
0O 12 1I ,1
IF4VNY(I) .LE% 0*)G0 TO 12
FN = FN * VNT(l)
VSM= VSM* VNT(1)*ALOGfVNTUIk)

12 CONTINUE
VSH 1.5871*(VSM + N*VNTtNP)l
HE V
ENTR =VS - VSM
RETURN
END

SUBROUTINE TSALT(TEP0,HEvENTRvPUPI ,PLOI)

COMMENT. - THIS Su~pouTINE COMPUTES COMPOSITION, PfRESSUPE AND EN7HALPY
C GIVEN TEMPERATURE AND ENTROPY. IT IS CALLED BY TSBAL.

COMMON A (12,12),KR(20)
COMMON /MOONI/TSTEST
TSTEST :-217*1931L'
PLO =PL0.~
PUP zPUPI.
PR: IPUP .1-LO )/'?.

00 22, J.L = 192f
CALL EQUILITE ,FR,HE,5E,1)
IF (01113s) vNE. 0) 6RITE(6,9)JI,TESE,PUP,PLO

9y FORMAT it TS8AL*IrF&.1,3F12*3)
IF ISE 90T. ENIR) PLO:PR
IF (SE *LTs ENTR) PUP=PR
~PR(PUP.PLO 1/2.

166 IF ((PU,--0LOI/PLO .L-7, 01710O8) GO TO 23
22 CONTINUE

WRITE (6 ,1)
1 FORMAT 11 TSALT STOP91)

CALL SLITE (3)
23 TSTEST -- "a

RETURN
END

SUBROUTI NE TSF3tAL(TL ,PP ,HE,ENTR,PUPI ,PLOT)
COMMENT. TIhIS SUBROUTINE COMPUTES COMPOSITION9 PR~ESSURE AND ENJT14ALPY
C GIVEN TEMPERATURE- AND ENTROPY. IT IS CALLED BY TSuAL.

OCOMMON A(12912)9 YR(Zn)o AI4AT1lf109),1 JAT412I, ASPLC(12)9 IN, IS,

21SEPII1O!, WATE(jC), W146), W'i3, IGT NP? VNT42LI), W4?, NAME, SEP
CCOMMON /IBRIUM/ TL(ZU0,2), TU(200,21, 143(200119 VNU(1200,1211, QAp
ITAU, H(ZaLn),9 SD(ZQD),9 Y(2n0), JC, IR(200,2), r)MU(2ufr) 9 VLNK1~2rC)t
210J(121, PAI2OL,2l* PRI1200921s RC(ZC'u,2i R04ZLa,2), PLgZDUt2),
3RF11200,21, CHI00#,1 9 jMj W48, CP, FN, C1121ZOL)t SPLCIE(200)
DIMENSION X 412), XMI 121

6 FORMAT 115#FIDO, F12,3)
9 FORMAT t1P 1OEA.3*4)

KR(18)=l
PR=*SOIPuPI 'PLO!)

73 t4 CALL GIPbSE TEl
CALL FIXZ!AS

12 00 391 10 1'

00 11 1 1:
zr %cEli.. .0tt. 6.. SZ we 31
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XM(J) AMA X1 (VNT(1), XM(J))
X IJI X (J) 4 C(J, I) *VNT (T)

3 1 CONTINUE
IF IARS (ALP (J) - X (J3)/ýM(J) LT?. .00001) Go TO 3b
CALL SLITEtI)
GO TO 30

36 CONTINUE
39 CALL DEFIOJ

CALL PEACT (TE)
00 211 1 = : 1

CALL PANKEIR, W4,N)
11 00 22 JC 19

PR:AMAX I (PLOI ,PR)
PR:AMrIN PLUPI ,PRI
CALL TWITCH(PR,C)
CALL THFWMO (TL,,~STPY)
VX:1.
IF (JC *LT. 5) VX:2.
IF' (JC b(T. 10) VY:'a.
PP:PR*EX P I- (EN TR-S TRY) /( F N* VX )/1 * 98 71)
CALL SLITET(49KOrjrFX)
GO TO(146,171,Kif'.UFX

14 b IF 4MR4131-1) 15, 14,15
14 WRITE (6,8)JC,TE,F-R

WRITE (6 ,9) (VNT11), I 1,N)
15 00 23 ICC : 1,3
25 CALL TwITcH(PR,1)

CALL THERMO (TL,HE,STPY)
PR=PR*E XP(- (EN YR-S TRY) /. FN*VX 3/1.98711
CALL. SLITETf4@iC-&;CFX)

GO TO ?,2 22) 9K';"F X
Z 3 C ON TINU F
2 " CONTINUE

KR( (16):
16 CALL TSALT( TEFR,w~E ENTRPUPI PLOI)
1 7 VNT (NP) : 6 XP (VNT INP

RETURN
END

FUNCTION TWID IX)
COMMENT* COMPUTCS lHtL EQUILIBPIUM FUNCTION.

