@ https://ntrs.nasa.gov/search.jsp?R=19770020403 2020-03-22T09:45:46+00:00Z

General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



"~ (NASA-CR-135179) PREDICTION OF
HYDRODYNAHICS LND CHEMNISTRY OF CONFINED H@ I'/“‘)w MF ﬁ{){
TURBULENT HETHANE-AIR PLANES UITH ATTENTION
TO FORHATION OF OXIDES OF NITROGEN Unclas
(Conbustion, Heat and Hass Transfer Ltd.) G3/34 35518

N7F-27387

NASA CR-135179
“ CHAM 951/2

NASA

PREDICTION OF HYDRODYNAMICS AND CHEMISTRY
OF CONFINED TURBULENT METHANE - AIR FLAMES
WITH ATTENTION TO FORMATION OF OXIDES

| OF NITROGEN |

by S. Elghobashi, D. B. Spalding and S. K. Srivatsa

' COMBUSTION, HEAT AND MASS TRANSFER LIMITED

prepared for

5]

NATIONAL AERONAUTICS AND SPACE ADMINISTRATIQN

- NASA Lewis Research Center
* Contract NAS 3-18940

/




1. Aeport No. 2. Government Accession No.,

CR ~ 135179

3. Recipient's Cataleg Ne.

4. Title and Subtitle

PREDICTION OF HYDRODYNAMICS AND CIEMISTRY OF
CONFINED TURBULENT METHANE-AIR FLAMES WITH ATTENTION

5. Acport Date
JUNE 1977

6. Perlormming Qrganization Code

TO FORMATION OF OXILES OF NITROGEN
7. Autharfs) T
S. Elghobashi, D.B. Spalding & 8. K. Srivatsa

8. Performing Organization Aeport No.
CHAM 951/2

9. Performing Organization Name and Address
Combustion, Heat and Mass Transfer Limited,
Bakery House, 40 High Street, Wimbledon,
London 8SW19 SAU, England,

10, Work Unit No,

1%, Contract or Grant No,
NAS3-18840

12, Sponsoring Agency Nams and Address

National Aeronautics and Space Administration,
~ NASA~Lewis Research Center, Cleveland, Ohio.

13, Type of Report and Pericd Covered
Contractor Report
6/75 - 9/76

14. Sponsoring Agency Code

15, Supplementary Notes
Project Manager, A.Jd. Juhasz,

Power Generation and Storage Division, NASA-lewis Research Center,Cleveland,Chio.

16, Abstract

A formulation of the governing partial differential equations for fluid flow
and reacting chemical species in a tubulaxr combustor is presented.

A numerical procedure for the solution of the governing differential equations
is described and models for chemical-equilibrium and chemical-<kinetics

calculations are presented.
characterise the hydrocarbon reactions.

to prediet the concentrations of the oxides of nitrogen,

The chemical-equilibrium model is used to
The chemical~kinetics model 1is used

The combustor

considered consists of a cylindrical duct of varying cross-section with
concentric streams of gaseous fuel and air entering the duct a:i one end.

Four sample cases with specified inlet and boundary conditions are considered

and the results are discussed.

172. Key Words {Suggested by Auther{s}}
Combustion '
nitriec oxides
pollutants

18, Distribution Statemant

Unclassified - Unlimited

20. Security Classif. {of this paga}
Unclassified

18, Security Classif, {of this report)
Unclassified

21. No. of Pages 22, Prics”

278

* For sale by the National Technical Information Service, Springfield, Virginia 22161

WASA-C-168 (Rov. 10-75)




1.

1.1
1.2
1.3
1.4

2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10

3.1
3.2
3.3
3.4
3.5
3.6
3.7

4.1
4.2
4.3
4.4
4.5

TABLE OF CONTENTS

INTRODUCTION
Purpose of the report

Layout of the report
The problem considered
Connexions with previous work

PHYSTICAL, AND MATHEMATICAL ANALYSIS
Introduction

Physical models

Governing differential equations.
Upstream conditions

Boundary conditions.

Downstream conditions.

Auxiliary relations.

The chemical-equilibrium model
Treatment of chemical kinetics.

The influence of recirculation on transvort
properties

THE NUMERICAL SOLUTION PROCEDURE
Introduction

The grid and its numbering

The finite-difference equations

Solution of the finite-difference equations
Solution of the chemical-equilibrium equations
Solution of the chemical-kinetics equations
Solution of the auxiliary equations

FURTHER FEATURES OF THE CALCULATION PROCEDURE

The treatment of the wall boundary

The calculation of the pressure gradient
The calculation of radii

The longitudinal TDMA

The iterative procedure to determine fuel
concentration. '

Page

[ TS

W OO 0 b e

I
PP

23
23
23
256
&4
35
40.
42

43
43
43
45
a7
50



10.

e
[ —

The one-dimensional calculation procedure

THERMODYNAMIC AND ELEMENT DATA
Element data
Thermodynamic data

KINETICS DATA

RESULTS AND DISCUSSIONS
Introduction

One-dimensional calculations
Grid-dependency tests
Results and discussions of test cases

CONCLUDING REMARKS

REFERENCES

NOMENCLATURE

APPENDIX A - ORGANISATICN OF THE NASCO COMPUTER PROGRAM

Introduction

Program structure

The user-oriented subroutines, BLOCK DATA, MAIN,
and OUTPUT

The physical-model subroutines, PHYS and WALL
The chemical-model subroutines, CHEM, SPECE, and
CALC

The computational subroutines, COMP, START, and
PLOTS '

- The thermochemical property subroutines, CREKO

and HCPS

(ii)

57
57
857

59
60

60
60

62
67

88
90

99

99
99
102

115
121

128

137



Page

APPENDIX B - LISTING OF THE NASCC COMPUTER PROGRAM 144
APPENDIX C - GLOSSARY OF FORTRAN VARIABLES 204
APPENDIX D - A PARTIAL LISTING OF THE OUTPUT FROM 245

THE NASCO PROGRAM

(iii)




1.

1.1

1.

2

INTRODUCTION

Purpose of the Beport

The purpose of this report is to present an analysis of the
hydrodynamics and the chemical reaction in a duct which is

a greatly scaled up and simplified model of a typical flow
passage in a porous material surface combustor. The geometry
considered is a cylindrical duct of varying cross-section
and hence the analysis should be valid for any tubular
combustor passage whose radius can be expressed as a
parabolic function of axial position.

The analysis involves the mathematical formulation of the
flow in terms of partial differential and some auxiliary
algebraic equations. Subsequently these equations are

cast in their finite-difference form for obtaining

numerical solutions., The solution procedure is incorporated
in a computer program to produce profiles of velocity,
temperature, and species concentrations throughout the
combustor.

This report provides details of the formulation and
solution procedure as also the results of some sample cases,

Layout of the Report

The remainder of this report is divided into ten chapters.
Chapter 2 is concerned with the mathematical formulation

and physical models eﬁployed in the solution procedure.
Chapter 3 details the numerical solution procedure, and
Chapter 4 some further features of the calculation
procedure. Thermodynamic and element data are discussed in
Chapter 5, and kinetics data in Chapter 6. Results and
discussions are provided in Chapter 7 and Chapter 8 provides
some concluding remarks. Chapters 9 and 10 include
references and nomenclature. Appendices A and B contain the

descrintion and the listing of the computer program.
1



The Problem Considered

The problem involves the development of a general-purpose
computer program for the realistic prediction of the
hydrodynamics and chemical reaction in a tubular combustor;
special attention being given to pollutant (NOX) formation
and flame stability.

The combustor geometry considered in this study consists of

a2 duct of circular cross-section (Fig. 1), the radius of which
varies along the length. Two concentric streams, one of
rpaseous fuel, and the other of air, enter the duct at one

end. On entering the duct, the fuel and air mix together, and
the fuel starts burning in the region. Oxides of nitrogen and
other conbistiod products are formed as a result of the chemnical reaction.

The flow is two-dimensional, axisymmetric, steady and
turbulent, with axial diffusion.

Connexions with Previous Work

The method of solution employed is based on an already
existing computer program, GENMIX (Ref, 1). 1In the published
form of the program, the axial diffusion term is not vprovided,
and only one-dimensional storage of the dependent variables
is used, i.e. the problems considered are truly parabolic.

In the present work, the GENMIX program has been extended

to account for the effects of axial diffusion, and

provision is made for repeated marching, since the problem

is no longer truly parabolic. The present work has also
involved the inclusion of the appropriate chemical-
equilibrium and kinetics-calculation schemes.
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2. PHYSICAL AND MATHEMATICAL ANALYSIS

2.1 Introduction

This Chapter describes the mathematical and physical basis
of the problem considered. The physical modelling of
properties and processes is discussed in Section 2.2.
Section 2.3 outlines the conservation equations for momentum,
stagnation enthalpy, and chemical species. TUpstream, boundary,
and downstream conditions are considered in Sections 2.4,
2.5, and 2.6 respectively. Auxiliary equations for mixture
properties and flux calculations are dealt with in Section
2.7. Section 2.8 describes the chemical-equilibrium model,
and Section 2.9 the chemical-kinetics model. Finally, the
influence of recirculation on the transport properties is
discussed in Section 2.10.

2.2 Physical Models

The conservation equations cutlined in the next section are
based on a physical model which involves certain assumptions
regarding properﬁies and processes; these are now described.

2.2.1 Processes

(1) Axial derivatives for conduction, diffusion, and
momentum transport are included in the conservation
equations.

(ii) The chemistry incorporated into the computer code is
as follows:

(1) A single-step reaction for hydrocarbon oxidation
according to:

1 kg ¢ fuel + s kg of oxygen + (1 + s)kg products
(1)



where s is a fixed stoichiometric ratio, and the
rate of the reaction is governed by the Arrhenius
relation:

Cg_C3z Cy
T Mo Moy €XP (—C5/T)

Rate = Cl
where Cl’ 02,———-—05, are constants, T is the
absolute temperature, and Mg, and Myx 21e the

concentrations of fuel and oxygen respectively.

(2) The products of the above idealized reaction are
assumed to consist of the species: CO, coz, HZO’
O, H, H
appropriate to equilibrium stoichiometric adiabatic

9 and OH, in such proportions as are

combustion at the prevailing pressure and enthalpy.
These proportions are represented as algebraic
functions of pressure and enthalpy; the constants

in these functions being determined from inter-
polations in equilibrium computations, made external
and prior to the main computer code.

(3) Oxides of nitrogen are calculated by reference to
the kinetically-controlled reactions involving the
species NZ’ 02, O, H, and OH. The scheme consists
of nine reactions including the Zeldovich mechanism,
as shown in Section 2.9.

2.2.2 Properties

Transport-property assumptions are such as to allow a
composite property g_(smfu - mox/S) to characterise the
composition of the gas-mixture with respect to the products

of combustion resulting from the main hydrocarbon oxidation
reaction. The quantity & obeys a source-free conservation
equation, and its transport cpefficient is a function of
position alone. This means that £ is:influenced by convection
and diffusion alone; and underlying its definition is the



assumption that the transport properties of oxidant and
fuel are everywhere equal.

Governing Differential Equations

The dependent variables are the u-velocity, mixture fraction

f, mass fraction of unburnt fuel Mooy stagnation enthalpy h

and the mass fractions of the species involved in the NOX-
reactions (i.e. NO, NOZ’ N, and NZO)' As mentioned earlier

in Section 2.2.1, the concentrations of the species CO, COé,

HZO, 0, H, HZ’ and OH are determined by a chemical-equilibrium
analysis, subsequent to the solution of the governing differential
equations for f and me.,

The differential equations which govern the fliluid flow for
steady, two-dimensional axisymmetric flow are written™ in the
x-0 (Von-Mises) coordinates as:

x~direction momentum equation™®*:
au 9 2 9ul i ] ] 9u
3% = 3¢ (¥7 oun 5p) + oo - 2o (n 5] (3)

Conservation equation for species j:

om . 1 am

3 3 Jy
e e ax Ty )t Sy 4)

where Sj is the mass rate of creation of species j by
chemical reaction.

Symbols are explalned in the nomencla*ure (Chapter 10)

**In the equations presented here and later in the report
g and T are the effective transport coefficients; the

- subscript 'eff' is however largsa ly omitted for the sake
“of convenlence R : i S
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Conservation equation for stagnation enthalpy h:

AV A"} n
3h _ 38 .2 oh N oh
% = oo (TURuTy 5 * oy iy (T 50}
2 5 ,ul
2 2 3 (u 1 |9 {(u-Ta)==(C )ﬂ (5)
* aw{(u-Fﬁ) ¥ pu 57 (2 )P o+ 7u 5% h'3x g

where the last two terms on the right-hand side represent
"kinetic heating', i.e. the effect on the enthalpy flux of
the viscous stresses.

Conservation equation for mixture fraction f:

- .9 2 af 1 8
Y] (r” pu Ty aw) * pu {ax

wfrh

3 of
3 (Ty 22} (8)

where the mixture fraction f is defined as
- _ _ %
£2 (E8-E) /[ (Epy = Eoy) (7)

General form of governing differential equations:

Equations (3 - 6) may be written in a general form as:

ad _ ] ad
T oag ey rate ‘8

=i=N te: =
ote: on = (-m

ox)inle.'/S and E.’fi’!.l= (mfu)

inlet,
where L is the oxygen mass fraction in the incoming oxidant

stream and m, ~is the fuel mass fraction in the incoming fuel

 stream.

roy



where

L=
{1

any one of the dependent variables

and ¢, d, e are defined as:

c = rz pu T¢ (9)

d = S¢/pu (10)
=1 (3 9¢

e = pu {Bx P¢ ax)} (1)

Introduction of a non-dimensional stream function
w(swwa)* as the independent variable gives the general

form of the governing equations as:

3¢
dw

Q2
R

) +d + e (12)

|

_ 2
T dw (e

Q2|
b

where ¢ is now defined as:

T
¢ = w_d) (13)
g

and the definitions of d and e are as before.

Upstream Conditions

Integration proceeds from left to right on Fig. 1. The
upstream conditions, therefore, are prescribed in the form
of values of the dependent variables along the radius at

x = 0. The velocities of the incoming air and fuel streams
(Fig.1l) are uniform and counstant, and equal to vao and Vfo
respectively. The size c¢f ‘he fuel jet is determined by

the overall equivalence ratio ¢.

*w refers to the value of the stream function ¢ at the duct wall
wﬁich forms the E (external or outer) boundary of the calculation
domain. The value of y at the axis of symmetry which forms the
I (internal or inner) boundary is set to zero by definition.



2.5

2.6

2.7.1

Boundary Conditions

The duct is made of three distinct sections. The radius of
the wall at each section is described by an equation of the
form:

= 2 s
Bwi = Ai + Bi (x—xi) + Ci (x-xi) (; = 1,2,3) _ (14)

The wall temperatures are prescribed for each sectlon of the
duct by an equation of the form:

- 2 s =
Ty; = Dy *+ By (%-%;) + F; (x-x,) (i = 1,2,3) (15)

The other boundary is provided by the symmetry axis, through
which there is no filux of any quantity at all.

Downstream Conditions

The downstream condition is assumed to be that of zero
gradient at the.duct exit for all the dependent variables:
i.e., ' '

d

=3

|

= 0 at the exit, . (16)

Q
v

where ¢ = any dependent variable.

Auxiliary Relations

In this section some auxiliary relations, and the assumptions
associated with their use, are introduced. These relations

are used for the calculation of fluxes and certain properties.

Flux laws

Implicit in the differential equations given in Section 2.3

are the flux laws for the transport of momentum, mass and
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heat. These laws will now be summarised, for laminar and
turbulent flows.

(a) Laminar transport properties:

(1) Viscosity: Newton's law of viscosity for momentum
transfer, relating the shear stress T to the local
velocity gradient, through the laminar viscosity,
U, can be expressed for simple flows as:

T = u(du/a3y) (17)

The evaluation of laminar viscosity for the present
problem is now discussed. In general, the gas
mixture at any point is composed of unburnt fuel,
oxygen, nitrogen, and combustion products. In

the calculation of viscosity, the last two are
treated as identical in properties. The proportions
of the components are supposed to influence the
laminar mixture viscositﬁ in proportion to their
mass fractions in the local mixture. The viscosity
of each of the components is assumed to increase

as the one~half power of the absolute temperature.

Thus,
uj = pjo T%, j = £u, ox, products (18)
and — - I
Vs wture = b3 mj uj, i=fu, ox, products (19)
J

Any other temperature function can be employed,
and also any expressionc-connecting the mixture
viscosity to the composition and individual
species wviscosities.

S S

[ -



b A ben i et APt bt L AT e

(ii)

(iii)

Diffusion coefficient: Fick's law of diffusion

for mass transfer, relating the diffusion mass
flux Jj, to the concentration gradient, through
the exchange coefficient, rj, has the form:

Jj = —Pj (amj/ay), for the species J (20)

The diffusion coefficient Pj is obtained from
the definition of Schmidt number. Thus,

r, = u/Se, (21)

It has been assumed in the solution procedure
that the Schmidt numbers for fuel and oxygen
(and all the other species) are equal to each
other, and also uniform throughout the flow
field.

Thermal conductivity: Fourier's law of heat

conduction, relating the heat flux Q to the
temperature gradient, through the exchange
coefficient, Fﬁ, can be written as:

Q = -Ty e(dT/3y) (22)

where ¢ stands for the constant-pressure specific
heat of the local gas mixture.

In the present analysis, 'y is obtained from a
knowledge of the mixture viscosity u and the
laminar Prandtl number:

Ty = u/Pry | (23)

h

11
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(o)

In general, the laminar Prandtl number (or the
exchange coefficient 'y itself) can, if desired,
be specified as any arbitrary function of
temperature and composition; this will make Pg
depend upon temperature and composition in a way
different from u.

Turbulent transport properties:

For a realistic modelling of the flow, the effect of
turbulence has to be included whenever appropriate.

The scope of the present contract does not permit the
treatment of turbulence by means of a sophisticated model.
Instead 2 simple zero-equation model of turbulence,

which gives a realistic distribution of the effective
viscosity with radial distance, is employed.

(i) Viscosity: The turbulent shear stresses are linked
to the local velocity gradient through a laminar-

like stress—strain law:

au
Hegs | 3y | (24)
The turbulent viscosity Haff is obtained from an
empirical distribution of the turbulent shear stress
as a function of the radial distance from the wall.
The variation of the non-dimensional viscosity
ueff/(ﬁﬁrsé) wizh distancevfrom the wall is as

shown in Fig. 2. It should be noted that
ueff/(ﬁﬁrsﬁ) increases linearly with distance from
the duct wall and attains its maximum value at

y/r = 0.15 whereafter it is assumed to remain

constant at this value across the duct.
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The skin-friction coefficient S is given by:

S = 0.0225 (Pur/u,)"* (25)
where 1PY is the laminar viscosity.

The flow is approximately one-dimensional except
for a small region near the wall extending from
y/r = 0 to y/r = 0.15. This is reflected in

Fig. 2 as a constant value of Hapt for the central

region of the duct.

(ii) Diffusion coefficient and thermal conductivity:

The effective diffusion coefficients for the
transfer of mass and energy are obtained from
the definitions of Schmidt and Prandtl numbers
respectively.

/Sc

Thus, for mass transfer, T (286)

eff = Meff

and for heat transfer, T .o = U ;o/PT cp (27)

eff’

2.7.2 Temperature of the mixture

14

The temperature of the mixture, T, at a given point in the
flow field, is obtained from known local values of the
stagnation enthalpy ﬁ, the velocity u, and the composition of
the mixture as follows:

N NS
h - 3% u = m, h. (28)
j=1 d J :

where the species enthalpy hj is obtained by the method
described in Section 5.2 on thermodynamic data.



2.7.3 The ideal-gas equation of state

For a given temperature, the pressure and the density are
assumed to be related through the ideal gas-equation

p = — ' ' (22)

where W the mean molecular weight of the gas mixture is
given by

. NS .

¥ o= 1/ (my/Wy) (30)

1=
o

2.8 The Chemical-Eguilibrium Model

2.8.1 Introduction

The chemistry involved in the hydrocarbon-oxidation process
(Sec. 2.2.1) will now be described. The oxidation reaction

is assumed to be a single-step one and results in some product
species., These species are in chemical equilibrium at the
prevailing pressure and enthalpy. Their concentrations are
obtained from a model which is based on the minimization of
Gibbs free energy. The method has been described by Gordon
and McBride (Ref. 2).

2.8.2 Bpecies considered

The equilibrium products of combustion are considered to
consist of the following species: CO, 002, HZO’ 0, OH, Hz,
and OH, together with unburnt O, and CH4, and.Nz. The last -
of these is assumed to be inert in the equilibrium reactions*.

* ' ' .
N, is of course not inert in the NO_-formation reactions;
but these will be treated separately (Sec.2.9).

15



2.8.3 Equations of chemical-equilibrium

16

.8.4

The chemical-equilibrium equations to obtain the
concentrations of the equilibrium-product-species have been
discussed in detail in Ref. 2. Here the basis of their
derivation will be only briefly described. The condition of
chemical equilibrium is the minimization of Gibbs free energy
subject to the following constraints: (a) mass balance

for the elements present in the system; (b) specified enthalpy;
and (c) specified pressure. Since the resulting equations

are not all linear, they have to be solved by an iterative
procedure. The numerical method of solution of these equations
is described in Section 3.5. Here the basic steps for
obtaining the chemical-equilibrium composition are considered.

Procedure for obtaining chemical-equilibrium compositions

The basic steps for obtaining the concentrations oif the
species CO, 002, H, HZ’ HZO’ 0, and QH are:

® The sfagnation enthalpy, ﬁ, the mixture fraction, £, and
the mass fraction ot unburnt fuel, Me,» are obtained
from the solution of the respective partial differential
equations (5, 6, and 4).

© The mass fraction of unburnt oxygen, m is obtained

ox?
from:

m = (mfu - )s {31)

OoX 1 - §

where fét is the stoichiometric value of £. Should
the value of m, be less than zero, during the
iterative solution, it is set equal to zero (or a
small quantity for programming convenience),



The mass fraction of the equilibrium-product-species

m

pr? is given by:

my = (£-mp) (1+8) | (32)

The mass fraction of nitrogen, m o’ is given by:

my, = 1My - my - M - 3w B

where the summation is carried out over the species N,
NO, N02, and NZO which are determined throuph rate-
controlled reactions.

The enthalpy of the equilibrium-product-species, hpr’
is then: ' '

1Y 2
= A -~ 12 - h.m. 3
hpr { ju § JmJ} /mpr | (34)

where the summation is over all species other than the
equilibrium-product-species (CO, COZ’ H, H2’ H20, 0, and
OH).

For a given value of enthalpy (hpr) and pressure, the
equilibrium-product-species concentrations for stoich-
iometric adiabatic combustion are obtained by means of

interpolations using polynomial fits® in accordance with

the method described in Section 3.5.4. These concentrations

are then multiplied by a factor so thaf they add tO'mPr,
i.e.

Mag * mco2 + my +'mH20 + my + Mg = rnpr (35)

*' . : . . . o _‘ . )
The determination of the polynomial coefficients is
done external and prior to the main computer code.

17




2.9

2.9.1

2.9.2

18

- At this stage, the mass fractions of all species except
the pollutant-species N, NO, NO,, and N20 have been
determined. 8Since the latter are present in small amounts,
the values of these from the previous iterative sweep
are used, and the temperature of the mixture obtained as
per Section 3.7.

o The next step is the determination of the mass fractions
of the pollutant species N, NO, NO,, and Nzo. This is

considered in the following section.

Treatment of Chemical-Kinetics

Introduction

Oxides of nitrogen are formed during the course of combustion
reactions involving air as oxidant. These species are
considered separately from the equilibrium species since their
formation is governed by much slower kinetically-contrelled
reactions. The determination of the concentrations of these
pollutant species involves a treatment of chemical-kinetics.
This is discussed in the following sub-sections.

Species and reactions

The chemistry involved in the formation of nitrogen oxides
will now be described. The model employed incorporates one of
the simplest and most widely used mechanisms for calculations
involving nitric oxide formation, namely the Zeldovich.
mechanism: | .

1. Ny +0%NO +N T . (36)

5 * N$¥NC+O (37)



2,

2.

" their contribution towards the formation of nitric oxide is

3

j has been given in Section 2.3 (equation 4). Attention is now

'The'30urce Sj of species J is the_mass rate of creation of

In addition to the above two reactions, the following reactions
with the species N2, 02, 0, H, and OH may be involved in the
formation of the oxides of nitrogen, and are considered in

the present work:

3., N+OHXNO +H (38)
4. H + N0 % OH + N, | | (39)
5. N,0 + 0 % NO + NO (40) ?
6. NgO + MI N, +0 + M | (41) :
7. M+ N+ 0% M+ NO (42)
8. MO, + O 5 NO + 0, : (43)
9. NO, + M £ 0 +NO + M ‘ (44)

The choice of these reactions is based on a study of
published literature (e.g. Ref. 5). Although some of these
reactions have large rate constants, they usually involve
species which are present in very small concentrations; hence

often small compared to that of reactions (1) and (2).
Under fuel-rich conditions, reaction (3) may be significant.

The chemical-kinetics equations

The chemical-kinetics equations have been discussed in detail
in Ref. 3. These equations are used to determine the concen-
trations of the pollutant species. Here the equations will be
only briefly described. The conservation equation for species

centred on the source-term in this equation. °

species j by chemical reaction and is given b&:



byl

i 1 1" *
8. = cs = Ole . . — R .
] §=1 (a5 =~ a;4) (By —_3) (48)
The forward rate, Rj of reaction j, is given by the

Arrhenius expression:

T

- aj NS (a'y .=a" )
Ry = 1085 = N3 exp(-T, ¢4/T) (pop) }ﬂl(pﬂk) k3T k3

(46)

The backward rate, R_j of reaction j, is given by a similar
expression.

In the calculation of rates of production of N, NO, N02, and
N20 by means of the above equations, the concentrations of

the other species (which have already been determined by a
chemical-equilibrium analysis) are assumed to remain unchanged.
The justification for this assumption is that these species
are mainly produced by reactions which are considerably faster
than those involving NOx production; therefore, the amounts

of these species consumed (or produced) by the NOx - reactions
are negligible. The numerical method of solution of the
species-conservation equation (4) is presented in Section 3.6.

2.9.4 Procedure for obtainihg chemical-kinetics compositions

The steps for obtaining the concentrations of the species
N, NO, NO,, and-Nzo, are: ' S

* o : o L R
See Nomenclature for explanation of symbols,

20
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e The variables u, ﬁ, Moy Mogo and the mass fractions of
the chemical-equilibrium products are first obtained
(Section 2.8.4).

® The species-conservation equations are solved to obtain

the mass fractions of N, NO, Noz, and N20.

o The mass fraction of nitrogen, My ,is adjusted so that all
the species mass fractions add to unity:

mN2 = 1 —§ mj, j = 1,N8 except for NZ‘ (47)

The Influence of Recirculation on Transport Properties

In the diverging section of the duct, there is in reality

a zone of recirculation,‘of extent depending on the angle
of divergence. The effect of recirculation is to augment
the turbulent transport properties, and to provide
additional convective transport. This results in increased
heat and mass transfer from the reaction zone to the
relatively cold unburnt mixture, thus aiding flame stabilization.

The present solution procedure however, was not designed to
handle flow reversals. Therefore the effect of recirculation
has to be artificially simulated if the flow is to be correctly
modelled. This is done by multiplying the calculated transport
coefficient by an arbitrary factor. It is found that a factor
of 100 results in the turbulent diffusivities being of the same
order of magnitude as in a truly recirculating flow. The
resulting flame thickness is also of a magnitude as would be
expected under such circumstances (Private communication from
A, J. Juhész, NASA Lewis Research Center, Cleveland, Ohio).

A more satisfactory procedure would be to include a feature
permitting the computation of the extent and effects of the

21
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recirculation. However,
the present contract.

this feature was not called for in



3.2

3.2.1

THE NUMERICAL SOLUTION PROCEDURE

Introduction

The numerical procedure employed to solve the set of partial
differential equations that govern the flow and combusﬁion
in the system considered is of the repeated-marching-
integration type. If longitudinal diffusion were neglected,
downstream effects would not be allowed to propagate upstream,
and the solution could be obtained by marching through the
integration domain (from the upsitream to the downstream end)
only once, In this problem, because of the importance of
longitudinal diffusion, it is not possible to obtain the
solution in one sweep: repeated marching is required, and
also two-dimensional storage for the dependent variables

(u, ﬁ, mj).

The Grid and its Numbering

The cross-stream arrangement

The values of the £luid properties are calculated on a grid
of which the nodes lie at constant values of the longitudinal
distance x and the non-dimensional stream function w.

Fig. 3 shows how the w coordinate stretches from the value 0
at the I boundary (the symmetry axis) to the value 1 at the

E boundary, the wall of the duct. Between w=0 and w=1l lie

N - 2 "grid points', i.e. arbitrarily chosen locations at
which the ¢ values are computed; these are indicated by eo's

~along the base of Fig. 3, through which pass vertical full

lines. N is the total number of w nodes, including the
boundary values 0 and 1.

Halfway between adjacent pairs of grid points in the range
2 to (N-1) are drawn vertical broken lines, dividiﬁg the
whole w range into (N-1) intervals. -The value of any’
dependent variable ¢ is supposed to be uniform within the
interval; the fact is illustrated by the step-like

N 23
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3.3

3.3.1

¢p-distribution of Fig. 3; the horizontals stretch from one
broken line tc the next.

The ¢'s in these intervals are distihguished by subscripts:
¢2, ¢3"'¢i—1’ ¢i, ¢i+1"'¢N-2,¢N—1. The boundary values
are ¢1 and ¢N; and they may alsco be referred to as ¢I and

¢E respectively.

The longitudinal dimensions

The grid is a two-dimensional one; thus, corresponding to
the w-array, there is also an x-array. The value of Ax,

the inerement in x, can be varied at will. As is usual

in numerical work, small values of AxXx increase accuracy, but
also computer time and storage. The risght choice always
represents a compromise,

The Finite-Difference Equations

Motive and method

A five-node finite-difference relation will now be derived
connecting the value of a dependent variable ¢i D at a
downstream node i, with those of:- (a) its two neighbors

at the same x-value, ¢i—1 D and ¢ (b) its upstream
3

i+1,D’

- (i.e. previous -X) neighbor ¢i u’ and (c) its downsiream

neighbor ¢i D* This is to be a linear formula of the form:

o ' ' - i - ' R I )
D; 3 p= 8 9549,p "By ¢354 p* By 0 uptF b pp tG (48)

1

. [ T
where'Ai:'Bi,
expressions for which are derived by integration of the

~ete.,, will be treated as constants, the

differential equation (12) over a control volume surrounding

the node where ¢i D prevails, There will be an equation like

(48) with individual coefficients, for each grid point, other

than those on the boundaries, and for each of the dependent
L. L "

variables, u, h;-mfug_and £.
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In equation (48), the ¢ values at the upstream (U) station
can be regarded as known. The ¢ values at the DD station

are regarded as temporarily known, either from the results of
a previous iteration, or from an initial 'guess' or estimate.
It is therefore useful to comblne the last three terms on the
right-hand side into one, thus:

1 1 V
C; = By &3 g+ F; ¢ pp* G (49)

The result is an equation which focusses all the attention
on the unknown ¢'s namely:

T t '

Dy ¢35 pF Ay by i+1,D *By by 1pt Gy | (50)

It is now necessary 10 obtain expressions from which A

Bi, C; and D can be evaluated, by integrating the
differentlal equation for ¢ over an appropriate control

volume.

Integration over a control volume

_for_ i é 2 :. mi_%

Now the integration of the differential equation for ¢,
namely equation (12), over a control volume will be
considered. Fig. 4 illustrates the control volume and its
neighboring one which must be considered. First, some
general remarks are made about the locations of the control
volume faces. The two control volumes near the boundaries
differ from all the others in that, if the lower edge is
denoted by i-% and the upper by i+%: |

(51)

il
(=]

for i = N-1 : mi+% =1 (52)
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whereas for all the other control-volume boundaries the
appropriate formulae are:
wi_% = 3 (“’i—l 4 wi) (53) i
Wieg = 8 (0y 4wy ) (54)

With these definitions, it follows that the sum of all the
control-volume "heights" equals that of the whole grid;
thus:

N-1
i=2
Thus, if conservation is satisfied for each of the individual

control volumes, it will surely'also be satisfied for the
flow domain.

For an individual control volume, integration of equation (12)

yields, with subscripts U, D and M standing for "upstream",
"downstream', and "intermediate":

it

-glg r. (b = by) dw - Term (i},
153 . | j .
_ g . ' 5 ' o . e
= {(cﬁg)if% - (CE%)iH% } M Term (ii),
i+d : ' '
T dodely Term (iii),
R e CoeEeoL o T



+{ 1 e.dw }y Term (iv). (56)

It is now necessary to employ the ¢ - profile assumption of
Fig. 3 and to introduce further assumptions permitting

evaluation of the gradients and other terms 1n equatlon (56)
s0 as to arrive at expressions for A . B s C , and D of

eguation (50).

(a) The x-direction convection flux, term (i)

Evaluation of term (i) in equation (56) is perfectly
straightforward; the profile assumption implies:

¢i,D - ¢1 U

éx

(1) = «

)(mi-l-% - wi_i) (57)

(b) The w-direction diffusion flux, term (ii)

The diffusive term (ii) in equation (56) can first be
rewritten with the aid of the definition of ¢, eqguation
(13). There resultis:

3 _ 1 2
(c=) = == (rl' <) (58)
W44y Vg ? $ 9443, o
and
Y NS SR 7Y " | '
(o5, , = B Ty 3 (59)

i-3,D.

where the following relations between w and r have been
- used:
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§w = rpudr /wE (60)

and

rp (61)

B
ar 1

ot

|

9,
2w

=

B

At this point, some simple presumtions are introduced
about the values of ¢, and of the ¢ gradients, at the
control volume boundaries. These are:

O143,p = ¥ (84 * 05.40p | (62)
oy = O | '
(%%) = (CTixl *i)D (63)

143 .D (T541 - ri)U

with similar eﬁpressions for the (i-1) location®.

Then term (ii) bhecomes:

(11) = AT,y (6544 = 03)p = Ty _3(65 - 45 4)p}" (64)
Here the definitions have been introduced :

Ty 2 Ty /(g - Ty | (65)

*Modifications will be needed.for the cell boundaries at
w=0 and at w=1l (Section 3.3.5)




(e)

(d)

Tig = (FTiy 1 (g -1y gy (66)

The source of ¢, term (iii)

Term (iii) in equation (56) represents the effect of
sources of ¢ within the control volume, per unit
increment of x. 1In conformity with the foregoing
preference for downstream values,.dM will be taken as
a function of ¢i,D; moreover, although sources are
non-linear functions of ¢ in general, a linear form will
be adopted, by way of the definition:

(i11) = dy plug, - w5 ,) = 5; + S, . (67)

1
Obviously, Si and Si must be chosen so that as the step

shortens and ¢i D tends to ¢i‘U the known'upstream
4 ]

source term is recovered;

thus:

o

t . .
Otherwise Si and Si are chosen so as to promote
physical realism.

The x-direction diffusive flux, term (iv)

The x-directipn:diffusive'term (iv) in equation (56)
can be written as: '
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]
- = (T ) dw
pu i-3 0x 0! Bx

(iv)

) {¢1,DD - ¢i p
-3 ] -

= (w - W, T
i+% i o $,D
XD-D XD )
_%p oty )
Xp - Xy 9, pudx
_ | i,DD %i .y 1
T Wy - ey ) {P¢,D(XDD-XD) + F¢,U(§5:§E)} T
r r
- _ ¢,D .U 1 (69)
d’:1.,D {(w1+% mié%) Xnp Xp * Xy - XU} pudx

Thus the axial diffusion term may beiwrltten as an
1
appropriately linearised source term S + Si ¢i D?
2

where:

s, = Cird Yi-gyy fipp roosdnu } (70)
i - pudx Xppy =~ Xy $,D Xp - Xy ¢,U
] (m-+ w. r I, .. .

s, =-{d% - a-3) {‘9p . Typ-y (71)
* pudx *pp = Xp  Xp - Xy

Therefore the linearised parts S and S will include
the contributions given by equatlons (70) and (71)

' respectlvely, in addition to the usual source term

given by equation (68).



3.3.3 The finite-difference equation

3.3.4

It is now possible to derive from the expressions for terms
t 1 t
(i) to(iv) a set of definitions of terms Ai, Bi’ Css and
.
D

of the finite-difference equation (50). They are:

i
Ay = Ty | | (72)
B; = Tiog - | | (73)
c; = V(6 _ w_y) b3 /8% + 8; | (74)
Dy = Ay o+ By b dplug, - g g) /6% - 8 (75)

These coefficients can be evaluated from quantities which
are known at the upstream station, and from the guantities
¢i,DD which are as yet unknown. For this reason the
technique of repeated marching or successive sweeps
described in the next section is used.

The technique of repeated marching

The term Si of equation (74) involves the values of ¢ at a
section downstream of the‘D section, i.e. ¢i,DD' For the
purpose of solving equation (50) these ¢ values are regarded
as temporarily known, either from the results of a previous
iteration, or from an initial 'guess'. TFor this reason, the
solution procedure requires several integration sweeps to
obtain a converged solution; at each sweep, the values of
¢i,DD from the previous sweep are used. Finally, when the
changes in the values of the dependent variables from one
sweep to the next one are within a specified tolerance limit,
the solution is assumed to have converged. '

33



3.3.5 Special featu¥e relating to transfer across the E and I

34

houndaries

There is a'special feature about the diffusive transfer across
control-volume sides which lie along the E and I boundaries.
(FPig, 4). This is that the terms Ti in equations (72) and
(73) must be given a special definition to account for the
facts that:

@ at the symmetry (I} boundary, the ¢-gradients are zero;

e at the wall (E) boundary, sharp variations of transport
properties may render equations (65) and (66) inaccurate,
unless special care is taken to insert an appropriate F¢;

() special effects, such as kinetic heating or chemical
reaction, sometimes make the diffusive flux proportional

not to ¢ - ¢, but to some other difference.
NM N

To account for these, the following definitions are adopted:

at I = NMlz Ti+Jé = Ty = (rJ¢)E/(¢NM1-+6¢E - ¢N) (76)

diffusive flux of ¢.

where J¢

The T's and §¢'s are set equal to zero at the axis of
symmetry (I=2).

The expression for TE has been derived in Ref. 1.
Chapter 6) and is not reproduced here.

Solution of the Finite-Difference Equations

The equations which have to be solved for the unknown ¢'s
(i.e. equation (50)) are of a form which enables the solution
to be obtained using the well-known tri-diagonal matrix



3.5
3.5.1

algorithm (TDMA). Details of this method may be found,
for example in Ref, 1.

Solution of the Chemical-«Equilibrium Equations

Solution procedure

The chemical-equilibrium equations were discussed in

Section 2.8. They are solved by the procedure given in

Ref. 2. The salient features of this technique are described
next.

The Newton-Raphson iteration method is used to solve the
equilibrium equations. The correction variables are (NLM + 2)
in number, where NLM is the ﬁumber of distinct elements in the
system being considered (there are three in the present case,
i.e. C, 0, and H). The corresponding correction equations

are obtained after appropriate linearization as follows.

(a) The correction equations for the conservation of
elements are expressed in terms of the non-dimensionalized
Lagrange multipliers, Ty as:

NLM NSE 1 I NSE I
igl (kil ALy ajkck) Ts +(k£1 ajkak)A1ogcm
NSE L hk NSE i g
+ { kil 815k (ET)} AlogT = z ajkck(ﬁT)’J=1’NLM (77)

k=1

(b) The correction equation for the reciprocal of the

mixture molecular weight, Om is:
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NL¥ NSE | NSE
SNtk e L E ok - O} paogs
NSE by NSE NSE g,

(c¢) The correction equation for temperature is based on an
enthalpy balance condition (i.e., enthalpy of the
products is specified) and is:

NSE h

L k k
Ok (ET)}Alogom

NLM  NSE h
LU 2 ey op (gplmy L

1

NSE C NSE h, o
IS (—B%) + L% (5"

AlogT

h NSE by NSE by &
=®r "2, % P T % (RP (D) (79)

where hpr is the enthalpy (sensible & chemical) of the
equilibrium-products and is obtained from equation (34).

The correction equations (77), (78), (79) involve the
unknowns TS (i=1, NLM), Alogom, and AlogT. They are solved
by a standard Gaussian elimination procedure. The correction
matrix will become singular at the solution point when the
coefficient of Alogom in equation (78) is identiecally zero.
This potential singularity is avoided by a single interchange
between the row involving the zero coefficient of Alogom

and any other row (in practice, the row with the largest
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coefficient of Alogam is selected). All other diagonal
elements are positive and do not require special treatment.

'The new values of the variables are then obtained as:

| By Bl L} '
Alogo, = (gF) AlogT - (g7) + Alogoy + T af} w; k=1,NSE
i=1 !
(80)
1ogoi(k+1)= 1ogoi(k)+ n(Alogai)(k), i=1, NSE (81)
1ogcm(k+1) = logcm(k) + n(Alogom)(k) (82)
1ogT (B*D) o 10e7(®) 4 patogm)(E) (83)

where the superscripts indicate the iteration number, and

n is an under-relaxation parameter (0<ngl). The determination

of n and the convergence criterion are discussed in
Section 3.5.3.

Initial estimate of species mole-numbers and temperature

The initial estimafe of the species mole-numbers is based on
complete stoichiometric combustion. Thus if % and y are
the number of kg-atoms of carbon and hydrogen respectively,
per kg of mixture, the initial estimate is given by:

X | | - (84)

g = y/2 (85)
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All other mole numbers are set equal to a small number
6

1077,
The initial estimate for temperature is obtained from an
adiabatic enthalpy balance for the assumed composition and

the given mixture enthalpy. The procedure is the same as
that described in Section 3.7.

Inder-relaxation and convergence criterion

The self-adjusting under-relaxation parameter n similar to

that of Ref. 2 is used here. This parameter is determined at

each iteration from:

n = minimum of (1, ny, ny) (86)

where Ny and ng are quantities which are defined below.

8

n

(a) For T, o,, and species with (o;/o) >10" " and
Alogci>0, ny is defined as:
_ 0.2 | (87)

1 = max ([AlogT[, [8Iogo [, [Alogo, )

This causes the correction of the variables T, G and

o. to be scaled so that none of the variables is increased

i
by more than a factor of 1.22 (=exp(0.2)) on any one

iterationf This is different from the definition of
N4 in Ref 2, which permits maximum increases by a
factor of upto 7.32 (=exp(2)) on any one iteration.

