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PREFACE
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neering Development Center (AEDC), Air Force Systems Command
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Force Station, Tennessee, under ARO Project Numbers RF217 and
RF414. The author of this report was John M. Pelton, ARO, Inc.
Data analysis was completed on June 30, 1974, and the manuscript
(ARO Control No. ARO-ETF-TR-175-92) was submitted for publica-
tion on June 25, 1975.
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1.0 INTRODUCTION

At the present time, the gas turbine engine industry has no
generally accepted set of thermodynamic properties for the constitu-
ents of the working fluids or method for making thermodynamic calcu-
lations. Therefore, each segment of the industry from manufacturer
through user may use slightly different basic thermodynamic data and
calculation methods to arrive at the thermodynamic properties. The
present condition is similar to that which existed in the rocket motor
industry prior to the work of the ICRPG (Ref, 1) in establishing
methods for performance calculations and data reduction,

As the operating environment of gas turbine engines has gone to
higher temperatures and Mach Numbers, the differences in perform-
ance of competitive engines are often quite small. In fact, some per-
formance differences are of the same order of magnitude as the
change that may be expected from using different sets of thermo-
dynamic properties of the constituents in the working fluids, Also
because of the increased interaction between the engine and other
components of the airframe, the need for a consistent method of
arriving at thermodynamic properties becomes even more important.
The increased use of mathematical models for describing engine per-
formance has also increased the need for the use of consistent thermo-
dynamic properties of the working fluids.

The gas turbine industry has developed from industries with
diverse backgrounds and each segment has developed calculation pro-
cedures based on its own past history and present needs. The appear-
ance of the computer as a routine tool for turbine engine analysis in
even the smallest operation now provides the possibility for use of a
consistent set of thermodynamic properties by all segments of industry
and government if the properties can be coded for use with small com-
puter memory and calculation times,

In an effort to develop a consistent thermodynamic model, certain
guidelines were set up as follows:

1. Accessible constituents and constituent properties that
are readily located so that orderly updating is possible
as compositions for standard air and fuel change or
thermodynamic property data are improved,
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2, Acceptable memory requirements and calculation
times for use in on-line data reduction systems, and

3. Contains real gas effects.

Certain items are required in such a consistent model, and these are
identified below:

1. The composition of air,
2, The composition of hydrocarbon type fuels,

3. A set of thermodynamic properties for the constituents
of working fluids, including real gas effects, and

4. A method of computing the thermodynamic properties
of air and exhaust gas, including real gas effects.

Each of the above items was examined by reviewing the available
literature and the present turbine industry usage in conjunction with
the available computer technology for on-line data reduction calcu-
lations,

The pressure-temperature regime for air as a working fluid is
shown in Fig, 1. The regime is from 0.1 to 600 psia and from 300
to 1,800°R. These limits were determined from current and projected
future requirements for air as a working fluid in turbine engines. A
number of air compositions were reviewed. They include the work of

Self (see Edmunds, Ref. 2) and Keenan and Kaye (Ref, 3), Hilsenrath,
et al. (Ref. 4), Touloukian (Ref. 5), Banes (Ref. 6), Brahinsky and

Neal (Ref. 7), Brown and Warlick (Ref, 8), and the U.S. Standard
Atmosphere (Ref, 9).

The composition of the hydrocarbon fuel was defined as C,Hyp

where ''x" would be determined by the particular grade fuel in use,

There is a very limited amount of thermodynamic data from a
single source that covers the necessary pressure and temperature
regime for the air and exhaust gas constituents. The regime for air
has been shown in Fig. 1, and the regime for exhaust gas is shown in
Fig. 2. The regime for the exhaust gas is from 0.1 to 600 psia and
from 600 to 4,000°R, The fuel-to-air ratio (f) to be considered will
be from zero to stoichiometric, These model limits were based on
current and projected future requirements for calculating exhaust
gas thermodynamic properties in the turbine engine industry. Because
of the overlapping of air and exhaust gas constituents such as nitrogen,
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oxygen, carbon dioxide, argon, and neon, the temperature range for
these constituents will be from 300 to 4, 000°R. Constituents such as
water vapor require thermodynamic properties from 600 to 4, 000°R,
while the products of chemical dissociation require thermodynamic
properties from approximately 2, 000 to 4,000°R. The two most com-
plete sources of properties are JANAF (Ref. 10) and McBride, et al.
(Ref, 11). Other sources reviewed included Hilsenrath (Ref, 4),
Touloukian (Ref. 5), Din (Ref. 12), and Stull (Ref. 13). None of these
sources was complete in terms of required constituents, temperature
range or recent review and updating, but the JANAF data (Ref, 10)
were chosen because of the temperature range and the, on-going work
in up-dating the data as more information becomes available. Two
constituents, argon and neori, are not included in these tables; there-
fore data from Ref. 11 were used.

100 -
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Figure 1. Pressure-temperature regime for the calculation
of air properties.
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Figure 2. Pressure-temperature regime for the calculation of
exhaust gas properties.

The real gas effects considered were intermolecular forces,
chemical dissociation, vibrationally frozen flow, and ionization.
The effects of intermolecular forces on the constituents of air are
important and are developed in more detail in Section 2 as well as
the effects of chemical dissociation in the exhaust gas, Chemical
dissociation of air was considered, but the upper temperature limit
was below the value where dissociation becomes important. A series
of calculations were performed to determine whether vibrationally
frozen flow should be included in the thermodynamic model. The
results (Ref. 14) indicated that conditions would be highly unlikely
to occur in a gas turbine engine where these types of losses would be
considered significant, Ionization of air and exhaust gas was con-
sidered, but since the maximum exhaust gas temperature (4000°R,
Fig. 2) is below the temperature where ionization becomes signifi-
cant (Ref. 15), no corrections were included,

10
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A number of methods for computing thermodynamic properties of
exhaust gases are available for computer use. They fall into two
general categories; one contains tabulated combustion properties,
while the other is a computer program that calculates the properties.
Examples of the former data format include Keenan and Kaye (Ref, 3),
Banes, et al. (Ref. 6), and Powell, et al. (Ref. 16)., Examples of the
latter include Pinkel and Turner (Ref. 17), Osgerby and Rhodes
(Ref. 18), and Gordon and McBride (Ref. 19). The use of the tabular
form of pre-calculated data using some form of curve-fitting was re-
jected because of the desire to retain control over the air and fuel com-
position and thermodynamic properties of the constituents without
having to recalculate the tables.

The thermodynamic model must be developed for on-line data re-
duction use, which means that calculation times and computer memory
requirements must be minimized, but sufficient accuracy must be re-
tained in the constituent property data so that the errors in the calcu-
lated values are not of the same size as the error in the experiment,
The maximum time per calculation (temperature and pressure known,
to calculate enthalpy, entropy, or specific heat) should be in the range
of 0.05 sec and the memory requirements should be in the range of
10,000 words. By assuming the engine measurement error to be
approximately one percent, the desired error between the original
thermodynamic data for the constituents and the data calculated for use
in the model should not exceed 0.1 percent (2 standard deviations),

This report describes a computer model developed to calculate the
thermodynainic properties of the working fluids of a turbine engine,.
The model calculates the thermodynamic properties of air and the
exhaust gas from the reaction of air with a hydrocarbon fuel. Composi-
tion of the air and fuel used with this model is discussed. The necessary
thermodynamic properties of the constituents are presented as curve fits
of the data from Refs. 10 and 11. The logic involved in the model is dis-
cussed as well as the method of operation, Calculated thermodynamic
data from this model are compared with various data currently in use.
A listing of the model is included,

2.0 DEVELOPMENT OF THE GENERAL COMPUTER MODEL

The computer model calculates the thermodynamic properties
(enthalpy, entropy, specific heat, and Gibbs free energy) for the con-
stituents of the working fluids of a turbine engine, air and exhaust gas.

11



AEDC-TR-76-15

In addition, the model calculates the enthalpy, entropy, specific heat,
sonic velocity, and ratio of specific heats for air and exhaust gas,
The model will determine the composition and molecular weight of
the exhaust gas, but these two quantities are fixed for air.

Tlr.e model is divided into two sections, the calculation of the
air properties and the exhaust gas properties. The calculation of
the air properties includes a correction for intermolecular forces
of the constituents, The calculation of the exhaust gas properties
includes the effects of chemical dissociation at high temperatures,
A schematic of the calculation process for the model is shown in
Fig. 3.

Determmnaton
Of Ar Or Exhaust
Gos Properties
AR EXHAUST GAS
i=0 l L >0
2 ¥ [] ]
Thermodynarmc Thermodynomic Calculation Of .
Properties Of Arr Properties Of Gas Tan‘;m:“. P, f, Heating
T.P Are Known T,P,(, - Known - Value -Known
3 (MO hPyf - Known
l ‘ Coiculate h
Intermalecular Thermodynamic
Correction Properly Of Non-
Dissocioted Gas
l Corracton Fcla'r
Dessociaton
™ S, cp, MW Necessary
— -— T, 8, ¢p, MW
h, 5,0, MW

Figure 3. Schematic of computer model.

2.1 CALCULATION OF THE THERMODYNAMIC PROPERTIES
OF DRY AIR

2.1.1 Composition and Molecular Weight of Dry Air

The composition of air js based on the U, S.Standard Atmosphere
of Ref. 9. This composition was selected because of the detailed re-
search that went into its original development and the ongoing work
that can be used to update the composition if this becomes necessary,
This particular source is also widely accepted in the turbine engine

~and related industries,
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The composition of Ref. 9 contains seventeen constituents (see
Table 1). To lessen storage requirements and computation time, the
number of trace constituents was reduced. The criteria for reducing
the number of constituents are listed below:

1. The molecular weight of the final composition would
not deviate more than 0. 010 percent from the value
in Ref. 9 (28.9644 1bm/lbm-mole).

2. If the number of constituents necessary to meet item 1
is equal to or greater than three, the monatomic trace
elements will be included with a Noble gas and the re-
maining trace constituents included with one of the
other molecular constituents. '

Using a four constituent composition (N2, Og, A, and COj3) gives
a molecular weight of 29,9651 if the monatomic elements are included
with argon and the remainder with carbon dioxide. This molecular
weight exceeds the 0.010-percent criteria and was rejected, A five
constituent composition (N2, O3, A, COg2, and Ne) gives a molecular
weight of 28,9646 lbm/lbm-mole if the remaining monatomic con-
stituents are included with neon, and the other constituents are in-
cluded with the carbon dioxide. A summary of the composition is shown
below:

Mole Constituent

Constituent Fraction, nj  Molecular Weight, MW; nj, MW;
Nitrogen 0.78084 28.0134 21. 8740
Oxygen 0.209476 31,9988 6.7030
Argon 0.00934 39, 944 0.3731
Carbon Dioxide
(+ trace
Constituents) 0.0003194 44,00995 0,.0141
Neon
(+ monatomic
trace constitu-
ents) 0.00002486 20,183 0.0005

1,0000 28,9646

The molecular weight of this composition differs from that in Ref, 9
by 0.0002 or approximately 1 part in 150, 000. Also the trace

13
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constituents that have to be included with the five constituents amount
to 0,00001182 percent.

The computer model considers this composition and molecular
weight as fixed. If either the composition or molecular weight of one
of the constituents were to change significantly, a simple card change
would update the parameters., The inclusion of water vapor can also
be made as a constituent of air.

2.1.2 Equations for the Calculation of the Thermodynamic
Properties of the Constituents

The thermodynamic properties of primary interest are enthalpy,
entropy, and specific heat at constant pressure. The properties of
the constituents are taken from Refs. 10 and 11, The base tempera-
ture for enthalpy is taken as 0°R, and the reference pressure for
entropy is one atmosphere. The tabular data from these sources
were put into equation form for computer solution. The overall
range of the data is from 300 to 1, 800°R, and the data were divided
into two ranges: from 300 to 900°R and from 900 to 1, 800°R. The
type equation chosen for the data and its degree was based on keeping
the error between the original and the calculated data less than 0.1
percent (2 standard deviations). Attempts were made to fit the data to
simple polynominal equations such as

a; - biT i ci'l'2 - di'ls + ei'l""

" o
4 + hil 4 e + fil
and
4
TR PR v el
nd
f. &« gi'l' 4 1. + Pil

The data in the low temperature range could not be fitted to the above
type equations and meet the accuracy requirements; therefore a
special technique discussed in Ref. 20 was used. This particular
method gives the exact value at the tabulated points. Since Ref. 10

is tabulated in 180°R increments, additional data were requested
from the source (Ref. 10) in 18-deg increments to provide a smoother
curve fit. The data in the 900 to 1, 800°R were fitted using the

simple polynomial expressions given below:

14
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Enthalpy

= oy ¢ byT o T2 4 4T3 4 e T (1)
Entrépy

Si = ay + by T+ T2+ dyT® + e, T (2)
Specific Heat

Cp. = @i + byT o ¢ T2 o T 4 o T4

(3)
The polynomial curve fit equations were generally third degree or
less, The polynomial equations for the constituents of air will be
found in Table 2 (900 to 1, 800°R range). The fit of the original
JANAF data for the major constituents gave a maximum error (2 stand-
ard deviations) of 0,1 percent when the data are recalculated for use in
the computer model. Special precautions were taken to prevent a step
from occurring in the properties at the transition region at S500°R.
2.1.3 Calculation of the Properties of Air

The calculation of the enthalpy, entropy, and specific heat ( Cp)

is made by summing the properties of the individual constituents
based on their mole fractions in air. The equations used are:

Enthalpy:

air 1 i (4)

Entropy:

Sair = ,‘E, ["isi - P‘i"“(%)] (5)

Specific Heat:

1 P (6)

15
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The mole fractions of the individual components of air (nj) and the
properties of these individual components are discussed in Section 2.1.1
and 2,1,2, respectively,

2.14 Correlation for Intermolecular Forces

Intermolecular forces produce a significant effect on thermo-
dynamic properties of gases at higher pressures and lower tempera-
tures. This effect can be seen in Fig. 4 where a nondimensionalized
form of the specific heat at constant pressure ( cpl R) of air (from
Ref. 4) is compared as a thermally perfect gas and real gas. The per-
fect gas property is calculated from spectroscopic data, and a virial
correction is applied to this for the real gas property. In Fig. 4, the
influence of pressure can be seen as the value of Cp /R increases as
the pressure increases at the lower temperatures. To ensure that
the calculated values of enthalpy, entropy, and specific heat for air
in this model (Eqs. (4), {(5), and (6)) include the effect of intermolecu-
lar forces, a correction is added to the calculation of these properties

4.00— Date From Ref.4
40 Atmospheres
=
I-§ ] S
g
o“ 10 Atmospheres
0.1, Aimosphere
Atmosphere
Thermal
350 |- WQ\
Gos — =
3.400 ] I I 1 |
[+] 200 400 600 800 1000

TEMPERATURE - °R

Figure 4. Effect of pressure on a nondimensionalized specific heat
(¢, /R) for air at low temperatures.
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for each of the constituents in air. The constituent corrections are
then added to the properties calculated by Eqgs. (1), (2), and (3).
These corrected constituents are then summed according to Eqs. (4),
(5), and (6) to get the properties of air at the particular temperature
and pressure,

The equations for calculating the correction are taken from
Ref. 21 and are given below:

Enthalpy:

! dB,
Hcorreclioni = HiT T'—l Bi - TT N

1 T 9¢
w15 ™
Entropy:

dB. de.
T i 1 2 1
Scorrectioni = —Ri{-v_iﬁ— - 2vi2 [B‘ Ci « T dT]}

Specific Heat:

2
- T2 dzB 1 dB 2 dci .[-2 d Ci
c = -Ri—— -8B -Tx) ~G+37 -7 2| (©
pcorreclioni \’i dT2 \,"i dT

These corrections are then added to the value of the thermodynamic
property calculated according to Egs. (1}, (2), and (3) as given below:

(8)

Enthalpy:

H; = H; + Hcorrectioni (10)
Entropy:

Si= 5+ Scorreclioni (11)
Specific Heat:

Cp, = Cpi ™ Cpcorreclioni (12)

17
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The (virial) coefficients and their derivatives for use in Eqgs. (7),
(8), and (9) were taken from data in Ref. 22. These data were fitted
to polynomial equations for ease of calculations. The equations are
given in Tables 3 and 4.

2.1.5 Summary of Air Properties and Equations

A five-constituent air is defined and shown below:

Constituent Mole Fraction
Nitrogen 0.78084
Oxygen 0.209476
Argon 0.00934
Carbon Dioxide 0.0003194
Neon 0.0000246

The molecular weight is 28,9646, The thermodynamic properties of
the air (enthalpy, entropy, and specific heat at constant pressure)
are calculated from a summation of the properties of the constituents
based on the composition (Enj H;j, etc.). The constituent properties
are curve fits of the data from Refs. 10 and 11. The data are fitted
over a range from 300 to 1,800°R using the spline fit technique of
Ref. 20 for the 300 to 900°R range and polynomial curve fits

4. + bi T - ci_'l'2 ~ di_T3 + csi.T'1

'j ] Y j j

from 900 to 1,800°R. A correction for intermolecular forces

(Egs. (7), (8), and (9)) is added to thermodynamic properties calcu-
lated from Refs. 10 and 11. The equations for the constituent
properties 900 to 1, 800°R range and virial coefficients will be found
in Tables 2, 3, and 4,

2.2 CALCULATION OF THE THERMODYNAMIC PROPERTIES OF
TURBINE EXHAUST GAS

The model for calculating thermodynamic properties of exhaust
produced from the combustion of a hydrocarbon fuel (CnHxn) and air
consists of:

1. Determining the exhaust gas composition,

18
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2. Calculating the thermodynamic properties of the
constituents of the exhaust, and

3. Summing the constituent properties based on the
mole fraction of constituent present in the exhaust
gas.

The primary thermodynamic properties calculated are enthalpy,
entropy, specific heat at constant pressure, and molecular weight.
In addition, properties such as the ratio of specific heats and the
sonic velocity are available as options.

The calculations can be made over a temperature range from
600 to 4, 000°R, a pressure range from 0,1 to 600 psia, and fuel-
to-air ratios from zero to stoichiometric (Fig. 2). The method
of calculation is dependent upon whether the effects of chemical
dissocation are included. The criteria for determining whether
the effects of chemical dissociation are included are based on the
dissociation of the oxygen molecule and are similar to the criteria
of Ref. 23. If the following equation is true

T < Tl (13)

where

T, = 3000 + 1821og P, (14)

then the effects of chemical dissociation of the exhaust gas are not
considered. If

T T, (15)

the effects of chemical dissociation are considered. Equation (14) is
similar to the criteria of Ref. 24 and is based on the amount of dissoci-
ation in the oxygen molecule. When T > Ty, the mole fraction of the
dissociated oxygen molecule will be 0.00500 or greater. Figure 5
shows the area of interest for the exhaust gas calculations with the
division between the area where the effects of chemical dissociation
are considered and not considered. This division has the benefit of
removing most turbine calculations from the area where the effects

of chemical dissociation are included,
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Figure 5. Pressure-temperature regime for the calculation of
exhaust gas properties (considering dissociation).

The computer model for calculating the thermodynamic proper-
ties uses the air composition given in Section 2.1 and a hydrocarbon
fuel composition of ChHy,. The fuel grade can be varied by suitable
choice of "'x" and by changing the hydrogen-to-carbon in the model.,
The thermodynamic properties of all constituents for air and exhaust

gas are kept accessible in order that properties may be changed as
new data become available,

2.2.7 Thermodynamic Properties of an Exhaust Gas with the
Effects of Chemical Dissociation not Considered, T < T,

The thermodynamic properties for an exhaust gas that is com-
pletely reacted with no effects of chemical dissociation considered
are calculated for T < T[. The assumed reaction and constituents
involved are shown below: '

aCnll,, =+ b\'2 i cO: - dA k- eCO: r fNe =

gCO, + 0 - hN, 4+ KOy ¢ AV fNe {16)
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The reaction is assumed to take place between:

600 < T < T (17)

The thermodynamic properties of the constituents in Eq. (16) will
be found in Table 5. These data are curve fits of the tabular data
found in Refs. 10 and 11 and cover the temperature range in Eq. (17).
The method of making the exhaust gas calculations is basically the
same as Refs, 17 and 25, The values of the thermodynamic proper-
ties h, s, Cp. and R of the exhaust gas are computed on the basis of
the following assumptions:

1, The composition of the exhaust gas is based on the con-
dition that the fuel is completely converted to CO2 and
H20. From this follows

a, The composition of the exhaust gas does not
change in going through a thermodynamic
process.

b. The amount of unburned hydrocarbons in the
exhaust is negligible.