GCOMMON A(12,12)o KRE(fl), AMAT(1tl,12), JAT(12)9 iSPLC(123, IN, IS#

CjCOM14UN /IBRIUM/ TL(2cA,2), TU12200,Z3, W312001, VNU(?2O,012)9 CA#
1TAU, HI 2 0), Sbt ZU 0), Yt 2rlO) , JC , IPR(4200,92 1 DMI) ( 2U0 , VLNK I 2C03
210J(121, QA(Z2hi,2), PB(20fl,), PC(2c'o,2), RDE2.j392)9 RE(2C10,2)0
3RF(t2 V),Z2), CH(20Liqil, JM, W48, CP, FN, C(12,20U.J, SPECIE(200)
DIMENSION X 13C)
VA= 0
TWID =Ol
00 1 1,=!VS
IF M~I) .EO* Uo) GO TO 1

11 VA VA * XII)
K IO 10.31)
IF (IVNT K) eLE* Go) 6O TO 1

11 1 TWID= TbiIO. XfI)$ALCD(VtJTlX;
I CON71NUO:

IVID = ThID 9 WA*VNTINP)
RETURN
C hO

87
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S OR P (UT I t~r TWIlCh(PP ,JC~
CURMMLET . THI L IS TiiE 'QLJTINS WHICH CONVEPrES ON CHLMICAL COMPOSITION.
CALLED 8Y EOUIL.

.:COMMCN A (Ij 17)q KR4') AMAT(ln,12, .JAT1171 ASPLC41219 IN* IS,

ý'ISEPI(1'l I ,4AAlf.1 W1(61, w439 lb. AlP, VNT(Zullo W47, NAMF, SER

CCOMPAL,N / BRILJm/ TL(?:.fl#?2 TUIZP(33,Z, W4200C), VNL1U19u12), "t~

Is ,LL ,r~'OI
DIMiENSION~ x(3r I

VOO : JC -1
V 0 = "- VGQozuo

VQQ AMAXI190Cj, Vý,O2

IF (KRI17) - &I '4'.l4jZ,4O2

iOu VC VC *VNT(I)
VNT NP I ALO G(PR /VC I

'40 2 00 99 J I
IP iLL(J I I.E. 0) GO TO Q9
IF ( JO .t.Eo 0 9 A P U. LL (J .NE. Q GO TO 99
KICK t .

V( .V 0
7 CALL IE TaP (X , XM114, WMAX, J)

IF' IVNI ( J) .GT. U . IGO TO 22
UX t- 1.001*VITIj) * FLOOR
GO TO 97

22 CONTINdUE
VA =VLNK(.fl - TwIij (Y)
V8 '0
LL(J)
IF (J.LtEIG k O TO '4

COMMENT MAJO0 SPECIES TOLERANCE
3 IF (APSIYAI.LT, Lsu006)2 GO TO 99

31 IF I V'NT(Jh6GT. *%j7*1.E-71 *OR. (VA.LTo 0,2 Go To 0
IF (VNT ( v *EQ. FLOOR~) 60 TO 99

UX -VNTfJ) FLOOR
r.O TO 97

44 1 F IYNT (. .5.) ) Q CU O TO 44
IF V A+V N IIN P)-..LT. + 5o GC TO 66
V LXP -VA -VNT (NP I
XMMM = MIN I i-AM N , XMAX)
IF IVNTLIJ)/XMMM *LT. .01.) XMAX:.O11*XMMM
I F f V* VNT I J)I IXMIM 07T 7 C1 s G O TO 66
GO TU 4S

4'4 V =FLOOik
5O TO UV

4 5 V : APiA XI (V , FLOiP I
5 VTEC - AýSNfI. - VNTL.J)/V)

COMmEI'T MINOR bPECIE3 TCLEIkANCE
IF IWTEO *LT. -00('d) GO TO 99

55 0X :V -VNTI.Jo

LLIJ )
VNT IJ V
Go TO 8?

66 VA= VA+ ALOGIVNTIJI) + VNT(NP2
I F (ARS (YD% - .06lu.8 1 99,99,67

67 V~ 6 ItiVNT(J)
6 00 69 1 - 1,LS

IF 4 X II ) 68U9c
6 c K 10411)

ve VB + x II I *X I ! I/VNT (K I

88
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6'9 CONTINUE
VF:O.
IF (KR(lc) .EQ. UI) GO TO 801
p4 :rj
IF W4 *LL* IG) M:.*l

U 0 8C.1O i:1 #IS
X =I Oj(I)
IF lK .L4. 163 M:m -VwUIJitI)

aru vs:-vsvo~jL~ si )~S EM)iK
VF:-AMAX tI Vo, MIFN/1.fA71 *VS)
IF(VF *Gl. o*)*VB) VFV:1.5
IF WV *-ýT* VB) VFF::.#
IF W~ .LT, w.. Fi)VF:5.
V F: VFF* VF
IF IKl(1.) .1Nr. i~l CiFTE (6,8Ir2) J,m,VF,V6,PR,vA

dr) FORMAT 1,069 If' btI?03
8f21 IF IVIP.NL. 0.) b., 16 72

*q 99'999
7Z OX :-VA/(V$*VF-)

U*: LUAXIIDoX -Vu.*V9NTt()3
LL(J3 =

97 OX= A4A X &(OX, vO*XmIIh)
DX= AMIN 4DriX vQ*XMAX)
IF (ARSU.K) 9LTa t,.JLL!*VNTE433l GO TO 41I

ý46 5 FOPMAT ( IS, P &31%u..)
8 ;. CALL SLITE !*4)

I C = I
8 1 VNT W) = VNTIJ) *OX
8 Z V C :.9"*VNTIJ)

00 9i0 I = III:
IF I VNU I..jqI)E.. r. 0G TO 98

V 4T ( A) VNTIK) -VNu(4,I)*Dx

IF IVNT(K) *GE. Vro GO TO 98
IFIKICK *EQ. a .ANC. V NT (K o *T. VD) 6O To 9b

KICK I

Il K

9a CONTINUE
IF (KICK *NCs 1) G O To 99
CALL TA6LO( II,.JJ~kK)

99 CONTINUE
1,1 L IF (KR(Iý).NE9jj (0 TO 107
999 wRITE (6,083(LL(44) 44 19N)
88 FORMAT (11408011)
107 CONTINUE

RFTURN
E ND
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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 proccsses. Only those routines not common to PEP appear. XE-P 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 gramns/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.

