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ABSTRACT

An' efficient method is presented for calculating equilibrium chemical composition
at a given pressure and stoichiometry with temperature, enthalpy, or entropy specified
as the additional condition. A substantial reduction in computational time was achieved
over conventional methods by employing a linearization technique and reducing the number
of -equations to be solved to a small number of linear algebraic equations. Examples are
given for the H, /0, system (six equations reduced to two) and C/H;/O;/N;/Ar system
(¢leven equations reduced to three). A computer program is presented for solving
problems with fuels which involve C and H (hydrocarbon or hydrogen) or N and H
(such as hydrazine) and with oxidants such as O3, HyO;, and HNO;. Extension of the
method to include other systems is explained in sufficient ‘detail to eliminate the
requirement for an extensive knowledge of chemistry by potential users.
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NOMENCLATURE

Matrix coefficient

a,b,c,x,y,z Relative atom moles of nitrogen (N), argon (Ar), carbon dioxide (CO;),

MR R

&
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carbon (C), hydrogen (H), and oxygen (O)

kth coefficient in polynomial thermodynamic property of species i
Specific heat of mixture, cal/°K

Mean specific heat, Btu/Ib°R

Specific heat of species i, cal/mole®’K

Matrix coefficient

Gibbs free energy of the mixture, cal/mole’K

Standard Gibbs free energy of species i at 1 atm and temperature T,
cal/mole’K

Enthalpy of the mixture, cal/gm

Mean enthalpy, Btu/lb
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h; Enthalpy of species i, cal/mole®’K

I(aj3) Determinant of matrix of coefficients

K Equilibrium constant

m Number of independent species which determines order of matrix
n Total number.of species

P Pressure, atm

P; Partial pressure, atm

P, Vapor pressure, atm

Qcomb Heat of combustion of a fuel, Btu/lb

q Number of elements

R Gas constant, cal/mole®K or cm3 atm/mole®K

r Ratio of number of atom moles of a species to that of another
S Entropy of mixture, cal/gm°K

St.i Standard entropy of species i at temperature T and 1 atm, cal/mole®’K
T Temperature, °K

XX Dummy variables

L) Decrement of specie i

Vij pij Stoichiometric coefficients of species i in reaction j

¢ Equivalence ratio

SUPERSCRIPTS

o Standard state

*

Specified input value

Current estimate of variable
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Dummy indices

Property of ith species

Property of jth reaction

Property evaluated at reference temperature

Temperature
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SECTION 1
INTRODUCTION

There are many problems involving the performance of propulsion systems in which
it is necessary to know the equilibrium properties of combustion gases. As long as
combustion temperatures are relatively low (T < 3000 to 3500°R) good results can be
obtained by assuming no dissociation of the combustion products and including an
empirical correction for dissociation as a function of temperature only. An effective
isentropic exponent can be determined and fluid dynamic properties may be calculated
using conventional aerodynamic functions.

When it is necessary to evaluate systems where higher temperatures occur, such as
turbojets with afterburners, ramrockets, or ramjets, low temperature empirical corrections
rapidly become very poor. A much more difficult equilibrium chemistry calculation must
then be carried out since the complete set of nonlinear equations which describe chemical
equilibrium must be solved.

Solution of the complete set of nonlinear equations is very laborious by conventional
methods, even for a relatively simple system such as a laboratory flame. Computers
alleviated this problem (Refs. 1 through 3). Increasing system complexity and requirements
for thousands of data point calculations brought new problems directly associated with
the old, time-consuming methods of calculation.

Numerical techniques for solving systems of nonlinear equations have been developed
to a high degree; therefore, it is necessary to devise operations in the system of equations
to effect significant reductions in the overall calculation time. The most successful operation
which has been applied is that of linearization, using a truncated Taylor series expansion
about the solution (Refs. 4 and 5). The method of Ref. 4 employs an expansion of the
free energy of the mixture, using the method of steepest descent to minimize this quantity
corresponding to chemical equilibrium. The method of Ref. 5 employs an expansion of
the conservation equations and the Newton-Raphson method to solve for the equilibrium
composition.

The technique described in this report is essentially that of Weinberg (Ref. 5) extended
to allow temperature to be calculated simultaneously with the chemical composition and,
in addition, to include a numerically stable computational technique. When temperature
is to be determined, either enthalpy or entropy may be specified at a given pressure,
thus allowing the temperature to be obtained from an energy balance on an engine or
from the known entropy at some point along an isentropic expansion or compression.

SECTION 11
CALCULATION OF EQUILIBRIUM COMPOSITION

In order to calculate the equilibrium composition of a mixture of n components
(species) at a given temperature, pressure, and equivalence ratio, one needs n independent
equations. For a system containing q elements from which n species are constituted, it
is possible to write q conservation equations which are linear combinations of the
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concentrations of species, and n-q chemical equilibrium equations which are, in general,
nonlinear combinations of the species concentrations. These chemical equilibrium equations
define the relative amounts of each species at a particular pressure and temperature.

In general, it is possible to choose any q species which, as a group, contain all the
elements and write equilibrium equations for the remaining species. Substituting these
equations into the conservation equations results in a set of q nonlinear equations in q
unknowns.

Several methods have been developed for solving nonlinear equations with the
Newton-Raphson method—the most frequently used. There are limitations to the use
of this method, but it is a powerful tool, and convergence can usually be guaranteed.
The nonlinear equations are linearized by expanding the equations in a first-order Taylor
series. In order to solve the linearized set it is necessary to have approximate values of
concentration for q of the species. The set of q linearized equations is then solved for
corrections to the approximate values. The process is repeated to find new corrections
to the previous values. Although the Newton-Raphson technique always converges to a
solution, some experience is necessary to ensure that the physically realistic solution is
obtained. In addition, the rate of convergence is greatly improved if experience is used
to specify which of the q species should be chosen and good approximations are made
for the initial values. Finally, if the number of equations can be reduced, considerable
savings in computational time are obtained since, if there are q equations for q unknowns,
q2 operations are necessary to solve for the q unknowns.

The method developed in this report is essentially the application of experience to
improve established methods for equilibrium calculations. The method is extremely efficient
in obtaining solutions for a variety of complex systems including the simultaneous solution
of the energy or entropy equations to determine temperature if it is an additional unknown.

The species are assigned partial pressures P; and the necessary equations are
(temperature is not a variable in the following derivation)

Pi = g(PB) i = l, n-m;B = l,m (1)

where the functions g(P) are the equilibrium equations and may include one or more
of the conservation equations. The conservation equations are expressed in the form

ag = g(Pg) K=1m;8=1m 2)
where ag is defined in such a way that it is identically equal to zero when the solution

has been obtained. Expanding Eq. (2) in a Taylor series and neglecting orders higher than
the first

3)
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Differenfiating Eq. (1) one obtains:

g1 TP @

Note that since the equations are to be solved in finite difference form, finite difference
notation is used throughout.

Substituting Egs. (4) in Egs. (3), evaluating the partial derivatives using Egs. (1),
and letting ag approach 0, one obtains m equations for the m unknown &g. The 65'5
are the desired corrections to the initial values of P; which are denoted by P;. Thus
the corrected value is given by

Pﬁ = Pﬁ' + 5ﬁ 5)

and the remaining (n - m)P;'s are obtained by substituting the Pg's in Egs. (1). The process is
repeated until the 8,'s are within acceptable limits.

Some examples of increasing complexity are given which illustrate this method
of calculation and, in addition, a method is included which simultaneously solves for the
temperature when enthalpy or entropy is known.

2.1 APPLICATIONS OF THE METHOD
2.1.1 Hydrogen/Oxygen (m = 2)

The following n equations completely describe the relationship between the n
unknown partial pressures.

Dissociation Equilibria

(6)
j=3 H,0 % 0.5 H, + OH P, = K,P /P,
Species
i=1 2 3 4 5 6
H O o H,0 H, O,
Element Conservation Equations
H atoms: 2P, + P, + P, + 2P, = P
3 1 3 4 H 0

O atoms: 2P6 + Py o+ P3 + P4 = Po
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In addition, there is the following conservation equation for species

Lp -p 8)

i=1

Let the ratio of H atoms to O atoms in the unburned mixture be denoted ryo = Py /Po.
The O atom conservation equation can then be substituted into the H atom conservation
equation as follows:

One thus has six equations for the six unknown partial pressures. The equilibrium constants
K; are known functions of temperature (see Appendix I). It remains to choose the two
species to which the remaining four species are to be related. The two ‘appearing in the
largest concentration should be selected in order to minimize numerical problems. At low
temperatures, dissociation will be almost zero. The partial pressure of atomic hydrogen
and oxygen and hydroxyl radicals will be negligible. For fuel lean calculations the partial
pressure of hydrogen molecules will be negligible as will be the partial pressure of oxygen
molecules for fuel rich calculations. For stoichiometric calculations, all the partial pressures
are small except that of water vapor. Thus, water vapor is a natural choice and hydrogen
and oxygen are used for rich and lean calculations, respectively. Stoichiometric calculations
are made with hydrogen as the second variable although oxygen could be used instead.

FUEL LEAN CASE

1 1
4
P, = &

1
= K3Kép;-2p6

|
~
—
~
!
o
o
bl
d
[=)]
)
[0
[

Y (10)

P K.P P K:'p,poh
2 2°6 -. 5 < 4 46

These equations represent those expressed as Egs. (1). Differentiating these equations

Pl Pl

P2
82 = 0.5-P— 86
¢ (11)
P3 P,
63 = 0.5 —P— 84 + 0.25P— 86
4 6
Pg - s
85 = P_4 64 - O.D Fﬁ 66

These equations represent those expressed as Egs. (4).
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ay = %P5 + P + Py + 2Py + 1yo(2P + P+ Py+ P

and

6

ay =-£ P, - P

1=1

These equations represent

(12)

those expressed as Eqs. (2). Differentiating these equations

da,
1 'éP—i
2 - o
1 i=

= ~THo

t?a1
— =17
dP, - 'HO

aal
6

These expressions together with Eqs. (11) above represent those expressed as Eqs. (3).

METHOD OF SOLUTION

Py

20P/(1 + ¢)

F,

1. Assume values for P4’ and Pg’' using the stoichiometric equation

rHO = 2¢

where ¢ is the prescribed equivalence ratio.

2. Compute initial values of P’ where

’ =Y o_’/ ’_l/
P, - KK, P, P, "

similarly for Py', P3’, and Ps'.

3. Compute initial values of the coefficients of the &y Eqs. (11) where

rd rd P
8, = 0.5P|/P.5, - 0.25;_—1,56

similarly for 83, 63, and &s.

’

6
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4. Compute a; and ay using Eqs. (12).

5. Compute the (da/0Py) & terms using Egs. (13) and collect all the coefficients
of 84 and 84 together to form a 2 by 2 matrix
~ay = 35[05 P + 0.51-ryg)P; + 2-ryglPy + 2Pl8,
‘ (14)

1 n’ _ , ’ , ’
+ P—é[—o.zaP,- 0.5ryoPy-0.251~ryg)P3 + Py ~ 2Pl 8

1 ’, ’ ’ 3 a
—a2 = F:[O.S Pl - 0.5 P3+ P4+ ps]b4

1 ’ ’ ’ ’ 4 (15)
+p—6,[--o.25P1 +0.5 Py +0.25P; - 0.5 P5 + Pl ¢

Substituting for 85 from Eq. (6) into Eq. (§) gives an equation for 84.
Substitution of 64 into either Eq. (14) or (15) gives an equation for &¢.

6. Compute P, = P,; + 8, and By = P«; + O
7. Repeat processes 2 through 6 until 84 and 8¢ are very small (105 is
considered sufficiently small for most calculations). The resulting errors in

dependent species concentrations are always less than this (see Egs. (11)).

8. Compute final values of Py, P,, P3, and Ps to obtain the equilibrium
composition. .

FUEL RICH OR STOICHIOMETRIC CASES

Y _ P
Pl = I\IPS 51 = 0.5 —5'65
5 P2 P28
-] -1 = = [
P, = K,Kj P,P; 2 P, 4 P, 5
a Py Py 16
P, = KyP,Ps% 83 = 3-8, ~ 0.5 = g (16)
4 3
P P
2 6 6
P, - K;%Plp;? % = 258, = 2505
Thus
1 ’ ’ ’, ’
—al = —';["I'HOP2+(1—I'"0)P3 - (2—r*|0)P4 ~ 4 I'H0P6]56
P .
4
1 - ’ Ld 4 Ld 4

Py

] ’ P ’ ’ 1 4 4 ’ 4 ’,
~ay = P—,[P2+P3+P4+2P6]84+——’[0.5 P ~P,=0.5 P, + Py~ 2P,

4 p5
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Solve as for lean case with

P, = 1072 $ =1
1.2 C/H/O/N/A (m = 3)

In this example, a system of equations is derived which can be used to calculate
equilibrium composition for hydrogen/air or hydrocarbon/air combustion with pressure
specified and either temperature, enthalpy, or entropy specified. This set has been
programmed in FORTRAN IV for general use, and a copy of the listing is attached as
Appendix II.

The ‘following n dissociation equilibrium and conservation equations completely
describe the relationship between the n unknown partial pressures.

J Fuel Lean Fuel Rich
hph %
1 P, = K,PZP} P, = K,PZ
% -1
2 P, = K,Py P, = K,PgP,
hp -1
3 Py = KPP Py = K;PgP; (18)
4 P, -KphPE P, = KPPy P!
4 = M471007 4= M4'8°10"6
Yy . -1
5 Py = KPgPo" P; = K;PoP.Pg
R 2.,-2

Species
i=1 2 3 4 5 6 7 8 9 10 Ar
H O OH H0 NO CO H, O, CO, N, A

Conservation Equations

Lean

Py = rey(2P)o+ PO/L + KgP; )
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Rich
Pg = ren(2P g + P /(L + K P /Py)
Pyr = rax(2P 19+ Py
P, + Py + 2Pg + 2Py + rgn(2Pg+Py = 0

(19)

10
LP, -(P-P,p) =0
1

A more sophisticated method of bookkeeping is used in order to simplify the program
logic in this example. The matrix is set up as follows

Mw

Zepdi=e J= L3 (20)

-

The solutions are obtained using Cramer's Ruie
~¢; a3 a)3
-2y 8gy agy

@n

—asz agy Aazj

and similarly for 8, and 83, where J(a;;) is the determinant of the coefficient matrix.

a1 212 a3
Jaj) =]221 =239 83| 0 (22)
831 832 agg
For fuel lean mixtures, §; = 84. 83 = &g, and 83 =8, ¢; for fuel rich or stoichiometric

mixtures, §; = 8¢ with §; = 6g and 83 = 8;19. The coefficients in the matrix equation
are derived as in the example given in section 2.1.1.

a; = P| + Py + 2P + 2P5 ~ (2P 1o + Py
ag = Py + Py + Py + Py + 2P7 + Py + 2Pg = 1gn(2P 1o+ Py 23
10 ,

i=1
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aj; = dy ; + dg g+ 2dg ; + 2dg ; — ryp(2dyg ;+dy )

gg = dg y + dg v dy ;4 dg; + 2dp 5+ dg g+ dg ;- ron(2d)g 5 + dy P (23)
10 (Continued)
ag ;=L dx; - dap g
K=1
FUEL LEAN CASE
dpq = -0.25P/P; d; 5 = Py/Pg djg=0
dy; = 05 P,P; dgy =0 dyg =0
d3.1 = 0.25 P3/P7 d3,2 = 0.5 P3/P8 d3’3 = 0
dg1 = 05 PP, dyg =0 dgy = 0.5PyP g
-’ ’ ’ 3/! I‘/Z '1/2
b
A
d9.2 =0 d9.3 = rCN(2+d4,3)/(l +K5/IP7 2)
. . . > (24)
P. P, P
ds,1 = dg 1—= - 05— dg, =0 dg3 = dg 3—
P9 P7 |:>9
dg.y = -0.5 Pg/P; dg.o = Pg/Pg dg 3 =0
d?,l = l d7'2 = 0 d7,3 = 0
dB,l = 0 d8,2 = ] d8,3 = 0
le,l = 0 dlo'z = 0 dlo,3 = l
dAR.l = rAN d4,l d\R,2 =0 dAR.S = rAN(2+d4,3)
-t
FUEL RICH CASE
dj ) = 0.5P,/P, dy =0 dyy =0
dg,; = ~Py/Pg dy o = Py/Py dy3 = 0
o o 25
dg ) = dj Py/P| dy p = P4/Py dgg = 0 (25)
dy,; = ~P4/Pg dg,9 = P4/Py dy 3 = 05P,/Py,
d-l’.l = —2P7/P6 d7,2 = 2P7"’P8 d7’3 =0
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dg | = (rcydy, ) = KsPgPoll + KsPg/Pg)
dg 5 = (rendy g+ Ksp;p;/P,;z)(l +KPo/Pg)
dg 3 = ron(2+dy g1 + KPe/Py)
ds,; = (d9.1K5/P!;+ P;)/Pé
dy 5 = (dg JKsPg~Pg)/Py 25)
dgg = ( d9,3K5P6') /P; (Continued)
dg ) =1 dg o = 0 dg3 = O
dg,; = 0 dg,p = 1 dg3 =0
dp = 0 djo,2 = 0 djo,3 = 1
dar,1 = fands,) dam,2 = TaNdy,2 dar,3 = ran(Z+dy3)

METHOD OF SOLUTION

1. Assume values for Pg’, P1g, and P;’ or Pg'; evaluate 1o N, fcN, THN, and
roN using the stoichiometric equation

xC + yH + z0 + aN + bA

xC0y + 4 HyO + (S -x-10, + 2 Ny + bA  (Lean) Q6)

or
2 CO + €0, + (z-15xH0 + 05y-z-15xH, + 3N, + bA  (Rich)

Rich Fuel Case

Pé P—’; -2z + 1.5x)/[x+0.5(y+ a)]

Pg = P(z-1.5 x)/[x+ 0.5(y + a)} @n
Prp = Pa/lx+0.5(y+a]
Lean Fuel Case
P, = Plz=(2x+05))/(0.5y + z + a)
Pg = Py/(0.5y + 2+ a) (28)

P = Pa/(0.5y + z + a)

10
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Atomic Ratios

raN = b/a rcy = c/a yN = y/a oN = #/a
2. Compute P;’ using the dissociation equilibrium (Eqs. (18))
3. Compute d;j, aji, and a; using Eqs. (23) and (24)
4. Solve for §; as in Eq. (21).
5. Correct Pg', Pio’, and either Pg' or P;' using the §; (P, = P;' + §;).
6. Compute new P;', i =1, §, P7', and Pg', using the dissociation equilibria.