2. The internal energy states of each component gas are in
equilibrium.

3. The exhaust gas behaves as a perfect mixture of perfect
gases, Intermolecular forces are not considered.

As a result of assumption 3, the thermodynamic properties such as
enthalpy of a mixed gas is the sum of the enthalpy of each component
multiplied by the ratio of the mass of that component to the total mass-
of the mixture, For up to stoichiometric, the enthalpy of the exhaust

gas is:
1 A*m + B’
b= () ban + 1)
T AIR
1+ f 1 + m (18)
where .
H - <H
Ho0 0
AL 2 T e (19)
2.016
H -~ H
oo oz D2 (20)
12.011
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The term [(A;;1 + B"}/(1 + m)] in Eq. (18) accounts for the difference
between the enthalpy of the water and carbon dioxide in the reacted
mixture and the enthalpy of the oxygen removed from the air (hgjr) by
their formation. The term [1/(1 +f)] expresses the units of mass of
the enthalpy in terms of lbm of exhaust gas. A similar relation
between the properties of the mixture and those of the constituent
gases holds with regard to s, cp, and R,

The molecular weight of the exhaust gas is determined by:

Ru
VW= —
! R (21)

2.2.2 Thermodynamic Properties of Turbine Exhaust Gas When the
Effects of Chemical Dissociation are Considered, T > T,

The calculation of thermodynamic properties at temperatures
greater than T include the effects of chemical dissociation
(see Fig. 5). In Section 2,2.1, the exhaust gas composition was de-
fined as containing CO2, H9O, and constituents of air. When chemi-
cal dissociation becomes important, the exhaust gas will contain
numerous trace constituents. In addition to those shown in Eq. (16),
the following are assumed as possible constituents: CO, Hg, O, OH,
H, and NO. Other constituents might be included, but the criteria
were to eliminate any constituent whose mole fraction was less than
10~4 over the envelope shown in Fig, 2,

The calculation of a thermodynamic property such as enthalpy,
entropy, or specific heat is made in two steps when the known value
of temperature ""T" is greater than T[. The procedure is to calcu-
late the sensible enthalpy at T by the method of Section 2. 2. 1, then
to calculate the change in chemical plus sensible enthalpy going from
T1 to T considering the exhaust gas to have a variable composition.
The enthalpy change going from Ty to T is then added to the enthalpy
at Ty to give the enthalpy at T. :

The calculation of the thermodynamic property in the region
from Ty to T where the composition is variable is done by the method
of Ref. 18, The basic calculation method involves calculating the
exhaust gas composition by the minimization of free energy. With
the composition at T and T, the enthalpy is then calculated from the
Eq. (22): '
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k
2 oHicrp)

h =—
(T,P) M¥(r p) (22)

The enthalpy is also calculated at (Tg, P):

k
) 2 il p)
(T,.P) = MW, -
I

The change in enthalpy is then the difference between Egs. (23) and
(22) and is the sensible component of the enthalpy difference:

Ah gy = hep py = BT, p)
({T.P) 1 (24)

The enthalpy calculated for the frozen composition at Ty by the
method of Section 2.2.1 (Eq. (18)) is added to the sensible enthalpy
of Eq. (24):

her,py = Berp + Bberpy (25)

- The calculated value of enthalpy is always a positive value, Using the
method of Eq. (25) eliminates the problem of a discontinuity at T1 and
there will be a smooth transition between the two calculation steps.
The calculation for entropy and specific heat at constant pressure is
made in the same manner. The calculation of the molecular weight
is based on the composition calculated at T and P, The molecular
weights summed as shown below:

k
w = MW,
v (TP) iz':lnlel (26)

The thermodynamic properties of the various constituents needed
for the model will be found in Table 5. These properties are poly-
nomaial curve fits of the data from Refs. 10 and 11, The equations
are generally third degree or less.
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2.2.3 Summary of Equations for the Calculation of
Exhaust Gas Properties

A computer model was presented that calculates the thermo-
dynamic properties of the exhaust gas formed from the reaction of
air and hydrocarbon fuel (CnHy,). The model covers the tempera-
ture range from 600 to 4,000°R, the pressure range from 0.1 to
600 psia, and a fuel-to-air ratio from 0 to approximately stoichio-
metric. The model regime is divided into two calculation regions:
one region where the exhaust gas is completely reacted into HpO
and CO2 with no effects of chemical dissociation considered, and
the region where the effects of dissociation are considered. The
regions are divided by the equation (Eq. (14)):

'l-1 = 3000 + 182 log P,

which is based on the amount of molecular oxygen that dissociates
in atomic oxygen,

The thermodynamic properties (h, s, cp) for the exhaust with
no effects of chemical dissociation considered are based on the
method of Refs. 17 and 25. The equation (Eq. (18)) for calculating

the enthalpy is:
1 A*m + BY
h'l‘ = (l + f)[hair * f( l +m )]

and the calculation for entropy, specific heat, and the gas constant
follows the same format. The method for calculating the same
properties in the region where the effects of chemical dissociation
are considered uses a combination of the method given above and
the method of Ref. 18. The property, enthalpy for instance, is
calculated as a nondissociated gas at temperature Tj. The compo-
sition of the exhaust gas is then calculated at T and T} (and the
known pressure), and the enthalpy is calculated at the two tempera-
tures based on the mole fraction of the various constituents. The
difference in enthalpy at the two temperatures (T and Tp) is added
to the nondissociated enthalpy caléulated at Ty to give the enthalpy
at the known temperature and pressure. The calculation of the
entropy and specific heat follows the same format, The calculation
of the molecular weight is based on a summation of the molecular
weights of the constituents weighted by the mole fractions calculated
at the known temperature and pressure.

24



AEDC-TR-76-15

The thermodynamic properties of the constituents are presented as
curve fits of the tabular data found in Refs, 10 and 11.

3.0 OPERATION OF THE COMPUTER MODEL

The computer model calculates the thermodynamic properties of
air and of the products of combustion of air and a hydrocarbon fuel
(Cn Hypn). The input’parameters for the model are temperature (°R),
pressure (psia), fuel heating value (Btu/lbm), fuel-to-air ratio {lbm/lbm),
exhaust gas enthalpy (Btu/lbm), and XKON (dimensionless control param-
eter). The normal calculation procedure is to solve for enthalpy, entropy,
specific heat, and molecular weight when the temperature, pressure, and
fuel-to-air ratio are known. The model will calculate the equilibrium
exhaust gas temperature if the pressure, fuel-to-air ratio, and the
exhaust gas enthalpy are known. The same calculation can be made if
the fuel heating value is known instead of the exhaust gas enthalpy. The
particular calculation is determined by the computer through the use of
dummy input parameters. The general operation of the computer model
and the specific model inputs will be described below. A general flow
diagram of the program is shown in Fig. 3, and a listing will be found
in Appendix B,

The model is divided into two sections, one calculates the air prop-
erties and the other calculates the exhaust gas properties. The model
initially decides which section is required from the value of the fuel-to-
air ratio (f). If the value is zero, then the calculation of thermodynamic
properties is made for air; if a positive value is presented, then
properties for exhaust gas are calculated (if by accident a negative
value is input, the program prints an error message and the value of
"), For the calculation of the thermodynamic properties of air, the
required input data are the known value of air temperature and pres-
sure and zero for the fuel heating value, fuel-to-air ratio, enthalpy,
and XKON, With the value of "f'"' equal to zero, the program begins
the calculation of air properties in subroutine THERMO where the
molar composition of air is located as well as the molecular weights
for the constituents of air and the fixed molecular weight of air. The
thermodynamic properties of air are calculated in subroutine GAS, and
the corrections for intermolecular forces are calculated in subroutines
HMIXP, SMIXP, and CPMIXP, If the air temperature is between 300
and 900°R, the constituent properties of air are calculated in subroutine
HSCP which is the special curve fitting routine of Ref, 20, and if the
temperature is between 900 and 1800°R, the constituent properties are
calculated from the polynomial curve-fits in subroutine COEFF,
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The calculation of the thermodynamic properties of the exhaust
gas follows a path similar to air, Typical required inputs are the
known temperature, pressure, and fuel-to-air ratio and zero for the
fuel heating value, enthalpy, and XKON. In this case, the positive "f"
indicates that an exhaust gas calculation will be made and then a check
is made to see if the temperature and pressure are in the area where
the effects of chemical dissociation are included (Eq. (14) or Fig. 5),
If the properties are in the nondissociated region sﬁ\ubroutine GAS is
called with temperature, and ''f,"" The thermodynamic properties of
exhaust gas are calculated in this subroutine using the individual con-
stituent properties calculated from subroutine COEFF, If the re-
quired properties are in the dissociated region, the temperature,
pressure, and ''f'' are used in subroutine CHEMEQ to set up the atom
concentration of the individual constituents in the fuel and air. These®
concentrations and the temperature and pressure are used in sub-
routine PROP to solve for the equilibrium concentration of the exhaust
gas species. Subroutine PROP contains the convergence criteria
(DELL) which is currently set for 10~4 for N9 and H90 and 10-6 for
Og. This means that the partial pressure of II120, N2, and O9 must
not change by more than 104 or 10-6 between successive iterations
during the solving for the specie concentration. Generally a solution
is achieved within three iterations, The thermodynamic properties
such as Gibbs free energies are calculated in subroutine THERM from
constituent properties found in subroutine COEFF. When the equilib-
rium concentration is established, then the thermodynamic properties
like enthalpy, entropy, and specific heat are determined in subroutine
THERM from constituent properties found in subroutine COEFF,

The model will also determine the equilibrium exhaust gas tem-
perature for known values of pressure, enthalpy, and fuel-to-air ratio.
Zero is input for the fuel heating value and XKON and +1.0 for the
temperature. The data go through subroutine THERMO into CHEMEQ
where the atom concentrations of oxygen, nitrogen, argon, neon,
carbon, and hydrogen are determined and sent to subroutine PROP
along with the pressure and enthalpy. Subroutine PROP contains an
initial estimate of the temperature (currently set at 3, 006°R) to be
used to calculate the Gibbs free energy and ultimately a first estimate
of the enthalpy. This enthalpy is compared with the known value of
enthalpy, and a correction is made to the estimated temperature based
on the difference in the enthalpies. An iteration loop is set up, and
the temperature is changed until the partial pressure of H20, O2, and
N2 converge to meet the requirements of DELL discussed earlier and
the temperature change is less than (0. 1)(cp) or approximately 0, 03°,
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The model will also determine the equilibrium temperature if the
heating value of the fuel is known. The input for this case would be
pressure, fuel heating value, and fuel-to-air ratio. A value of -1,0
is input for the enthalpy and XKON and +1.0 for the temperature.

The negative values have no physical meaning, but are used to direct
the model to specific subroutines. The actual calculation procedure
is the same as for the previous case where the enthalpy was known,
except that the enthalpy of the fuel must be determined from the fuel
heating value in subroutine FUELH., The convergence criteria for
H20, 02, and N2 are the same as discussed earlier.

A subroutine (SONV) has been included with the program to calcu-
late the ratio of specific heats and the sonic velocity. This subroutine
uses inputs (molecular weight, fuel-to-air ratio, temperature, and
the specific heat at constant pressure) from the main program, but
the subroutine is not called automatically, Therefore, if these calcu-
lated values are required, call statements must be given in the sub-
routine where the values are réquired.

- 4.0 PRESENTATION OF RESULTS AND COMPARISON OF DATA

-

Various thermodynamic properties were calculated using the
computer program of this report and were compared with other data
currently in use in the turbine engine industry. The compared data
consisted of enthalpy and specific heat at constant pressure for both
air and turbine exhaust gas as the working fluid,

4.1 COMPARISON OF DATA FOR AIR

Enthalpy is a primary thermodynamic property used in the analysis
of a turbine engine. The enthalpy of air based on the model described
was compared with the published values of enthalpy in Refs. 3, 4, 6,

7, and 8. The enthalpy was compared by the percent deviation as a
function of temperature. The percent deviation was calculated by

thg =), = thg=hp)

Percent Deviation = thy = h']‘)l . x 100 (27)
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The data from the previously listed sources are noted ( )o while
the data calculated using the method of this report are noted by

( }1. Becausc of the different base temperatures for enthalpy
and/or the constituent data an artificial base was used, and all data
were compared as an enthalpy difference between the desired tem-
peraturc and that of 1,800°R. The base temperature was chosen at
1,800°R because air can be treated as a thermally perfect gas at this
temperature; also this is the maximum temperature for the air calcu-
lations., The data were compared at two pressures, a low pressure
of 0.1 (I'ig. Ga) and a high pressure of approximately 40 atm

(Fig. 6b)., Shown in Fig., 6a is a comparison of the data from this
program with three sets of data where air is treated as a thermally
perfect gas (Refs. 3, 4, and 8) and the enthalpy is a function of tem-
perature only. In these references, there are no corrections for
pressure, and the deviation between thermally perfect gas behavior
and a real gas can be scen, Figure 6a shows that air properties

as calculated by this program approach perfect gas behavior at
1,100°R. The data also show that the calculated enthalpy data are
below that for a perfect gas above 1, 100°R and are due to differences
in composition and properties. l'igure 6a shows a positive deviation
for the data comparison with Refs, 6 and 7 which consider real gas
effects. This deviation indicates that the term (h1ggg - ht)g is
larger than the same value calculated by this program (higgg - hr)q
and, therecfore, shows that the correction for intermolecular forces
in the two references is larger than the values used in this program,
Figure 6b shows the data as calculated by this nprogram for high
pressures (approximately 40 atmosphere) to be very similar to the
data in Refs, 4, 6, and 7, This means that the corrections for inter-
molecular forces are approximately the same at this pressure. The
correction again becomes less for this program at 1, 100°R,

Figures 7a and b compare the calculated value of specific heat at
constant pressure (cp) with that from Refs, 4 and 6. The first refer-
ence considers air as both a real gas and a thermally perfect gas,
whereas the latter reference considers air only as a real gas. The
deviations in both cases are generally less than 0, 2 percent except
for 40 atm where the deviation varies from -0, 2 to -0. 4 percent,

The fact that the deviations are negative indicates that the calculated
values of cp are larger, and in this case, the larger value is due to
the differcnce in air composition and constituent properties rather
than the corrections. This can be seen from the fact that the ther-
mally perfect gas cp in I'ig. 7a from Ref, 4 has a negative deviation
of the same approximate value as the real gas cp up to a pressure of
10 atm,
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A comparison of the deviation at 360°R and approximately 40 atm
in Figs. 7a and b shows a large difference between the data of Refs. 4
and 6, This spread indicates the differences that can oceur in various
data sources at low temperatures and high pressures. In this area,
the correction data used in this computer model places the calculated
data in between these two sources and gives additional assurance that
the correction terms are reasonable,

4.2 COMPARISON OF DATA FOR EXHAUST CALCULATIONS
4.2.1 Comparison of Data with Those in the Published Literature

The thermodynamic data calculated by this portion of the pro-
gram were compared with similar data available in the published
literature. The data comparison was made with enthalpy since it is a
parameter of major importance in the data analysis of turbine engines.
The comparison was presented in terms of percent deviation as calcu-
lated by Eq. (28).

Percent Deviation = 100
er n eviation (h]‘ — hB)] X

(28)

The data were calculated in terms of enthalpy differences be-
tween the known temperature and the base temperature, The base
temperature was 600°R when data from Ref. 15 were being compared
and 540°R when data from Ref, 6 were used, To compare the data,
fuel was assumed CpH2, to be consistent with the data in the references.
This meant that the hydrogen-to-carbon atom ratio (M) in subroutine
THERMO was set at 0,.1678 (2 x 1.008/12,011) and that the number of
carbon atoms (XN) was set equal to 1.0 and the number of hydrogen
atoms (XM) was set equal to 2,0 in subroutines CHEMEQ and MFNOD,
Also in subroutine CHEMEQ®, the stoichiometric ratio was defined as
0.067623 in the equation for PHI, The input data were

1000°R < T < 4000°R

P 14.696 psia

f = 0.067623 Ibm,/Ibm .
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Figure 8 shows the percent deviation versus temperature

from the data of Refs. 6 and 16, The data show good agreement from
2,000 to 2,800°R. When the data from Refs. 6 and 16 include signifi-
cant corrections for chemical dissociation (beginning at 2, 800°R), the
deviation begins to increase. This increase continues until the tem-
perature T = Ty, This increase in deviation is caused by this model
not considering dissociation at a lower temperature (i.e. 2, 800°R).
The deviation between 2,800 and 3,000°R (or the temperature that
dissociation is considered in this program) becomes a constant bias
for the rest of the data at higher temperatures. The presence of this
bias is evident from Eq. (25) where the enthalpy at a high temperature
(above Ty) is the sum of the enthalpy at the temperature TT plus the
difference in enthalpy between T and Tj. This is also born out in
Fig. 8 where the deviation is shown to be essentially constant after
reaching the temperature TI (which is 3, 000°R for these data), A
second data comparison is shown in Fig. 9 for the same fuel compo-
sition and pressure, but the fuel-to-air ratio is now 0,033812, The
agreement with the data from Ref, 17 is good, again showing the
characteristic increase in deviation up to 3,000°R and then becoming
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Figure 8. Percent deviation of the enthalpy of turbine exhaust gas as calculated
by the method of this report and Refs. 6 and 16 at a fuel-to-air
ratio of 0.067623.

essentially constant. The agreement with the data from Ref. 3 is
good until the computer program begins to consider dissociation, and
the agreement becomes very poor. The large deviations with the data
from Ref, 3 are caused by this source not considering dissociation,
and therefore, the enthalpy difference will be smaller in Eq. (28) and
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leads to a negative deviation that gets progressively larger as the
temperature increases,
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Figure 9. Percent deviation of the enthalpy of turbine exhaust gas calculated
by the method of this report and Refs. 3 and 17 at a fuel-to-air
ratio of 0.033812.

4.2.2 A Comparison of the Enthalpy of Two Hydrocarbon Fuel
Compositions

A common hydrocarbon fuel grade in use in the gas turbine indus-
try today is JP-4. Because it is a mixture of petroleum distillates,
the chemical composition is hard to define. Generally, the average
composition is around CnHj g5 to CpHy gp. To determine the order
of difference in enthalpy that would occur because of a change in
hydrogen-to-carbon atom ratio in the fuel, a series of calculations
were made with each composition. The required computer param-
eters for C,Hy on were noted earlier, and those for the composition
CnH1,95n are

m 0.1636 (in subroutine THERMO)
XN 1.0 (in subroutines CHEMEQ and IFNOD)
XM = 1.95 (in subroutines CHEMEQ and MFNOD)
Stoichiometric ratio = 0.06795 (in subroutine CHEMEQ)
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‘The calculations were made at two pressures 14. 696 and 1,4696
psia and at the stoichiometric fuel-to-air ratio. The results are pre-
sented in Fig, 10, The data show the deviation to be approximately
constant at 0,12 percent, There is a slight additional deviation
caused by the change in pressure from 14.696 to 1. 4696 psia when
the effects of dissociation are included, but this change is small
when compared with the deviation caused by the fuel composition.
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Figure 10. Percent deviation of the enthalpy as a function of temperature
using a fuel composition of CH, and CH4 g5

4.2.3 Effect of the Thermodynamic Model on the
Calculation of Turbine Afterburner Efficiency

In recent years, there has been some variation in the chemical
model used to determine turbine engine performance for the case of
low efficiencies in afterburner tests. A comparison was made to de-
termine if other suggested models made a significant difference in the
calculated afterburner efficiencies. Accordingly, four models were
investigated as follows:

1. No effects of chemical dissociation, but with pre-
scribed proportions of CO,

2. No effects of chemical dissociation but with pre-
scribed quantities of unburned fuel (assumed to be
CH3) in the exhaust gas,
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3. Complete chemical equilibrium, and

4, Complete chemical equilibrium, but with prescribed
quantities of unburned fuel in the exhaust,

The method of comparing the thermodynamic models used by

Dr. I.T. Osgerby for this study and the data are discussed in Appendix A,
The results indicated that the chemical model considered had an insignifi-
_cant effect on calculated afterburner efficiency. In addition, the data also
showed that the calculated afterburner efficiency was not significantly
altered by considering chemical dissociation in the exhaust gas stream as
opposed to assuming that the fuel is completely converted to CO2 and

H90 up to an exhaust gas temperature of 3, 200°R,

4.2.4 Review of the Data for Internal Consistency

To determine the interval consistency of the computer program, two
cross-checks were made using the thermodynamic properties, enthalpy,
entropy, and specific heat of air and exhaust gas. One check of the data
used the definition of cp

3’ TP
arT b

where the enthalpy of air and exhaust gas were calculated over a 100°R
internal and compared with the specific heat calculated at the average
temperature as shown below. !