99
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SUBPOUTITNE HUC.OIP:' 1L,V, PONE,TONEH;Z,VONE, SOf.E HUJN
OCOMMON A (2, 12, ) R(.0, AMATEII,123, JT2,APC13 N S

2ISERIf~l'h WATL(IC)o W1(6), Wi"3t I6, NP, VNT(2.ý1), W47, NAMF, SEP
"-C OmM ON /IPRIUm/ TL( ? ',n 2 ) T U I2n C 2 , W 3(20rl3 )q W.Ut)Uno 12)9 Gbq

3PFfZCf,r?2J9 CHE(.0j,Z), JM, W48t CP, FNt C('>)ii PECIE(?0C
'4,LL (2'3)O
TUPP :6C' 'u.0
TLOW:-?9P .16
XRf(17) I
VNTINP) LLOG(Is',67I*TONE.IVONE)
CALL EOUlL(TONL,PC-Nr ,HONESONE,l I
PONE =Fh*VNT(NJP)
Z::HE-HONL-(VONL*V)(PP-.PONE)/2.n
zP =Z
DO 8 .J =1, 23
CF-- AmAXill.r),CF)
CF AM~ll( 16*uo CF)
CV CP I 1.9871*FN
L)ELTAT *Z/CV/CF
DELTAT:AN.IN1IDLLTeT,.F.*(TUPP-TONE))
OELT AT: A MAX 110tLLTU, .r*( TLOW -TONE)

TONE =TCNE 4DELTAT
IFfALS(DLLTAT)-,U'.) 1'),58,SS

88 VNTINP) ---LOG (1.rt7l*lONF/VONE)
'4 CALL EQUJ.L( TONL,'(04it HONE,SONE, 1)

PONE =FN*Vt4T(tP)
Z=HE-HONL-(VONL.*V )*(FR-PONEI/2.n)
Cr' : ZP-Z)/(LV*)LL-TAT))
ZP z
CALL SLIlETf3,IV'L."FXJ
GO TO(7C,7'4),KCorFX

74 IFIZ172,1O,71
71 TLOW:-TONr-

Ci0 TO 7f0
7 L' T UPP ZTON L
7 U CONTINUE
8 CONTINUE

10 HONE =HONE * ~
SON f : S (jNE t iT CNE
KP(17) :r
IF (V @F1 VONLI 420 To 9r,3
HP=: ( IVONL/V )**i*HF-H0NE) i( (V ONE /V1* *2-1 .6)

W^ý RETURN
END

92
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SUB3ROUTINEF PUT IN (LE)
"ICOMMON A(12,12)t KRIEZf)* AMAT(lrl,2)9 JATIfl)s ASPLCI12)t IN, ISt
]FIE~iý196)9 IE(i0t6), ALP( 12), W279 N, BLOK (1ý909) uH(iD~l RHO11C),

2ISERI(II), WATE(A')q W 16)6 W43, IG NP, VNTI2j.1lt W47, NAME, SEP
COMMON/ I INFO/AAAA (6)
COMMON ITAG(1UP.), WINGI1O)
DIMENSION ATWT(IUC), SwING1lO), VOUT(lO)
DATA IRUcIO /
DATA (ATwT(I)II : I1)/I.008, 4

.ýC3, 6.94, 9*iIS lL,.82# 12.011
1,14*0'8t 16., 19., v2.1839 22.991, 24.32, 26.9b, 2d.C•, 30,975,
2 32. 066, 75.457, 39.944, '9.1, RV.W8, 44.99, 47.9, ýj.95, 52. A1,
4 54.94, ý5.85, 58.94, 58.71, 63.54, 60.38t 69.72, 72.6, 74.92,
5 78.96, 79.916, 8,?SL., 85.48 87.63, 88.91, 91.22, 92.919 95.o5,
6 99., fIII1, 1.2691, 1.6.4, IC7.8, 112.41, 114*62, I1k.7, 121*76,
7 127.61, 126,94t 131.3, 132.91, 137.36, 138.92, 14u.o3, 14J.91.9
8 144*.27, 147., 15F.£Z, 152., 157.26, 158.93, 1.2.51, 164..04, 167.2
97, 168.9t, 173.C4, 174.99, 178.So, 180.95, 1o3.A6, 1d6°22, 19:'.,2
1 192.2, L95,&09 , c7., Z2L.619 204.39 , 2r7.21, vFb,99, 210,t 20.,o
2 222., 2,3., 226., 227., 232., 731., 238,, 237., 24?., 243o, 247.,
3 249., 21t. , 2b4., Z.51. /

I FORMAT U9I1, Al, A6t 14o IS, 15)
2 FORMAT 36 , 64F3. 3* A2), F7.C, F6.C I?7)
3 FORMAT Z2F6.6# Abp A?)
4 FORMAT (/IH 34X* lZAh)
5 FORMAT (i2H+INGRiJ'IENTS 7QXf 29H WEIOHT CAL./u. UENSITY)
b FORMAT IaF 10.o)
7 FORMAT AH )
8 FORMAT fiH 5A6,1X, 1'-F.53t F9.3, Fl^,,Oo F9@o)
9 FORMAT (4.HIGPAM ATOP AMOUNTS FOR PROPELLANT WLI6HT OF F9.3)