7. Repeat cycle 3 through 6 until the §; are less than a specified magnitude
(105 is usually adequate). If there is no carbon in the fuel, then x should
be set equal to zero. If there is no carbon in the system, r¢y is zero and
the "lean" ds; and ds 3 calculations should be bypassed.

SOOT FORMATION

If there is insufficient oxygen to bumn all the carbon, then soot will be produced.
This case is handled by adding the carbon formation equation

C, + CO, = 2CO K, = Py/PE (29)

S

The carbon vapor (saturation) pressure can be obtained using Gibb's phase rule,
assuming coexistence of condensed phase and vapor phase

P, = expl(F>_ ~ F. )/RT] (30)

v

where F_.° is the standard free energy of carbon and subscripts s and v denote solid (soot)
and vapor phases, respectively. Actually, P, = 0 for most applications; thus, only P, (soot
concentration - not a pressure)} needs to be considered and it is evaluated using the carbon
conservation equation (thus Py and Ps are modified to include Pg). If P, is not
approximately zero (T > 4000°C) then it is also added to the carbon conservation equation
and, in addition, is added to the sum of the partial pressures (P is not).

22 CALCULATIONS WHEN TEMPERATURE 1S UNKNOWN
2.2.1 Given Static Enthalpy or Total Enthalpy and Velocity

The static (sensible plus chemical) enthalpy (H) is calculated from the current values
of partial pressure and the initial or current estimate of static pressures and the initial

or current estimate of static temperature (T). If the given value is denoted by H¥*, then
the correction equation for temperature is obtained from the enthalpy equation

11
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n
1

31
where
n
hi = pr.dT + Ahform i and Pw = z PiWi (32)
! l=1
n

i=1

For temperatures below about 4500°R, the frozen specific heat is essentially equal
to the equilibrium specific heat, ie.,
n
oH oH
g5~ &Py — PWaW <« o dT (34)

i=1 1

thus Eq. (33) is approximated quite well (for calculation purposes) by
H - H = AH = CAT (35)

or

AT = AH/Cp (36)

The corrected temperature T = AT + T.

Using Eq. (35) results in a considerable saving in the number of calculations which
must be made and does not require an increase in the order of the matrix which must
be solved. The converged solution is the same whether Eq. (34) or (35) is used for the
correction equation.

2.2.2 Given Entropy

The entropy is used as a control variable in isentropic expansions in which it is desired
to obtain the temperature and composition as the pressure is reduced during an expansion.
The correction equation used is

* C

S -S = AT

=
T 37
or

AT = T/CP AS (38)

12
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The corrected temperature T = T + AT.

Above T = 4500°R the difference between the frozen and equilibrium values of specific
heat becomes significant and difficulties are experienced in obtaining convergence of the
iteration equations. Some additional logic controls were incorporated in the computer
program to prevent stable oscillations. This technique has proved to be satisfactory for
temperatures below 5500°R.

SECTION 111
COMPUTER PROGRAM

A computer program was written for the Raytheon 520 digital computer to solve
for the equilibrium composition and thermodynamic properties of a chemical system
containing carbon, hydrogen, oxygen, nitrogen, and argon, specifically hydrocarbon air
combustion systems. However, because of the versatility of the input, other types of
problems may be solved. These include most fuel oxidizer combinations which contain
at least hydrogen, oxygen, and nitrogen in the fuel and oxidizer. For example,

1. Hydrogen or hydrocarbons with oxygen-enriched or vitiated air
2. Hydrazine or methyl hydrazines with N2QO4 or nitric acid

There have been some difficulties obtaining a solution to some types of problems. These
are discussed near the end of this section. The program listing is presented in Appendix
II and the results of some calculations are given in Appendix Il

The computation was divided between two subroutines which are called by a main
program whose function is to input and output data. The main program will not be
discussed in detail since it is assumed that any other user would choose to rewrite this
section for his own specific purpose. The equilibrium calculations are made in subroutine
PROP which calls on subroutine THERM for the required thermodynamic properties.

There are four optional calculations which can be made using PROP. These are
controlled by the integer variable IT in the argument list, and are discussed below.

IT = 0. Given the moles of the elements carbon (CAR), hydrogen, (HYD), oxygen
(OX), nitrogen (AN2) and Argon (AR), the pressure (PR) in atmospheres, and
the enthalpy (H) in Btu/lb, plus an initial estimate for the temperature (TT)
in °R, the subroutine returns the equilibrium temperature (TT) in °R, the entropy
(S) in Btu/Ib°R, the specific heat (CP) in Btu/Ib°R, the molecular weight (WTM),
an array of the partial pressures of the 10 species (P) in atmospheres, the partial
pressure of argon (PAR) in atmospheres, and the number of iterations (NT)
required to obtain the solution.

IT = 1. Given the moles of the elements, the temperature (TT), and the pressure
(PR), the subroutine returns the enthalpy (H), partial pressures, and the other
properties returned when IT = 0.

13
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IT = 2. Given the moles of the elements, the entropy (S), and the pressure
(PR), the subroutine returns the composition, temperature, and other
thermodynamic properties returned when IT = 0.

IT = 3. Given the composition (array of P's and PAR), the entropy, and the
pressure, the subroutine returns the thermodynamic properties for a frozen
composition. In this case, if a series of entries to the subroutine are made at
different pressures (for example, a frozen isentropic expansion to a series of
known pressures) the previous composition is stored so only the initial
compositions must be entered.

Normally for this case and the previous one (IT = 2) the input (S) and compositions
are obtained by running a type O or 1 case immediately before the type 2 or 3 series.
For example, in an isentropic nozzle expansion the combustion chamber conditions are
first calculated from the fuel-to-air ratio, enthalpy, and pressure, then, using the entropy
from this calculation, constant entropy cases (IT = 2 for equilibrium or IT = 3 for frozen
expansion) may be calculated.

In summary the argument list of PROP is as follows: Inputs which are unchanged

are
CAR Relative moles of carbon
HYD _ Relative moles pf hydrogen atom
0).¢ Relative moles of oxygen atom
AN2 Relative moles of nitrogen atom
AR Relative moles of argon
PR System pressure in atmosphere
IT Type of case

Variables which are both input and output are

H Enthalpy, Btu/lb. For IT = 0, H is entered as the desired mixture
enthalpy and returned as the enthalpy of the mixture found by the
program. For all other cases, it is an output only and is the mixture
enthalpy.

T Temperature, °R. For IT = 1, it is the desired mixture temperature
and is not changed. For all other cases, it is entered as an initial
estimate of mixture temperature and is returned as the converged
mixture temperature.

.14
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S Entropy, Btu/lb°R. For IT = 4,S is entered as the desired mixture
entropy and is returned as the calculated mixture entropy. For IT
= ] and O, it is an output only and is the mixture entropy. -

P(10) An array of species partial pressures, atm. For IT = 3, it is an input

' using the values from the previous calculation and is returned ratioed
by the pressure in the previous calculation to that in the present one.
For all other cases, it is an output only.

PAR Argon partial pressure, atm. It is used the same way as the other partial
pressures.

Variables which are output only are
Ccp Specific heat, Btu/Ib°R
WTM Molecular weight
NT Number of iterations required for convergence

A brief description of the subroutine PROP follows. In this subroutine the equations
are solved as outlined in Section 2.1.2.

1. A decision is made as to whether the mixture is rich or lean and initial
estimates are made of the partial pressures of the control species (H,, Hy O,
and N; for a rich case and O;, HO , and N, for a lean case).

2. Inside the main iteration loop, the partial pressures (P(I)) of the remaining
species are calculated from equilibrium constants calculated from free
energies obtained from THERM.

3. The partial derivatives (D1(J) to DAR(J)) of the species with respect to
the control species are calculated.

4. The coefficients A1(I) of the error terms DEL1, DEL2, and DEL3 and
the constants SP1 and SP3 in the expanded conservation equations are
determined. The matrix is solved for the three error terms which are then
added to their respective estimates of partial pressure for the control species.

5. If T is known (IT = 1), these new pressures are used as estimates and

the process is repeated until convergence occurs, i.e., the absolute value
of DEL1, DEL2, and DEL3 is less than DELL (106 in this version).

6. For the other cases, an enthalpy or entropy is calculated using the new
partial pressures and the estimated temperature by calling THERM. The
temperature estimate is then corrected and the entire process repeated with
the new T and control specie pressures until convergence occurs, i.e., the

15
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absolute value of the DEL's less than DELL and the error in H or S less
than the frozen value of specific heat or 9S/9T, respectively. This control
gives a maximum error in termperature of 1°K. Subroutine THERM
computes the thermodynamic properties of mixtures of the eleven species
using the curve fit coefficients from Ref. 6. It is called through an argument
list consisting of the following terms:

Inputs not changed by the subroutine are

P Array of partial pressures of the species
T Temperature, °K
PR System pressure, atm

PAR Argon partial pressure, atm

KT Integer variable
Outputs are
KT =0
H = Mixture enthalpy, cal/gm
CP = Mixture specific heat, cal/gm°K
F = Array of H/RT for 10 species
WTM = System molecular weight
KT = 1

F = Array of F/RT for 10 species
H and CP and WTM are meaningless

NOTE: The only input necessary with this option is T.

KT =2
H = Mixture entropy, cal/gm’K
CP = Mixture S/T, cal/gm’K?
F = Array of S/R for the 10 species
WTM = System molecular weight

16
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A sample calculation typical of that done in a main program is outlined in detail
in Appendix III.

In solving a combustion problem at known enthalpy or entropy for composition and
thermodynamic properties, there are four unknowns. These are the three control species
compositions and the temperature. The error terms in the species equations neglect the
partial derivatives of composition with respect to temperature, and the error term in the
energy equation neglects the partial derivatives of enthalpy with respect to composition.
This is a great simplification since the neglected partials require time-consuming
computation and also add an additional term to the matrix of error terms.

In some test problems, the solution instead of converging has oscillated around the
correct answer. These have been cases where the temperature was high and the uncoupling
of the species and energy equations was potentially serious. No cases of nonconvergence
were seen when the final temperature was below 5000°R which should include almost
all problems of interest involving air as an oxidizer.

Several controls have been added to the program to increase the numerical stability
for type 0, 2, and 3 problems.

1. For equivalence ratios near stoichiometric, the initial estimate of species
concentration for H; in rich mixtures and stoichiometric or O, in lean
mixtures is set equal to 0.01. If this is not done, the initial estimate of
some of the free radicals will be abnormally high and the calculation will
not converge.

2.  When the error in temperature changes sign, two iterations of composition
are made at the same temperature. This control has prevented the solution
from oscillating in most cases.

3. The initial estimate of temperature has been left as an input. A good
estimate will increase the speed of convergence. However, it is usually safer
to estimate low rather than high since the equilibrium constants are set
up to be large at high temperature and thus can greatly overpredict the
dependent species if the temperature estimate is too high.

4. The change in temperature per iteration step is reduced below that
calculated by the enthalpy equation.

SECTION 1V
RESULTS OF CALCULATIONS

Some results of calculations obtained using this program are given in Appendix IIL
Table 1 is a computer printout listing the results from a number of cases where equivalence
ratio, enthalpy, and pressure were specified for a C,, Hy, hydrocarbon burning in air. Table
II lists the results of cases where equivalence ratio temperature and pressure were specified.
Table III lists the results of a frozen entropic expansion, and Table IV lists the results

17
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of an equilibrium isentropic expansion from 10 atm to a given pressure for an equilibrium
gas with a given equivalence ratio and temperature. These results have been compared
with those of Ref. 7 and computed results using the program of Ref. 1. For the same
input conditions the temperatures agree to within 1°K, the compositions of the major
species to less than 1 percent, and the minor species to a few percent.

The number of.iterations required shows that problems where composition or
temperature only is a variable (frozen isentropic expansions or known temperature)
converge more quickly than problems where both temperature and composition are varied.
It also shows that solutions are obtained more quickly at lower temperatures where
dissociation is small.

The times required for the calculations shown in Table I are for the Raytheon 520
computer and would be expected to decrease if a faster machine were used (approximately
a factor of five for the IBM 360).
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APPENDIX |
THERMODYNAMICS OF CHEMICAL EQUILIBRIUM
MIXTURES OF PERFECT GASES

A chemical reaction is formulated generally as follows:

, 2,

Vij _ I)”
(Pij) = (Pii)
The free energy per mole of a mixture is given by

P, n P,
1 i=1

T
"
I w K

The logarithm of the equilibrium constant for the reaction is given by

i=1

The change in free energy in a chemical reaction is given by

n
| AF‘j = z (uij- .;ij)Fi

n
= L Gy = v )(Fy; + RTEP)

i=1

n
e e . -0
RTE K, +z (V;J:—Vi_;) P

i=1

Chemical equilibrium is readily defined as follows:

AF‘J.:O

AF‘;’
exp —ﬁ -

All enthalpies for the reference states of the elements are 0 at 77°F (298.15°K).

S K

Hgyer is the molar enthalpy of the fuel at the inlet temperature. For a compound
such as the fuel, or the CO, in the air, or an clement not in the standard state, the
molar enthalpy is:

T °R
[0 € AT+ H o
536.67 536.67 R
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for example, air at 540°R

H = 0.780881 x 23.22 = 18.132
+0.209495 x 23 = 4.902
+0,909324 x 16.56 = 0.154
+0.00030 x -169263.7 = -50.779

-27.590 Btu/lb mole

Heats of formation are not available for most mixed hydrocarbon fuels such as JP4.
The energy content of this type of fuel is more commonly given as heat of combustion.
The relation between these two properties may be derived as follows:

H = Hproducts(’l‘ products)

reactants (T ref)
= Qcomb. (T ref) + Hproducu (T ref)

The reaction for a CH, fuel is
CH, + (1+ )0y » CO,p + 5 Hy0
for a basis of 1 mole of fuel with a heat of combustion of Q.omb. X WTMgyel
Hiuet (T ue) + CPryer X (Trop=Tpyep + (1- %’Cpoz‘T-") = Qcomb.(Tu,)
x (12.011 + 1,008n) + Heo (T ren + %HHZO(T el

For example, a CH; hydrocarbon with a lower heating value of 18,000 Btu/lb at 70°F
and a specific heat of 0.53 Btu would have an enthalpy at 20°F calculated as follows:

~0.5 x 14.027(70-20) - (1 o %) x 7.02(70 - 77)

+ 18000 x 14.027 - 169.335 — 104092
—21410 Btu/1b mole

Hfuel (T = 20)

If this fuel is mixed with 540°R air at an equivalence ratio of 0.5, the enthalpy entered
into the program is:

—27.59 + 0.5 x =~21410
28.9666 + 0.5 x 1.95905

-358.4 Btu/1b

H=

22



IT=0
IT=1
IT=2o0r3

APPENDIX Il
COMPUTER PROGRAM LISTINGS

NOMENCLATURE FOR MAIN PROGRAMS INPUTS

NPHI

Number of equivalence ratios

NP

Number of pressures
NH = Number of en_tha]pies'

PHI

Equivalence ratio
P = Pressure, atm

H = Enthalpy, Btu/lb

same as IT = 0, except
NH = Number of temperatures

T.= Temperature, °F
same as IT = 1, except

T = Stagnation temperature, °F

ITT = IT

23
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- MAIN PROGRAM FOR KNOWN ENTHALPY, IT =0

c

ﬁiﬁiﬁélou"ixtxa.so)"

READ (29,97) NPHI,NP,NH
e e REAR. 029 96)_(PHLL)asdel JNPHL)

READ (29,96) (P(J),J=1,NP)
— e _QEAD (29,96) (H(J),J=1,NH)

99 FORMAT ¢ 2F12.4,F10.1,F12.2,2F12,5,F114, 3;2!6-F9.3)
—.98_FORMAT (10E12.4)__ _
97 FORMAT (315)
. .96 FORMAT (RE10...)

95 FORMAT (8%, 2HEQ, 10X, 1HP,9X, 1HT,11X,1HH,11X,1HS,12X,2HCP,» 7X, SHMOL,

#5X, 2HND, 4X, HTYPE, 2X, 4HTIME) _

94 FORMAT (8X,5HRAT10,6X,3HATM,6X,5HDEG R,7X, 6HBTU/LA,5X,9HBTU/LE OR

%, _AX,9HATU/LB_TR,4X, 2HHT, 5N, 4HITER,3IX,4HCASE, 3X, JHSEC/)

93 FORMAT (5X,2HEQ »6X, HPo?X-iHT 12X-25HSPECIES MOL FRACTIONS)

'10Xn?HNO.10X:2HCO/)

.91 FORMAT (4X,5HRATIQ,3X,3HATM,4X,5HDEG R, 7X,2HH2,10X,2H02,9X

#,3HH20,9X,
#3HC02,10%,2HN2,10X,1HAZ)

90 FORMAT (ROM1 SPECIFY ENTHALPY EQUIVALENCE RATIO AND PRESSURE FOR A

__® _CH2 HYDROCARBON_WITH_AIR)

89 FOPMAT (F9.3,F7.2,F8.1,6E12.4)
. BB FORMAT (F9,3,F7.2,F8,1,5E12.4)

C=.41959
D=1-561762

009324 N
KK 0

TTTTTRRITE (21,900
WRITE (21,95)

WRITE (21,94)
1T=0

00 1 J=1,NPH!}
Az, 13066338PHI(J)+.0003

3=,279326#PHI (J)
DO 2 JJ=1,NP

00 3 JJJd=1,NH
T=4000.