(29)

(h(T+ 100) ~ h'r) .
100 P(T + 100/2)
P b 100

c"('l + 100/2) (30)

The comparison for air and exhaust gas as a function of temperature is
shown in Fig, 11, The data for air were calculated at 14, 696 psia,
Figure 11a shows an approximate deviation of %.15 percent over the
temperature range from 300 to 1,700°R. This deviation compares
favorably with the maximum error of 0,1 percent allowed for the con-
stituent properties. The deviation at 900°R indicates the approximate
error caused by the numerical process since the curve fit of all the
constituent properties is exact at this temperature., The same com-
parison was made for exhaust gas at an ''f" of 0.067623 and 14. 696 psia

35



AEDC-TR-76-15

in Fig. 11b. The

is essentially the same as for the air.

deviation varies from +0.30 to -0. 25 percent which
The comparison of the exhaust

gas was made from 2, 500 to 3,900°R. This temperature range covers
both the dissociated and nondissociated range of compositions.
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Figure 11. (Ah/AT), compared with c, as calculated by

this computer model to measure internal consistency.
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A second comparison was made to compare enthalpy and entropy
of air' and exhaust gas using the relationship:

l 6h) _ 9=
T\IT/, AT

This relationship was used by calculating enthalpy and entropy over a
100°R temperature interval and calculating the deviation. The results
are shown in Figs, 12a and b for air and exhaust gas, respectively.
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b. Deviation of exhaust gas
> Figure 12. Deviation between the function 1/T (Ah/AT), and (As/AT)
as a function of temperature to determine the internal
consistency of the computer program of this report.
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The deviation for air is approximately +1 percent, and the maximum
deviation for exhaust gas is approximately ¥1.5 percent, The devi-
ation is believed to be caused by calculating a series of constituent
properties and summing them rather than any inconsistency between
the data for enthalpy and entropy. This is based on the calculated
deviations shown in Fig, 12a between 300 and 900°R where the calcu-
lated constituent properties are in essentially exact agreement with
Refs. 10 and 11, yet the sum of these properties for the air mixture
shows a deviation from 0,75 to -1.1 percent. The data for the
exhaust gas show a similar deviation, and by removing the end points,
the deviations for the air and exhaust gas are similar. The size of
the deviations is probably inherent in the calculation process and not
a function of any internal inconsistencies in the basic data.

4.3 COMPUTER CALCULATION TIMES

One of the objectives of the program was to develop computer
software that would not require excessive computer time. To deter-
mine the length of time required to make the various calculations, a
time check was incorporated in the program. The time required to
make the calculations (T, P, and f known with h, s, and cp to be calcu-
lated) are listed below:

Constituents Time, sec
Air (with intermolecular corrections 0.009
Exhaust gas
nondissociated 0.003
dissociated 0.028

These calculations were determined using an IBM 370/155 computer.

5.0 CONCLUSIONS

A computer model was developed to calculate the thermodynamic
properties of air (300°R < T < 1800°R, 0.007 atm < p < 40, 8 atm,
and the exhaust gas (600°R < T < 4000°R, 0.007 atm < p < 40.8 atm,
0 < f/fstoichiometric < 1.0) of a turbine engine, The composition of
the air was -
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Constituent Mole Fraction
N2 0.78084
O2 0.209476
A 0.00934
CO2 0,0003194
Ne 0.0000246

and the fuel composition was CHyy,. Several real gas effects were
investigated, and a correction for intermolecular forces was applied
to the constituents of air, A correction for chemical dissociation
was applied to the exhaust gas.

The thermodynamic data for the constituents of air and exhaust
gas were taken from the JANAF tables (Ref. 10) and curve fitted for
use in the computer model. The data as calculated for use in the
model had a maximum error of 0.1 percent (2 standard deviations)
when compared with the JANAF tabulations. The calculated enthalpy
data for air were compared at 0.1 and 40 atm with NBS data (Ref. 4).
The maximum deviations expressed as

x 100

(hy —higgooluss = (hr - h1goo°duodel
(hy = h1ggo)yode] ‘
were approximately -0,08 and -0, 10 percent, respectively. The
calculated enthalpy for a turbine exhaust gas (CpHyy,/Air system at
14. 696 psia and a fuel-to-air ratio of 0.0676) was compared with
similar data from the AGARD tables (Ref. 6), The maximum devi-
ation (expressed in a similar manner to air) was 0,4 percent,

A set of calculations was performed to see if the low efficiencies
frequently experienced during afterburner testing could be traced to
the chemical model employed. The data showed that, for all models
considered, the calculated efficiencies were essentially the same.

Calculation times were determined for different type data,
Typical times for a known T and P are listed below:
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Constituents Time, sec
Air (with intermolecular corrections) 0.009
Exhaust gas
nondissociated 0.003
dissociated 0.028

These calculations were determined using an IBM 370/155 computer,

10.
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Table 1. Air Composition from Ref. 9

Constituent Gas

Nitrogen (N2)
Oxygen (02)

Argon (Ar)

Carbon dioxide (002)
Neon (Ne)

Helium (He)

Krypton (Kr)

Xenon (Xe)

Hyrdogen (Hz)
Methane (CH4)
Nitrous oxide (Nzo)

Ozone (03)

Sulfur dioxide (SOZ)

Nitrogen dioxide (N02)

Ammonia (NH3)

Carbon monoxide (CO)

Iodine (12)

*Numbers 1 through 11 are included in
numbers 12 through 17 are assumed to

Content*, per

AEDC-TR-76-15

cent by volume

to
to

Summer: 0
Winter: O

0 to
0 to

to

be

43

78.084

20,9476
0.934
0.0314
0.001818
0.000524
0.000114
0.0000087
0.00005
0.0002
0.00005

0.000007
0.000002

0.0001
0.000002
trace

trace

0.000001

model;

Zero.
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Table 2. Equations for the Thermodynamic Properties of the Constituents of Air

1. pquations for Sensible Enthalpy (BTU/lbm-mole)
1. Temperature Range 900°-1800°R
My, H = 272.57872 + 6.2849888T + 4.2460662 X 10~ 4r?
0,, B = -49.9253121 + 6.8005911T + 4.6097941 X 10741
A, H=0.19368 + 4.9682152T
CO,, B = -291.6316413 + 6.5377190T + 28.320187 X 10~ %2 - 0.3858033 x 10~ 57®

Ne, H=0.19368 + 4.96821527
2. Equations for Entropy {(less - lu..npi term), (BTU/lbm-mole, °R)

Temperature Range 900-1800°R
Ny, S = 39.251394 + 0.01555877-0.5615997 X 107>T2 + 0,933764 x 10~07°
42.269726 + 1.5770590 X 10”2T-0,5390427 X 107572 + 0.8573795 X 10~27%

02, s =

A, S = 31.5883510 + 1.2918283 X 10~ 27-5.3921089 X 10~%7% + 0.9663917 x 10-%73

€O,, S = 41.78458 + 2.0871316 X 10727-0.6347125 x 107512 + 0.9526361 x 10”23

Ne, § = 29.5537807 + 1.2917042 X 10 2T-5.390741027-5.3907410 X 10~ °T2 + 0.9659557 x 10-°1%

3. Equations for the Specific Heat at Constant Pressure {BTU/lbn-mole®R)

Temperature Range 900°-1800°R
¥y, C, = 7.23667810 - 1.3015396 X 1073 T + 1.5759008 x 10-5¢2 - 0.3746857 x 10’23

P
0. C, = 5.7846285 + 2.2415270 X 103 T - 0.4580023 x 10 512
A, C, = 4.96815
€0, Cp = 5.3131429 + 0.8363827 X 1072 T - 0.3088999 X 107572 + 0.4493104 x 10~%r3
Ne C, = 4.96815
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Table 3. Equations for the Second Virial Coefficient and the Derivatives

for the Constituents of Air

1. Nitrogem (N3)
 5:1364637 X 10% -0.66361227 -0.3534783 X 10”2
® 1.0-1.7158299 X 10~2T -0.5296798 X 10°°72

rdB o =3.4560792 x 10%
aF  1.0-1.1286423 X 10727 -0.29627746 X 10~ 72

2
128%8 . ¢ 7503388 x 102

ar? 1.0-0.8951382 X 10 2T -0.4815325 X 10°°T+ + 1.3834608 X 10-773

2. oOxygen (0p)
4.2857084 X ‘ll)z -4.7667818 X 10-1'1' -1.5050447 X ‘l(l-"l.‘2

B ™ 1.0 -1.4123010 X 10-%T-0.5095962 X 10 “14

48 .=3:1691728 X 103
aT .0-0, ~&T-0. T +U. X -7

,2935 o =3.3796998 X 107-4.9627303T + 1.0935667 X 10”272
ar? 1.0-1.9686162 X 10-2T +1.2893683 X 10-1T4

-0.5888087 X 10-5T7 +0.3089713 X 102!
—0.2105136 X 10-6T3 + 0.946670 X 10~ 1059

3. Argon (A}
_ 3.8904656 X 102-0.8705357 +0.4772262 X 30~3% -1.4860291 x 10~8¢3

1.0-1.4845725 X 10-27T+1.1790085 X 10”572 + 1.4973286 x 10”1073

2D o 27524332 X 102 + 4.4273617 x 10”22
T  4.0~0.9485511 X 10™27T

2 %8B _ 3.9858659 x 10%-3.4251675 X 10”37
412 1,0 + 0.6811836 X 10 T

4. Carbon Dioxide (CO;)
5.3152906 X 10°-5.0336843 X 10~ 'T +0.7026469 x 10”41?

B = 1.0-0.6113584 X 10-2T -2.2018674 X 10- 512

(1) 5.34581767 -0.9807759 X 10~37 -7.8788948 X 10972 18.9162693 x 10

-12.1.3

ap
Tar  (1.0-0.6113584 X 10~21-2.2018674 X 10~872
2 a2V, 14 807417172-125.9326564 X 1057 -1.4462917 X 30" '2%-47.4547667 x 10~ 137%-50.1159356 x
aT {1.0-1.104452 X 10°“T-7.13405040 X 10" "T4)
10" 7r¢
5. Neon {Ng)
p » 52:425695 - 0.271449877=
1.0-1.646348 X 10”27
,%% - —6.1992870 x 107 +1.8806040 x 1072

1.0-1.7014989 X 1077 .

2 !;% = 1.5852079 X 102 -3.1378493 x 10"22
a 1.0-1.8918656 X 10-2T

")Derl.ntlve taken from fitted value of "B".
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Table 4. Equations for the Third Virial Coefficients and the Derivatives
for the Constituents of Air

1. Nitrogen (N;)
355.28210 - 4.7253632T
C= 1.0 - 4.7446815 X 10-3 T

o ac_ -30.396628 x 107 _
dT " 1.0 - 9.4893630 X 10 3 T + 22.5120025 X 10-012

o2 a2¢M)_ -28.8444637 x 1073 1% + 136.8577931 x 107623
ar? (1.0 - 9.4893630 X 103 T + 22.5120025 X 10~6 1%)2

2. Oxygen (Oz)

~4.2345758 X 103 _
€= 1.0 - 0.9728086 X 10~2T

act)  4.1194317 x 10”2

T3 ° 120 - 0.9728086 X T0°2%

o2 82! _ -4.0074185 x 10732
ar? 1.0-0.9728086 X 10”47

3. Argon (A)
C = 5.987.9538 ~ 19.016416T + 2.4336141 X 10™21% -1.0787834 X 10~573

(1 - -
745 = -19.016416T + 486.72282 X 1074 7 - 3.2363502 x 107573
24

2.(1) - -5 3
€7 o 486.72282 x 1074 1 - 6.472700¢ x 10”57
ar?

[-%

4. Carbon Dioxide (002)
C = 11517.385 - 13.383987 + 0.3190838 X 10-2'1'2

(1)
T g—f—. = =13.38398T + 0.6381676 X 10~2r2

2,.(1)
2 € . 0.6381676 x 10~2¢2
ar?

5. Neon (Ne)

C=0.0

dac
TaT = 0.0

" =5 = 0.0
arT

(1) Derivative taken from fitted value of C.

.
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Table 5. Equations for the Thermodynamic Properties for the Constituents
of the Exhaust Gas

1. Equations for Sensible Enthalpy (BTU/lbm-mole)

Temperature Range -900°-1800°R

LY H = 272.57872 + 6.2849880T + 4.2460662 X 10."1'2

O, H = -49.9253121 + 6.8005911T + 4.6097941 X 10-"1‘2

2
A, H=0.19368 + 4.9682152T

CO,, B = -291.6316413 + 6.5377190T + 28.320187 X 10™%2 - 0.3858033 x 107573

—

Ne, H = 0.19368 + 4.9682152T

H,0, H = 356.6510897 + 6.913576T + 8.1349063 X 10_"1'2

Temperature Range - 1800°R-2700°R

Ny, B = -220.5134204 + 6.8101302T + 2.8505033 X 10-"!z

-4,.2

0., H= ~630.6330969 + 7.3851082T + 2.599229 X 10 7T

zl
A, H- 0.0615 + 4.9681418T

COz, H = -3294.0760689 + 11.07844T + 5.4166925 X 10-"1‘2

Ne, H = -0.0615 + 4.9681418T
H,0, K = 152.8596437 + 7.1089372T + 7.6785528 X 10”472

Temperature Range -2700°-4000°R
N,, H= -1304.1576077 + 7.6123722T + 1.3657170 X 10"'1'2

.. 1 = 1204.9978428 + 7.8839888T + 1.5887864 X 10”412

2'

A, = =-0.02187 + 4.9681271T

Co,, a -5537.3281389 + 12.747913T + 2.3106225 X 10-‘T2

Ne, -0.02187 + 4.9681271T

H,0, K = 1858.4935816 + 8.56572827 + 5.0420835 X 107452

2. Equations for Chemical plus Sensible Enthalpy (BTU/lbm-mole)

Temperature Range 1800°-2700°R
4.2

Ny, H = -20.5134204 + 6.8101302T + 2.8505033 X 10 T

0,, H = -630.6330969 + 7.3851082T + 2.5992293 X 10_"!2

A, H=-0.0615 _ 4.9682152T
co,, H = -175045.8247470 + 13.506027T
Ne, H = -0.0615 + 4.9682152T
2

E.0, H = -102632.3476190 + 7,1088046T + 7.679847 X 10-‘1
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Table 5. Continued

Temperature Range - 2700°-4000°R

H =-1304.1576077 + 7.6123722T + 1.3657170 X 10”472

Np,
0,, E =-1240.9978428 + 7.8839888T + 1.5887864 X 10 ‘12
A, H= -0.02187 + 4.9681271T
€0,, H = -177175.4038470 + 14.294766T
Ne, H = -0.02187 + 4.9681271T
Hy0, H = -104643.9857996 + B.5658373T + 5.0418784 X 10”472
Temperature Range: 2000°-4000°R
H, H = 9.2937814 X 10% + 4.9679289T ,
0, H = 1.0650436 X 10° + 4.9819292T
OH, H = 1.7243891 X 10* + 6.51177257 + 2.4740577 x 10~ 412
NO, H = 3.7810593 X 10% + 7.7703187T + 1.3914575 x 10 %r?
Co, H - 4.9950257 x 107 + 7.49910577 + 1.6384251 x 10-472
H,, H = 4.379566 X 10° + 6.2305090T + 2.7323736 X 10" 72

3. Equations for Entropy (less - RLnpj term), (BTU/lbm-mole, °R)

Temperature Range 900-1800°R .

Ny, S = 39.251394 + 0.01555877-0.5615997 X 10”57% + 0.933764 x 10”973

0,, § = 42.269726 + 1.57705%0 X 10”27-0.5390427 X 10" >12 + 0.8573795 X 10’13

A, S = 31.5883510 + 1.2918283 X 10 2T-5.3921089 X 10~°T? + 0.9663917 x 10~ 713
CO,, 5 = 41.78458 + 2.0871316 X 10"27-0.6347125 X 10~512 + 0.9526361 x 10 r?

Ne, S = 29.5537807 + 1.2917042 X 10 2T-5.3907410 27-5.3907410 X 10" °T% + 0.9659557 x 10~%7°
H,0, 5 = 37.437166 + 1.8092773 X 10™27-0.6382909 X 10~57% + 1.0748317 X 10~%7°

Temperature Range — 1800°-2700°R

Nz,
02,
A,
co,,
Ne,

H,0,

2

§ = 57.275024-1.8300467 X 10°2 T + 1.7559820 X 10 °T2-0.5815832 X 10~ %73
S = 47.225630 + 0.7577402 X 10" 2T - 0.828194 X 10672

36.4464480 _ 4.5571014 X 10777 - 0.5119033 X 10 12
47.518398 _ 1.1512786 X 10 >7-1.2066643 X 10”572
34.4116312 + 4.5570565 X 10~ > T-0.5118049 X 10 o712

43.261707 + 0.8244883 X 1072 T - 0,7782285 X 10”572
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Table 5. Continued

Temperature Range - 2700°-4000°R
6.2

Ny, § = 46.8564740 + 5.0506950 X 10°2 T - 0.3700634 X 10-°7

0,, § - 50.2049115 + 5.2780447 X 1073 T - 0.3852719 X 107612

A, S = 38.5124276 + 3.0262745 X 102 T - 0.22832958 X 10" °1?

€O,, § = 51.5035705 + 8.44472 X 1073 1 - 0.6170116 x 10”572

Ne, S = 34.8197332 + 4.5503522 X 1073 T - 0.6902733 X 10" + 0.0462520 x 10~%73
H,0, § = 45.6963147 + 0.6353274 X 1072 T - 0.4115987 x 1075612

4. Equations for the Specific Heat at Constant Pressure (BTU/lbm-mole®R)

Temperature Range - 900°-1800°R

Ny, C, = 7.23667810 - 1.3015396 X 10-3 T+ 1.5759008 X 10-6'1'2 - 0.3746857 X 10.,'1'3

3 -6,2

o)

0y, C, = 5.7646285 + 2.2415270 X 1077 T - 0.4580023 X 10 T

A . c = 4.96815

CDZ. Cp = 5,3131429 + 0.8363827 X 10-2 T - 0.3088999 X 10_5T2 + 0.4493104 X 10-9T3
Ne, C,, - 4.96815

H)0, C_ = 7.5482768 + 4.2815697 X 107 T + 0.7157717 x 10 %12 - 1.3495489 x 10”1073
Temperature Range 1800°-2700°R

Wy, C, = 5.7766562 + 1.5061552 X 1073 T - 0.8888113 X 10751% + 1.0954859 x 10~ '%r°
A c, = 4.96815

€0,. C, = 6.680396 + 0.5990060 X 1072 7 - 1.7096379 x 10"%r% + 0.1809910 x 10~ 77°
Ne, Cp = 4.96815

M0, C_ = 7.1564387 + 0.9855705 X 1073 T + 0.4640690 X 10772 - 1.0002320 x 107 'Or3

Temperature Range - 2700* 4000°R

M. C, = 6.5727317 + 0.9099083 X 10737-0.9596494 x 10”12
-4 -
0y, C, = 7.6813079 + 4.4281245 X 107 7-1.8738208 X 10 8,3
Y

A, C_ = 4.96815

P -3 -7.2
€O,, €, = 10.8521173 + 1.6107530 X 107 '7-1.7125528 X 107 7
Me, C, = 4.96815
80, C, = 5.9764766 + 2.5861179 X 10°3 7 - 2.3692669 x 10~ 22
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Equations for the Gibbs

Temperature Ranges -

F'=
P
F =
Po=
F'=
F'=
[ ]
=
F=
L ]

Fa

5.3150524
6.0670223
1.0843812
2.2896290
2.5226419
1.4415362
1.2087000
1.2814893

Ko MO O M M M

Table 5. Concluded

Free Energy Function (BTU/lbm~mole)

2000°R-4000°R

10" - 15.6253583 T - 0.9767035 X 102 x 10-21? + 0.5610564 X 10~ 7x>
10% - 21.8518477 T - 0.9782325 x 10737% + 0.5614114 X 10 '3

104 - 24.82133387 - 1.414904¢ x 107372 + 0.7304718 x 10”713

104 - 28.12082277-1.5979361 x 10~ 12 + 0.8680263 x 10~ '1°

10" - 26.36349227-1.5649177 X 10~3 72 + 0.8457005 X 10~7 T°

10% - 17.0897838T - 1.3549595 x 10~ 21% + 0.6781319 x 10~ 'z’

10° - 25.60824617-1.5325905 X 10 1% + 0.8179650 x 10~ 73

10% - 273792772 1-1.6271943 x 10730 + 0.8783605 x 10" 713

_73

=-9.26068408 X 10‘ - 27.9578811 T-2.5501816 X 10-3T2 + 1.3506145 X 10 T

5.6574736 X 10

25.0072600T - 1.8841889 X 10”312 + 0.8839907 X 10 'T3
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APPENDIX A
INFLUENCE OF CHEMICAL MODEL ON AFTERBURNER
EFFICIENCY CALCULATIONS

In recent years, there has been some variations in the chemical
model used to determine turbine engine performance for the case of
low efficiencies in afterburner tests. A comparison of several chemi-
cal models was made to determine the differences in the calculated
afterburner efficiency. Four models were investigated as follows:

1. No effects of chemical dissociation, but with pre-
scribed proportions of CO,

2. No effects of chemical dissociation, but with pre-
scribed quantities of unburned fuel in the exhaust,

3. Complete chemical equilibrium, and

4. Complete chemical equilibrium, but with prescribed
quantities of unburned fuel in the exhaust.

Calculations were carried out with the models modified to include
observed (Refs, 26 to 29) high levels of carbon monoxide (CO) and un-
burned fuel (as CH2 in the model). In the limit, either of these species
can reépresent the effects of less than ideal combustion efficiency. The
computer model was basically a real gas Rayleigh line heat addition
model with exhaust conditions and composition defined by the program
of Ref, 18,

Model (1) was chosen to provide the baseline calculations. The
calculated inlet conditions for the afterburner are listed in Table A-1,
It was assumed that the inlet fuel/air ratio would be increased to
0.06 in the afterburner. The inlet temperature and pressure were
assumed to be 1, 300°R and 0.5 atm, respectively, and the inlet Mach
number was 0,2,

Calculations were carried out assuming that a prescribed pro-
portion of the theoretical CO2 (without CO in the exhaust) is converted
to CO. The calculated nozzle exhaust total pressures and tempera-
tures together with the combustion efficiency are shown in Table A-2,
The efficiency was evaluated as follows:

1 + fin (a + fex)
n= (ho - ho 1 f 7
ex i + dox/lex — iin)Ahf
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where h, denotes sensible total enthalpy, f denotes fuel/air ratio,
Ahg, the lower heating value of fuel, and subscripts in and ex denocte
afterburner inlet and nozzle exhaust conditions, respectively. The
sensible enthalpy was evaluated by subtracting the static enthalpy
(sensible plus chemical) at 298.15% from the total enthalpy, mixture
composition being the same for both enthalpy calculations.