8

(b) TFor species with (oi/cm)<10' and Alogo,>0, ng is

defined as:

e g Y,
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log (107%) - log (o /0,)

(88)

ng =
Alogci - Alogom

This scales all the corrections so that the species
with o; initially less than 107" increase to no more

than 10”2,

A convergence criterion similar to that recommended in
Ref.2 is used. This is:

g.

(=) | alogo,| «1.0x107°0, i=1,NSE (89)
m

and
|Alogo, | <1.0x107 10 (90)

3.5.4 Poiynomial fits for equilibrium—-product-species concentrations

The equilibrium compositions are represented in terms of
polynomials of enthalpy at different pressures., The

polynomial coefficients are determined in computations external
and prior to the main computer code. The steps for obtaining
these polynomials are now described.

The equilibrium compositions are computed by the method of
Section 3.5.1 for several values of enthalpy at different
pressures., At each pressure, the logarithm of the
equiiibrium-speCieS mass fraction is represented as a
polynomial of enthalpy. There are two distinct‘polynomialé
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(one over each of two ranges of enthalpy), both of third
order, for each of the species and for each pressure
considered. The logarithm of the species mass fraction is
used since the variation in mass fraction over the enthalpy
range is a few orders of magnitude (for species like 0, H,

OH etc.). In the main code, when the equilibrium composition
is required for a particular enthalpy and pressure, the
polynomials are used to calculate the species mass fractions

at the given enthalpy and two successive pressures P, and

1
P2 adjoining the given pressure P (i.e. P1<P<P2). The
mass fractions at the pressures P1 and P2 are then interpolated

to give the values at pressure P,

Solution of the Chemical-Kinetics Equations

Solution procedure

The chemical-kineties equations were discussed in Section 2.9,
They are sclved by the procedure described in Ref.3; it will
be only briefly described here.

The procedure involves & point-by-point simultaneous
solution of all the pollutant cbncentrations (i.e. N, NO,
NOz, and NZO). The line-by-line procedure which is used
to solve Ffor other dependent variables (u, ﬁ, £, and mfu)

is not suitable for the solution of the chemical-kinetics
equations. The reason is that the concentration of any
pollutant species at a point depends more strongly on the
concentrations of the other pollutant species at the same
point rather than its own concentration at neighboring
points. The line-by-line procedure would, under such
conditions, require an excessively large number of iterations
to achieve convergence (e.g. Ref., 4).

The Newton-Raphson method is used to solve the chemical-
kinetics equations. The correction_eQuations.for_the

‘species mole numbers are expréssed, after appropriate
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linearization as:

NSK M
- 8. 5 o= ol )(R. 0. =R . oar.) Alc
kil {Apolﬁlk + . (“13 alJ)(RJ Oy R_J akJ) Alogck}
N B" 1 1" . . .
= Ap(og#-0;) - I (ajj-oys) (R;-R_J), i=1, NSK (91)

J=1

Equations (91) involve the unknowns Alogok (k=1,N8K).

The equations are solved by a standard Gaussian elimination
procedure. All the diagonal element s of the cbrrection matrix
are positive, so that no matrix conditioning is necessary.

The new values of the variables are then obtained as:

logoy, (1) = 10p0, )+ n(atogo ), i=1,msk (92)

where the superscripts indicate the iteration number and
n is an under-relaxation parameter (0<ngl). The determination
of n, and the convergence criterion, are discussed below.

Initial estimate of the mole numbers of pollutant species

The initial estimate is obtained by setting the concentrations
of the pollutant species at any grid node equal to those at
the corresponding upstream node. For the very first set of
cross—-stream points, the initial estimates of the concentrations

-15 -20

are set to a small number, 10 " to 10 . This procedure is

‘_ followed when sweeping'through the integration domain for the
first time. For subsequent sweeps, the values at the

particular-grid'ﬁode from the‘previous-sWéep-ére used as the
initial estimates for the solution of the correction
equations (91).
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7

The sélf—adjusting under-relaxation parameter of Ref. 2

is used without modification (see also Section 3.5.3).

The solution at any grid node is assumed to have converged
when the concentrations of the Nox—species remain within

a certain value from one iteration to the next.

Solution of the Auxiliary Equations

The auxiliary equations were discussed in Section 2.7. Of
these only the equations dealing with the temperature of

the mixture require an iterative solution procedure; the
other equations involve straightforward algebraic expressions.

The temperature equation.(zs) is solved by the Newton-
Rephson iteration method. The Newton~-Raphson correction
equation for temperature is:

- .h. = C T . T
h E; th‘j (T ) ( E 03 ( k) mJ) A k
j=1 =1
Tk+1 = Tk + ATk (94)
' where_Tk = the.temperature at_the_ktp iteration
hj(Tk) = the enthalpy of species j at temperature Ty
CpJ(Tk) = the cdnstant pressure specific'heat of spécies

J at temperature Tk (see Section 5.2).

Convergence is monitored by computing lATk/Tk+1| at each

1terat10n, and, when 1ts value falls below a prespe01f1ed
11m1t the 1terat10n is termlnated
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FURTHER FEATURES OF THE CALCULATION PROCEDURE

The Treatment of the Wall Boundary

The treatment of wall boundaries has been discussed in
Ref. 1, to which the reader is referred for details.
The essential features may be summed up as:

(a) Near the wall, the relation between pu and w is not
linear as in other regions of the flow field; this
is accounted for by modifying the punvw relation for the
near-wall region. |

(b) Steep variations in transport properiies occur in
the near-wall region; this is accounted for by using

appropriate values of the F¢'s in this region.

The Caleulation of Pressure Gfadient

The problem

In order to solve the x~direction momentum equation, values
must be ascribed to the pressure gradient, dp/dx. The
pressure gradient must be such as to make the flow £it the
cross—-sectional area of the duct at the given downstream
section. The procedure involves making an informed guess
of the pressure gfadient followed by a comparison of the
downstream area of the calculated flow with that available

‘in the duct. A correction is then made to the velocity

which diminishes the discrepancy of the areas.

The solution adopted

The cross-stream area A,,, oI the flow bounded by the
‘streamlines wl'and $p, 1s given hiy:

Ayg = .1I2_(.pu)."_-1d¢-_ o | | o (95)_
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Therefore, if the sensitivity of this area to pressure
is to be determined, the right-hand side requires to be
differentiated with respect to pressure. Thus:

dA

12 2 —2( LR L 1 (96)

Now the variation of u with p can be estimated by noting
that, if the sheér stresses are supposed to be uninfluenced
by the pressure change, the x-direction momentum equation
(3) leads to:

dn _ 1

dp ~ pu | (97)

This equation can now be substituted into equatiqn (96),
together with introduction of the gas-law relation for
isentropic compression:

2
_d‘_p. =] _1. .E = i ' .
® "7 5 - 2 | | (98)
in which M stands for the Mach number.
" The result is: o
dA 2 .. | | | o .
Sl12 1 T e : RE

This relation is employed, first to calculate the
pressure gradient needed at the beginning of a forward step

"and second,  to provide.a.pressure adjustment at the end of

the step so as to ensure a close it of the f1ow area to
the actual duct area.



4.2.3 Pine adjustments of the pressure gradient

4.3
4.3.1

Fine adjustments of the pressure gradient are required
to avoid the calculation of negative velocities when a
large adverse pressure gradient is estimated,

This is achieved if the pressure gradient is adjusted to

2 .
be no greater than (opu min)/Ax,‘Nhere a£0.5 and W.in 1S the
minimum u-veloecity at the cross-stream plane upstream of

that under consideration.

Similarly, during the adjustment of pressure and vélocity
to match the flow area with the duct area, the adgustment
is made in steps so that at no step is the change in

pressure greater than (Bpuzmln) where R< 0.5. '

The Calculation of Radii

Formula for r

From the definition of w as:

o = Vg o | o (100

- the following relation isiobtained:__f

r | rE

w = [ roeudr/S rpudr o o (101)
and g rdr = IIJE (.f)‘ e dw .' : 7' | : : : (102)

A quantity I is now defined as: .

w, | |
PR b o e
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2

2
therefore, % = I (104)

ie. r = (20} (105)

which gives an expression for the radius. The integral
I has. to be evaluated in terms of the grid-point values

of p, u, and w. This will nov be considered for two regions.

Bvaluations of I for central regions of the grid

For 2 g 1igN-2,

i+l - i - f@i+1 1
Vg B, (PW) Tdw
kR
. -1 1 u c : :
= + . s + —— ¢

i+1°Ty- Thus the
radii may all be calculated once To is known. This will be

Equation (106) permits the evaluation of r,

' discussed next, along with the modification necessary in the

evaluation of rN"erl’

Distance evaluations for edge regions

ry is computed according to the following relation:

ry = by wy/Gi{(pw)y + (pw)yH (107)

Ty is obtained from:

TN - rNM1 = wE (1—NNM1)/(BPE(0u)NM1)‘ . - 7(108):




coefficient. TFor details of the above two equations,
the reader is advised to refer to Ref. 1 (Chapter 7).

where BpE is evaluated from the stream-function

4.4, The Longitudinal Tri-Diaconal Matrix Algoiithm (LTDMA)

4.4,1 Definition and Capability

The LTDMA is an implicit numerical procedure which
determines dependent variable values for all nodes at a
longitudinal station at a time by solving a set of tri-~
diagonal equations for each station at each iteration
step. The LTDMA overcomes the drawbacks of standard
iteration procedures which involve:using initial values
(or values from the previous iteration) of dependent

- variables at the transverse seetion downstream of the
seétion:currently béing solved for; this restricts'the
propagation of downstream influences in the upstream
direction to only one finite-difference cell feor every
iterative sweep. Thus with a fine grid it will require
a very iarge number of iterations for downstream effects
to propagate upstream and convergence rates will be slow.

4.4.2 Tunction of the LTDMA-

The function of the LIDMA is the adjustment of the average
¢ at each longitudinal (x-) section. This adjustment is
done between each forward step, by solutlon of an equatlon

of the form:
H 1 ' :
L. = o, 6. + b, . + e, o 109
_dJ ¢J_ 2 ?J+1 b3 bg1 vy (109)

T
where ¢ is the said adjustment, and j denotes the x-station.

The adgustment ¢ is to be added to every o] at'thE'x—station.
)

, b, c ,and d

4.4.3 Derlvatlon of the coefflclents a

| These coefficients are. derlved in terms of the flnlte—'x
' dlfference coefflclents which are belng computed ‘during the
course of the normal solutlon procedure, addltlonal

-comnutatlon is thus mlnlmlzed :
47
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Let & denote the finite-difference solution before application
of the LTDMA, and ¢ that after its application. Then,

@ = b+ ¢ (110)

The equation satisfied by ¢ is of the form:

1 ’ t ’ C L . . . .
Dig %437 A45 %uan,3 T Biy %a-1,3 F Biy %51

T

4+ F.. & + G, .
13 i,j+ b By

(111)*

where the subscript i refers to the radial direction and j
to the longltudlnal direction., There is an equatlon of the
above form for each internal node (i,j).

The coefficient G J -includes the part of the llnearlsed
source term S without the axial diffusion contrlhutlon
The contrlbutlon of the axial diffusion to S is 1ncluded

1]

_in D.. as usual.

T
_ Coefficients_Eij and . F -are given by:

g o Yinp "V Paey Vi Tés goa (1129
ij o 8x : pusx - Xy = Xyq _ :

e, = Yt~ Vi Tds,g (113)
ij pudx Xj+1 - Xj

The derlvatlon of the finite-difference coefflclents A ;
B ,’C , and D', has been discussed in Section 3 3. These

~ coefficients are stored one—dimensionally as A; B!, C!

and Dl but are represented by two subscripts here %or %he
sake of clarity.

e e e e



The solutioh $ after application of the LTDMA satisfies
the equation: -

1 1

1
= . . o+ , .. .k . . .
Dij %13 Ai:i ¢:H_-l,J Big%i-1,3 Ela %,5-1 ¢ -
' ' ' (114) |
R + . .
Fi5%1,541 ¥ iy | |
at each internal node (i,J). ‘
Summation over cross-stream points leads to: !
L} ] T ) t T T ]
D) - . = B..) = &, L F.. . LR, .
¢ j = (Dij AiJ BJ.J) ¢J+1 (1 FlJ) * ¢J—1(i ElJ)
.(‘l ] 1 El ]
oGy Ry %, T Biy %ioay T By %,g-1 t Fag %5 ;
' . }
Y 'y beo. ' 116
L@ . = D . + L@ . 4- .
or, djé; By0541 F P3P0 * Cy (116) |
1] _ 1 1 T 1 ‘
.._where dj =z ?L(D:.Lj - Aij - ij) (1 '.?). -
1 - ]
73 % (118)
L] _ El
by = IBig (119)
.I _ L] ] 1 1
o5 = IGiy * Ai5%a1,5 T Pigfiory Y Fig %454
L
t @O 1
*Fi5 0% 541 7 Dig %) (120)
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1
The term c‘j is zero for all j except the ones immediately

upstream and downstream of the x-station just solved for
{(by the transverse TDMA of Section 3.4).

Thus c; = 0 (121)

except at sections (j-1) and (j+1) where:

c. = L F. .. (8, - 07, 122
j-1 P i Oy 1’ (122)

Equation (116) is solved by the standard TDMA procedure.

The Tterative Procedure to Determine Fuel Concentration

In the determination of the mass fraction of unburnt fuel,
the source of fuel is appropriately linearised; this is done
as follows (Ref. 1, Chapter 8).

The source of fuel is pgiven by:

= 2 -
Sfu PD mfu mOX exp (-E/RT) (124)

1 m is linearise :
where the term Me, Mox S a d as

ES
_ mfu,U Tox Pfu.b mfu,U Mox
m m = - 2 + m (125)
fu “ox Mew ¥ ™ My b - m fu,D
J : Meu, U fu,b



Here the following definitions have been used:

(1]

D

refers to upstream values (already solved for);

113

refers to downstream values (currently being solved

for). .
The mass fraction of fuel Mes b when combustion is complete

(i.e. when either all the oxygen or all the fuel has been
consumed) is given by:

Ip - gt
mfu,b = 0 if —f—_'-f:t'é 0.01‘ if fD K fS'['. | (128)
£f. - £ f. - £ -
D st . D st .
= if ———= > 0 or if £, > £ __(127)
1 - fst 1 - fst D st

(Note: The mixture fraction fD at the downstream station

D is known at this stage, since the f-equation is solved
before the mfu-equation).

fst = Stoichiometric value of the mixture fraction

The mass fraction of oxygen m* used in equation (125)

_ ox
is given by:

* £

Mox = (mfu,U -

D~ Tot
i- fst

)s (128)

In the solution procedure, the upstream (U) values are used
only when sweeping through the integration domain for the first
time; on subsequent sweeps, the values from the previous sweep
are used instend.

When large forward-step sizes (AXx) are taken, the use of
upstream values will result in a loss of accuracy. As a
result, an iterative procedure is adopted. When tre downstream

value is obtained, it is used to re-calculate the Source term;

51



4,

6

4.6.1

4.

4

52

6.

.8,

2

3

and a new value is thereby obtained. This iteration is carried

out until the calculated values do not differ from one

iteration to another within a prespecified tolerance limit.
The temperature of the gas mixture is also recomputed at
each such iteration, as described in Section 3.7.

The One-Dimensional Calculation Procedure

Purpose of one-dimensional calculations

The purpose of the one-dimensional calculations is to obtain
a good initial estimate of the solution before starting the
two-dimensional calculations.

Method

The one-dimensional solution is obtained by an iterative
procedure involving applications of the TDMA in the ‘
longitudinal direction. Once satisfactory convergence is
obtained, the solution is inspected; if it is found
plausible, the cross-stream (two-dimensional) effects are
introduced. The solution procedure thus achieves rapid
convergence. '

Finite~difference form of the equations solved

Only two dependent variables are solved for: the stagnation
enthalpy ﬁ, and the mass fraction of unburnt fuel, My
The mixture fraction f is constant with respect to the

longitudinal distance in a one-dimensional situation.

The finite-difference equation to be solved is:

U5 T P%ae T Pylyar t O | | (129)

value of dependent variable (B or mfu)
at section j. : : (130)

where o,
¢J



w

1

m

it

T, %y

§x (xj+1 - xj)

o, 5-1 23-1

ox (xj - Xj~1)

term involving sources and wall fluxes

(after linearization)

.
+ b, - 8.
23 i7"

duct area at section J

4,.6.4 Upstream conditions

Inlet conditions at j=1 are specified as follows.

(131)

(132)

(133)

(134)

(135)

The mass

fraction of unburnt fuel is assigned a value corresponding

to the specified overall equivalence ratic, ¢. -
i=1,
. = 1
fu 1+5/(0.232¢)
m. = Zn
ax ¢ fu
My, =017 Mey T Moy

Thus at

(136)

(137)

(138)
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The stagnation enthalpy is assipgned a value (at j=1) whieh
is the average of the fuel and air enthalpies at inlet
weighted by their respective flow rates.

Boundary conditions

There is no flux of fuel at the wall, For the stagnation
enthalpy, the diffusive flux Jﬁ to the wall is given by_an
empirical relation of the form: '

v

J = 0.0015 pur (i“lj - X (139)

ﬁ. wall)

J

This is incorporated into the finite-difference equation
by augmenting the coefficients cj and dj:

- o
c cj + 0.0015 pur hwall (140)

J
d; = d; +0.0015 pur o (141)

Downstream conditions

A condition of zero gradient (for both ﬁ and mfu) at the
exit plane is employed.

Transport properties

Transport properties are evaluated as described in Sections
2.7 and 2.10.

Thermodynamic properties

A simplified treatment of the thermodynamic properties is
presented for the one-dimensional ecalculations.



4.6.

(a2a) The specific heat at constant pressure C 3 is _
represented as a linear function of temperature for each
species j; and the mixture specific heat Cp,mix is

obtained by averaging with respect to the mass fractions

of the species.

Cp,mix = Amix * Bmi# T : ‘(142)
Amix T 84T | | (143)
Buix = 3B3™ (144)
Co,3 = A3 *ByT (145)

" (b) TFor given stagnation enthalpy ﬁ and composition, the

temperature of the mixture is obtained from:

ho= X =(A . +B ._T)T (146)

- Hfu Meu mix mix

Chemistry

" The chemistry is represented by a simple chemical reaction:

CH, + 20, » CO

4

5 + 2H_O (147)

2 2

The mass fractions of the species are given by:

T - £ _ ,
m = (m - —————§E) s, or zero if this isnegative. (148)
0 fu 1 - £
2 st . . , .
. 44 |

mCO2 = 16 (f - mfu) | (148)
m _ 36 o

Hzp = 5 (f.— mfu) _ : | (150)
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“my o o (151)

m = 1 -m - m - m
N T fu 02 CO2 9

Initial guess

For Section 1 of the duet (Fig. 1), the initial guess
corresponds to the unburnt conditions; and, for Section 3,
the fully-burnt conditions. For Section 2, an exponential
variation is employed.



THERMODYNAMIC AND ELEMENT DATA

Element Data

The following information is required to describe the set

of elements which make up the chemical species present in
the system:

e the element symbol (e.g. C, O, H, and N); .

° the corresponding atomic weight.

Thermodynanmic Data

The thermodynamic data for constant pressure specifec heat,
enthalpy, and the entropy at one atmoéphere for the chemiCal.
species are the same as those used in Ref. 2. These
properties are expressed as polynomials in temperature:-

C
P _ 2 ., m3 4 |
B = By + BT + 210w 7,10 4 g7 (152)
h | 7,1 Zst - 24T3 25T4 Zg -
RT -~ A1ttty ti -ttty (153)
2 3 4 -
o 2.7 % T 2. T
s° 3 4 5 (154)
T = leog‘T + ZaT 4 -+ 5 + +Z7

2 2

There are thus seven coefficients Zl....Z7 for each one
of the chemical species for eaph one of two temperature
ranges, 300°K to 1000°K, and 1000°K to 5000°K.

" The énthélpy equation (153) includes both the sensible

enthalpy and the standard-state enthalpy of formation.
The entropy_so includes the low-temperature eanthalpy of .
formation as also the chemical and sensible contributions.
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The entropy s at any arbitrary pressure is given by:

s = s°- RTlog (p/Po)

where PO = gtandard atmospheric pressure.

(155)



KINETICS DATA

The following information is required to specify the
‘chemical kinetics of the system considered:

e +the set of elementary reactions making up the
- assumed chemical-kinetic mechanism;

* the Arrhenuis constants for each elementary reaction.

In the present study, only reactions of the following types

are considered:

A+B~+C+D ~, MODE=1 (156)
AB + M+ A+ B+ M - , MODE=2 - (157)

A +B+M-+AB + M , MODE=3 (158)

The forward reaction rate constant is expressed as:

. - B. :
_ J : -_ ) . . I .
k 3 = Aj T exp (_Tactj/T)’ for reaction j (159)

The Arrhenius constants Aj, Bj,_and TactjAare sgpplled fo:

each one of the reactions considered.

‘The reverse reaction rate constant may either be directly
specified as above, or it may be calculated from a knowledge
of the forward rate constant and the equilibrium constant:

=

‘ » £3 _
k. | = (160)
. T bhj ch. B o - - . o .
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RESULTS AND DISCUSSIONS

Introduction

In this Chapter, results are presented for:

(i) one~dimensional calculations;

(ii) grid-dependency tests; and,

(iii) four sample cases, specified by NASA Lewis Research
Center.

These are now individually discussed below.

One—Dimeﬁsional Calculations

One-dimensional calculations were carried out in accordance
with the method described in Section 4.6. These calculations
are useful in obtaining preliminary results and for qualitative
comparisons; they also involve considerably less computational
times than a full two-dimensional calculation.

The problem-specification for the one-dimensional calculations
is as for Test Case 1 (Tables 1, 2, 3, and 4 at the end of

this Chapter).

The influence of pre-exponential factor on flame position

The pre-exponential factor of the hydrocarbon oxidation
reaction (factor C1 of equation (2)) was varied to test its
influance on the position of the flame in the duct. An
approximate value of this factor was first obtained from
Spalding's centroid rule based on one-dimensional flame
theory (Ref. 6), and it was then varied in the neighborhood
of this value. | '

Figure 5 shows the axial temperature distribution for
three different values of this fuctor. Thus a higher value
of the pre~exponential factor causes the flame to move
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Flg 5. The dependence of flame position on the

preexponentlal factor P for the hydrocarbon
oxidation reaction.
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upstream and vice versa. The behaviour is as expected since
the onset of chemical reaction is earlier in the duct the
higher the value of the pre-exponential factor. A value

of 0.003 was chosen for the results described in the
following Secilons.

Grid-Dependency Tests

Computations were performed with several different lateral
and axial grid distributions to study the grid-dependency
of the solution. All these computations were performed for
the specifications of Test Case 1 (Tables 1, 2, and 3).
Since the main region of interest is the diverging section
of the duct wherein the fiame exists, the number of
longitudinal grid nodes in this section only was varied in
these computations. A uniform axial grid distribution in
the diverging section was used for all these runs. The
lateral grid had five points, non-uniformly distributed.

Figures 6, 7, and 8 show the results of the grid-dependency
tests for two-dimensional computations., In Figure 6 are
shown the axial temperature distributions along the duct
centerline for different numbers of longitudinal grid nodes.
Figures 7 and 8 show the influence of changing the number
of lateral grid nodes.

The solution is clearly grid-dependent with respect to the
axial grid, ©No general conclusion can be drawn about the
influence of the axial grid on the flame position.

The dependence of the solution on the lateral grid is small.
This is due to the largely one-dimensional nature of the
flow.
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Fig. 6. Grid-dependency tests: effect of
longitudinal grid distribution.
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Figure 8 shows the results of one-dimensional computations
for different axial grid distributions. Here again the
solution is grid-dependent, though not as strongly as in
the corresnonding two-dimensional computations. There is
not much significant difference in the solutions with 30
and 40 grid nodes; this shows that grid-independency is

' being approached with increasing number of grid nodes.

Results and discussions of test cases

In this Section, the results of four test cases are
nresented. Tables 1, 2, and 3 summarize the geometry,

initial conditions, and temperature boundary-conditions
for the four cases.

To demonstrate the general capabilities of the solution
procedure, the results of the first test case are discussed

in detail. The results of the other three cases are discussed
in -terms of the dependence of temperature and N0-concentration
on the overall equivalence ratio which was 0.6, 0.8 and

1.0 for these cases. '

First, some computational details which are common to all

test cases are described.

Computationdl details

(i) VYariables computed:

At each grid node, 18 variables were computed. The
variables obtained from the solution of partial
differential equations were: the axial velocity u,
the stagnation enthalpy ﬁ, the mixture fraction £,
the mass fraction of unburnt fuel Mey o and the mass
fractions of the species N, NO, NO2 and NZO. The

67

™



(1)

variables obtained through the use of auxiliary
algebraic equations were: the mass fractions of the
species CO, COz, H, Hz, HZO, Na’ 0, OH, and 02, and
the temperature.

Grid used:The results of the grid-dependency tests
discussed above show that even with fine axial grid distr-
ibutions (e.g. 40 points in the diverging section of

the duet), a grid-independent two-dimensional solution
was not obtained. Therefore, to avoid unduly excessive
computational times by further axial-grid-refinement,

it was not attempted to obtain a grid-independent

solution for the test cases. The solution is not

strongly dependent on the lateral grid and grid-indepen-
dency in this difrection was achieved easily.

The grid used in all the test cases had 10 nodes in the
radial direction and 35 in the axial direction.

Twenty nodes were placed in the diverging duct section
(Section 2, Fig. 1) and the rest in Sections 1 and 3.
The distribution of the nodes was non-uniform in
Sections 1 and 3 and uniform in Section 2. The axial
distribution of the grid nodes for all the test cases
is shown in Table 4. The lateral grid distribution in
terms of the non-dimensionalized stredam function w is
shown in Table 5. The radial locations of the grid
nodes was computed by the program (as in Section 4.3)
and varied from one axial location to another.

(1ii) Convergence:

The convergence criteria adopted were:

- ® The variables u, ﬁ, £, and m.  which were solved by

a line-by-line procedure, should remain within 0.5%
of thelr local values from one iteration sweep to

S



(iv)

(V)

(vi)

(vii)

the next.

® The mass fractions of N, NO, NO2, and N0 which were
obtained by a point-by-point solution proecedure should
remain within 0.1% of their values from one iteration
to the next.

Number of iterations:

Typically, 10 to 20 integration sweeps were necessary
to obtain a converged solution for the wvariables u, ﬁ,
f and M The point-by-point solution for the mass
fractions of N, NO, NOz, and N;O0 required approximately

10 iterations at each point.

Computing time:

The computing time for one integration sweep for the
grid size employed here was approximately 8.5 seconds
on the CDC-6500 computer.

Program adaptation:

No special program adaptation was necessary for the
test cases reported here. The parameters defining

the test case were easily incorporated into the program
through appropriate Fortran variables,

Physical and chemical data:

The thermochemical data for all the species were

obtained from Ref.2. Reaction rate data are given in

Table 6.
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Results of Test Case 1

The problem specification for Test Case 1 is given in
Tables 1-5. TFigures 10-14 show in detail the results of
this test case., 8ince the diverging section of the duct
(Section 2, Fig.l) is the region where the phenomena of
interest occur, the figures show the details for this
section only.

Figure 10 shows the velocity profile at various axial
locations in the diverging section of the duct. At any
axial location (except the first one),the profile is
uniform over a large part of the duct cross-section and
decays to zero in a narrow region near the wall. The
reason for the uniformity of the velocity profile is the
relatively large value of the turbulent viscosity (refer
to Section 2.10), which causes rapid mixing of momentum.
The predicted velocity profile at entry to this section is
as would be expected in a developing turbulent flow.

If recirculation were accounted for, there would be a region
of fiow reversal near the wall. Consequently the velocities
in the central region would be larger in magnitude. The
influence of this on flame position is discussed below.

Figure 1l shows the temperature profile at various axial
locations. On entry into the diverging section, the ccld
mixture of fuel and air is heated by conduction from the hot
wall. Heat transfer within the fluid is rapid because of
the relatively large turbulent diffusivities in this section
of the duct. Ignition first occurs in a region close to

the duct wall as shown by the temperature profile at x=0.66.
Further downstream the profiles are uniform with a small
near-wall region wherein a sharp radial gradient of
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temperature exists.

Thus both the velocity and temperature profiles of Figures
10 and 11 demonstrate that the solution is essentially
one-dinmensional over a large region oi interest.

Figure 12 shows the longitudinal profiles along the duct
centerline of temperature and mass fractions of fuel and
oxygen, and the convective fuel flux across cross-stream
sections.

There is a sharp rise in temperature immediately after
entry into the diverging section of the duct. The reason
for this discontinuous behaviour of temperature is the
sudden increase in turbulent diffusivity by a factor of 100.
The rest of the temperature profile is as expected. There
is a gradual rise in temperature in the preheat zone

(x

1]

0.61-0,66),and then a rapid rise in the reaction zone
(x = 0.66-0.68). Towards the end of the diverging section
the temperature drops slightly, due to heat loss to the
duct wall (temperature 1110%K).

The flame thus exists at an axial location of approximately
x=0.66 to 0.68. The position of the flame is a function

of several parameters. With increasing mass flow rates and
velocity the flame moves downstream. Thus if recirculation
were considered, due to larger velscities in the central
region of the duct, the flame would move downstream in

this region. However, due to rapid mixing in the near-
wall recirculation region, ignition would occur close to
the wall and at a point further upstream than would be the
cese if there were no recirculation. Thus a curved flame
would exist in the duct, stretching along the duct wall



down to the centerline of the duct.

Like the temperature profile, the fuel profile also

exhibits a discontinuity on entry into the diverging
section. Due to the sudden large increase in the turbulent
diffusivity, there is a rapid mixing in the radial direction,
and hence a discontinuity in the axial profile. After this
initial mixing, the gases are fairly premixed, and the
subsequent decay of fuel concentration with longitudinal
distance is similar to the behaviour in a flat premixed
flame. The behaviour of fuel concentration is seen to be
consistent with the temperature distribution.

The convective flux of fuel, being the integral flow rate of
unburnt fuel through a given duct section, does not exhibit

any discontinuities. It gradually decays with the passage

of the gases through the flame zone, as expected.

The oxygen concentration along the centerline rises. initial-
ly due to mixing in the radial direction and subsequently
decreases as oxygen is consumed due to chemical reaction
Finally it levels off at a value which corresponds to the
excess oxygen in the oxidant stream.

Figure 13 shows the longitudinal profiles along the duct
axis of the species involved in the NOX reactions (i.e. N,

' NO, NO:, N»0, O, and OH). The temperature profile is also
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sketched in for reference

The NO concentration peaks at a point slightly downstream
of the main reaction zone (i.e. at x=0.68m). This behaviour
is as expected since the formation of NO is governed by
kinetically—controlled reactions which are much slower than
the hydrocarbon-oxidation reactions which rapidly reach the
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equilibrium state. After reaching a maximum value
of 3,29BE-7at x=0.68m., the NO mass fraction decays
slightly towards the end of the diverging sectiom of the
duct. This drop is due to the dropping temperature,

Figure 14 shows the longitudinal profiles of some of
the equilibrium-product-species. As expected, the
concentrations of the intermediate products CO,H,

and H; ( as also O and OH in Figure 13) all have a
maximum value within the main reaction zone. The
drop in the concentrations of these species from their
maximum values as one proceeds further downstream is
due to their being converted into the stabler product
species CO> and Hy0, THe final product-species CO,
and H,O0 show a continuous rise and levelling off in
the post~flame region. The formation of these two
species is consistent with the temperature rise and
fuel consumption through the flame zone,

Comparison of Test Cases 2, 3, and 4

Test Cases 2, 3, and 4 differ from each other in
respect of the overall equivalence ratio. This is
0.6, 0.8, 1.0 respectively for the three cases,

Figure 15 shows the longitudinal profiles of tempera-
ture and NO mass fraction for the three cases. The
behaviour is as expected. The maximum temperature in
the flame zone increases as the overall equivalence
ratio is increased from 0.6 (fuel-lean) to 1.0 (stoic-
hiometric), and there is an upstream movement of the
flame. Thus the onset of chemical reaction occurs
earlier in the duct for stoichiometric mixtures than
for fuel-lean mixtures, due to the faster rezaction

rates occuring under stoichiometric conditions.
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The maximum concentration of nitric oxide increases
as the equivalence ratio is increased from 0.6 (fuel-
lean) to 1.0 (stoichiometric).

The .formation of nitric oxide is influenced by the
equivalence ratio through its influence on combustion
temperatures and the availability of oxygen, as
discussed below:

(a) The combustion temperature: Since nitric oxide
is a high-~enthalpy species relative to molecular
nitrogen and oxygen, its formation is favoured
by the existence of high combustion temperatures.

(b) Availability of oxygen: The availability of
oxygen is dependent directly on the air-fuel
ratio. The formation of nitric oxide is low for
low air-fuel ratios and increases to a maximum
for mixtures having approximately 10% excess air.
as compared to stoichiometric mixtures. This
increase is due partly to the increase in the
availability of oxygen and partly to increasing
combustion temperatures. Further increases in'
the air-fuel ratio decrease the nitric oxide
formation since the lower combustion temperatures
offset the increésed availability of oxygen.

Figure 16-confirm8“phédabovg;conclusions. The
maximum nitric oxide maés'fraction increases from
3.05%10"% at 6=0.6 to 5.88x10™* at ¢=1.0. In
addition it is observed that the formation of NO
occurs mostly in the post-flame region in all the
cases. This confirms the widely observed behaviour
that the formation of NO is kinetically controlled
and lags the temperature rise.




A A A
. (m) , (m) ; (m) B2 X, (m) X (m) X, (m)
0.01 0.01 0.03 0.2 0.6 0.7 1.3
B=B=C=C=0C=x=0 for all Test Cases.
1 3 1 2 3 1
(Refer to equation (14) of Section 2.5)
Table 2, Initial conditions of Test Cases
o o
Test Va(m/s) IVf(m/s) Ta( K) Tf( K) Péaﬂn) o)
fo) (o} (o} o)
1 6 0.8 810 2904 4 0.4
2 6 0.6 810 294 4 0.6
3 6 0.6 810 2904 4 0.8
4 6 0.6 810 294 4 1.0

Table 3. Temperature boundary-condition

of Test Cases 1-4

D1c°z<:)‘ D2<°K) “3(0‘” Elc,"K/m) E2<°K/m) Ea(OK/m)
810 1110 i1i0 500 0 - 500
F1 = F2 = F3 = (0 for all Test Cases.

.

(Refer to equation (15y-0f Section 2.5)
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Table 4., Longitudinal grid distribution
for Test Cases 1-4,

I x (m)
1 0.000
2 0.100
3 0.200
4 0.300
5 0.400
6 0.500
7 0.600
3 0.605
9 0.610
10 0.615
11 0.620
12 0.625 B
13 0.630
14 0.635
15 0.6840 g
16 0.645
17 0.650
18 0.655
19 0.660
20 0.665
21 0.670
22 0.675
23 0.680
24 0.685
25 0.690
26 0.695
27 0.700
28 0.750
29 0.800
30 0.900
31 1.000
32 1.100
33 1.200
34 1.250
35 1.300 “_ﬁ
A T RS




Table 5.

Transverse grid distri-
bution for Test Cases.

Test 1 2 3 4
Cases
I w w w o
1 0 o o 0
2 2.979E-3 4,418E-3 5.826E-3 [7.203E-3
3 5.858E-3 8.837E-3 1.165E-2 |1.441EFE-2
4 8.937E-3 1.326E-2 1.748E-2 {2.161E-2
5 3.641E-2 5.400E-2 7.121E-2 |B8.803E-2
6 2.400E-1 2.400E-1 2.400E-1 |2.,400E-1
7 3.800E-1 3.800E-1 3.800E-1 |3.800E-~1
8 5.500E-1 5,500E-1 5.500E-1 |5.500E-1
9 7.500E-1 7.500E~1 7.500E-1 |7.500E~-1
10 1.000 1.000 1.000 1.000
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Table 6. Reaction rate data (in S.I. Units)

No Reaction A Tact Ref.
1 [N+NO 2 N,+0 1.500E10 0 3
2 [N+0, = NO+O 5.998E6 1. 3.172E3 3
3 OH+N =+  H+NO 5.998E8 0. 4.028E3 3
4 | H+N,0 = OH+N, 7.998E10 7.553E3 3
5 | N,0+0 7 NO+NO 1.000E11 1.500E4 3
6 N,0+M = N, +0+M 1.000E11 2.518E4 3
7 N+0+M pa NO+M 6.397E10 -0. o o
8 | NO,+0 2 NO+0, 1.000E10 3.000E2 5
9 NO,+M Z O+NO+M 1.099E13 3.300E4 5

Forward rate constant kf = ATB exp (-Tact/T)
Reverse rate constant obtained from forward rate and
equilibrium constants.

Hydrocarbon oxidation reaction rate = 0.003m exp(-18000/T)

fumox
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CONCLUDING REMARKS

The present computer program has successfully undergone some
tests, e.g., the program has been used to predict the
hydrodynamics and chemistry for four cases involving

different inlet and boundary conditions. These tests

show that the predictions are qualitatively plausible,

NDetailed experimental data are reguired to assess quantitatively
the validity of the numerical procedure and the physical
hypotheses involved.

In concluding this report, some consideration is givenh to what
further developments would be fruitful. The following
improvements may be envisaged to make the code approach more
towards physical realism.

(a) Turbulence modelling:

The present version of the code incorporates a simple
zero-equation model of turbulence. A more sophisticated
model would be the two-equation model employing the
kinetic energy of turbulence and its dissipation rate,
as the dependent variables of differential equations.

(b) Recirculation:

The inclusion of a means of calculating the recirculating
flow, if conditions should arise which give rise to it,
will be one more step towards physical realism,
Techniques to enable the treatment of recirculation with
the present stream function coordinate system are under
study (Private Communicafion from D B Spalding of CHAM
Ltd., London). Alternatively, recirculation can be
treated by a special program =ccounting for elliptic
effects in the recirculation zone. A proper treatment

of recirculation will also result in a correct prediction
of the transport properties thereby avoiding their
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(c)

(d)

augmentation by arbitrary factors as has been done
in the present program.

The treatment of recirculating flows using fully

elliptic solution procedures is an area where considerable
work has already been done at CHAM Ltd. Computer codes
(e.g., Ref. 8) based on the SIMPLE (Semi-Implicit

Method for Pressure-Linked Equations) algorithm of
Patankar and Spalding (Ref, 8) can be easily adapted to
handle the present flow situation.

Lateral momentum eguation:

In the present solution procedure, pressure has been
assumed to be uniform across the duct. The inclusion

of the lateral momentum equation allows for the pressure
to be non-uniform across the duct. Its chief advantage,
in the present context, is that it allows incipient
recirculation to be detected.

Wall temperature:

The wall temperature distribution has been specified

in the present program. The inclusion of the
calculation of wall temperature into the solution
procedure represents one step further towards physical
realism. The solution method would then involve extending
the finite-difference grid into the solid material.

When the enthalpy (temperature) equation is being solved,
account would be taken of: (i) radial conduction in the
solid material; (ii) axial conduction in the solid
material; (iii) radiative transfer along the duct;

and (iv) heat sources in the solid material.

g



(e)

Hydrocarbon-Air kineties:

The consideration of detailed hydrocarbon-air
kinetics as distinet from a simple Arrhenius
expression would shed more light on the processes
occuring at a molecular level; the formation of
nitric oxide would also be predicted more accurately.
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10, NOMENCLATURE

Symbol

L

aij

Ajs Byy Cy
t ] 1
Al’ Bi’ Gl
Aj
A .
AJ’ ~J
50 By
AP
b
B., B .
Jj’ -]
[¢1
C
c, ¢,

Meaning

Number of kg ~ atoms of element i
per kg mole of species jJ.

%
LTDWMA coefficients,

Constants in duct wall egquation.

Coefficients in the finite-difference
equations.

Duct area at section j.

Arrhenius pre-exponential factor.
Specific heat coefficients.

_ ] 1 1 |

= (Ai+Bi*Ci*Si)

Number of kg-atoms of element i
per kg of mixture,

Exponent on temperature in Arrhenius

rate expression.

Transport-property term in
differential equation.

Specific heat at constant pressure
of the mixture.

*Longitudinal Tri-Diagonal Matrix Algorithm.

20



ir 7ir T4

Meaning

Constant-pressure specific heat of
chemical species j.

Source term in differential equation.

Constants in the duct wall-temperature
equation.

Axial diffusion term in differential
equation,

Activation energy.

Mixture fraction.

Stoichiometric value of mixture fraction.

Tdeal-gas partial molal specific
Gibb's function of species j, per kg-mole,

Mass fiow rate per unit area.

Stagnation enthalpy.

Heat of combustion of fuel,.

Enthalpy of chemical species j.

Mixture enthalpy (sensible + chemical).

Integral appearing in distance
calculation.

Diffusion mass flux.

21
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Symbol

M

1t

N

NLM

NS

Meaning

Backward reaction rate constant.
Forward reaction rate constant.
Equilibrium constant.

Length.

Mass fraction of unburnt fuel,

Mass fraction of chemical species j.
Mass fraction of oxygen.

Mach number,

Number of chemical reactions.

Mole number.

NS
:f;?ij = Molecularity of forward

reaction j.

' -
As nj, but for backward reaction j.
Number of cross-stream grid nodes.
Number of elements.

Number of chemical species in the
system,



Symbol

NSE

NSK

Pr

Preff

wi

, Heat flux,

Meaning

Number of chemical species whose
concentrations are determined by a
chemical-equilibrium analysis.
Number of chemical species whose
concentrations are kinetically
determined.

Pressure.

Arrhenius pre-exponential factor.

Initial pressure.

Standard atmospheric pressure.

Laminar Prandtl number.

Effective Prandtl number.

Radius.
Universal gas constant.
Mass rate of creation of species by

forward and reverse reactions j,

respectively.

' Radial location of duct wall.

Mass of oxygen per unit mass of fuel
in stoichiometric combustion.
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ao

fo

ao

fo

Meaning

Ideal-gas specific entropy of
species jJ.

One-atmosphere value of sj.
Skin~friction coefficient.

Schmidt number.

Parts of linearised source term.
Source term of dependent variable ¢.
Temperature.

Term representing diffusive effects

in finite-~difference equations.
Activation temperature for reaction
j, i.e. activation energy divided by

the universal gas constant.

Air temperature at initial axial

position.

Fuel temperature at initial axial
position,

x-direction velocity.