CALL PROP (A,BsCsDsEsTsPCJJIsH(III) ,S,CPINT, X, PAR, TIME,NT,IT)

___IF (NT.GE.50) GO TO 2

TTARITE (21,99) PHI(J)s P(JJIsT,H(JIJI+SsCP, HT.NT'IT.TIHE
KK=KK+1

RP=1./P{JJ)
__DDO. 4 K=24,13_

4 XN(K »KK)=X(K-3)*RP
XX (L_sKK)=PHI(J)

XX(2 ,KK)=P(JJ)
XX(3_,KK)sT

XX(14,KK)=PAR®RP
_.3 CONTINUE

2 CONTINUE
1 CONTINUE,

TARITE (21,900
"HRITE 121,93)
___MRITE (21,92)

WRITE (21,88) ((XX(J,K)»J21,8),K31,KK)
MRITF (21,90)

WRITE (21,93)
ARITE (21,91)

SRITE (21,89) ((XXTJ,K)sJ=1,3),(XX(J,KI,J= 9,18),K=1,KK)
STOP .
END
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MAIN PROGRAM WHERE TEMPERATURE IS KNOWN, IT =1

DIMENSTON XX(14,590)
NIMENSTON PHI(10),2(10),T(10),X(10)
"YEAD T (29,97) NPHI,NP,NH
REAU (29,96) (PHI(J),J=1,NPHI)
READ (29,967 (P(J),J=1:NP)
READ (29,96) (T(J),J31,NH)
99 FORMAT 2F12.4,F10.1,F12.2,2F12.5,F11.3,276,F9. 30
.98 FORMAT (1CR12.4) o L
97 FORMAT (3T5)
96 FORMAT (RE10. )
95 FORMAT (BXs,2HER,1NX,17P,9X,1H1,11X,1HH,11X,1HS,12%X,2ACP,7X,3HNOL,
#5%,2HNQ, 4X, 4HTYPE, 2X,4HT IME)
G4 FORMAT (AX,5RRATIO,&6X,IHATHM,6X, 5HDEG‘R"7T€HBTU/LB SXTORETU/LE OR
€5  4Xs9HOTU/LB AR, 4X.2HWT,5X,4H1TER, 3X,4HCASE,3X» JHSEC/)
93 FORMAT (5X,2HEQ .5x.:u-lp.7x.1ﬁT.12x.2'5F|sﬁEElEs" THMOL® FRACYIONS) 777
92 FORMAT (4X,5HRATIO,3X,3HATM,4X,5HDEG R,7X,1HH, 11X,1H0,11X,2H0H,
#10X, 2HND, 10X, 2HCO/)
91 FORMAT (4X,5HRATIO,3X,3HATM,4X,5HDEG R,7X,2HH2,10X,2H02,9X _
o.SHHZU 9)(.
#3HC02,10X, 2HN2,10X,1HA/)

#R A CH2 HYNROCARBON WITH AIR)
89 FORMAT (F9.3,F7.2,FB8.1,0E12.%)
88 FORMAT (F9.3,F7.2,F8.1,9E12.4) .
=,41959
D=1.561762
E=.009324
KK=0
WRITE (21,90)
HRITF (21,99%5)
WRITE (21,94)
1T=1
N0 1 J=1,NPHI
Az, 1396633#PHI(J)+.0003
s ,279326sPHI ()
00 2 JJ=1,VP
N0 3 JJJ=1,RH
CALL PRO® (AsB,CsDsEsT(JIIIP(IJ)SHLS,CPINT, X.PAR.TIME NT I
IF (NT.GE.50) GO TO 2 ’
WRITE (21,99) PHI(D), PUJJ)»T(IJJ)YH)S,CP,WT,NT,LIT,TIME
CKasK+1
P=1./P(4J) .
D0 47K=4,13 3 : - A
4 XX{K ,HK)sX(K=-F)=*RP
¥X(1 .KK¥=PHI(J)
XX(2 LJKK)=P(JJ)
XX{S LKKY=T(JJJ)
XX(I‘.KK)=PARORE
CONTINUE - T
CONT INUE
COMTINUE
WRITE (21,90)
WRITE (21,93)
THRITE (21,92)
HRITE (21,88 ((XX(J,K)s»J=1,8),K=1,KK)
wRITE (21,90)
ARITE (21,93)
ARITF (21,91)
ARITE (21,R9) ((XX(JsK)»J=21,3), (XX{J,K),J= 9,14),K=1,KK)
STOP
END __ . .

=2IN A4
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MAIN PROGRAM FOR ISENTROPIC EXPANSIONS, IT = 2 OR 3

DIMENSION XX(14,50)
_DlHENSlﬂN.BHlLiﬁl+211014111£14¥11017 - =

100 CONTINUE
—  BEAD (29,07) NPHI, NP, NW.ITY

IF  {NPHI.EQ.n) GO TO 101
—— READ . (29,96) (PHI(J),Jei, NPHT)

READ (29,96) (P(J).,J»1,NP)
—— READ (29,96} (J(J),Jnl,NH)

99 FORMAT ( 2F12.4,F10.1,F12.2,2F12,.5,F11,3,216.F9.3)
—_— 98 FORMAY (40E12.4}

97 FORMAT (415)
———96. FORMAL {BE10.0)-

95 FORMAT (8!:2“E0o10¥n1HP;9X.1HT.11X.IHHo11!.1HS-12!.2NOP.7I.3HNOL.
SX,2HNO 4X, 4HTYPE,2X, 4HYIME)

94 FORMAT (BX,S5HRATI0,6X,3IHATM,6X.BHDEG R, 7X,6HBTU/LB.5X,9HBTU/LB OR
8, _4Y,OHRTU/LA OR. X2 2HNY SX, 4HITER SX,4HCASE, 3X, INSEC/)

93 FORMAT (5X,2HEQ ,6X,1HP,7X,1KT,12X,25MSPECIES MOL FRACTIONS)
——— 92 FORMAT (4X,SHRATIO.3IX,IHATM.4X.9HDEG R,7X,4HH, 11X,.1H0.1
*10X,2HNO, 10X, 2HCO/)
o1 FﬂRHAI.JAXJ!HRAIIQaﬂx4IHAIHAAXL!HnEﬂ_RLZXLZHﬂzllﬂXLZHQZJ.l

e, 3WH20,9X,
AZ)

) 90 FORMAT (83H1 SPECIFY TEMPERTURE EQUIVALENCE RATIO AND PRESSURE FO
_________QR_k_Cﬂz.H!anCABBnN_ILIH_AlRV,

89 FORMAT (F9,3,F7.2,F8.1,6E12.4)
— B8 FORMAT (F9.3,F7.2,FB.1,5E12.4)

85 FORMAT (45H0 FROZEN ISENTROPIC EXPANSION FROM 10 ATM.)
0}

87 FORMAT (45HOEQULIBRIUM ISENTROPIC EXPANSION FROM 10 ATM.)
Lu.419%9

Dz1,%61762
- Ex.009324

KKa0
WRITE (21.90)

IF (ITT,EQ.2) WRITE (21,87)
1F_{1T1,EQ.3) WRITE (21,8%)

WRITE (21,99)
—_ _ WRITE (21,94) __ .

DO 1 J=31,NPH!
— A®.,1306633ePHI(J}e. 0003

B=,279326#PHI (J)
00 2 JJJs1i.NH

TXsTC(JJJ)
I & § b S

DO 3 JJsi,NP
1 (li=2) 10,12,12

12 I1T=ITT
- IX g TX a(PCIN)/PCLI)=1) )00 (1,987 /7C(CPaNT))

10 CALL PROP (A,B,CsD.E,TX sPCIJ)sHsS,CP,NT  XoPAR, TIMNE,NT,IT)
1F (NT.GF,.%0) 00 T0 2

WRITE (21,99) PHICJ), PC(JJ}.TX +HaSsCPINT,NT,IT, TINE
KKaKiel

RPal./P(JJ)
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ISENTROPIC EXPANSIONS, IT = 2 OR 3 (Concluded)

DO 4 K=4,13
& XX(K.,KK)3X(K-3)eRP_ __. -

XX(1 »KK)=PHI(J)
——— W XX(2 SKK)=ZP(JI).

XX¢(3 »KK)=TX
e e XX(14,KK)=PAR®RP ... - ———— e =

3 CONTINUE

.- 2 CONTINVUE .. . . _ .. .
1 CONTINUVE

— --—— .. MRITE (21,90). .. .. o -

IF (ITT,EQ.2) WRITE (21,87)
e — e —.1F (LTT,EQ.3). WRITE_ {21,851 _.

WRITE (21,93)
v emm e -— = WRITE. 021,92) .

WRITE (21,88) (CXX(J,K)sJz1,8),Knl,KK)
e —_ WRITE (21,90) _.._. _

IF (ITT.EQ.3) WRITE (21,85)

veemreime——e—e JF.. (1TT.EQ.2) WRITE_(21.87)
WRITE (21.,93) °
——e—e—— ._.WRITE (21.,91)_ _ .  ____

v

WRITE (21,89) ((XX(JsK)sum1,3), (XX(J,K),Ju 9,14),Ku1,KK)

———e——. - BO.TO 100 . _ ..
101 CONTINUE
s e = STOP e -
END
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SUBROUTINE PROP

SUBROUTINE PROP(CAR,HYDsOXsAN2,AR,TT,PR,H,S,CP,HTM,P,PAR,
AaTIMELNT,IT)

SPECIES ARE 1-H,2-0,3-0M,4-N0,%5-C0,6+H2,7-02,8-H20,9~-C02,10=N2
SUBROUTINE FOR DETERMINING FQUILIBRIUM PARYIAL PRESSURES

T IS TEMP, IN DEG R AND CAN BE EITHER INPUT OR OUTPUT
P IS PRESS IN ATMOSPHERES AND IS AN INPUT

H IS THE ENTHALPY IN BTU PER LBM AND IS EITHER AN INPUT OR OUTPUT
S IS _THE ENTROPY [N AIU.P -

CP IS THE SPECIFIC HEAT IN BTU PER LBM-DEG R AND IS AN OUTPUT
WIM_1S THE MOLECULAR_WY OF THE MIXTURE _AN IS AND OUTPUT

TIME IS THE PROGRAM EXECUTION TIME IN SECONDS AND IS AN OUTPUT
NT IS THE NO. OF ITERATIONS JO_FINDN PARTIAL PRESS AND [S AN OUTPUT

IT IS A CONTROL CONSTANT FOR THE SUBROUTINE
IT=0 _H _AND_P_ARE KNOWN_AND. T.CP ~ WYM_ARE_FOUND

ITa1 T ~ P ARE KNOWN AND ARRAY OF PARTIAL PRESSURES ARE FOUND
1722 S » P ARE KNOWN AND.

Y.,CP, ~ WTM ARE FOUND
ITa3 T ~ P ~ PARTIAL PRESSURES ARE KNOWN - FROZEN CASE

HAS REEN MODIFIED Y0 ALSO CA|CULATE H.S,CP,WTM
DIMENSION D1¢(3),D2¢(3),D4(}),D5(3}),D6(3),D7(3}),D8(3),D9(3).D10
#(3).,D3(3),E{H) _ - - — —

DIMENSION F(10),A1(3),A2(3),A3(3),P(10) _

c
c
c
(o]
c
c
c
c
c
[
c
_ c
c
c
Cc
c 1I=x1
DIMENSION DAR(3)
c

CHANGE UNITS OF INPUTS TO BE COMPATABLE WITH PROGRAM
T = (5./79.)e7T

e —1F (17.GE.2) H0=5,/,99933%

HO=z (5./9.)#H/,999314

ICT=0 _ - =

DELTL=0,
CALL TIMER (TT1)

IF (IT = 3) 3,2,3

- 3 _CONTINUE - = _

C

DELL=.000001

FUEL®2 8CAR>.58HYD_ __ _ _ ____ . __ __ __
RATIO OF ELEMENTS

RAN = AR/AN2

e——e-wwe— RHN3HYD/ZANZ2 _____ _.

. C

RCN® CAR/AN2

RON=OX/AN2

" DEL1=0.

DELZ2=0,

DEL3=0.

_1F(OX,QT,FUEL) GO YO 1 _ - -

IF (CAR,LE.OX) GO TO 20

—_— _WRITE(21,92) . .- ‘e

20

RETURN
XXz1,/{CAR® . 5% (HYD+AN2))

INITIAL GUESS OF H2 H20 AND N2 PARTIAL PRESSURES
P(61ePReXX8( , 58HYD=0X+1,50CAR) - e ———

P(B)sPReXX#( +0X-1,5#CAR)
P{10)=PRaxXXsAN2®,5

L= &6
S0 T 71

1 CONTINUE
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SUBROUTINE PROP (Continued)

c

INITIAL GUESS OF 02,H20,N2 PARTIAL PRESSURES
XX m _.5/((.58HYD+0XeAN2)0.5+4AR)

P(7)cPReXX®(DX=-FUEL)
P(8)=HYDaXXaPR - -

—_— .

c

2 CONTINUE . - e - . ———

P(10)= AN2exXX#PR
L=_2_ - —
GO TO 71

"RESET PARTIAL PARTIAL 'PRESSURES FOR FROZEN CASE-~]1Ts3

PXaPR/PHOLD
DO 72 31,10

72 PtJ)apP(J)ePX

PAR=PARePX . __ __.__ . —_—

ITERATION_LOQOP. TO £IND_PARTIAL PRESSURES ——— c—_

71 CONTINUE

IF (PCL),LE.L1) PCL)=.04 .

——— e . KOUNT=K _._

c

00 4 K=1,50

SKIP PARTIAL "PRESSURE CALCULATION FOR FROZEN CASE

- JELIT = 3) B,7.8 . U —
8 CONTINUE
— €  CHECK ALL INITIAL PARTIAL .ERESSU.EES__F_Q.R_N.EEA.U_Y.E_V.MES_

41 IF (P(J).LT,0,) P(J)sl.E=5___

00 41 JUs=1,10

DON'T RECALCULATE FREE ENERGY RELATION FOR T KNOWN~=1T=1
JIF.{L.EQ,6) _GO.TD 42 __ .. ___ —
IF (K.GE.2,AND.IT.EQ.1) GO TO 10

CALL THERM ( P,oToH.CPoFsPR)PAR,WTH,1)

E(1) = 2.718281828%«a(.54F (8)~,25eF(7)-F (1))
E(2) = 2,71820818285ee(, 58 F(7)~F(2))___ . __ -

E(3) 2 2.7182818285%e¢(.5 oF (8)e,25eF(7)-F(3))
E(4) =_2.7182818285ee (. S5aF(10)¢,52F (7)=F (4))

E(5) = 2,7182818285e8(F(9)=.5eF(7)=-F(5))
E(6) = 2,716201028590(F(B8)=,5aF(7)-F(6))

CALCULATE PARTIAL PRESSURES OF THE ASSUMED KNOWN SPECIES

10 P(1)= SORT(P(8)/SQRI(P(7))IE(L)

_P(3)aSORT(P(BIWSQRT(P(7)))eE(3) _

P(4)uSQRT(P(17)eP(7))eE(4)
XX=1, /(1. *E(5)/SORT(P(7)))

P(9)a RCN#(2,8P(10)+P(4))eXX
P(S)e P(9)/SORY(P(I)YeELS)

P(6)= P(B)/SORT(P(7))eE(6)
PAR = (2. & P(10)_« P(4))eRAN

c
c

P(2)s SQRT(P(7))eE(2)
c

50 T0_43 —_

42 CONTINUE

l1€_{K.GE.2.AND,IT.EQ.1) GO T0 46 _____ —

—EL1)s EXP(,5#F (6)=F(1)).