Having determined the exhaust conditions for model (1), the
sensible énthalpy changes and efficiency were evaluated with models
(2) through (4), assuming the same nozzle exhaust total temperature
obtained with model (1). The chemical equilibrium was modified to
include unburned fuel as a species.

The calculated afterburner efficiencies for the four models are
shown in Table A-3, and the concentrations of CO and unburned fuel
used in the calculations are shown in Table A-4, The efficiencies in
Table A-3 show no significant difference for a given set of conditions
regardless of the calculation model used. This means that the calcu-
lated enthalpies for the various models are essentially the same, and
therefore, the choice of models is not important over the range of
these calculations.

The ratio of efficiencies for the different models is so close,
even at the 3, 246°R temperature, that it should be possible to increase
the base temperature below which assuming no dissociation should be
an adequate model. This could result in a significant reduction in
data manipulation time with on-line data acquisition systems.

Table A-1. Afterburner Inlet Conditions

Parameter Total Conditions Static Conditions
Pressure 0.5 atm 0.4868 atm
Temperature 1300°R 1291.1°R
Specific Heat 0.267 Btu/1b°R 0.267 Btu/1b°R
Ratio of Specific Heats 1.346 1.346
Entropy 1.9625 Btu/lb°R 1.9625 Btu/1b°R
Speed of Sound 1733.3 ft/sec 1727.1 ft/sec
Mach Number 0 0.2
Density 0.01525 1b/ft3 0.01495 1lb/ft3
Molecular Weight 28.956 1b/lb-mole 28.956 1lb/lb-mole
Fuel-to-Air Ratio 0.025 lbfuel/lbair
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Table A-2. Nozzle Exhaust Total Conditions with Prescribed CO Concentrations

cozlcoz
max

Total Pressure

Total Temperature
Specific Heat

Ratio of Specific Heat
Entropy

Spead of Sound

Mach Number

Density

Molecular Weight

Efficiency

0.55
0.4875
2566.6
0.3086
1.2959
2,2274
2261.9

1
0.004591
28.202

0.639

0.6
0.4867
2643.8
0.3104
1.2926
2.2319
2291.0

1
0.004462
28,283

0.679

0.65
0.486
2720.5
0.3122
1.2893
2,236
2319.4
1
0.00434
28,364

0.719

0.7
0.4852
2796.8
0.3139
1.2862
2.2397
2347.0

1
0.004227
28.446

0.759

0.75
0.4845
2872.7
0.3156
1.2832
2.2432
2373.9
1
0.00412
28.528
0.799

0.8
0.4838
2948.1
0.3173
1.2803
2.2462
2400,2

1
0.004019
28.611

0.839

0.85
0.483
3023.2
0.3188
1.2775
2,2489%
2425.8

1
0.003924
28.694

0.879

0.9
0.4823
3097.8
0.3204
1.2748
2.2512
2450.8

1
0.003824
28,778

0.919

0.95
0.4816
3172.1
0.3218
1.2722
2.2531
2475.2

1
0.003748
28.862

0.959

1

0.4809
3246.1
0.3233
1.2696
2.2542
2499.1

1
0.003667
28.946

1

Data: Inlet sensible enthalpy ho

= 194.8 Btu/lb

in

Lower heat of combustion Ah, = 18,650 Btu/1b

Co.
max

) = 11,724 percent

SL-94-H1-0Q3v
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Table A-3. Afterburner Efficiencies

P, Ty M My ém, ng n/ng my/ng
ex ex
0.4875 2567  0.639  0.647 0.643  0.994 1.006
0.4867 2644  0.679 0.688 0.683  0.994 1.007
0.486 2720 0,719  0.729 0.723  0.995 1.008
0.4852 2797 0.759 0.768  0.763  0.995 1.008
0.4845 2873  0.799 0.808 0.803  0.995 1.006
0.4838 2948  0.839  0.846  0.843  0.995 1.004
0.483 3023 0.879 0.886 0.882  0.996 1.004
0.4823 3098 0,919  0.925 0.922  0.997 1.003
0.4816 3172  0.959 0.964 0.962  0.997 1,002
0.4809 3246 1.000 1.000  1.000 1.000 1.000
Table A-4. CO end Fuel! Vapor Exhaust Concentrations
1 2 3 4
To % CO ppmv CO ppnv CO & Fuel
ex

2567 5.14 1.0 1.7 1.56

2644 4.58 2.3 3.4 1.38

2720 4.02 4,0 6.4 1.2

2797 3.46 10.0 11.8 1.02

2873 2.89 19.0 21.0 0.85

2948 2.32 32.0 36.1 0.68

3023 1.74 50.0 60.3 0.51

3098 1.17 82.0 97.8 0.34

3172 0.584 130.0 154.7 0.17

3246 0 239.2 239.2 0
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APPENDIX B
COMPUTER PROGRAM LISTINGS
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FORTRAN 1v G LEVEL 21 MAIN DATE = 75224 13741703
Cc MAIN PROGRAM

0001 REAL MoMWAIR

0002 READ(Se10)LPyNP

0003 10 FORMAT (12.:2X012)

0004 ITEM =« 0

0005 16 WRITE LPs&)

0006 & FORMAT (1M]}

0007 WRITE(LP.S)

0008 S FORMAY (1H +3ISHTHERMODYNAMIC PROPERTIES =~ CHECKOUT//120H TEMPERATUR
1E PRESSURE HEATY, VALUE FUEL/AIR ENTHALPY ENTROPY SPE
eCIFIC HEATY WT™ CASE /)

0009 15 CONTINUE

0010 READ (NP 220) TEMP] 4 PRES] ¢HEATV] sFAIR] 4H] o XKON1

0011l 20 FORMAT (6E10.0)

0012 TEMP = TEMP]

0013 IF(TEMP)S(0¢50418

0014 18 CONTINUE

001S PRES = PRES]

0016 HEATV = MEATV]

0017 FAIR = FAIR]

0013 H = H)

0019 XKON = XKON)

0020 ITEM = ITEM+}

0021 CALL THERMO(TEMP +PRES+HEATV.FAIR¢XXONsHoSeCPsWTM,LP o ITEM)

0022 WRITE(LPyJOYTEMP 4PRESyNEATVsFAIRINySeCPysWTM ITEM

0023 30 FORMAT(IH o4F12,642F12.5:3%X42F12.5:,5X414)

0026 4S CONTINUE

002s GO TO 15

0026 50 CONYINUE

0027 STOP

0028 END
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FORTRAN IV G

0001
0002
000d
0004

0005
0006
0007
0008
0009

0010
0ol1
0012
0013
00le
0015
0016
o017
ools
0019
0020
0021
0022
0023

0026

0025
0026
0027
oo02s
0029
0030

0031
0032
0033
0034
0035
0036

0037
0038
0039
0040
0041
0042
0043
0046
004S

0046
0047
0048

LEVEL

10004
10003
10002

10000
S0

- AEDC-TR-76-16

21 THERMO OATE = 7522% 13741703

SUBROUTINE THERMO(TRoP ¢HV sF s XKONyHH SSoCPP o WTMoLP o I TEM)

REAL M MWAIR
COMMON/CATHY/ZXNZ2 9 X029 XAR o XCOZ o XNEyMWAIR, Y (146) ¢ X(10) ¢ PARPNE

PA = P/14,696

MOLE FRACTIONS OF CONSTITUENTS OF AlIR

XN2 = 0.78084

X02 = 0.209476

XAR = 0,00936

XCO02 = 0.0003194

XNE = 0,N000246

MOLECULAR WEIGHT OF CONSTITUENTS .
1#N2¢P=02¢3=AR¢4=C02¢S*NE ¢ 6=H20¢ T=H s 8~049=0H¢10=NOo]11°C0e12=M2¢]13Co14=N
Y(1) = 28,0136

¥i{2) = 31,9988

Y{3) = 39,944
Y(6) = &4,00995
Y(5} = 20.18)
Yis) s 18,016
Y(7) = 1,00797
Y(8) = 16,0
Y(Q) = 17,0074
Y(l10) = 30,0008
Y(11) = 28,01055 -
Y(12) = 2,016
Y13 = 12.011
Yil4) = 14,008

MOLECULAR WEIGHT OF AIR
MWAIR = 2R,9646
HYDROGEN/CARBON ATOM RATIOD
Mx0,1636
R = 1,987165 * 778,28
RA = R/MWAIR
RB & (RA ¢ ((F ® R & MI/(2.,%Y(12)® (1,0 &« M})}) / (}.0 o F)
XMWGAS = R/RB
WTM = XMWGAS
CHECK FOR ENTHALPY KNOwN C2SE TO CALCULATE TEMPERATURE
IF (HMY10002+10000410001
TI183000.9182.%ALOG]0tPA)
H1s0
SSeg
CPP20
CALL GAS(TI+PAIMISSeCPPoF oM iLPIITEM)
EXHAUST GAS~CHECK FOR OISSOCATION OR NON=DISSOCATION
IF (MI=MH)10002+10004,10003
TR = 71
RETURN
CALL GASITRPAHHSSoCPPoF ¢MyLPITEM)
RE TURN
ICON=1,0
TR = 3000,0
CALLRCHENEO(’loTFQFoHV|IC0~|lKONuHH.SSUCFPnHT“.LPo!TEM)
RETURN
CHECK FOR AIR OR EXHAUST GAS
IF{F1S14100+50
TI = 3000.,0 ¢ 182, ® ALOG10(PA)
IF(TR,GT.TI)GO TO S9
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13/41/03

FORTRAN lv G LEVEL 2] THERMO DATE = 75226
0049 CALL GAS(TR«PA+HHoSSsCPPoF oMoLPsITEM)
0050 RETURN
T1a5000.0
00S1 59 CONTINUE
00S2 ICON = )
0053 HRs0.0
0054 HG=0
0055 CALL CHEMEQ(PAsTRoF ¢HV ICON ¢ XKON o HH ¢SS+ CPP s WTMoLPo I TEM)
00S6 CALL CHEMEQ(PAsTIoF 4MVo1CON, XKONoHRSRyCPRsWTRLP,ITEM)
0057 CALL GASITI PAWHGsSGsCPGFaMsLP+ITEM)
0058 DELM = HH = HR
0059 HH a HG ¢ DELM
0000 OELCP s CPP = CPR
0061 CPP = CPG o DELCP
0062 OELS = SS - SR
0063 SS a SG + DELS
0064 RETURN
AIR EQUATIONS
0065 100 CALL GAS(TRoPAsHHoSSeCPPoFoMsLPoITEM)
WTM s MWAIR
0066 RETURN
0067 S1 WRITE(LP+52) ITEM.F
0068 52 FORMAT(1H o[602X96HTHERMO 92X+ 1SHINCORRECT INPUT»3X43MF m,F12.4)
0069 RETURN .
0070 END
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FORTRAN Iv G LEVEL 21 GAS DATE = 75224 13741703
0001 SUBROUTINE GAS(TRoPAoHB,SBeCPBFsMsLPoITEM)
0002 REAL M MWAIR
0003 DATA CTR2/040/

0004 COMMON/CATHY/XN24X02¢ XAR ¢ XCO29 XNEoMWAIR,,Y(146) yCHASCO(10) 4 PARIPNE

0005 DIMENSION H(6)+S16) 4CP{6) 9Cl1(4)sC216)oCI(4)H1LT72),51(72),CP1(72),
1Xt6)

0006 X(1) = XN2

0007 X(2) = X0

0008 X{3) = XAR

0009 X(4) = XCO2

00lo0 X(5) = XNE

0011 X(6) = 0,0

0012 H1G=0,0

0013 HC20,0

0014 IF(FeEQe0o)MHB=0,40

001S IF(F.EQ.0.,160 TO 76

0016 CALL MFNOD(X{1)+F)

0017 IF(HB.GT«100.0)GOTOT2

0018 IF(MB,EQ,=1.0)GO TO 72

0019 T4 IF(TR=4000+0) 759300999

0020 75 IF(TR=300+)9990200076

0021 76 IF (TR=900,0)2004+300+300
AIR PROPERTIES 300R,=900R,

o022 200 CALL HSCP{TRylsleH{l))

0023 CALL HSCP(TR)142,S(1))

0024 CP()) = ((((eDs&b2100BE=12 ®*TR) ¢ ]1,5962495E=09)®TR «
1 1:356283E=-06) * TR ¢ &4,1982]143E=06) ®* TR o
2 6.9153738

0025 CALL WSCP(TRes2s1M(2))

0026 CALL HSCP(TR,2,2.5(2)}

0027 CALL HSCP{TR12+3,CP(2)}

0028 H(J) = 4,968]15%TR

0029 S(3) = 4,96815 ¢ ALOG(TR/1,8) ¢ 8,6765909

8030 CP(3) = 4,96815

003} CALL HSCP(TRyboe1eHIG)}

0032 CALL HSCP(TR149245(4))

0033 CALL HSCP (TR 4¢34,CP(4))

0035 H(S) = 4,96815 * TR

0035 $(S) = 4,96815 ® ALOGI(TR/1.8) e+ 6,6617222

0036 CP(5) = 6,968]5

0037 CALL HSCP(TR»SyleH(8))

0038 CALL HSCP(TR;3592:5(6))

0039 CALL HSCP(TRyS¢3.CP(6))

0040 DO & 1s],8

0041 IF(X(1},LE,0.,1G0 TO §

0042 S(I) = S{I) =1.,987165 ® ALOG(X(]).® PA)

0043 GO 10 &

0046 5 St = 0,

0045 6 CONTINUE

0048 GO 10 1000
AIR AND REVISED PROPERTIES S00R=-4000R

0047 12 HCsO

0048 HC=HB

0049 TR = 2500,

0050 IF{HC} 10441044300

0051 300 CALL COEFF (T+H1)
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137461703

KNE SCP(5}

FORTRAN 1v 6 LEVEL 21 GAS DATE = 75224
0052 CALL COEFF(B,S1)
0052 CALL COEFF ({9,CP1)
0054 IFITR LLE. 4000,0) KA=4B
00SS IF(TR JLE, 2700.0) KAz24
0056 IF(TR.LE.1800«)KA=0
0057 DO 400 K=].6
0058 HIK) = 0,0
00S9 SIK) = 0.0
0060 CPIK} = 0.0
0061 KK = &4 ®#(Ke]) oKa
0062 00 S00 Jsmleé
0063 KKK 3 KK+J
0064 TX a TR ##(J=])
006S Cl(J) = HI(KKK) » TX
0066 C2(J) = S1IKKK) & TX
0067 500 C3(J) = CPLIKKK}I®TX
0068 DO 30 J=}l.4
0069 HIK) = H(K) ¢ Cl(J)
0070 S{K) = S{K) « C2(J)}
0071 30 CPI(K} = CP(K) » CItJ) !
0072 IF (K=1)3204+315,320
0073 315 IF(TR (LEes 2700404ANDs TR oGT. 1800.0)S(K) = S{KX) ¢0,6848162E12
1 ® TR &8 §
0074 320 CONTINUE
007S 400 CONTINUE
0076 DO 15 Iw®1+6
0077 IF(X{1)eLEe0s)GO TO 16
0078 S(I) = S(I)= 1.,987165 ® ALOG(X(I) ® pa)
0079 60 TO 1S
0080 14 S(I) = 0.
0081 1S CONTINUE
0082 1000 MA = XN2# H(1) +X020H(2) *XAR ®H(3) ¢ XCO2 ®H(4) oXNE * M(S)
0083 HAIR = HA/MWAIR
CALCULATION OF PROPERTIES~AEDC~TR=75= =SECT.2.24)
0084 AH = (H(6) =.,5 & H(2)) /7 Y(12)
0085 BH = (H{4) = M(2)) 7 Y(I?
0086 Z = 1./{1.5F)
6087 HE & 7 & (HAIR o« F ®(AM & M oBH) /(1. M)}
0088 SA = XN2 #S5(1) +X0225(2) *XAR®S(3) eXCO205(4) oXNE ® S(5)
0089 SAIR = SA/MWAIR
0090 AE = {S(8) = .5 * S§(2)) 7 Y1)
0091 BE = {S(4) » S(2)}7 Y(1I)
0092 SB = 72 & (SAIR o FO(AE®M « BEY / (), + M)}
0093 CPA = XN2 ®CP(]) +X02%CP(2) *XARSCP(3) +XCOR%CP (&} ¢
0094 CPAIR = CPA/MWAIR
0095 AC = (CP(6) = 5 @ CP(2)) /vYL12)
0096 B8C =(CP(4) = CP(2))/Y(1D)
0097 CPB = (CPAIR o F ®(AC*M +BC)/(Me1,)) / (), *F)
0098 71 IF (HC (GT. 1.E=6) GO TO?3
0099 106 IF(F)10551505105
0100 73 DELT = (HC=HB) /CPB
0101 IF (ABS(DELT) «LE0,001*TR)GOTO105
0102 CTR2 = CTR2¢1.0
0103 IF(CTR2.67,25.,016G0 TO 10S
0104 IF(DELT) 704105470
010S 70 TRsTReDELT

60



FORTRAN Iv 6 LEVEL

0106
o107 69
0108
0109 68
0110
0111 105

0112 150
0113
0114
0115
0116 999
o117 250
0118
0119
0120
0121
ol22

FORTRAN [V G LEVEL
000}

0002
0003
0004
000S
0006
0407
0008
0009
0010
0011
0012
0013
0014
0015
0016
0017
0018
o0o1¢9
0020
o02)
0022
0023
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21 GAS DATE = 75224 13741703
60 10 300
TRaTR<DELT '
WRITE(6:68) TI+PASHIGIHC,HBO
FORMAT {12H GAS u910£12,6)
GO TO 300
RETURN
CALCULATION OF AIR PROPERTIES WITH INTERMOLECULAR CORRECYION
CALCULATION OF PROPERTIES=AEDC=TR=7Sw= =SECTs2¢) e

CPB = CPMIXP(PA2TRCPAIRJLP,ITEM}
HB = HMIAP (PAsTRoHAIRLPITEM)

SB = SMIXP(PA:TRSAIRILPyITEM)
RETURN

WRITE(LP+2S0) ITEM

FORMAT{1M +]&¢2X¢6HTHERMO+2X925H TEMPERATURE OUT OF RANGE)}
HB = 0,0

SB = 0,0

CPB = 0,0

RETURN

END

21 MFNOD DATE = 75224 13741703

SUBROUTINE MFNOD (X F}

CALCULATION OF EXMAUST GAS COMPOSITION«T.LE.TI,
REAL MWAIRMN29MOZ2sMARMCO2 ¢ MNE ¢+ MH20 o MWF L
COMMON/CATHY/XN2 s X029 XAR 9 XCO29 XNE¢yMWAIRoY (14} 92 (10) oPARSPNE
DIMENSION X (6}

XN = 1,0 -

XMz1,95 =

MWFL = 12,011 ® XN « ],00797 = XM

FAM s F ® MWAIR/MWFL

MN2 = XN2/FAM

MO2 » XD2/FAM = XN = XM/&,

MAR 3 XAR/FAM

MC02 = XCO2/FAM + XN

MNE s XNE/FAM

MH20 = XM/2.