"Air veloeity at initial axial position.

Fuel velocity at initial axial position.



Symbol

=

V.
J

43 (i=1,7)

Greek Symbols

T "

QI

ik
§x, 6x

_Aw

Meaning

Mean molecular weight of gas mixture.
Molecular weight of chemical species j.
Axial distance.

Number of kg-atoms of carbon per
kg-mole of hydrocarbon fuel.

Number of kg-atoms of hydrogen per
kg-mole of hydrocarbon fuel.

Coefficients in thermochemical data
equations.

Stoichiometriec coefficients of species
i in chemical reaction j, as a reactant

and as a product respectively.

Third-body stoichiometric coefficient
in reaction j.

Ratio of specific heats (Cp/CV).

Exchange coefficient for dependent
variable ¢.

Kronecker delta function.
Grid distance in x-direction.

Grid distance in ¥-direction.
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Symbol

Aw

Meaning

Grid distance in w-direction,

Under-relaxation parameter.

‘Thermal conductivity.

Effective viscosity.

Laminar viscosity.

Viscosity of chemical species j.
Constant in viscosity law for species j.
Defined as (mfu - mox/s)

Defined as (mfu)_
inlet.

Defined as —(mox)_ /s.
inlet

Lagrange multipliers in Gibbs function
minimisation equation.

Density.

Mole number of species j, kg-moles
j/kg mixture.

Average of dj over adjacent nodes,
weighted by respective finite-difference
coefficient.



Symbol

£

Subscripts

b
b

DD

a1

Meaning
Reciprocal of mean molecular weight
NS

of gas mixture = z o
i=1

3
Shear stress.

Dependeﬁt vafiable.

Bguivalence ratio.

LTDMA* correction of dependent variable.

Scolution before application of LTDMA.
Stream function.

Non-dimensional stream function.

Fﬁlly bﬁrnt.

Downstream.

Downstream of D,

E (external) boundary of the grid,

Stagnation enthalpy.

"i'th location in the grid.

* . _ _
Longitudinal Tri-Diagonal Matrix Algorithm.

o7
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Symbol

pr

wall

12

Meaning
I (internal) boundary of the grid.

Chemical species j.
Intermediate.

Products.

Grid node P,

Upstream.

Wall values.

Dependent variable ¢.
Previous iteration value.

Between streamlines 1 and 2.



A.1

A2

A 2.1

APPENDIX A

ORGANISATION OF THE NASCO* COMPUTER PROGRAM

Introduction

The organisation of the computer program will be looked at in
detail in this Appendix. Firstly the structure and the inter-
connectedness of the different éubroutines are described. The
subroutines are classified into different categories depending
on the function they serve in the program, and then each of
the subroutines is described in detail. In the course of this
description are mentioned the program changes necessary to
solve problems with different initial and boundary conditions,
and also incorporation of alternative physical modeliing for
properties. '

The present program has been derived and developed from the
GENMIX program of Spalding (Ref. 1). The reader is advised to
refer to the description of the GENMIX program for background

information.

Program Structure

Flow diagram

The structure of the computer program can be represented by
the flow diagram given on the next page.

There are 13 subroutines: BLOCK DATA, MAIN, OUTPUT, PHYS,
WALL, CHEM, SPECE, CALC, CREKO, HCPS, COMP, START and PLOTS.
The first three are of major concern to the user and they
will require at least minor modifications when a new problem

*NASCO stands for NASA Surface Combustor.
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START

14, Decide about

next iteration

1
Stop

Fig. A.1 Flow diagram of the NASCO computer program
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2.

is to be tackled. The other subroutines will in general
require no modifications., Subroutines PHYS and WALL embody
the physical processes; modifications to these are needed
only if alternative physical models are to be considered.
Subroutines CHEM, SPECE, and CALC relate to chemical-
equilibrium and kinetics calculations; these should not be
altered. BSubroutine CREKO is for the input of thermochemical
and kinetics data and subroutine HCPS for the calculation of
certain thermodynamic guantities. Finally subroutines COMP,
START and PLOTS, embody the mechanisms for solving the
finite-difference equations and plotting the results graphically;
these again should not be altered unless major extensions of
the program are envisaged.

Flow of control

Inspection of subroutine MAIN in the flow diagram reveals
that, apart from calls to subroutines CREKO, START and
COMP (ENTRY INIT, GRIDX, and GRIDOM) control proceeds from
the start to the end of Chapter 5. Chapter 6 is then
skipped. The initial part of Chapter 7 is passed through
to specify some boundary-condition information; then
Chapter 9 to complete the computation of starting wvalues.

The main computation loop is entered at Chapter 6 after
Chapter 12 has been completed. The loop 6-7-8-9-10-11-12-6
is then traversed as many times as there are forward steps.
During the course of this traverse, calls are made to
subroutines CHEM, COMP, and HCPS. Finally subroutines
OUTPUT and PLOTS are called to print and plot the results as
indicated in the flow diagram. |

The various subr tines will now be described in detail.

i01
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The userforiented sgbroutinesL‘BpOCK DATA, MAIN, and QUTPUT

BLOCX DATA

This subroutine is used for the input of some data. It
consists of seven chapters, the functions of which are
explained by their titles; these will now be briefly
described.

Chapter 1. Preliminaries

In this Chapter, identification and control parameters are
defined. Examples of these parameters are:- the maximum
number of iterations to be performed; whether to obtain
diagnostic print out or not; and so on. An inspection of
the Glossary of Fortran variables in Appendix C, will
reveal the function served by the parameters defined in
this Chapter.

Chapter 2. Grid and Geometry

In this Chapter, the user must specify the number of
transverse and longitudinal grid points and how they are
distributed. Geometrical information relating to the
radius of the duct wall is also supplied here.

Chapter 3. Dependent Variables

In this Chapter, the number of dependent variables, NF,is
specified. The indices (JH,JP, etc.) defining the location
of a variable held in two-dimensional storage in the F-array
and the indices (IDN, IDNO, etd.) defining the location of a
variable held in one-dimensional storage in the FS—array,
are also specified here. It will be cbserved that some of



the snecies concentrations are stored in hoth the F and
FS arrays; this is for programming convenience.

The array ISPEC is also defined here as follows :

ISPEC (I) = J means that the variable which occupies the
Ith storage location in the FS-array occupies the Jth
location in the F-array. If ISPEC equals zero, the corres-
ponding variable is stored conly in the FS-array.

Chapter 4. Property Data

In this Chapter, some of the properties of the fluids are
specified,. Some control parameters relating to properties
and processes are also supplied here. Polynomial coeffici-
ents AC, AH, AS, AS1l, BS1* are defined in this chapter.

Chapter 5. Starting Values

In this Chapter the velocities, temperatures, fuel - and
oxygen concentrations of the two incoming streams are
specified. The inlet pressure and the overall eguivalence
ratio are also specified here.

Chapter 6. Boundary Conditions

The parameters which define the temperature of the duct wall
are specified here.

Chapter 7. Print

In this Chapter, the parameters controlling the printout
and plotting of the various variables are defined. The

*
See Appendix C for explanation of Fortran variable names.
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reader is again advised to refer to Appendix C for an
explanation of the Fortran variable names.

Subroutine MAIN

Subroutine MAIN consists of 14 chapters, the functions
of which are explained by their titles, and these will
now be briefly described.

Chapter 1. Preliminaries

Here DIMENSION and COMMON statements allocate storage and
variable names. Comment cards describing the special
features of a partieular run are conveniently placed in
this Chapter. Arithmetic statement functions for specify-
ing geometrical data (i.e,radius of duct wall as a function
of longitudinal distance) and boundary conditions (i.e.,
wall temperature as a function of longitudinal distance)
are also defined in this Chapter. These functions may be
changed readily if different ways of specifiying the
geometry and wall temperature are required.

Chapter 2. Grid and Geometry

In this Chapter, the distribution of cross-stream grid
points (i.e.values of OM(I)) are computed using any
specified functional relation, e.g., power law, etc.* Calls
to subroutine COMP, at ENTRY's INIT, GRIDX, and GRIDOM
are made for the initialisation of certain quantities and
for the computation of certain grid related guantities.

*
In the present 1listing, the values of OM(I) are specified
directly in subroutine BLOCK DATA.



The duct area is computed once for all at various axial
locations and stored in the array ADUCT.

Chapter 3. Dependent-variables

In this Chapter comment cards are supplied to state the
variables which appear in the differential equations and
the auxiliary equations that are to be solved.

Chapter 4. Property Data

In this chapter the ratio of the specific heats (Cp/CV),

the laminar and the turbulent Prandtl aumbers of the

various dependent variables, and the stoichiometric mixture
fraction are calculated. For simplicity, all the laminpar
Prandtl numbers are set equal to PRLAM, and all the
turbulent Prandtl numbers are set equal to PRTURB. The
appropriate place to insert temperature and/or composition
dependence is in subroutine PHYS and will be described later.

The array NEWPR(J) is also filled in this Chapter. NEWPR(J)
is set to unity if the Prandtl number of a dependent variable
denoted by J is equal to that of the variable denoted by
(J-1); otherwise NEWPR(J) is set to 2. This is done so as

to avoid recomputation of diffusion terms when NEWPR(J)
equals unity*,

Chapter 5. Btarting Values

The program conducts a marching integration from an upstream

* The variable corresponding to J=0 is the u-velocity.
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station to a downstream one until the entire flow field

is covered and then the process is repeated. The values
of the dependent variables are computed, step-by-step, for
all internal nodes of the grid except those lying on the
starfing line. The latter, which are termed as starting
values or initial conditions, must be specified. This is
done in Chapter 5.

In this Chapter, firstly the radius of the inner fuel jet
(denoted by RDNIV) is computed on the basis of the fuel

and air velocities and the overall equivalence ratio. Next
follows a sequence of statements to set the cell boundary
at the radial location RDIV and then a2 call is made to
subroutine COMP at ENTRY GRIDOM to compute some grid
related guantities. Next a call to subroutine QUTPUT at
ENTRY OUTPl results in some initial printout and a call to
subroutine START gives the one-dimensional solution.

Finally, at the end of the Chapter is a DO-loop which
inserts the appropriate values of the dependent variables
at the internal grid nodes. Except for the values specif-
ied on the starting line, the values at the othe:r grid
nodes, as specified here, are to be regarded as only
'initial guesses' and are over-ridden as integration
proceeds. These 'initial guesses' are specified here only
for the two cross-stream planes immediately downstream of
the inlet plane; thus the DO-loop index JX runs only up. to
the value 3. The re-specification of the initial guess for
JX=3 as also the specification for other internal grid
nodes is done in Chapter 8 and is degcribed below.



Chapter 6, Start of a new forward step

This is the first of six chapters in the main integration
loop which runs from Chapter 6 through Chapter 12. The
magnitude of the forward step DX, and the value of X at
the downstream location XD, are set here,

Also done in this Chapter is the updating of'initial guesses'

for the first integration sweep only. The initial guesses
for the downstream(D)station (i.e., the station for which
solution is about to commence) and the one further down-
stream (PD) of it are specified as the corresponding up-
stream ("station values (i.e. the values which have been
just determined). This is done in the DO-602 loop. Only the
D- and the DD- station values are the as yet undetermined
ones which will be reguired when solving at the D-station.
This updating of the initial guesses to obtain faster
convergence, is done for all variables except mass fraction:
of unburnt fuel (J=JF) and temperature (J=JTE) which are
obtained from a preliminary one-dimensional ana1y51s
(subroutine START),

Chapter 7. Boundary Conditions

The boundary conditions at the walls of the duct are
specified in this Chapter. The boundary values of some

of the dependent variables are specified by inserting the
appropriate values at the boundary grid nodes in the various
arrays.

Chapter 8. Advance.

In this Ghapter the pressure gradiént is at firét'computed.'
This is an estimated value based on the rate of area incre-
ase of the duct.. The effect of the wall shear on the
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pressure is next considered. The detailed steps in the
computation of the pressure gradient are;

@ The downstream duct area ADUCTD is obtained by reference
to the duct geometry. (Note: The duct areas at the
different longitudinal grid locations are calculated
only once in Chapter 2 and stored in the array ADUCT,)

e The downstream duct area is compared with the upstream
flow area (AFLOWU), which is equal to the downstream
flow area appropriate to the previous step.

e The pressure gradient DPDX is then computed as equal
to the difference in areas (ADUCT-AFLOWU) divided by
. the step size DX and by DADP (which itself is computed
in Chapter 10 at the downstream location of the previous
step). This pressure gradient is that which should
produce the correct area change, provided the neglect
of shear stresses at the wall is justified.

& The shear stiresses at the duct wall are then accounted
for partly, by the addition to the computed DPDX of
terms involving TAUE; for the pressure gradient must
also balance the forces on the walls.

® Finally the pressure gradient is restricted to be no
greater than opu? /A% {where o« = a factor which may
be varied at will by the user and is denoted by the
Fortran symbol BFRAC; BFRAC is assigned a value in
BLOCK DATA). This restriction is imposed to avoid
the occurrence of negative velocities and is done as
per the discussion presented in Section 4.2.3. (Note:
BFRAC £ 0.5)

min

@ This pressure gradient is used in subroutine PHYS
(ENTRY PHYSU) for the calculation of momentum sources.

ThlS completes the computatlon of the pressure gradient.
Next a call to subroutine COMP at ENTRY SOLVE is involved.
This results in the execution of a forward step and the

computed values of-the,dependéﬁt.variables: ii~-véloéity,



enthalpy, mass fraction of unburnt fuel, and mixture
fraction are stored at the appropriate location in the
respective arrays. Some other variables such as temp-
erature, mass fraction of oxygen, etc. are also computed
in the process; details will be described when the
appropriate subroutine is being discussed.

Chapter 8 is completed by calls to subroutine CHEM (only
for INERT=2, reacting flows):

(a) ‘at ENTRY TEMP to compute the temperature;
{(b) at ENTRY DENS to compute the density ;

(c) at ENTRY BQUII. for chemical-equilibrium computat-
ions (only for IEQUIL=1) ;

(d) at ENTRY KINE for chemical-kinetics computations
(only for KNTCS=1, and NITER % NITERK).

The variables IX, IXX, XU, ISTEP and AREAU are then updated
to represent the new step values.

Chapter 9. Complete

In this Chapter, variables which are not obtained directly
from the differential eguations are computed. Thus the
computation of temperature, density, and mass fraction of
oxygen is performed here for INERT=1 (i.e., non-reacting
flows). For INERT=2 (reacting flows), subroutine CHEM (ENTRY ' s
. PEMP and DENS)is called in Chapter 8 and these operations are

performed in this subroutine itself.
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Chapter 10. Adjusﬁ

Firstly, the radial locations of the grid nodes are
computed by a call to subroutine COMP at ENTRY DISTAN.

The solution obtained is now 'improved' by adjusting

the pressure and the corresponding velocity and density
distributions. Since the pressure gradient is guessed at
the beginning of a forward step, this adjustment is
necessary at the end of the step so as to ensure a close
fit of the downstream area (AFLOWD) of the calculated flow
with that available in the duct (ADUCTD). This is achieved
in the following steps:

° A quantity DAl, which is a dimensionless measure of the
extent by which the flow area (AFLOWD) differs from the
duct area (ADUCTD), is first calculated.

o The dependence of area on pressure as expressed by the
Fortran variable DADP is now calculated in the DO-loop
ending at statement number 1025; this amounts to
performing the integration indicated in equation (96)
of Section 4.2.2.

® If ABS(DAl) is greater than DAMIN, the value of pressure
is adjusted accordingly. (DAMIN is assigned a value in
BLOCK DATA). The consequent increments to velocity and
density are then calculated and applied in the DO-1027
loop. This is done in accordance with equations (97)
and (98) of Section 4.2.2.

® The increment of pressure is restricted to be no greater
than Bpuéin (where B = a factor which may be varied at
will by the user and is denoted by the Fortran symbol
PFRAC: PFRAC is assigned a value in BLOCK DATA, and
PFRAC € 0.5). This restriction is imposed to avoid the
occurrence of negative velocities due to over-correction
and is done as per the discussion presented in Section
4.2.3.  The increments to velocity and density are also
scaled down correspondingly.
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¢ The result of the preceding operations is a new flow
area AFLOWD, and a new measure of the area discrepancy,
DA2. The 1atter should be nearer to zerc than DAl,

© 1f ABS(DA2) is larger than DAMIN, the previous steps are
repeated, but in no case more than NDAMAX times.
(NDAMAX is assigned a value in BLOCK DATAJ) When
reneat1ng the above steps, the 1ncremqnt of pressure
is taken to be half of that given by Bpum n» 1 DA2
has a sign different from that of DAl. The reason for
doing so is that a change of sign from DAl to DA2
implies an over-correction, and hence the necessity
to scale down the subsequent corrections.

Chapter 11. Print

The function of this Chapter is calling subroutine OUTPUT
(ENTRY OUTR2).

Chapter 12. Decide about next forward step

The function of this Chapter is to decide whether to termin-
ate the integration or continue it. Firstly, a check is
made to see if the final x-station in the flow field has
been reached. If not control is returned to statement 600
at the start of Chapter 6 and then another forward step is
taken; otherwise control proceeds to Chapter 13.

Chapter 13. Exit Boundary

This Chapter is entered if the entire flow field has been
covered. The boundary condition of zero gradient at the
exit as représented by equation (16) of Section 2.6 is
applied in the DO-1206 loop. A call to subroutine OUTPUT
(ENTRY OUTP2) is made to obtain. complete printout of the
dependent variables at the exit plane. | |
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Chapter 14, Decidgﬂapput next iteratiop

In this Chapter a check is made to see if the number of
sweeps or iterations, NITER, exceeds the specified maximum
value of NITMAX. 1If yes, then the iteration is terminated,
Otherwise, a call to subroutine COMP at ENTRY INIT is made
to reinitialize certain variables, and another sweep of the
flow field started by transferring control to statement 700.
If the next iterative sweep is to be started at an inter-
mediate x~station IX=ISTRT, the reinitialization is done by
transferring control to statement number 1210.

.3.3. Subroutine OUTPUT

Subroutine OUTPUT is divided into six €hapters which are
now briefly described. It has two entry points, ENTRY
OUTP1 in Chapter A, and ENTRY OUTP2 in Chanter B.

Chapter A, Initial printout

This Chapter provides, by way of DATA statements, titles
for the dependent variables the cross-stream distributions
of which are to be printed out in Chapter E below.
Information required by subroutine PLOTS for the line-
printer display of profiles is also provided in this
Chapter by way of DATA statements. This is divided into
two categories: transverse (cross-stream) plot data and
longitudinal (down-stream) plot data. TFinally some initial
printout describing the problem is obtained. This sub-
program is called from Chapter 5 of subroutine MAIN.
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Chapter B. Headings

This Chapter is used for the printout of the iteration
number at the beginning of each marching sweep.

Chapter C. Tests for printout

In this Chapter the index IPRINT, which decides what print-
out is obtained, is set a value depending on the values of
ISTEP, NSTAT, NPROF,...etc. Thus for IPRINT=0 there is no
printout; if it equals 1, '"station" variables are printed;
if it equals 2, "profile" variables are printed; and for
IPRINT=3, the variations of the "profile' variables in the
cross-stream direction are plotted by the line-printer.
These different kinds of printout are discussed below.

Chapter C is also used to insert into the appropriate

arrays (XLPLOT, YLPLOT) the variables which are to be
employed in the "longitudinal plot"; and for the computation
of the convective fluxes of the dependent variables.

If IPRINT equals zero, control returns to the calling
program without any further printout.

Chapter D. Station Variables

This Chapter is entered when IPRINT is greater than zero,
i.e. whenever ISTEP is a2 multiple of either NSTAT, NPROF,
or NPLOTC.

Variables having a single value for the x—-station under
consideration are termed as "station variables", These
include the longitudinal distance, x, the index IX specify-
ing the location of a grid node in the x-direction, the
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forward step size DX, the pressure PRESSD (non-dimension-
alized as p/pinlet ~1), the convective fluxes UFLUX and
FLUX(J), and the non~dimensional area errors, DAl and DAZ,
A1l these guantities are printed in this Chapter.

Chapter E. Cross-stream profiles

This Chapter is entered when IPRINT is greater than 1, i.e.,
whenever ISTEP is a multiple of either NPROF or NPLOTC.

"Profile variables'" are those which may be represented as
distributions with respect to the cross-stream distance r,
and are printed as a consequence of the operations in this
Chapter. Thus the y-velocity, temperature, fuel and oxygen
concentrations, and the mixture fraction are printed in the
DO-1091 loop. The DO-1207 loop results in the printout

of the nitrogen concentration, density, viscosity, and
enthalpy. dJust before this loop, the centerline viscosity
is set equal to that at the neighboring ' radial node; this
is for printout purposes only and does not affect the compu-
tations. This completes the printout of profile variables
for chemically inert flows (INERT=1). For reacting flows
the chemical-eguilibrium concentrations are printed in the

- DO-1202 and- DO-1203 loops (for IEQUIL=1) and finally for

KNTCS=1 the chemical~kinetics concentrations are printed in
the DO-1302 loop.

The next section is entered only on the last iteration
when IPRINT=3, i.e., when ISTEP is a multiple of NPLOTC.

' This section p?bvi&es cfoss—stream.plots of various depende-

nt variables; the programming sequence is easy to interpret.
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Chapter F. Longitudinal plots and return

This Chapter is entered when IFIN=2 (i.e., the entire

flow field has been covered at a given iteration) and when
NITER is a multiple of NPLOTL. Longitudinal plots of the
various dependent variables are obtained as a result of the
operations in this Chapter. ' '

Finally the maximum changes in the dependent variables from
one iteration to the next oneare printed out in this Chapter.

The physical-model subroutines, PHYS and WALL

These two subroutines incorporate the physical models
describing the flow situation.

Subroutine PHYS

This subroutine is divided into two chapters, each having
its own ENTRY and RETURN statements.

Chapter A. ENTRY PHYSU

The function of this subprogram is to compute the viscosity
and the source terms of the u-momentum equation.

Two sections are provided for the computation of_viscosity,_
one for laminar flows and the other for turbulent.
After entry into this Chapter, control is transferred to the

" ‘appropriate section depending on the value of the variable

MODEL.
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(a) Laminar viscosity:

The laminar viscosity is computed according to the
square-root formula and weighted with the mass fractions
of the species as discussed in Section 2.7.1l. This
computation is carried out in the DO0-110 loop for all
cross~-stream points at two planes: the one under
consideration (EMUD) and the one upstream of it (EMUU).

(b) Turbulent viscosity:

The turbulent viscosity is computed according to the
formulae discussed in Section 2.7.1. Here again as for
the -laminar case, +the EMUD and EMUU arrays are filled
with the appropriate viscosity values. In addition,the
laminar viscosity at the wall temperature is computed
for use in subroutine WALL. For points lying in Sections
2 and 3 of the duct (Fig. 1)the viscosities are multiplied by
a factor of 100; this is done as per the discussion of
Section 2.10.

In the calculation of turbulent viscosities, the upstr-
eam values (EMUU) for the current x-location are set
equal to the downstream values (EMUD) of the previous
X-location. This avoids recalculation of the same
guantitiy.*

* In the computation of laminar viscosities, EMUU is based on
the current iteration values of the mixture compoéition and
temperature, and EMUD on the previous iteration Values.
Therefore EMUU of the current x-location is not set equal
to EMUD of the previous x-location; the two will however
be equal in the converged state,



Finally in the DO-203 loop the viscosities for the cell
boundaries in the w-direction are obtained by an averaging
process; this computation is common to both laminar and
furbulent viscosities.

Next the momentum sources are computed. These comprise
of the pressure gradient and the axial diffusion term.

The contributions to the parts 84 and Si of the linearised
source term are computed in the DO-210 loop and stored in
the arrays SI and SIP respectively.

The DO-210 loop incorporates certain other operations. The
diffusion coefficient occurs with the variables AREA, XDIF,
and DX for all the dependent variables. Therefore to avoid
recomputation, this group of variables is computed only
once here and the result stored in the EMUU and EMUD arrays
for the upstream and downstream locations respectively.

SUMA and SUMB, denoting the summation of EMUD and EMUU
respectively over the cross-stream points, are also computed
here; these will be required for the longitudinal TDMA for
some of the dependent variables.

Subprogram PHYSU is called from subroutine COMP (ENTRY SOLVE,
u~velocity section).

Chapter B. ENTRY PHYSF

The function of this subprogram is to compute the transport
properties and source terms for the dependent variables
stored in the F-array (i.e., stagnation enthalpy, mass
fraction of unburnt fuel, and mixture fraction). The'
three dependent variables are considered individually
below. '
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Firstly after entry into Chapter B, the transport
properties are computed in the DO-313 loop. This
computation is by-passed when NEWPR for the corresponding
dependent variable equals unity (see also Chapter 4 of
subroutine MAIN),. The computation of diffusion coeffi-
cients is straightforward: the diffusion coefficient for-a
variable J equals that for variable (J-1) multiplied by the
ratio of the Prandtl aumbers for variables (J-1) and J.
When J equals unity, the variable (J-1) is the velocity for
which the Prandtl number is treated as being equal to
unity. Now the source-term computations are described.

(a) The source of stagnation enthalpy (J=JH)

The programming sequence for computing the source
term of the stagnation enthalpy equation begins at
statement number 314, The source term is composed
of two parts: the kinetic heating term and the axial
diffusion term. |

First the kinetic heating term corresponding to
3 9 ,u? . .
o {(u—Pg) 35(5—)} is computed in the D0O-322 loop

and stored in the SI array. Next the other part of
the kinetic heating term corresponding to

3 3 ,u’ . .
w5 {(u-Ty) 53(5)} is computed in the DO-323 loop

and added on to the SI array. Finally the contrib-
utions of the axial diffusion term to the two parts
Si and Si of the linearised source term are computed.
Control is then transferred to statement number 5000
where the LTDMA coefficients ALF and BLF (correspond-

ing to a' and b' of Section 4.4)are obtained.

When yu= T'y, the kinetic heating term vanishes. The
source term then consists of only the axial diffus-



ion term. The corresponding programming sequence
is contained in the D0-324 loop which is accessed
when NEWPR (JH) equals unity, i.e. when u =Ty .

(b) The source of fuel (J=JF)

The computation of the source term of the fuel
equation begins at statement number 3000. The
computation is done according to the linearised
source-term expressions described in Section 4.5.
The programming sequence is contained in the DO-344
loop and is easy to interpret. The computation of
the axiai diffusion contribution is also performed
here.

It will be noted that an additional entry point.
ENTRY SORFU is provided here. This entry point is
used during the iterative procedure to determine the
fuel concentration for all iterations except the
first. A call to subroutine CHEM (ENTRY TEMP) is
made at each such iteration to obtained the latest

values of the temperature.
inally control is transferred to statement number
5000 to obtain the LTDMA coefficients ALF and BLF

(a' and b' of Section 4.4 ).

(e) The source of mixture fraction (J=JP)

The source term for this variable consists of only
the axial diffusion term. This is computed in the
DO-360 loop; the computation is similar to that for
the variables discussed above.
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Subprogram PHYSF is calle® from subroutine COMP (ENTRY

SOLVE, F-Section) once for each of the three variables:

n,
h, £, and mfu'

A.4,.2 Subroutine WALL

The function of this subroutine is the calculation of the
quantitiés required for the modification of the finite-
difference coefficients for the nodes adjacent to the duct
wall. Subroutine WALL has two argumente (OUT1, 0OUTZ2), both
of which are output quantities from it. OUT1l and OUT2 stand
for ¢ and Tg (of equation (76)) resbectiﬁeiy when velocity
is in question (J=0), they stand for 8¢E and TE_(of the same
equation) respectively when enthalpy is the variable in
question (J>0).

There are three chapters in this.subroutine. Chapter A
involves some prellmlnarles where certaln quantltles are
given values through data statements. A decision is then
made depending on the value of J whether to enter Chapter
B (J=0) or Chapter C (J>0).

Chapter B is entered for J=0 when velocity is the variable
in question. Here some 'reference' values are chosen for
density, viscosity, velocity and radius. These are chosen
rather arbitrarily. Then if laminar flow is indicated eith-
er by MODEL being equal to 1 or the Reynolds ‘number (based
on the 'reference' values) being less than 132.25(= 11.52)
control is transferred to statement number 110. - Here -
quantities related to laminar flow are computed. Otherw1se
the turbulent flow section is accessed The programmlng
sequence for the calculation of OUTL and OUT2 is easy to
interpret and is the Fortran equivalent of the formulae
derived in Ref.l (Chapter 6).
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A.5

Chapter C is entered for J>0, when enthalpy is the variable
in question. Here again there are separate sections for

- laminar and turbulent flows. The programming sequence

follows closely the formulae derived in Ref.l (Chapter 6),

Subroutlne WALL is called from subroutine COMP (ENTRY SOLVE)
once for u—veloclty and once for enthalpy

The chemical-model subroutines, CHEM, SPECE, and CALC

These subroutinesbincorporate fhe computations involved
with the chemistry of the flow. The chemical-kinetics
computations are mainly incorporated in subroutines SPECE
and CALC which are simplified versions of fhose given in

Ref.3. These subroutlnes have been Slmbllfled from their

orlglnal general ver51on to make them more partlcular to
the problem considered here.

Subroutine CHEM

This subroutine is.divided iﬁtd five chapters, each having
its own ENTRY and RETURN statements.

Chapter A. ENTRY POLY

' The function of this subprogram is to compute the

polynomlal coefficients at the prevailing pressure by
linear 1nterp01at10n,between two nelghborlng pressure
values. Polynomlal coefficients for enthalpy, specific -
heat, and reciprocal mean molecular weight of the
equilibrium-product-species, as funetions of temperature are
thus obtained.

N This Subprogram'is'éalled from subfdutine‘COMP'(ENTRY'SOLVE’
' F-section) when INERT equals 2 (i.e. reacting flows) K

191,



Chapter B, ENTRY TEMP

The function of this subprogram is to compute the
température of the gas mixture for specified stagnation
enthalpy, velocity, and compoeition. The method described
in Section 3.7 is followed: On entry into this subprogram
indices NS1 and NS2 are set appropriate values depending

on whether the chemical-kinetics solution is required
(KNTCS=1) or not required (KNTCS=0). ' In the former case
the concentrations of the Nox-species (which are kinetica-
lly determined) at the cross-stream plane under consider-
ation are stored in the FS-array. This is done in the DO-
103 loop. These concentrations are those obtained from the
previous iteration, since they have not yet been determined
at the current iteration. However, since the NOX—species
are present in relatively small amounts, not much error is
introduced. ' ' ' -

The DO-100 loop spans all the internal cross-stream points,
Firstly the mass fraction of unburnt fuel is restricted to
be no greater than the mixture fraction. Next the concen-
trations of oxygen and products (considered as one species)
are obtained, the concentration of nitrogen is obtained

by a process of subtraction in the DO-102 loop. TFinally,
the DO-110 loop incorporates the Newton-Raphson iteration
scheme for temperature. At eech iteration the enthalpy
(HPR) and the specific heat (CPR) of the equilibrium-
product-species are obtained using polynomial fits;vthus
the computation of eabh_individual species—concentration is
avoided. The number of iterations is restricted to NTMAX
or less if the normalised change in temperature from one
iteration to the next is less than EPST. Both NTMAX and
EPST are defined in Chapter 4 of BLOCE DATA. |
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Subprogram TEMP is called from subroutine MAIN (Chapter
8) and from subroutine PHYS (the M, section in ENTRY
PHYSF) during the iterative procedure to determine the
fuel concentration (Section 4.5) |

Chapter C. ENTRY DENS

The function of this subprogram is to determine the

density of the gas mixture. The updating of certain

values is also performed here. The density is computed

in the DO-200 loop which spans all internal cross-~stream
points. 1In obtaining the mean molecular weight of the gas
mixture, the contribution of the equilibrium-product-species
is obtained by means of a polynomial involvihg temperature.

The density values at the cross-stream plane corresponding
to (ISTRT-1) are stored in.the array RHQ2; these values will
be required if the next iterative sweep is started at an
intermediate section IX=ISTRT. | '

Next the_centerline values of the concentrations of oxygen,
fuel and nitrogen, and temperature are updated, as also their
wall values (except temperature). The updating is done by
setting the boundary value egqual to that at the neighboring
internal node. Finally the wall enthalpy is computed to

£it the composition. Subprogram DENS is called from
subroutine MAIN (Chapter 8), when INERT equals 2 (reacting
flows).

Chapter D. ENTRY EQUIL

The function of'thiS'subprogram is to obtain the concentrat-
ions of the equilibrium-product-species. This is done by
using:polynomial expressions described in Section 3.5.4. .
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The programming sequence is easy to interpret and

involves (a) the determination of the polynomial coeffici-
ents at the prevailing pressure by linear interpolation
between two fleighboring pressure values; (b) the selection
of the coefficients for the appropriate enthalpy-range,

(¢) determination of the equilibrium concentrations; and
(d) the updating of the boundary values of these concentra-

tions by setting them equal to the values at the neighboring
internal node.

This subprogram is called from subroutine MAIN (Chapter 8)when
INERT equals 2 (reacting flows), and IEQUIL equals unity.

Chapter E. ENTRY KINE

This subprogram is used to obtain the concentrations of
the'NOX—species by reference to kinetically-controlled
reactions.

Firstly inital estimates for the concentrations of the
NOX—Species are specified at the cross-stream plane being
solved for and the one downstream of it. This is done by
simply setting these values equal to those at the corresp-
onding upstream £rid node. This is done in the DO-482
loo? which is accessed only during the first iterative
sweep for the solution of the NOX—species (i.e NITER=
NITERK); the chemical-kinetics solution is started after
other variables have undergone NITERK number of iterative
sweeps and have stabilized td_a certain extent.

Next the finite-difference coefficients A and B expressing
the links fo the neighboring ° cross-stream points are
computed. This is done in the DO-470 loop which is
accessed only when the variable NEWPR is not equal



to unity (see alsoc Subroutine MAIN, Chapter 4).

The DO-487 loop spans all the internal cross-stiream
points. In this loop the following operations are
performed at each grid node:

. computation of finite-difference coefficients  C and D
" which express the links with the neighboring upstream
and downstream grid nodes respectively;

o computation of the mole numbers of all the species
and storing them in the 82-array (DO-486 loop) ;

) computation of the weighted averages of the mole
numbers of the NO- species at the four neighboring
nodes and storing them in the Sl-array (D0O-488 loop)
(this corresponds to o§ of equation (91), Section 3.6.1)

 a call to subroutine SPECE to obtain the chemical-
kinetics solution (i.e:.mole numbers of the NO —spec1es)
for temperatures greater than 550° K

® conversion of the mole numbers to mass fractions (DO-
489 and D0O-~-490 loops);

e adjusting the mass fraction of nitrogen to ensure that
all mass fractions add to unity (D0-493 loop).

It will also be noted that should a converged solution be
not obtained from subroutine SPFCE (as indicated by CONVG=
.FALSE.) a warning message is printed out and the NOx—spec~
ies-concentrations set equal to the weighted averages of

. their concentrations at the four neighboring- nodes (DO-502
loop). This is also done for temperatures not greafer than
550°K, -

Finally the values of the NO, -species-concentrations at the
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boundary nodes are updated by setting them equal to the values
at the corresponding neighboring internal node.

Subprogram KINE is called subroutine MAIN (Chapter 8) when
NITER > NITERK and KNTCS=1.

A.5.2 Subroutine SPECE

The function of this subroutine is to control the Newton-Raph-
son iteration procedure for the solution of the chemical-kine-
tics equations as described in Section 3.6. This subroutine
consists of five chapters.

In Chapter 1 the logarithms of the species mole-numbers are
computed in the DO-10 loop. The sum of the speciés mole-
numbers and its logarithm ‘are also computed here. The size of
the correction matrix, IMAT, is then specified.

In Chapter 2 the main iteration loop (D0O-170) is started. The
elements of the Newton—Raphsdn correction matrix are set up by
a call to subroutine CALC. Subsequent statements in Chapter 2
involve the standard Gaussial pivotal elimination solution
procedure for the correction matrix.

In Chapter 3 the under-relaxation parameter ETA is computed as
described in Ref.Z.

In Chapter 4 the species mole numbers are corrected, the corr-
ections being scaled by the factor ETA.

in Chapter 5 the convergence criterion is applied'(Seétions;G.
3 ). If all the species mole numbers have converged to within
a user-specified tolerance limit;EPSS, the variable CONVG

iz set equal to.TRUE.; and iféraﬁioﬁvis,stoppéd. '

‘Otherwise the samé set Of operations is repeated until
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A.5.3

convergence is achieved; the maximum number of iterations
being restricted to ITMAX. Values of both ITMAX and EPSS

are set in BLOCK DATA (Chapter 4).

Provision is made for printout of several quantities for
diagnostic purposes at various stages of this subroutine.
This printout is triggered by setting IDEBUG equal to two
in Chapter 4 of BLOCK DATA.

Subroutine SPECE is called from subroutine CHEM (ENTRY KINE)

Subroutine CALC

The function of this subroutine is to construct the Newton-
Raphson correction matrix for the solution of the chemical-
kinetics equations as described in Section 3.6. This
subroutine consists of three chapters.

In Chapter 1 all the elements of the correction matrix are
initialised to zero. The mixture density is also computed.

In Chapter 2 the forward and reverse rates for eadh reaction
are computed in the DO-100 loop. Only three different types
of reactions have been considered:

MODE = 1 : A+B-+C+0D
MODE = AB+ M+ A +B+M
MODE = 3 A+ B+ M>AB+¥M

Relevant Fortran statements are provided to determine the
reaction typé and for MODES 2 and 3, control is transferred
to statements 20 and 30 respectively."Sﬁhséquent statements
compute the correction matrix elements as per the equations
given in Section 3.6 All these operations are performed for
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each reaction in the D0-100 loop.

Chapter 3 completes the calculation of the matrix elements;
3 of equation (91) is added to the diagonal
elements and the term Ap (ci - ci*) of equation (21) is add-

ed to the last column cf the correction matrix.

the term ADU

Subroutine CALC is called from Chapter 2 of subroutine SPECE ,

A.8 The domputational subroutines, COMP, START, and PLOTS

A.6.1. Subroutine COMP

This subroutine is divided into five chapters, each having
its own ENTRY and RETURN statements.

Chapter A. ENTRY INIT

The function of this subprogram is to perform some initial-
izing operations at the beginning of an integration sweep.
Default values are also set in this Chapter.

This subprogram'is called from Chapter 2 of subroutine MAIN
at the beginning of the computations, and then again from
Chapter 14, just before the start of the next integration
sweep . '

Chapter B. ENTRY GRIDX

- The function of this subprgram is to compute-quantites"'
associated with the x-(or longitudinal) grid.
These quantities are:

e X3(J), the width of a finite-difference cell at grid

128



node J, in terms of x-distance;

® XDIF(J), the difference in the values of x at grid
nodes J and J+1,

It will_ﬁe noted that appropriate modifications-are made for
the finite~-difference cells located at the boundaries of the
fiow domain. (J=2, J=LM1). This subprogram is called from
Chapter 2 of subroutine MAIN. . |

Chapter C. ENTRY GRIDOM

The function of this subprogram is to compute quantities
associated with the w-grid. These_quantities are:

e OMINT(I), the value of w for a finite-difference cell .

interface between grid nodes I and I+1;

L BOM(I), the W1dth of a flnitewdlfference cell in
terms of w;

° OMDIF(I), the difference in the values of % at grid f
nodes I and I-1. | |

It will be noted that annr0pr1ate modlflcatlons are made
to these quantltles for the cells located at the boundarles
- of the calculation domain (i.e. 1—2 and N~1)

This subprogram is called from Chapter 2 of subroutine
‘MAIN. 1If is called again from Chanter 5 ot subroutlne
MAIN in case the w ~gr1d has been redlstrlbuted so as to
locate a cell boundary at the interface between the streams
of fuel and air entering. the duct R '
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Chapter D. ENTRY DISTAN

The function of this subprogram is the computation of the
product (pu) and the radius r for each grid node, and the
cell areas. The computation is incorporated in the DO-231
loop. The computation of (Pu)'s and cell areas is
straightforward. These are stored in the arrays RU and
AREA respectively. The computation of the radii is done
according to the eguations given in Section 4.3,

The quantity BDE of equation (108) required during these
computations is available from an earlier visit to
subroutine WALL. The varlable BpE is assigned a value

of unity in Chapter A of subroutine COMP; this is the
value used when DISTAN is called for the very first time.
When a intergration sweep is started at an intermediate
x~-station (IX=ISTRT), the value of BpE appropriate to this
x-station is obtained from BPSAVE (which was stored during
the previous integration sweep; see statement towards end
of u~velocity section, Chapter E, subroutine COMP)

Subprogram DISTAN is called from Chapter 10 of subroutine
MAIN at two different stages. The first call is to obtain
the (pu) values which are used subsequently to compute

DADP, the dependence of area on pressure. The second call

-is made duripg.the_course-of adjustment of the calculated

flow area to match the duct area.

. Chapter E. ENTRY SOINE

‘”The functlon of this subprogrmm is to compute the finlte—‘

dlfference coeff1c1ents and solve the resultlng flnlten
difference equations. Becatise the u-velocity is treated

‘differently from the other dependent variables, there are



two sec¢tions in this subprogram: one solves for the u-
velocity, the other solves for the other dependent variables
{stored in the F-array ). These two sections are now

~ discussed separately.

(a) The u-velocity section:

- After entrv into this. Section. the variable RSUMAX. which
denotes the maximum normalised change in u-velocity
from one iteration to the next, is initialised to zero.
This initialisation is done cnly at the start of the
integration sweep which may be either at the start of the
flow domain or at an intermediate x~station (IX=ISTRT).

Next a call to subroutine PHYS at ENTRY PHYSU is made to
compute the viscosities and the source terms. The
subsequent computation of the finite-difference
coefficients A,B in the DO-413 loop, and C,D in the
D0O-418 loop is straightforward. The programming sSequence
is the Fortran equivalent of equations (72)-(75) of
Section'3.3.3. During the course of these computations
a call to subroutine WALL is made and the coefficient

A at the wall boundary is correspondingly modified

(See Chapter 4 of Ref.l).

A provision is made for the printout of the coefficients
A,B,C,D, SI and SIP for diagnostic purpose, this print-
‘out is triggered by setting:a value of 2 for the index -
ITEST in BLOCK DATA.

The next step is the solution of the finite-difference
equations. ‘This'involves a standard application of the
' TDMA; the programming is contained in the D0O-421 and -
DO-420 loops. The computation of the vélocities for
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the downstream points is performed in the D0-420 loop.