CALL THERM { P,T,H,CPsFsPR,PAR,WTH,1)

E(2)e EXP(F(8)~F(6)-F(2))
E(3)sEXP(F(B)=F(12-F(3))

Et4)s EXP(F(B)+.5aF(10)=F(6)=F(4))

29
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SUBROUTINE PROP (Continued)

E(S)REXP(F(8)+F(9)=F(5)=F(8))
__________.EiﬂlL.EXP(24'E181_2J1£1h1mE17))
46 P(1)=E(1)#SQRT(P(6))
P(2)sE(21eP({B)/P(S)
P(3)IRE(3)epP(B)/P(1)
P(4}uFE(4)1#P(A)eSORY(P(40)I/P(E)
P(7)}nE(6)wP(B)4P(B)/(P(6)wP(6))

YYeE{S)ep(A)/P(B)
XX=24./7(l.+YY)
—_—— e P(9)aRCN®(2,.4P(10)+P(4))0XX —_
P(5)2P(9)ayYY
PAR = (2, » P(10) + P(4))sRAN

43 CONTINUE
e C____DERIVATION_OF_ RELATIONSHIP_OF_KNOWKN SEECIES WITH RESPECT YO GUESS .
DO 1t I=21,3
D1(l)=0,
DZ(I):D.
D3¢lyi=n,
D4¢l)=0, :
A—— L Y 0 O K1 SR — —_——— - -
D&6¢1)=0,
c—_——_D7tl)s0. - - -
DB(l)=0,
D9¢li=0,
11 D10C([)=D,
1F (L.FG.6) GO TO 44 -
. Di(l)= =P(1)/P(7})s,25
e __DP1t2)=_ P{1)/P(8)s.5
D2(1)= P(2)/P(7)s,5
D3(1)s  P(3)/P(7)#.2%
D3(2)= P(3)/P(B)».,5
. Da(1)= _P(4)/P(7)s,.5

D4(3)aP(4)/P(10)».5
IF_({CAR.FQ,0,0) G0 TN 444

D9(1)= RCN'(D4(1!0(2..P(10)°P(4A)'XX. SeE(3)/ P(7)esl,5)exX
D9(3)= RCNwXX#(2,+D4(3))

D5¢(1)= P(5)/P(9)OD9(1)-P(5)IP(7)..5
D5¢3)=  P(5)/P(9)eD9(3)_ _

441 CONTINUE
D6(1)s =P(8)/P(7)w.,5 _

D6(2)= P(6)/P(8)

~-D7¢1)=1,0 .
na(2)=1 0 -

——— e ——— _‘—.

DAR(1)=RAN®D4 (1)
__DAR(2) =0, - -
DAR(3)=RAN®(D4(3)+2.) '

— GO T0 45

44 CONTINUE
- Di(M)zP(1)/Pl6)e.5

D2(1)=~-P(2)/P(6)
D2(2)= P(2)/P(8)

D3(1)=2-P(3)/P(1)#D1(1)
D3¢2)= P(I)/P(8)

Dd(l)l-P(d)/P(6)
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SUBROUTINE PROP {Continued)

D4(2)= P(4)/P(8B)
D4(3)= P(4)/P(10).5
D7(1)==2,4P(7)/P(6)
D7¢23)= P(2)/P(B)s2,
IF (CAR,EQ.0,:) GO TO 442

D9(2)=XX®(RCN#D4L2)e E(5)eP(6)aP(9)/(P(RYaP(BR)))

D94 )=XX#(RCNeD4(1)-P(9)*E(5)/P(8))
i . DS(J)=RCNeXX#(2,+D4(3))

DS(1)=YY«DO(1)+P(5)/P(6)
e . D5(2)=YY2D9(2) =P(5)/P(8)
DS(3)=YY«#DI(3I)
442 CONTINUE
D6(1)a1,
08(2)51._ e e — ——
D10(3)=1,
- ... DARCL)=RAN®D4C1) ___  __ __ .
DAR(2)=RAN#D4(2)
DAR(3)=RAN®(2,+D4(3))
45 CONTINUE

c DERIVATION OF MATRIX COEFF!C!ENTS
i DO12 1=1,3.. . _ ___
Al(l)= Dl(I)*D3(])02.006(!)02.'08(1) RHNO(2-0010”)‘04(1”
—_— A2 (% J.;_-.g“z : L; +D3(1)eD4¢12eNG(I)*2,207(1)+NBC1)+2, D9 1=RONS(2,
a8D10(])» )
I T L B E IIH.(I)ODZULOD:L( 1)eD4(13+D5(1)2D6(1)2D7¢1)eDB(T)+DO(1)+D20C
= #1)«DAR(])
e e ... 12 CONTINUE ___.____ __
SP1 = P(1)*P(3)OZ.CP(6)02.CP(Bi-RHN'(Z.'Ptlﬂ)OP(Q))
SP2 3 P(2)4P(3)eP(4)¢P(5)e2,8P(7)eP(B)s2,P(9)-RON{2,8P(10)¢P(4
#))
e —iieeee—. — -SP3. 20,..
DO 13 31,10
— 13 _SP3 =SP3__eP(1)_ .

SP3xSP3~PRePAR
C —— e
c SOLUTION OF MATRIX
e _DEN3_ _ALL1)8(A2(2)eA3(3)=A3(2)0A2{3))-A2(178(AL(2)0A3(3)=-A3(2)s
#A1(3))eA3(1)8{AL(2)2A2(3)=-A2(2)#A1(3))
e ——_ . DENm1.,/DEN R
. XN1 lSPi'(A3(2)'A2(3, A2(2)#A3(3))+SP24(A1(2)#A3(3)=A1(3)eA3(2))e
——e oSPI#(AL(I)eA2(2)=A1(2)08A2(3))
XN2 2SP1a(A2(1)#AI(3)=A3(1)#A2(3))+SP2#(A3(1)#AL(3I)=AL(1)8A3(3))e
e e e~ @SP38(AL1€1)8A2(3)~A2(1)#AL(3))
‘ XN3 ISPI'(A3(1)'A2(2)°l2(1)'A3(2))OSPZO(AIJ1)'!3(2)"3(1)"1(2))0
"k _oSP3ea(A2(1)eAL(2)-A2(1)0A2(2))

c CALCULATION OF PARTIAL_PRESS CORRECTION AND NEW GUESSED PART_PRESS
DEL1= XN1 =DEN

—— — ——__DEL2= XN2 sDEN
DEL3=2XN3#DEN
i e . PLL)=PIL)SDELY
P(8)sP(8)+DEL2
£(103=P(10)+DELS
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SUBROUTINE PROP (Concluded)

c FIND ENTHALPY OR ENTROPY FOR [TERATION TO FIND TEHP.

— 2 CONTINUE. . ____
IFC1T-1)18,6 ,17

17 CALL THERM(P,T,H.CP,F,PR,PAR NTM,.2)

GO TO 80 .
AP, T H,CP.F,PR.PAR, NTM.Q

80 CONTINUE
—_—  1¥ (ICY.GT.0) GO TO AS
DELT=(HO=H)/CP .
1F (DELYeDELTL) B81,81,82 —

82 T=T+DELTe,.83
5

81 T=T+DELT»,38
1CT=2 —_— — e - — - -
85 ICTslCTe1
DELYL=DELT
1F (T.LE.300,) Ts300.
1f (T.QRE.5000.) T=%000.
c

. __JL____llERLIlON"EONJRDL=:IEHP¢HLIH1N 1 DES OR _PRESS WITHIN DELL - __ . _
IF(ABS(HO=H) - CP)6,6,4
____ﬁ_I.LLLT_Z) 21,21.,5 .. _ . __. — ————————— e
21 1F(ABS(DEL1) - DELL) 22,22,4
22 1F ¢
23 IF(ABS(DEL3) - DELL) 5,5.4
4 CONTINUE
S CONTINUE
—— PHOLD=PR__ —_
S=zH

CALL THERM(P,T,H:CP,F,PR,PAR,WTH,2)
—_— _S=H»,999331 __ —_
c CALCULATE ENTHALPY AND ENTROPY ETC. FOR TEMP KNOWN==[T=1
— CGALL. THERM(P,T.H.CP,F,PR,PAR,HTM, D) -
HeH® ,999331e9,/5,
CPsCP®,99933%1
WTMaWTH
— . . TT=Ts4,.8
NT=KOUNT
— CALL TIMER (TT2) - _ -
TIME = TT2=TT1
RETURN -
99 FORMAT ( 41H ITERATION DID NOT CONVERGE [N %50 STEPS ) :
. _ 97 FORMAT(36H TH]S CASE HAS TOO LITTLE 02 TO RUN ) _
END
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SUBROUTINE THERM

SUBROUTINE THERM C(ALP,T+H,CP,F,PR,PAR,WNTM,KT)
_DIMENSION  ALP(40),CC(6),CT(140),TY(5),F(10) °
DATA CT / 2:5,400,,2.5470497E4,=4,6001098E-1,
02, 5L4!n442L512n117E$;_5mb&01ﬂ2iE_1434ﬂ21ﬂ§21L_2L11312$!E-3.
#3,7542203E-6,-2,9947200E=9,9.0777547E-13,2.9137190E4,2.6480076E0,
22,537256760,~1.8422190E=5,-8,8017921F=9,5,9843621F~12,
#=5,5743608E~16,2.9230007E4,4.9467942E0,3,8234708E0,-1.1187229E-3,
. #1,2468B19E~6,-2,1035896E=210,5,.2946551E-14,3,5852787E3.,
#5,8253029E~1,2.8895544E0,9.9835061E~4,~2,1879904E~7,4.9802785E~11,
— #=3,845294DE~16,3.8811792E3 JL’MQE&IAIJ-‘.&.’!BHM’E'—’.‘_—
9 ,6922467E~6,~7,8633639E-9,2.2309512E-12,9,7447894E3,2.5694290E0.,
—_—  #3.1529360FE0,1.4059955E=3,-5,70708462E~7,1,0628209€E=-40,
#=7,3720783E=15,9.8522040E3,6.9446465E0,3,7871332E0,~2,1709526E-3,
t!LO75133252&;_34321122ﬁ5_9.711216841E_134_14Alﬁl!nlﬁﬁ424§335122534__-
#2,9511519E0,1.5525867E~3,-6,1911411E~7,1,13503368E-10,
— 1Y 4 73621§2E:154_14_231327554!453141!!En;219Qﬁﬂﬂ__5341;12§211_ﬁ_§L___
. #=9,6119332E-6,9.5122662E-9,~3,3093421E~12,-9.6725372E2,
'-1-411235nEn;i;n11§a21£n454115111nE:1;:z412212215:2;:2;21112n1£:11___
,2,4593791E-15,-8.5491002E2,~1,6481339E0,3,7189946E0,
0=2,5167288E~-3,08,5837353E~6,-8.2998716E-9,2,.7082180 =22,
*=1,0576706E3,3.9080704E0,3,5976129E0,7.8145603E~4,-2,2386870E-7,
—_—  #4,2490159E~11,-3.3460204E=15,-1,4927918E3,3,7492650E0, __.
#4,1565016E0,~1,7244334E~3,5,6982316E~6,~4,5930044E-9,1,4233854E~12
—_—,=3,0288770F4,26,8616246E-1,2,6707532E0,3,0347115%€E=3,
#=8,5351570E~7,1,1790353E=10,=6,1973568E~15,~2,9888994E4,
e __"#6,8838391E0,2.1701000E0,1,0378115E=-2,~1.0733938F~5,6.3459475E=9,
*=1,6280701E~12,~4.8352602E4,1.0664388E1,4.4129266E0,3,1922896E-3,
— 8=1,2978230E=6,2,4147446E=10,"1,06742986E~-14,-4,8944043E4,
#=7,2875769E-1,3.6916148E0,-1,3332552E~-3,2,6503100E-6,
#=9,7688341E=40,-9,9772234E=~14,-1,0626336E3,2.2087498Q0E0,2,8548763
,1,5978318E~3,~6.2586254E~7,1,1315849€E~10,~7.6897070E~15,
#=B8,9017445€E2,6.3902879€E0/
TTLN = ALOG(T)
TLN =_31,=TTLN
CP=0,
H=0,
RT=1,98718eT
Trc¢i)=T
00 1 K=2,4
— 3 TY(K)= TT(K=1)aT -
TT(S)=1,/T
KA=7
IF‘T-LE.’.UUU;) KA=O
— DD 2 K=1,10
KKz 14« (K=1)+KA )
— DO 3 J=2,6 —-
KKK={KKeJ)
3 CCtlds CY(KKK )YeTT(.l=1)
CC(1)= CT(KK+1)
IE(KT=1) 10,4.5

10 F(K)= CC(1)+,50CC(2)+CC(3I)/3,4.234CC(4)+.24CC(5)+CC(6)
e B0 70 6 —_ e
4 F(K)=(CCCL)aTLN )=,50CC(2)=(CC(3)+.5#CC(4))/6,~.058CC(5)+CC(6)~
oCT(KK+7)
GO0 TO 2
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SUBROUTINE THERM (Concluded)

5 IF (ALP{K},LE.0.,) GO TO 2
_F(K)..5_ CC{1)®TTLN2CC(2)¢,.B%aCC(3)¢CC(4)/3.,0 +
#,258CC(5) « CT{(KK+7) = ALOG(ALP(K))

6_H.=_H .+ ALB(K)*F (K} _

CPP = ALP(K)®(CC(1)¢CC(2)+CC(I)+CC(4)+CC(5))

—-CP. 3 CP «.CPP.cccee . — e —
2 CONTINUE

—  PARL®O. .. .o .. -

IF (PAR,GT.0.) PARL=ALOG{PAR) .

WTM = ALP(1)81,00797 +ALP(2)815,9994+ALP({3)e17.0074¢ALP(4)830.0061
1¢ALP(5)828,01055+ALP(6)#2,01594+ALP(7)531,9988+ALP(8)18,01534
——— .2%ALP{9)%44,00995+ALP(10)528,0134+PAR®3I9.948. ——— . ee cam———

CP=(CP+PAR#2,5)8(1,.98718/WTHM)

oo LFKT=1) 7,849 . .. e e e eeeem——

7 H3(PAR#({2.5=({745.375/T))+H)*(RT/HTM)

HIMEWTM/PR —

G0 TO 8
— 9 Sz (M + PAR®(2,58TTILN +4,3661076 ~PARL AIw(1.OR748/WTM)

DSDT =CP/TY
— —_Hss  _. - = e L
+ CP=DSDT : .
—— . _WTMSNTM/PR _ . . . . L e
8 RETURN
—FEND.. o .
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APPENDIX 1H
COMPUTER PROGRAM CALCULATIONS
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TABLE |

SPECIFY ENTHALPY EOUIVALENCETRATIO AND P:ESSURE FOR ; CN2 NYBIUGAR:ON HITH AIR
E E [+]

MOL NO  TYPE TIME
8TU/LE OR _ WT  ITER  CASE  SEC

RATIO ATH DEG R BTU/LB 8TU/LB OR B
. 2.26698 . 30041 28.9%2 7 (] 1.452 e
2,33133 .31765 28.913 6 0 1,264
.5000 '1L ‘ 0 3860 . . : .
_.___+3000 . . 4274.7  __"600.06_ _  2.43476 32498 28,527 12 0 2,390
.5000 .1““] 4538.7 800.03 Z.48000 +Se837 28,145 - [ ] 0 1.640 -
} 5000 1.0 2803.1 $01 2.1089%0 30942 28.933 8 0 1,639 .
.5000 1,0 64 2.17322 31777 0.924 7 0 1.4%2- -
5000 i 3 122746 .32303 28.871 3 0 1.077
.2000 1.0 . [ 0 2750 . .
+3000 1.00 .| __ 4770.,3 __ _800.03 2.31847 3277% 28,431 0
.5000 10.0 { 2803.5 .02 {.95087 30048 18,933 9 (] 1.827 -
+5000 10.0 3422,6 199.65  2.01%18 31783 28.929 9 0 1.828
.5000 10.0 4003.6 . 400,18 2,04928 ™ G * B -
5000 10,0 4518.9 600.09 2.1161 .32677 28,82% 9 0 1.827
«5000 i0.0 4950,.4 800.10 !.I!!Sg 32583 28,453 12 0 Z+389
«9000 3 3nzr.e -.11 2.41762 33835 28,637 11 0 2,203
.9000 o1 4214.9 199.63 2.46661 . 34048 28,292 v ] 1,828
.9000 .1 4438, 6 400,36 2.51297 L 34140 27.877 8 0 1,640
9000 .1 4624.2 600.27 2.55%07 ~ SR 21 7. 928 i1 ] 2,202
+9000 Aiﬂ 4785%,0 800,34 2.59958 234290 26,959 19 0 3.702
«9000 1e 4034.3 =02 . . 2 28,78% [ ] 1.266
.$000 1.& | 4396,5 199.69 2.30368 .34192 28,512 12 0 2,390
. 9000 1.0 4682,1 400,40 2,34983 34323 28,172 12 0 Z. 390
. 9000 1.0 4920.4 600,25 2,39144 34407 27.786 8 .0 1,639
.9000 1.0 i 5128.1 800,40 2.43127 © R LI11) e7.371 12 0 2.3508
29000 10,00 4100.4 .00 2.,09963 .34024 28.844 7 0 1,454
10 400,38 2.18829 34404 28,434 0
.9000 10.0 5194.6 ~— &0U.2 3 . 121 1% ) Z.952 -
.9000 10.00 _ 5460.1 800.44 2,26344 34648 27.772 12 0 2,389
1.0000 Al 7T TT4038.6 <02 Z. 447 . . Y- 1L I
1.0000 ¥l 4286,0 198.68 2.49546 34425 28,006 10 0 2.014
1.00080 o1 490,86 400.57 . . . .
1.0000 Wl 4664.1 600,11 2.58479 .34601 27.124 17 0 3,327
T 1.0000 ¥ | 1818.7 B00.21 Z.852700 34570 26,5655 4 [} 4,826
___1.0000 1.0 4181.8 =.02 2.20693 34427 28,560 9 0 1,828
{.0000 1.0 . . . 5 s | 1,827
41,0000 1,0 4753.3 400.58 2.37636 34715 27.892 11 0 2,203
1.0000 1.0 4975.0 600,08 2. 41738 34790 27.89% 10 ] Z.013
1.0000 1.0 5172.1 800,38 2,45683 . 34851 27.077 12 0 2,388
1.0000 10, 4294,6 =03 2.12721 34542 ‘78,693 L4 ] 1,827
1.0000 10,0 4672.9 199.54 2.17169 . 34759 28.470 9 0 1.827
1.0000 10,0 4993.2 400,61 . 21328 RLLL]) 20,17V 12 [ 2.9
1.0000 10,0 5271.3 600,04 2.25213 34972 27.851 9 0 1.827
1.6000 19.79] . . . . LM 1T () 2.202
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TABLE | (Continued)