1I.L FORMAT HJ 1214H iA2,t4W) ))
LE =
iF (IPUN) l9 ,41l 9

11 READ (5,1) (KRIR ) , I ' 1,19)vISERI(I), ISERI(2), IN, IT, IRUN
DO 12 T : 1,1i

1. JATI1) =
DO I1 1 1 , T

1.3 READ (5,,) (nLuKI;,,J), J-" 15), (FIE(TIJ), 1Efi,), J 1 ,6),
I ONII)1 HHO II( )

CALL STOCH (LE)
00 14 I : It IN
WATEQI) : 0.
00 14 J = 1s15
K : JAT I ý)

1' 1 AT EI) : WATE(I) + AmAT(I ,J)I*ATwT(K)
CALL SEARCH (LE)
R EW I W0 I ,

C THE NEXT a CAROS CuNTRuL THE SC 4Z0Z OUTPUT ON PSýLCo0 UNIT 1E
19 CALL CAMRAV I1)

CALL FRAMEV
';ALL CAMRAV (2)
CALL FRAMEV
INC = '19/ (!m * IN + (N*31/4)
CALL SCOuTV ( ,1iNC)
CALL LOC STV (33tl, F-t,4)
CALL MAXFPM (ISC.,D)
IF (K(M 6) .NE. 1) cC. TO 18
READ (5 ,7)

17 FORMAT ( LOH
1

1. READ (5,.) Wlibt, W11l), (IWINGIT), 1: ItIC),ISEHIi?)o ISERI|a)
wRITE (6,16) (ISL-rI()t I: 2,4)

lb FORMAT (IHi 34b)
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IF (KW(I) .NE. 1) Go TO ?0
IS z IS -1

2L IRUN = IRUN -

KRI(19) = I

IF (WING(1) .. w. (0.) 10 TO 120
KR (19) = 17

DO 21 J : lvlý
ALP(J) : C'
00 21 I " 1,IN

21 ALPIJ) ALP(J) + AMAT(IJ)*$ ING(I)/WATr(J )
Wý7 z •
WI(4) : .
W43 Go0

VA : 1
UO 22 I : lli'
SWIN64I) = WINw,(I)
W1(4) = wI W + I)• I)$WINti(1)

W2W 7 W.!- I # WIiG(I)
IF (RHO41)) 2ýb,F2,24

24 w43 : Wký 4 WINGII)/kHO(I)
GO TO 22

25 VA : O.
2Z CONTINUE

W43 = VA/W43 4W&..

1Z IF (K0(44 #NE@ 1) 6G TO 23
IF (KRI 17) ,E . I) LO TO 23
W 1 5) = W1 r, I/ 4.T7oG E9

IF (KP(7) .LQ. I GO TO 23
wl(6) = ,I ( 1/,4.7, JCF.Q

WRITE ( b94) (ASPFC(i), I I,1S)

WRITE ( Iu,5)
WRITE u 9,7)
wPITE I 1t,7I
DO 27 T I i IN'

IF (KiP(F) NEa. 01 GO TO 27
"WRITE f jt,8)4LOKlCIl) J : 1,5), (AMAT(IJ), u : j : ,; WIN6(I),

IOHI I , ) R0( I)
27 WPITL (1uq,B)(BLOK(I,ýa), J = 1,S), (tMATII,J)# = , ,121,SWIN6lII t

IDHII ), P, K)(I )

36 FORMAT (,•HCXFIP VýLU.FE RATIOS : 1CF IC.S)
SU = no
00 3" 1 1. T

34 SU : SU W•ING(I)/RHoII)
DO 35 I 1,11,

35 VOUTh) : WINGII)/RHC(I)/SU
wRITE f 1•, 6) (VOL'TC I)t I : 1,IN
WRITE C. ,9) W27
WRITE t lo,9) W,.7
wRITE I cl,) (A r.rLCII), I : 2, 1 )
WRITE lt..t,1 ) (A.FLC(I)v I : 1,1S)
WRITE b,6) (ALPIII, I = 1,IS)
w, ITE (Co,6) (ALP(I), I = 1,1S)
IF (KP 2) *NE. @ 1 G%. TO 78
IS Is + 1

2o IF IL! #NE. I ) U P TO Z9
IF (I.U "! *EO. U) UO TO 20
00 3L I = JIRUN

3Q READ (5 t)
WRITE I u,33)
I PUN :f

3,1 FORMAT tI1'.OMAYRL THiS TIMID MONITOP WILL TQY THE NrXT SYSTEM. I
Z2v RETURN

END
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SUBROUTIN~E PVPLOT
OCOMNON A(12912)9 KR(2'l), AMAl(lOt12)v JAT(12), ASPHr.412)9 INt, IS,

21SERI(1O)o WATE(1i), Wl(6)t W4$3, IG6. NP, VNT(2U1), W47, NAME, SEP
OCOMMON /IBRIUm/ TL(2CC,2), TUWOO2), W3(2Ofl), VNU(?UO0,ld), 0A,
1rAU, H120O), Su(ZOU), Y(Z0), JCi IRý200,2)9 DMU(2un), VLNK42!"O),
210JI12), '4A(20OU,2), PRQZOnt2l, RC(ZOO,2), OZ. , PEI20fl,2)v
3RFI20OtZ3, CH(,0LJ,2), JM, Wd48, CPO FN, C(12,2GC,, ,~PECIE(2ýn')
4#LL4200)
COMMON/EAPLO/ VLI'ij),v P1(20), VEL(Zfl), HT420), TET120), N~E
CALL 3RTC;IV (1# .2, log a., bnrel,, nflt loCe, ijqjqfl,lu,IC,.,'41
DO 19 1 = : N
1XI = I x .
IPi = '
ISI = ISt.
IVI = I V

IX2 = N WW VVL I I

PT(I) NTE It/ajw.