The shear stress at the wall is then computed. The u-
velocity at the center line is updated on the basis of
the zero-gradient condition at the symmetry axis. This
is done by simply setting the centsrline value equal to
that at the meighboridg radial grid node. It should

' be mentioned that the computation of symmetry axis
values is a purely 'decorative' exercise and does not
influence any further computations. Alterhative
practices of determining the centerline values (e.g. by

extrapolation) may be introduced by the user if so
desired.

(b) The F-Section:

The structure of this section is similar to that already
described for the u-velocity. This section is embedded
in the D0-480 locv, which causes the index J to run
from 1 to NF. The index J denotes the particular depen-
dent variable in question (i.e.» 1 for stagnation
enthalpy, 2 for mixture fraction, etc.) and NF stands
for the number of dependent variables (excluding
u-velocity and the species concentrations determined

by kinetically-controlled reactions) for which a differ-
ential equation is solved.

The computation of the finite~difference coefficients
(DO-484 and DO-485 loops), the modifications of the
coefficients at the wall, thé TDMA solution (DO—465
and DO-486 loops), the updating of F-values at the
- boundaries, are all similar to the operations performed
for.u—Veiqdity."The cdrrééponding prbgramming Sequence
is easy to interpfet. Provision for diagnostic printout_
is made hete also.. - - SRR o
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There are four additional features in the F-section
which will now bhe described.

(1)

(ii)

(iii)

{(iv)

The computation of the coefficients A and B in the
DO-484 loop is skipped if NEWPR(J) (defined in
Chapter 4 of subroutine MAIN) equals unity.

The iterative procedure to determine the fuel
concentration is contained in this section. This
inveolves performing the operations described above
several times, subject to a maximum number NFUMAX,
or less if the normalised change in the fuel
concentration from one iteration to the next is
less than FUTEST (FUTEST and NFUMAX are specified
in BLOCK DATA).

The longitudinal TDMA: The programming segquence
incorporating the LTDMA commences at statement
number 4314. The LTDMA operations are not performed
when solving for the mixture fraction (J=JP)

since this would not significantly enhance
convergence rates, The LTDMA coefficients CLF and
DLF (corresponding to ¢ and ¢ of Section 4.4 )
are computed in the D0O-492 loop; coefficients

ALF and BLF (corresponding to a' and b') are
computed earlier in subroutine PHYS. The TDMA
solution and the indrementing of the dependent
variables by the LTDMA corrections are incorporated
in the DO-4310 and DO-4320 loowps.

For non-reacting flows (INERT=1), control is
transferred from the early part of the F-section
to statement numher 4410 towards the end of this

section, when the fuel concentration is the varia-
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.2

ble in question (J=JF). Here the fuel concentra-
tion is simply set equal to the mixture fraction in
the DO-4411 loop and the solution sequence for the
fuel concentration is skipped. It will also be
noted that the call to subroutine CHEM at ENTRY POLY
(before commencement of the DO-480 loop) to set up
polynomial coefficients relating to equilibrium-
product-species is skipped if INERT equals 1.

Subprogram SOLVE is called from Chapter 8 of subrout-
ine MAIN,.

Subroutine START

The function of this subroutine is to obtain a one-dimensio-
nal solution which will be used as the initial guess for the
two-dimensional solution, There are seven chapters in this
subroutine. The coding follows the discussion of Section 4.6.

Chapter 1. Preliminaries

Preliminaty operations are performed in this Chapter.

Some thermodynamic-property-data reduired for the one-
dimensional computations are supplied through DATA
statements. Properties at the inlet plane are computed

as an average of those of the entering fuel and air streams
(weighted by the respective mass flow rates). The temper-
ature and composition of fully-burnt gas-are.also'computed.

Chapter 2. Initial guess

In this Chapter the initial guess for the one-dimensional
solution is specified. 1In section 1 (Fig.1l) of the duct
this corresponds to the unburnt condition; in Section 3 to



the fully-burnt condition. In section 2 an exponentlal
variation of the fuel mass fractlcn and temperature between
the unburnt and the fully-burnt values is employed.

Chapter 3. Transpori Properties

In this Chapter the laminar or turbulent viscosities are
computed depending on the typé of flow. The sequence of
Portran statements is similar to that described in Bubrout- !
ine PHYS (ENTRY PHYSU). '

Chapter 4. Main Bolution Loop

This'chaptef incorporates the main solﬁtion procedure in the
DO-335 loop. The solution sequéncé is“eqtirely skipped when
the mixtﬁré fraction (J=JP) is‘the variable iﬁ questidn since
the one-dimensional solution for it is a uniform value
throughout the flow field.

Firstly the finite-difference coefficients ALF and BLF,
expressing the links to the downstremn and upstream neigh-
boring * points are computed. Next the source terms are
computed ard. control is transferred to the appropriate section
depending upon the variableibeiﬁg solved for. TFor the
stagnation enthalpy (J=JH) equation, the_effeét of heat
transfer to the duct wall is included. The source terms

for the fuel equation (J=JF) are computed as already descri-
bed in subroutine PHYS (ENTRY PHYSF).

The solution of the finite-difference equations commences at
statement number 331. This involves a standard application
of the TDMA and is carried out in the DO-332 ahd DO-333 1oops;
The maximum normalised changes of the varlables from the
previous iteration are also computed in the D0—333 1loop.
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Chapter 5. ‘Completion of an iteration

In. this Chapter an iteration is completed after the
computation of some auxiliary quantities., These are:
the mass fractions of oxygen and the.product species and
the temperature. This is done in D0O-440 loop. Next

the exit boundary condition of zero gradient is applied.

Chapter 6. Print

In this Chapter the solution is printed out as decided by
the value of N1DPR (assigned in BLOCK DATA). The printout
occurs at the first and last iterations and every N1DPR
intermediate iterations. If the maximum changes in the -
dependent variables are less than a user-specified conver-

-gence criterion EPSID, the value of NIDMAX (denoting maximum

number of one-dimensional iterations) is set equal to the
current anumber of iterations NIT. This causes the
solution to be terminated in Chapter 7.

Chapter 7. Complete

In this chapter the one-dimensional solution is stored at
all cross-stream grid nodes (for given axial distance).This
will now form the starting point for the two-dimeﬁsional
solution,

Subroutine START is called from Chapfer 5 of subrbutine
MAIN.

Subroutine PLOTS

'The:funCtion of this subroutine is to generate an on-line.

plot of a dependent variable Y as a function of radius r



(cross~tream plots) or axial diStance'x (16ngitﬁdi£ai
' plots). Both the abeclssa and the ordlnate are normallsed
in this subroutine before plottlng, so as to fall w1th1n
the range 0 to 1.

Information is conveyed to the subroitine by way of its 8
arguments. The subroutine itself requires no alterafion

by the user, except to change the"hofizoﬁtal and fhe vertical
dimensions of the plots. This is done by specifying appropr-
jate values for the variables XSIZE and YSIZE. Gh each

plot the folloﬁing information is provided: the location

of the plot, the maximum and minimum values of the abscissa
and all the ordinates. For further detalls, the reader is
asked to refer to the comment cards in the 1lst1ng of the
subroutlne (Appendlx B)

A.7 The thermochemical préoperty subroutines; CREKO and HCDS

These subroutines are concerned with the 1nput anc
calculation of certain thermodynamlc quantltles. They have
been adapted from Ref 3 with some changes

A.7.1. Subroutine CREKO

The function of this subroutine is to read, store and proce-
§s thermochemical data.- This subroutine is divided into
4 chapters. ' - S ’

In Qhapter 1 certain quantltles are defined’ through data
statements. Then follow statements which cause control

to be transferred to the appropriate chapter. This’ depends
on which of the words ELEMENTS, THERMO, MECHANISM, or a
blank card is encountered in the data deck. Data cards must
be in this order, 81nce element data is needed to process
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thermodynamic data, and thermodynamic data for kinetic-
mechanism data. If the chemical-kinetics solution is
not required (i.e ,KNTCS=0), the kinetic-mechanism data is
not read.

Chapter 2 deals with element data. Here one data card is
read for each element considered. The contents and format of
each data card are given in Table A.1l. The total number of
elements is designated by NLM,

Chapter 3 deals with thermochemical’ data. Entry into
Chapter 3 occurs after completion of Chapter 2 and via
statement number 5. Four data cards are read for each
chemical species considered. The contents and format of

each data card are given in Table A.2 . After the data cards
for each species are read, its molecular weight is computed
in the DO~24 loop. The total number of species is designated
by NS.

The polynomial coefficients 2Z(I,J,K) for the thermodyhamic
properties are divided by the respective molecular weights
in the DO-27 loop. Since the present program performs
computations with species mass fractions rather than mole
numbers, the coefficients will be required in this modified-
form.

Chapter 4 deals with kinetic-mechanism data. Entry into
Chapter 4 occurs after completion of Chaprer 3 and via
statement number 5. One data card is read for each reaction
considered. The contents and format of each data card are
given in Table A,.3 . In stateﬁents 33 to 38, the numbers

to be stored in the ID (N,J) array are calculated. ID (N,d)

_is equal to the species index number I (I=1,NS) of the Nth

(N=1,4) species which appears in the Jth (J=1,JJ) reaction.
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" TABLE A.1
ELEMENT DATA CARDS

Order . -
of data Contents . Format ggiﬁmns
cards _
First ELEMENTS 344 1 to .8
Any ‘One card for each element present in
order the system. Each card contains:
(i)  Atomic symbol of element. A2 1 to 2
(ii) Atomic weight of element. F10.6 ‘8 to 17
(iii) Valence or oxidation state of
the element (positive, negative.
or Zero). ¥10.6 18 to 27
Last Blank card. - -
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TABLE A.2
THERMOCHEMICAL DATA CARDS

Order
of data Contents Format Card
cards : Columns
First THERMO 3A4 1 to 6
Any A set of four data cards for each
order species considered, The cards in
sequence and contain:
(1)(a) Molecular symbol or name of
species. 344 1 to 12
(b) Date. | - 2A3 19 to 24
(c) Atomic symbols & formula 4(A2,F3.0)| 25 to 44
(d) Phase (gas only, letter G). Al 45
(e) Temperature range, degrees K. 2F¥10.3 46 to 65
(f) Card number. 15 80
(2)(a) Coefficients Zi(i=1,5) for
upper temperatiire range. 3E15.8 1 to 75
{(b) Card number. I5 80
(3)(a) Coeificients Zg and Z, for
upper temperature range,
and 24,29, and Zg for the
lower range,. bE15.8 1 to 75
(b) Card number. 15 30
{(4)(a) Coefficients Zi(i=4,7) for
the lower température range. 4E15.8 1 to 60
(b) Card number I20 80
Last Blank Card. - =
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TABLE A,3

REACTION MECHANISM DATA CARDS

Order

Card
of data Contents Format Columns
card
First MECHANISM 3A4 1to 9
Any One data card for each forward
order (or optionally, reverse) reaction
considered.
Each card contains:
(i) Molecular symbols of upto
three reactant species¥, 3(2A4) 1 to 24
(ii) Molecular symbols of upto
three product species#, 3(2A4) 25 to 48
(iii) Exponent Bj**. ¥8.3 49 to 56
(iv) Exponent Nj**. ¥8.3 57 to 64
{v) Activation temperature Tactj**' F8.3 65 to 72
(v1)(a) For forward reactions,
date or comments, 244 73 to 80
(b) For reverse. reactions,
REVERSE*, 2A4 73 to 79
. Last Blank card. - -
#*Molecular symbols must be identical to those used in
thermochemical data cards.
**¥Quantities as defined in:
_ B. Nas . .
kfj = 1077 T 3 exp ("Tactj/T) with units
m3/ (kg-mole-sec) for bimolecular reactions,
and m6/ (kg—mole)zsec for termolecular reactions.
When REVERSE is specified, Columns 1 to 48 are ignored. The

data card with reverse rate data must follow immediately the
card with the corresponding forward rate daisza.
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- Thus for the reaction

N + NO = N2 + O (Jth reaction),

ID (1,J)=IDN, ID(2,J)=IDNO, ID(3,J)=IDN2, ID(4,J)=IDO. IDN,
IDNO, etec., which identify the different srecies are defined
in Chapter 3 of subroutine BLOCK DATA. '

The rest of Chapter 4 is devoted to the computation of the
reverse reaction rates, for each forward reaction rate just
read in. The reverse reaction rate constant is obtained from
the ratio of the forward reaction rate constant and the
equilibrium constant. This is done for fifteen temperatures
between 1000°K and 3000°K and the reverse rate parameters

are obtained by a least-square linear regressién analysis.
Details of this computational procedure are given in Ref.3.

If however, the reverse rate data is also supplied on a data
card which is subsegquently read, the calculated reverse rate

parameters are overwritten. This is indicated by the stateme-
nts just preceding statement number 32.

Subroutine CREKO is called from Chapter 4 of subroutine MAIN.

Subroutine HCPS

The function of this subroutine is to compute certain therm-
odynamic quantities (See Section 5.2).

On entry into this subroutine a check is made to see if the
temperature is less than 1000°K; this is to decide whether
to use the coefficients for the lower (temperature < 1000°K)
or the higher (temperature 2 IOOOOK) temperature range.
Depending on the value assigned to the variable IHCPS, the
following properties are computed:

(i) IHCPS = 1: The non-dimensional species enthalpy HO(I)
and the non-dimensional mixture enthalpy



HSUM are computed in the DO-5 loop.

(ii) IHCPS = 2: The non-dimehsional species enthalpy HO(I),
' the non-dimensional mixture enthalpy HSUM
and the non-dimensional mixture specific
heat CPSUM are computed in the DO-10 loop.

(iii)IACPS = 3: The non-dimensional species enthalpy HO(I),
and the non-dimensional species entropy
S0(I) at one-atmosphere are computed in the
DO-20 loop.

Subroutine HCPS is called from:

'(a) Subroutine CREKO;AChapter 4, during the computation of
reverse reaction rate paﬁmmeters, with THCPS=3;

{(b) Subroutine MAIN:

e Chapter 5, to obtain inlet enthalpies of the fuel
and air_streams, with IHCPS=1;

o Chapter 7, to obtain the wall enthalpy, with IHCPS=1;

@ Chapter 9, to obtain the mixXture enthalpy and spec-
ific heat, with IHCPS=2;

‘(&) Subroutine CHEM;

@ Chapter B (ENTRY TEMP), to obtain the mixture
enthalpy and specific heat, with IHCPS=2;

'@ Chapter C (ENTRY DENS), to obtain the wall enthalpy
with IHCPS=1.
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ORIGINAL PAGE 19
APPENDIZ B | OF POOR QUALITY

LISTING OF THE NASCO COMPUTER PROGRAM

PROC
COM“ON
ADUCT!SS):ALFI‘S 3l;RLF(55,3}|CLFI351|DLF(?5,3):
ELF L3S FUI5N,0),Ul3%0) XDIF(35),%X5835),
ARFALLGY L ARZAU(I0L,8CMI1D),0IFCIL),DIFULLD},ENUCID) , EHLDCLLINY,
EMUUIILY ,FSE1U,15)+07INTLID) R{10},RESIDU(LGY, RESUIlD!:RHOllU)i
RHFIIIE),HHO’IIU!,FUtlu).SIIIB),SIP!iﬂl .
COUNCN /COMA/ OMELG)Y 4 X135),.
AK s BFQAC,3TIG,5AMIN,CPOX,DX,EPSFL4EPSTEPS1D,
EHAL FRINgFSTCTC,FSTOIN,FUTEST yH IPEX{3) +IDEBUGYTEND,IFIN,IGN,
IMAX,IPLOTIIN) y TPLOTL,,IPLOTHISPECCIIH) s IPMFX(Z) yTRMFY{3) s IRHLY,
IRPUY»ISTEP s TSTRTyISUP ,ITEST yIX,IR¥YpIY ydyJF yJH, JHAR yUN 4 JNO ,JNO2,
JNZ0,JO0X 3 dP,UTE 4Ly M1, LP rHODEL o N NDARAX NEWPR(7) yNF yNFUMAX
NITER NTTERKZNTTHMAX (NMT G KM G NI (NPRINT yNTHAX NIDMAX (N1BPRPFRAC
PRLT(7:2):PSIELRE, RIvRSFFAX(SJyRSUPAX;TAUE,THAn'THIN XD.XU
GIMENSION ﬁPU"!SS)vAHUU(SS)»PPISS) PRLET)ZPRTIT) ]
EQUTVALENCE (PRLTII}PRLI1)DI(PRLT(8),PRTI1)}-
EQUIVALENCE (ALF(I,Z)sAHUD{l]ly(BLF(l,Z)ghPUU(l)lpiﬂLF(l;Z)gPR!I)}

It N e

e R =) D N

PROC
COMMON/ COME/

1 ARRCON,DAL,DAZ,EQRAT,INERT ,PREEXPPRESS,STOICH,UBAR,

4 VISFU;VISNI? VISOX,VISPR

END

coxc

END
conb
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RPROC
COMMON/COME/

AREX(3),BEREXU3) sCREX (3}, DRALL L33 yERALL I3}, FHALL{3),XDL3),

CHI% ENTHS JENTHE jFLOP sFLOC yFUE ,FUC yGAMMA s TPRINT (KASE JNSTAT
NPROF {NPLOTC ;NPLOTL y OX2 ) OXC4PRLAM,PRTURB,ROIV (REXU,REY, T8, TCUR,
4 UC,UFLUX KWMIX

i By

PROC
LOGYCAL CONVG,DEBUG
COMMCN /ZINDEX/ IDCO,IDPCOZ,.IDF+IDH,IDHZ,IDHZ0,TID0,ID0H,IN02,IDN,

1 IONG,IGROZIPN2,IONZ0, TEQUIL +IHCPSIMATIPF ,ITERyJUsKNTCS e NAJNLH,
2 NS NSTI,NSF2 NSK,KhSM,KS1 )NS2,ID(4,15)

3/PARAMS/ CONVG+DEBUG.FMV,EPSS,6ASCON, ITHAX,PA|4H|TINY|TINYKoTK’
b TLMN,TNY

SISPECESIASUFt?Q.SJ.CPSUH HSUH HO(IQ),S%H!IQ) pSOLLIG),S2018]),
6 S2010} 202,758

7 /CEQUILI#C!Q 5).AFSI4 T.Zl.AH(Q SHeAS{G¢5) yASLIU,T7,5)BSE (U 37450,
e HDIV,HMAX,HPIN,PHAX,PHIN

S/RIACTS/BX{19),BX2115),TACT(I5),TACT2(15) ,TENI15} ,TENZ(]5}
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CHAPTER 1 1 1 1 1 1 1 1 PRELIMINARIES 1 % 1 1} 1 1 1 1
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L memmm———— DIMENSTONS AND COMMON BLOCKS.

INCLUDE COMA,LIST
INCLUDE COHMB,LIST
INCLUDE COMC,LIST
INCLUDE COMD,LIST

mmwemme——-= ARITHMETIC STATHENT FUNCTIONS.
REX{XsIIzZAREX(I I+ (BREX{II+CREXITIIH(¥=XD{I}) )= (X-X0(1))
THALLAX s T)=DHALL (T # (ERALLEIIHFHALL (T3 (X=XN (T 1) 2 (X=-XG1TI))

.
[ o o o i e 0 0 8 R R P - . e 2 e e

CHAPTER 2 2 2 2 2 2 2 GRID AND GEOMETRY 2 2 2 2 2 2 2 2

Crecrmmuncamwnna- - - - - o - ——

C ==w==- w-=-==SEE BLOCK DATA FOR THE SPECIFICATION OF GRID AND GEOMETRY.
CALL INIT
CALL GRIDX
CALL GRIDOM
D0 225 JX=1,L .-
XJIRTXLIX)
DO 215 IT1,3
IF {XJX.LT.X0(I)} GO TO 220
215 CONTINUE
. Izg
220 ISEC=I-1
REXT =REXIXNJIN, ISEC)
22% ADUCT{JIX)=D+5%REXDR%Z
c )

Lo o o e o o A e O e - - “—— — -

CHAPTER 3 3 3 3 3 3 3 DEPENDENT VARIABLES 3 3 3 3 3 3 3

c .

L me==mmm———— SEE BLOCK DATA FOR DEPENDENT VARIABLE SPECIFICATION.
c uer) = VELCCITY. .

c FOIyJdH) = STAGRNATION ENTHALPY.

c FLI,JdP) = MIXTURE FRACTION.

c . F{I,JF} = MASS FRACTION OF UNBURNT FUEL. !/
c F{I,J0X} = MASS FRACTION OF OXYGEN.

c F{I,JTE) = ABSCLUTE TEMPERATURE.

c F{TI,JN] = MASS FRACTIGN OF SPECIES N

c FtI,JN0) = MASS FRACTION OF SPECIES NO.

c F(I,JNO2) = HMASS FRACTION OF SPECIES NOZ.

c F(I,JN20) = MASS FRACTION OF SPECIES N20.

c

£ i i o e i o e e — - o e a1 o

CHAPTER 4 4 4 4 ‘4 4 4 4y PROPERTY DATA & 4 & 4 & 4 4 g

c - - —— ———— o o o b o i (UL —.

c

{ --me=ee--- SEE BLOCK DATA FOR SPECIFICATION of PROPERTIES.
CALL CREKD o
GAMMAZCMI X/ (CHIX~ GASCONIHHIX)

149



1a¢
111

-1z
112

150

o264y,
2,5, e 200 24

40 PRT{J)ZPRTURB ‘12175,

NEWPRIY1)=2 )

IF {AGS(PRLT(1,MODEL)~1.004sLTTENY) NEWPR(1)=1

DO 81 J=2,JN20

NFHPP(JIZZ

IF CAUS (PRLT(J4MODEL] -PRLT(J=1,MODELD) LT, TINY) NEWPRIJIZ1 .
41 CONTTNUE

FSTOICZO0XC/ (OXC+STOICH?

FSTOINZ1.0-FSTOIC

f --==we=--= SFF BLOCK DATA FOR SPECIFICATION OF STARTING VALUES.
INSAVESINERT
ADUC TO=ADUCTI1)
PPESSIZPRESS
PR{1)ZPRESS
PDGSCN=PRESS/GASCON
PRRZ),0-0%3-FUB
PRC=1,0~0XC~-FUC
WEBZCX3/SHKITIDOZ)+FUB/SHW(IDF)+PRB/SHH (IDN2)
WESCXC/SHMHLETDOZ I +FUC/SHRIIOF) +PRC/SMKIIDNZ)
RHOZ ZRPDGSCN/LWBHTB)
RHOC=PIESCN/ZLUCHTC)
RFX"ZREX(D.0y1)
REXTSO=REXD%42
FLOPZRHDR#UIRN,5
FLOCTRHOC*UC®D.E
RDIVSOTREXJSO/(1+D+FLOBXSTOICH/ IIFLOCTINY)4EQRATH0XC))
ROIV=SORTIRPIVSO)
FLOS=FLCB*RNIVSO .
FLOCZFLOC*(PEX(SC-RDIVSO)
QMDIVIFLOE/ (FLOR+FLOC)
PSIESFLOB+FLOC
L ~===mw=-=-=-= SEQUENCE TO PUT CELL BOUNDARY AT OMDIV. _
IFUOYDIVLE w1 4E-1COROMDIVLEEL(1o~1,E~13)) GO TO 53 -
00 52 Iz2,4M1 . »
IF{OMINTIII-0MDIV) 52,53,57 ’
57 IDIV=I+}
GO TO 58
52 CONTINUE . ' . _ T )
56 FACZOMDIV/OYINT(IDIV~1) :
00 59 I=2,INTYV
€9 OMITISOMIT)*FAC
CALL GRIDOM
CALL OUTPI R
C —==-===—== ONE-DIMENSTONAL SOLUTION oaTAINEo FROM SUEROUTINE START-
€3 IF(NFW.NEsG) CALL START
TK=TE
THERS=1
nNS1zIDV2
NSs2zID02
S2{10NZ)=PRR



114
115
ilb
117
118
119
120
121
122
123
124
125
128
127
128
129
1390
131
132
133
134
138
136
137
138
139
ing
141
142
143
144
148
146
147
148
149
15D
151
182
153
154
155
156
157
158
15¢
16C
161
‘te2
163

lo4 !

165
i66
167
162
169
170

c

S2{IDF)zFUB
S211ID0Z2)=0XR
CALL HCPS

ENTHBZLHR{IDO2)*0XB+HOIYOF) #FUB+HOLTIDNZ ) *PRB)*GASCONRTD

TR2TC
CALL HCPS

ENTHC2{HO(IDO2 ) *OXCHHRLIDF I SFUCHHOI TDN2 ) #PRCI®GASCONSTC

wemmemme-e TNSERTTON INTO ARRAYS

506

504

503

505

501

510

DO 501 1IY=]I4N .
DO SO6 JX=2,.3
IRYZIY+(JX~1)%N
FLIXYJNIZ1L0E=-20
FIIXYsJNOI=}L0E=-15
FIIXY,JND2)=1.0E-20
FIIXY,dN20)=1.0E~20
IF (oM(IY).GT.OMDIV) GO TO SO03
DO SCh JX=1,3
IXYZIVHLJX=-1)%N
UiIxXyizus
FEIXY,JH)=ENTHB
FLIXY,J0X)=OXB
FIIXY,JP)=FUB
FEIY s JFIZSFUR

FOIY +JTERZTB
FS{IY,IDN2)ZPRE
FStIY,I002)=0¥%B
FStIYyIDF)=FUB
RHO(IY)=RHOB

RHO1 (IY)=RHOB
RHOZ{IY)=RHOB

G0 TO 501

CONTINUE

0O 505 JXZ1,3
IXYZIV+{JdX=1)%N
utIxyi=uc
FIIXYJHIZENTHC
FLIXY,JOX)=0XC
FtIXY,JP)ZFUC
F{IYJF)=FUC
FIIYLJTEI=TC
FS(IY,IDNZ2)=PRC
FS(TY,IDD2)=0XC
FSIIY,IDFI=FUC
RHO(IY)=RHOC
RHOL1(IY)=RHOC

RHOZ (TIY)ZRHOC

CONTINUE .

IFINF.GTS0) SC TO 700
JXXze

DO 5i0 JX=2,L
JXXTUXN N

00 S10 IY=1l.N
IXYSIY+JXX
FCIXYyJFISFOIYJF)
FIIXY,JOXIZF(IY,J0X)

FLIXY JTE}SFLIY,JTE)
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17}
172
173
174
175
176
177
178
179
160
1s1
1a2

184
1a¢%
186
147
148
189
190
191
192
193
194
155
196
197
198
109
2un
20l
202
2u3
24
2L
204
297
2Us
2ue
210
211
212
213
214
215
216
217
218
219
220
221
222
223
22u
225
226
227

152

L ==rw=ceecae ENTER MATN LOOP AT CHAPTER 7.

C=m=-=

C
&00

w13

7C5

710

GO TO 700

------ s e . L O P e D B D A S T D A Sk e G o S e v T S 0 G Sy S S D e P

CHAPTER & & & 6 b & START OF A NEW FORWARD STEP &6 & 6 &

& 6 b

- - . S T S Y 0y T e S g A D O s o P ok e A ey

ODX=¥S5(IX+1)

X0zXu+DX

1F (NITER.GT.3) GO TO 70

INZRTR]

IFEY(IN41).CT«X0t2)) INERTZINSAVE
IF (IX.EQ.1) GO TO 70

TN IX®N

IXNUZIXN=N

IXNDSIXN+N T
B0 802 IYzleN aR’IGIN

AT, PAGE 1S

UUTU T+ T XNU) , OF POOR.QUALITY

ULTY+IXNY UG

ULIY+IXND)ZUU

00 £6G2 JuleJMAX

IF 1JeE0.JF o 0P JLEQLJTE) GD TO 602
FUSF (IY+IXNUJ)

FITY+IXN,JISFU

FLIY+IXND4J)ISFU

CONTINUE

GO TO 70

------ BOUNDARY CONDITIONS AT E BOUNDARY(DUCT YALL).
TAUE =B.0

IF (MOJ(NITER,ISHP) .NE.N,AND.ISTRT.NE+1} TAUESTAUSAV
IF (NITER.GT.C) GO TO 900
IRTY (JHI=]

DO 7413 JZ2,NF

IRIX (JI =2

IHCPSZ]

NS1=TDN2

NSZ=1DOZ

GO Tuls JXT1,L

GO 705 I=1,3

IF {X(JX),LT.X0I)) GO 70 710
CONTINUE

I=4

ISEC=I~1

IXYZJXEN

ULI¥YI=0.0

TRETHALL (X(JX) , ISEC)
FIIXYyJTEI=THK :
IF(JX+3Tw2) GO 7O THlHY

CALL HCPS

FATYY,JH)2(HC(INOZ2} *OXC+HG(IOF I AFUC+HO{IDNZ ) #PRC ) *GASCONKTK

CONTINUE
GO TO 900



<

228
229
230
231
232
233
234
238
236
237
238
239
240
241
242
243
244
245
246
247
248
259

250

251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283

2au

CHAPTER 8 B 8 8 B8 B &8 8 ADVANCE 8 8 8 8 8 8 B B8 B B8

o o o o 0 8 9 0 2 e 0 £ e e - et e e

c .
C ~=me=me==—--= ESTIMATED PRESSURE GRANIENT,
c PRESSURE GRADIENT DUE TO AREA CHAMNGE.

70 AFLOWU=AFLONWD T
ADUCTDZADUCTI(IX+1)
DASADUCTO=-AFLOWU
DPDASDAZIDADP*OX) .

C me=—w=- wwes PRESSURE GRADIENT DUE TCo WALL SHEAR.
OPDX=DODX~TAUE*RIN] FADUCTD
DPDXMZABS(DPDX) #DX
D0 R23 IYZ2,NML
IXYZIY+IXX
RESULTIYIZUCIXY+N)
RUZ-BFRACHRHOLIY I RUCTXY Faox2

823 DPDXMZAHINL(DPDXM,RU2)
DPDX=DPOXMAABSIDPOX ) /tOXX(DPDX+TINYY)

R w=emwmeme CALL SUBROUTINE SOLVE ——-- --
CALL SOLVE
IF (INERT.EQ.1} GO TO 825
CALL TEMP
CALL DENS

IF (IEQUIL.EQ.3} CALL EOQUIL ‘o

IF (KNTCS5.EQs1+AND.NITER+GE.NITERK) CALL KINE
625 XU=XD

ISTEPZISTEP+1

IXXZIXX+N

IX=TX+}

DO P26 IY=Z4NHM1
24 AREAUICIYI=AREA(IY)

IF {IXeEQ.ISTRT) TAUSAVSTAUE

933 PRESS=PRESS+DPOX%DX

IF (NF.EQ.C) GO TO 9410

IF (INERT.EQ.2) GO TO 941D
IF (IX.E9.1) GO TO 9410

IF (MODINITER,ISHP} oNEsOsANDSTSTRT4NE+1¢ANDWIXoEQeISTRT)
1.60 TO 9412
PDGSCNZPRESS/GASCON
IHCPS=2

NS1TIDN2

NS2=1D02

DO 907 IY=1,N

IXY=IY+IXX

FFUSF{IXYydF)
FOXZ0XC#(¢140-FFU)
FLIXY,JOX)IZFOX.

FPR= 1,0-FFU~FOX
FSUIY,IDN2}=FPR
FSUIY,IDFISFFU
FSUIY,IDO2)=FOX

TK=F (IXYJTE)
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154

285
286
287
288
289
290
291
792
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
31R
319
321
321
322
323
324
325
326
327
328
329
130
331
332
332
334
335
336
337
338
339
340
341

c

417

41y

o415

eul2

G412

507

IF{IY.EQ.N} GDB TO 9412
ENTHEUFAIXY ¢ JHY =04 B2U{IXY I 42 )/GASCON
DO 8417 TZNS1,.NS2

S2UIIZFSIIY, 1) . _ 15
DO 9414 IT=1,NTHAX - - M_.?B-GE
CALL HCPS 031@]}1 UALEY‘
FACTORZ1,0+ (ENTH/TK=HSUM) /CPSUM pOOR @

TK=TKF ACTOR OB

THZAMINL(THAX,TK)

TKZAMAXI(THIN, TK)

DTEPPS(FACTOR-1,0)/FACTOR

IF (ABS(DTEMP)WLE.EPST) GO TO 9413

CONTINUE

IT=17-1

ARITE (6,9415) IXy1Y4IT,TK,DTEHNP

FORMAT (1HD,1D(1H-},2X,31HPOOR CONVERGENCE OF TEHPERATUPEII3X. .
1 THAT IX =,T3,10H, AND IY =,I3/13X,22ZHNUMBER OF ITERATIONS =,I3/
2 13%X4,13HTEMPERATURE =,1PE15.6713X,THOTEHUP -y1P51506113Xy

3 1BHI&MAIN PROGRAM%¥%/)

GO TO 9413

IHCPSS1

CALL HCPS

FUIXYyJH)THSUMFGASCONXTK ) .

FIIXYyJTEISTK

VMIYSFFUZSHHLIDF)+FOX/SHWIIDO2) +FPR/SHW(IDNZ)
RHO{IY)=PDBECN/{TKEYHIN)

IF {IX.EQ.ISTRT) RHOZ(IYIZRHD(IY)

CONTIRUE

Corrrreee-——— -—— o R Pt o e e

CHAPTCR 106G 1D 10 10 16 10 180 ADJUST 1B 1¢ 10 10 10 10 10

[ omvm ot o o i s e e e G G o O i e o e o O . e

c

410

ICZS

1621

CALL DISTAN

AFLOWDZDeS#R(N) #%k2

DAY=ADUCTL/AFLOWD=1, -

ALPHAZ1.0
------- DEPENDENCE OF AREA ON PRESSURE.

NIT=0

NITINIT+1

GAMPRS=1.0/(GAMMA*PRESS)

SUMZGeT

DO 1@25 IY=2,NMI

IXYSIY+IXX

RUZ2ZPUCIYIZULTIXY} . . T
FACTORS Y 0-PU2%GAMPRS ‘ : :
SUHZSUM+BCMEIYI*FACTOR/ (RUZ%RULTIY))

DADP=PSIE=SUM

IF{FCOINITER yISWP) 4 HE + Do AND S ISTRT¢NE Lo ANOGIXAEQ+ISTRT} GO TO 1022
IF (ABS{D#I!:LT DAMIN) GO TO 1022
======= ADJUSTMENT OF PRESSURE+VELOCITIES,AND DENSITIES.
GP=DAI*AFLOWD/DADP

DPYMINTABSIDP)

DO 1021 IY=2,4HM]

RU2= PFRAC#RHOKIY)*U(IY+IXX)#*2

OPMTAZAMINI(RUZ ,BPHINY

GP=OPHIN%ABE{DP)/DP



-

342
43
344
L1
346
347
348
49
350
351
357
353
354
385
356
I57
358
359
3s0
361
362
363
364
365
366
367
368
369
376
371
312
373
374
378
376
317
378
379
E3:1u
381
38z
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398

DP=DP#ALPHA.
PPESS=PRESS+DP
RHOF ACZ140+DP*GAHPRS
D0 1027 IY=2,NH1

. IXYTIV+IXX

ULTXY)ISULTXY)=DP/RUCIY)

1627 RHO{IY)SRHO(IY}*RHOFAC _
RHO(1)ZRHOL2) ' .
RHD (N} ZRHO (NH1}
UL +IXX)ZUL2+IXX)
CALL DISTAN
AFLOWD=0.5%R (N} %42
DA2=ADUCTD/AFLOWD-1,
ALPHAZ1.D
IF (DA2%DA1.LE.N.0) ALPHAZD,5
IF (ABS(DA2).LT.DAMINI GO TO 1022
IF INIT.GE.NDAMAX) GO TO 1022 .
DA1=DAZ
GO TO 1024

1022 PRIX)=PRESS
IF (IX.EQ.1) GO TO 1@30
DO 1029 IY=2,NH1
IXYZTY#IXX
RESUCIY}IZU(IXY)-RESULTYS
STOREZABS(RESUCIY)) ZULIXY)
IF (STOREJLE.RSUMAX) GO TO 1029
RSUMAX=STORE '
IRMUXSIX
IRMUYZIY

1029 CONTINUE

1030 CONTINUE

C-.—_--—-—-—4-_u----—-—ln.—-u-——--———-—ub—---——-——------ - - -

CHAPTER 11 I1 11 11 1t -1! 11 11 11 11 PRINT 11 11 11 11 11 11

[ ot o e om0 424 e T i 7 e —— i i

c
£ ===== ~-=--~ SEE BLOCK DATA FOR SPECIFICATION OF PARAMETERS FOR CONTROL
c OF PRINTOUT,. .
CALL OQUTPZ2
¢
Cmmmmmmsc = e ———— o o B O R S o o 0 e ————— -———-——-

IF{TXeEQaISNDWANDMODINITER,ISKPYsNELO) GO TO 1211
IF (IX«.NE.LM1) GO TO &Q0
IFIN=2

[ © et o 1 a4 e 8 8 b 2 O e

CHAPTER 13 13 13 13 13 13 EXIT BOUNDARY i3 13 13 13 13 13 13

e T e m—————ee m————————-- e ————— e mm———
c
LNZLHLAN
DO 1207 I¥=1,N
IXY=IY+LN
ULIXYIZULIXY=N)
DO 1207 J=1,JHAX
FUIXY,J)2F LIXY=N,d)
1207 CONTINUE .

155



399 PRILIZPR{L=1)

%00 Ix=L

401 IX%=LN

402 CALL ouTP2

43 c

[Ia]} C-pn-----—- ----- - —— T P R A o . o - ke ) e A P G A P D P S

405 CHAPTER 14 1% 14 14 14 DECIDE ABOUT NFXT ITERATION 14 14 . 14 14

406 . R e L el bt - e B e S ' j

4u7? c - . '.
458 1211 NITERPSNITER+L :
409 IF (NITER.GT.NITHAX} GO TO 1208 i
410 IF {RSUMAX.GT.EPSF) GO TO 1208 E
511 IF (NF.EQ0.U) GO TO 120% !
412 DO 1209 J=1.NF ;
413 IF IRSFPAX(J)GT.EPSF} GO TO 1208 !
414 1209 CONTINUE i
4185 1202 NITHAXZNITER : i
uls 1202 IF (NITERJ.NE.NITHAX) GO TO 1212 F
417 NPROFZ1 .
418 ISTRT= '
419 1END=L {
u2n 1212 IF (MODINITER,ISHP).NE.OLANDJTSTRTWNE.Y) GO TO 1210 :
421 CALL INIT - '
422 PRESS=PFESS] ; ' .
423 ADUC TD=ADUCTIL) i
424 D0 1220 IYZ1,N :
425 RHOCIY)=RHOL(IY) _ ' :
426 . FSUIY,IDEISF(IYJF) : : . ' !
uz7 FS{IY,ID0OZ)I=F(IY,J0X) :
428 1220 FS(IY,ION2)=1.0-FSIIY4,IDF)=-FS(1Y,ID02) §
429 G0 TO 700 ;
u3n 1213 IXZISTRT , ;
431 : ISTEP=IX~1

432 IXX=ISTEP#N

433 : IFINZ) ;
434 PRESSZPR{ISTRT) * [
43¢ ‘ ADUCTD=ADUCT(ISTRT)

436 DO 1221 IYS14N

437 1221 RHO{IY)ZRHO2(IY)

438 DPDX=0.0 . . ‘ .

439 XUZF a5 (X{ISTRTI+X(ISTRT+11) ' o o o . ;
1y 0 To 700 ' ' §
4yl 1205 CONTINUE '
442 STOP

443 ‘ END




RO u SN e

BLOCK DATA ' .
INCLUDE COHA,LIST
INCLUDE COHB,LIST
INCLUDE COHC,LIST
INCLUDE COHD,LIST
c

£ o v 0 o 0 e L e S o B O - - -

CHAPTER 1 1 1 1 1 3 1 1 PRELIMINARIES 1 1 1 1 1 1 1 1 !

5 o i e ekt 9 . 0 o e D e o g 0 0 e e 0 O " -

c

DATA KASEZYZ : i - ) : e !
DATA ITEST/1/ |
DATA NITER/D/ ) '
DATA. NITMAX/19/ . ,
DATA EPS1D/D.D1/4NIDHAX/25/ : o ' . ' - !
DATA EPSF/0.005/,FHIN/1.DE=~t4/ . i
DATA ISTRT,IEND,ISWP/20,86,17 " ;
DATA BFRAC,FFRAC/C.140.2/ ¢NDAHAX/15/ yDAKIN/1.0E~3/ :
- DATA BIG,T'INY[TINYK ’TNYII -DEZEI: 1 IDE‘—IOI 1 .BE*SU&.-H?.B??BI .

[
C me——mme- == GRID
DATE L/35/
DATA N71D/ -

DATA X/De04001,0e290e3:0.840e540.64Nab05,0461406155462,04625,0.63
1 D.ﬁSE.U.BM.G.&uS.U.65,D.655,0,66,5.665.0.57,0.&75,0.68.0.685.
2 DuE® 5469540740759 eB8,304931e0310141e241¢25¢1037
DATA OH/D40y0.00F 36401890027 4boalleDe24,0e3840e5540475,1.0/
C mre=e—ew--= GEOKETRY
DATA AREX/D.D1,0.01404037BREX/040,0e2y0.07CREXZ/3%040/
1 X0/CeDyDabeDu?T/

ﬁgaﬁ

CHAPTER 3 3 3 3 3 3 3 ODEPENDENT VARIABLES 3 3 3 3 3 3 3

Crrmm——m— fmre————————— i ————————————————— - - ———-——

GATA NF/37

DATA IMAX,IPR,JMAX/15,15,9/ ' '

DATE JHydPy JF y N3 ING 4 SNO2; JN2D 2 JOX s JTE/152,3y8454647¢8,9/

DATA IDN,IDNO,IDNO2,IDN20,IDBNZ,IDF,ID0OZ,IDCO,TDCO2,I0H,IDHZ,IDH20, t
1 IDC,I00H/132+3+5,5,65798+95,10,12,12,13,147

BATA ISPEC/U4+546¢790,348,7%0/

DATA NSK/4/4,NSEL1/8/,NSE2/14/

o TR —— - ——— - ——— ———— e me—————— ———

CHAPTER & 4 8B 4 4 & 4. 4 PROPERTY DATA 4 4 4 &4 4 4 & 4

o e o ke a8

C

L =rmmm———— = Se I. UNITS
C ~=ww====-— THERMODYNAHIC PROPERTIES.

DATA GASCON/B31b.4/
DATA NTHAX/10/,EPST/0.001/
DATA CMIX/110D.0/

157



158

oo

DATA W4IX/29.0/ Cuau;

CHEMICAL PROPERTIES.