SPECIFY ENTHALPY EOUIVALENCETRATIO AND PRFSSURE FOR ; CHZ HYOROCARBON W]TW AIR
] H cpP

9GZ-LL-H1-0Q3aV

__ ko _ P __Y . . _S5S N MOL NO TYPE TIME
RaT10 ATM DEG R BTU/LE 8TU/LD OR 8TU/LB OR Wt - ITER CASE SEC
1.1000 ¥ 4073.1 .37 2.47555 . 34626 28.058 20 0 3.425
1.1000 .1 4323.5 200.11 2.52307 . 34785 27.688 21 0 3.586
1.1000 o1 45237 400-08 RS2 T LV3qMBY TTTTATLIRES TS gy 0 Y.58Y
1.1000 .1 4691,3 600.21 2.61166 .34968 26,815 23 ] 3.915
1.1000 a7 4838.7 799.78 2.65354 .35039 26.352 29 0 4,900
1:1000 1.0 _____4206.4 .41 2,31307 . +34759 28,214 12 0 2.413
1.1000 1.0 4536.4 200,05 2.35867 . 34963 27.940 21 0 3.589 T
1.1000 1.0 4793.6 400.05 2.40152 .35077 27.587 21 0 3.587
1.1000 1.0 5011.5 600.19 7. 44234 .35156 37.194 iy 0 2.274
_ 1.1000 1.0 5202.9 __799.89  2.48143 35220 26.779 12_ 0 2.110
1.1000 10,0 ~ 4283,0 .37 2,1%12¢ L 3dpla 28.302 16 0 1,784 TToTTTTT T
..1,1000 10,0, 4707.7 = _199,95 _2,19%61 35104 28,141 15 0 2,604
1.1000 10.0 "~ 5037,3 400.00 2,23684 352487 27.874° 21T 0" 3.589 T e
0 5315.5 600.13 2.27%20 ,35338 27.5%2 14 0 2,437
1.1000 .3120 . 3540 5 17 ] Z.929
. ) 1.5000 1 3737,7 38 2,57079 _ 35452 26,343 7 0. 1.293
1.3000 b1 417809 199.88 T 2.6211% 35899  26.213 11 0T 1,980 "7
______1,5000 o1 4482,5 399.96 2.66722 36154 25,938 15 0. 2,606
1.5000 o1 4691,3 600.31 2,71085 + 36309 25.568 12 07 2.112
1.5000 o1 4852,3 800.32 2.75274 .36423 25,157 20 0 3.423
1.5000 1.0 3756.6 « 38 2.39730 35468 £80.366 ) 0 1.622
1.5000 1.0 - _ _4264,7 199.79 2.44702 35559 26.313 7 0 1.291
1.5000 1.0 4677,2 400.01 ~2.49173 36274 26.1%9 12 0 2.113
_ o __A.5000 1.0 _ ___4979.3 _ 600.35 2.53317 36463 25,891 18 0 - 3.098
1.5000 1.0 5207.6 800,34 2,57240 .36508 25,551 10 0 1.782
1.5000 10.0 3763.1 +38 2.223%90 ,35473 26,373 11 0 1,954
1.5000 10.0 4301, 1 157.80 2. 27340 4101 26,355 11 (1] 1,952
11,5000 10.0 __ 4793.4 400.02 . 2.31742 ,36342  26.290 8 0 1.456
1.5000 10.0 5202.9 600.40 2.35747 . 36880 26,141 12 70 2.4
_ 1.5000 10,0 . 5%525.9 _ 800.39 2.39472 . 36735 25,904 18 0 3.097
; 2.0000 1 3173.9 3 2,66156 * 38186 24.36% ~ 9 0 1,623
2.00%0 .1 3887.5 199,81 2.71973 . 36887 24,340 7 0 1.293
2.0000 o1 4124.7 399.91 2.77090 .3737% 24,233 10 ] 1.785%
2.0000 21 _ ... 4456.2 600.49 2.81758 37699 24.019 12 0 2.112
2.0000 o1 4699.3 800.43 2.86120 .37925 23.726 11 0 1.947
2.0000 1.0, . 3176.2 .39 2.47394 .36189 24.371 11 0 1.953
2.0000 1.0 370747 19981 2.53196 36904 24,361 9 0 1.623
2.0000 1.0. 4201.7 399,91 2.582%7 .37423 24,317 8 0 1.457
2.0000 1.0 8280 §00.45 2. 82797 37790 X207 v () 1.51IV
2.0000 1.0 4962,7 800.56 2.66966 .38047 24,003 12 0 2.112
- - 2.0000 10.0 3176.9 .39 2.28632 .36190 24,372 12 0 2.120 T
2.,0000 . 10.0 . 3714.0 199.81 2.34430 36910 24,369 10 0 1.790
2.00000 " 10.0 "4234,6 c 399.92 2.39470 T 37444 24,353 10 0 1.788 -~
.0000 10.0 _ 4720.7 600.46 2.43949 37839 24.305 9 0 1622
4 Y8130 28202 8 0 1.%56
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TABLE 1 (Continued)

SPECIFY ENTHALPY EOUIVALENCE HATIO AND PRESSURE FOR A CN2 HYDROCARBON WITH AIR

__$8BECIES not, FRACTIONS

RATID ATH DEG R N 0 OH NO co

500 .10 2802.4 .1743=08 +8520-0% «1578-03 .1162-02 +7481~05
300 210  3407.5 1214804 :2777-03 11451-02 5 3984-02 +3460-03

+500 .10 3913.0 .3824-03 +2228-02 1534102 +8236-02 +3265-02

500 10 4274.7 +1933-02 +7304-02 21087-01 :1236-04 +1058-01 .

«500 +10 4538.7 .5174-02 +1532-01 11633-01 .1581-01 «1978-01
8n3.% +3116=07 +2705-0% +8900-04 21163-02 +2376=-05

+500 1.00 3418.0 «4101-05 +9233-04 +8446-03 .4057-02 «1159-03
9 8 g4 874g9-03 3480~ 8894-0 349-02
500 1.00 4423,9 16481-03 +3555-02 .8259-02 .1438-01 +5874-02

«500 1.00 4770,3 2492-02 :86%95-02 21390-01 11941-04 +1363-01

«:500 10.00 2803.5 +5559=08 +8574-06 +3013-04 «1184-02 +7531-08
:500 10.00 3422.6 +7529-08 22986-04 14825-03 :4091-02 2 3757=-04

«500 10.00 4003.8 +1922-04 +3067-03 12111~ 02 +9234-02 +4840-03
8.9 69 3 5 5

500 10.00 49%50.4 «7309=-03 +4173=02 »10 4-01 »2242-01 «7691=02
+900 .10 3927.9 3

.6238-02
849502

+1062-01
.1254 01

«3315-02
+6997=-02
.1221-01
+1890-01

.2703-02
.6217=-02
<900 .10 4624.2 .1:44 =01

+3960-04
+5196-01
16205+ 01

.1450-01
+1936-01
.2377 01

«900 1.00 4034.3 2

:900 1.00 _4396.5 2409202 :1665-02 .7455 02 !3 =02 1473%5- 01

+900 1-00 4082-1 .2924-02 «3914-02 +1222-01 .9916-02 »3086-01
9 49 .5978-02 +7412-02 11735-01 21286=-0% :4400-01

2900 1. 00 5128 1 +1046-01 +1226-01 .2245-01 ,1567-01 +5559-01
. 4 :6056-04 .1861-03 .2277-U2 .4478=-02 .2711 02
-900 10.00 4 40.7 .3 . =0

2900 40.00 4897.5 »1152-02 :1889-02 .9340 02 +1085-01 o2114 01

«900 10.00 5198.6 . 2859-02 «3897=02 »1414-01 ,1456-01 +3375-01
2900 10.00 5480.1 .3088=02 +6911-02 11933-01 .1832-01 .4604-01

1.000 10 4035.8 +1613-02 «1187=-02 .5657-02 325%1-02 +2436-01
1-000 .10 4286.0 :4214-02 »3299-02 .1012-01 .5345-02 - 3906-01

1.000 .10 449p.6 .8497-02 .6828-02 ,1501-01 L 7486-02 .5281-01
.1976-01 .9488-02 16435=-01

1.000 .10  4864.1 11450-01 1 1174=01 2 -
1,000 .10 4816.5 . 222501 .1801-01 ,2404-01  ,1130-04 .7362-01

1.000 _ 1.00 4181.8 .8269=-03  ,4909-03 3944-02 .3133-02  _ (1714-01
1.000 1.00 4494,2 .1%03-02 .1619-02 .7879-02  .5882-02 .3053-01
1.000 1.00 4793.3 +4282-02 .3780-02 .1268-01 .8476-02 L 4448-01

1.000 1.00 4975.0 7959=02 .7102-02 .1778-01 .1127-01 .5718=01
1.000 1.00 5172.1 +1313-01 +1187-01 +2281-01 .1393-01 .4803-01
1.000 10,00 4294.8 ,2088-03 ,1685-03 .2450-02 .2721-02 ,109%-01
1,000 10.00 4872,9 .7366=03 +6629-03 +5476-02 .5427-02 +2176-04

1.000 10.00 4993.2 ,1861+02 «1769-02 .9631-02 ,8762-02 «3458=0%
1.000 10.00 5271.3 .3769=02 +3659-02 1134401 »1231-01 +4735-01

1,000 10.00 5521.1 .6892-02 .6500-02 2 1983-01 ,15%0-01 .8926-101

9SZ-14-41-203VY
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TABLE | (Continued)

SPECIFY ENTHALPY EQUIVALENGCE RATIO AND v A CH OCARBON W
_ EQ.___ P T SPECIES _MOL__ FRACTIONS - B e e
RAYTT0 ATH DEG R ] 0 OH NO €to - - -
T 1.100 .10 40731 T .2478-02 ~ .8478-0%  .4977-02  ,2123-02 . eie3e0i 7 - TT¢T -
1.100 .10 4323.5 .5787.02 .2840-02 975202 .4231-02 .5442-01
1.100 .10 4522,7 .1082-01 ,6180-02 .1475-01 .6321-02 .6669-01
1.100 .10 4691.3 .1763-01 «1080-01 .1952-01 +8266-02 .7705=01
1.100 .10 4838.7 ,2610-01 .1664-01 .2375=01 .1000-01 ,8525-01
1,100 _1.00 4206.4  .1040-02 __.253%-03 +2934+02 »1522-02 .3619-01
1.100 1.00 4536.4 2761-02 +1244-02 .7187-02 +4005-02 <4714-01
1.100 1.00 4793.6 568102 .32468-02 .1220-01 .6782-02 .5954=01
1.100 1.00 So011.5 .1001-01 .6375-02 «1742+01 9527-02 . .7102-01
1.100 _1.00 5202.% .1584-01 «1064-01 ...2245-01 .1209-01 +8071-01 .
1.100 10.00 4283.0 .3796-0% .4644=-04 .1308-02  .7803-03 ~3307-01
1.100 10.00 4707.7 .1150-02 «3988-03  ,4409-02 .3059 02 ,4013-01
1.100 10.00 5037.3 .2603-0 .1366-02 .8798-02"  .48309-0 .5096-01
1.100 10.00 5315.% .4942-02  ° ,3112-02 11382401 .9849-02 .6248-01

1-100 10000 1 =0 . o1 1 1 .
1,500 .10 37372.7 21959202 «1303-04 .5090-03 .6863=04 + 1189400
1.500 «10 A178.9 .757%-02 +3064-03 +303202 .5882-03 +1216+00
1.%500 .10 4482.5 21665-01  .1759-02 +7924-02 .1876=-02 .1245400 '
1.500 .10 4691.3 v2742-01 «4706-02"  L1323=01 ~ .3479-02" 127900 -
1.500 .10 4852.3 .3932-01 8844-02 2179401 ,5026=-02 .1311400
1.500 1.00 . . . -0 . . . - +00
1.500 1.00 4264,7 +3057-02 .5345 =04 «1331-02 .2730-03 .1222.00
1.500 1.00 4677.2 «R342-72 +52B3=03 .480%5-02 ., . 1247400
1.500 1.00 4979.3 +1586-01 12049-02 .1003-04 .3094-02 +1278+00
1.500 1.00 5207.8 +2488-01 .4749-92 154801 518602  .1332300
1.500 10.00 3763.1 +12147-03 .1590 06 .57:2-04 .7661 05 . .1193000

. 0 0. 01. . - -
1.500 10.00 4793.¢ .3405-02 .9704-04 .2151-02 .0159 os .1248000
1.500 10-00 . e =02 T o2 +00 ~ " =
1.500 10.00 5525.9 .1345+01 .1848-02 .1104-01 .4312-02 .1303-00
2.000 10 3173.9 .2984-0F =0 1- 91400
2.000 .10 3687.% ,2515=-02 «2476-15 .1767-03 .1407 -04 .1azuooo
2. 0n0 c10 X124.7 S1012-01 SI50-0%  .1096-02 T1248-U3 T18%1+00
2,000 .10 44%6,2 2396401 +4615-03 « 337202 .4878-03 .1837+00
2.000 L1000 4699°% itr O . = L E5%56= : = T .1826+00
2.000 1.00 3176.2 1 9541-04 .1894-08 + 343305 .1613=-06 +1791+00
2.000 1.00 3707.1 ., - . 2896-7 : - LA947=05 s (A0 1
2.000 1.00 4201.7 +4024-02 .1000-04 .4611-03 .5487-04 .1852+00

) 1.00 . . - . - . - =03 . 1858+00
2.000 1.00 4962.7 12351-01 .579%=-03 .4473=-02 +8499-03 +18%4400
2.000 10.00 3176.9  .3028-04  .1909-0 . . 84275 . 00 "
2.000 10,00 3714.0 «2775-03 .3058-07 «1998~04 .162;-05 +1832+00
2.000 10.00 4234.%  .1%00-02 .1225-7 . . .1991- . .
2.000 10.00 4720.7 .4604-02 .1842-04 765303 ,1249-03 .18694+00

.000 10.00 OS1do, .1038- . - 98~ . - 1873+00

9SZ-1L-4.1-2a3V
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TABLE | (Continued)

4
SPEg!FY ENTHALPY EOUIVALENCE RATIO AND PRESSURE FOR A CHZ HYDROCARBON WITH AR
p

0 SPECIES  MOL _ FRACTIONS .
R0 —ATF— e R W2 02 H20 02 ) 3
—%00 .10 2502.3 T26YG-0% 100600  .§739-01 . 6775-01 . 7539+00 V00907 - :

.10 34 .9887-01 .6661-01 .6737=01 + 7520400 +9003-02
.500 .10 3913.0 627203 . 1-01 ) 1 L6418-01 00 B987=02
-500 .10 4274.7 +1892-02 «9396-01 .5623-01 +3623-01 .7377000 .8883=02
«500 .10 4538.7 .3543=02 .9175-01 .5134-01 461601 + 726100 8784-02
500 1.00 2803.1 837806 +1006400 .6743-01 .6776-04 . 7539400 9009-02
500 1.00 3418.0 274304 .9897-01 .6700-01 . 8763-01 . 7523400 .9006-02
3973.8 .2520-03 +9606-01 +6529-01 .6627-01 7484400, .8990=02

«300 1.00 2%, 97690 =01 1 . 00 5 40=02
_+500 _1.00 _4770.3 +2209-02 29039-01 .. " .5604-01 .5295-04 27317400 .8853=02
500 10.00 2803.5 .2656-06 . 1008400 6745-01 67Y8-01 T559+00 . 9000=-02
«500 10,00 _3422.6 .888205 .9904-01 .8721-01 .6772=04 e 7524400 +9008-02
,500 10.00 4003,6 .0955-04 .9611-01 ,6625-01 .6721-01 27492400 .9001-02

7.5 -8209-04

.500 40.D00 4518,9 .4168-03 - ,9239-01 ,8393-01 ,6490-01 .7438+00 .8976=02
<500 10.00 4950.4 .1147-02 .8BFE_ET_____ZUET"UT___-7534210I 7380400 .8922-02

.900 _ _.10_ 3927,9 ,2382-02 12289-01 .1118400 ,1057+00 725700 .8690-02

.900 .10 4214.9 .5162-02 .2811-01 .1044+00 .9054-01 .7159+00 .8585-0¢ -

.900 .10 4438.6  .8350-02 +3316-01 «9532-01 ,7471-0% .7042400 845902

<900 10 4624.2 .1157-01 .3707-04 L8523-047 T, 608001 ¢ .6”(7"06‘—032312_‘“—
.900 .10 4785.0 +1457-01 $3963-01 - ,7462-031 .4849=01 .oruaooo .8180-02

. 1 - . . * *
900 1.00 4396.5 «3178-02 «2379-01 .1092600 .9956 01 .7211600 .0652'02