IS2 z NYV(AMINlIHT(I), WIG.,))
IS2 =NYV(AMIN.I(HL(I), 6Ofl0))
IC2 = NYW(AMINl(TLTEI), 6D000))

IF (I&EO.1) 60 TO 1ý'
CALL LINEV~i iX,IPI,IX2,IPZ)
CALL LINEV4 IXl*IS1,I~vIS2)
CALL LINEV(IXltlIC , X291C2)
IF (I sE'Q. NE) G0 TO 19
CALL LINEV(IX1,IV ý,IX2,IVZ)

19 CONTINUE
CALL APLOTV 430, WI, PL1, 999,1, lINP, NLASTI
CALL APLCTV43f0, Vt., TET, 9,9,1, lHT, NLASTI
CALL APL(,TV !30, VIL, VEL , 9,9,'., 'IHV, NLAST)
CALL APLOTV 430, VL , HTt 9,9,91, IHiS, NLAST)
CALL PR I NTV (33, .33HVOLUME RATIO ALONG HUGONIOT CURVE, '416,6
CALL APRNTV 10,-16, 61, 61H*PRESSURE Y100U *TZMPERATUPE *VELO
iCITY *ENTHALPY /16 ,4, S92)
RETURN
END

CMAIN PROGRAM
OCOMMON A(12,12), KR(ZM), AMATUS1),12,o JAT4121i ASPLCt12)# IN, IS,
IFIE(10,6), IE(Ifl,t), ALPU12), W27, N, BLOK00O009 Dm410), RHO1lO),
ZISERL(1Ch, WATL(It, W1(6t, W'43, 16, NP, VNT(2ul,)g W'47, NAME, SEP
OCOMMON /19RIUM/ TLU2s..02, TU120092)9 W3:20V), VNUI200,121, QA,
ITAU, H(2L0), SU(2"0,v YWID0, .ýCo IR(20flZ), DMU(2fDO)9 VLNK(2CO)D,
2IOJII?), RAZOU0,2), W81200,2), PC42OUv2)v RtD(ýu~2J, RE42t-O,4),
3RF12UO,2J# CH(.e00#Z), JM, W48, CP, FN, C(12,ZOU), SPLCIE(200)

COMMON/EXPLO/ VL('0), PL(7'0), VEL420l, HT420), TET(20), NE
COMMON/MUJON/TSTEST ,TL

77LIFORMAT(19HOINIT:AL DENSITY : F12.696X919HINITIAL PRESSURE: F1296
1/23HODETONATION PPESSURE Z F12*5,bX922HDETONATION VELOCITY ,F12

6bCFORMATII9I4OHZAT OF REACTION :,FI1.2,13X,19I4PARTICLL VELOCITY =,F12

3 30FORMAT 13 NO IMPULSE FROM ISENTROPIC EXPANSION= oFI'4o5)
8888 CONTIN~JE

a CALL PUT IN ILE)
PIN w 1 6)
MIN w 4
VIN j&9871*,i27/bV31...S&flS
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TE--30OO
CALL GUE:)SITE,PIN)
CALL cinL.T (VMIN)
CALL HU30(P INNIN ,VINPZEPO, TE,WRZLRO.VMIN ,SZER0,HZERO)
TCH:TE
HE Z IN

80 3 V WAV L-S QRT (837eslU* (HI7ERO-HE 1W 27)
905 LS =I

CALL OUT (PZEPO, TE, HZERO, SZERO, LS)
PR =PIN

90b WRITE(1h ,77 )W43,PPgPZER0,VWAVE
WRITEI 6,77)43,PrPZFRO,VWAVE

907 SOUNDV:SQPT (8372.2'*4HRZEf-HZE!?O3/Wý27)
PART V:V WAVE -SOUiNOV
SYSENT=S&ERO
CALL S PAL (TE, PP, 'HE, SYSENT, TCH, 1)
OWE =HE
C ALL EOU 1L ( 298 .lb .PP NEPENTR,90)
ONREAC =(HZEPU - H'1/100C'.
WRITL(16,6 )D~HkEAf,PAPTV
WRITE( 6t66 IDWIEACoPARTV
FSI =9.3?94*S6RT((HiER0 ONE)/W271
WjhITE(16,33)FSl
WRITE( 6933)FSI

1010 CONTINUE
CALL PVPLOT
GO TO 880
END

SUBPoUTItNE CJDLT (VMIN)
-COMMON A 112 912)t KRI~r)), AMAT41'912), JAT(1?)9 &5PLCg12), IN, IS,

LISERIC1.1 ), .ATeAd , Wl(b) , W4439 16. NP, VNT(2Il), s 4" NAME, SEn,
"~COMMON /.lBRIUM/ TL 2',), TU(2f'0,2), )W342200), VNU(',Crn,1Z) C-A,

1T6U, H( -uO) , Su(.!:.,)), Y(C'ff'O) JC,9 IP (200,2 ), DMU42wr ) , VLNKl.j'G) 9

3RF( 2001, 2) Cl t t.IJM, W46, CP, FNI C412,20j), S'LCIE(?tjfl)
4,LL ( )f
CCMMON/EXPLO/ YL(.%), PL t ) , VF L (20) HI (I2h TLT 1?0) N E
C OMP ON/ ;ON /T S IES T ,T 0
PIN zk 6
HIN :W 1(4 )

VONE =V!N'
CALL HUGO ( PIN , H -,N, VyIN, PONE , T('N F, HRON E, VONK, SONE, HONCE

PL(2 ) z a.