INAT:
DATA STOICH,ARRCON,PRFEXP/6+0s18000+0,0+005¢ OF POOﬁL PAGELQ
DATA THAX,TMIN/GOD0.0,273007 475)

DATA NFUHAX/1D/FUTEST/0,017

DATA EPSS/0.0017,1TNAXZSO/

DATA NITERK/17

DATA IDESUG/1/

DATA IEOUIL/1Z

DATA KNTCS/17

DATA INERT/2/

DATA HDIV HYAX HHIN,PYAX,PHIN/=B42UF6y=2¢16E64=1+0E715.DES10ES/

POLYNOMIAL COEFFICIENTS FOR SPECIFTC HEAT OF EQUILIBRIUM-

PRODUCT-SPECIES - CUBIC FUNCTIONS OF TEHPERATURE.

OATA AC/

1 1.29452~01,
2-2.507E-D8,
T 1.294E-D1,
4~-2.5182-08,

FeBODE~NS =2, 49BE~0Ry 2,126E-12y 14294E-01y P«BFSE~DSy
2.1€3E~12y 1.294E-D1,y 9.89BE-D5,-2.,512E~06, 2.183E-12,
9.899E~G5,-2+516E~08, 2.196E-12, 1.294E-01, 2.900E-05,
2.207E-12/ o

------- POLYNOMIAL COEFFICIENTS FOR ENTHALPY.

UATA AW/
1-1.6CB5+03,
2-4,.360E-04,
Fe1.5722403,
ya3J, L _T=0y,

8+313E-01,~5.353E~-D4, Je2B1E-D07,-1.579E+03y T+412E-01,
1+G75E~07+=1.563E+403,y 6492BE~01,-3.940E-0%y 9.66%E~08,
BebMUE=Gly=3.651FE L4y B84960E~08,-14544E+D3, 6+362E-01y
8.441E-087

—————— ~--- POLYNOMIAL COEFFICIENTS FOR RECIPROCAL OF MEAN MOLECULAR

WEIGHT,

DATA AS/

1 3.368E-02,
2"7-3305'09,
2 3.457E-024
4-5,BYRE-0F,

1.G7SE-05+-8.588E-0%, 2.042E~12y 3+415E-02y F«316E-06,
1s716E-12y J.U44OE~02, B.544E-06,-64665E-0%y 14SUTE-12y
B+G27E~06y~6e224E~09y 14435E-12, 3.470E~02, T+643E-06,y
1.354E=-12/

POLYNOMIAL COEFFICIENTS FOR CONCENTRATIONS OF EQUILIRRIUM-

PRODUCT~SPECIES = LOGI{CONCENTRATION} AS A CUBIC FUNCTION
OF ENTHALPY.
COEFFICIFNTS AS1 FOR ENTHALPY +GE. HMIN, AND JLEe HDIVay
COEFFICIENTS £S1 FOR ENTHALPY JGT. HDIV, AND .LE. HHAX,
DATA TICASIAT v JsK) T2l 4 JotT)sK=1,43)7

1-2.,1C3E+31,

1e293E+C2y=Ua792E+D2y ToB8TIE+D2,-549B1E-01,-6+70C3E~D3y

2 1e25B2-014=5e925E~CLls~3.6480E+01y 1e849E+D2,-64624E+02y 1406TEFQ3,

2-2.2335+01,

1-058E*D2,-3-955E+GZ, 5.528E+02.-7.981E*Dl,-5-743£-03,

4 140THE-D1,—-542F5E~014-3.085E+C), 1.853F+02,-6.477E+02, 1.021E+03,

E-1.527C5+01,
6-4,7FEE+02,
T=3.52654+01,
E-3.950E+02,
S=-3.131E+31,
X-4.D13E+02,

1.14GE+C2,-4e0D6E+02y 6e33TE+D24~2.126E401y 1+293E+02,
TeBFFE+CEy~54981E-Cly~5.580E-D03, 1.015E-014-4+76T7E~0O1,
1.8S0E+G24+~6+634E+02y 1.072E+D3,-2.256E+01, 1.089E+Q2,
EeSE2E+C2+=TeFB1IE~01~H4+693E-03, B.745E-02,-4.284E-01,
1aBESE+CZ4=64487E+D2y 1.026E+D3,-1.950E+01, 1.14GE+D2,
6e37SE+024~2.14DE+01, 1.294E+02,-4.BO3E+02, 7.518E+02,

5-5-9915'U1"41918E'03' 8.9385‘&2"40192F“Ul1_3-553E+01, 1.850E+02'

BE-h,6u40E+02,

1+C7S5E+03,=2.,270E+01, 1.0B9E+D2,~3.995E+62, 6.5TO0E+D2,y

C=Te981E~11 =44 159E~C3y TeT36E~024+-3.7BLE~01,+-3.15BE+01y 1.BS3E+02y

D-ba U491 +02,

1oUZDE+C3,-14564E+01y 1.140C+02,-4.015E+02,y 6.391E+02/

DATH COMASIH{T sl oK} IT1 4] 4 d21,47),K2U,5)/

1-2.1205+71,

1,294 +02 4~4 BDBE+02y Te93DE+D2 4y ~5.981E-01,-4,HPHE~D3,

2 BelblE=024=34525E-C14=3.573E+01y 1.B5GE+029~56U3E+02,y 1oOTTE+D3,

3-24279E+01,

IOUEQE‘02'-3|997E+02, b.SBJE+02'-7.981E-01.~3.8135-03.

4 TeUFBE-D02,-34458E-C1,—-3.178E+D], 1-553;*02,-6-493E+02, 1.032£+03,

e e <

i
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5=1.973E+01,
6=L.811E+D2,
T-3.5885+01,
A~4,002E+N2,
9=3,1925+01,
X=44.D16E+02,

1 1U0E+D2,-4.017E402y 64402E+02,~-2.15TE+DL,

14295E+02,

709““E*02|'5-931E‘01"40158E‘03| 7.6035“0?['3!551E'n!'

1485 E+02,y=~6abUTE+D2y 1.079E+N3,-2.287E+01,

1.090E+02,y

6o 5FIE+02y=Te981E~1y~3.563E~03, 64615E-02y~3225E~D1,

1+853E+02y~0o192E+402y 1¢033E+03,-1.9B1E+0],
B.4NTEFD2/

DAT2 (OUBSICIsJsK) o TTT140),U51,7)9K=1,3)7

1-1.356£+01,
2-1,269E+00,
3-1.611E+D1,
4-5.913E-0%,
S=1.245E+01,
6'“.5425*011
T-2.478E+01,
6=~3.982E+D1,
9~2.056E+01,
X~Q.ﬂ15EéDI|
A‘ﬁoSl?E'Ul,
B‘?IC25E+01'
C-8,135E~01,
D~7.291E+01,

3eTOTE+DL 4 =44 56HE+01y 1.922E+01,~6.40%9E~01,
HeS565E~N14~2.U02E+01y S5ebTBE4DO)y~6813E4+01,
3.3N2E+01+-3,918E+01y 1.5649E+401,~8.0304E-D1,
2+ 307TE=01,-1.975E+01y S54715E+D1,-7.005E+01,
3oU93E+019=4+297E+01y 1.831E+014~14396E+01,
1,943E+01 ¢y-6.,4A2E~01y 4,791E-014=1.261E+00,
EaBULE+D) y~64959E+01y 24931E+014~1.6U48E+D],
1,66BE+01,-8.100E-01y 1.802E-01,4-6.237E-01,
54916E+014~7.200E+01y 3.053E+01,-1.28%E+01,
1+871E+01+-1a4)BE+01y 3+73UE+01,~4.6THE+DL,
4+ FO09E=01y=1 e 2U5E+00y 4+241E-N)1,=2.520E+0},
2+FUBE+0) 4=1.,670E+0Y1y 3.419E+01,4-4.009E+01,
1.989E‘DI,'6-3BDE-D1' 2.“57E‘01|'20102E’01'
34080E+014~1+314E+01y 346T7BE+D1+=4,4T70E+0]1,

DATA (CIBSItTyJdeKIoI=1,U0,Ud=1,7) ¢KZH,5)/

1-1.4345+01,
2=1.2295+0C,
3~1eEEHE+DL,
G=6.HEHE~DL,
5~14331E+01,
6-4.70D0E+01,
T=2.572E+01,
8~4,032E+01,
9-2-1575+D1|
Xemb o 524E+01,

34963E+01+-4.650E+01y 1.951E+01,-6.53BE~01,
HoellUE-Dly-2,549E+01y 5.976E+01,~7.062E+01,
3.443E+DL,~45.023E+01y 1w6THYE+DLy~Re159E-01,
2e47T3E-0)¢~2:,133E+01y 6.08BE+01,-74346E+D1,
3.719E+01,-4.,503E+D1y 1.895C€+01,~14445F+01,
19951E+GLy~64552E-01y #4a992E-01y=1214E+00,
6eDIUE+GLy=7.086E+01y 2+959E+014-12695E+01
1.674E+C1,-84177E-01, 2.196E-01l,~6.501E~01,
6e136E+DI9-7+382E+01y 3.103E+01,-1,344E+0D],
1.900E+01/

£ =====~--=- TRANSPORT PROPERTIES.

DATS VISFU,VISOYVISPP,VISMIX/U4*1.E~6/
DATS PRLAM,PRTURPB/D.70,0.86/7

DATA AK+EWAL/Da835,9.0/

DATA HODEL/2/

CHAP

[ o e e e o e et e e

DATA H/70.9/

TER S 5 5

5 5 5 STARTING VALUES 5 5 5 5 5

14140E+02,

4.4BTE=~D1,
2«8B85E201,
1eta4E~01,
2987E¢01,
3.888E+01,
4+391E-01,
3:380E+01,
2.417E~-01,
3+615E+01,
1.549E+01,
5«924E+01y
1.673E+0),
6+.020E+01,
1.887E+01/

QQQESE'UI,
2+956E+01,
2:110E-01,
3.095E+01,
3.983E+01,
4.003E~01y
3+460E+D],
2+4T78E~0),
3.74BE+D1,

5 5

------- - TWO STREAMS ENTERING - STREAM B IS PURE FUEL. AND STREAM
C 15 AIR.

DATA US,UC/

w6y 60/ TE,TC/2%4.0,810.0/

DATA FUB+FUC/lay47y CXB40XC/Dey02327
DAT2 PRESS/4.O63ES/
DATA EQRAT/0.4/

5 2 e PRy e e o o 0 o € A Y oy b o o ) Y e

& & &

TER 6 & &

6 6 & BOUNDARY CONDITIONS 6 &

------ ~~ PARAMETERS DEFINING DUCT WALL TEMPERATURE.

DATA DWALL/B10+0,11104G41110,0/,ENALL/5004G4040,=500+07,

6 6 6
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171
112

173

174
175
176
137
178
179
180
181
182
183
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fmmrm—mseccaean et mem e ——————————————————

1 FRALL/Z3»0.0/

c
CHAPTER 7
¢
DATA
DATA
DATA
DATE
DATA
¢
ERD

T 7T 7T 71

T T 7T 71 PRINT 7

7

T T 1T T

NSTAT,NPROF {NPLOTC ,NPLOTL/3%10000,1/

NPRINT 20/
N1DPR/25/
IPELOT/
IPLOTL/AY

30%35/7,IPLOYH/G/
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38

ORIGINAY, pagp |
08 BOOR Qs prid

SUBROUTINE START

INCLUDE COHA,LIST

INCLUDE COMB,LIST

INCLUDE COMC,LIST .

DIHENSION ISOLYEL3),FDUM1(100),FOUN2L100),FRUASL100)

THALLUX pI)ZOWALL (TP +C(FHALLCT ) +FHALLET 320 X~R04T1 )2 *{X-XU(E) )
c .

oo e oo o e e 0 e e A e i - - - - - -

CHAPTER 1 1 1 1 1 1 1 1 PRELIMINARIES T 1 %1 11 31 1 1 %t

[0 e ot o o O e e B - - - - e

c

DATA AFU ADX)AH20,AC024AN2/2113.99976:9120882+98845641110245/
DATA BFU,BOX,BH20,BC02,BN2/1,999640,10755,0.36B872,;064238,0.,09525/
DATA HFU,COZH20/5450E7,1422222227 '
DATA ISOLVE/S,10B00.14
DATA TINY/1.0E-1D/
DATA NIT/O/ . ’ e
CFHZ0=(1.0+STOICHIZ{1.0+CO2H20)
STORE=STOICH/(EORAT=UXC)
FUUNB=1,0/(1.0+STORE}
FOXUNB=OXC*STORE#FUUNE
FPRUNE=1,0-FUUNB«FOXUNB
PRBz1.0~FUB-0XB
PRC=1.03=-0XC~-FUC
AMIX=AFUXFUR+ADY»0XB+AN2%PRB
BMIXCBFUSFUR+BOX*0XB+BN2%PRB
CHIXRTAMIX+BHIXXTE :
AMIXTAFUSFUC+AOX*OXC+ANZ*PRC
BHIXSAFUSFUC+ROX*0XC+EN2#PRC
CMIXCAMIX+BHIX*TC
ENTHB=CHIXB=TB+HFU*FUB
ENTHCZCHIXCH*TC+HFLRFUC
ENTHZ{FLOB*ENTHR+FLOC*ENTHC}/P5SIE
AMIXZAFUSFUUNRB+AOX%FOXUNB+ANZ#*FPRUNB
BHIXCBFUFUUNE+20OX=FOXUNB+BNZ*FPRUNB
TUNF{=AMIX4+SORTCAMIX#+2=4D*BHIX* (HFUSFUUNB=-ENTH} )1/ (2.,04%BHIX)
T1SPREEXP#PRESS%%2
FJPZFUUNSB
PHI={FJP=-FSTOIC)/FSTOIH
FUBRNZAMAXL(B.0.PHI}
NNZNF
IF (INEIRT.EQ.2) GO TO 101
NN=JH
FUBRN=FUUNB
NI1DMAXZ .
101 FOXBENTAMAXI(TINY,{FUBRN-PHI)*STOICH)
FHZC=CFHZO0X{FJP-FUBRN)}
FCOZ=CO2H20#FHZO
FN2=143-FU3RN-FOXBRN-FH20~FCO2
AMIZZAFUSFUBRN*AOX#FOXERN+AHZ02FH20+AC02Z%FCO2+AN2%FN2
BMIY=BFU%FUBRN+BOX*FOXBRN+BHZO0%FH20+BC02*FLO2+BN2%FN2 ’
TBRN=(=AHIX+SQRT{AMIX#%#2~4.O%BMIX*(HFU4FUSRN=~ENTH) }) 7{2.,0%BHIX)
C .

o ot sttt om0 e 0 e et T Y O e i e S B B O e W e

CHAPTER-2 2 2 2 2 2 2 2 INITIAL Guess 2 2 2 2z 2 2 2 2 2

Dt e e e 0 0 e 8 e e e 3 om0 o 0 o e e

161
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87
58
59
60
6}
62
b3
-1
65
66

23]
6%
mn
71
7?
73
IL]
s
76
77
8
7%
14
81
B2
a3
8y
85
66

as
8%

LB
92
%3z

9§

96

@7

1]

99
1400
iul
102
103
144
105
106
187
108
109
1i0
111
112
113

162

XDIFFzX0(3)y=-XDt2}
TDIFFSTBRAN=-TUNB
FRDIFFZFUBRN=FUUNB
DENOMI] D/(EXPIXDIFF}=1.0)
XDIFF=1Q/XDIFF
Fil,40%)2 FDXUHB
TX¥X==-N
DO 125 JX=1.L
TXXTIXX+N
IXYSTIXX+1
FIIXY,JHIZENTH
DO 100 T=1,43 :
IF (XtJXYLT.XD{I)) 6O TQ 102
100 CONTINUE
lp2 FSEC=I-}
FIIXX+NZJTEI=STRALLIX(JX) ,ISECY
IF (ISEC-2) 103,104,105 :
£ =meveemeee SECTION 1 - UNBURNT CDNDITIOMS.
103 F(IXY,JFIZFUUNB
FIIXY,JTE)=TUNB
FLI¥Y JOXIZFOXUNB
GG TO 125
L =meocmcw== SECTION 2 = EXPONENTIAL VARIATION OF TEHPERATURE AND FUEL
c CONCENTRATION.
10y ZETAZX(JX)=-20t2)
RATICZ(EXP{IETAI-1.C*DENOH
FUIXY JTEY=TDIFF*RATIO+TUNB
FIIXYyJFISFRIFF%RATIO+FUUNB
FOIXYJJOXIZAMAXI4{F(IXY, JFI-PHIVXSTOICH, TINY)
GO TO 125
remmmm—e—ee SECTION 3 « ALL-BURNT CDNDITIONS-
105 FUIXY,JF)I=FUBRN
FI(IXY+JTE}=TBRN
FLIYYJOX)I=FOXBPN
125 CONTINUE
IF (ITEST.EQ.1) GO TO 130
DO 126 JX = 1,L
JDUY = {JX=1) ¥ N + )
FDUMIIJX) = FUJDUMyJH)
FOUFZ2LAXY = FCJIJDUMSJF)
FDUMZ(JX) = FOJDUMLJTE)
126 CONTINUE
WRITE(64127) JHL(FDUMItJIX), JXZ1.L1)
WRITE(S,127) JF(FDUM2(JX)y JX=1,.L)
WRITE{G,127)JTEL (FOUMI(JX)y JXZ1,L)
127 FOARFAT (1HD,20HTINITIAL GUESSy FlIX,,IZ.IH)/!3X,1P6€11-3I}

(4]

130 IF (POJEL.EQ.1} GO TO 215
€ ~~=w=—m==-= RODEL=2, TURRULENT FLOW.
PSIC12=0.12%PSIE
AMUL SVISMIX%SCRTIF(N,JTE})
SQAPEAZSORT(D.5+%ADUCTI(1))
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131
132
133
134
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137
138
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SHALF=O.15%(PSIF/ (AMUL®S0AREAR) I n(m, 125}
AHUTP‘PSIE&?#SH&LF*ADUCTtI)IIE.D#SOAREA#XDIFII))
IXX=0
D0 210 JX=2,LH}
IXRSTAR+N
AHUT=AMUTP
AMUL=VISHMIX%SORTIF(IXX+N,JTE}}
SOAREAZSORT (D.5%ADUCTIJURY)
SHALF=DW15% (PSIE/(AMUL®SOAREA} )%k («04125)
AHUTPZOSTEL2HSHALFRADUCTCUX )/ (2 ,O%SOAREAXRDIFtJXY)
IF (X{JX}eGTaXDI2) 2 ANDWXIJX) eLEWXDI3)) ANUTP=100.0%AHUTP
AHUU LJUX ISAMUT/ZRS LJX)

210 AMUD (JX}ZAMUTPZYS (JX)
GO TO 220

215 AMULI=(FUUNB*VISFU+FOXUNB#*VISOX+FPRUNB*VISPRI®SQRT{TUNBI®ADUCTLY)
1 73DIFL1)

220 NITSNIT+1.
IF {MODEL.E0.2) GO TO 235

[ MODEL=1y; LAHINAR FLOW.

ANUL P=AHULL
INX=0
DD 230 JX=2,LMi
IXNTIXR+N
IXYTI%X+1
AMUL SAHULP
AMULPS(VISFURF{IXY,JF)+VISOXREF(IXY JOX}+VISPR*(1.0-F (IXYyJF)
1 ~F LIXYJOX)) }SORTUF (IXY,JTE) ) *ADUCT(IX)/XDIF (UX)
AMUD LJX)ZAMULPZXS{JX)

230 AMUUGJX ISAMULZXS (JX)

CHAPTER % 4 4 4 4 4 4 4 MAIN SOLUTION LOOP 4 & & & 4 4 4 4

0 om0 e e B e P e i

235 DO 335 JS14NN
RSFMAX{JI=0.0
IRKFX{J) =D
IF (HOD{NIT=1,ISOLVE(J}).NELD) GO TO 335
IF (JeEQeJP)} GG TO 335
IXX=g
PRCON=143/PRLTIJHODEL)
DO 330 JXZ2,LH1
TAXSTXX +N
IXYD=IXX+*1
P=PSIE/XStJX}
FFUSF(IXYD,JF}
FO¥%= AHQXI((FFU-PHI)*STOICH,TINY)
ALF {JXs JI=AMUDLJX)*PRCON
BLF (JX, J)ITAMUBULIN )} =PRCON+P

C =======—== STAGNATION ENTHALPY EOUATIONCJ=JH).

IF (J.NE.JH) B0 TO 305
TUSF (IXX+N,JTE)
TEF=C. UDIS#PSIE*SQRTt «O7ADUCTLIRD)
FH2C=CFH2O0%{FJP-FFU)
FCOZ2=COZHZ20%FH20
FN2=1.3~FFU-FOX=FH20-FCO2
AMIX= AFU#FFU*AGX*FDX+AH20*FH20+AC02*F002+ﬁN2#FN2

163
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174
175
176
177
178
179
189
161
182
163
164
185
186
167

188 -

189
1%0
191
192
193
154
165
196
167
15¢
199
ur
2Jd1
2572
2L7
2d4
2¢¢
2Le
2L7
2u¢e
2un
2ic
2l1
21z
212
214
21%
2)1¢
217
21
219
220
221
222
2232
224
22%
226
227
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3up
34y

330

I%e

323
335

Come=-

BMIXBFURFFUSROX4FOX+RH20%FH20+BCO2%*FCO2 +BN2*FN2
HWALLZ(AMYX+RMIXeTW )2 TH+HFUXFFU
DLF LUKy JISALF UX 4 J) #+BLF LUXyJI+TEF

ghr;gxgzazrmuul_ ggfgg‘éﬁéz PAGH ]
------ F 4] .
i R R

FUEXZFFU-FURRN

IF (FUEXsGT.GeD) GO 19 346

DLF (JXyJ) 2B IG

GO TO 344

TERMZTI#EXP (~ARPCON/F (IXYDJTE) JEADUCTIUX) #FOX
DLF { JX, JIZTERMSFFU/FUEX

CLF { JX) SDLF LJX, J) aF UBRN

DLF (UXy J)ZDLF LUK 9 0] +ALF CUX 4 J} 4BLF (X4 )
CONTINUE

IF (ITEST.EQ.13 GO TO 331

WRITE (6,3100) J, (ALF (JIXyJ},J¥X22,LH1)

WPITE (6,7101) (BLF (JXyd) pJXE2,LH1)

WRITE (652102} {CLF{JX) 0XS24LH1}

WRITE (6421031 (DLF{J¥%3J),JX22,LH1)

FORUAT (20H SUBDOUTINE START,Fls12,1H)/8H ALFLIX1/(3X,1P6EI1,3))
FORMAT (8H RLF{TX)/(3X,1P6E1143))

FORMAT (BH CLF{TX)/(3X,1P6E11.31)

3 FORMAT {3H OLF(IX)/(3X,1P6E1143}))

----- - TDMA SOLUTION.

CLFA2I={BLFI2,J)=F (1 J}+CLF(2))/DLF(2,44)
ELF(2I2ALF{2,4J}/DLF (24J)

DO 232 JX=3,.LM1

TEDLF{UX g} ~BLF (IXyJIHELF (UX=1)
ELF(JXIZALFIJX,J3/T
CLEUUX)S(ELF tUX s J)#CLF (UX=1)+CLF (X} /T
0O 233 uXJuz1,LH2

JUSL ~JX U

INY={JX=1)%N+1

FOLDEF(IXYyud)

FOIXY JIZELF(JIXIEF L IXY+N,J) +CLF tUX)
ARSFZASS(FLIXY,J))

------ PAXIMUM NOPMALISED CHANGES FPOM PREVIOUS ITERATION.
IF {ABSFSLE.FMIN} GO TD 333
STOCEZ=ARSIF(IXY,J)-FOLD)/ABSF

IF (STOREZ.LE.RSFMAXIJI} 60 TO 333
RSFYAX{JISSTORPE2

IRMF X(JI=uX

CONTINUE

CONTINUE

N . A Ty - T - T T v o 0 S e T o o S T A O o - ) O

CHAPTER 5 5 5 & & 5 5 COMPLETION OF AN ITERATION 5 5 S5 & 5 §

IXXcO

GO &40 JX=2,.LH1

IXXSIXX+N

IXYZIXX+]

FFUSF{IXY 4JF)}
FOXZAMAXI(({FFU~PHI}%STOICH,TINY}



228
229
230
231
232
233
234
235
236
237
218
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
25¢
257
258
259
260
261
262
263
26
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
240
261
282

283

254

FH2OZCFH20*(FJP-FFU)
FCOZ2=CD2H20*FH20
FIIXY,JOX)IZFOX
“FN2=l.0=-FFU=~FOX-FH20~-FCO2
AMIXSAFUSFFU+AOXXFOX+AH20%FH20+ACOZ2%F CO2+ANPHFN2
BMIX-BFURFFU+POY4FOX+BH20%#FH20+BCO22FCO2+RNZ2RFNZ
BHO FOIXYZJTEISU~ANTX+SORTIABSIAHIX®R2«h 4O*BHIX*{HFURFFU~FLTXYyJHI}) )}

1 /12.0%¥ERIX)

L wuermmnm—— EXIT BOUNDARY, ZERQ GRADIENT CONDITION.
IAYS(L=1) %N+l
IXYUsIXY=-N
FLIXY JHISF LIXYU,dH)
FAIXY JFISF(IXYU,JF )
FLIXY,JOXI=F{IXYU,JOX)
FUIXY,JTEI=F{IXYU,JTE}

CHAPTER 6 & & 6 & & & & BHPRINT6E 6 &6 & & & 6 6 & 6 6
c-_---_---pp--— ---------- e S S D - . T O - - A . o 0 P - - -
c :
L ~wwvm—===== CHECK IF MAXIMUM CHANGES IN DEPENDENT VARIABLES .LE.
c SPECIFIED CONVERGENCE LIKMIT, EPS1D.
DO S§16 JT14NF
IF (RSFHAX({J)«GT.EPS1D) 60 TO 517
516 CONTINUE
NIDMAXZNIY
GO 70 519
517 IF{NIT.E£Q.2) GO TO 519
IF(PODINITyNIDPR) «NE.O«ANDJNIT.NELNIDHAX) GO TO 514
519 WRITF (6,520) NIT
520 FORMAT (1H1,20C(1H%),b6Xy1THITERATION NUMBER ,I3,6X,20(1H%*}/1H0,
1 FU2H=+),6X20HONE~LIMENSTONAL SOLUTIOR,6X,9(2H+=)//78X,3H IX 45X,
2 1IHX 3 TX yBHENTHALPY s SX4HFUEL 9 BX s 6HOXYGEN 46X 4 4HTEMP /)
IXX= =N
Bo 500 JX=1,L
IXRTIXX+N
IXYZIXKE) :
500 WRITE (64510) J¥oX(JUXYFAIXYoJH) gF(TAY JF},FLIXYJOXI,FLIXY,JTE}
510 FORVAT (B%,1341P5E11.3)
WRITE(B,4511)
511 FORMAT(1HO424 (3H=4=1})
514 WREITE (6+515) NITH(JyRSFMAX(J}LIRMFX(J} U2l 4NF)
515 FORMATCIHOy 3X 4 UHNIT=9I3/7 (12X THRSFHMAX (4 I2,43H) =, 1PE1G3, -
1 18H AT GRID NODE IX =,13))
IF (MITWLT.NIDMAX) GO TO 220
c

D oom o b ot i e e e o b

CHAPTER 7 7 7 T 1 T 7 7 T COWPLETE ? 7 7 7 7 1T 7 1 71 1

£ o om0 O S e P e S G B 0 ke

c
L =-rmemeee—— ONE-DIMENSIONAL SOLUTION STORED AT ALL CROSS-STREAH GRID
[ NODES ~ STARTING VALUES FOR THE 2-D SOLUTION.

IX¥=0

DO 605 JX=2,L

IXXSTIXX+N

CLFIJX)=0.0

IXY1zIXN+}
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288
286
287
288
289
294
291
292
253
294
298
296

66

605

FTESF(IXY1,4JTE)
FFUZF(IXY]4JF)
FJHZFLIXY]JH)
DO 605 1¥Y=2,N
IXYSIVeIXRY
FUIXY,JTEIZFTE
FLIXY,JH)ZF JH
FLIXY,JP)ZFUP
FLIXY,JFI=FFU
IXX=D

RETURN

END
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SUBROUTINE OUTPUT
INCLUGE COMALLIST
INCLUDE COMB,LIST
INCLUDE COHC,LIST
INCLUDE COMD,LIST

DIMENSION DATA(G),FLUXI3),LABL6)LARKE14) XLPLOTI26),

1 XTPLOTI15)4YLAXIS(16) ,YLPLOT(264158),YTPLOTI15,73,YAXISI{T),

2 YAXISZUT),YAXIS3(7),YAXISL(18)

ENTRY DUTP}
c .
[0 o o o e e e o O 8 o A RO - - "
CHAPTER A ~wwmwemwcewmease INITIAL PRINTOUT ==—-m-mmecmeecmcccmmmcmaa= -
Cmemme- -——— e m - ————————————— - e -
C .

C =-=wmewes- CROSS~STREAHM OUTPUT (PROFILEY DATA. :
DATA (LABUK) yKZ146)7%P*,"U VEL®,*TEMP* *FUEL ", *0XYG*y* F ¥
DATA KOUTZ&/ ’
DATA LABK1/°RY/
DATAILABK (K ) yK=1,4)/% N YU ND _ 'y NOZ 'y ' N20O */

DATA (LABK(K) ,K=8,14) 2P €O T, Y CO2 *y' H v, HZ v,
1 ' H20 ', 0 'y OH Y/
DATA (LABK(K) ¢K=547) 7' N2 *,' FUEL®,' ~02°7
DATA LABKRZ * RHO */,LABKH/ZTENTLPYY /,LABKY/ 'WIsct/s
c
£ ~=mmm=w-we TRANSVERSE {CROSS-STREAH) PLOT DATA.
DATA ITDIM,JTDIM/Z15,7/
€ ===ewem==== ASSIGN LABELS FOR PLOT AXES.
DATA XTAXIS/*R(T}*/
GAT2 (YAXIS1(K) 4KS1,7)/°U VEL",*TEMP' ,"FUEL "', 0XYG®, 3040/
DATA (YAXISZ2UK) oK=1471/°8,0% ¢ "90H" s OyNZ 3 "N "y "#,N0* 5" 1,NO2?,
1 tZyN20/
DATA (YAXISSCK) JKZ1,71/%3,C0%,%4,C02% ,*5,HY,%6,H2?,*7,H20%,2%040/
c

C =wvrwecewn-a LONGTITUDINAL (DOWN-STREAM) PLOT DATA.

DATA ILDIM,JLDIM/26,18/
f ~=mesmcacna - ASSIGN LABELS FOR PLOT AXES.

DATA XLAXIS/Z'X 7/

DATA (YLAXISIK) yKS1,18)7°UCL1) "y T " "DPDXY "+ "GF(JFE",

1 "FUELY 3" OXYG* 3 "2,4C0" "4 ,C02" "5, HY 3 "64H2",Y7,H20%,%8,0',%9,0H%,

2 "D4N2%,*N etk NO*,*1,ND2%,"2,N20%/

DATA BLANK/HUH £y THIRD/ZUHM / ’

NSE3ZNSEl+4

NSEU4SNSE3+1

c
PRESS1=PRESS
EMU] = (VISFUXFUB+VISOX%0XB+VISPR=(1.0-FUB-0XB))*SQRTITR)
REYTPSIE/(EMUL%C,5+REXD)

c

, WRITE (6,1087)
1GBT FORMAT (1H1)

WRITE (6,1013) o .
1013 FORMAT (11X ,SLOIH#IZ11X,1H# X 1HE/ 11X, LHS 49X LHA/ 11X o 1H* 449Xy

1 1H%/11Xy  5S51H% PREDICTION OF HYDRODYNAMICS AND &/
262H * L7 4

362H * CHEMISTRY OF CONFINED METHANE-AIR =t
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57 462H * */
58 562H % FLAMES WITH ATTENTION TO FORHATION *f
59 662H * "y
60 762H * OF NTTROGEN OXIDES Y]
61 B 11X slH%. 40X, THA/LIX  1HR JHOR g THR/ 12X, 1H2 J 49X g 1A/ 12X 1 H*,40% y 1H®/
62 G OILIY lHR UFX IH*/11X, 1H®, 49X, 1H}

63 WRITE (6,1015)

6l 1615 FORMAT(ILIX,1H2, 11x. 39HTHE NASCD COMPUTER PROGRAMW 7
65 162H %/
66 2424 * PREPARED PY,19X,1H&/11X,1H%, 45X,
67 T IHS/711%y1H%, SX,45H CONCENTPATION HEAT AND MOMENTUH LTD. - =/
658 U 11X, HR, B9Y  IHB /11K, 1HA, 23K, SHFOR Z3%, 1H® /11X, 1 H% 49X s 1 H%/

69 562H % NATIONAL AERONAUTICS AND SPACE ADMINISTRATION #/Z
70 662H * My
71 T62H " NASA LEWIS RESEARCH CENTER %/
12 B 11X g IHE UG G IHA /LI X g IHE 43X g IHE /I IHE YO p IHE/ 11Xy IHS (49X ( 1H*/
73 G 11X,14%,15¥,19HCONTRACT NAS3-18950,15Ky1H®/11X,1H#,UG%¢1H*)

T4 WRITE (b4+1016) KASE

15 1016 FORMATU1IX,1H¥,19%X,10FAPRIL 1977,20X,1H%/

76 1 11X, 1HR 49X IHE/ 11X, TH# 49K 1HR /11X 1HE  UOX y IHSE/ 11Xy 1HE HFXy IH%/
77 2 11X, IHE UOX  IH& /31X g dH%, 4TX, THE/11%, 10 49 {1H=) y LH%/

78 3 11X;ld*,q9x,IH*IIIX,1H$.H9X.!H*/llY,IH*,49X,1H*I11Xg1H*.Q9Y.1H*I
79 uysH RESULTS FOR TEST CASE 4I5,11X,1H%/11X,
an & 1n*.q9x.1a¢/11x IHS%, 10X, 30HS.1. UNTTS ARE USED THROUGHOUT ,9X,1H%/
81 6 11X 1H* UTX g 1H®/ 11X AH® g TRy IHE/ 11X o LH% y UG X g THR /11Xy 1H% 49Xy TH%/
82 7 11%,5111H%})

81 WRITE (65,1020}

By 1G25 FORMAT (1H1,15HFLOW CONDITIONS/1¥,1S(1H=))

85 IF (MODEL.ED.I) WRITE (5+1021)

BE 1021 FORMAT (1HL,.H¥,16HLAMINAR, MODEL=1)

67 IF (MODEL.EQ.2} WRITE (&,1022)

ga 1G22 FORMAT (1HS,4X41BHTURRULENT, MODEL=2)

89 IF {1KERTLEQ.1) WRITE (6,1023)

9 1023 FORMAT (1HS,4X%,21HNCN=-REACTING, INERT=1/7)

51 IF (INSRT.EQ.2) WRITE (6,102%)

92 10674 FORY!T (1H3,4X,7”8HCHEMICALLY REACTING, INERT=Z2//)

g7 WRITE (6,119}

gy 1L1% FORPMLT (1HJ,8HBEOMETRY/ZL1X,8(1HZ))

95 WRITE (6,1325) DDIV,REXO,X{L)

96 1525 FOR™AT (1HI,4X,29HRADTUS OF FUEL JET AT INLET L1PELD.3//5%,

57 1 29PRADIUS OF DUCT AT INLET +1PE1D3.3//5%y 20HTOTAL LENGTH OF
9z 2 DUCT,9%,1PEiD.37/)

99 WRITE (&,1026) (T XO0{T),AREX(I} L BREX(I) CREXIT)I=1,3)

100 1026 FORAT(1HC,4%X,231HDUCT WALL COMSTANTS —1111x.1ar,ax.zuxu,9x UHAREX,

101 18X ¢ UHIREXy BX4HCREX/ ZLL3XI2+2X,LPUEL243))

162 WRITE (641027) UB,UC,TR,TC.PRESS,REY,EQRAT,PSIE

103 1027 FORMAT (//71P3,16HINLET CONDITIONS/1¥X,16(1H=)//5X,  2THVELOCITY OF

104 1 FUEL STREAM, UP,7X,1PE10.3//5%,26HVELOCITY OF AIP STREAMy UC,BX,

105 2 IPF1D42//5X%3GHTEMPEPATURE OF FUEL STREAM, TR,4X,1PE}G.3//5X,

106 3 29 TEMPERATURE OF A1P STREAM, TC,5Y,1PE10.%//5X,21HINLET PRESSURE

197 4, PRESS,13X,1PE10,2//5X,154REYNOLDS NUMBER,19X,1PE1D.3//5%,

148 5 34HOVERALL EOQUTVALENCE RATIO, EQRAT L1PEIC3//5X%X, 26HTOTAL MASS

169 & FLOW RATE, PSIE+BX+IPELIG3//) : .