«900 1.00 4682.1 . 4=0 . =0

+900  1.00 4920.4 +8717-02 .3232-01 .9325-01 .6994-01 .ooo7ooo .5432 02
900 1.00 B5128.1 «1178-01 . =0 -

.900 10.00 4100.4 14964203 .1330 01 -1163000 .1155.00 .7aoaooo .3752-02
<900 10.00 4540. “1676-

B -
.900 10.00 4897.5 +3553-02 .2332 01 .1075.00 +9545=04 .7172ooo .0620192
.900 10.00 5196.6 ,5095-02 . 2690-01 L1007+00 - B8186=-0% TTU7400 8533=02
+900__10.00  5460.1 .8553-02 .3006-01 1928401 .6784=01 +6966+00 .8427-02
= .1.000 .10 4035.68  .5188-02  .i1%5-01 L1104+00 L 104100 718200 M LilDH
1.000 .40 4286.0 +8497-02 +1798-04 +1108400 .8770=01 + 7045400 8444202

1.000 «10 4455.6 ~1205=0% < 2364=01 100700 «7201=U1 «+09£0+U0V «+8313=0¢
1.000 .10 4664.1_ _ .1551-01 +2800-01_ ,8986-01 .5841-01 «6802+00 8178202
1.000 107 48165 AB68=00 " ,3103-01 78590 470301 .6674+00  .B0I7-02

1.000__1.00 4181.8  .3345.02 .7600-02 .1234400 .1121+00 «7196400 .8611-02
1.0007  1.00 449d.2 597002 1312-04 118800 . 9736=-01 7107400 B320=027
1.000 1.00 475%3,3 19063202 +1854=01 .1084400 ,8176-01 27001400 _ .8410-02

1.000 1.00 4975.0 1e38=-01 e313-01 Byl <8727=-01 G087 <00 8291-02
1.000 1.00 B5172,1 +1970-01 .2664-01 .aaos 01 .5452=01 +6768400 +8164-02
1.000 10.00 4294,8  ,1994-02 A459=02 «1263400 118900 723200 8832-0¢
1.000 10.00 4672.9 .3964-02 .8582-02 .1216000 .1071.00 «7162400 .8584-02

2000 40. 3 . - . N 5 O V702

1,000 10.00 5271.3 .9045-02 «1754=01 £1076400 .7!71 01 +6974+00 ,8398=-02
1.000 10.00 - 0

952-14-d1L-0Q3V



TABLE 1 (Concluded)

SPECIFY ENTHALPY FQUIVALENCE RATIO AND PRESSURE FOR A CW2 HYDROCARBDN WITH ALR

EO P 1 SPECIES MoL._ _FRACTIONS _
, RATI0 ATH DEG R H2 oz H20 coz N2 A
1.100 .10 4073.1 .97%8-02 .4583-02 «1250400 .9736=-01 +7030400 +8407-02
1:10p0 .10 4323.5 1301~ .1055%5-p1 2119940 .82%4-0 1692700 .uz’o-oz
1.100 10 4522. «166%-01 -16;g 01 -:g 2400 -!5;"01 -saggooo -' 5 ]
' 1:100__ __-10_ 4691.3 «2020=01 +2057-01 1936401 _ . =01 ’ 00 .80034-02
1-100 .10 4838.7 .2335-01 .2383-01 818201 .4510-01 .6563+00 '898-02
1:100 _ 1.00 42p6.4 «7972-902 +1725-p2 11293400 _ _+1034+00 27072400 .8453-02
1.100 1.0p0 4536.4 .1025-01 .61%6-02 11227400 »9106-01 6991400 .0372-02
1:100 1.00 4793.6 2134209 «1127-01 1138400 .7691-01 .6889+00 .8266-02
. 1.100 1.00 5011.% «1692-01 »1586-01 +1036+00 «6349-01 «6776+00 +8148-02
1.100 1.00 5202.9 _ .2041-0%1 «1951-01 .9285-01 .5175-01 .6659+00 +8024-02
1.100 10,00 4283.0 «7029-02 «3640-03 11318400 .1069+00 .7008+00 .8480-02
0 0__4707.7 ,8053-02 _ ,2605-02 ,1281+00 29906-01 .7046+00 ,8432-02 o
1. 100 10,00 5037,3 .1036-01 ,6506-02 .1215400 ,8692-01 ,6963+00 L, 83%2-02
1 0 531%5.5 2133101 .1066-01 11133400 .7381-01 6865400 .8255-02
1. 100 10.00 55680.4 .16681-01 ~1438-01 .1030400 . - +00 o 0
N 3.500 .10 3737.7 .5349-01 .1238-04 1183400 .5436-01 .6440000 +7699-02 e
™o 1.500 10 4178, 4977-01 28-03 .1171+00 B079=01  .6413%00  .7881-02 .
_.1.500_ .10 _4482.5 484101 +1651-02 «1096400 «4609-01 633900 + 758102
1.500 .10 4601, . 8-01 .3%05-0 . 001 .4021-01T < 8241+00 7473=02
500 .10 05!2 3 .4984-01 .6288-02 8674-01 .3434-01 613200 . 735202
1.500 1.00 3=01 o1 0 . . . . .
1.500 1.00 4254 7 .!01! =01 «5369=04 .1204400 .5083-01 6439400 .7690~-02
1.500 1.00 4677.2 . 4817-01 .5278-0 +1170+400 .4732-01 86398400 . 7645-02 N
1.500 1.00 4979,3 4818-01 .1883-02 «1089400 .4243-01 .6322+00 «7567=02
1.500 1.00 5207.8 494201 . 381002 .9821-01 . 3680-01 6228400 . 7488-02
1.500 10.00 3763.1 .5381-01 +1511-06 11192400 .5413-01 26455400 +7708-02
1.500 10.00 43p1.1 . - . - « +00 .o081-0% 0A50+00 770302
1.%00 10.00 4793.4 +4813-01 +1005-03 121700 480803 +6432400 + 768402 _
1.500 10.00 5202.9 .4733-51 «5844-03 <1175.00  .4463-01 . . . - —
1.500 10.00 552%.9 4809-01 .1687-02 «1098400 . .4001-01 +6319+400 .7871-02
2.000 10 3173.9 2131300 .4753-08 .7557-01 .201%9-01 +5787+00 «6910-02
2.000 .10 3687.5% .1262+00 +6696-06 .7919-04 +2421-01 «5780+00 890202
2.000 .10 41264, .1204+00 .1716-04 1+ .2202-01 . . 887102
2.000 .10 44%4,2 2113300 +1303-03 .7700-01 .2056-01 +5702400 +6811-02
2,000 .10 46909.3 +1061+00 .4525-03 T ,718%. . +00 +0728-04
2.000 1,00 31768.2 21314200 486809 7562401 2!12-01 ,5788+00 .6911-02
2.000 1.00 3707.1 .1269400 +7816~07 . - 85«00 .8908-02

.00 4201.7 21230400

.2777'05

«8136-01

-2161-01

5774400

1689502

2.000 1.00 4A26.0 .1 -0 .8070- .
2.000 1.00 4962,7 .1127400 -1616'03 27723-01 .1072-01 .5696000 .6806~02

2000 10.00 3176,9 1314 -1 . - .2811-0 500 . 8911-02
2.000 10.00 3714.0 21271400 .5207-00 797101 .2300-01 .5707000 +6910-02
2.000 10.00 4234.6 .1241+00 < 3394-06 »8203-01 S2IA%-01 5783400 <8905 -02
2.000 10.00 4720.7 +1210+00 .5470°05 +8276-01 .1977-01 «5771+00 .6892-02

-0 0.00 1 . . > . ” . - . - U0 000902

9SZ-14-81-0Q3V
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TABLE Il

SPECIFY TEMPERTURE EOUIVALE':CE RATIO AND PRESSURE Fgl A CH2 HYDRD&AROON WITH AIR

) EO HOL NO TYPE TVINE
RATIO ATH DEG R BTUILB BYU/LB OR 8Tu/iLe OR wT 1TER  CASE  SEC
.5000 .1(‘ 3000.0 €3.06 2.20869 . 31243 20,930 2 1 2322
5000 o1 4000,0 442.16 2.39664 . 32316 26,754 2 1 . 322
5000 1 5000.0 1295.10 250381 . 32048 Z7. 003 3 1 ~373
- - .5000 1.0 3000,0 62,49 2.13044 . 31243 28.932 2 1 ,322
,5000 1.0 4000,0 410,51 2,23007 . [ B 1 2373
.5000 1,0 5000,0 963,64 2,3%519¢ ,32062 28,141 3 1 372
+5000 0.0[ 1 000, 0 B F 1 31247 <9.933 2z I 322
. 5000 1o.o| ! 4000.0 398,84 2.06887 . 32330 28,906 3 1 372
.5000 10.0 5000. 0 95,88 2.18343 . 32Y03 70,525 3 I 372
_____ 9000 o1 3000,0 =391.15 2.30352 .32718 28.906 3 1 1372
.9000 Y 4000,0 44,68 2.42892 . 3 "1 Aaq
.9000 1 5000.0 1108,12 2,60247 + 34390 26,222 4 1 423
.9000 1.0, ' aooo.o =351.97 2.14706 . . 1 +322
+9000 1 -1o.nz 2,25426 . 33925 28.780 2 1
.9000 150 . .
+9000 Lg_g sgoo-g -392-32 ;.900 78 _ +327219 28.910 2 1 « 322
.9000 10,0 4000,0 =40.11 2.08972 < 33940 20,062 3 1 %t
.9000 10.0 5000.0 465,69 2.20149 34924 268,337 4 1 1423
1.0000 T 3000,0 -498.27 2.30733 .33073 28.887 5 1 rE .
1.0000 .1 4000.0 «24,84 2.44134 34249 28,427 s 1 473
1,0000 o1 5600,0 1074.16 Z.68250 T S4760 26,003 [} T Y}
1.0000 1.0 3000.0 =500.95 2.:14617 . 33075 20.6097 ? 1 578
1,0000 100. ) - ) . . 079 L) b § «82F
1,0000 1,0 5000,0 624,31 2.42222 ,34798 27,446 4 1 .423
1.0000 10.0 3000.0 -%50¢.21 .9 . 901 7 17 75
1,0000 10,0. 4000,0 =133,00 2,09516 .34316 28.797 5 1 474
1.G000 10.0 5000,0 408, 5 . 8,172 [ 1 5%
1,1000 o1 3000.0 «454,00 2.34839 ,33333 268,347 6 1 465
1.1000 1 4000.0 =47.40 2,46372 . 34870 28,132 15 1 R Il
_1.1000 o1 5000, 0 1047,05 2.70379 ,35124 25.771 7 1 .506
1.1000 1.0 3000.0 =457,15% 2,18707 V33333 28,348 T4 1 379
1.100Q 1. 4000.0 =96.05 "2.20958 + 34591 28,294 3 1 + 335
11000 150 5000,0 589.20 2.44014 - 35152 27.218 [ 1. <483
_ 1.1000 10.0 3000.0 «454.20_ 2.02572 ,33333 28,348 4 1 +379
1.1000 10.0 4000.0 =108.37 2.i2%Y 34596 28,334 5 1 W27
_ 1.1000 10,0 %5000,0 375.5% 2.23176 ,35233 27,910 10 1 1634
1.5000 1 3000.0 =270.86 ZAV012 LTIy 28,376 L) 1 s 379
1.%5000 o1 4000.0 111,49 2.599%0 ,35729 26,268 4 1 +379
1.5000 1 2000.0 1019.,77 €. 79728 13144 £4,000 2 1 + 440
1.5000 1.0 3000.0 =271.09 2.31668 34444 26,377 4 1 «379
1.5000 1.0 4000.0 92,56 2.42107 . 3571 5 1 STy
1.5000 1.0, 5000.0 616,42 2,53639 36475 25,866 5 1 1422
1.5000 10,0 3000.0 O 14 YRV 2, 1AT%0 = « - 1 <380
. 1.5000 10,0 4000,0 86.85% 2,24618 . 35716 26,369 4 1 + 378
1.5000 10,0 5000.0 5.3y 2, 33890 R L1 LR L} 5 T %227
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TABLE 1 (Continued)

ECIFY YEHPERTU AL
EQ P 7 SPECIES  MOL  FRACTJIONS
T RATIO “AYN DEG R ] [1] ON NO to
800 .40 |3000.0 |7 ,10%4=0%  .3100-04  .3599-03 LI8Y7-07 . 3108-04
+500 .40 | 4000.0 .5816=03 .3022-02 +6436=02 1914902 +4475=02
+500 .10 | 2000.0 . 2024-01 <44B4-01 .2587-03 . 2178-01 +3806=0%
.500 1,00 |3000,0 ,1843=06 +9805-0% +2025-03 +10837=02 +9831-0%
.500 1.00 | 4000.0 ,1054=03 +9566=03 .3691-02 ,9176-02 +1487=02
. _e«500_ 5080.0 .4409-02 .1467-01 .1844-01 .2300-01 .2083-01
.800 10,00 | 3000, 32780 +3101-0 ,1139=0 5 - +3109-0
.500 10,00 |4000.0 .1088=04 +3029-03 2209902 +9194-02 14774-03
.500 410.00 |2000.0 .8477-03 484702 142301 L2324~ L8534-02
.900 10 |3000.0| .2071-05 1136104  ,.3198-03 27989-03 +1238-03 .
+900 .10 | 4000.0 .1090-02 21513=02 .6041=02 . 4914=02 1498-01
.900 «10 |5000,0 .3218-01 .3167=01 +2905+04 1149901 +7328=01
«900 1.00 | 3600.0 308508 +4301-0 «1776=0 - 3919-04
+900  1.00 | 4q00. 42074203 +435%-03 .3307 02 .4125 -02 +5554=-02
2900 1.00 |5000.0 . - - »4852-071
+900 10.00 [3000.0 | .6553-07 .1360-08 .9992-04 .7957-03 +1240=04
500 10.00 14n00,0 -0 " 1322-03 .1837=02" =02
+900 10.00 |5000.0 21556402 + 2445202 +1085401 .1209-01 .2522-01
1.000 .10 [ 3000.0 5502-0% «212%-05" ,1310-03" " {239- 7=03
1,000 .10 14000.0 .1392-02 «1012-02 ,5158-02 .3003202 .zzsa-oz
1,000 +10 ;5000.0 | - L] B = . - . - §=01
1,000 1.00 |3000.0 «1195=0% .4509-06 16041-04 ,8315=-04 .4113-03
1,000 1-.00 | 4000.0 +3038-03 v2222°0% +a472=02 < 2005-02 T1146-01
1.000 4.00 :5000,0 .8504=02 +7590- oz .1540-01 1316104 +5860-01
1.000 10.00 f3000.0 «2009=0 S - {981-03
1.000 10.00 4000.0 .6637-04 .4750 04 .1:54 02 .1420-02 .5647-02
= 1.000" 10-00 |5000.0 | 5=01
o ___ 1.100 .10 i3000.0° .3359-04 .5557-07 .2136-04 .3257-05 .2015-01
- 1.100 <10 40000 1VI9- 0] ¥ S e —
1,100 .40 's000,0 386701 .zsss-ox .2799-01 .1154-01 .9270-01
=~ 1.160 “T.00 “3500.0] -1088s0 F - . v 81801 -
1.100 1.00 !4poo.n | .5511-03 "7038-04  .1420-02  .6575-03  .3276-01
1.1I00 1,00 5000,0 | o - - . - ] - 3 - RALLELL)
1.100 10.00 '3000 .0 | +3370-0% 5656-09 .2136=0% +3257-06 12818201
— L.i0% "10.00 [4p00.0 | - +7437-05 +4639-03 L 21V9=UY LY}
1,400 10.00 !3poo.0 12384002 +1210-02 .0822%02 ,5894-02 +4957-04
1.500 <107 3000.0" . - 7882=08F T .73V0-UY HI2I=0E IT15+00
1.500 .40 _ 4n00.0 +4543=02 +9352-04 +1356=02 +2630-03 +1205+00
1.570 «10 “5000.0 | . . g = . - 853102 1338+TT
1.500 1.00 3000.0 12646204 .7880-09 +2337=05 +1367-06 11116400
1.500 1.00 —4000,0 | °* - = y - ; = . -
1,500  1.00  $000,0 .1653+014 .zzzz-oz ,1047=01 .3297-02 +1281400
1.360 10.00 —3000.5" . - 0=-08 < 4322-07 +11I5+00
1,500 10.00  4000.0 + 4586203 .9351-06 . .1571 03 2634-04 241209400 °
'“""""'TFEBE"TBTEE“;333:3— . - =0 - . - Te00

982-14-41-003V
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TABLE 1l {Continued)