TM 3 MN2 o¢MO2+MAR +MCOZ2 ¢ MNE « MN20

X(1) = MN2/THM

Xi2) = MO2/TM
X(3) n MAR/TM
X(4) = MCO2/TM
X{5) = MNE/TM
X(6) = MH20/TM
RETURN

END
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FORTRAN [V G LEVEL 21 CHEMED DATE = 75224% 13/41703
0001 SUBROUTINE CHEMEQ(PA9T+F ¢HV,ICONsXKONgHoSoCP o NTMLP ¢ ITEM)
0002 REAL ™
0003 COMHONICATNV/INZ.XOZ.XAD.lcoi’.INE.HHA!R.VHH.xllO).PAR.PNE

THIS SUBROUTINE INITIALIZES THE RMODES AND OSGERBY EQUATIONS
TO CALCULATE THE PROPERTIES OF A DISSOCIATED EXNAUST GAS
0004 XN = 1,0
0005 AM = 1,95
0006 XX = 0,2096T76/(XN ¢ 0,25 ® XM)
STOICHIOMETRIC RATIO = 0.06795 FOR CNM],.95N
0007 PH] = F/ 0.06795
0008 C = 2,0 ® X02 ¢« 2.0 ® %C02
0009 D= 2,0 ® XN2
0010 € = XAR
0011 GaXNE
0012 A = XCO2 ¢« PHI & xx
0013 8 = PH] & xX & aM
0014 [F (XKON)10+,20+10
001S 10 CALL FUELHEABsPHI XXy XM4HYH)}
0016 GO TO &6
0017 20 CONTINUE
ool8 IF (HeGT o0y s ANDe XKONL,EQ.0+1G0 TO 30
0019 ?ALL PROP (A +BeCoDsEsGeToPAsHsS«CPoWTMy R g PAR¢PNE s TMyNT s ICONLP
SITEM)
0020 RETURN
0021 30 T123000.¢182,%AL0G10(PA)
0022 Ms{XM®Y (7)) /7{XN®Y{]23))
0023 CALL GAS(TI«PAYHIGeSSoCPPoF yMoLPITEM)
0024 DELH = H - MIG -
0025 HIP=0,9
0026 CALL PROP(A¢BeCoDIEsGoTIoPAJHIPSoCPoWTMoXsPARSPNE ¢ TMoNT s ICONy
ILPLITEM)
oozt H = HIP ¢ DELM
o028 86 1CONZ0,0
0029 Ys0.0
0030 CALL PROP(AsBiCoOsEsGoToPAIMsSoCPWTMoXoPARyPNE s TM,NT, TCON,
ILPLITEM)
0031 RETURN
0032 END
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FORTRAN IV G LEVEL 2} PROP DATE = 75224 13761703
0001 . SUBROUTINE PROP (CARyHYDsOXsAN2¢ARCANE 1 TToPReHoSsCPoWTN9P9PARIPNE»
STIMEsNTIToLP ITEM)
0002 COMMON/ZCATHY/ZXNT ¢ X02 ¢ XAR ¢ XCO2 ¢ XNE o MWAIR, Y (14)
¢ SPECIES ARE 1oHe20093«0H4=NDs5=C0s6=H2 ¢ 702 8sH2099-CO2010=N2y
€ 11=Ny12=Cy11=N:12-C
c SUBROUTINE FOR DETERMINING EQUILIBRIUM PARTIAL PRESSURES
c T IS TEMP, IN DEG R AND CAN BE EITHER INPUT OR OUTPUT
c P IS PRESS IN ATMOSPHERES AND IS AN INPUT
c M 15 THE ENTHALPY IN BTU PER LBM AND IS EITHER AN INPUT OR ouTPUY
c S 1T TME ENTROPY IN BTU PER LBM=DEG R AND IS AN OUTPUY
[ CP ]S THE SPECIFIC HEAY IN BTU PER LBM=DEG R AND 1S AN OUTPUT
Cc WTM IS THE MOLECULAR WT OF THE MIXTURE AND IS AN OUTPUTY
c NT 1S THE NO. OF ITERATIONS TO FIND PARTIAL PRESS AND IS AN OUTPUY
c IT IS A CONTROL CONSTANT FOR THE SUBROUTINE
c ITe0 W AND P ARE KNOWN AND T+CPeSe' AND WTM ARE FOUND
c ITs] T & P ARE KNOWN = HeSsCPoWTMoAND PARTIAL PRESSURES FOUND
0003 DIMENSION D1(3),021(3) ¢D4(3)905(3)+DB(3) ¢40T7(I) 40813)09(I),D10
#(31,D3(3),E{6)
0004 DIMENSION DAR(3) +DNE (})
000S DIMENSION F{12)+A113)4A2(3)9A3(J),P(10)
c CHANGE UNITS OF INPUTS TO BE COMPATABLE WITH PROGRAM
0006 T & (5./9,)%7T
0007 HOsH
[
0008 1CT=0
0009 DELTL=0,
ooto DO 200 Isl.l0
o0oll 300 PiI) =0,
o012 DELL=,0001}
0013 FUEL=2,%*CAR® ,5*HYD
[ RATIO OF ELEMENTS
0014 RAN = AR/ANZ2
0015 RCNa CAR/AN2
0016 RHNSHYD/AN2
0017 RON=OX/AN2
0018 RNEN=ANE/AN2
[
0019 DEL1=0,
0020 DEL2=0.
0021 DEL 32N,
0022 IF{OX.GE.FUEL) GO TO 1
0023 WRITE(LP9T)IITEM
0026 FUEL = OX
002s 1 CONTINUE
c INITIAL GUESS OF 02.H20.N2 PARTIAL PRESSURES
0026 AX 2 o5/ (S*HYDeOX*AN2) ®,5+AR)
0027 P{T)aPREXX* (0X=FUEL)
o028 P(9)=2,*CARSXX*PR
0029 P(8)aHYDe*XX®PR
0030 P(l0)= AN2* XX PR
0031 PAR=2,%P{]0)*RAN
0032 PNE=2, * P(10) * RNEN
0033 L= 7
c ITERATION LOOP TO FIND PARTIAL PRESSURES
0034 IF (P{L)eLEes0l) PlL)=.01
0035 00 & K3),50
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0036 KOUNTaK
CHECK ALL INITIAL PARTIAL PRESSURES FOR NEGATIVE VALUES
0037 00 4] Jsl,10
0038 4] IF (P(JYelTe0s) Pi{Jim],E-5
DON*T RECALCULATE FREE ENERGY RELATION FOR T KNOWNe=ITal
0039 IF (K,GE«s2+AND+IT.EQ.]1) GO TO 10
0040 IF(IToEQeO0aANDK.EQ,1) To]1670, !
004} CALL THERM({PoTsHySsCPyF sPR+PARIPNE WTM,0)
0062 E(]) = 2,7182818285#8 (,5%F (B)=,25%F (T)=F (1))
0063 E(2) = 2,71828182854% (,S*F(7)1=F{2))
0044 E(3) = 2,71828182R5 88 (,5 & F(8)¢.258F(T)=F(2))
0045 E(4) = 2,7182818285 8 (.5 *F(10) ¢ .5 ® F(T) =F(&))
0046 E(S) = 2,7182818285 ®» (F(9) « ,5 @ F(7) = F(S))
0047 E{6) » 2,7182818285 #¢ (F(B) = 5 * F(7) « F{8))
CALCULATE PARTIAL PRESSURES OF TWE ASSUMED KNOWN SPECIES
0048 10 P(1)= SQRTI(P(B)/SART(P(T)I})I®E(])
0049 P(2)= SQRTI(P{T))*E{2)
00S¢ P{3)=SQRT(P(B)*SQRT(P(7)))®E(D)
0051 Pl&)SSQRT(P(L0)®P(T)) *E (&)
00S2 XX=1e/(1ssE(S)/SQRT(P(7)))
0053 Pi9)= RCN®{2,%P(10) +P (&) I#XX
0054 P(S)= P{9)/SQRT(P (7)) *E(S)
0055 Pi(6)= P(8)/SORTIP(T))*E (6)
0056 PAR = (2, ® P(10) ¢ P{&))*RAN
00S? PNEs (2, ® P(10) » P{4)) * RNEN
DERIVATION OF RELATIONSHIP OF KNOWN SPECIES WITH RESPECT TO GUESS
0058 00 11 1s=},3
00S9 D1(I)=0.
0060 D2(1}s¢0.
0061 D3(I}=0,
0062 Dat(l)e0,.
0063 DSt(I)=0,.
0064 D6t(I) =0,
0068 07(I)=0,
0066 D8t =0,
0067 09(1)in0,
0068 11 0D)0(1)=0,
0069 D1({1)s =P(]1)/P(T)®,25
0070 Di{2)s P(1)/P(B)%,5
0071 D2(1)s PL2)/7P(T)®,5
0072 D3(1)=s P /P(7)8,25
0073 03(2)=2 P{3)/P(8)*,5
0074 Detll= P{&)/P(T)®,5
0075 D4(3)=P(4) /P (10)%,5
0076 IF (CAR,EQ.0,0) 6O TO &&)
0077 D9(1)= RCNO(D4(1)¢(2,2P{10)sP (&) IOXX®,S*E(S)/ P({T7)en],5)oxX
0078 D9(3)= RCN®XX®(2,4D4(3)) :
0079 DStl)= P(S}/P(9)1%D9(1)eP({5)/P(T)*,5
0080 DS{3)= P(5}/P(9)*D9(3)
0o0a} 441 CONTINUVE
0082 D6(1)m =~P(6)/P(T)®,S
0083 D6L2)= PLE)/PIB)
008s D7(1)=),.0
0085 08(2)=1,0
0086 010¢(I)=le0
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0087 DAR(]1)sRAN®D4&(])
o0o0es DAR(2)s0,
0089 DAR(I)=RAN®{D&{3)e2,)
0090 ONEL]) = RNEN * D&(l)
0091 ONE(2) = 0,0
6092 DNE(31 = RNEN ® (D&t)) + 2.)
c
c DERJVATION OF MATRIX COEFFICIENTS
0093 0012 I=1,3
009 Al(l)® D1C1)eDI([)+2.%D6(1) 2,908 (1) ~RHN*(2,2010(I)+DALI))
0095 A2(1)= D2(1)eD3([)+Da({])eDS{I)*2.*DT(1)+DBIL)¢2.%D9(1)~RON®(2,
#0D10(1)e0&(IN
0096 AJ(])= D1(T)eD2(1)oDIC(T)eDAIIIeDSIIIeDE{II DT (L) D81} +DF(1) D10
®[)+DARII) & DNE(D)
0097 12 CONTINUE
0098 SPl = PL1)eP(3)42,°P(6)22,%P(8)=RHN®(2,°P(10)+P{4))
0099 SP2 = P(2)eP(I)eP(4)¢P(5)e2,8P{7)eP(B)+2,7P(F)=RON®(2.%P({10)+P (4
*))
0100 SP3 =0,
6101 DO 13 I=1,10
gl02 13 SP3 sSPY <P(ID
0103 SP3aSPI=PRePAR o PNE
c
< SOLUTION OF MATRIX '
0104 DENs Al(1)®(AZ(2)*A3(3)=AI{2)2%A2(I))1=A2(1)(A1(2)2A3{]I)=AD(2)"
SALI3))eAI(1IR(AL{2)0A2(3)=A2(2) %A1 (I))
€108 DENs] , 7DEN
0106 XN1 =SPL®#(A3(2) #A2(3) wA2(2)%A3 (1)) eSP2R (A) (2)*A3 (D) =Al (3)0ADI2) )
oSP3e (AL (1) 2A2(2)=A1(2)%A21ID))
0107 XNZ =SP1OCAZ2(]1)*AIII A (])I®A2(3)) »SP26 (AD(]1}%A)(3)=AL(2)®A31D))
*SPIS (A1 (1) 9A2(D) =A2(1)%A1 (D))
0108 XN3 =SP1® (A3(1)%A2(2)=A2(1)9AD(2))+SP2¢ (AL (1) ®A3(2)=AL]1)%AL{2)}e
eSPI®(A2(1)*A1 (2)=Al (1)°A2(2))
c
c CALCULATION OF PARTIAL PRESS CORRECTION AND NEW GUESSED PART PRESS
0109 DEL1= XN} ®DEN
0110 DEL2= XN2 *DEN
0111 DEL3=XNI*DEN
o112 P{L)=P(L)+DEL1
0113 P(B) =P (8) «DEL2
0l1& P(10)=P{10)+DEL]
c
c FIND ENTRALPY FOR ITERATION YO FIND TEMP,
011S 7 CONTINUE
0ile IF{IT) 1841846
0117 18 CALL THERM{PosToH 4S¢CPsF+PRyPARIPNEsWTMs 1)
0118 80 CONTINUE
0119 IF (ICT.G7.,0) GO TO 85
ol20 DELT = ((HO=H)/CP) /1.8
0121 If (DELT®DELTL) 8]1.81.82
0122 82 T=sTeDELY
0123 GO TO 85
0126 Bl T=TDELY
012% iCt=2
0126 8S JCT=]ICT=]
0127 DELTL=DELTY
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0128 IF(T-LE-JOO.)TOJOO-G
0129 c IF (T.6E.5000.) T=5000.
c ITERATION CONTROL==TEMP.WITHIN )} DEG OR PRESS WITHIN DELL
0130 IF(ABS (HO=N) =,1% CP) 66yt
0131 6 IF(ABS(DEL]1) «(0.,01%DELL)) 22,22+4
0132 22 IF (ABS(DEL2) = DELL) 2342344
0133 23 IF(ABS(DEL3) = DELL) S¢S+%
0134 & CONTINYE
0135 5 CONTINYE
013¢ PHOLD=PR
c WRITE(LPI) (P(])y I=1,10)
c J FORMAT(10FT.4)
0137 CALL THERM(PeTeHeSsCPoF yPRIPARIPNE ¢WTMs 1)
c WRITE(LPsI) (P(])y I=]1,10)
C 3 FORMAT(10F7.4)
0138 TT=T*1,8
0139 NT=KOUNT
0140 RETURN
0141 97 FORMAT(1H +1442X¢s6HPROP +2X436H THIS CASE HAS TOO LITTLE 02 TO RU
oN )
0)42 END
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0001} SUBROUTINE THERM(BLPs ToHsSeCPyF oPRoPARIPNEsWTMKT}
0Q02 COMMON/CATHY/XN29 X024 XAR9 XCO2 9 XNEyMWAIRY (16)
0003 DIMENSION ALP(12) oCXCT2)oCY(T2) 0CTTH164) oHX(12) 4SX({12),CPX{L12)

1C114) oC214) oCTIT2)4FLL10)+CF (6] 4CILH)

0004 DIMENSION BLP(10)
0005 EQUIVALENCEC(CTT(1)+CT(1) )} o (CTTITII oCX 1IN
0006 DO 50 [=146 '
0007 50 ALP(]) = BLP(D)
0008 ALP(T) = BLPIID)
0009 ALP(8) = BLPIT)
0010 ALP{9} = PAR
o011 ALP(10) = BLP(9)
0012 ALP(11) = PNE
0013 ALP{12) = BLP({8)
0014 DO 51 Is),12
0015 S1 ALP(I) = ALP(I) 7/ PR
0016 CP=D.0
0017 H = 0,0
0018 S = 0,0
0019 IF(KT)4004100,200 .

c CALCULATE FREE ENERGY
0020 100 CALL COEFF(1.,CT)
0021 TeT® |,8
0022 DO 201 K=],410
0023 FIK) = 0,0
0024 KFag4®(Ke])
0025 DO 300 J=l,4
0026 KFF = KF ¢ J
oo2r ™ = T s#{u=])
9028 300 CF(J)=CYIKFFI®TX
0029 DO 301 J=l.4
0030 301 FIK} = FIK) + CF{))
003) 201 CONTINUE
0032 F10 = F(10)
0033 F(10) s F(T
0034 F{T) = F(A)
0035 F(R) = F10
0036 DO 81 1Is=),l0
0037 8! FUI) = (F{1)/T1%(1,8/1.987165)
0038 TsT/1.8
0039 RETURN

c CALCULATE H(CHEMICAL « SENSIBLE ENTHALPY!,S.CP
0040 200 CALL COEFF(2.CT)
0061 CALL COEFF (3,CX)
0042 CALL COEFF (4sCY)
0061 T = T#],.8
0044 00 2 K=m],12
0065 HX{K) = 0
0046 SX{K) = 0
0047 CPX(K) » 0
0048 KA = 0
0049 IF{K=T7)20421021
0050 21 1F(T=2700,0)20+20427
0051 27 K& = 2%
0052 20 KK n 40 ({Ke]l) o KA
0053 DO 3 Js)ye
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0054 KKK = KKeJ
0055 TX s T e8(Ja])
0056 C1¢J) = CT(KKK) ® TX
0057 C2(J! = CX{KKK) ® TX
0058 3 C3(J) = CY(KKK) & TX
0059 00 30 J=)es
0060 HX(K) = MX(K) ¢ C1(J)
006} SX(K) = SX(K) ¢ C2(J)
0062 30 CPX(K) = CPX(K) & C3(J)
0063 1F (ALP(K) (LE.0.)G0 TO 11
0066 SX(K) = SX(K) ~ 14987165 & ALOG(ALP(K) ® PR)
0065 G0 10 12
0066 11 SX(K)=0,
0067 12 CONTINUE
0068 IF (K=6) 25,23425
0069 23 CPX(K) = CPX(K) ¢ 0,439912E=13 *T ##4,0
0070 25 IF (K=7)35,29,35
0071 29 IF(7=2700,0)31,31¢35
0072 3] SX(KI = SX(K) ¢ 0.,6848142E=12 & T #8 4,0
0073 35 CONTINUE
0076 H & H e ALPIK) # HXIK)
007S S =S ¢ ALPIK} ® SX(K)
0076 CP = CP ¢ ALPIK) ® CPX(K)
0077 2 CONTINUE .
0078 WTM = ALP(1) ® Y(7) & ALP(2) ® Y(8)  ALP{3) ® Y(9) ¢ ALP(4} ®
1 Y{10) o ALP{S) ® Y(11) » ALP{6) ® Y(12] & ALP(T) ® Y(1)
1 ALP(B) ® Y(2) o ALP(9) ® Y{3) o ALP(10)%Y(&) o ALPC11) ® Y(S)
1 ¢ ALP(12) * Y(6)
00719 HeH/ NTH
0080 S = S/WTM
0081 CP = CP/WTM
0082 TeT /1.8
0083 400 CONTINUE
0086 RETURN
008s END

FORTRAN Iv G LEVEL
0001
0002
0003
0004
0008
0ote

0007
0003

0009
0610
0011

21 FUELH DATE = 75224 13761/03

SUBROUTINE FUELM(AsBsPHI s XX o XMsHVsH)

CALCULATES ENTHALPY OF FUEL FROM HEATING VALUE.
COMMON/CATHY/ZXN24 X029 XARs XCO2¢ XNE s MWAIR Y (14) oDUMMY (12}
FUEL AND AIR ARE AT 536 DEGREES R

TFUEL = 536,7

EQe FOR CPFUEL FROM NASA=TN=32T6

CPFUEL = 0,0005% (TFUEL=459.67)«0cbé

HAIR = =1,8680522

PCTF = {Y(13) ® A o Y(7) # B)/(Y(13) ® A o Y(7) ® B o Y{B) & 2,0 @
1 X02 o Y(14) ® 2,0 ® XN2 ¢ Y(3) ® XAR ¢ Y{5) ® XNE)

WIMF = Y(]3) ® A « Y(7) * B

HF = HV = (94056.,0 * (A=XCO2) ¢ S57797,9 ®(B/2,0))%(1,8/WTHF)
® o CPFUEL * (TFUEL=536,7)