11n WRITE (641328) (I,0WALL(TI},EWALLET) FWALLLTIY,IZ1,3}

111 1528 FOAWAT(IHD, I9HSCUNDARY CONDITIONS/1X,19(1H=)/75%,28HWALL TEMPERATU

112 1RE CONSTANTS ~//11X41HI 16X SHDRALLyTXySHEWALL ¢ 7% SHFWALLZZ{ICX 12,

113 2 2X,1P3E12.31)

ORIGINAT, PAGE 15
OF POOR QUALITY
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114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
148
14¢
146
147
148
149
150
151
152
153
158
155§
156
187
158
159
160
161
162
163
164
165
166
167
168

169

170

HRITE (641029) {OMII},IZ]1,N}
1029 FORMAT {//1HO.4HGRIOD/IX,4(1H=)//13H OMEGA GRID =-/(3%,1P6E11,3))
WRITE (6,1880) (X(I),I=1,L)
1080 FORPATI//9H X GRID -/(3X,1P6E11.3))
KRITE (6,1081)
1081 FORMAT(1H1,S3HPOLYNOMIAL COEFFICIENTS FOR THERMODYNAMIC PROPERTIES
1;;?19 14 COEFFICIENTS ULZtRyJyl)ed=i,7)4K=1y2) FOR EACH SPECIES I
&
DO 1088 IT1,NSE2
10FB WRITE (641082) ASUB(I 11, (120K, dy2)4U=1,47)yK=1,2)
10R2 FORMAT (1HU,AU/(3X,1P6E11.3))
IF (KNTCS.EQ.D) GO TO 1085
KRITE (6£,1083}
1883 FORMAT (1H1,1B8HREACTION HECHANISH/1X,18(1H=)}
DO 106l J=l,dd
DO 1063 KK=146
LLEKK-
IF tKK+GT4+3) LLzl"("'I
DATA (KK)=BLANK
IF (KK«+EQ:+3) GO TC 1DBO
IF tKK«EQa.5) GO TO 1060
IDLLJSTIDC(LL 4o} :
IF (IDLLJ«ED.D) GO TO 1068
DATA (KK)ZASUB(IDLLJ,1)
1G60 CONTINUE
IF (ID(2,J).E0,0) GO TO 1882
IF {IDtu,J).EQs0) GO TO 1062
GO TO 1063
1G62 DATA(3I=THIRD
DATA(G6}Y=THIRD
WRITE (641064) Jy(DATACK) sK=146)
1064 FORPAT (I3|ZH- .M&.ZH* ,AQ,ZH"‘ ’Aq"H— ,Au ZH+ 'ﬂq ZH‘ 'AQ'
1 1P3E11.3)
GO TO 1061
1663 WRITE (64103650 Jy(DATA(K)4K=1,46) )
1L65 FORMAT (I342He oAU, ZH+ JAU32X4A432HT JAB,2HY JA4,2X4AG41P3ELL,.3)
iL6l CONTINUE
WRITE (610881 (JyBXC(JS),TENIL) 3 TACTIU) 4BX2(J),TENZ2(J),TACT2(J),
1 J21,JdJ)
1084 FORMAT (1HJ,2X%X424HRATE CONSTANT PARAMETERS/SX,37HRATE CONSTART =
1 A%T4%32EXP{~TACT/T},10%,15H{ TSTEMPERATURE) //7/17X,12ZHFOPHARD RATE,
2 21X ,13H3ACKWARD RATEZ/79Xy1HA+10X31HB, EX,HHTACT'9X,1HA;10X,1HB.8X|
3 YHTACT/{TI341Rey1P&ELLL3))
1G85 WRITE (64,1086} FMIN
1086 FORMAT (1HD,7(10DH L2 1 4 bt
1624 =%%&x NOTE - THE MAXIMUM CHANGES IN THE FIELD VALUES OF /
262H U-VELOCITY, STAGNATION ENTHALPY, MIXTURFE FRACTICNy AND HASS 7/
362H FRACTION OF UNBURNT FUEL BETWEEN SUCCESSIVE ITERATIONS ARE 4
462H PRINTED AT EACH ITEPATION. THESE VALUES ARE COMPUTED AS THE /°
S62H MAXIMUM OF ABS(CUPRENT VALUE ~ PREVIOUS VALUE)/CURRENT VALUE ./
€S50H THIS IS DONE IF THE CURRENT VALUE IS GREATER THAN,1PES8.1,1H./

762H THE FOLLOWING SYMBOLS DENOTE THE MAXIMUM CHANGES - 's
Bo62H RSUMAX FOR U-VELOCITY, /
962H RSFMAX{J) FOR VARIABLE J, I 4
*62H J=1 FOR STAGNATION ENTHALPY, /
162H JT2 FOR MIXTURE FRACTION, Fu ’
262H J=3 FOR MASS FRACTION OF UNBURNT FUEL. 4
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17¢
172
173
174
175
176
177
178
179
180
131
182
187
164
186
186
187
1£8
189
190
191
192
197
194
195
1%6
197
198
19¢
2ub
241
2u?
2G5
204
2ce
20e
207
2LE8
209
210
211
212
213
214
218
216
217
218
210
220
221
222
223
224
225
226
227

170

3 Tt1I0H hKohx 1/7(1040 kkok 3/ H1)

RETURN
c
Lovmmammmmw wm oo -—-———— - - - - - - - - - - - - - -
CHAPTER B=-mecmeccemmrucmccccccrnue HEADINGS m=m==mmeres—ccece-- e
[ oo or o o o o o o v 0 e o 0 0 e i S P T o T Y Y A S . B e e -
¢

ENTRY OUTP2
IF (MODUNITFRyISWP) « NE«D e ANDWISTRTeNE Wl AND-IX-EO-ISTRIIPETURN
IF (MODINITFR,NPRINT.EQ.C) GO TO 1000
IF INITER.EC. NITHAX) G0 70 1000
GO TO 1052
1LCD IF (IX.EQel} GO TOQ 1109
IF (HODINITER,ISHP}  NE.J+ANDWIX. EO.(ISTRT*II.AND ISTRT«NEW1)
1 60 TO 11D%
GO TO 11%0
1109 NITERIZSNITER+1
DO 1CB9 IYZ1,N
1089 EMULIYIZEMUL
JXPLOTZC
WRITE {6,1206) NITER]
1106 FORMAT{IHI 20l H%),6X,17HITERATION NUMBER ,I3,6X,2C0(1H*1/

1 IHO,9(2H=+1 46X 2UHTNO=DIMENSTIONAL SOLUTION,6X,9(2H~+17/)
c -
femmmeancaa e ———— rrmemn e ———— e e———— —emrem————— ,mmem e n . —— —-——
CHAPTER C-mememmmmmcemccee—nae TESTS FOR PRINTOUT ==m=-= wemm——————— o

1110 UBARZD.G
G0 110 IY=2.NM1
IXYSIY+IXX
110 UIARCUSAR+BOMIIY)=U(IXY)
UFLUXSPSTIE®*UBAR

c
DO 115 JT1,4NF
FLUY (J}=0,
Lo 116 IY=Z,NML
116 FLUXCJ)ZFLUY [JI4BOMCIYIHFLIY4IXK )
115 FLUXLJI=PSIF#FLUX(J) '
¢
PRESSDIPR{IX)/PRESS1~140
c

IF (MOD(NITER,NPLOTL).NE+G) GO TO 11G5
L ~—rm=——=-- ASSIGN VALUES FOR DOWUNSTREAM PLOT. _
IFU#{IX)GToXD(3).0RX(IX) LT oX0(2}) GO TO 1105
JXPLOTSJXPLOT+]
IF(JXPLGTJESe1) ISLP=IX-1
IF(MGCDIJXPLOTsIPLOTL) «NEsDsANDsJXPLOTJNEL1) GO TO 1105
IL=JXPLCT/IPLOTL+]1 :
IF (IPLOTL.EQe.1Y IL=IL-1
XLPLOT¢(ILY=X{IX})
IXY=1+IXX
YLPLOTUIL,1)=U(EXY)
YLPLOTIIL,2)=0.0
_ DO 1164 IY=2,NM1
1104 YLPLOTIIL,2)= AHAX1(YL°LUT(IL.2).FIIY+Ixx,JTEII
YLPLOT(IL,3)=DPDX



228
22%
23N
231
e32
233
234
235
236
237
238
239
240
241
242
2u3
2494
245
246
247
248
240
250
251
252
253
254
255
256
257
259
259
26n
261
262
263
264
265
266
267
208
267

27.
272
273
274
2758
276
277
278
219

26"

281
282
283
2BY

NYL=3

IF (INERT.EQ.1) GO 7O 1105

NYLZS :

YLPLOTUIL 4)SFLUXIJF)

YLPLOT(IL,,5iz20,0

YLPLOT(IL,6120.0

DO 1103 YY=2,NH1

IXYZIV+YXX

YLPLOT(IL +S)=AMMXIIYLPLOTIIL ¢5)4FLIXYJF)}
1103 YLPLOTUIL, 6)SAHAXLIAYLPLOTIIL 6 ,FLIXY,J0X))

IF (IEQUIL.EQ.L) GO TO 1105

DO 1102 I=7,18
1102 YLPLOT{IL,I)=0.0]

DO 1107 IY=2,4NH1

YLPLOTUIL,7IZAHAXLI{YLPLOTUIL,71,4FSI1IY,10C0})

YLPLOTUIL «BYSAHAXICYLPLOT(IL,8),FS{IY,IDCO2)}

YLPLOTLIL Q) CAHARLUYLPLOTIIL,9)4FSUIY4IDHY)

YLPLOT(IL,10)ZAMARLI(YLPLOTIIL10),FS{IY4IDH2)}])

YLPLOTUIL s 130 =AMAXIIYLPLOTI(IL110,FS{1Y,IDH20))

YEPLOTUIL 12 )=AMAXTI(YLPLOTIIL+12}),FSLIY,ID0Y)

YLPLOTC(IL 13)AMAXLIYLPLOTIIL13)4FSLIY,IDOHY)
1107 YLPLOTUIL,16)=APAXLI(YLPLOT(IL 18} ,FSILIY,IDNZ))

IF (KNTCS«EOQ.0) GO TO 1105

00 1119 IYZ2,NH1

TAYZTIY+IXX ‘

YLPLOTUIL 1R)CAMAXYI(YLPLOTCIL 15 ,FIIXY,,JdN))

YLPLOTCILyI6)=AMAXLIUYLPLOTIIL +16),F(IXYsudNO)Y

YLPLCT{IL,17)-AMAXIUYLPLOTIIL 1 T),FLIXYuNO2))
1119 YLPLOTU{IL,18)SAMAXI(YLPLOT(IL,18),FIIXY,JN20)}

c===== TESTS FOR PRINTOUT

——=== TPRINT=1 GIVES SINGLE (STATION) VARIABLES,
IPRINTZZ ADDS THE ARRAY (PROFTLE) VARIABLES,
IPRINT=3 ADDS THE CROSS-STREAM PLOTS.

noOoOoron

1105 IPRINT=RD
IF{MODL{ISTEP,NSTAT).EQ.D) IPRINT=L
IF {MCDUISTEPyNPROF)«EC.O-0RITESTaNES1) IPRINTZZ
IF ((MOD(ISTEP4MPLOTC)eEQaDaANDsISTEPSNE 4D} sORLIFINSNE41) TPRINTZZ

DO 1108 I=1,IPLOTH

IF (1XJEQ.IPLOT(I)} JIPRINT=3
1108 CONTINUE

IF (IPRINT.EQ.O} GO TO 1052

Cmwmm=m- —— - ————— - - - - e — - ——

CHAPTER D ==mem===== memmmme= STATION VARIABLES ==m=r—==—omr—ceccem——mcsm

Lo o o o om0 0 0 B O R 1 L O i

HRITE {6,1032)
1032 FORMAT (1HD,72(1H=)}

WRITE (651030 ¥{IX)TX DXyPRESSDy{Jed=143)UFLUX (FLUXIJYyJ=1,NF?

1030 FORMAT C(1HU,SHe#% 42HX=41PEL1D0.342Xs3HEXRTyI5,5%FHDE =+ 1PEIN.3/6X,
1 THPRESSDZ,1PEID«3/25%43Hd S43(I6,5X}/TH UFLUXS,E10.349H FLUX{JIZ,
2 {3E11.3))

WRITE {64,1007) DAl,DA2
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285 1047 FORMAT (5H DA1Z,1PE10+345H DAZZ,£1043}

286 c

287 [rmwm s e e —————— e mma——— mmm e e .-~ —————
288 CHAPTER E ==meere-ceveeemns CROSS=STPEAN PROFILES seswcsemcoammcmmcaccenc
289 B et D e - ——————————
29n c

291 IF (IPRINT.EQ.1) GO 70 1050

292 c

293 WRITE (6413990 (LAB(K},KZ1,KOUT)

294 B0 1091 IYZ1,N

295 IXYZIY+IXX

296 1691 WRITE {641098) TY,RUIVIULIXY),FLIXY,JTE)FCIXY,JF),FLIXY,J0X),
297 1 FUIXY4dP)

298 WRITE {6,1099)LBBK1,LABK(IDN2),LABKRLABKY)LABKH

299 EMU(1)ZENL(2)

300 DO 1207 IY=1,N

301 1207 WRITLIS41D98)IY,RUIV)(FSIY,IDN214RHOCIY) ENULIY) FIIV+IXX,JH)
302 IF (INERT.EQ.1) GO TO 1092

303 IF (IEQUIL.EQ.G) GO T0 1892

304 WRITE (£,1201)

305 1201 FORMAT (LHGy5(2H-+),1NX,29HCHENICAL~EQUILTIBRIUN SOLUTION,10%,
306 1 StzHe=11

307 WRITE 16,1099) LABK1s{LABK(K) ,KINSE1 NSE3}

308 DO 1262 IYZ1,N

349 1202 WRITF (6410980 TY,RCIY34(FS(I¥,K),KZNSEL,NSES)

310 WRITE 16,1G99) LABKL,(LABK{K) KSNSEH,NSE2)

311 DO 1203 I¥z1,N

310 1203 WRITF (6,1098) TY,R(IV},{FSLIY,K},KINSEY ,NSED)

317 IF (KNTCS.£0.0) GO TO 1092

314 IF (NITER.LT.NITERK) GO TG 1092

315 WRITE (6,1301)

3le 1301 FORMAT (1HJ,5(25-+),11X,26HCHEMICALKINETICS SOLUTION,11X,5(2H+=))
317 WRITE (6,1099) LABKI,(LABK(K) JKZ1,NSK)

310 DO 1302 IY=1,N

310 1302 WRITL {6,1398) TY,R{IY),{FSCIY,K},K=1,NSK)

320 1092 KRITE (6,1032)

321 ¢ '

322 IF (IPRINT.E0.2) GO 70 1BS2

323 C =--~--m-~- ASSIGN CPOSS-STREAM PLOTS,.

324 IF (WITER.NELNITHAX) GO TO 1050

328 DO 1673 IY=1,N

326 IXYZIY+IXX

327 XTPLOT(IY)=RIY)

328 YTPLOTIIY,1150(TXY)

329 1673 YTPLOT(IY,2)15FCIXY,JTED

33N NYTS2

331 IF (INERT.EQ.1) GO TO 1078

332 NYT=Z4

333 DO 1C75 IYS1,N

334 IXY=IY+IXX

335 YTPLOTUIY,3)=F (IXY,JF)

336 1G75 YTPLCT(IY,41=FLTXY,JOX}

337 HWRITE [6,1096) ¥YIIX},TIX

338 CALL PLOTS (XT2LOT,ITDIM,NyXTAXIS,YTPLOT,JTDIM,NYT,YAXISI)

339 IF (IEQUIL.EQ.J) GO TO 1050

340 NYT=5

341 - DO 3C77 IY=1,N
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342
343
344
345
346
347
348
349
350
353
352
353
354
355
356
357
358
359
360
361
362
363
364
265
366
357
368
269
370
371
372
3732
374
375
376
317
378
379
350
381
382
382
384
385
336
357
388
389
390
391
. 392
393
394
355
396

397

398

XTPLOT(IYISRIIY)
YTPLOT(IY,1)SFSIIY,IDCO)
YTPLOT{IY,2)=FS(IY,IDC02)
YTPLOTtIY,3)ZFS{IY,IDH)
YTRPLOT(IY,4)=FSLIY,IDH2)

1077 YTPLOT{IY,51=FSLIY,I0H20) .
WRITE (641096) XOIX)yIX '
CALLSPLDTS !X?PLDT,ITDIH.N.XTAXIS.?TPLO?,JTOIH,NYT,?AXISS)
NYT=
DO 1076 IY=14N
XTPLOTLIYISRIIV)Y
YTPLOT(IY,1)=F51IY,IDO)
YTPLOTLIY,2)=FSLIY,IDOH)

1076 YTPLOT(IV,3)=FS(IY,IDN2)
1F [KNTCS.E0.0) 60 TO 1078
NYT=? ‘
DO 1079 IV=1,.N
IXYSIV+IXX
YTPLOT{IY 4)ZF(IXYJN)
YTPLOTCIY,51=FIIXY,JNO)
YTPLOTL{IY,6)=SFUIXY,JNO2)

1G79 YTPLOTULIY 7)=F{IXY,JN20)

1G78 WRITE (641096) XU{IXPeIX
CALL PLOTS (XTPLOT,ITDIMyNyXTAXIS,YTPLOT JTDIM,NYT,YAXIS2)
G0 TO 1050

[ CROSS-STREAH PLOT GUTPUT.

1074 WRITE {6,1098) X{IX),IX

1696 FORMAT (19HICRDSS=-STREAM PLOT, 8H XUSZ,1PE10.3,4H IXZ,I4}
CALL PLOTS (XTPLOT,ITDIMsNyXTAXISYTPLOT JTDIMNYT,YARISED

L= -———- e - -

CHAPTER F =-=---=mm LONGITUDINAL PLOTS AND RETURN —======-=-- —ecemanne

[-—emm—cm—cmm—asr e ——eo—— —— —— et —————————————

1us0 IF (IFIN.EQ.1) GO TO 1052
IF (JXPLOT.EC.0) GO TO 1@52
IF (NITERSEQ.NITHAX) GO TO 1053

o
€ r==m—wa-== LONGITUBINAL PLOT OUTPUT.

If (NITER.ED.0) GO TO 1052
IF (MOD(NITERsNPLOTL).NE.O)} GO TO 1052

1053 WRITE t6,1B54) X(LI1,L

1G54 FORMAT (19HILONGITUDIMNAL PLOT,p4H XUZ,1PEID.3,4H IX=,I4)°
CALL PLOTS(¥LPLOT,yILEIM,IL,XLAXIS,YLPLOTJLEBIMyNYL,,YLAXIS]
IF (INERTWEC+1} GO TO 1052
If (IEQUIL.EQ.D) GO TO 1052
NYL=5
DO 1055 KX=1,JXPLOT
IF (MODUKXyIPLOTL)aNEJUsANDKXeNES1) GO TQ 1055
JXZKXZIPLOTL )
IF (IPLOTLWEQel) JXZJX=L’
XLPLOTIJXISXIKX+ISLP)
D0 1055 I=14NYL
YAXISLITYICSYLAXIS{I+6)

1iusS6 YLPLDT!JX,I)—YLPLOT(JX'I+61

ILS5 CONTINUE
WRITE [6,1D54) XiLi)sL
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399
400
401
42
403
4an
405
406
407
40f
woe
LRYY
411
412
B13
414
415
416
417
4ig
419
uze
et
422
423

174

1068
1L57

1o52

1208
1206

1698
1d59

CALL PLOTSCXLPLOT TLDTIM,IL 4XLAXTIS,YLPLDT JLOIM,NYL,YAXISL )
NYL=7

IF (KNTCS.EQeD) NYL=3

DO 1057 KXZ1,JXPLOT

IF (MDD (KX, TPLOTL) HE.GoANDeKXsNE4I} GO TO 1057
JXSKYZIPLOTL+Y

IF (1PLCTLGEQa}) JX=JX=1

XLPLOTII) =X (KX ISLPY

DO 1C58, [Z1,NYL

YAXTSLOL)SYLAXIS(I+11)

YLPLOT(JXyIISYLPLOT(JX,I+11}

CONTINUE B

WRITE (by1054) X(L}4L ‘ :

CALL PLCTS(XLPLOT ILDIHsIL XLAXISyYLPLOT JLDEIKR,NYL,YARISL)
IF tIX.NE.L} RETURN

WRITE (6,1332}

WRITE (641205} NITER,RSUHAX,(FSFMAX(J),J=1,NF)

#RITE (6,1206) IRMUX,IRMUY, ITRMFX{JY,IRMFY(J),J=1,NF) -

FORMAT (1HO 6HNITELRZ4T2,1%,423HRSUMAY jREFHARLU) 3JT143,41PUELD3)

FORMAT (10X+23HAT GRID NODES, IXy IY =,8I85)
RETURN

FORMETIIX+I3+1PTELIL«3)

FORMATEL1HD,2X41KI ,7A11)

END

e e e e & o A gae e
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10

c

c------------~—---~'.---- - -

SUBROUTINE PHYS

INCLUDE COHA,LIST

INCLUDE COHMB,LIST

INCLUDE COMC4LIST

INCLUDE COMD,LIST o o

CHAPTER A em=m=mema- PHYSU ======m—=- PHYSU ===mememee PHYSY =wescemcace

[ o it ot e o e b o e e e - - - -

107

109

igg

ENTRY PHYSU

o O o= = LAMINAR VISCOSTITY

iggﬁ%i-EOOT FORMULA, WITH WEIGHTING ACCORUDING TO HASS FRACTION
=Ix+

IF (MODEL.EOQ.2) BO TO 200

00 110 I¥=1,N

INYSIY+IXX

IXVYDR=IXYeN

FOXTF(IXY 00X}

FIF=F{IXYsJF)

FPRz1.,0-FJF=FOX

EHUUIIY)'(VISFU*FJF+VISOX#FOX*UISPR*FPR)*SORTIF(IXY,JTE))

FOXZF{IXYDyJOX)

FUFSF{IXYDyJF}

FPR=1.8=FJF=-FO0¥

EMUDIIY)IStVISFURF JF +VISOX*FOX+VISPR#FPRI*SOQRTLIFIIXYD,JTIE)}

EMULIYIZSEMUDLITIY)

GO TO 201

------- TURBULENT VISCOSITY,

TIXY=ZIXK+N

IXYDZIXKY+N

ALPHAZ]1,D

IF (X{IXD)-CT«XB(2)) ALPHA = 10B.

IF (IX.EQ0e1) GO TOC 107

IF (MODUNITER,ISHP) :NE.DeANDJISTRTeNE+1«ANDIXEQ,IS5TRT) 60 TO 107
G0 TO 109

PSIt12=0.,12%PSIE
EHUNU”(VISFU*F(IXYpJF)+VISGX#F(IXY,JOX)+VISPR*(1-D-F(IXY,JF)
1 «FLIXY pJOX) ) INSQRTIF{IXYJTED)

SQIX=SART(G.5%ADUCT(IX))

SHALFUZD+ 152 {PSIE/IEMUNUSSQIX) ) sx{-04125)
AMUTUSALPHAXPSIFE12%SHALFU/(2.,0%SQIX)

ARUTUIZ 6. 666666 TXAHUTU

GO TO 108

AMUTU=AMUTD

AMUTUI=ZAMUTOL
EMU(N)‘(VISFU#FtIXYD,JF1+UISOX#F(IXYD,JDX)+VISPR*!1.0 F(IXYD,JF’
1 =F{IXYD,JOX) I ILSORTIFIIXYD,LJTE)?

S0IXD: SCRT(F.S*ADUCTlIXD!)

SHALFDT0L 15 (PSTEZC(EMUIN #SQIXD) d4#{~0s125)
AHUTD=ALPHA2PSIELIZ2%SHAl /{2,0%50IXD}

AMUTDIZE+66E666T*ARUTC

bo 104 IY=2,NM1 .

YIRT1.0-R{IY}/R(N)

IF {YDR.LT.B.15}) GO TO 186

EMUULIY}=AHUTU
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176

106

1y
201
203

x> ]

210

c

(rmecemasttmme — et ———————— o e B O B

EMUD(IY }SAKUTD oz POO
G0 TO 104

EMUU (Y )ZAHUTUL*YDR

EMUD (I¥)SAHUTDI#YDR

EMU(TY) ZEHUDLIY)

DO 203 IY=2,NH2

EMUCTY) =D S#(EHULIY ) +EHULIY+1))

rne e, A E ARt e, s anssnseenennneane== HONENTUM SOURCE
STOPES]O/Z(XDIF(IXD)I*DX)

STOPELZ1C/{XDIF(IX)%DX)

Su4r=0.0

SUHI=0.0

PO 210 IY=2,NHl

IXY=IY+IXXY

IXYDDZIXY+N+N

EMURCIY }ISEXUDIIYIRAREALIY)*STORE
EMULCIYISENNULIYISAREAUL(TIY I#STORE]L

SUMAZSUMA+EMUD(IY)

SUMBEZSUHMB+IMUULTIY) )
SI{IY)I=-DPDYHAREATIYI+EHUDLIYISULIXYOD)+ERUULTIY }HULIXY)
SIPLIY)C—{ERUDIIYI+EHUULTIY))

RETURN

CHAPTER B -=-=--==--= PHYSF --m--o-- == PHYSF =wmem==e=- L -

313

31y

ENTRY PHYSF

IF (NEWPRUJ)LEQ.1) GO TO 314
PRCON=1,0/PPLT{J,MODEL)

PRRATZPRCGON

IF (J.NEs1) PRRATZPRLT(J-1,MODEL)I*PRCON
DO 313 IY=Z,NM2

EMULLIY }ZEMUULIY ) %PRRAT

EMUDCIY ISEHUD(IY)4PRRAT
BIFCTYIZDIFUCTIY)*PRCON
EMULINML)ISEMUUINM]Y ) *PRRAT

EMUD (NY1) ZEMUD(NM1) «aPPRAT
SUMAZSUMARPRRAT

SUMB=SUMBHPRRAT

et m—————————— cesnremmmmmmmemee KINETIC HEATING SOURCE
IF (JJNE.Jd} GO TO 3G00 ' : :
IF (NEWPR{J).E0.1) GO TO 303
PPCONLIZCo5% (PRLT{J,MODEL) =140}
IXXDZIXX+N

DUSCPZN.0 -

USRP UL Z+IXXD) 442

DO 322 IYZ2,NM2

USQIU(TXXD+TY+1)%%2
GUSC=(DIFULIYI-DIF(IY))#(USQ-USOP)
SI(IY)=Ca55 {DUSO~DUSQP?

DUSCPZDUSC

USQFZUSO

ST{&F1)==DUSO

DO 323 IYZZ,NY1

IXY=IY+IXX

IXYDSIXY+N

e



11%
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
149
148
147
148
149
150
151
152
153
154
155
156
157
158
159
16C
161

IXYDDSIXYD#N .
USQSUCTXY ) ek

UDSQSULIXYD) 2

UBDSO=U(IXYOID) %2

SI(YIYI=SI{IYI+PPCON12(EMUD(IY)#(UDDSQ-UDSQ) -ERULLIVI*LUDSQ~USO)}

+EMUDCTIY)IZF (IXYND o JICEHUULTIYI*F (T XY 9d}

323 SIPLIY)I=-EHUDLIY)I=~ERUUCLIY)

303

32y

oo

3L00

3uz2

360
5Coo

6LDC

60 70 500C

00 324 I¥Y=2,NM]

IXYZIV+IXX
STCIYIZEMUD(IY)IWF (IXY+NeN JI+EMNUUCTIY)*F (IXY 4o}
SIPLIYI==EMUB(IYI~=EMULLIY)

GOC TO 5008

m————————— e eeeen .. ——————————— ~=wma-= FUEL SOURCE

IF (JuNE.JF} GO TO 4000
T1ZPREEXP¥PRESS®PRESS

GO TO 342

ENTRY SORFU

CALL TEHP

DO 344 I¥Y=2,NM1

IXY=IXX+IY

IXYDSIXY*N

FJFZF{IXYD,JF)
PHIS(FIIXYD,JP)=-FSTOIC)/FSTOIM
FUBRNTZAMAXI(DN.04PHI)
FUEXSFJF=FUBRNT

IF {FUEX.GT.0.0) GO TO 346
SIP{IY)=-BIG

GO TO 348
FOX=AMAXI((FJF=PHI)*STOICH, TINY}
SIP(IY)==T1#EXP(=ARRCON/F{IXYD,JTE) Y HAREA{IVY})%FOX%FJIF/FUEX
SItIYI=~SIP(IY)*FUBRNT
SI{IYI=ST(IYI+EMUDLIYIHFLIXYD+N JF}I+EMUULIY)IRF(IXY yJF}
SIPIIY)=SIP(IY}=-(EMUULIY)+ENUD(IY))
G0 TO 5CO0

cmmem—cee———— R —— e e —m e ————m—ea~ee P (F)

IF (JWNEW.JP) GO TO 60BG

DO 360 IYS2,NM1 '

IXNY=IY+IXX
STLTY)=EMUD(IY)#F (IXY+N+N, LI +ERUULIYIRFCIXY d)
SIPLIY}==(EMUD(IYI+EMULIIY))

G0 TO 5000 :

ALE {IXD 3 ) SSUMA :

ELF (IXD,J)=SUMB

RETURN

END
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1 SUBPOUTINE CHEH
2 COMMON JCOEFF/ ACLID} BL100,CL103},D010),POML10),0HMDIF(10)
3 INCLUDE COMA,LIST
4 INCLUDE COHR,LLIST
5 INCLUDE COHC,LIST
S INCLUDE COMD,LISY
7 c
B o mrm e e e e e S e e T e e -
9 CHAPTER R = % = % = & = & = + = + POLY * = + = + =« & = + = & = 4
10 rv e m e r s e e G . e e
11 c
12 ENTRY POLY
1z PPZAMAXYIIPRESS ,PHIN)
14 PP=AMINLIPPPHAX}
18 PP=FP*1.0E~0S
16 IPZPP
17 IP1zIP+]
18 FACTRZ =PP=IP
19 FACTR1 =1.0~FACTR2
2n AHISAHI14IPISFACTR1 +AH(1,IPL1)X*FACTR2
21 AH2 = AHIZ,IPI%FACTR1 +8H(2,1P1)%FACTIR2
2z AH3TEH{3,IPI®FACTR]1 +AH(3,IP1)%#FACTR2
27 AHUTAH(Y,IPIRXFACTRY +AHIU4,JPLISFACTRZ
gl ACICAC(1,IP)#FACTRY +ACt1,IP1)2FACTP2
2% ACZCAC(2,IP)+FACTR]1 +AC(2,IP1)%FACTRZ2
26 ACIZAC(3,IP)*FACTR]I +AC(3,IP1)%FACTR2
27 ACUZACl4,IP)OFACTR]1 +AC(4,IP1}*FACTRZ
2¢ ASMIZAS{I,IP}#FACTR] +ASt1,IP1)%FACTR2
2% ASMIZAS{2,IP)*FACTR] +AS(2,IP1)}2FACTR2"
in ASMIZAS(ZL,IPI4FACTR1 +AS(3,IP1)%FACTR2
31 ASMUZAS(4,IP)#FACTR] +AS(4,IP1)%#FACTR2
3? RETURN
33 c
iy (e ccrc e r e rc s cc e cr e e e - T D Y —————
3c CHAPTER B = 4 = ¢ = 4 = + = 3 = & TEHP % = 4 = 4 = 4 = & = 3 = 4
36 Cmmmmm e e e e e c e e e r v e - ———— e sscsenen—-
37 c
e ENTRY TEMP
39 SP1=1.7+STOICH
4c JHCPSZ2
41 NS2=IDD2
42 KS1=IDN2
43 IF(KNTCS.EC.O0) GO TO 101
oy NSL1=1
45 GO 183 IYZZ,.NM1
46 IXYDSIXX+N+TY
47 0C 103 Iz1,NSK
48 KK=ISPECLID
4o 1NT FSITY,IISF(TXYD,KK}
50 101 PO 100 IY=2,NHM1
51 IXYDZIXX+N+TY
g2 FFUSFIIXYDydF)
57 FJPSFIIXYD,JP)
54 FFUSAMINI(FFU.FUP}
5¢ F{IXYD,JF)ZFFU
56 PHIZ(FJP~-FSTOIC)/FSTOTIH
178




57
58
59
60
61
62
63
-1 ]
65
66
6T
6R
69
10
71
72
73
74
75
76
77
78
79
an
81
82
g3
B4
8%
36
87
88
ge
gr
91
92

oL
85

@7
L]

100
101
152
103
104
1os
106
ar
108
109
110
111
112
113

ip2

110

2415

1po

c

Lom—

FO2ZAMAXI({FFU-PHI)#STOICH, TINY)
FPREAMAXLI(UIFIP=FFU)*SP1,TINY}
FS{TIY9IPRISFPR

FEIXYD,JOX)ZFL2

FSIIY,IDO2}=FO2

FStIY4IDFIZFFU

FSULIY,IDN2IZFPR

FN2=1.0

DO 102 I=NS1,NS2

S2(IIZFS{IY,.1)

FN2ZFN2-52({1)

FSUIY,TON2)ZFN2

S2(TDN2)ZFN2

THEFLIXYD,JTE)
ENTHS(F(IXYD 9 JHY ~DaSR2U{IXYD)>%2)/GASCON
DG 110 IT=1.NTMAX

HPRZ {AH1+{AH2+ (AH3+AHURTH) ¢ TK IS THI#FPR
CPR=(ACLI+(AC2+{AC3+ACUSTKISTKI*TKIXFPR
CALL HCPS

CPMIXZCPSUH+CPR

HMI X CHSUM#TKAHPR
FACTORZ1.0+{ENTH=-HMIX)/ (TKXCPMIX)
TR=TKFACTOR

TRZAMINI(TH , THAX)

TRZAPAXLI(TK «THIN)
DYEMPZ(FACTOR=1.0}/FACTOR

1IF CABSI(DTEMP)LE.EPST) GO TO 100
CONTINUE .

IT217-1

HRITE(S,941%) IX,IY,IT,TK,DTEMP

FORMAT (1HO,10(1H=-),2X,31HFO0R CONVFRGENCE OF TEMPERATURE/L13X,
1 THAT IX =,13,10H, AND IY =,13/13X,22HNUMBEP OF ITERATIONS =,I3/
2 13X ,13HTEHPERATURE T41PE15.6/13X+7HDTEMP =Z,1PE15.6/13X,
3 25H=xkx SURROUTINE TEMP %&x%x)
FOCIXYD,JTE)=TK

RETURN

S e A e i S P A A g - e B e T

CHAPTER C =~ + = #+ =+ = + = ¢+ = ¢ DENS + = 4 = ¢ = 4 = ¢ = 4 =« ¢+ =

217
2040

219
218

ENTRY DENS

PDGSCN=PRESS/GASCON

DO 200 IY=2,.NH1
TRSF(IXX+IY+N,JTED}
SMZCASHI+{ASHZ+ (ASHMI+ASHUSTRKIXTKI=TKIAFS (1Y IPR)
DO 217 I=NSI-.NS§2
SMOSMIFSLIYLIV/SHMENIT)
RHOUTIY)=PDGSCN/ (THR%SMH)

RHO( 1)SRHO(2)

RHOCNIZRHO(NMY)

IF {IX.NELL{ISTRT-11) GO TO 218
DO 219 IY=1l,N

RHOZ (IY)ZRHOC(IY}

IXYZIXX+N+2

IXYI=IXY+L
FUIXY,dF)IZF{IXY1,4JF}




114
116
1l
117
118
119
120
121
122
1273
124
12%
126
127
128
129
130
131
132
133
134
138
136
137

142

143

147

le9
176

180

227

220

0

3oun2

FOIXY,JOX)TF(IXY1,J0X)
FUIXY,JTE)SF(IXY1,JTE}

IXYZIXX ¢N+N

IXY1ZIXY=}
FITXYyJF)ZFITXY14JF)
FLIXY,JOX)=F{IXY],J0X)

Lo 227 1:10N2,1D02
FSU1,112FS12,1)
FSIN,I}ZFSINHL,T)

TK=F (IXY,JTE)

HPRZ (AH14+(AH2+ (AH3+AHU*TK ) TK ) TK)#FS (NH1,IPR)
IHCPS=1

DO 220 ISNS1,NS2
$S2LTIZFSINML,T)

CALL HCPS
FIIXYyJHIZ(HSUNATK+HPR) *GASCON
RETURN

ENTRY EQUIL

HDIFF=1.,0/(HMAX~-HMIN)

GO 20 II=NSE1.NSEZ2

LL=IT=-NSEi+])

DO IC KK=Z1,&

AFSTKKyLL 2 )1=AS1IIKK ,LL,IP)*FACTR] +ASYI(KK,LL,IP1)%FACTRZ
AFSITHKK, LLy2)SBSI KK, LL,IP)RFACTRY +PS1(KK,LL4IP1)%FACTRZ
D0 300 IY=2,NH1 ’

SUM=D,.]

FPR=FS(IY,IPR}

THZF {IXX+N+1Y,JTE)

HERZLAMI+(AHZ2+ {AHZ+AHURTR)*TKIRTK)IRGASCON

=09TAIN EQUILIBRIUM COMPOSITIONS FROM POLYNOMIAL FITS.,

HPRZAMAX] (HPRyHMIN}

HPRZAMINI (HPR,HMAX)

MM21

IF (HPR,GTHDIV) HM=2

HPRZ (HPR=-HMTN)®HDIFF

DO 2C022 II=NSE14NSEZ2

LL=TI=NSEl1+1

FSIYZAFST{LyLLy MY+ (AFST2yLLyHH)I+LAFS {3, LLyMM)+AFS (4 LL MB)YXHPR)
1 *H{FR}#HPR

FSITIY,II)SFPR=EXP(FSII)

SUMZSUMHFS(IYLI1X)

SUMZSUM+FS(TY,IBF}+FS(IY,ID02)

IF (INTCS<EQT) FSC(IY IDNZIZAMINI(1.0-5UHy]8«0XC)
CONTINUE

GO 797 I-IDN2,NSEZ2

FST1,112FS{2,1}

FSUhaI)SFS{NM1,T}

RETURN

]



T3

-

171
172
173
174
1756
176
177
178
i79
180
181
182
183
144
185
186
isg?
188
189
190
151
192
193
194
195
198
197
198
159
2Gn
2i1
262
2063
204
2L5
206
207
20A
2u9
210
211
¥4
213
214
215
216
217
218
219
220
221
222
223

224

225
226
227

482
483

476

H7i

486

488

%81

i b D i Al U U AT D Y T D S W W S 4 R T g A e e o e e e e s s s e s e e s s e g e e B

ENTRY HINE

IXDTIX*] . :
PA=PRESS :
IF tNITERNELNITERK.OR+IX.,EQ.1) GO TO 583
IXNZIX®kN '
IXNUZIXN=N

IXND=IXN+N : '
DO HA2 IZ1,NSK

KK=2ISPECKT)

DO 482 IYZ1.N

FUSF{IY+IXNUWKK)

FIIY+IXN,KKIZFU

FLIY+IXNDLRKISFU

DEBUG=4FALSE.

IF (IDEBUG.EQ.2) DERUG=«TRUE.

IF (NEWPRUJUN).EQ.Y) GO TO 471
PRCONZ1.0/PRLT{JNMODEL)
PRRAT=PRLT{JN=1+MODFLI%4PRCON

DO 470 IYS2,NM2
EMUUCIYISEHUUCIY)I*PRRAT
EMUN{IYIZEMUOLIY ) *PRRAT
ALIYI=DIFUCIY)*PRCON

BIIY+1)=A(IY)}
EMUUCNMI)=EMULINHL)=PRRAT
ERMUD(NY1)ZEMUD{NMI)*PRRAT

DO 487 IY=2,NM]

CtIY}
biIY}

POHIIY) + EMUULLY)
EMUDLIY)

EMYZALTY}+3(IVI+CI(IYI+DLIY)

Do 486 I=IONZ,NSEZ

S2(TIZFSLIY,,I}/SMWIT)

IXYDEIXX#N+IY

TKSF(IXYDLJTE)

DO 488 J=1,NSK

KK=ISPECIT} .
SICTIZCACIYI#F{TXYD+L KKI+B(IYIRXF(IXYD=1 KK} +CCIYIRFULIXYD~N,KK)

1 +DIIYIHF (IXYD+NJKKIDZ{ENVESHH(TI))

S2ZITISFUIXYDKKY/ZSHRIT) |

PHRZEQRAT~0.10

EMVZENY/CAREALIY) ) +%PHR

IF (TK.LE.S550,0) GO TO 500

CALL SPECE

IF {CONVE) GO TO 510

IXIZIX+1

WRITE (6,981} IX1,IY

FORMAT {1CX,6AHCHEMICAL KINETICS SOLUTION FAILEDa.«+AVG INLET PROPE

1IKTIES RETURNED FIDXBHAT IN=Z,I3,;9H,AND, IY=,13/)

500 DO 5C2 I=1,NSK

802

S2(I1=81{ 1)

510 SUH=D.T

DO ug9 I=1,NSEZ2

181
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229
230
231
232
233
234
235
236
237
238
23§
240
241
242
243
244
24¢
246
247
248
249
250
281
282

182

489 SUMSSUM+S2(II¥SMY(T)
DO 490 I=1,NSH
KWK ISPECII)
FSLIY II=S2(TI%SHRIT}/SUN

490 FATXYDKKIZFSIIY,I)

Cummww LUMP ALL EPRORS INTO N2-MASS. FRACTTOM
SUM=(0LG ;
DO 493 Iz=1,.NSE2

493 SUMSSUMHFSLIY,I)
FSUIY,IDNZ2)ZAMINI(Ll.O+FSIIY,IDN2}-SUH,1,0~0XC)

4BT7 CONTINUE
INYNZIXX+N&N
IXYNIZIXYN=-)
IXYIZINN+N+]
IXY?oIXY1+]

DO 494 IZ)4NSK
FS{14IY=FS(2:+1)
FSIN,I)ZFSINM1,T)

KK ISPEC(I)
FOEXYNyKRIZFLIXYNL, KK}

LG F{IXYl HWKIZF{INY2HK)
FSIXN,IONK2I=FS(N"1,IDNZ])
FSt1,INN2)2FS({2.,IDNZ)

RETURN
END

T T

gy
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SUBROUTINE COWP

COMMON /COEFF/ A(10),B¢30),C410),00(10),POR{10),0HDIF (10}

INCLUDE COHMA,LIST
INCLUDE COMR,LIST
INCLUDE COMD,LLIST

CHAPTER A = # = #+ = & = # = 4 = ¢ = INIT = ¢ = # = & = & @« + = & = % = 3

c

CHAPTER B

c

13

1y
12

DIMENSION FDUW{10DO)
ENTRY INIT

mmmmemsmmn e e e mmehes TNITIAL VALUES AND DEFAULT VALUES

NMI=N=-1
NMZ2=N=-2
NM3=N=3
LHM1=| =)
LM2=L-2

IX=1

IXx=g
ISTEP=D
IFINCZI
DXSTINY
R(1}=0.0
BPE=1,.
DPDX=D.
XD=0.0
Xu=0Q.0
DAZZD,D

DD 12 TY=14N
B0 11 TZ14NSK
KK=ISPECI(I)
FILY KK}=0eD}
FStIYeIt=BeD
Do 14 T=NSE1,NSEZ2
FSIIYsI}=DeD
CONTINUE
RETURN

ENTPY SRIDX
XS(2)=D 5% (X(3)+¥({2)}
XSILMIISX(LY=Da54{X (LML) +X(LH2))
XDIFL311=X02)-X( 1) .
XDIF{Z)TX(3)=X¢2)

XDIF (LM13=X(L)=X{LH1}

D0 ?C1 JX=3,LH2
XSEJXI=0e5n (X {IN+1) =X {JX-1)
XDIF (JXISX(JX+1 =X UJX)
XS(1312XS(2)

XS(L}ZXS(LH1)

RETURN

CHAPTER € =+ =« ¢ = 4 = + ~ + - + GRIDOH

[

ENTRY GRIDOM
OHIZOM{2}
OMEZ=1.~-0M(NM1}

“ b = b = b = % b= b m» GRIOX ~ + = 4 = + = 4 = = & = 4 =

' m o m o wm o m o = f m o omm

183




i
111
112
113

184

c

[

C

2]
ks

231

BOMIZIZS(OM{Z)+0OML3))
OMINT(1}=0.
OMINT(2)=BOM(2)

DO 202 1=34NM2
OMINTII)CS*(OMIT)+OM{I+1})
BOM{IIZQHINT(T) ~ONINT(I=1)
OMITIF(TI=OMII)I=-0OM(I=-1)
BOMINML1IZ14=0MINT{(NMZ}
OMINTINMI)Z],
OMITIFINMLIZOMINML)=0HINN2)
RETURN

CHAPTER D =+ =4 = ¢ = 4 = 4 =+ DISTAN + = # = % = % = + = % = ¢ =

ENTRY DISTAN '
IF (MOODINITERyISHP) e NEsDoANDsISTRTNE L1 ANDIX.EQ.ISTRTIBPESEBPSAVE
RUL2IZRHO(2)#UL2+IXX)

RU{1)zRUL2)

RULNIZD,.D

RECI=1.0/RUL2)

RIZPSIERECY
AREM(2)Z(BOM{2'%0.5+0MI I %RT

RISRI%0OMI

RI2)=SORT(2.042T}

RIPPSRI

HPEIZ0.5¢PSTIE

00 231 IY=3,NM}
RUITTIYIZRHO(TY)#U(IY+IXX)

RECTIMIZRECI

RECIZ1.G/RUITY)
AREA(IYISPSTE®EOM{IY)*RECI
RIPZRIPP+HPEI#OMDIF(IY)*(RECIMLI+RECT)
ROIYISSQRT(RIP®2,.0)

RIPP=RIP

REZFSIZ20ME/ (BPEXRU(NMLY)
RINI=SORT(IRPIP+REI%2,0}
ARELINMI)C-I.5%AREA(NN]) +RE
RIZSQRT(RI%2.D)

REZF {N)=R{NM1}

IFINITERWNELD) GO TO 232

LD 733 IY=2Z,.NM}

AREPUCTIYIZAREA(TY)

IF{FTEST.EQ.1}Y PETURN

wRITE{5,225%) (RULTIY)sIYS14N)
FORMET{19H COMP DISTAN TESTS,s8H RUIIYIZ/(3X,1P5E11.3))
wRITE(H,278) {R{IY),I¥Y=1,N}

FORMAT(EH P{IYIT/(3X,1P5EL11.3))
WRITL(5,242) (AREA(TY), IYZ2,NM1}
FORMATC11H ARE{IY¥Y)I=/(3X,1P5E11.3)}
RETURN

CHAPTER E = 4 = & = & = + = 4 = 4+ SOLVE IR N -

c

C

ENTFY SOLVE

-------- Femme— e m—emmmmmmeme—eeco--mee PRELIMINARIES
IXDTIX+]
IXDO=IX+2



-y

114
115
i11%
117
118
119
120
121
122
123
124
128
126
127
128
129
130
131
132
133
134
135
13¢&
137
138
139
140
141
142
1432
144
145
146
147
148
149
150
151
152
153
155
155
156
157
158
159
1o
16}
162
163
164
165
166
167
168
169
170

41l

413

421

429
415
416
417

443

442

IF (IX.EQel} RSUMAXS0.0

IF (MOD(NITER,LSHP) sNE+O.ANDLISTRTANEL] L AND s IX.EQeISTRT)
1 RSUMAXZD.D

CALL PHYSH

P=PSIE/DX

DO 411 I=2,NM1

POMEI)ZPEBOM(T)

mmmmem e ——————— emrssrucmmnemanmm—m~e COEFFICIENTS FOR U
DO 413 I=2,NM2Z
DIFU(I)SEMUCTI#0.5%(REI+1I+RITIIIZ(RIISII=R(TID
ALTY=DIFUCT)

BLI+11=ALI)

J=0 -

CALL WALL (BPE,TE)

B(2)=0.0

A(NMI}=TE

- T - mmmemmnee=s C'S AND D*§
B0 418 IY=2,NM1

COIYISUCIY+IXX)SPOM(IY}+SI(IY)
DIIYISACTY}+BLIYI+POMIIV)I~SIP{TY)

IF (ITEST.EQ.1) GO TO 404

KRITE (644051 (A(I),I22,NM1)

WRITE1B,406) (B{I),I=2,NM1)

WRITE(G,407) (CLT),IS2,NML)

WRITECH,8C8) (D(T),I=2yNM1)

FORMAT(1TH COMP SOLVE TESTS/6H A(IV/(3X,1P6E11.3))
FORMATI&H PB(I}/(3X,1P6E11.3})

FORMATIEH CUT)/(3X,1P6E11.3))

FORMATI6H DtI)/(3X,1P6E1143))
-------- wvmmmmmmececeem~  SOLVE FOR DOWNSTREAM U '§ ————-m——==eo=
CL21=C(2)/D(2)

De2)=AL21/7D(2)

DO 42l I=3,NM1

T=D(I)-B(I)#D(1~1) '

DEIT=ACINZT

CEI)={3(IIC(I=17+CCI}I/T

IXXP1ZIXX+N

DO 420 IDASH=1,NM2

I=N=-IDASH

IXY=I+IXXP1

UCIXYITDCII4UCTIRY+11+C(T)

FORMAT (7H BLUIX)/({3Xy1P6E1143))

FORMAT (TH CLUIX)IZ{3X41P6E1L1s3}))

FORMAT (7H DLUIX)/(3X,1P6E1143))

ULT+IXXPLISU(Z+IXXP1)

TAUE=TERU(NMLI+IXXPL)/RIN)

IF (ITEZSTLEQ.1) GO TO H42

WRITE (654H43) (U{TY+IXXPI},IYZL,N)

FOR“AT‘ITH COMP SOLVE TESTSIGH U1} /E3X,1P6E1L.3))

Covrmmmmm——— B B e Y et F SECTION

IF (NF.EQ.O) PETURN

IF {INERT.EQ.2) CALL POLY
DO 480 J=1,.NF

IF (IX.EQ.1} RSFHAX{J)}=O.0
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in
172
1732
174
175
176
177
178
179
180
181
182
133
184
185
186
167
188
189
130
191
132
193
19y
19s
196
197
192
199
200
201
202
203
2Gy
2u¢t
206
207
20R
20e
214
211
212
2132
214
215
216
21%
218
219
220
221
227
223
224
2258
226
227

186

4ey

479

477

483

485

40%
413

465

YEE

452

HR9

IF _[MOD(NITFRyISKP) «NE.0.AND, ISTRT\NEs14AND+IXWEQ.ISTRT)
1 RSFMAX(J)=0.0

IFC(TRERTWLEQ. I-AND.J.EO.JFI GO TG 4410
--------------------- mmme==== SUBROUTINE PHYS ICS
CALL PHYSF
et e ey L - ¥ 1/ I : 12
IF I{NEWPR({J}.EQu.l) GO TO 479

00 4B4 1yzz,NM2

A(IYI=DIF(IY)

BIIY+13SA{IY)

E(2)=0.0

TEF=040

FOIFESDWD

IFIJ.EQ.JHICALL WALL(FDIFE,TEF}

A(NM1}ZTEF .