VEL 12): I5Cn r .
H -ONE-HIN

TET I TONE
VONE t)S*YVIN
CALL HUGu (PIN, Hlrt, VIN, F'jNEt TONE, HRONE, VoNE, SONE, HONE)
VL(l)=r5
PL(l1 PONE
VEL 1 ) =SOPT ( 372.*(HRONr-HIN) /W27
HTl1) I NONE-HIN
TET 1) :TONE

UL .2

00 19 j( = .9
NEM zN-
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IL =NE * 2 + iM4 - I
V1.4IL) =VL (IL-2n
P~LIL) =PL (IL-2)
TET IL ) :TET(IL-.')

14 H T (IL) N T (I1-2)
VL(IM*1) :VLIiM)
PL(IM+lI) PL(LM,
TET41D4,U:= TE1IWi
HT(IM'1D=HT1M
VEL1M*1):= VEL(IM)
VL(IM+2 I VL ( M.)* I L+,L
VL(IM) :VL (1001) D LL
IL = M *"
0O is .J = IM,4L#'
v014E VL.J)*W/ AN
CALL HUGO (PIyJ, H-IN, yIN, PONE, TINE, HPONE, VO~NE v SUNE" HONE)
PL(J) =PONE
VEL (J) = QR'( (17Z.*(HRONE-HIN,)/w27)
TET(J) =TONE

Iz HT(J) = ONE - HIt
At VELIIM+12

A'=(V EL QIM42 J-Wf L ( Im) /2. /OL
A3 = VEL(!M) * VLLIIMZ) - 2.*VEL(IM*1fl/2#/DL/~LJ
VMINP WI
VMIN VL(IM41) -A217*1A3
OELP OLL
DEL AAS(VMIiI-VMIP)
D)O 17 1 =1,2
IF EVELL-M) *LT. VLL(IM+l)) GO TO IP,

17 IM= TM *1
16 NE:=NE '2
19 DL =DL/.

VMIN =VMIN*VIN
RET URN
E ND
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Appendix J

SUBROUTINE VERSION OF PEP

By exchanging the main program and input routine with the subroutines below, one obtains a
version of the program that may be made a satellite of another main program. This has been done
for the final reduction program for airbreathing propulsion tests. 1

SUBROUTINE PFPS
(JCOMMON A(12,12), KN(I.rfl, AMAT(ln,12), JAT(121, ASPLC(12), IN, IS,

2ISERI(1O), mwATL(,'.), WI(6)9 W43, ID, NP, VNT12L)1I W 479 NAM~q SER
('COMMON /IRRIL'Mi TL (ý-LM9)t TU(2!7092), W342OL'), VNu(pOfl,121, CA,

210J( I? ), PA f2ruoi ), PqOR(20n,2)o Rc(2'~r,21, Rn12U09O2), PE1200,2),
3RF(2VC,2)# CH(kOU9Z1, JM, W489 CP, FtN, C(12#2009, 6)PCIEI26;0)
4 ,LL 1200 )
COMMON1MOjON/TSTE5 -,TL, IRUN
COMMON/PLSULT/ý)Pl(.d,*ST(?),GAM(2),CF(2),EV4Z,Iip1SP(23,OEX(?),
XTHRT (?) 9TEX (2 ) TCOMP *ENTH(2) 9ENTROt ? ,GASM (2),RTV j.)
TCH =34u7.
Tý: AM-AXI(TCH, J.'
1. ýEST= .
TE =Am~rtv(TE,5O0jC..m
Pr,:I 1(5 )

15 IF (0~(7) *EQ. 'J) GOi TO 14

VPIT(NP) ZE-LOG.UF2ut5*1(61/W115) I
CALL EOUiL (TE, PF, H, SF, 1)
PR =FN*VNT(NP)
SYSE!NT =SE
(;O TO 6

14 CALL H VA~L ITE, PQ, SYSENT, 1)
1. TCH =TE

TCOMlb:TCh
ENTH1ill .t(4)
EINTRO I I ZSY SEN T
G ASM (I) FN
P TV (1):V NT(INP1 MftW 143 PAGS NOT FILM~E
GAM11)=CF/(CP-FN*!#967l)
GASP.0' ) =Lo
SOP 1CG+ 1
00 1 1I=1GP,'N

1 GASM (2 ) :jS M1 2 1 NTE I I
d RETURN

E ND

15 Naval Weapons Center. The Final Reduction Program for Airbreathing Propulsion Tests at T-Range, Theory
and Usage, by L. R. Cruise. China Lake, Caldif., NWC, January 1978. (NWC TM 3364, pubkication UNCLASSIFIED.)
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SUBROUTINF PUTINS(ISERWTSD
DIMENSION ISEPIl10) hTS(IrI)

OCOMMON A (12912), Pk ) AMAT11(, 12), JATI I?), ASPtC(12), IN, IS*
IFIE110,6), IE41Of), ALP(12), W77, Nt 8LOK~l•,0), UHII), RHO(IO)o
11SEP I(l l I It wATLf l!), 9Wl1(6), 1 w43, I ,N, VNT (2,, ) 1 W47# NAME* SER