H = PCTF & HF ¢ (1.0 = PCTF) * HAIR

RETURN

END
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0001 FUNCTION HMIXP (PAsTReNID'LP»1TEM}
0002 REAL MWAIR
0003 COMMON/CATHYZANF (S) JMUAIR, Y (14)
C CALCULATE ENTHALPY WITH PRESSURE
c CORRECTION
0006 CH = B2,056
c GAS CONSTANT (ATM=CMes3) 7 {GM=MOLE=~ (DEG)K)
0005 T = TR/1.8
0006 IF(T=1664)308s% '
ocor J T=166,0
0008 4 OWM = 0,0
0009 DELT = (CH * T /7 PA) /7 1000040
0010 CTR = 040
0011 D0 20 I=1,5
0012 81 = BBB(1+14TR)
0013 Cl = CCC{14]eTR)
0014 BPI = BBB{2:I,TR)
0015 CP] = CCC(2+1,TR)
c CALCULATION OF SPECIFIC VOLUME(I)
0016 VIGsCH ®T /7 PA o Bl ¢ (1
0017 14 VI = CH ¢ T /7 PA® (1,0 ¢« BI 7 VI6 o CL/7(VIG ® VIG))
0018 IF LABS{V]I=VIG)=DELT)18,418,15
6019 15 CTR = CTR ¢ 1,0
0020 vi6 = VI
0021 IF(CTR=25,0) 1416416
0022 16 VI s CH & T 7 Pa
0023 18 CONTINUE
0024 DH = 1,987165 7/ Y(I) *
QCPI , TR® ( 140 7 V] S{Bl « BPI} o 1.0/V]I ® 1,0/V] #(C1 « D.5¢
)
002S 20 DHM = DH ® AMF(I) o DHM
0026 HMIXP s NID & OWM
0027 REYURN y
0028 END
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0001 FUNCTION SNIXP(PA¢TRySIDeLPs ITEM)
0002 REAL MyAIR
0003 COMMON/CATHYZAMF (5] 4 MWAIR, Y (14)
CALCULATE ENTROPY WITH PRESSURE
CORRECT1ON
0004 CS = 82,056
GAS CONSTANT (ATMaCM®®3)/ (GM=MOLE= (DEG)K)
0005 T = TR/1.8
0006 IF{T=1664)3s490
0007 3 Taleb6.0
0008 4 DSM = 0,0
0009 ODELT = (CS ® T/PA) /7 1000040
00lo0 DO 20 1 = 1,5
0011 81 = BBB(1.1.TR)
0012 Cl = CCCiloloTRY
0013 BPI = B8BB(2+1+TR)
0014 CP1 = CCCl2+1,TRY
0015 CTR = 0,0
CALCULATION OF SPECIFIC VOLUME (1)
0014 VIG = CS * T / PA & BT » CI
0017 16 Vil = CS & T /7 PA® (1,0 « BI 7/ VIG ¢ CI 7 (VIG ® V1G))
oolé IF{ABS(VI=VIGI=DELT) 18418415
0019 1S CTR = CTR « 1,0
0020 vViG = vI
0021 IF (CTR=25.0)114416416
0022 16 VI s CS » T /7 PA
0023 18 CONTINUE
0c2e DS ==1.987165 7 v(l) ¢
1 { BPI/VI * (1,07 VI) @ (1,0/VI) & (
2(B1 * Bl)/ 2.0 = CI/2,0 ¢ CPI/2,0})
0025 20 OSM = DSM + DS ® AMF(])
0026 SMIXP = SID + DOSM
0027 RETURN
o028 END
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0001 FUNCTION CPMIXP(PATRoCPIOSLP¢1TEM)
c CALCULATION OF SPECIFIC HEAT WITH PRESSURE CORRECTION.
0002 COMMON/CATHY ZAMF {S) sMWAIR.Y (18}
0003 REAL MWAIR
0004 Cl = 82.056
[+ GAS CONSTANT Cl (ATMeCM®®3)} /GM=MOLE «{DS5G)K
0005 T s TR/71.8
0006 IF(T=1664)30646
0007 3 Te166,.0
0008 6 OCP = 0,0
0009 OELT » (C) » T 7 PA ) /10000.0
o0ol0 D0 20 I=1,S
0011 BP] a BBBI(2+1,TR)
0012 CPI = CCC(2+1+TR)
0013 Bl = BBBI141,TR)
001s Cl = CCClleloTR)
0018 CPP] = CCC(Je1TR)
0016 BPP] = BBB(3e]1.TR) -
0017 CTR = 0,0
[ CALCULATION OF SPECIFIC VOLUMELD)
00186 VIG = C1 ® T /7 PA « 81 ¢+ C1
0019 164 VI = C1 ® T /7 PA ® (1,0 ¢ BI 7 VIG ¢ CI1/(VI0 * VIO))
0020 IF (ABS (VI-VIGI=DELTI18,18,15
0021 1S CTR a1 CTR ¢ 1,0
0022 VIiG = v]
00213 IF (CTR=25,0) L4s16416
0024 16 VI = C] & T /7 PA
0025 18 CONTINUE
0026 DCP! B (=]1,98716S)7 Y(I)

® ( 8PPI/ VI = 1.0/V] ® 1,0/V1 ® ((Bl - BPI) ®
Z (B = BP1) = CI & CPl « 0.5 ® CPPI)}

o027y 20 OCP = DCP « DCPI & AMFL])
0028 CPMIXP = CPID ¢+ DCP

0029 RETURN

0030 END
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oool SUBROUTINE HSCP(TXyKoKKyH)

c CURVE FIT ROUTINE FOR CONSTITUENT PROPERTIES~300R=-900R
~ = AEDC =TR =75- =REF,20

o002 OIMENSION C1(5¢5246)y C2(Ss16e8) ¢ C3{3s11e4)

0003 DIMENSION X](95) +X2(95) +X3{95) s X4 (95) s XS{95) + X8 (9%) o XT(95) yXB(95) ¢

1X9(95)4X10(95) 9 X11(90) 9 X12(95) ¢X13{95) ¢ X14€90) ¢ X15(95) 4yX16(3I7)
0004 EQUIVALENCE {X1(1)4C1(10)p(X2(1)¢CL(96))4(XI(1)+C1(101)),

1ER&C1)CL1286)) 9 (X501)+C1(I81) )0 (X622 +CLILTE)} o (XT(1)4CL(STI)),

2IXBL1)oCLI666)) ¢ (XD(1)oCL(T61)) o (X10(L)CLLBSH)),

(X111 CI(TSID o (X120D)0C2E1)) 0 {X1I(L)oC2096)) 4 {X14(1)eC2(18]1)),

61X151(11,C311)) o {X16(1),CI(96)})
000S REAL INC
0006 DATA X 1/
0+69300E 00+ 0.69400E 00, 0.0 v 0412518E 0&,» 0,78800E 00,
0,76300E 00+ 0.76300E 00y 0,90000€ 01, 0.13777E 044 0,86600F 00,
0483300E 00 0.83300E 00y 0.50600& 03, 0,15040E 04, 0.94800E 00,
0.,90200E 009 0490300E 00+ 0.10030E 0%y 0,16312E 06¢ 0.102%0F D1,
0.97200E 00+ 0.97200E 00+ 0,15000E 06, 0,17594E 04s 0.110S0E 01,
0,10410E 01, 0,10420E 01y 0.19960E 04, 0,18888E 04y 0.11840F 01,
0+11110E 0ls 0+11110E 01y 0.26930E 04y 0,20197€ 04s 0,12540E 01,
0.,11800E 0ls 0411810 Oly 0.29900E 04, 0.21522E Q49 0,13840F Ol,
0+12500E 01+ 0.12500E Ols 0434B70E Oy 0.22B54E 04s 0,14230E Ol
0013190 0ly 0413200E 01+ 0¢I98K0E 04y 0,24227E 04y 0,15030E 01,
0.136890E 0ls 0.13900E Ol¢ 0.44000E O&s 0,25608E O06s 0.15830L 01,
0,14590E O01s 0414590E Ol 0.49770E 04y 0.27010E 04e 0,16620E 01,
04152B0E 01y 0415290E Ol 0.54740E 04y 0,2B434E 04s 0.17420E Ol
0415980E 01s 0415990E 01+ 0.0 v 0029879E 04y 0.18220E 01+
0.16670E Ole 0,16680E 01y 0.0 v 0.313645E 064s 0,19020E 01,
0e17370E Oly 04173BOE Oly 0.0 0.32834E 086+ 0.19820€ 01,
0.18060E 0ls 0.18080E 01y 0.0 0.346343E 06 0,20610E 014
0.18760E 01+ 0.18780E 01y 0.0 0.35873E 04y 0,21610E 01,
0s19460E Oly 0,194B0E Ols 0.0 0.37624E 04e 0,22220£ 01 /
0007 DATA x 2/
G20150E 0)s 0.20180E Ols 0e0

038995E 064s 0.23020E 01,

. .

® 0420720E 0l 04207SO0E Ole 0a0 v 0440586E 04y 0,23670E 01,
® 0.20850E 0l 0,20880FE 01, 00 v 0.42198E 04y 0,23820€ 01
% 0,21540E Ols 0.21580E 01, 0.0 s 0.6382BE 0he 0,26620E 01,
® 0,222640FE 0le 0,22290E 01y 0.0 » 0.454T6E 04y 0,25630E 01,
® 0,22940E 01 0.22990F 01y 0.0 v 0.07144E 04y 0,26230€ 01,
& 0,23630E 01 0,23700E Ole 0.0 o 0.48B29E 04 0.,2T04LOE 01,
® §,24330E 0le 0.24410E 019 0.0 s 0.50532E 04y 0,278SO0E 01
® 0.,25030€ Ols 0.,25120€ Oly 0,40 ¢ 0.522564E 04 0.28660L 01,
* 0,25730E 0l 0.25830E O0l, 0.0 e 0,53991E 04s 0.29670E 01,
® 0.26420E 0ly 0,26550E Oly 000 ¢ 0.55745E Obe 0.30280F 0Ol
® 0.27120E Oly 0,27260E 01y 0e0 v 0.57S1SE 04y 0,31100F 01,
% 0,27820E 0ls 0.27980E 0l, 0.0 o 0.59300E 04, 0.31920E 01,
® 0.,28520E 0ly 0.28700E Ole 0.0 » 0,61101E 0%y 0,32740E 01,
® 0.29220E 019 0,29430E 01y 040 » 0.62918E 04y 0,33560E 01,
® 0.29920E 01+ 0.30150E 01, 0.0 v 0,64T40E 04, 0.,34380E 01,
® 0.30620E 0ls 0.308B0E 01, 0.0 » 0.066607E 04y 0,35210F 01,
® 0431320€ 0lv 0.31610E Ol 0e0 ¢ 0.68454E 04y 0436040E 01
& 0,32030E 01+ 0.,32340E Ols 0.0 » 0.70327E 04s 0.1B870E Q) /

0008 DATA x 3/

® 0,32730E 0ly 0.33070E 0ls 0.0 v 0s722]15E 04y 0.37700E 0Ol
® 0,33448E 01y 0.33810€ 01» 0.0 » 074)18E O6s 0,38540E 0],
® 0.34140E 0l 0434550E 01y 0.0 v 0.76029E 069 0,39370E: 01,

72
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21

0.34850€
0 3SSHOE
0.36260E
036970
0¢37680E
0.38400€
0+39110€
0439830E
0.40540E 01,
0.41260E 01,
0.0 L]
0.70000E=02,
0.70000€E=02,
0.,70000E~02y
0.69500E=02,
0.69500E-02
DATA X &/
0.69500£-02,
0.69500E-02¢
0.69500E-02,
0.69500E-02,
0.TO0000E=0D2y
0.70000E-02,
0.69999€-02,
0.69500E«02,
0,69500E-02,
0.69500E-02,
0,69500E-02,
0.70000E-02,
0.70000E-02,
0.70000E=-02,
0.69709E=-02,
0.7007BE~02,
0,69955E-02,
0.,70000E=02,
0+70000E~02
DATA X S/
0.69999E-02,
0.70000E=-02,
0+70000E=02,
0+70000E=02y
0+70000E=02,
0.70000E-02,
0,70000E=02y
0,70000E=02»
0,T0000E-02,
0.T0000E~02,
0+T0000E=02,
0.,70000E=02,
0+70001E=02,
0,T0S00E=02y
0,70500E~024
0+70500E=02»
0.7T1000E=D2
0.71000E=02,
0.T1000E~02,

0l
0l
ol.
0le
0l
0,
01y
0ls

HSCP

0¢35290E
0436060E
0.36780C
0+37530€
0.38280E
0.39040E
0+39800€
0,40550E
0.41320€ 01,
0,42080E€ 01,
0.0 .
0.68500E=02,
0.70000€E=02¢
0.70000E=02y
0.70000E-02,
0:69500E~02¢

0,69500E-02,
0.69500E-02¢
0.69500E+020
0.70000E=02,
0+70000E~024
0.70000E=02,
0.60999€E=-024
0.70000E=02+
0.70000E=02»
0.70000E~02,
0.70000E=02,
0.70000E=02»
0.70000E~02,
0eTO001E~020
0.69990E-024
0470000E-02+
0.70199E=02,
0.70209€-02,
0070500E-02¢

0le
[}
01e
0le
0l
0l
0le
0l

0471000E=02»
0.71000E~020
0.71000E=020
0.T0999E=02+
0+71001E~02+
0.71500E=02»
0.71999E~02+
0.72000E=02+
0.72001E~024
0472500E=02»
0+73000E=02+
0+73000E=024
0.73000E-024
0eTI000E=02
0.73500€+02,
0474000E=02»
0.74000E=02»
0+74000E~02
0+74500E-024

73

0.0
0.0
0.0
0.0
0.0
0.0
0.0
040
0.0
0.0
0.0
0.48119E
0.49700E
0.69700E
0.49700E
0.49700E

0.49700E
0.49T700E
0+49700E
0.49T00E
0+49700€
0.49700€
Qe 49T00E
0.49T00E
0.0
0.0
0.0
0.0
0e0
0.0
0.0
0.0
0s0
0.0
0.0

DATE = 75224

0, 77956E
0+ 79894E
0.81864E
0,83807E
0,85782E
0.87768E
0,89766€
0491774E
0,9379&E
0.0

0.0

0.12566€
0.,12606E
0.12663E
0.12760F
0.12865€

0.13003E
0413163E
0413328E
0.13519E
0.13716€
0.13913€
0e14130E
0414363E
0.14552E
0,14779E
0.14987E
0.15196E
0.15611€
0.15610E
0.15813¢E
0.16017€
0.,16212€
0,16392€
0016577

0e16TT72E
0016943E
Ge)7124E
0e1729SE
0el17658E
041762S5E
0,17T77E
0417932E
0.18087E
0.18219€
0418G69E
0.18525€
0.18581E
0.18830¢E
0.18947E
019070E
0+19191E
019333
0.19647E

[ LY}
Oby
06,
06e
06y
Ob4e
04y
044
[. I

.

)
82
02
02,
02,
02

02,
02
024
02,
02,
02,
02,
02.
02,
02,
02
02,
02,
02,
02
02
02
02,
02

024
024
02
024
02,
02

02,
02,

02
02,
02,

AEDC-TR-76-15

13741703

0.40210F€ 01,
0.41060E 0},
0.41900€ 01,
0.627S0E. 01 »
0.,463500E 01,
0.44450E. 0)»
0.45310€ 01,
0.,66170€ 01,
0.64T030E 01,
0,47890E 01,
0.0 .
0.80000£=024
0.,80000E=02,
0.80000E=02,
0.70800E-02,
0,79500E=02 /

0.80000E~024
0.80000E-02,
0+79999€=~02,
0,80000£-024
0.80000E~02¢
0.80000E-02¢
0.,80000E~02,
0,80000E=02
0,80000€=02,
0.80000E~02,
0.,80000E~-02,
0.79500E-02»
0.,80500€~02,
0.80196E~02y
0.79895E+024
0.80000E-02,
0.80864E=024
0.80519€=02y
0.80500E=02 /

0.,81000E-02+
0461000€-02
0.,81000E=02,
0.81000€E~02»
0+.81000E=02¢
0.81500€=02,
0.82000E~02+
0,82000E-02,
0,82000E«02¢
0,82001E-02
0482500E=02,
0082999€=02,
0483000€=024
0,83000E=02+
0.83000E=02+
0.83500E=02»
0.83500E=02,
0.84500E-020
0.84500E=02 /
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go1} DATA X 6/

* 0,71000E-02¢ 0.75000E=024 0.0 e 0.19561E 02, 0,85000E~02,
® 0,71000E=-02s 0.7S000E=02y 0.0 ¢ 0.19697E 02, 0.85000E=02s
* 0,71000€E=029 0.75500E=024 0,0 s 0.19808E 02+ 0.85000E=02,
* 0+71500E=02¢ 0.76000E=02, 0,0 o 0.19921E 02, 0.85000E=02,
® 0.71500E=02¢ 0¢76000E=02y 0.0 v 0,20025E 02+ 0.86000E=02,
* 0471S00E=029 0,76000E=02¢ 0,0 v 0.20156E 02, 0.86000E=02,
® 0.71999E=02+ 0.T75000E=02+ 0.0 » 0,20284E 02, 0,85999E=02,
N 0.720005-02- 0.76000E=02, 0,0 s 0.0 o 0,86001E~02,
® 0,0 0.0 0.0 s+ 0.0 0,0

b 00372535-09. OolﬁQDIEOOBo 0-3092!5-05. 0. 301635-02. 0.37253E-09v
® 0e11176E~08y 0418626E=08¢ 0.28610E«07y 0.33064E-02y 0o74506E=09,

®=0,24998E=06¢ 002215208+ 0.28610E~074 0o73268E=02,20,25006E=04
* 0.15008Ee06y=0.24998E=06s 0.28610Ea07, 0.58241E=02¢ 0o15004E~0is
*+0,15009E=06s 0.15002E=06¢=0.29998E=03y 0480565E=02¢=0,20012Em0ks
® 014995E206520,15019€=06s 0.26610€07, 0.99821E002, 0.25332€m07s
820,14991E=0hy 0.15021E=04s 0.19073E-07, 0.9155#5-020 0s11176E=-08,
® 0e15019E=060~0,19988E=04y 0.95367E=08s 0.10224E~0]9=0,29991Em06,
020,20021E=04y 0411176E=08s 0,28610€=07y 0,10937E«01¢ 0,11176E=08,
* 0,2458TE=0T¢ 0411176E=08:~0.29998E203, 0,10333E=01y 0,11176E=08 7
00}12 DATA x 7/
® 0014901E200+20,29973En0bs 0.28610E=07y 0410767E=0) +u0.29983Em0bs -
$20,2696TE=0ks 04152T4E=07s 0.19073E~07y 0.118654E=01y 0.11176E=08,
® 0.14992E=04y 0,20117E=07s 040 ¢ 0.10010E~01y 0.74506E=09,
920, 14991E=049~0,30012E=06+ 0.0 0s11176E01¢ 0,37253)E=09,

’
® 0,14992E=04, 0,28685E207¢ 0.0 v 0010946E=01y 0,11176E=08,
8=0,19988E=04¢ 0.0 v 0.0 s 0093161E=024=0,24985E=04s
® 0011176Ea08s 000 4. 0e0-——._ __ 4 0,11198E=01y 0,49986E=0S,
® 0.11176E~08y 0,18999E=07y 0.0 0 0:97370€=02, 0,18031E=04,
8=0.27081E=060=0,15645E«07, 0.0 v 0096234E=024=0,28677E~05y
® 0439530E=059=0,2205S5E=05; 0,0 s 0410141E=01,+-0,63939E=05,
® 0:36842E~049 0.32052E=06y 040 » 0.90042E=02, 0,14984E=03,
820,29083E=04¢=0,600803E=05, 0,0 o 0:9209TE=024=0,14672E=04y
-% 0020117E2079 0,20793E=06, 0.0 o 0084500E202,.0.16610En04,
® 0016901E=0084=~0,19982E=04y 0,0 * 0:97670E+024=0,20002E=04,
2a0,29964LEn0by 0,11176E=08, 0.0 s 0.8608608E~02, 0,1]178E~08,
* 0,11176E=08y 0+11176E=08y 0.0 s 0.75607E=029 0.74506E«09,
® 0074506E=099=0,182564E=07y 0.0 o 0,95245E=02,-0,29057€=07,
® 0,28312E=07¢ 0.,10803E=07» 0,0 ¢ 0,66376E=02, 0,3725)E=09,
200,300 2E=06s- 0.249946Ea0hs 0.0. - ¢ 0,88608Ex02+20,49954E008 /

001l DATA x 8/
® 0,28605E=079=0,19983E=04s 0.0 v 0.70019E=02, 0.99948E=0S,
* 040 * 0,15274E=07, 040 v 0.T6401E=02, 0.11176E=00,
® 0,0 s 0.14901E=08, 0,0 » 0.76996E=02, 0,11)176E~08,
S 0.27940E=07¢ 0,24971E=04, 0.0 v 0:96081E=02, 0,20689E-07,
® 0,0 #=0.20031E0069 0o - . 4 0,37888E=02,+0,50206E=08,
% 0.37253E«099 0411176E=08, 0.0 v 0s27516E=01y 0,10015C=00,
® 0,104031E=07 0,74506E=09, 0,0 0v0,21869€~0] 4=0,85682E»08,
S 0e24960Ew04e 0,37253E=09) 0.0 v 0,20108E=01, 0.11176E~08,
#20416980€«04 20,5001 2E»05, 0.0 » 0,27939E<02s Ge11176E~08,
® 0,15005€=04¢ 0,10005E=06y 0,0 o 0.54031E=02¢ 0,24985E=04,
- 2042001160080 0o) 11766008+ -040.. 5 0,65508E202,=0, 1500080k,
® 0011176E=084=0,27940E=07, 0,0 » 0.53101E=02, 0,50079€=05,
® 0,11176E=08s 0,24989L=06, 0.0 » 0.74905€=02, 0,16996Ex04s
0,30011E04020,19983C=04, 0,0 0 0,35721E=02,+0,200118«04,
S 0:111T6E=08s 0:14901E+08, 0.0 ¢ 0.83803E=02, 0,11176E=08,

4
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0.465T0E=02y 0.11176E=08y
0,55801E~02+ 0.11176E=08s
0.57663E<02, 0,19983E=04,
0444B830E«02, 0.55879E=08 /

0.,61844E=024-0,85682E08,
0.25223€«029 0410431E«07y.