DO 877 I¥z2,NM1

RESTOULIYIZFCTXX+IY+Noud)
Ly S meememmmue—= £75 ARD D'S
NITZO

NITSNIT+1

IF{NIT.GT1) CALL SORFU

GO 8RS I¥=zz,NM1

C{TIYIZALIY)+B(IVI+POMLEIY)-STPLIY)
CLIYI=F{IY+IXX,J)=POMITY)+SI(IY}
CINFMIIZCINKL)~TTF#FDIFE

IFIITEST.ER.1) E0 TO bed

WRITE [6,439) (SI(I),Iz24NM1)

BRTITF(6,415) (STP(I),TI=2,NH1)

FORMAT(17H COMP SOLVE TESTS/&H SI(II/(3X,1P6E1143))
FORMATUTH SIP(I}/(3X,1P6E11,%))

WRITE(5,4D5) (A(I),122,NM1)

WRITL(6,406) (BUE},I=24NM1)

wRITC(6,407) (CLIY,IZ2,NH1)

WRITE(S,4C8) 1o113,1= z,nn:l
-------------------------- -~ SOLVE FOR DOWNSTREAH F 'S
c(zy= c:21/n«2!

BI21=A12)7D42)

D0 ue5 I=3,NM1

TSDLI)~BCI}#0(I~-1)

DCIVZRACIN/T

CUIV(3(I}4CIT-11+CUINI/T

DO uke IDASHSL, NM2

1=N-IDASH

IXYSI+IXXPL

STL1ISF(IXRY pu)

FUIYY,JIZCtTInF (IRY +1,0d+E(T)

IF (JNEWJF) G0 TO 489

FMAXZD.0

GO 462 TY=24NML

IXY=IV+IXXP1

IF (FIIXY,J1.LE.FHIN) GO TO 462
FMAXTAMAXT(ABS (ST (IY)-F(IXY  J))Z(F(TXYJ)+TINY) ,FHAX)
CONTINUE

IF (FHAX.LT.FUTEST) GO TO 489

IF (NITL.LE.NFUMAX} GO TO 483

GO YEl IT2,NM1

IXY=I+IXXPi



228
229
230
231
232
233
234
235
236
237
238
239
2un
241
242
243
244
245
246
247
248
249
250
251
252
2563
254
255
256
257
258
259
260
251
2b2
263
264
265
266
267
268
269
21N
271
272
273
274
275
276
217
278
279
28cC
281
282
2832
284

ABSFEABSIFLIRY ) )
RESTIDUCII=F (IXY,J}=RESIDULY)
IFLABSFLLELFHIN) GO TO. 461
STOPE2ZABS(RESINUAL) } FABSF
IF (STOREZ.LE.RSFHAX(J}) GO TO 461
RSFPAX(J)I=STORE2
IRMFX(J)ZIX+]
IRMFYtJ)=1
461 CONTINUE
IF(ITEST.EQ.1) GO TO 4314
WRITE(G 4760 Jy (FLIVHIXXPLed) 4I¥Z1,N)
476 FORMAT(BH F(IXY,yI2,1H)/(3X,1P&E1143))
5314 IF{J.EQ.JP} GO TO 4317
€ =m=m=w=e=== LONGITUDINAL TOMA,
BLF (IXD 4 J}ZBLFEIXD,J) ¢P
CLF(1X)=0,0
CLF LIXDD)Z0.0
DLF(IXD,J)=N.0
DO 492 IY=2,NM1
DLF CIXD4JIZBLF(TXD, J)+POMITIYI-SIP(IY)
CLF{TX)SCLF{IX)+EHUULTY }#RESIDUCTY)
492 CLF (IXDDIZCLF (1XDD)+(EMUDLIY)+POH(IY) IRRESIDULTY)
CLFUIX)ZCLF{IX)#DX/ XS {IX)
CLF(IXDD)=CLF (IXDD) *DX/XS (IXDD)
IF (ITEST.EQ.13 GO TO 4720
WRITF (6,4140} Jy CALF CJXyJ),dX22,LH1)
WRITE (8,415) {BLF(JXyJ)oJX=2,LH1)
NRITE (64416} (CLFCJX3,JXZ2,LH1}
HRTITE (64417} (DPLF{JXyJ) 4 JXZ24LH1)
4140 FORMAT (16H LTOMA TESTS, F{,I2,1H)/TH AL(IX)/(3X,1P6E11.3})
WRITE’6,4323)
4323 FORMAT(1HE,21HSOLUTION BEFORE LTDMA/Z}
DO 8763 IYZ2,NH1
DO 999 JX = 1,1
IDUM = IV + (JX=1) 3 N
999 FDUM(JX) = F(IDUM,J)
478C WRITFE (6,476) Jy (FDUMIJX),0X = 1,L)
4720 CLFU2)ZCLFU2)/DLF(24d)
ELF 1 2)ZALF(2,J) /DLF (244)
DO 4313 J4Xx=3,LM1 )
TZDLF(UX e d) ~BLF UKy JIFELF (JX=1)
ELF CIX)SALF (X000 /T
4310 CLF (JXIZUBLF (JXyJI#CLFtIX=1)+CLF CIXI I /T
CORR=0.0
DO 4320 JXJZ1,LM2
JX=L =JXJ
JXNT (I =1)3N
CORRZELF {JX ) CORR+CLF tJX)
DO 5325 1Y=2,NH1
IXYZIY+JXN
FITXY,JIZFLIXY,J)+CORP
IF (JJNEsJF) GO TO 4325
FUIXY,J)ZAHAXT(TINY 4F (IXY,d))
FOIXY,JISAMINLIIF CIXY 2 JP Y, F LIXY,d1)
4325 CONTINUE
43206 CLF(JX1=040
IF 1ITEST.E0.1) GO TO 4317
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288
286
287
F4:):]
289
29n
291
292
293
294
295
296
297
298
2y9
360
301
302

188

ges
4770
4317

4410

4411
480

WRITE (644322) .

FORMBAT (1HO,20HSOLUTION AFTER LTDMA/}
DO 477D IYS24NHL

PO 998 JX = 1L

IDUM = IY + (JX=1) * N

FDUM{JX) = F(IDUM,J)

WRITE (64476) Jy IFDUMIJRIJE = 1,1L)
FLI+IXXPY,JISFI2+IXXP1,4J)

IF (IBEX(J).ECQ.1) GO TO 48O
FIN#IXXPL1 ,JITFINRL+IXYPT )

GO TO 48D

DO 4ul)l IY=I.N

IXYSIY+IXXPY

FLIXY,JFISF{IXY,JP

CONTINUE .

RETURN
END



DU TN -

c

SUBROUTINE CREXD
INCLUDE COMD,LIST
INCLUDE COME,LIST
DIMENSION DATACLI2Y,ATIH) B4}

CHAPYER

c

o

1 11 1 1 1 1 1

DATA GAZ/1HG/
DATA ELEM/GHELEMS
DATA RYRS/UHREVE/,THIRD/4HH /

DATA
DATA

5 READ (5,901) {DATA(I),I=1,12}
901 FORMAT (12A4}

IF
IF
IF
IF
IF

{DATA{1}«EQ.BLANK) GO TO 5
(DATA{1}.EQ.ELEM) GO TO 10
(DATA(1}+EQ.THRY) GO TO 20
(KNTCS.EQ.0)} RETURN

IDATAC1}.EQ.AHCH) GO 70O 30

CHAPTER 2 2 2 2 2 4 2 2

c

c

10 NLMZ1
11 READ (5,950) (ATOM(KNLM) KS1,3)

IF

950 FORMAT (A2,7X,2F10.6}

(ATOMI{1,NLM)EQ.BLANK) GO TO 12

NLHSNLH+1

60

T0 11

12 NLMZNLM-1

GO

CHAPTER

c

20 NS=
21 READ (5,920) (DATA(I) 1=1,3),0T1,DT2,0ATIJ)+BUI)J=1458)4PHAZ,

1T1,

920 FORMAT (3AR46X,2A3,48(A24F3.0}), 5112F40-3 115}

IF
IF

18,

TO §

2 3 3

-
w
w
(7]
w

1
T24NCD

{CATACL) JEDLRLANK) GO TO 26

(PHAZW.NE.GAZ) WRITELGL,919) (DATA{I),I51,3),PHAZ
919 FORMAT (1HO,10X,29H WARNING.+.DATA FOR SPECIES

RUT 121 74}

READ(5,922) (Z{1lyJyNSIsJ=145)4NCO

922 FORMAT(S5E15.8,1I5) )
REAR(5,922) (Z{E eIy NSy dZb,T) o [2(2,K4NS)KZ1,43),NCD

READ{5,923) (Z(2,JsN5)sd=l, 7} eNCD
%23 FORMAT(4E15,.,8,120)

Do

22 L=14NLH

22 AL{L,NS})=D0,.0
SUHZC.D

20
iF
bo
IF

29 K=1q48

[R{K}+EQ+D.} GO TO 2%

22 L=14+NLH
(ATOMCI4L)YLNELAT(K}) GO TO 23

ALILNS)ITALIL4NS)+E LK)
SUNTSUM+ATOMR(2,L)*B(K)
23 CONTINUE

THRM/ZUHTHER/ yAHCH/Z4HHMECH/ s ALANK / 6H
TENLN/24332585/,XMAX/0.0017,8HIN/D,QDO333333/

2

2

189

e gy



57
58
59
60
-}
b2

ol
65
66
67
68
69
0
71
72
73
74
75
76
77
78
79
;3

§2
87
84
B85
E&
87
g2
59
90
g1
92
93
S4
95
96

" 98
99
160
101
192
iL3
1ub
1G5
106
107
it
149
11r
111
112
113

190

24

25

26

CONTINUE

SMY [NS)=SUH

B0 2% I=1,3
ASUBINS,T)=DATAC(T)
NSZNS+)

GO 70 21

NS=KNSe}

NSHZNS+ 1

NAZNS+1

DO 27 I=1,NS
RSMW=1,0/5MH(I)

DO 27 J=1,7

DO 27 K=1,2

ZUK eI )22 (K sy TI*RSHN
GO T0 5

CHAPTER 4 4 4 4 L} 4 4 4 4

e7
c
c
30
31
$30

33

34

35

37

38

Jd=1

READ {5.,930) (DATACI)2I=1412)yBX{JJIVTENIJUY ¢TACT(IUID,DTL,4DT2

FOIMAT (12A4,3F8,3,2A4)

IF (BATA(1).EQ.PLANK} GO TO 39
IF(DT1.NE4RVYRS) GO TO 32
J=JdJd-1

EX2(J}I=EBX{JJ)

TENZ (J)=ZTEN(JJ)
TACT2(JISTACT(SS)
BX2{JIS1C.#%BX2(J))

GO TO 3%
EX{JJIT1ID.O**BX(JJ)
DO 33 I=l.4
ID(TJJ)=D

ND=1

00 28 NT1,46

K=N%2-1

IF (DATA(K)}.ED«®LANK) GO TO 38
IF (DATA{KI.NE,THIRD) GO TO 34
DATA (K)=BLANK

GO TO 38

DO 35 T=14NS

IF (DATA(K}.NE.ASUB(I.1}) GO TO 35
IF (DATA(K+1).NREASUBILI,2)) GO TO 35
1I=1

GO0 TO 38

CONTINUE

IF (KeGT«3) GO TO 37
IDtND,JJUIRIT

ND=KD+1

GO TO 38

IF (RD.EQe2) ND=3

IBINDYJJ)I=IT

NDTKD+]

DX= (XMAX=XMIN)*T,142857E~2
SuMX=d.0

SUMYI0.0

IHCPS=3

NSEIZ1

CRKNOINL
CRROQL42

CRKOOL46

CRKOD149

CRKOO164
CRKOG16S
CRKTUV167
CRKOD168
CRKDG169
CRKIMO170
CRENGLT1
CRKNO1TS
CRKOG176

CRKOO188

CRKOD192
CRKNO193
CRHKNIO198
CRKOO195
CRHO0196
CRKOUL19T
CRKOD198

CRKOO201
CRKOO202
CRKOG2G3
CRKODZ2D4
CRKNO205

CRKOO208
CRKNO20%
CRKRO210

CRKNGO213
CRKOG214

CryOO227
CRKOOQ228

Somr



114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
136
135
136
137
138
130
140
191
142
143
144
146
146
147
148
149
150
151
152
153
154
155
156
157
158
159
16D
161
162

a2

3B}

3r3

NSZ22NS .

DO 381 N31,15
XINISXHINDX*FLOATIN-1)
SUMXSSUMX R (N)

TREY /X (H)

TLNZALOGETH)

CALL HCPS

SUM1=z0.0

Do 382 ND=1l,4

KZIDIND 4 JJ)

IF (K.EQ.0) GO TO 382
GF=(HOLKY=500K) IRSHU KD

IF (8D LTe3) SUMIZSUMI+GF

If (ND.GE.3) SUMI=SUH1-GF

CONTINUE

SUMIZEXP{SUHLY

THIZ1.0

IF 1ID(24JJ).EQeD) THMITO.0B20S7%TK
IF (3i0t4yJud)aE0.0) THIZY1.0/(0.,082057%TKY)
ARZEXLJIJ) .

IF (TENCJJ) oNEoDeD) AKZAKRTHKEITEN(JJ}
IF (TACTIJJYANE«DeD) BK-AKSEXP(=TACT{JJIZTKY
AKTAK*TM1/SUHL

Y(NIZALOG (AK)

SUMYZSUMY+Y (N)

CONTINUE

ABAPCSUMX%6,666666TE~2
YBARZSUMY®E,666666TE~2

SUMX=0,0

SUM1=0.0

SuUMY=0,0

pO 383 N=1,15
SUMYTSUMX+Y (NI® (X (N)I-XBAR)
SUMIZSUMYL+ (X{N)-XBAR)%%2
SUMYSSUMY+{Y{N)=YBAR)*%2

TEN? (JJIZD.0

TACT2(JJI=-SUMX/SUML
BX2(JJIS(YBAR+TACT2 (JJI*XBAR} /TENLN
SUMX=0.D

DO 384 N=1,15
SUMXZSUMX+ (Y (NI +TACT2 L) #X (N} -TENLN#BX2(JJ} ) %2
SUMYZSART (1, =SUMX/SUMY)
SUMXZSORT(SUMX#T,142857E=2)

EX2 1JJ) =10 %%BX2¢IJ)

Jdsddrl

GO TO 31

Jdzdd-1

RETURN

END

CRKNO23N
CRKDO232L
CRKDO232
CRKDD233
CRROC234
CRKO023%
CRKOD236
CRRUB23T
CRKOO238
CRKODZ23%9

CRKNOU24Y
CrRKNG242
CRKODD243
CRKOD244
CRROO245
CRKNOD246
CRROQ247
CRKOOZ48
CRAOBZGY
CRKDD250
CRKOGB251
CRKQD252
CRKND253
CRKOD254

CRKOO257
CRROD258
CRKDB259
CARKODZED
CRKDO261
CRKOOZ262

CRKAVL2&S
CRhDD266
CRKDOQ267
CR®NO268
CRKOL269

CRKOO272
CRKDD278
CrRKDOODZ281
CRKOD282

CRKDO3G9
CRKOQ398

191
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c

SUBROUTINE SPECE
INCLUDE COMD,LIST
INCLUDE COME,LIST

CHAPTER 1 1 1 1 1 1 1 1 1 1 1 1 1 1

c

t

CHAPTER 2 2 2 2 2 2 2 2 2 2 2 2 2 2

c

c

10

211

11
912

T3
[}

42
55

&C

CONVGS+FALSE
§Mz0,0

0o 10 I=1,NS
SelII=AMAXI(S2II),TINYK)Y
Y{I)=ALOG{S2(T) Y
SH=SMS2(1)
X(tI)=0.0
X(NSMIZD.H
YINSHIZALOGISH) |
IMAT=NSK
KMATSIMAT+]

DO 170 ITER=1,ITHAX

CALL CALC

IF {.NOT.DEBUG) GO TO 12

WRITE [64911}

FORMAT {1HG+10X+384 ELEMENTS A(I.K) OF CORRFCTION MATRIX
D0 11 K=1,IMAY .
WRITE (6,912) 1A{K,1)¢IZ1,KMAT}
FORPMAT (1H ,1IP16E8,.O}

DO SC NNZ1,IHMAT

WCNN+]

00 20 JZK4KMAT

ACNF 3 JIZAUNN g JYZA (NN, NN)

IF (K.ZQ.KMAT) GO TO SO

RO 40 I-KeI“AT

00 40 J=K,KBAT

AT ¢ ITALT 4 J)=AlT NNIZA(NNGJ)
CONTINUE

K=IMAT

JZK+1

SUM=G.0

Xi{R)IZC.0

IF (IMAT LLT,Jd) GO TO 80

DO 7D I:=J,IMAT

SUMZSUM+ACK TIHX(T)
XIKISACK,KMAT)I=SUN

K=i=1

IF (KeNE.D) GO TO &0

CHAPTER 3 3 3 3 3 3 3 3 3 3 3 3 3 3

o

ETAT1.D

ETALZ1,

SU¥ZTINYK

GO 130 I-1,NSK

IF (X(It,LE.C0.D) GO 7O 130
SUMTAMAX]I(X{T)sSUM)

/1

SPECOOO1

SPEcOO21
SPECOO22

SPECDD26

‘SPECDO2A

SPECODD3Y
SPECLO4O
SPECOOu4S
SPECDOD4%
SPECQOD47
SPECODuE

SPECGDSO

SPECODBS6
SPECOOSY

SPECOD61
SPECO062

SPECOO6®
SPECODT2

SPECDO7%S
SPECOO76
SPLCOOT?
SPECURTS8

SPECOUSY
SPECOO8S

SPECD10%

SPECOILD

[ -Cd,';:\ .



57
58
59
60
61
62

-1
65
66
67

60
in
71
72
73
T4
75
76
77

79
3

82
83
g4
&5
Bé
BY

¢

iF
TsT
ETA
130 CON
ETA
ETA

CHAPTER

c

c.
CHAPTER S 5 & -] 5 s S S 5 5 § s s 5 5

c

Do
yYitr
Y(I
s2¢
150 CON
IF
1 K=

IF
po
IF
IF
160 CON
Con

992 FOR“AT{1HO,6HITER =,I3,5X,5HETA =,1PE1B.3//17X,2HS2,12%,5HLOGS2,

1 8%
RET
170 CON
RET
END

152(I1/5M46Te1.0E=8) GO TO 130D
1ZASSULY{NSHI-YLII=9,212)/X(1))
1SAMINLCTSTLLETALY

TINUE

SAMINL{1.042+0/5UH}
SAMINL(ETALETAL)

4 4 & w 4 b & & & & 4 4§ # § g

150 I=14NSK

FIYCIN+ETA®XII)

TSAMAXALY(T Y, TNYY -

I)zEXPLYLIN)

TINUE

(DE3UGY URITE(6,998) ITER)ETA,(ASUBIK L) 452¢K) YLK}, %K)
14NSK) .

"(ETAWLT«14) GO TO 170

160 I=1,NSK
1S20T}.LF.TINYK*1.0N0)) GO TO 160
(ABSEX(I)).GT.EPSS) GO TO 170
TINUE

Y6z, TRUE.

1 BHD{LOBS2)//7(SX At 1P3E15.6))
URN :

TINUE

URN

SPECO124

SPECOL4®

SPLCOL51
SPECD157

SPECOLES

SPECD182
SPECO183

SPECO189
SPECO191
SPECO193
SPECC22¢F

193
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c

SU3ROUTINE CALC
INCLUDE COMDLLISTY
INCLUDE COME.LIST

CHAPTER 1 1 1 1 1 1 1 1 1

c

o

NSK1ZNSK+1

B0 5 I=1,NS

DO 5 K=1,NA

AT ,K)Z0a0
RHSM=PA/{GASCON%TK)
RECTKZ1.0/TK
RHOP=RHSM/SH
RHSCZRHOPXRHOP
RHSMPZRHSHERHOP
RHSMSQTRHSM*RHSO

CHAPTER 2 2 2 2 2 2 2 2 2

o

20

L |
=]

ag

DO 180 u=1,4¢
R1=TX{JIREXP(=TACTLJI*RECTK]
R2ZTX2(JIVSEYP(~TACTZ2(JI=RECTK)
IF (TEN(J)aNE«D+} RLIZPLI%THKER*TEN{J)
IF (TEN2{(J) «NE.™s) REZTRZ*TK*=TENZ2{J)
ISTDUL, )

REIDEZy )

M=TID{3,J}

NZID Ly J)

IF {KeZ04C) GO TO 20

IF (NJ.EGs0) GO 7O 30

HODE =1
RIS{RHSC#S2(T)I*{RI*S2(K))
R2T{PHSO#*S2{M)I}%(R2%52(N)}
GO TO 4p

HODE=2

RI=PHSMP#R1%S2(1)
R2=PHEMEQ#S2{H)=R2%52(N)

GO TO 40

MODE=3
R1ZPHSMSO%*S2{I)#R1%SZ2 (K}
RZ-RHSUP#RZ%S2 (M}

TH1=P1=R2

A(T411ZELI,TI)+RY
AtM,TIZAIM,T}=R]

AT ¢MIZA(T4M)~RE
AlMsMIZAIH,M) #R2

A{T NAYZA{I+NA)}=-THM]
ATMGNAYSAIH,NAY+THL

IF (MODE.EQ.3) GO TO S0
AIN,TIZAIN,I)=R1
A{N+MIZAINGM)+R2

ALI L NIZACI N)=R2
ALM,NITA(H,N)I+R2
A(NGNITAIN,N)+R2
AINWRAYSAINGNAY+TH]L

IF {MODE.EQ.2} GO TO 100

CALCOOO]

CALCOO24

CALCOO4S
CALCODO4%G

cALCOOu4R

CALCODRS?
caLCoosen
CALCOO62
CALCGO63
CALCODEY
CALCQOBS
CALCOODB7
CALCOOGE
caLcunve
CALCDOQT3
CALCOOTY
CALCLOTY

cALCOOS2

CALCO114
CALCO115
CALCOL116
CALCD117
caLCO122
CALCO123

"CALCD124

CALCUO126
cALCO127?
CALCUL128
caLcaoize
CALCDLI3D
CALCD133
CALCO1I34




57
88
59
60
61
62
63
64
65
b6

68
69
70
71

7t
74

c

50 A(RL,I¥zAtK,I)+R2

’ ALT+KIZALE HY+R]
ALK yRIZA{K,KI+R1
AtMLKITA(R, KY~R)
AR MIZALK,H)=R2
A s NATTACK sNA)-THL
IF (MODE.EQs3) GO TO 10O
AINJKIZATH,HI=-R]
ALK NIZALK,N}-R2

100 CONTINUE

CHAPTER 2 3 3 3 3 3 3 3

c

DO 110 I=1,NSK
AT, IIZACT, TYI+ENYSS2(T}
118 ATI+NSKIITA(T+NAJ+EHVX({SIIINI-S2(I))
RETURN
END-

CALCD238
CALCO139
CALCOL40
CALCD14Y
caLcOlay
CALCOl45
CALCO146
CALCOl47

CALCG197?

CALCD212
CALCO287

195
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25
26
27
25
2e
30
n
3z
32
34
35
36
37
38
39
43
41
42
42
L

100

]

%0

18

ing

23

ORIGINAY} PAGE IS
OF POOR QUALITY

SUBROUTINE HCPS HCPSGOO1L
INCLUDE COHD,LISY ; .

K=l HCPSOO13
IF (TKWLT«1000.) H=2 HCP53014
TKI=1.,2/77TK i :

TH3I=ZTH&TK . HCPSDD16 |
TRU=THRISTK . HCPSUO17
THESTHH*TK ) HCPSQOL1AR
THZSTH® & HEPSONL D
TM3ISTH3I*e 333333333 ’ HCPSOD20
THE=TKE %, 25 HCPSOG21
THE S THE %42 HCPSON22
IF (IHCPS=-2) 100,200,300

HSUMZD,. D

DO 5 I=NS1,NS2

HO{TISTHORZ UK 4B I +THUSZ Ry Uy 1)+TH3*Z(K13’1’+TH2*Z(K|2|I,+
1 ZUK 141042 (K464 %TR]

HSUP ZHSUM+HD{I)%»S2( 1)

RETURN

HSUMZ0.0

CPSYH=D.0 HCPSOO23
DO 1C I=NS1,4NS2

ZKSITZIK 541}

ZHUTSZ(Hyliy X))

ZHITZZ(Ke 3,1}

ZK2ISZUK4 2,1}

ZH1YZZ2{K,41,1}

HOI(TI= TPS*2K5I+THk*ZKﬂI+TM3*2HSI+TH2*ZK214ZKII*?!K 6411%TK1
Castirs lTK’#’K“I+THN*ZNHI+TK3*ZK31+TK#ZH7I+2KIII*SZ(I)+CPSUH
HSUYZHSUM+HD (T 1521 1)

RETHURN

TKIZTK3%0.5

THKYSTKL%D,3333333

TH5=TRS#D.25

DO 7D T=NS1.NSZ2

ZRETISZ{K 541}

ZHUTZZ{K o441

ZHRII=2UK, 3,1}

ZK2TZZ{Ke2,T)

ZK1IZZ2(K4141)

ST ISTHOwZKST+THKUNZKUT+TKI%ZKII+TR#ZKZTI+TLNHZKII4Z(K,7,1)

HOL(I = TMS#ZKSI+TMH*ZHHI+TH3*ZK3I+TH2*ZKEI*ZKII+Z(K,b,I)*TKl .
RETURN . HCPSQO4D
END HCPS0041
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c
c
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THAPTER 3 =reweme= - A o

0L

104

102

113

163

HAPTER A

SUBROUTINE WALL (0UT1,0UT2)
INCLUDE COMA,LIST
INCLUDE COMB,LIST

FOR VELOCITY, OQUT}zRP,
FOR F *Sy . OUTLI=FIDIF,

DATA BPLAST,SHALF/1.0,0.04/
DATA TINY/1.0E-20/
IF (Jo5T,0) GO TO 200

IXYZNML+IXX

UREF=UCIXY)

RHOREF=RHO(NM1)
RUREF=RHOREF*UREF
RREF=RINM1}

VREFZEMU{N])

YREFZRE

REYZRUREF2YREF/VREF
RRUPEF-RREF2RUREF
EFCYREF2DPDX/ (RUREF #UREF)

IF (MODEL.ED.1} GO TO 110

IF (FEYW.LT.132.25} G0 70 110
ERIREYREWAL

ARGMINZ11 .S*ENAL

NIT=D

SHALF1ZSHALF

SCSHALF %2

SLOC=S+EF

IF (SLOC.GT.0.0) GO 70O 104
SLGC=TINY
SHALF=SCRT{ABS(EF})
BEE=SQRTISLOC}/AK

ARGZER%* {SHALF +G o S5*EF/SHALF}
IF {APB.LT.ARGHIN} GO TO 110
SHALF=AK/ALOG(ARG) :

WALL 7
WALL 10
WaLL 11
WALL 12

——————————— wammmm—————— mmmmweme~ PRELIMINARIES =a=m=-= mmmemeceulALL 13

~= VELOCITY -=—mmmecemcaaa- ~=--WALL 19

WALL 22

WALL 27
WALL 29

IF {ABS{SHALF-SHALF1}.LT.0.,0001}) GO TO 102

NIT=NIT+1

IF {(NITW.LT.11) GO TO 101
STSHALF%#%2
SAVZ0.52(5+SLOC)
BP=1.,0/(1.0+8BEE)

GO0 TO 103

CONTINUE

FREZEF%REY
SREZD.5%(2.N~FRE}
EPSSRE®GaS5+FRE*N,1666667
IF (SRE.GT.TINY) GO TO 113
SRE=TINY

BP-0.3333333

S=SRE/REY

SAV=S

T=S#RRUREF

------ wew= JNDER-RELAX BP.
BPED JLS52(BP+RPLAST)

WALL 69

WALL 72

197




87 BPLASTZBP

. 58 ouT 18R
59 out2=t
60 S11=5AY
61 $22=RRUREF
62 S 3=UREF
63 SYzREY
b4 G0 TO 900
68 R et e ———————— e ——— e ————— D
66 CRAPTER { ww==mmmmmecccceancme ENTHALPY =s=--creecccemcecsnees-ee- —————
b7 Z0D SAVES1)
68 RRUREF=S§22
6% UREF =53
70 REYZSH
71 IF (MODEL.E0,1) GO TO 2iQ
72 PRRATZPRL (J)/PRT(J)
73 PUAYZ9.C¢{PRRAT~1,0)/PRRAT*%0,25
74 STSAV/(PRTIJI®#(1,0+AHAXL(~D.99999 ,PJAYHSQRT (ARStSAVI}I))
15 OUTZTS#RRUREF
76 QUT1={4-1,01%0,5%UREF**2
77 60 TO $0D
78 210 S=1.,0/¢PRL(JI*REY}
79 OUTZ=S*RRUREF
80 OUT1Z(PRLIJHI =% ¢0) %0 5*UREF%%2
81 L D n mre———— ———————— meme————— e mm—————— m—
82 590 IF (ITEST.EC.1) RETURN
B3 WRITL (6,9900) J,0UT1,0UT2
84 SLTD FORMAT (12H WALL TESTS,,2H J=Z,I3,6H OUT1=,1PE10.3,6H OUT27,1PE1043
&% 1)
56 RETURN
87 END

~ 198
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SUBROUTINE PLOTS(X IDTMEyIMAX +XAXIS Y yJDIME 4 JHAXHYAXIS)

C/0CT o 197S/GENHIX/mmmweu=-

—ee——————— D.B.SPALCING, INPERIAL COLLEGE ==--=

SUBROUTINE FOR PLOTTING J CURVES OF ¥Yt(I,J) AGAINST X{I},

X AND Y ARE SCALED TO

THF RANGE 0. TO ley FOR PLOTTING AS

{Y=-YMIN) /{YHAX=YRIN), THE MAXIMUM AND HINIMUM VALUES ARE PRINTED

N«.Bs THE X AND Y ARRAYS MUST BE REDEFINED BEFORE EACH CALL PLODTS.

TDIME TS THL VARIABLE
IMAX IS THE NUMBER OF
XAXIS STORES THE NAME

JMAX IS THE NUMBER OF

DIPENSION FOR X

X VALUES.

OF THE X-AXIS,

DIMENSION FOR Y.

CURVES 7D BE PLOTTED, {UP TO 30).

THE ARRAY YAXIS{J} STORES THE NAMES OF THE CURVES,

THE FIRST CHARACTER

OF EACH CURVE=NAME IS USED FOR PLOTTING.

X5IZC ALTERS THE X~PLOT SIZE BY A FACTOR OF +2 TO 1.y 1IN STEPS OF

YSIZE IS THE Y-PLOT SIZE FACTOR OF .2 UPWARDS IN STEPS OF

c

L

C

c

c

c

c

c

C JDIME IS THE VARIAPLE
c

c

c

c

c

o USIZE<ley YSI2Exl, GIVES NORMAL SIZE PLOT.
c

C

. ®PLOT

*PLOT
#*PLOT
*PLOT
*PLOT
*PLOT
*PLOT
*PLOT
*PLOT
*PLOT

«1%PLOT

*PLOT
2PLOT
*PLOT

P L R L L T L PR P T R P T P T T LR T P P e T T P T I ) 5

OTMENSION X{IDIME),Y(IDIME,JOIMED 4VAXIS(JDIMEY,

1 AQIC1Y ,YMAX(ZU),YMIN(3O)},DIGITIL]1}
EQUTIVALENCE (YHAX(I),RA(1)),(YMIN(L)A(31])
DATE DOT,CROSSBLANK/1HaylH+41H /

1y0IGTIT/Z1HD, I1HT 4 1H2 §H3 ) HU 3 1HS 3 1HA 1HT,1HB,1H9,1H1/

Caxkxx SET PLOT SIZE FACTORS
XSIZE=D.5
YSIZEZO,.8
C#waxax SCALING X-ARRAY TOD RANGE 0 TO 100%XSIZE
XRZ1G0. #XSI2E
XMAXZ~1,E30
XMIN=+1,E30
IM=THMAX
DO 1 I=1,1IM
XMAXZAMAXI(IXMAX yX(I))
1 XMINZAUMINI{XMINGX{I})
SEXR/IXMAX=-XMIN+1.E-30D)
BO 2 I=1,IM
2 X(IISIX(I)~-XHINI%S
CHrskw SCALING Y-ARRAY TO RANGE O TO SO%YSIZE
YR=S5D.2YSTZE
JMITJMAX
D0 4 Jd=l,J4
YMAX{JI=~1,E30
YMIM{J)=+]1,,E30
DO 4 IZ1,IM
YMIN(JYZARINICYMINCJI) o YT 4d))
4 YMAX{JIZAKAXILYMAX{J) Y (I4d))
DO 3 Jzl,JM
SEYRP/IYRAX(J)=YHIN(JI+]1,E-30)
Be 3 Iz1,INM
2 YIL JISUY(IJI=YHRIN(J)I)*S

Cau%¥x WRITE CURVE NAMES, WITH ACTUAL MIN AND HAX VALUES

J=1
LZIFIX(XR/10.)
K=t

PLOT
PLOT
PLOT
PLOT
PLOT
PLOT

PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
FLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
pLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT

188

30
31
32
ki
34
35
36
37
38
39
40
41
42
43

45
46
47
48
49
50
51
52
53
54
55
56
57

-



57
50
1y
61
62
63
64
63
66
67
6R
69
70
7t
72
T3
T4
33
76
77
79
76
Bﬂ
81

532
B

86
47
88
]
ar
21

G*
94
95
96

g

9%
iod
131
142
107
1ge
155
1uk
107
1Ls
149
110
111
112
113

200

GO TO b

5§ Jaud+l
K=K+L

B KTMINO{JHK)
WRITELG,101) (YAXISIIN,I=JeK}
HRITF{641C3) CYMINII) I=J4K}
WRITE(H,104) (YMAX{T)eIZdeK)
IFIR=JY) 5,77

7 WRITELS,106)

Ceusdx MATN LOOP - EACH PASS PRODUCES A Y-~CONSTANT LINE

IXZIFIX(XSIZE®100}
KXSIFIX{XR)}+1
IYSIFIX(YR*.1}
KYZIFIX(YR)+1
NZKY+}
00 40 M= 4KY
LaN=M
IFLLJEQ.1+0RLEQOLHY) GO TO 32
GO TO 33
Ceakndx PUT o OR + ALONG THE X-AXIS
32 DO 20 K=1,.KX
30 A{K)=DDT
DO 21 KZ14KX4IX
71 ALK}=CROSS
GO TO 45
Caxxxs PUT o« OR + AND Y-VALUES ALONG Y-AXIS
33 A{1)=DOT
AlLKX)I=ZDOT
h=zl-1
46 KZK-IY
IFI{F) 42,447,456
47 A(11=CROSS
A{KY)SCROSS
45 YLSFLOAT(L-1}/YR
G0 70 38
48 YL=-1.
Chxex® SEARCH FOR POINTS ALONG Y-CONSTANT LINE
IS B0 82 JSleJdM
D0 42 I=1,IM
IF{IFIX{Y(I, J)+145}-L) 42,41,42
Caasxsx POINT FOUND- ASSIGN SYMBOL~ SEARCH FOR MORE
61 NXIX¥(I)+1.5
AINX)IZYAXIS (D)
y2 CONTINUE
Coswux PRINT Y~CONSTAMT LINF
IFCYL) 36437437
36 KRITE(S,1C6)Y (ACK) KZ1,KX)
GO To 38
37 WRITE(S,107) YL LAUK) yK=1,KX)
Cx=xsxgw FILL ARRAY A WITH BLANKS
38 D0 4G K=) KX
45 A(K)ZELANK
0 CONTINUE
Cx#%xu PRINT ELANK OR X-VALUE FOR X-AXIS
L=1 ’
KZKX=1
At1)=DIGIT(1)

B e e gt

fLOT
PLOT
PLCT
PLOT
PLOT
PLOT
PLOT
PLOT

_PLOT

PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT

PLOT

PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT
PLOT

pLOT

58
59
60
61
62
63
b4
65
66
67
68
69
70
71
T2
73
T4
75
T6
17
78
79
80
g1
82
83
84
85
a6
87
88
89
S0
91
92
93
o4
@5
26
97
o8
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114




-y

11y
i1s
1ie
117
118
11%
120
121
122
123
124

12s

126
127
128

51

116
101
103
104
ige
107

DO 51 IS1X
L=L+]}
ALIYZDOY

1KeI%

A(T+13=2DIGIT(L)

ALK ) ZBLANK

HRITE{O,1061 (ALK}, HZ1,KX)

WRITE(G,s10
RETURN
FORMAT (1K
FORMATL1HO
FORMAT{LIM
FORMATLLH
FORPATLIGX,
FORMAT(2ZH
END

0) XAXIS,XMIN,XHMAX

Dy 12HABSCISSA IS +AR,5H HINZ,1PES.245H HAXZ;E9.2/1
+QHORDINATE ,12tA8,2X))
s TH HIN L1P11E£183.2)
+TH . MAX L1P11E10.2)
101410
1F3e2y1X101AL}

PLOT
PLOT
PLOT
PLOT
PLOT
FLOT
PLOT
PLOT
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ILISTING OF DATA CARDS FOR THE NASCO PROGRAM
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APPENDIX C -

GLOSSARY OF FORTRAN VARIABLES

NAME LOCATION| TYPE MEANING
A COMP Array |Finite-difference coefficient.
A PLOTS Array One line of printed characters.
A CALC Array Elements of the correction matrix.
ABSF COMP, Absolute value of F,
START
AC BLOCK Array Polynomial coefficients for specifiec
DATA heat of equilibrium-product-species.
Specific heat at pressure IP*¥1.0E5 is
given hy AC(1, IP)+AC(2,IP)*T
+AC(3,IP)*T+T+AC(4, IP)*T**3
(T = temperature).
ACO2 START Specific heat coefficient for COg.
AC1-AC4 |CHEM Temnorary storage for coefficients AC.
ADUCT  IMAIN Array Area of the duct.
ADUCTD (MAIN Downstream duct area.
AFLOWD MAIN Downstream flow area.
AFLOWU [MAIN Upstream flow area.
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NAME [LOCATION| TYDE MEANING

AFS CHEM Array Temporary storage for nolynomial
coefficients for concentrations of
equilibrium-product-species (sez CHEM,
ENTRY EQUIL).

AFU START Specific heat coefficient for fuel,
AH BLOCK Array Polynomial coefficients for enthalpy
DATA of equilibrium-product-species (defini-

nition as for AC),

AH1-AH4 |CHEM Temporary storage for coefficients AH,
AH20 START Snecific heat coefficient for H20.
AK BLOCK Von Karman constant.
DATA
AK CREKO Temporarily stored quantity.
AL CREKOQ Array Atomic stoichiometric coefficients;

AL (I,J) is the kg-atoms of element I
per kg-mole of species d.