COMMON ITAGI I'fu), I w I GU)
COMMON/ILINFO/AAAA (6)
DIMENSION ATwT(IUCI), SWING( 1U)
COMMON/MUON/TSTEST ,TE, IRUN
DATA (AT6T(I), I :,10)/1.0t8, 4.1103, 6.94, 9.U13, 10.8?7 12.011
1'14 .018, 16., 19., 2L.103, 22.99:, 24932, 26.9d, 2o.L 9 , 30.975,
2 32.066, 35.451, 39.944, !9.1, 4o.O8, 44.96, 47.9, 5C.9S, 52.01l
4 54.94, 5S.851 Sd.94, 58,.71, 63.54, 65.38, 69.72, 72.6, 74.92,
5 78.96, 70.916, d7.NC, 85.48, 87.63, 88.91, 91."2, 2Qý.91, 95.95,
6 99., 9 I. i0 , 1u2o..I, IL66. 4, 107,88, 112,41, 114.t2, 118.7, 121.76.
7 127.61# 126.91, 131.3, 132.91, 137.36, 138B.92, &4,,.13, 14tU.91,

8 144.77, 1.- , 157 35, 152., 157.26, 158#93, lb2.51, 164.94, 167.2
97, 169.94, 173.04, 174.99, 17e.50, 180.95, 163.86, 186.22, 1901.2,
1 1920?, 195.#00, 1'l,, 210o61, 204.39, V.7.21, 9 Z1.999 21Lo., 21U.,
2 222., ?e3., 2.6., 227., 732., 231., 236., ?37., 237.,1240I,9.031t
310.82,24.3Z,26.98, 253. /

IF (IPUN .NE. J) 60 To 19
11 00 12 1 :
12 JATII) :

KP:I
REWIND 1I
Q EA I I 1 9111 ) V

00 13 1 : III(%
A =1 S Lo( I I
IF (40P LT9 K) (20 TO 1117
REWIND 11
RE.AD 1119 it IG) V A
KP-i

1111 00 1113 ,j--KPK
1113 READ 111,1110)(VNT(L),L:=,12)
111I FORMAT (IAA6,AS)

KP"K *1
1115 CONTINUr

13 DECODE(2 ktN T) (LjLO VI IsJ 1J- I 15)o iF IE I J I I E It9.j = 1 96 1

I ON I), I HO(I)
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Z FORMAT 15A6, 6(F3.3, AZ), F S,C, F6.?, 17)

CALL STOICHb4LE)
UO 114 = I IN
WATE I) : 0
00 14 J =IIS
K = JAT(u)

14 WATEII) : WATE(I) 4 AMATIIJ)*ATWT(K)
CALL SEARCH(LE)

16 IF IKQI?) .NE. 1) GO TO 19
IS : IS -1

19 DO 1199 1:IIN
1199 WING :I :TS IT

2L MP(19) -
DO 21 J = ,IS
ALP(j) = n,
DO 21 1 = ION

21 ALP(J) ALPIJ) * AMATIIvJ)*WING(I)/wATE(I)
ý 27 .- 0,
W1(4) = Le
d43 0.
VA 1*
00 22 1 = 1,IN
SWIN6(I) = WING(It
W10.1) = ,IvlM * UJH(I).*WING(I)
W27 Z W?7 4 WINGIT)
IF (RHOU()) 25,2.,24

24 W43 = W43 * WINGII)/RHOII)
GO TO 22

25 VA '¾
22 CONTINUE

W43 : VA/W43 *W27
12 J IF (KQ(4) *NE. 1) CO TO 23

IF (KR(l1) .EQ, 1) LO TO 23
W1(5) - *I(Jj)/,L4 ,7U[?69
IF (KIR(7) *EQ, i) G 0 TO 23
W1(6) : •i l4 )/A .7Zý269

23 DO 27 1 = IlTi,
27 IF (Kr( 2) .NEo 1) GO TO 28

IS = 15 + 1
28 CALL GUESS(250UaU,)
29 RETURN

END
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NOMENCLATURE

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

S Number of chemical dements
N Number of molecular specie3 (N > S)
C Molecular composition matrix
Cik Elements of composition matrix
i(Y) I • / < S A given ch(,ice of basis species

bik =ci(),k Composition matrix of basis species
ni(j) Molar amounts
B Optimized basis matrix
bik Element of basis matrix

V Matrix of reaction coefficients
Ki Equilibrium constant for ith reaction

gi Gibbs free energy for ith species

R Gas constant (1.9871 cal/K-mole = 0.08205 k-atmi/K-mole)
T Temperature

Small difference in reaction coordinate
Molar amoints
New composition after adjustment of ni

0 1 for gas ed
7[1'j) Phase parameter 0 for condensed for ith species

N
A P/t' = RT/V

1' Pressure

Qi Guess for equilibrium constant
fiT) H(T) - H11 or S(T) - So in ei.thalpy or entropy balance procedure
i/!T) Enthalpy at temperature T
"H0 Reference enthalpy.

S(T) Entropy at temperature T
, So Reference intropy..