SPECIFY TEMPERTURE EQUIVALENCE RATIO AND PRESSURE FOR A CH2 HYDROCARBON WITH AIR
h

EQ P SPECIES __ MOL FRACTIONS
RATIO ATM BEG R W2 62 H20 €02 N2 A
<500 10 S060.0 [, 943305 +1002+00 . 6728-01 T6773-01 <7535400 . 9008-02
+500 .10 (1 4000.0]  8389-03 «9569-01 1627101 .6287-04 47453400 ,8953=02
500 .10 | 20800 ™ 7335502 . ~01 . - .2518-01 . «0 . -
«500 .00 |3000.0| ,298geg3 ,1goz.oo +6737-01 16775=04 47536400 +9009-02
+500 1.00 | 4000.0 275350 .9589-01 +6514°01 . 6612-01 7482400  B088=02
+500 .00 (3908.0]  3432.02  .8823-p +5077+01 .4508-01 +7224400 ,8763=02
1500 10.00 | 50000 9450-06 +1003+00  .6742°01  .6776-01 36400 .9009+02
«500 10.00 |4000.0| 884404 +9613-01 +6626-01 .6722=01 47492400 +9001-02
.500 10,00 | 2rM00.0 [ 39¢9=02 <8850~ ‘5U45- 5851~ v7349+ . 8913-02
900 +10 |3000.0]| .3779-04 +1931-01 +1180+00 ,1184400 17342400 +8771-02
<900 .10 | 4000.0 2948-02 +2399=01 +1103000 .1026+00 .7237+00 . 8689-02
900 .10 _5000,0) .4828-91 _e4131-01 +5837-01 «3424-01 16589400 .79%57=02
+900 1.00 3000.0[ ,1194-04 +1929-01 <1182400 1183500 +7343600 2°0
90D 1.G0 14000 +4067= 8 49, 25400 .7293.00 +8733=02
.9090 1.00 |-r00.0 < 9042-02 .33568-01 .8984-04 .6480-01 < 695340 02
+900__10.00 [ 3000.0] .3777-05. _ .1929-p1 +1182400 .1185¢00 .7343.00 .0772-02
«900 10.00 | 4000,0 .3871-03 . 1831-01 +1168+00 1165200 1%5+00 0
.900 30.00 3000.0 .4277-02 .2450=01 +1054¢00 .9097-01 .7141.00 .8599-02
1,000 ..10 . 3000,0 +2662-03 14728-03 .1301¢00 1299+ .7 . - :
1.000 .10 4000.0 .4807-02 +1073=01 +1203400 ,1061¢00 .7164000 ,8571=02
1.000 .10 15000.0] . . .3321- p - . = . -
1,000 1,00 3000.0| ,1257-03 ,2121-03 .1304400 ,1304+00 .7297.00 .8713=02
1.000 1.00 4000.0 22290-02 .5173=02 .1258+00 ,1183+00 N -
1.000 1.00 5000,0] ,1277-01 +2361-04 .9774-031" .eses o: .ee7s.on .8276=02
1.000 10.00 3000.0 .8988-04 .9362-04 + 1305400 ] < 7296+00 L8714-02
1.000 10,00 4000.0 .1092002 +2364-02 +1284400 .1247.00 7265400 .8683-02
1.000 10.00 5000.0] . - +1331-0 +11%1+00 . . =
1.100 .10 3000.0 +9985.02 +3337-06 .1299.00 .1:zo.oo +7113400 .0493 02
1.100 +10  4000.0 .9134-02 . =0 o1 0 . .
1.100 .10 __5000,0 .2643201  .2633-01 .evso-ox .3470-01 1640800 .7721 02
1.100 1.00 3000.0 +9986-02 +3336-07 1300400 +1120400 . +0
1.400 1.00  4000.n +7533-02 +5491-03 +1312400 .1072.00 +7097¢00 .0477-02
1!100 1.00 500“.6 ol -0 . - . [ ] . * -
1.100 10.00 3000.0 +9987-02 ,3336-08  ,1300400 11120400 +7113400 18494202
1.100 10.00 4000.0| - =0 5796=-04 11324400 1087600  .7i09«00  .8489=02— T~
12100 10.00 5000.0 +1004=01 +6000-02 11224400 ,8849=01 16974400 .8362=02
1.500 +10 3004d.0 +6155=01 7-08"  .1116e00  .6184-01  .64%8+s00  .7709-0 T T
1.300 +10 _4n00.0| 5118~ +9164=04 .1104.00 .s:so-o: 16433400 .7503-02
1.300 .10 5600.0 . 1-01 . =0 . .
1,500 1,00 3000.0] . .6137-01 .647%=09 .1:15.00 .e:os-o: 8486400 2770902
1,500 1,00 "4000.0 519101 +9174=0 N ) +00 vz
1.500 1,00 sq00.0| .4825-01 .2023-02 .1oo:.oo .4200-01 +6315400 .7560-02
1.500 10.00 360050 .6158-01 SATE=10 , 111600 L 6183=01 +8455+00 L 7709=02
1,500 10.00 40Do.0| +5217-02 +9163-06 +1207400 .5254-01 16454400 .7707=02
1.500 10.00 "%p00.0 . - . - . . . - . - s -

8§Z-LL-u1-0Q3v
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TABLE 11 (Concluded)

"SPECIFY TEMPERTURE EQUIVALENCE RATIO AND PRESSURE FOR A CH2 WYDROCARBON WITH AIR

" EQULIBRIUM ISENTROPIC EXPANSION FRON 10 ATM,
EQ P

e e - . H S _ce MOL. NO__ _TYPE__TIME
RATIO ATHM DEG R 8TU/LB 8TU/LB OR 8TU/LB OR Wt ITER CASE  SEC
+5000 10,0000 4000.0 396.84 2.06887 .32330 28.906 3 1 375
—_— —. «5000 5.6000 34065,0 220.84 2.06887 31852 28,927 b 4 2 1.637
.5000 1.5000 2463,1 =105.35 2.06885 ,30335 28,934 2 2 .569
— . — -.4%000 5000 2104,4 213,29 2.06908____ _ ,295%s______28.934 2 2 368
.5000 10,7000 5000.0 825.68 2.16345 32003 28,625 3 1 ,374
25000 59,0000  4491.5 __  898.16 q48 L3263 7
»5000 1.1000 3319.7 166.72 2.16345 .31663 28.927 ? 2 1,637
——— e ——_ w3000__. _ . ,5000 . _  2863.5_ _____19.75 ____.2,16344______ 31041 28,933 > 2 1.210
»9000 10.°000 4000.0 - -40.11 2.08972 ,33940 28.862 3 1 »37%
_____ L9000 __ __5,6000 ____3509.6_ __ _=218.97 . __ _2,08972__ 33436 28,900 2 2 1,636
19000 1.2000 2515.4 =549,78 2.00972 31804 28.91¢0 [} 2 1.21¢0
29000 ._  .5000.. _2162.2 _ __=660,95_____ 2.08923  _,30961 28,913 4 2 1997
+9000 10.000 5000.0 465,69 2.20149 , 34521 28,337 4 1 1425
et tee ee = . = 19000 5.0000_ . 4565.2 . 234.,48_ 2,2D149.____ L34319 . 28,597 __ .12 .. _2___2.797 .
«9000 1.0000 3512.6 214,91 2.20149 .33438 28.889 ? 2 1.637
e . 9000 .5000 3061.1 *371,35. . 2.20149 _ _ 32816 ___ _28,907__ __ S __. .2 . .1.210
1.0000 10,0000 4000.0 =133.00 2.09516 .34316 28,797 5 1 478
el 10000 5,r000 3536.2._  ~=312.83 2.09%16 33840 26,868 [ 2 1.852
1.0000 1.r090 2556, ~648.07 2.09514 .32225 28.904 4 2 0992
1.0000 +5000 2201.6 <=761.17 _  2,09515 __ 31373 __ 26,905 __ 4 2. . 994 ;
1.0000 10.7000 5000.0 405.11 2.21418 . 34890 28.172 6 1 2526
- 1.0000 5,r.000 4577,7 L A72.26 . ___2,21616 __ __,34694 28,448 8 2 1.8%0 _ __ . _
1.0000 1.7090 3590.9 =283,51 2.21416 . 33898 28,832 11 2 2.492
_ .1.0000 +5000 3159.5 444,45 2.21416 _ _ £33328  _ _26.885% _ 10 2 2,276
1.,1000 10.-000 4000.0 =108.37 2,12503 . 34896 ~ ~ 28,334 5 1 .423
—_— = . 1.1000 5.n000 3483.8 =289.92 2.12503 _ 34036 __26.346 __ 13 2 __ _2.2640_____. L
1.1000 1.1000 2468.1 =623.88 2,12503 + 32346 "28.348 11 2 2,244
.. 1.1000 .5900 2142,2 | -736.11 . 2.12503 . 31510 __26.348_ ____ 9 ___2__ _1.859 _
1.1000 10,0000 5000.0 375.55 2.23176 ,35233 27.910 10 1 1636
—_ _ 15,2000 5,n0N0 4556.8 _ 140,84 _ 2,2317% _ ,35009 20,159 _ 15 _ 2 _ 2,998 _ o
1.1000 1.n000 3421.7 =310.77 2.23474 339857 28,345 [ 2 1.667 -
1.1000 »5000 296%,6 =465,6% C2.23174 _ __,33275 _ 28,348 ___ 9 ____2___1.8%9 .
1.5000 10,9000 4000.0 86.85 2.24618 ,35716 26.369 4 1 »361
_ 1.5000 S.c000 3462.¢ =107.61 2.24618 _ . . .35117 _ _ 26.376. 12 . _2 . 2.432 .
1.5000 1.0000 2450.6 =462,64 2.24617 . 33407 26.377 [} 2 1.858
e e e e 105000 «5000 2106.0 . =581.64_ _2.21931._____;§2219 26,377 _ () 2 1,664 —
1.5000 10,1000 5$000.0 495,39 2.3369 , 36468 26,231 5 1 1424
1.5000 5,n000 4416.9 248,82 ___ 2, sseoq___“_ 36078 26,333 _ 11 __ _; 2 __2,241 Lo
1.5000 1.7000 3176.9 -208.68 2.33689 347214 7 26,376 11 2 2.241
1.5000 »5000 2738.0 =362,77_  __ 2,33689  ,33084 __ 26,377 11 ____ 2 _2.244 _ _ _ _ __
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TABLE 1l

SPECIFY TEMPERTURE EQUIVALENCE RATIO AND PRESSURE FOR A CH2 HYDROCARBON WITH AIR

“"EQULIBRIUN xseurnoaxr EXPANSION FROM 10 ATM, i T
EQ P . SPECIES MOL _FRACTIONS _ . __ _ __.__ _

T T RATIO  ATM nss R H 0 OH NO co

+500 10.00 40°0.0 +10888=p4 «»3029-03 .2095-02 +19194=02 «4774-03
+500 5.00 3485.0 .1886=-05 «.5628-04 .+6885-03 14526-02 . .7285-04 —
+500 1.00 2463.1 «.7489=-09 .1806-06 «1576-04 «4438-03 +1190-06

500 .50 21-4,.4 .6822-11 .5727-08 .+1647-05 _ ,1144-03  ,2477-08___

500 10.00 5070.0 .8477-03 «4647-02 .1123-01 ° .2324-01 +8534-02

—_ . +500 5.00 4491.3 +2550-03 +1912-02 __,6301-02 .__.153%=04 _ .3362=02._ . .____ ____

— L

.500 1.00 3319.7 .2120-05 .5735-p4 ~6240-03 .3431-02 «6867-04

- +500 .50 2865.5 | ..9434-07 .5858=05____.1389-03___ _,1353-02 _ _.B378=0% ______ _ __

+900 10.00 40'0.0 .3795-04 .1322°03 7 ,1837-02 . 3964-02 .1895-02
.900 5.00 35°9.6 L4417-05_  .2739-04 __  ,6462-03 __,2024-02 .3300-03._ _ _
.900 1.00 2515.4  ,2829-08 .1265-06  ,1864-04 .2277-03 +7903-06
900 .50 2162.2 .3552-10 .5083-08 . _.2267+05 ___,6392-04 __,214Q=07 _
.900 10.00 5010.0 .1556-02 .2445-02° ~,1085-01 ,1205-01 .2522-01

] ] 5.00 4565.2 +6407-03 .1130-02 _  .6586-02 __ ,7860-02 _ .1390-01 _

.900 1.00 3512.6 +1500-04 +6230-04 +9751-03 .2041-02 +7429-03
.900 .50 3061.1 .1026-05" _.8757-05 _ _,2665-03 ___,9049-03  ,8288-04
1.000 10.00 40-0.0 .6637-04 +4750-04 +1154-02 .1420-02 564702

. 1.000 5,00 3536.2 1179-04 . _,6608-05 _ _ .3386-03 ___ ,4510-03 «1908-02

1.000 1.00 2556.4 +2623-07 .5899-08 . 4437=-05 .8481-05 . 3857=04

1.000 .50 22r1.6 +6913-09  .8092=10..__ .3202-06 ___,7579-06 __ .3864-05 __  ________ _

1.000 10.00 50n0,0 .1894-02 -1802-02 .9731-02 ,8839-02 «3485-01
1.000 5.00 4577.7 _.8638-03 ___.7594-03 . .5661-02 __,5154-02 _ _,2261-01 _
1.000 1.00 3590.9 .4580-04 .2697-04 704403 .7057-03 .3780-02
1,000 .50 31%9.5  .5765-05 _ __,2526-05. _,1623=03 __ .1811-03__ _.1022-02
1.100 10.00 40°0.0 +1703-03 .7437-05 «4639-03 ,2199-03 +3144-01
100 5.00 3483.8 .4176-04 _ .2208-06 _ __.6036-04__ __.1732-04 «2994=04
1,100 1.00 2488.1 +4340-06 .2341-11 .8030-07 .4838-08 +2502-01

— .. 1.%00 50 2142.2 22983-07 _ . .3056-14 __ ,1734-08 _ ,4411-10 __ _,2147-0% _ _ _ _

1.100 10.00 50°0.0 «.2384-02 .1210-02 .8225-02 .5894-02 «4957=-01

——  1.100 _5.00. 45%6.8.._ .1148-02._ _.3688-03 ,4032-02 ,2576-02 23911-01

P e e p————— s

1.100 1,00 3421,7 .7308-04 .6083-06 «9623-04 «2571-04 +2977-01

-.—-1.,100 .50 2965.6 __,1257-04___ ,7278-08 27435-05 ,1075-05 12802-04

1.500 10.00 40:0.0 .4586-03 . 9351-06 +1574-03 «2634-04 +1209+00

... 1,500 5.00 3462.0 19979-04 _ ,2356-07 _ _ .1832-04 _  ,1878-05 ___ .311688e00  _ __

1.500 1.00 2450.6 17489006 +1749-12 «1873-07 .4290-09 .1016+00
1,300 S0 .2106,0 4448207 ,1919-15__ _ ,3520=09 __ ,3I517-11___ .9166-01

1.500 10.00 50r0.0 +5189-02 +2%08-03 +3711-02 '1172-02 «1259+00

— . 1,500._.5.00__ 4416,9_ ___,2020-02___ ,2655-04__. _.1001-02 _ ,2270-03__ .123Qep0__ _ ___ __ __ . _

1.500 1.00 3176.9 +6433-04 .6367-08 .7727-0% ,5710-06 +1139¢00
1,500 .50 2738.0 +8180-05 ___,4354-10 __ ,4225-06 _ ,1655-07. .. . ,1075400
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TABLE Ill (Concluded) :