® 0,11176E=084s~0.50005E=0Se 0.0
® 0,20986E=04y 0.10005E=06y 0,0
8-0,14997E=0by 0.11176E=D8, 0.0
® 0,15015E=06+9=0.30006C€=0bs 0.0
0014 DATA X 9/
®=0,19983E=04s 0.30028E=06y 0.0
® 0,10631E=07¢=0.17509E=07¢ 0,0
0e0,37253E~00,+0.37253E=08, 0.0 0.0 v 0.1697SE~04»
* 0.0 o 0.0 o 0.0 0.0 L] 0.0 L]
200037253E=100 0249990E~06¢ 0015394E=01¢=0,656681E=06¢20437253Em100
®a0eT4506E~109=0a11176E~095=0019073IE=09¢=042929T7E=009=0,74508E=10+
® 0¢14998E=050=0414901E-09+~0+19073IE~09,-0,16664E-03, 0.15006E=0%,
e0,10006E=05¢ 0e16998E=05+20¢19073E=094=0+10605E=034=0.10002E=05,
® 0e10006E=0S¢=0e10001E>05s 0019999E=05+=0.75989E=04+ 0415008E=05+
#00,99961E=06s 0¢10013E=059=0:19073E~09y=0413184E~03,-0,15274E-08,
® 0,99938E-06450410014E-059»009536TE=109=0060272En0h4v0,55879E09,
#=0,10012E«05y 0416991E=059=009536TE=10s=0,4T7150E=06, 0,19997E=03,
® 0,15013E205¢=0,T6506E=10920419073E=09s~0,71716E~044=0.74506E=100
0a0e14901E=08s=0s T4506E=10y 0419999E=050=0,33874E=04¢=00T6506E~100
8e0,55879E«09¢ 0,19979E=05¢20,1907IE=09s 0,77820E-05+ 0,19988Ex0S,
® 0,14982E~05¢=0e55879E=099~0,9536TE=109=0067902E=06¢=0¢74506E=10+

8e099949E=06+=0.16901E~08s 0.0 v 0028992E=04¢=0,37253E=104
® 0.99942E=064 0+20008E=0Se 0.0 v 0,13628E-049=0,37253E=10
e}, 99949E«06+=0.18999€=08¢ 0.0 +20,38910E~04¢=0, 7T4S06E=10 /
0015 DATA X10/
® 0,16991E=05s 0.0 o 00 9 0eT1411Ex06y 0.14991E=0S.
=), T4S06E=10s 0e0 s 0.0 920e23806E~04¢=0,74506E=10+
0u(),T4S08E=10¢-0.968SB8E=09¢ 0.0 s 0416363E~049=0,13033E~0S,
® 0.,17086E=05s 04670SSE=09¢ 0.0 » 0.35095E=006+ 0,90097€E=07
020,13842E=069 0418060E=06¢ 0.0 ¢ 0,30S518E=05¢ 0.57567Ew06
®w0o]144TTE=DL=0,96058E=05¢ 0.0 v 0009133E208¢=0,4964T0E-04,
® 0,19540E=~0Sy 0.,40721E=06+ 0.0 o»0s17853Ew04s 0,98299E~06,
9=0,12666E=08¢=0,12892E=05+ 040 v 0.52663E=04,20,98027E=06+
9=0,55879E=09, 0.14988E=05, 0.0 +20433569E205, - 00150036005,
8 0.19979E=05:20.74506E10+ 040 000 ,85469E=05 204 74506E~10¢
000, 74506E=~100=0.74506E~10¢ 0.0 v 0099335€=06¢20,37253E~10,
*=0,37253E=10, 0.089407E=0%,s 0.0 vo0:,67291E«04,y 0,19372E~08,
#=0,18999E«08,=0.74506E«10y 0.0 s 0,10060E«035+0,37253E=10s
& 0,20008E=05¢+0,14999E=0Ss 0.0 920:31891E=06y 0,469967E=08,
Su0,18999E=08+ 0.14984E=05s 0.0 e cmmet— 003601 1E204420, 4997562056 .
L v=0.55879E«09, 0.0 9 0,65613E=05,=0,74506E=10,
® 0,0 s 037253E«09s 0.0 . » 03662120890, 7T4506Ex10s
0al),18626E~08,=0,14986E=05, 0.0 120.20294€=03,°0,10631E=08,
® 0.0 s 0.15007E=05. 0.0 s 0.,58166E=03, 0.50113E=06 /
0016 DATA X11/
P00,37253E«100w0,74S06E210s -00- - +u0018493E002,90,50126Ea06, .
820, 74506E=10+=0,37253E-10, 0.0 v 0.16661E«02, 0,89407€=09,
#20,1496TE~05,+0,37253E+10, 0.0 920,51270E=03,-0.76506€~104
® 0,99860E=06s 0.50016E«06, 0.0 ¢ 0:20386E~03:20.,74506E10,
#=0,)0003E=05,=0,50027E=06, 0.0 o 0.50049Ew0h+20,16990E-0S,
® 0,15007E=05¢=0,74506E=«104 0,0 920,346790E=04y 0,10001E-05,
- 820,74508E10s. 0186265208y 0o0— 5 0.12100E=03.20,55879E09,
820, T4508E~104=0. 14994E=05, 0.0 9o0:,11978E=03,=0.99979E=06,
® 0,20007E=0Ss 0.16988E~0S, 0.0 s 00101164E203s 0,15007E=08,
0e0,74506E=10,=0,11176E=09, 0.0 9=0410652E=039=0,764306E=10+
8=, 74506En10s 0.,50012E006, 0.0 s 0,59882E0hen0.70506En]10, .

75
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0017

oo18

0019

*=0e14991E~05+=0.5002TE=06s 040

® 0.99979E-06¢=0,74S06E=10,

=0.10010E=05,

0.20003E=-05,

* 0414984E=05+1~0,20019E=05,

=0, T4S06E=10,
0.40978E=09,
0.0 L]

DATA X127/
0.38170E 02,
0+42992E 02,
0.,4STT0E 02,
0.45813E 02
0.478)18E 02,
0.49386E 02,
0.50685E 02,
0.51B06E 02,
0.52798E 02,
0.53692E 02,
0.0 .
0,0 ’
0.0 [}
0.0 [
0.58178E=01,
0:32340E=01,
0.23941E-01,
0:421529€=01,
0s17679E=01,

DATA X13/

0, 13769E=01,
0.11787E=01,
0.10378E~01,
0.93121E=02,
0.85026E-02¢
0.0 ’
0.0 ’
0.0 [
.0 [

0.,134]11€E=08,
0.40978E=09,
0.0 .

0.41395€ 02,
0.46218E 024
0.49004E 02,
0.49047E 02,
0.51091€ 02,
0.52722E 02,
0454098E 02,
0.55297E 02,
0.56361E 02,
0.57320E 02,
0.0 .
0.0 L4
0.0 .
0.0 .
0.58152€~=01,
0.326470E<01,
0.23A78E-01,
0421688E«01,
0.1R8278E=01,

0414525E=01
0e12603E=01¢
0e11143E=01,
0«10001E=0],
0.91142E=02,
0.0 .
0.0 [ ]
0.0 [

0.0
0.0
040
0.0 »
0.0 .
0.0 .

0s71400€ 0],
0.71800E 01,
0.90500E 01,
0.10640E 02,
0.12080E 02,
0+13280E 02,
0.1428NE 02,
0.15170E 02,
0415980E 02,
0.16720€ 02,
0.1T7410E 02,
0.18070€ 02,
0.18T00E 02,
0.0 .
0.2308)E=0Q],
0.20129E=01,
0.16850E-01,
0+15092E=01,
0.13371E=0],

0+10629E=01,
0.92143E-02,
0.84111E-02,
0+ T66G)E=D2,
0, 70499E=02,
0.67125E-02,
0.64501E=-02,
0.61500E-02,

0.0 e 0

#=0,60361E=040=0,400R4BE-04,
*20,37796E«069=0,37315€=044~0s 10091 E=0b49=0,30206E=0649=0,43]164E=0b
* 0s17000E=03s 0,15203E=039=0,1N925E~06s 0,11540E=03s 0.15985E=01,
8=0458597E=05+20433331E=05+~0¢35603E=054=0,77686E=05¢=0,33868E=05,
$=0,20860E=049+0,2150TE=04sm0413716E=04y=0,23646E=0bo=0425080E0by
®=0635399E=05+=0437267E=05¢-0e47140E=054=0.653094E=05,=0.182T6E=05,
©=0¢32]97E=0Ss=0437805E~05¢-041397T1E«05¢=0,59986E=05,=0.38]31€=05,
#=0e30RI)E~0S+~0,3668SE=051-0,19)ITE=05,=0,50714E=054=0,32553E=05+
#=204306G0E=05+20434713E~05:0.18855E=05+=0.51110E=05,20,33221£<05,
#=0,31018E=05¢=0435350E~054=0011237E=0S,=0,4B8)02E=05¢=0,31118E=05 7

DATA X147/

0.0 [
0.0 .
0.0 ’
0.0 ’

0.0 .
0.0 .
0.0 L
0.0 .

~0,7S072E=-06,
=04 15002E<05,
=0:15013E-05,
0.0 .

v 0:56932E=05+=0.74506E=10+
0=0,36316E~060-0,99860E~06,
v 0013763E=03,=0.52154E«09,
120,52948E=06s 0,4097BE~NG,

0.86670E~049=0,74506E=10y

0.0
0.0 L]

0:,42758E 02,
0,4T7T769E 02,
0.51072E 02,
0.51127E 02,
0.53830E 02,
0e56122E 02+
0.5R126E 02
0.59910E 02,
0:61527E 02
0.62992E 02,
g.0 »
0.0 [}
0.0 »
0.0 ’
0458339E=01,
0,3681BE=014
0¢30285E-01,
0,284]13E«0],
0.25040E=01,

0,21044E=0],
0.18663E=01,
O0el6795E=01,
0.1527BE=01,
0.164056E=01,
0.0 ’
0.0 ]
0.0 L]

0.0 L]
0.0 L]
00 ’
0.0 .

o=0,49889E=06,

0.0 /

0,36396E
0,41916E
0,451 06E
0465155
0.47484E
0o %9334E
0.5089)E
0.52245E
0.53464E 02
0.54570E 02,
0.0 *
0,0 ]
0.0 *
0.0 *
0.66549E=014
0,37253E-01,
0427234E=01»
0,26710E=01,
0.,207R9E=01 7

024
02,
02,
02,
[ F-
02y
02,
02,

0416630E=01,
0.14233E=01,
0.12656€E=01,
0.11463E=01,
0.10586E=01,
0.0 ’
0'0 L]
0.0 .

o0 s 0.0 ’ 0.0 *
=04 77265€=03¢=0:31659€=044=0,47519E=04,

o.o
0.0
0.0
0.0

.
$=0,59220E=06¢=0.58375E=06+=0,89876E=054-0.50628E~064=0,65973E=06+
#=0,33915€~079~0,43852E=07+=0,42040E=079=0,20B882E=074~0,53501€=07,
#20,29616E=034=0.26R09€=03¢ 0.14243E=07420,22392E=03,=0,30364E=03s
#=0,89275E=079=0s91462E=070¢~0+3362TE=07¢=0,60635E=074=0,108)1E=06,
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® 0,87354E~08¢ 0.102R8E~07, 0,0 v 074633E=07¢ 0.,21892E=07,

00 42654E=079=0,39231E=079=0415716E=074=0,37I24E=0T79=0,47725€=07,

400 ,25506E=DTs=0.23469E«0T¢=0.1T45TE=074=0,22272E=07¢=0.27134E=07,

2200,16973E«079=0413582E=NT79=0,11977E=0T74=0,16753E=074=0.1R0055E=07,

420 ,65234E-009=0464128E=08¢=0,008B2E=08,=0,66679€«08,=0,71093E=08,
800 ,62401E=08,s20.60766E=08¢=0,37551E«08420.54486E«08,=0,544]12E«08,

® 0,0 s 0.0 +=0:3764IE-08, 0,0 v 0,0 .

* 0,0 s 0.0 1=0eT74506E~12¢ 0.0 s 0.0 ]

® 0.0 s 0.0 o 0,29802E=11, 0.0 s 0,0 .

* 0,0 v 0,0 + 0e0 s 0,0 s 0,0 /

DATA x)5/
0.,69580E
0.79690E
0.88960E
0.76310E
0.86T60E

Ol
0+12293E 02
0.0

oozo
0.79610E
0.88T40E
0+71960E
0.84150E
0.11846E
0.82120E
o.o

0.69610E
0.80250€
0.96770E
0.76700E
02y 0.89540E 01,
Ole 0412667E 02+

«=0.25556E-03,

0,77360€
0.70230E
0.81860€
0.11310E
0.80630€ 01,
0,956470E 0l
0.56875E=02,

0l
0l
0l.
Ol

0,698} 0F
0.T0200E
0.80270E
0.10666E
0.,78830E 0],
0492660E 01
0.0 .

01,
01,
Ol
02,

01,
01,
01,
Dl

01.
01
01,
[}

0l
0l
0le
02

L}
=0416527€=03¢
0+11798E=01,
0.,21828E-02,
0.25675E=02,
0,48289E=02+
0.13516E-02,
0.0 L]
0436115E<05,

0,23493E-03,
0,82)02E=0)
0.86783E~02,
0423619€E-02,
0.28715E=02,
0.34077E~02.
0436619E-0S,
0.25451E=05,

0411356E-01,
0.,16891E=02,
0.2019R8E-02,
0.57T08E-02,
0.16236E=02,
0.30325€-02,
0,25903£ 05,
0.13946E-03,

0,320642E-03,
0s11629€«01,
0.23782E-02,
0.27283E=02,
0.60368E~02,
0.0 ’
04250)6E«05+~
0.262586E~03,

0.14590E=02,
0412956E=02,
0,69620€-02,
0.19795€=02,
0.29941E=024
0.0 L]
0.127A4E=0S,
0.16496E03,

#=0,37097€=050=~0:25071E=060 0.15899E-054 N¢I0618E-05+~0.64868E-05»
* 0.20290€E=05¢ 0:51733Ew064=0,3T4TEE=0Sy Nb7965E-07 32043132605,
=0 ,2904B8E~05+ 0.11945E206+=0,)18257E=05¢=0,28476E=05+ 0.22802E«06+
®=0,)2885E«051=0.2614]1E=05¢s 0492046E=074=0,98218E=06+~0.25038€<05 /

DATA X16/
0e(,34925E-104 0.0 o 0,0 e 0.0 2=0,80632E~08,
® 0.17834E=069=0,4B862TE-09 0.51037E=0Ty=0.78710E=0B8s 0.34610E=10,
900 ,27848E-06¢=0,10383E«03¢-0013224E=06, 0,41)90E=07y 0,687T1E=0T7»
® 0,13541E=07¢=0+13900Ee07¢=0:13966E«074=0,12T7164E«08,=0,399]16E=08,
®20,14723E=07¢ 0.55730E=08¢ 0¢81I68E=08,~0,12029€=07y 0:39794E=08,
® 0,30976E-099=0,74182E«08¢ 0.25660E=08,=0,67T21E~09,+0.35454E=08,
® 0,866161E~00+=0,13392E+08,=0,273J0E~08, 0,74990E=09, 0.0 »
® 0.0 s 000 /
TeTX/1.8
GO TO (104204300 KK
M=)
50

GO0 YO

GO TO (11s11012e11011)y K
GO TO (1351301213410 K
HEw2

60 Y0 S0 .

GO TO (31el3431413:13)4K
Hz «2

GO 70 S0

IF (1T +LT. 100,)
Ti= 100.

Tes 110.0

INC= 10

IF (K ,EQ, &) GO TO 26
NK= 52

0021

o022
0023
0026
0025
0026 10
o027 20
0028 1003
0029

0030 30
0031 31
0032

0033 n
0036

0031s

0036

0037

0038

1000

WOR, (T +GT, 600.)) GO TO 15
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0039 GO 10 25

0040 12 IF (LT oLTs 298.15) +ORe (T 4GTe 1500.)) GO TD 15
0041 Ti= 298,15

0042 T2a 300.,0

0043 INC= 100

0046 NK= 16

0045 GO 10 25

0046 13 IF ({7 oLTs 100e) oORe (T oGTs 1000.,)} GO TO 15
0047 Ti= 100.0

0048 T2s 200.0

0049 INC= 100

00S0 NKz 11

00S1 25 NK2s NK=~2

0052 D0 28 II= ]|¢NK2

0053 T3= T2¢INC

0054 IF (T3 +EQ. 300.) T3a 298,15

0055 IF (T3 (EQe 308,15} OR. (T3 ,EQ, 398,15)) T3is 300,
0056 IF ((T oGEs T1) oANDs (T 4LTe T2)) GO TO 40

0057 Tis T2

00S8 12= T3

0059 28 CONT INUE

0060 [I=s NKe}

o006l GO TO 40

0062 26 NKa S}

0063 NK2z NK=2

0064 DO 27 1ls),.NK2

0065 Ti= T2+INC

0066 IF ((T +GEs T1) <AND, (T LT, T2)) GO TO 4O

0067 Tie T2

0068 T2s T3

0069 27 CONT INUE

0070 Ila NKe]l

oor) 40 GO0 TO (4]442463), KK

0072 1001 Hae])

0073 GO TO 50

0074 [} TC= TeT)

007sS He ((C1(KoIIs&IRTC o CIUIKGIToI}IOTC ¢ CIIKoTI1:2))8TC o C1{Ko11s1)
0076 IF (K ,EQ, &) RETURN

0077 Hs L 18E0&4ON

ao07a RETURN .

0079 42 TCs T=T) :
0060 He {((C2(Ke11+0)OTC o C2iKsI1o3))IOTC o C2(Ko1142))8TC o C2(KsI1sl)
oo0al RETURN

0082 %3 TCn TeT)

0063 Ke Ke2

0084 IF (X ,EQ. 0) K=)

008% He ({CI(KoL1o4)STC o CIIKsILo3IOTC & CI(KsIL42)19TC o CI(K,I101)
0086 Kn Ke2

0087 IF (K ,EQ, J) Ks2

o088 RETURN

0089 1S Hs 0.0

0090 50 RETURN

0091 END
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FORTRAN v G LEVEL 21 COEFF DATE = 752264 13741703

0001 SUBROUTINE COEFF [CODE«ARRAY)

0002 DIMENSION ARRAY(72) ¢HHA(72) +HI{T2) 951 (72) 2CP1(T72) oHH1 (T2},
1 HH;(TZ’.HH3|72‘.HHC(“0)

0003 INTEGER CODE
CHEMICAL ¢ SENSIBLE ENTHALPHY FOR T > Tl,

0006 DATA HM1/
19.2937814E¢6 4 6.9679289 v 0.0 v 0.0 . H
21.0650436ES + 4.9819292 s 000 s 000 ’ 0
A1.T243891E64 4 6.5117725s 2.4740STTE=L s Oe0 N oM
43.7810593E¢h o T.T7703187s 14391457S5E=4 s 0,0 ’ NO
el ,995025TEes o 744991057 1,63864251E<k e 0.0 ' co
64,37956867E¢2 .+ 6,2305090, 2,7323736E-4 s 0,0 " H2
70220:51362040 6,8101302¢ 248505033E=6 4+ 0.0 ' N2
B «£30,6330969 » T7.3851082 s 24599229JE=6 o+ 040 ’ 02
9=,0615 v 49682152 o 040 s 0.0 N AR
A=]75045.8267670, 13.506027 o 0a0 s 0.0 ’ co2
B=.0615 v 4,9682152 s 0u0 v 0.0 " NE
C=102632.3676190s 7.1088046 o+ 7.678B&4T7E~6 4 0,0 ’ H20
D=1304.1576077 + T.6123722 v 12365T170E=4 50,0 ' N2
E~1240.9978428 « 7.8839888 v 1.58BT7B64LE=~E 0,0 ' 02
F =0.02187 y &,9681271 » 0.0 sy 0,0 " AR
G=1T77175.40384T0¢ 14,294766 .+ 040 s 0.0 ' coz.
H «0,02187 « 5,968127) s 0.0 v 0.0 ’ NE
1+106643.9857996, 8,5658373 o+ S.041878B4E=4 0.0 ’ H20
ENTROPY FOR T > Tl.