Spe(ific heat at constant pressure
K Degrees Kelvin tC -IU ING PACW NT FILWn ED

1,HI,7 1" ,TISPI Chamber state variables VAN

1/, V2 ,T2 ,S2 ,P2  Exit plane state variables -

103



NWC TP 6037

VY1 ,2Volume

Isp Specific impulse

gMKS Acceleration of gravity in S1 units
J Mechanical equivalent of heat
rn Mass

If Cp/Cv = ratio of specific heats
L Conversion factor

7c A parameter that equals -t only for a perfect gas

7v Isentropic exponent (PV3v = constant). A parameter that equals y' only for
a perfect gas

in Mass flow
k 103 liters/m3

P Density
v Velocity

A Duct cross-sectional area
PtA• Nozzle throat values

Cf Throat coefficient
C* Characteristic velocity

gpi's Acceleration of gravity in common units
AU Ideal boost velocity

g Acceleration due to gravity

p* Switch density
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INITIAL DISTRIBUTION

20 Naval Air Systems Command
AIR-03B ()AIR-5503 (1) AIR-3312 (1)

AIR.03P2 (1) AIR-503E (1) AIR-53232 (1)
AIR-03212 (2) AIR-50 OB (1) AIR-5332 (1)
AIR-320 (1) AIR-5108 (1) AIR.5351 (1)
AIR.320C, W. Volz (1) AIR-5109 (1) AIR-5366 (1)
AIR.330 (1) AIR-5203 (1) 5 Chief of Naval Material
AIR-340B (1) AIR-52032C (1)

5 Chief of Naval 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 awid Education Conmmand, Quantico (Marine Corps Landing
Force Development Center)

I Air Test and Evaluation Squadron 5
I Fleet Analyý,is Center, Sowd Beach (Library)
1 Naval Air 1kvelopment Center, Wa~niinster (Code 3014)
1 Naval Ammunition Depot, Hawthorne (Code 05, Robert Dempsey)
1 Naval Explosive Ordnance Disposal Facility, Indian Head
I Naval Intelligence Supý)urt Center (OOXA, Cdr. Jack Darnell)
6 Naval Ocean Systems C;enter, San Diego

Code 133 (1)
Code 6133, R. Hagan (1)
Code 6341

Carahier (1)
Rathson (1)
Shadduck (1)
Sorenson (1)

1 Naval Ordnance Station, Indian Hoad (Code FS, A, T. Camp)
I Naval Postgraduate School, Montery (Prof. Netsr)
I Naval Ship Research and Development Center, Bet{ýesda' (Code 166, John F, Talbot)
5 Naval Surface Weapons Center, Dahgren Laboratory, Dahligren

Code CG-3?, (1)
Code 1X3 ('i)
Code DG.50 (I)
Code, CR-22, F. Faroody (2)

2 Naval Surface Weapons Center, White Oak
Code 312, W. C. Ragsdule (1)
WR-12, H. Heller (I)

i Nava! Intelligence Support Center Llaisvn Officnr (LNN)
1 Army Materiel TR,!adiness Commaid, .Rock Island (DRSARLEN•)
I Army M.Uisle Research and Development Command, Redstone A's-,nal (AMSMI-RK, Dr. R. G. Rhoades)
4 Anny Arniamnent Resiarch and Dvewiopmant Certer (SMD, Concepts Branch)
1 Army fa!linstics Rvwwarch Liboratorie,. Aberdoen Proving Ground (DIRDAR-TSB-S (STINSO))



2 Air Force Systems Command, Andrews Air For:•'e Base
DLFP (1)
SDW (I)

I Air Force Aero-Propulsion Laboratory, Wilght.Patterson Air Force Base (RIA)
8 Air Force Armament Laboratory, Eglin Air Force Base

DLD (1) DLO (I)
DLDE (1) DLODL (1)
DLJW (1) DLQ (1)
DLMI, Aden (1) DLR (1)

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

AFAPL
RJA (1)
RJT (1)

STINSO (1)
XRDP (1)
XRHP (1)

1 Defense Advanced Research Projects Agency, Arlington
12 Detense Documentation Center

1 Department of Defense Explosives Safety Board, Alexandria (6-A.J45)
I Lewis Research Center (NASA), Cleveland
1 Aluminum Corporation of America, Alcoa Center, PA (W. E. Wahnsiedler)
I Applied Physics Laboratory, JHIJ, Laurel, MD (W, B. Shippen)
I Atlantic Research Corporation, Gaincsville, VA (Phillip H. Graham)
I Beech Aircraft Corporation, Wichita, KS
I Convair Division of General Dynamics, San Diego, CA
I Ford Motor Company, Dearborn, MI (C. J. Litz, Jr,)
I Grumman Aerospace Corporation, Bethpage, NY
1 Holex, Inc., Hollister, CA (Howard Dtlts)
1 Honeywell Corporate Research Center, Bloomington, MN
1 Hughes Aircraft Company, Culver City, CA
I Hughes Aiceraft Company, Missiles Systems Division, Canoga Park, CA
i MBA Associates, San Ramon, CA (Glen Hopkins)
I McDonncll Douglas Corporation, St. Louis,, MO (j. L. Bledsoe, Dept. E241)
1 Marquardt Corporation, Van Nuys, CA
I Martin-Marietta Corporation, Orlando, FL,
I Montana Energy and, MHD Research and Development Institute, Inc., Butte, MT
1 North American P ockwell Corporation, Columbus, OH (R. C. Wykes)
I Olin Corporation, Energy Systems Division, Marion, IL (I. L. Markovitch)
I Ryan Aeronautical Company, San Diego, CA
I The Boeing Company, Seattle, WA
I United Aircraft Corpo ation, East Hartford, CT (Research Laboratories, R. L. O'Brien)
I United Technolovics, Chemical Systems Division, Sunnyvale, CA (T. D. Meyers)
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