"EQUIVALENCE RATIO AND PRESSURE FOR A CH2 WYDROCARBON WITH AIR

) SPECIFY TEMPERTURE

EOULIBRIUH xesnrnopxc EXPANSION FROM 10 ATH,
EQ P SPECIES___HQL _FRACGTIONS

RATIO ATM oss R H2 H20 co2 N2 A
<500 10.00 40-0.0 ,6844-04  ,9613-01 16626-01 .6722-01 17492400 «9001-02
 mee—eee— +%00 5.00 3485.0 +1669-04 _ _,987.7-01 6710=01 «67868=01 __,7521+00____.9007-02 —_
500  1.00 2463.1 +5815-07 .1010+00 .6747-01 .6777-01 .7543400 .9009-02
E—— 1] .50 21n4.4 .1962-08  _,1012+00.__ ,6747=01___ ,5727-03 ___.2545+00 .9009-02
.500 10.00 50"0.0 .1269-02 .8850-01 .5945-01 ,5851-01 +7349400 ,8913-02
_  .500__5.00. %491.5 _ ....5420-03___ .92%5-01_. ._.6334-01_ ,6409-01  ,743300 ___ ,8967=02
.,500 1.00 3319.7 .1711-04 .9933-01 L6713-01 ,6768-01 .7526400 ,9007-02
—_———.500 _.50 2865.,5 .. .1804-05 ___,1005+00 6740-01 6776-01 __,75308+00 _ _.9009=-02_ . -
.900 10,00 4010,0 ,3571-03 .1831-01 .1168400 .1165+00 ,7315400 ,8758-02
_ .900 ..5,00..3%929,6____,7512-04 _ _,1872=01. ____,1178+00 __ ,1182+00 7334400 8769-02. ..
«900 1.00 2515.4 +3654-06 +1959-01 .1183+00 .1185.00 .7346400 .8773-02
e _2900____.50 _2162.2 ._ . .1550-07 . __.1968-0%_ . 118300 _ ,1185+00  ,7347.00 __ .8773-02 _
«900 10.00 5070.0 .4277-02 .2450-01 +1054400 .9097-01 +7141400 .8599-02
_«900 5.00 4545.2 .2392.02 _ .2166=01___ .,3110400 .1034400 _ 7228400 .B8678-0?
.900 1.00 3%12.6 11691-03 .1886-01 .1175400 +1177400 +7331400 .8768-02
.. +900 .50 3061.1 12423-04 01924=01. . ,1181+00 _ 1154400 .7342400 .8772-02 . —_—
1,000 10.00 40r0.0 .1092-02 .2364-02 +1284400 .1247400 + 7265400 .8683-02
e 1,000 .5.00 3536.2. , .4337-03 .8603-03 . __.1298400_ __ ,1288400 __ _.7288+00  ,8704-02 __
1.000 1.00 2%54.4 '1711-04 .2213-04 .1305+00 .1308+00 .7299+00 ,8715-02
.. 1.000 .50 22.1.6 1264105 .2520-0%.. ,1305400 ___.1308400__ .7299e00 ____.8715-02__ __ __ .
1.000 10.00 500.0 .6333-02 .1331-01 +1151400 .9266-01 .7070+00 ,8494=02
1.000 5.00 4577.7 .4122-02 ____ .9210-02, _.121100 ___,1061+00 _ _.7158+00 __ .8578=02 _ __ _ = _
1.000 1.00 3599.9 +8467-03 «1782-02 +1290400 21267400 27277400 .8693-02
e ____3.000_.__ .50 3159,5 __.2824-03 _ .5209-03 21301400 _ __.1297400 __ .7293+00 _ _ .8709-02 o
1.100 10.00 40710.0 .719%.02 .5796-04 +1324400 .1087.00 +7109+00 L0489-02
1.100 S.00 3483.8 .8259002 ©  .1536-05 __ .1316400 __ .1103+00 7113400 _ .8493-02 R
1.100 1.00 2488,.1 +1315-01 +1085-10 +1268400 ",1152400 + 7113400 +8494-02 '
e _._1.100 .50 2142,2 +1669-01 +1149-13 __ _.1233400 __ .1187400 +7113+00 .8494-02 _ L e
1,100 10.00 S0rn.0 .1004-01 .6000-02 11224400 ,8849-01 16974400 .8362-02
e 1.100 _5.00 4%%6.8 _ ,8049-02___  _,2430-02 __ ,1284+00  __ .1002400_ __,7053400 _ _ .8437-02 _ ___ _ . .
1,100 1.00 3421,7 .8440-02 .4151-0% ,1314400 .1104400 . 711300 .8493-02
_ 1.100 .50 2965.6 .1015-01 .4233-07 +1298400 +1122400 _ 17113400 .8494-02 i .
1.500 10.00 40-0.0 .5217-01 19163-06 .1207+00 .52%4-01 + 6454400 .7707-02
s 1500 5.00 3462.0 +5632-01 .2136-07 +1168400 ,5661-01 «6456400 .7709-02 _ )
1,500 1.00 2450.6 .7158-01 .1199-12 +1016400 ,7183-01 6456400 +7709=-02
_ 1.500 .50 2126.0 +8155-01 «1108-15 _  .9166-01 ___ ,8180-01 __ .6456400 ___ .7709-02 __ ___ L
1.500 10.00 50-0.0 +4754-01 +2578-03 +1203+00 , 4659-01 . 6415400 " 7666-02
.. 1:500 5.00 4416.9 +4967-01 «2703-04. . .-1217+00 .. .5012-01 64444000 _ _+7696-02
1.500 1.00 3174.9 .5930+01 +5456-08 <1139+ 00 ,5958=-01 16456400 +7709-02
1,500 .50 2738.0 .6567-01 _ .3318=10 107500 _ _.6%592-01 + 6456400 .7709-02 _
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TABLE IV

SPECIFY TEMPERTURE EOUIVALENCE.RATIO AND PRESSURE FOR A CH2 HYDROCARBON WITH AIR

FROZEN [SENTROPIC EXPANSION FROM 10 ATM,
H

EQ P . s cP . MoL NO TYPE _TINE _
RATIO ATH DES R pru/Le *RTU/LB OR BTU/LB OR KT . ITER CASE SEC
.5000 10,0 4000.0 396.84 2.,06887 .32330 28,906 3 1 374
5000 5.0 3448,2 2 221,81 2 2.Q6887 131609 28,906 4 3 _ 1463 R
.5000 1.0 2415.4 -99.44 2.06888 30241 28.906 5 3 545
.5000 .5 _2059,2 =205.277 2,06889 229450 26,906 4 3. 464
5000 10.0 5000.0 625.68 2.16345 .32903 28,625 3 1 +374
- = . .5000 5.0 4316.7 602.06 2.16344 32923 26,625 4 3 2463
.5000 1.0 3043.4 194.87 2.16346 .31284 28.625 5 3 545
cee o 45000 WS __260%.6 59,31 2,16347 30393 28,625 4 3 1463 _
.9000 10,0 4000,0 -40.11 2,06972 ,33940 26,662 3 1 378
—_ .+ 9000 5.0 . __3474.8 . =217,99 = 2,08973) 133383 28,862 4 -3 463
.9000 1.6 2471.3 544,36 _ 2.06974 31703 26,862 5 3 o545
—_ ——. <9000 1% 2122.,0 =651374 2.08979 ,30843 28,916 4 3 s 464
.9000 10.0 5000.0 465,69 2.20149 34521 28,337 4 1 425
e e - «9000 5.0 ..__4340,2 239,20 2.20149 34115 28,337 4 _ .3 464
.9000 1.0 3099.4 =176.88 2.2015%0 .32786 28,337 5 3 545
e .9000 .5 __.2668,2 _ _=316.72  2.2015% 32046 26.337 4 3 864
1.0000 10.0 4000.0 -133.00 2.095%16 .34316 28.797 [] 1 475
o __1A,0p000 5. 0! 3476,0 =311.39 2.09517 . 33750 28,797 4 3 1463
1.0000 1.0 2477.3 -631,25 2.09516 .31990 29.041 5 3 546
— ... .1.0000 3 ..2128,9 _ =728,9y _2,09520 . 231074 29:361 4 3 _at64e
1.0000 10.0 5000.0 405.11 2.21416 . 34890 28.172 6 1 526
- e 1.0000 5.0 L 4343.2 177,23  2,21418 34476 26,172 __ 4 3. 464
1.0000 1.0 3106.2 =241.86 2.21419 .33123 26.172 5 3 544
—_ 1,0000. . 2679.7 =374,67  2,21428 2
1.1000 10.0 4000.0 -106.37 2,12503 34596 26,334 H 1 1423
1.1000. .__. 5.0 . _3472.0__ -289,%58 2,12%0% .34013 26,334 4 3 1463 _
1,1000 1.0 2437,3 -631.%1 2.12508 32253 - 20,340 5 3 545
1.1000, _ a8 . __1990.3 =766.96 2,12510 131303 28,360 5 3 545 )
1.1000 10.0 5000.0 375.55 2.23178 38233 27.910 10 1 636
- 1,1000 ] 4343,4 145.51 2,23177 234608 27,910 4 3 2463
1.1000 1.0 3106.3 =277.55 2.23178 33425 27,910 ] 3 545
.1.1000 . _ W5 _.__ 2545.3 456,82 2 2,23478 2~ 32632 27.930 3 3 626
1.5000 10.0 4000,.0 86.85 2.24618 . 35716 26,369 4 1 361"
- 1.5000 5.0 _.._ 3451.7 -107.31 _2.24619 . ,3%077 26,369 4 3 _ 464
1.,5000 1.0, 2420.9 «460.06 2.24620 33165 26,369 ] 3 S4a
_1.5000 25 ~2063,9 *576.9 46 3224 69 464
1.5000 10.0 5000.0 495.39 2.33690 L 36468 26,231 ] i 423
————1.53000_____ 5,0 4326.0 251,11 2,33690 _ __ ,35994 26,233 4 J 464
1.5000 1.0 3062.7 195,14 2,33691 34474 26,231 ] 3 544
.1.5000 5 | _262%,5 =344.11 2.33692 33642 26,234 4 3 463 _
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TABLE |V (Continued)

SPECIFY TEMPERTURE FEQUIVALENCE RATIO AND PRESSURE FOR A CH2 HYOROCARBON WITH AIR

FROZEN ISENTROPIC EXPANSION FROM
EQ [ T S

10 ATM,

PECIES MOL FRACTIONS
RATIO ATH DEG R H [+] OH NO co
«500 10-00 4000:0 .1888=04 »3029-03 .2095=02 919402 «4774=03
+300 5,00 3448.2 +1888= = 95= 9104-02  .4774-03 -
+300 1.00 2415.4 1888=04 .3029-03 .2095=02 ,9194=02 4774=03
—_ 500 _.50 2059.2 .1888-04_ - - 4- 724-03 -
.500 10.00 5000.0 847703 ,4647-02 .1123-01 ,2324-01 8534202
477 - - 4= -
+500 1.00 3043.4 8477-03 «4647-02 .,1123-01 12324-01 8534-02
.9500 50 2605.4 _8477-03 e 46417= - - 534=02
<900 10.00 4000.0 +3795=04 «1322=03 11837=02 1 3964-02 .1898=-02
379%5=04 +1322=n3 21837=02 2 3964=02 +189%5=02
900 1.00 2471.3 379504 - ,31322-03 «1837-02 «3964-02 «»1895=-02
- - - 4=02 2180%5-02
.900 10.00 5000.0 ,1556=02 1 2445-02 108501 »1205=01 .2922-01
f—— 2908 5.0 340,82 155602 _ ,2445-02 +1085-01 +1205-01 «23522=01
« 900 1.00 3099.4 .1956-02 «2445=02 »1085-04 ,1205=-01 .2522-01
e =900 =02  .244%-02_ _ _,108%5-01 _ ,1205-01 12522401
1.000 10.00 4000.0 +86637=04 «4750-04 «1154-02 .1420-02 :5647-02
1.000 5.00 _3476,0 a = 75p=-pa4 S54- - -
1.000 1.00 2477.3 863704 +4750=04 «1154-02 .1420=02 564702
-—1.000_._ ,50 2128.9  ,6637-04 = -21154= 420-02 .5647-02
1.000 10.00 5000.0 189402 «1802-02 «9731=02 .8839=02 «3485-01
1:000. 5.00 4343.2 ___,1894=02 +1802-02 :9731-02 18839-02 «+3485=0% -~
1.000 1,00 3106.2 .1894=02 .1802=-02 973102 .8839-02 1348501
1:.000 250 2679.7 94=02 ,;ggz-gi 2973102 1 8039-02 +3485-0%
1.100 10.00 4000.0 .1703-03 «7437=0 «4639=03 +2199-03 »3144-01
e _.%.100 5.00_. 3472.0 __ _ .1703-03 .7437-0% _ _,4630=03 _ ,2199-03 . 3144-02 b
1100 1,00 2437,3 .1703-03 «7437=0% +4639-03 12199-03 +3144=01
R 1.100 +50__3990.3 «:1703=03 _ +7437-05 1 4639-03 «2199-03 _.3144-0%
1.100 10.00 %5000.0 238402 «1210-02 «8225=02 +5894-02 +4957-01
1.100 5,00 4343,4 ,;3!4-02 +1210-02 18225-02 5894« ., 4957202
1,100 1.00 3106.3 .2384-02 .1210-02 8225402 589402 .4957=-01
14100 . .50..2%45,3  .2384-02  .1210-02  .8223-02 . _,5804-02  .4987~01 -
1.500 10.00 4000.0 «+4588«03 «9351=06 «1571-03 +2634-04 «1209+00
. 3+500___ 85.00 3451.7 ,4586-~Q3 +9351-086  .1571-)3 :2634=-04 +1209+00 . e - —
1.%00 1,00 2420.9 4586-03 .93%51=-068 «1571-03 2634-04 +1209+00
1.5%00 250 9 4586~ «9351-06 «1573-03 634=04 *00
1.500 10.00 5000.0 - .5189=-02 «2508-03 «3711=02 «1172=02 + 1259400
——— 1900 . 5,00__4326.0 _ ,5189-02 _12908-03 3714 72=0 231259400 _ o
1.500 1.00 3062.7 .5189=-02 »2508-03 »3711-02 «1172-02 +1259+00
e _______ 3500 . .30 262%.5 »5189=02 «2508-03 2321102 :1172-02 21259+00
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TABLE |V (Concluded)

SPECIFY TEMPERTURE EQUIVALENCE RATIO AND PRESSURE FOR A CH2 MYDROCARBON WITH AIR

— I I SPECIES HOL. ERACTIONS _ -
RATIO ATH oEa R W2 - H20 co2 N2 A
e e e e _
.500 10.00 4ono.o 8844 =04 +9613-0¢ +6626-01 «6722-01 7492400 «9001~02
e .. %00 5.00 3448.2 .8844-04 «9613=p1_ __,6628=031___.__.6722-01 . _,7492+00. . .2001-02 _ [ _—
+500 1.00 2415,4¢ .8844-04 +9613-01 +6626-01 +6722=01 +7492400 .9001-02
e .__.s%00_._ .50 2p59.2 .8844=04 «9613-04 ____.6626=01_ __ _.6722-01 ___ .7492+00 __ _.%001-02 .-
.500 10.00 5070.0 «1269=02 .8850-01 +5945=01 385109 .7349+00 .8913-02
+ 500 5,00 4316.7 . ,1269-02_ ___ .885Q-=08 __ ,594%-03 = .5854-04 = ,7349+p00 ,8913-02_ . _
+500 1.00 3043.4 +1269-02 +8850-01 .5948201 .5851=01 +7349+00 .8913-02
. _+S00___ .50 2605.4 +1269-02 - 8850701 __ __.3945-01__  ,58%1-01  .7349+00 __.8913-02 N,
«900 10.00 4070.0 +3571=03 +1831-01 .1168+00 «11865+00 +7315+00 .8758=02
_+900 5.00 3471.8 +3571-03  _ .1831-01 ___.1168+00 . .1185+00 _ _.7313+00__. _.8758-02 e e n —————
+900 1.00 2471.3 +3571-03 .1831-01 +1168+00 .1185+00 .7315+00 .8758-02
—e900___ ,50. 2122.0_.__.3971-03. _ .2000=01  _ .1168+00  ,1165+00  ,7315e00 __ .8758-02 -
«900 10.00 5070.0 .4277=-02 +2450-01 .1054+00 .9097=01 + 7141400 .8599-02
o 900 S.00 4340.2 427702 +2450-04____,10%4400 __ _,9097=01 __ ,7141+00____.8599-02 . -
«900 1.00 3099.4 .4277=02 .2450-01 +1054400 «9097-01 « 7141400 .8599=02
___s900. .50 2668.2 ___ ,4277=02 _ ,2450-03 _ _ ,1054400 __.,9097-03 __.7144+00 __ .8599-02 e
1.000 10.00 4010.0 .1092=02 +2364-02 .1284+00 .1247+00 . 7265400 .8683+02
1,000 _5.00__3476,0 .1092-02 _ _.2364-02 __ ,12B84.00 11247200 27286%+00___ .8683-02 _ .. ...
1,000 1.00 2477.3 ,1092-02 ~~ ,1000-01 .1284+00 .1247+00 + 7265400 .8683=-02
. e 1,000, .50 2128.9 +1092=02 2200001 _ __.3284400 __ ,1247+00 _ .726%+00 __ _,8683-02 _ . ——
1.000 10.00 5040.0 .6333-02 .1331-01 .115%1+00 .9286-01 .7070+00 .8494-02
1,000 5,00, .4343,2 ___ ,6333-02__ _,1331-01__ _,1151400  ,9266-01 __ _,7070+400 _ _,8494-02 . e
1.000 1.00 31c6.2 .6333-02 .1331-01 +1151+00 .9266-01 +7070+00 ,8494-02
1,000 _ .50 . 2679.7. .6333-02 ___,2000-01 .1151400 9266=01 __ _,7070+00 .8494-02 R,
1.100 10.00 40°0.0 .7195-02 +5796=04 .1324+00 .1087+00 +7109+00 .8489-02
_1.100 __S%.00 3472.0 2719802 +5796-04 _ 1324400 __ +1087400 +7109+00 .8489-02 - ——
1,100 1.00 2437.3 .1000=-01 +5796-04 .1324+00 .1087+00 +7109+00 .8489-02
_3.100 +50_ 1990.3 .2000-01 | .5796=04 _  .1324+00 . 1087+00_ __ .7109+00 +B489-02 L —
1.100 10.00 $0°0.0 .1004=01 +6000-02 .1224400  ,8849-01 «6974400 .8362-02
1,100 %,00 4343.4  ,1004-01  ,8000-02 1224400  ,8849-01  .6974+00 ,8362-02
1.100 1,00 3106,3 .1004-01 .6000-02 .1224400 .8849-01 6974400 .8362-02
— o _as00 .50 2545.3__ .2000-01 _ _ .6000-02 __ ,1224+00 _ ,8849-01 26974400 _  ,8382-02_ __ _ ____ . __.__
1.500 10.00 4070.0 .5217=01 +9163=06 +1207+00 ,5254-01 +6454400 .7707-02
. _..2500 5.00 345%.7 .%217-01 «9163-06 __ ,1207+00 __ ,52%4-01_ _,64%4+00. _ .7707=02 __ oL .
1.500 1.00 2420.9 .5217-01 +9163-08 +1207+00 .52%54-01 +6454400 +7707-02
1.300 230__2063.9 _ ,5217=01  .9183-06 ___,1207400 __.5234-01 _ .6454+00  ,7707-02 _ = __ . _ _. -—
1.500 10.00 50°0.0 .4754=01 .28578=03 .1203+00 +4659=01 .6415+00 +76856=02
—— . 1.%00. 5.00_4326.0 y4754=01 __ ,2578-03 __  ,1203+00_ . . .4659-01 __ ,6415+00 __  .7666-02 —_— e
©1.500 1.00 3062.7 4754201 +2578-03 21203400 .4659=01 +6415+00 .7666+02
1.500 .50 262%.5 .4754=01 .2578=03. _ ,1203¢00 _. . ,4659-01 _.6415+00 +76656+02 ; R

FROZEN ISENTROPIC EXPANSION FROH 10 ATH,
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