0005 DATA HW2/
1 26,367556 9 S5.3779781E=03+~0.9431089E=06y 0,T157248E~]104 H
2 37.535609 s 5.6203862E=034=0,9540069E=06, 0072573865-100 0
3 44,450387 v 5e2414648E=03,=0.,6177444E=06. 0.0 [+]]
& 48,070143 v 0.864797SRE~024=1+4090686E=06y 1. 05658§JE'l°v NO
5 45,057500 » 0,8)187987E=029=1,3406214E=069 0,9951842E-10, co
6 29,869398 s 0.7329605E=02,=1,2019B50E=06, 0.9262440E=10, H2
7 57.275024 ) =1.8300467E=«02¢ 1,7559820E~05+=0,5815832E=~08, Ne
8 47,225630 s 0e7577602E=02+~0.82819640E=06, 0.0 . 02
9 38,445448 ¢ %45571014E=03,~0,5119023E=-06, 0.0 . AR
A 47,518398 » 141512786E=029=14,2066643E=060 0ol ’ co2
B 34,4116312 v 445570565E=03s *0,5118949E=064040 . NE
C &3,261707 s 0,8264803E=02,~0,7782285E~06 +0.0 . H20
D 46,8564T4 » 560506993E=03,=0,3700634E=06+ 0,0 . N2
€ 50.,20491]5 ¢ 5¢278064TE=03,~0,38527)19E«064s 0o0 1 02
F 38,5124276 ¢+ 3e0262745E=034-0,22832958E=6+ 0.0 1 AR
6 S1.5035705 s B.464T2E=0] +20.8170116E«06, 040 . coe
H 34,8197332 ¢ 4:.5503522E=039=0,690273IE=069 0,0462520E«00, NE
I 45.,6983147 s 006353274E=029=0:4115987E=064 0.0 / H20
SPECIFIC HEATY Fon T > Tl

000s DATA HH3/
1 4,98615 v 0e0 s 040 0.0 ’ ]
2 S.,0648570 vob,9817071E«5, O, 71225355-030 0.0 * 0
3 641708494 0 Do60G0TIOE=3y Do4T77281E=0792].4488393E-]11 oM
6 S,909656 s 1:924SB02E=3y =0,4560416E=06, 0.392198SE=10, NO
5 5,5732319 _ s 2.0076651E=3, =0,4552845€=«069 0+I7T7T0TAE=~104 co
6 9,6700579 =64 36765056~ Zo52655955'06.'0.5547!575-09! H2
T 5.7766562 ¢ 1e5061552E=3¢y =2.,0759936€«07¢ 0.0 N2
8 S.607584 o 2+7614501E-3, -0.83381135-06- 1009568595-10' o2
9 4,96815 v 0.0 ¢ Qo0 0e0 AR
A 6.680396 + 0.5990060E~2, -1070963795-060 0-I.09910E-D9| coz

79
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FORTRAN Iv 6 LEVEL 21 COEFF DATE = 75224 13/41/03

B 4,96815 v 0,0 s+ 0.0 s 0.0 NE
€ 7.15642387 s 0,9855705€=3, 0-66“06905-06.-1.00023205-[0- 420
D 6.,5727317 v 09099083E=34+0:9596494E=07 4 040 " N2
E 7.6813079 v 4e4281745E=ky=]BTI0208E=08 , 0-0 ] 02
F 4,96R1S o 0.0 s 04,0 . . AR
G 10.8521173 v 146107530€E=3, =1,7]125528E~07, 0-0 . coz2
H 4,96815 v 0,0 v 0.0 s 0a0 ' NE
1 S.9764766 o 2+5861)179€=3¢-2.3692669E-07, 0 [+] / H20

c SENSIBLE ENTHALPY COEFFICIENTS FOR T .LE, TI,900R=]800R,

c 1800R=2700R«2700R=4000R,

0007 DATA M)/

#272,57872 v 6,2849888 v 4424B0H662E~4 4 0.0 ’ N2
0=49,925312] v 6,7005911 ¢ 4060979 1E«4 o 0.0 . 02
® 0,19368 v 4,9682152 s 0.0 s 0.0 . AR
9=291,63166413¢ 6,5377190, 28.320187€=4 ¢+ =0,3858033F=6 . co2
® 0,19368 v 4,9682152 s 0,0 v 0,0 * NE
®3156.6510897s 6.913576¢ B,1349063E=t o N0 . 20
2220451342049 6,8101302s 2.8505033E=6 4 0.0 ’ N2
$=63046330969¢ 7,38510829 2.5992293E«4 ¢ 0.0 . 02
*=,0618 v 449681418 s 0.0 v D00 . AR
$=3794,0760689¢ 11.07B4b4s S5.4166925E=4 o 040 v coe
*=,N615 v 649681418 e 0.0 » 0,0 . NE
®152,8596437, 7.1089372, 7.6785528E~4 0.0 . H20
0213061576077y 7.6123722+ 1.3657)70E=6 ’ 0.0 » N2
8=1240,9978428, 7.8B83988R, ).S5RRTRGLE=G ¢« 0.0 . ne
® «0,02)87 v 4,968127]) s 0.0 v 0,0 ’ AR
®=55137,3281389¢ 12,747913, 2.3106225E=6 0.0 . co2
* -0,02187 » 6.968127] s 0.0 . 0-0 . NE
®-1058,4935R16, 8,5657282¢ 5.0420885E-4 / H20

c ENTROPY COEFFICIENTS FOR T cLE-TlqQﬂOR-ISOORolﬁOOR-ZTOOR!

[ 2700R=4000R REVISED EQ,

o008 DATA S1/

* 139,25139 « 0,0155587 o =0.,S615997€=05 4 0,933764E=00

* 42.,269726 ¢ 1,5770590E~02+s =0,5390427E~05 , 0,8573795€-09
%31.58R135]0 11.29182R3E=02 + =5.3921089E=06, 0,9663917E=09
* 4),.7R458 ¢ 2,0A7T1316E=02¢ =0.6347125E=05 4 0.9526361E~09
& 29,5517A07 v 1e29170462E=02¢ =5.3907410E=06y 0,9659557E~09
* 37,437166 v 1,8092773E024=0+63R2909E-05 4+ 1,0748317E=09

e s 0o e v e w
[w ]
o
Y]

* 57,275024 *e=1,8300067E=02y 1.7S5982NE=05 + =0,5R]15AIPE=-04 N2
® 47,225630 v 0.7577402E=02¢y =0.R2B194E~06 ¢« 0,0 ’ 02
#36,666406R0 v 445571014E=03y ~0,511903E=06, 0.0 [ AR
* 47,518398 s 1:1512786E=02s =1,2066643E=06 ¢ 0,0 . co2
®34,6116212 v 4,5570565€-03, =0,5118948¢=064 0,0 ’ NE
* 43,261707 o 0,824648B3E=02s =0,7782205E=06 ¢+ 0,0 . H20
*® 46,B564T40 o+ S5,0506993E=03s «0,370063GE=06 ¢ 0.0 ’ N2
® 6§0.2049115 o+ 5.278044TE«03s =0.3R527]19E=06 &+ 0,0 " 02
#38.51264276 * 3.0262745E=03y =0,2P832958E«06s 0.0 . 4R
® S1.5035705 o Ro4G4T2E~03 o+ =0,6170116E-06 » 0.0 ’ co2
#34.8197332 1 445503522E-03y =0.690273E =064 0,06H52520E=09 NE
* 65.6963147 4 0.6353274E=N2y «0e4]1159BTF=06 o+ 0.0 / 420

c SPECIFIC HEAT COEFFICIENTS FOR ToLE.TI+900R=1800R,

[ 1B00R=2700R+2T00R=4000R REV,

0009 DATA CPl/

® 7.236A7810 +=1.3015396E~034+ 1.S75900RE-06s ~0,3746ASTE=09 N2
® 5,7846285 0 2426152T0E*034~-0,4580023E~06¢ 0.0 . 02
® 4,96815 o 040 s 0.0 o 0,0 » AR
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FORTRAN Iv G LEVEL 21 COEFF DATE s 75224 137641703
® §,13131629 ¢ 08363827E«02¢~0+3088999E=05, 0,4493104E=-09 . co2
L '0.96815 L] °uu . 0-0 [ ] 0.0 ] "!
® 7,5682768 o 6,2R15697€E=04s 0.7157T717E06,s «1,3495489E=~10 M20
& 5,.776A562 s 145061552E=03¢=2.0759936E=07y 0,0 . N2
® 5,60758400 ¢ 2,7614501E=03,-0,8888113E-06, 1,095485%9=10 [ o2
L 6.968[5 [} 0.0 1] °lo ] 0.0 [ ] ‘R
® 6,6803960 v 0,5990N60€E=N24=1.7096379E=06, 0,18099)10E~00 . co2
* 4,96815 s 040 s 0.0 s 0.0 . NE
® 7.,15643R7 v 0,9855705E«03, 0.464069€C=06¢+1,0002320€-10 . H20
® §,5727317 s N9NP0BIE=034=0,9596494E=0Ty 0.0 ’ Ng
® 7,6813079 o 44028)245E=044]1.873B20RE=08s 0,0 ] o2
* 4,96R15 e 0.0 * 0.0 s 0,0 . AR
8 J0,8521173 ¢ L1¢6107S30E=039=1,.T125528E=0Ts 0,0 ’ co2
® 4,96815 e 0,0 s 0.0 e 00 » NE
* 5,9764766 2 2.586]1179E=03,=2,3692660E«07, 0,0 / W20
C G1BBS FREE ENERGY.

0010 DATA MHC/
1 5:3150524E4064=15,6253583 +=0.9767035E=-03 0.5610584E-07 , L]
2 6,0670223E0064=21,8518477 4=0.9782325E=03y 0.5614114E=07 , 0
3 1.0843812E+069=24,R213338 4+]1e61609044E=03s 0.7304T16E=07 oM
& 2.2896290E+06:=-2B8,1298227 +~=1.5979361E-03,N,A680263E~07 , NO
622,5226419E¢4041926.3636922 +21:566917TE=03s 0.845700S€E=07 o co
6 1,6415362E003:=)1.8R97838 +=1,3549595E=03y 0,5781319€-07 "2
7 1.2087000E+031=25,608266] ¢=1,5325905€=03¢ 0,B179650E-07 o N2
8 1428164A93E¢03,=27,3792772 +=)1+6271963€=034 0.8783605E-07 02
9=9,260840AE+06y=2T7,9578B]) +~2.5501A16E=03s 1.3506145E=07 coz2
A=5,6574736E206s=25,0072600 o+=],8841889E=03e 0.B839907E~-07/ H20

0011 DO 1 I=1.72

o012 1 ARRAYI(]) = 0.0

0013 GO TO(10+20030+4N¢50:60,60480,90),CODE

0014 10 00 1] =140

0015 17 ARRAY(I) = HHC(]}

0016 RE TURN

0017 20 DO 21 Is),72

ool8 7?1 ARRAY(1) = HHLID)

0019 RETURN

fn020 30 DO 31 [Is).T2

0021 31 ARRAY(I) = HH2(I}

0022 RE TURN

0022 40 DO 41 [I=1,72

0024 4} ARRAY(]) = HH3(I)

0025 RETURN

0026 S0 D0 S1 I=x|,T2

0027 S] ARRAY(I) s HMA{I)

0028 RE TURN

0029 60 D0 61 1s1,72

0030 6] ARRAY(]I) = WI(D)

0031 RETURN

0032 A0 DO B) 1I=).T72

0033 Al ARRAY(I) = SI(I)

0024 RETURN

003S 9n DO 91 I=}.72

00136 91 ARRAY(1) = CPIL(I)

00217 RETURN

0038 END
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FORTRAN Iv 6 LEVEL 21 cce DATE = 75224 13/741/03

0001

FUNCTION CCC(MyN,yT)

c TEMPERATURE T IS IN DEGREES R
c N2 =141041Sy 0224204259 AR=3,30,35, C02+4440,45, NE=S,50,55
0002 GO TO(100+2009300) +M
0003 100 GO TO(14293¢445)4N
[ 3R0D VIRIAL COEFFICIENT(C)= AEDC= TR=T1=39,
0004 1 CCC = (3.5528210 =4.T253632E=02 *T1/(1,0 =&,T446BISE=03 »T)
0005 GO YO 1000
0006 ? CCCm (=4323657SRE*0]11/7(140 =0,972R086E=02 *T)
0007 GO TO 1000
0008 I CCC ={((«),07BTBILED7 #T) » 2,4336141E-06) & T «
1 0.19016416) * T + S9,879538
0009 GO TO 1000
000 4 CCC = 115,17385 =0,1338398 * T & 0,3190R38E=4 # T ¢ ¥
0011 GO TO 1000
0012 S CCC =0.0 .
0013 GO 10 1000 .
0014 200 GO TO(10020030040+50) ¢N
c T(PC/DT)
0015 10 CCC =(=30,396628E~03 *T)/(((22.,5120025E~06 *T)=9,4893630E~03)
1 #7 ¢ 1.0
0016 GO 10 1000 .
0017 20 CCCu(4,1194317E=0] 9T) /(1.0 = 0,9728086E=02 *T)
o018 GO TO 1000
0019 30 CCC=((({=3,2363502E=07 #* T) ¢ 6.,8B6T2282E=04) @ T
1 =0,19016416) * T)
0020 GO TO 1000
0021 %0 CCC = 0.]338398 # T o 0,638]6T6E=G & T & T
0022 GO TO 1000
0023 50 CCC = 040
0024 GO 10 1000
002S 300 GO TO(15425035+45:55) 4N
c Tes (DeeC/DTes)
0026 15 CCC 3 =28,8444637E=0S * T * T + 1356,8577931E=0R » T en)/
101.0=9,4B93630E=3 # T o 22,5120025E=6 = T ®7) #o0 2
0027 GO T0 t000
0028 25 CCC = (~4,0074]10SE=05 * T * T) / (1,0 «0,9728086E=02 *T}
0029 GO YO 1000
0030 35 CCC = 4,B8672282E=04 ®T oT «§,4T72T004E=07 *T o7 oy
0031 GO TO 1000
0032 45 CCC = 0,638)676E=4 ® T & T
0033 G0 TO 1000
0034 55 CCC = 0,0
0035 1000 CCC = CCC * 100.0
0036 RETURN
0037 END
FORTRAN Iv G LEVEL 21 SONV DATE = 75224 13741703
0001 SUBROUTINE SONV{WTMF,TosCPyGoA)
c TEMPERATURE T MUST BE IN DEGREES R
[ SUBROUTINE TO CALCULATE SONIC VELOCITY
0002 IF(FoEQ.0) WTM=28,9646
0003 6 = CP/{CP=(]1,987165/WTM)})
0004 X m 32,16 ® },987165 ¢ 1054,3502665/ 1.3558]179
0005 A = (ABS{(G"X*T)/WTM))®eD,S
0006 RETURN
0007 END
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FORTRAN Iv G LEVEL 21 888 DATE = 75224 13761703
ao00} FUNCTION BBB (MiNeT)
c YEMPERATURE T IS IN DEGREES R
c N2 =15100150s 0224200250 AR=3430,35, CO2=4+40+4Sy NE=5,50,55
0002 GO V0(100¢200+300) M
0003 100 GO TO{1s2¢39%95) N
Cc 2ND VIRIAL COEFFICIENT(Bl= AEDC = TR=71~139,
0004 ) B8R = ({(=0,3536783E=03 * T) - 0.5636132) ® 7 o 5,1364637E+02)
1 7 ({{=0.929679BE~05) * T = }1,7158299E=02) ® T ¢ 1,0}
0005 GO TO j000
0006 2 BBE = ({(=1+5050647E=0h *T) = 4o7667818E=01) ® T ¢ 4,2857084C02)
1 7 ({l=0,5095962E=054T)« 1,4123010E=02) & T ¢ 1,0}
0007 G0 TO 1000
0008 T BBE » ({{(=]s4860201E~08 # T) ¢0,4772262E=0) *# T =
1 0,8705351) # T o 3,B904656E+02) / ((({]1.,64973286E=10 @
2 T) ® 14179008SE=05) ® T =)44B4ST25E=02) ® T ¢ 1.0)
0009 GO TO 1000
0010 6 BBA = ((( 0e7026469E=04& * T) =S5,0336R41E-01) ® T #5,3152906E¢02)
1 Z1((=22,201B674E~08 *T) =0,6]1135B4E=02)*T +1,0)
0011 GO0 TO 1000
0012 5 BBB 2(59.425695=0.,27164987 0T1/{1.0=1.646346BE~02 *T)
0013 GO TO 1000 .
0014 200 GO TO(10+20030¢40:50) 9N
c T(D8/0T)
0015 10 BBB 2(=3,4560792E+02) /(((=0,296277646E=054T) =~1,1286423E=02)
1 LI S T )
0016 GO 10 1000
0017 20 BBR ={=3,1691728E¢021/0(({ 0,4514126E=09 *T) +0,3228332E~05)
1 8T «0.9521198E-02) ® T ¢1.0)
0018 GO YO 1000
0019 90 BBR 3{=2,7524532E+02 ¢ 6.42T3617E-02 * T) /(1.0 =
1 0,9485511E-02 *T)
0020 GO T3 1000
0021 40 BBB =2((([{ 1B8,9162693E~12 *T) =7.,8788948E~09) & T
1 ©0s9807759E=03) @ T ¢ 5,3456176) ® T)/(({(=7,1340504E=08
2 27) )1.106452E=02) ® T ¢ 1,0)%e 2)
0022 GO 10 1000
0023 50 BBB= («6,1992870E+01 + 1.8886040E-02 #7)/(1,0=1.T014989E~02 *T)
0024 GO TO 1000
0025 300 GO TO(15¢25035+45+55) sN
c Tes (Deeg/DTee)
0026 15 BBA m(6.7503388E+02) 7 ({({{1.383460BE=09 *T) =0,4815325€-05)
#Y «0,B8951382E=02) * T + 1.0}
0027 60 YO 1000
o028 25 BBB =({({{ 0,3089T13E=09 *T) =0,5888087E=05) *T +1.,093566TE=02)
1 o7 w6,962730319T =3,379699BE¢01)/7(({((0,9666770E~10
2 #7) *0.2105136€E=06) T «1,28930683E=06) * ¥
3 -1.9688162E=02) ® T ¢ 1.0)
0029 GO TO 1000
0030 95 BBE ={3,9858659E¢02 =3.425)1675E=02%T)/(1.000,6611836E=02 *T)
0031 GO TO 1000
0032 45 BBB 3({({((=50e1159356E=16"T)=67,4547667€E~13) Y
)} «l 4486201 7E=0T)* T=125,9326564E-05) * T
2 +11¢8074171)8T8T) /(({(«7,13405040E-08 *T)
3 *1s106452E=02) ¢ T ¢ 1,0) ®*& &)
0033 GO YO 1000
0034 S5 BBBe{1,5652079E«02-3,1378493E-02 #T)/(1,0=1.8918656E~02 *T)
0035 1000 RETURN
0036 END
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w oWy B g

- 0

XM
XN

n

SUBSCRIPTS

NOMENCLATURE

(See Eq. (19))

Coefficients for equations

(See Eq. (20))

Second virial coefficient, cm3/mole

Third virial coefficient, em%/mole

Specific heat at constant pressure, Btu/lbm-mole-°R
Specific heat at constant pressure, Btu/lbm-°R
Fuel-to-air ratio, lbmy,.;/lbmy;,

Enthalpy, Btu/lbm-mole

Enthalpy, Btu/lbm

Molecular weight, 1bm/1bm-mole

Fuel, hydrogen-to-carbon weight ratio, lbmp/lbmg
Mole fraction, moles/mole

Pressure, psia

Gas constant

Entropy, Btu/lbm-mole°R

Entropy, Btu/lbm°R

Temperature, °R

Specific volume, cm3

Number of hydrogen atoms in a mole of hydrogen fuel

Number of carbon atoms in a mole of hydrocarbon
fuel

Efficiency

Pressure in atmospheres
Base temperature

Equilibrium
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Value where the effects of chemical dissociation are
first considered -

Constituent

Property coefficients
Pressure
Temperature, °R

Universal
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