ALF COMP Array '
LTOMA Coefficient.
ALPHA |MAIN, Temnorarily stored quantity.
PHYS
AMCH CREKO Alphanumeric storage for 'MECH'.
AMIX = | START . Snecific heat coefficient for gas

mixture.
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NAME [LOCATION| TYPE MEANING
AMTTD START Array [Downstream viscosity *AREA/(Ax)**2 .
AMUL START Laminar viscosity *AREA/Ax
AMTTLP START Temporary storage for AMIIL.
AMTILL START AMITT, at inlet nlane.
AMUT START Turbulent viscosity *AREA/AX.
AMITTR START Temnorary storage for AMUT.
CIAMTITD PHYS Downstream turbulent viscosity.
AMUTD1 PHYS AMUTD/0.15 .
AMTTTTI PEYS Unstream turbulent viscosity.
AMUTTIL PHYS AMTITTT /0. 15,
AMUTT START Array [Instream viscosity *AREA/(AX)**2,
ANZ START Specific heat coefficient for N2,
AOX START Specific heat coefficient for oxygen.
ARFA COMP: Array Downstrear. cell area in the transverse

direction.
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NAME LOCATION| TYPE MEANING
AREAU : COMP Array Unstream cell area in the transverse
direction.
AREX BLOCK Array Duct wall coefficient.
DATA
ARG VWALL Logarithm of argument.
ARGMIN |WALL Smallest value of ARG,
ARRCON BLOCK Arrhenius constant, E/R.
DATA
AS BLOCK Array |Polynomial coefficients for reciprocal
DATA mean molecular weight of equilibrium-
" product - species(definition as for AC),
ASM1,. CHEM Temporary storage for coefficients AS.
ASM4
ASTIB CREKO Array Molecular symbol for snecies.
AB1 BLOCK Array Polynomial coefficients for concentrat-
DATA ion of equilibrium-product-species
over enthalpy range HMIN < < HDIV. For
species J, l+at pressure IP*1.0E5,
gn (m;) = § ASI(I,d,IP)*H**(I-1).
! I 1
AT CREKO Array Atomic symbol for species.
ATOM CREKO Array For element K,

ATOM (1,K) = Atomlc symbol.
ATOM (2,X) = Atomic weight;
ATOM (3,K) = Valence or ox1dat10n state.
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NAME LOCATION| TYPE MEANING

B COMP Array |[Finite-difference coefficient.

RCO2Z START Specific heat coeffieient for CO2 .

BEE WALL Exnonent.

BFRAC  |MAIN Estimated pressure gradient limited to

BFRAC (3pu?)/Ax; BFRAC <0.5.

BFUI START Specific heat coefficient for H20.

BIG BLOCK A large number.
DATA

BH20 START Specific heat coefficient for H20 ,

BLANK onTPnT, Alvhanumeric storage for 4 blank spaces.
CREEKO

BLANK PLOTS A printer_space.

RLF COMP LTNMA coefficient.

BMIX START Specific heat coefficientfor gas mixture|

BN? START Specific heat coefficient for N2 .

BOM COMP Array |Omega-width of a cell.

BOX START

Smecific heat coefficient for oxygen.
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NAME LOCATION| TYPE MEANING

BP WALL Rig vsi, stream function coefficient.

BPE COMP Big psi at E boundary.

BPLAST |WALL Last value of BP.

BPSAVE |coMP Value of BP saved at IX=ISTRT.

RREX BLOCK Array Duect wall constant.

DATA
BS1 BLOCK Array As AS]1, but over enthalpy range HDIV <
: DATA ' - |H <HMAX,

BX CREKO Array |Arrhenius pre-exponential factor for
forward reaction.

BX2 CREEXO Array Arrhenius pre-exnonential factor for
backward reaction. s

C CoMpP Array Finite-difference coefficient.

CFH20 START Mass of H20 produced ver unit mass of
fuel burnt.

CLF COoMP Array LTHMA Coefficient.

CMIX START Specific heat of mixture.

CMIXB [ START Specific heat of B stream.
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NAME LOCATION| TYPE MEANING
CMIXC START Snecific heat of C stream.
CONVG SPECE Parameter to indicate convergence of
chemical-kinetics solution,
CO2H20 START Mass ratio of CO2 to H20 nproduced by
complete oxidation of fuel.
CORR COMP LTHMA corrections.
CPMIX CHEM Specific heat of mixture.
CPR CHEM Snecific heat of equilibrium-product-
' species.
CPSUM HCPS Snecific heat of mixture.
CREX BLOCK Array Duct wall constant.
: DATA
CROSS PLOTS A printer symbol.
COMP Array |Finite-difference coefficient.
NA MAIN Area increment.
NADP MAIN Rate Qf change of area with pressure.
DAMIN BLOEK Maximum permissible non-dimensional area
DAT

error.
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NAME LOCATION| TYPE MEANING

NDATA OUTPUT Array Temporary storage before printout._

NATA CREKO Array Temnorary starage for reading in data.

DAl MAIN Non-dimensional area error befére
correction.

DA2 MAIN Non—dimensional'area error after
correction.

NERUG | CHEM Trigger for diagnostic output of
chemical-kinetics calculations,

bENOM START ,Temporarily stored value.

DIF PHYS Array NDiffusion quantity.

LIFD PHYS | Array Diffusion quantity related fo #elocity.

NDIGIT PLOTS Number printed beside x—gxis,

NDLF CcoMP Array LTDMA coeffiéient.

NOT PLOTS A printer symbol.

NP MAIN. Pressure inerement.

DPDX

MATN

Pressure gradient.
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NAME %OCATION TYPE MEANING
TPDXM MAIN Temporarily stored value.
NPMIN  [MAIN Temporarily stored value.
DTEMP MAIN, Fractional temperature increment.
CPEM .
DT CREKO Quantities used during input
' of thermochemcial data, .
NT2 CREKQ
DUSO PHYS Diffusion guantity times the square
of velocity.
Dusap PHEYS Temporary storage for DUSQ.
DWALL BLOCK Array |Duct-wall-temperature constant.
DATA
DX MAIN Increment in x.
EF WALL Nonedimensional pressurevgradient.
FLEM. {CREKO ‘Alphanumeric storage for 'ELEM
ELF COMP Array Array for back-substition of LTDMA.
EMU PHYS Array |Effective viscosity.
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NAME  [LOCATION| TYPE MEANING

FMUD PHYS  |Array Effective downstream viscosity.

EMITNTT PHYS Laminar viscosity at upstream wall

: temperatiure, :

EMIIT PHYS Array Effective upstream viscosity.

EMIT1 OUTPUT Laminar viscosity at inlet.

EMV CHEM Total convective and diffusive mass

inflow to a cell.

ENTH MAIN, Fnthalpy.
CHEM,
START

FNTHR  [MAIN Fnthalpy of B-stream,

ENTHC MAIN - Fnthalpy of C-stream,

EPSF BLOCK 'Converpence crlterlon for dependent-
DATA variabhles u, h f, and mfu

EPSS BLOCK' Convergence criterion for species

‘ DATA concentrations.

FPST 'IBLOCK | Convergence criterion for temperature.
DATA :

EPSID  |BLOCK Convergence criterion for one-dimensio-
NATA nal solution.
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NAME [LOCATION| TYPE MEANING

EQRAT  |BLOCK | Fquivalence ratio
DATA
FR WALL EWAL * Reynolds number.
ETA | SPECE Under-relaxation parameter.
ETAl SPECE : Under-relaxation parameter.
EWAL. | BLOCK ' Constant in wall function.
DATA .
EWALL BLOCK [Array |Duct-wall-temperature constant.
DATA
F MAIN Array General variable, ¢.
FAC MAIN Factor.
FACTOR | MAIN, " Iremporarily stored quantity.
CHEM )
FACTR1 CHEM Temporarily stored aquantities.
FACTHZ CHEM-
FCO2 | START Mass fraction of CO2.
FDIFE - | COMP - . |F-increment at E Boundary.
. FDIFF | START Temporarily stored quantity.
FF1I MAIN, Mass fraction of fuel.

CHEM
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NAME [LOCATION| TYDE MEANING
FH20 START Mass fraction of H20,.
FIF PHYS Mass fraction of fuel.
FJP CHEM, Mixture fraction.
START
FLOB MAIN Flow rate in B-stream,
FLOC IMATIN Flow rate in C~stream,
FLUX ouTPUT Array Convective f£lux of general variable ¢,
1 FMAX COMP Temporarily stored'quantity.
FMIN BLOCK Smallest value of F for which the
. DATA convergence criterion is applied.
FN2 START, Mass fraction of N2,
CHEM '
-FOLD START Previous iteration value of F.
FOX START, Mass fraction of oxygen.
MAIN - ' :
FOXBRN |START Mass fraction of oxygen in fully-burnt
gas.
FOXUNB START Mass fraction of oxygen in unburat gas.
FO2 CHFM Mass fradtion‘ofndéygen:
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NAME [LOCATION| TYPE MEANING
FPR CHEM, Mass fraction of equilibrium-~-product-
PHYS, species.
START :
FPRUNB START Mass fraction of products in unburnt gas|
FRE WALL EF * Reynolds number -
S MAIN Array Mass fractions of species.
FSII CHEM Temporary storage for FS,
FSTOIC MAIN Stoichiometric mixture fraction.
FSTOIM |MAIN 1.0 - FSTOIC-
FTE START Temperature.
FU CHEM , Upstream value of F.
MAIN
FUB BLOCK Fuel mass-fraction in B-stream,.
DATA
FUBRN START Fuel mass-fraction in fully-burnt gas.
FURRNT PHYS Fuel mass-fraction in fully-burnt gas:
FﬂC BLOCK Fﬁel.mass-ffacfion in C—stréwh”f
N M DATA _ el :
| PUEx PHYS ‘Excess fuel.
. START
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DATA

- NAME LOCATION| TYPE MEANING
FUTFST gkggK Convergence criterion for fuel mass-
fraction. o
FUTINB START Fuel mass-fraction in unburnt gas.
FWALL gkggK Array {Duct-wall-temperature constant.
GAMMA MAIN Specific heat ratio.
GAMPRS MAIN Reciprocal of GAMMA times pressure,
GASCON BLOCK Uiniversal gas constant.
DATA :
GAZ CREKO Alphanumeric storage for 'G'(for gas).
GTF CREEKO Temporarily stored quantity.
H BLOCK Recovery factor.
DATA
HDIFF - CHEM Reciprocal of (HFMAX-HMIN),
HDIVv BLOCK Intermediate enthalpy value for the
DATA coefficients AS1 and BS1.
HFU START Heat of combustion of fuel.
: FMAX BLQCK ' Méximum enthalpy value for the
DATA coefficients AS1l and BSI1 , '
HEMIN BLOCK Minimum enthalpy value for the

coefficients AS1l and BS1
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NAME LOCATION| TYPE MEANING
BHMIX CHEM Mixture enthalpy.
HPEI COMP 0.5 % PRIE .
FPR CHEM Enthalpy of eouilibrium-product-species.
H5UM MAIN Enthalpy of mixture.
HWALL START Wall enthalpy.
BO MAIN Array Enthalpy of species.
T Index.
IBFX MAIN Array Index for E boundary condition;

= 1, boundary value specified;
= 2, boundary flux specified.
in CREKO ID (K,J) is the species index number
' of species K in reaction J.
INDASH COoMP Index in back-subhstitution for TDMA.
IDCO BLOCK index for. CO.
DATA

InCco2  |BLOCK Index for CO2.

-+ - |IDATA R S -
IDFRUG |BLOCK Index for chemical-kinetics diagnostic

. IDATA output;

=1, no output;

=2, output obtained.
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NAME L.OCATION| TYPE MEANING
nFE BLOCK Index for fuel.
DATA
IDH BLOCK Index for H.
DATA
IDHZ BLOCK Index for HZ,
DATA
IDH20 BLOCK Index for H20,
DATA
IDIME PLOTS Dimension for arrays.
Iniv MAIN I of division between B and C streams.
IDN BLOCK Index for N,
DATA
inNe BLOCK Index for NO,
DATA
IDNO2 BLOCK Index for NOZ,
DATA
INN2 BLOCK Index for N2,
DATA
IDNZ20 BLOCK Index for N20,
DATA
iDo BLOCK Index for 0,
DATA
IDOR  |BLOCK Index for O0H,
: DATA '
D02 |BLOCK - Index for 02.
DATA




NAME [LOCATION| TYPE MEANING

IFND BLOCK Index for last x-station in iterative
DATA sweep.

IEQUIL |BLOCK =0, equilibrium concentrations not
DATA ohtained.

=1, equilibrium concentrations obtained.
IFIN COoMP Index triggering finish of integration.

IRCPS MAIN Index to control caleculation of
thermodynamic prowerties.

I, ouUTPUT Number of x-stations in longitudinal
plot.

ILDIM ouUTPUT Variabhle dimension for longitudinal
nlot,

IMAT SPECE . Number of rows in Newton-Raphson

correction matrix.

™ PLOTS Index in PLOT.
IMAX BLOCK | Maximum index number for species
DATA concentrations.
iMAX PLOTS Number of values to be piotted.
INFRT BLOCK Indicator of chemically-inert/Teacting
DATA flow: = 1, Chemically inert;
= 2, Chemically reacting.
INSAVE MAIN Temporarily stored value of INERT .
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NAME LOCATION| TYPE MEANING -
Ip CHEM Integer value oi: PP,
IPLOT |BLOCK Array x—-locations where cross-stream plot is
DATA required. :
IPLOTL |BLOCK NMumber of intervals between X-station
DATA (values used for lorgitudinal plot.
IPLOTM |BLOCK Maximum number of cross-stream plots.
DATA ' ‘ :
IPR BLOCK Index number for products.
DATA
IPRINT |BLOCK Index to control type of printout
DATA required. :
iPl CHEM Ip + 1.
IRMFX Array x-location of RSFMAX .
IRMFY COMP - Array y-location of RSFMAX .
IRMUX |MAIN. x-loaction of RSUMAX ,
IRMUY {MAIN y-location of RSUMAX |
CISEC  |MAIN, Index to denote section of duct.
START _
i3Lp OUTRPUT Temporarily stored quantlty for longitu-
dinal plot.
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NAME [LOCATION| TYPE MEANING
ISOLVE | START |Array |Number of iterations after which the
particular variable is to be solved.
ISPEC BLOCK |Array Index to establish correpsondence
DATA between concentrations stored in F and
FS arrays.
ISTEP coMP Counter of forward steps.
ISTRT BLOCK Indek for first x-station for iterative
DATA sweep.
ISWP BLOCK Number of iterations after which a
DATA complete sween of the flow domain is
made.
im MAIN, Number of iterations on temperature.
CHEM
ITHIM OuUTPUT Variable dimension for cross-stream plot.
ITER SPECE Number of iterations during chemical-
' kinetics computations. : :
ITEST BLOCK Trigger for diagnostic output;
' DATA =1, no outnut,
=2, output obtained.
ITMAX BLOCK Maximum number of iterations of
DATA chemical-kinetics computations.
IxX coMp Index for x grid location.
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DATA

NAME ILOCATION| TYPE MEANING

IXn IX + 1.
IXW .
TXND Quantities used for temporary storage.
IXNU
IXX (IX-1)*N
IXXD Used for temnorary storage of (IXX+N) -
IXXPL - : ' .

1 IXY IV + IXX.
IXYD IXY + N,
IXYDD IXYD + N,
IXYU IXY - N.
IXYU Temporarily stored quantities.

_IXYlv
1Y Index fortn»érid location.
J Index, usually associated with dependent

variable.
JDIME PLOT Dimension for arrays.
BLOCK

JE

Index for fuel.
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NAME LOCATION| TYPE MEANING
JH BLBCK DATA Index for stagnation enthalpy.
JJ CREKO Number of chemical reactions.
JLDIM ouUTPUT bariable dimension for longitudinal plot.
JMAX BLOCK Maximum index numher for variables stored
DATA in F-array.
JMAX PLOT INumber of curves to be plotted.
JN BLOCK Index for N.
DATA
JNO BLOCK Index for NO.
DATA
JNQ2 BLOCK VIndex for NO2Z.
DATA
JN20 BLOCK Index for N20.
: DATA
JOX BLOCK *  |Index for oxygen.
' DATA
- Jp BLOCK Index for mixture fraction.
DATA '
JTDIM | OUTPUT Variable dimension for transverse plot.
JTH BLOCK Index for temperature.
S DATA S |
JgX Index for x~grid'location.
IXJ Temporarily stored quantity.
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NAME LOCATION| TYPE MEANING
JXPLOT OUTPUT Number of x—statlons in longitudinal
plot.
JXX Temporarily stored quantity.
K OUTPUT Index.
KASE Index denoting hroblém.
KK CHEM Index.
KMAT SPECE IMAT + 1,
KNTCS BLOCK =0, chemical-kinetics computations
DATA sunressed;
=1, chemical- klnetlcs computations
performed.
ROUT QUTPUT ) Index during printing of profiles.
KX ouTPuUT Index during longitudinal plot.
L BLOCK Number of x grid points.
' DATA '
LAB OUTPUT |Array Labels for cross—stream profiles.
LABK OUTPUT | Array Labels for cross-stream profiles.
LABKH | OUTPUT. ‘Lahel for enthalpy.
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NAME LOCATION!| TYPE MEANING

LABER OUTPUT Label for density.

LABKV ouUTPUIT Label for viscosity.

LARK1 QUTPUT Label for radius-:

LL OUTPUT. Index.
CHEM

1M1 CoMP -1

M2 coMp -2 .

LN | MAIN L#N

MM CHEM Index.

MODE CALC ) Type of reaction.

MONEL BLOCK Indlcator of transnort—nrocess ‘type:
DATA =], laminar;

=2, turbulent.

N BLOCK Number of transverse grid points.
DATA

NA SPECE NS + 1

NCD CRFKO Index used during input of thermo— _

chemlcal data -
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NAME LOCATION| TYPE MEANING
ND CREKO Tndex during computation of ID.
NDAMAX BLOCK Maximum number of iterations to match
DATA filow area with duct area.
NEWPR MAIN Array 1, Prandtl number equals that at previ-
ous J;
Qz, Prandtl numbers are unequal.
NF BLOCK Number of dependent variables excluding
DATA u-velocity and pollutant species.
NFUMAX | BLOCK Maximum number of iterations for fuel
DATA concentration.
NIT START, Number of iterations.
COMP,
WALL
NITER BLOCY Number of iterations.
DATA "
NITERK | BLOCK Number of iterations after which
DATA chemical-kinetics computations are
started. '
NITER1 ouTeIT NITER + 1.
NITMAX | BLOCK Maximum humber of iterations.
DATA
- NLM CREKQO Numbzr of elements.
NM1 COoMP N - 1.
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NAME LOCATION_ - TYPE MEANING

NM2 CoMP N - 2

NM3 COMP N - 3

Ny START, Index.
SPECE

NPLOTC | BLOCK Number of steps after which cross-stream
DATA plots are to be printed.

NPLOTL | BLOCK Number of iterations after which
DATA longitudinaluplots are to be printed.

NPRINT BLOCK Number of iterations after which print-
DATA out is obtained, regardless of converg-

) ence. ’

NPROF | BLOGCK Number of stens after which profiles are
DATA printed .

NS BLQOCK Number of chemical species.
DATA

NSE1 BLOCK Index for first equilibrium-product-spec-

' : DATA ies.. - ' o

NSE2 BLOCK Tndex for the last equilibrium-product-
DATA species. '

NSE3 OUTPUT NSE1 + 4,

NSE4 OUTPUT |NsE3 + L.
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NAME POCATION TYPE MEANING
MSK BLOCK Number of species whose concentrations
DATA - are kinetically determined.
NSK1 CALC NBK + L
NSM CREKD NS + 1,
NSTAT  BLOCK Number of statlons after which proflles
DATA are to be printed. : o
N31 MAIN f First and last species numbers for
computation of thermodynamic properties.
NS2 MAIN o S S o
NTMAX BLOCK Maximum numher of iterations on temper—
DATA ature. :
NYL oUTPUT Number of variables for longitudinal
: " nlot.
NYT OUTPUT Number of variables for fransverse plot.
N1DMAX | BLOCK Maximum number of iterations in 1-D
. 1 DATA computations. '
N1DPR BLOCK Number of iterations after which
: . DATA . printqut of 1-D Solution is obtained.
oM BLOCK Array | w.
. . | DATA
OMDIF COMP Array w - difference.
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NAME  [LOCATION| TYPE MEANING
OMDIV MAIN w for division between streams.
OME COoMP w difference in the E boundary,
oM I COMP » difference in the I boundary.
OMINT  |{COMP Array |w for cell interfaces.
OXB BLOCK Oxygen masgss-fraction in B-stream,
| DATA e Sald Bt .
OX© BLOCK Oxygen mass-fraction in C-stream.
DATA . _ .
o coMp - PSIE/DX.
PA CHEM Pressure.
PDGSCN | MAIN, Pressure - Gas constant.
‘ CHEM -
PFRAC BLOCK“ Préssure corrections during matching of
DATA flow and duct areas limited to PFRAC *
(% pu ); PFRAC <0 5
PHAZ CREXO ‘Phase of spe01es for whlch thermochemlcn
o S 'al data is read. ' : S
PHT CHEM “:Temporary s#ofagg‘fdr'(f-fsé)/glffét);;‘_ ‘
PJAY WALL Jayatillaka's P function (Ref.10).
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NAME LOCATION| TYPE . MEANING
PMAX BLOCK | Maximum pressure for which polynomial
: DATA coefficients AC, AH, AS, ASl, BS1l are
defined.
PMIN BLOCK Minimum npressure for which polynomial
DATA coefficients AC, AH, AS, ASi, BS1l are
: defined. :
POM COMP Array |P* BOM.
PP 'CHFM Pressure * 1.0E-5.
PR MAIN Array | Pressure.
PRE MAIN, Mass fractions of (nroducts +N2) in
START B-stream.
"PRC MAIN, Mass fractions of (productis +N2) in
START C-stream.
PRCON PHYS, Temporary storage for reciprocal Prandtl
: - CHEM number. .
PRCON1 | PHYS - Temporarily stored quantity.
PREEXP | BLOCK' Arrhenius préaexponential factor.
DATA | | |
PRESS | BLOCK Pressure.
o | DpaTa T o
'VPRESSD OUTPUT, Downstream nressure, expressed as
’ | (_P/pinlet_l-)‘
PRESSI | MAIN, Inlet pressure.
OIITPUT L
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NAME LOCATION| TYDPE MEANING
PRL HAIN Array Laminar Prandtl number.
PRLAM | BLOCK Laminar Prandtl number
DATA
PRLT MAIN Array Array to store laminar and turbulent
' : Prandtl numbers.
DRRAT | WALL, Array Prandtl number ratio.
PHYS,
CHEM
"PRTURB| BLOCK Turbulent Prandtl number.
DATA
 PSIF | MAIN Vg .
PSTEI2| START, 0.12 * PSIE -
PHYS
R COMP Array Radius .
RATIO | START Temnorarily stored quantity..
- RNIV | MAIN R of division hetween B and C streams. -
RDIVSQ MAIN RDIV#+2.
RE COMP Width of half interval close to E
boundary. ‘ '
RECI COMP

Reciprocal of density-velocity product.

23200




NAME LOCATION| TYPE MEANING

RECIMI coMp Temporary storage for RECI.
RECTK cae | Reciprocal of TEK.

RESIDU COMP | Array Change in general variable ¢ from one
: iteration to next.

‘RFSU MAIN Array Change in u-velocity from one iteration
) to next.

REXD MAIN . Duct Radius..

REXb MAIN . Duct_radigs at inlet.

REXOSQ MAIN : : REXO*%*2 .,

REY WALL ) Beynolds numher.

RHO MAIN | Array Dénsity.

RHOB MAIN Density of B-stream.
e e nensit& of C-stream.
‘ RHO?AC- MAIN B | Density factor.

'RHOP CALC | ﬁensity€ >,
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NAME [LOCATION{ TYPE MEANING

RHROREF | WALL Reference density .

RHO1 MAIN Array [Density at inlet plane.

RHOZ2 MAIN Array [Density at plane IX=ISTRT.

RESM CALC Density + Molecular weight .

RHSMP | CALC RFSM* Density

RESMSO | CALC RHSM* square of density.

RHSQ CALC Sguare of density.

RI COMDP. Nistance of half-internal near I
boundary.

RIP COMP i Integral distance evaluations.

RIPP COMP Integral in distance evaluations.

RREF WALL Reference radius .

RRUREF { WALL Reference value of radius * demnsity

: -velocity product.

RSFMAX | COMP Array Maximum normalised change of general
variable ¢ from one iteration to next

RSMW CREKO Reciprocal of SMW.
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NAME [LOCATION| TYPE MEANING
RSUMAX | MAIN Maximum normalised change of u?velocity
' from one iteration to next.
RU . COMP Array Density-velocity product.
RUREF  [WALL Reference value of RU.
RU2 %AIN pu?
RVRS CREKO Alphanumeric storage for 'REVE’'.
Rl CALC Forward reaction rate.
R2 CALC Backward reaction rate .
] WALL Friction-factor of Prandtl number.
SAV WALL ) Average value of 8.
SHALF WALL Square root Qf S.
SHALF START Square root of S.
SHALFD [PHYS Nownstream value of SHALF.
SHALFU [PHYS ipstream value of SHALF.
SHALF1 |WALL :SquareAroQt of B.
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NAME LOCATION| TYPE MEANING
SI PHYS Array Source term.
S1P PEYS Array Second component of source term,
SLOC WALL ‘Local value of S
SM CREKO Reciprocal of mean molecular weight
of mixture.
SMW CREKO Array Molecular weilght of species.
SP1l CHEM STOICH + 1.0 .
SQAREA | START Square root of half the duct area
(=radius).
SQIX PHYS SOQARFEA at unstream station.
SQIXD | PHYS 'SQAREA at downstream station.
SEE WALL S#% Reynolds number.
STOICH | BLOCK Stoichiometric ratio.
DATA '
STORE t Uséd for temporarily stored
STORF1 quantities.
STOREZ2
SUMA PFYS Summation (over cross-stream points)
' of downstream diffusion coefficients.
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NAME ILOCATION| TYPE MEANING

SITMB PHYS SUMA for upstream station. .,

SUMX CRERO Sum of x's* .

SUMY CREKO Sum of yte*.

SUM1 CRERO Temporarily stored quantity.

80 HCPR Array One—gtmosphere, ‘jdeal gas entropy of
species.

Sl CHEM Array Species mole-numbers averaged over four
neighboring nodes.--

811 WALL Stored value of SAV.

52 CHEM Array Species mole-number.

522 WALL " Stored value of RRUREE

33 WALL Stored value of UREF .

sS4 WALL Stored value of REY.

T WALL Temporarily stored value.

T START, Temporarily stored wvalue.

Comp
* x and.y are used for temporary storage of some quantities in

subhroutine CREKO .
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NAME ILOCATION| TYPE MEANING

TACT CREKOQ |Array Activation temperature (E/R) for forward
reaction.

TACT2 CREKQ |Array ActiVation temperature (E/R) for
backward reaction. .

TATE MAIN Shear stress at E boundary.

TAUSAV | MAIN Saved value st TAUE at IX=ISTRT:

B BLOCK Temperature of B-stream,

' DATA

TERN START Temperature of fully burnt gas.

mC BLOCK" Temperature of C-stream,

TDIFF START Temporarily stored quantity.

TE coMP ) Transport coefficient at E boundary
(u-velocitv).

TEF COMP Transport coefficient at E boundary
(general variable ¢).

TEN CREEKOQ Array Exponent on temperature in forward
reaction rate expression.

TENLN CREKO m (10)., o

TENZ CREKO Array. Exponent on temperature in backward
reaction rate expression.
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MEANING

NAME - I|{LOCATION| TYPE

TERM START Temporarily stored quantity.

THIRD CREKO, Alphanumeric storage for 'M' (third
oUTPIT body in chemical reaction).

THRM CREKO Alphanumeric storage for 'THER ' .

TINY BLOCK A small number.
DATA

TINYK |BLOCK A small number for chemical-kinetics
DATA calculations.

TK CHEM Temperature.

TK1.. HCPS Temporarily stored quantities.

TKbH -

TLN CREKO 4n (temperatufe)

TMAX BLOCK - {Maximum temperature in the valculations.
DATA

TMIN BLOCK Minimum temperature in the calculations.
DATA '

™1 CREKO Temporarily stored quantity.

™M1 CALC Rl - R2.

™2.. |HCPS Temporarily stored quantities.

TMS | .

TNY BLOCK #n (TINYK).

' DATA - S
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NAME LOCATION| TYPE MEANING
. TST1 SPECE Temporarily stored quantity -
TUNB START ilnburnt gas temperature.
TW START Wall temperature.
T1 START, Temporarily stored quantity
PHYS {= PREEXP*PRESS**2)-
T1 CREKO Quantities used during input of
11 thermochemical data.
T2 CREKO
U MAIN Array Longitudinal velocity.
UR BLOCK Velocity of B-stream.
DATA . :
UBAR oUTPUT Average velocity.
e | BLOCK Velocity of C-stream,
DATA ‘
nDSA PHYS Square of UDD (= velocity downstream
of D location),
NSQ | PHYS Sauare of UD (=velocity at downstream;
o : D, location).
UFLUX | OUTPUT Convective flux of momentum.
UREF | wALL | Reference velocity.
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NAME LOCATION| TYPE o MEANING
80 PHYS Square of U.
USQP PHYS . |Temporarily stored value of USQ.
uty MAIN - |Upstream value of U-
VISFU BLOCK .| Viscosity constant of fuel.
DATA
VISMIX BLOCK Viscosity constant of mixture-
' DATA ' '
VISOX BLOCEK Viscosity constant of oxygen.
DATA
VISPR BLOCK Viscosity constant of product.
DATA
CVMIX MAIN Specific volume of mixture-
VREF WALL : ) Reference viscosity.
WB MAIN Reciprocal molecular weight of B-stream-
we MATIN Reciprocal molecular weight of C-stream-.
WMIX | MAIN Molecular weight of mixture.
X _COMA Array  |Longitudinsl distance x-
X PLOTS Array Abscissa x in PLOT.
X CALC Array i{Corrections in chemlcal klnetlca
L . |calculations, =
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NAME ILOCATION| TYPE MEANTNG
XBAR CREKO Average value of X.
XD MAIN Downstream distance.
XNDIF LCOoMP .Array X-difference.
XJX MAIN Temporary storage for X(JX),
XLAXIS 6UTPUT Label for abscissa‘in longitudinal_plot._
XLPLOT  |QUTPUT Downstream distance array for longitudin-
al plot. :
XMAX CREKO Maximum x-value .
XMAX PLOTS Maximum x in PLOT
XMIN  |CREKO " |Minimum x value.
XMIN PLOTS Minimum x in PLOT .
X8 CcoMP Array Width of cellin.x direction -
XTAXIS |OUTPUT Label for ahscissa in cross-stream PIOT .
XTPLOT  'OﬁTPﬁT Arréy:' Cross—éfreém-disféhce'array for:

. {transverse PLOT.
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NAME LOCATION; TYPE MEANING

XU COoMP Ipstream distance.
|xo - BLOCK |Array x-location of start of a duct-section.
DATA
h'd SPECE. (Arrayv Logarithms of species mole-numbers.
Y PLOTS Wrray |Plottéd ordinate values.

YAXISL OUTPUT WArray Labels for plotted values.

ﬁAXISl 1 ouTpUT Array. | LabeisAfor plofted ﬁalues: (PLOT 1)}

YAXIS2 |OUTPUT |Array Labels for plotted values (PLOT 2).-
YAXIS3 _ OUTPUT |Array Labels for plotted_values (PLOT S)f

?BAR CRFKO Average value of Y.

YNR | PHYS y dividéabby R(N).

YLAXIS |OUTPUT |Array |Labels for ordinate of longitudinal plot|
YLPLOT _ OUTPUT._Array: {Values to be plotted gloqgitﬁdinal plot}

YREF  ﬁALL | | . | Referenée distancef

YTPLOT OUTPUT |Array Values to be plotted (cross-stream plot)
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NAME LOCATION| TYPE MEANING
z CREKO Array Coefficients for calculation of thermo-
chemical data.
ZETA START Temporarily stored quantity.
ZK1I. HCPS Temporarily stored quantities.
ZE5T - - ' -
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APPENDIX D

A PARTIAL LISTING OF THE OUTPUT FROM THE
' ' NASCO PROGRAM
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FLOW CONDITIONS
.. TURRULENT, MODEL=2__ . . T
CHEMICALLY REACTINGe INERTZ2
__GEQMFTRY o ) _ _ o )
RADIUS OF FUFL JET AT INLET 3.626-03
‘RADIUS OF DUCT AT INLET  l.CO0-D32 T
T T YOTALLENGTH OF DUCT T 1.300+D0 T
DUCT WALL CONSTANTS -
T Xa "AREX BREX CREX T
1 G.000 1.600-02 0.000 0.000
2 _ 6.000-031_ _1.D00-02 2.C00-01 0.800
3 7,000-01 3.000-02 0.000 0.009
INLLET CORGTTIONS
VEL OCITY of FUEL STREAM, u8 6.000-0% —
VELOCITY OF ATR STREAM, UC 6.000+00
_TEMPERATURE OF FUEL STREAH, 1B 2.940+02
- TEMPERATURL_CF ATR STREaM, TC 8.100+02
INLET PRESSURE, PRESS 4 .053+05
o 2EYNOLDS MUMPER 54398403
OVERALL_EGUIVALENCE RATIO, EQRAT 4.000-01
TOTAL MASS FLOW RATE, PSIE 4.628-~04
ROUNDARY CONDITIONS )
WALL TEMPERATURE CONSTANTS -
I DWALL EWALL FUALL
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b e BolpOen2 . 5.DDD4Q? 0.000 _ ... —. .
? 1.,110+03 De0D0 0.000
— 3 1«110403____~5.,000%02 . 0.000. .. . .. -
. __GRID_ —— —
OHEGA GRID =~ '~‘
- D.000 2.979-03 54958-03__ 8937703 __ 3.641-02 2.-000-0%
3.800-01  S.500-00 7.500-~D1 1.000+00
s X GRID e ——— [ ———— e e e
0.0£0 1.000-01 2.000-01 3.000-0% 4 .000-01 5.000-01
6.000-G1___ 6.050-01  6138-01_ _ 6.15p-01_.__6-200-01___ 6-250-01
6. 300~G? 6©a350~01  6a%30-01 6.050~01 6.5C0-01 6.550-01
. __ 6560701 __ 6.650~01___ 6.700-01_ 6.750-01_ . . 6.800-01____6.850~01
6.900-03 €.950-01 7.000~01  7.500-31 8.000-01 9.000-01
- 1.DO02C0___Te100+00_ . 1.200%00 __ 1.250+80__. 14300400

248



FOLYNOMI AL CCEFFICTENTIS FOR THFRMODYNAMIC PROPERTIES.
16 COEFFICIENTS T(Z(Kydy10,0=473,K=1,2) FOR [ACH SPCCIES Y«

N ‘ .
1. 7849~-C) T.612-06 ~-65.330-09 la342-12 -~7,325-17 4006403
. 3.176-01 1.787-01  -1.556-06 _ 3.87p~09__-4+032-12 _ leno99-%s5
4,005403  2.975-01 ' ‘
— o — e - e
___1.0¢3-01 4,860-05 =1.763-D8  3.197-12  -2.161-16 3.275202
2.248-0U1 1.34P-61  -1.139-08  2.660-07 -2.038-10 5.205=18
— .. 3e248202 9.990-02 '
NG2 L - _ — .
1.005~G1 E.8G1-05 =2 .306-08 4.221-12 =-3.000-16 4 .,978+01
_ o Z.8%6-02 7.516-02 4 JHBR-0S 1,453-07 -2,077-10 7.868=-14
b.l]?*Gl loﬂ“?"'ul
T NZO
e 1.075-01 __ 6.420-05 =2.626-D8__ HF31-12 =3.3n09-16__ 1.P54%02
T-3,897-C2 5.950-02 1.968~04 =}a548=07 S5.061-1%3 =1.832-15
195007 2409601
—_— "..2‘__~ . .
1.U034-01 5.815-05 =2.043-pR Ze563-12 ~—2-328-16 =-3.234+01
. 2,199-0g1  1.312-01_ —4+333-05 B.296-0N8_ =2.257-11 -£.,059=15
~3 TEB+D1 Re15-02 ‘
CHYy
.. S.367~02 Feli93~B4 —2842-07  4.225-11_ =2.760-15__ -6.220+02
— 6.6 74-01 2.385-01  .2.48004 1.531-06 -1.417-09  4.340-33
-6+ 324+02 5.404--02 i
02 “__
1.132-01 2.301-05 =-6.122-09 1.131-12 -9.p46-17 -3Z.756+01
. 1.130-01_ 1.133-01 -5.87p-05 20205-07 =Z.118-10 673614
~3.2744p; 1345=01
- co
_ 1. Q§§mﬁi __5e316-05 _—2.067-08___3.700-12 -2.476-16 -5.086202
2-266-01 1.325-01 «~5.780-05 1.318-07 ~7.254-11 B.552~15
-5,125+02 1.055-0%
___toz .
i.018~-51 7.,040-05 -2.816-08 Sel167-12 =3.528-16 =-1.113+03
:Z__gﬂ_l:u? CJ455-02 1.285-004 ~1.501-07 yaty%=-11 1a038~}7
-1.099403 2.203-01
- s . . ‘ -
2.480+00 0£,D00  0.00D_ __ Oa uun __ be.oDD 2.527+04
—4,565-C} 2.480+G0 0.000 ‘0.000 0.0n0 C=000
. . 2.527+CYH  -u.565-01 :
- ..HZ —— . . o : —
1,538+00  2,536-08 2.611-08 ~1.732-11 1.833-15 =4,352:02
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1.517400  1.3728-D3 -2eB82-06  2+739-09 ~8.990-13

-9.737-01
e e . =4e905202 _~lelN1+00_ .
. B20 . _ e e e e o e e —— e
1.508-D1 1.635-04 =8.453-0A Sa677=12 ~=2.,691~16 =~1e5460+03
 Zab6D01-CB)____2.259-D). _ ~falS3-05_  2.305-=07. ~1a.G645=10__4.hE0=14 .
~lebE14+03 =1.791-02
s e
e o . 1#509=01 =3s722-06 .=1+939-10 _ 2.845-13 =2.730~17 . 1.827+03_ .
3.075-01 1.,842-01 =-1.024-DY4 1.513-07 =1.802-10 2,832~14
_1.822+03 _1,853-p1 :
_OH ] A e B
1.711-0C1 Gel1-05 =1.183-08 5.089-13 8.364-18 2.314402
. 3e200-01____2,256=01_ -6.338-DF___5.693-08_ 1.l00-11__-1=327-14
2.1814+02 2.903-g2
) L |
17 *
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REACTION ML CHANISM

————— oy
S bt - —

1. N + NO T N2 O+ 0
2« N e+ 02 S ND YO — T
3. OH + N = H + NO
— He H. _* N2O S.0H__ % N2
5« N2O'+ O = NO + NO
. .__be NZ2O 5 s M= N2 &0 + M
7, N £« 0 ¢ M = NO & + H
_ foa NO?2 4 O _ L Z=_NO + 02 ___
D. NOZ + + M =0 + NO +H
RATE CONSTANT PARAMETERS
e PATE CONSTART. = AST32BLEAPA=TACT/T} {T=TERPERATURE}
FORHARD RATE SACKWARD RATE
A . g TACT A B TACT
_ 1le __le5C0210_ 0000 C.T0D. _ _ 6.753+10___ B.000___ __  I.786+04
2. £ .998+06 1.080+00 T.172+03 5 .858+09 o.ono 2.087+04 -
_ 34 5.99E+08__ S5.000-~01 __ 4.3282+03 _ 1.1p2+11.. Ge00C_ _Te898*05%
4, 7.998+10 0.000 7.553+03 3.842+06 0,000 4 .087+04
o 5. _1.000+11 0.000 1.500+08__ 2.895409 0.000. Tey22404
[ 1.00C+11 g.non 2e518+p4 267806 0. 0co 6+5734D3
1. 6e397+10__ -S5.000-01__ 0.COO_____ 4.3%8+12__ 0.00D 7488408
8. 1.000+10 .000 3.300s02 3.187+D9 D.030 2393400
e %a  1.099+13 B.GOO0 3.300#08  1.533+08 0.0080 =2950+03
it i FRF et d i A% Feks
apadd NOTL — THE MAXIMUM CHANGES IN THF FIELD VALWES OF
__ U=VELOCITYs STAGHATION ENTHALPY, MIXTURE FPACTION, AND_MASS
FRACTION QF UNBUPNT FUCL BETWEEN SUCCESSTVE TTERATICNS ARE
_____PRINTED AT EACH ITERATION. THESE VALUES ARE COMPUTED_AS _THE
MAYIMUM OF APS(CURRENT VALUE -~ PREVICUS VALUEIZCURRENT VALUE.
_THls Is_DGNE IF_ THE CURRENT_VALUE IS _GREATER_THAN 1.0-04.
THE FOLLOWING SYYROLS DENOCTE THE MAXIMUM CHANGES -
RSUMAX FOR U-VELQCITY,
- 0T RSFMAX{]) Toq VARTABLE J,
. __3=1 FOR STAGNATION ENTHALPY,
=2 FOR MIXTURL FRACTION, F,
JZ3 FOR _MASS FRACTION OF UNBURNT FUEL.
3+ -‘.*_##* 3 3253 xRk e E-3-2-F-4 kX3
#f?? . N E3-%.3-3 L-3-%-3 3 RS ek e zr kS
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ARRRE AR AN DR H ARG SRETEE OGN BARDAB A AT

IJERATION NUHBER 20

THO-DIMENSTONAL SOLUTION ~d4mtcdmtededcdmd~d

TTTT T eew T xS T 0.000 Tx= 1 DXz 1.000-10 T 3
— ... PRESSD= D000 . - — —
J = 1 2 3
UFLUXZ  2.720-03 FLUX(JI=  1.944+02 1.049-05 l.049-0S
DAI= 4.470-08B DAZ2Z D.GDO
i T R U VEL TEMP Fugt 0XYG F
1 . D.CDO_ ___6.000-01 __ 7.540+82 __ 1.000+00 _ Deng0 . __ . 1.000+00
2 1.314<C3  6.000-01 2.940+02 1.000400 B.00D 1.000+00
3 1.05%9-03  6.000-B3__ 2.94C+02 __ 1.000+00.__ 0,600 1.000+00
4  2.277-03  6.000-01 2.960+02 1.000+00 Q.009 1.000+00
5 3.791-03 __ 6.00C+00___ 2.100%02___D.000_____?2.320-01 __ C.000
6 Se.e9¢-03 6,000+400 R.ICD+02  0.DOC 2.320-01 0.000
7. 6.701-03 __ 6.000+0C___ R.1P0+02 _ 0,000 2.320-01___GC.000_
8 T.187-C3  6.,000+400 8.1pQ+02 0.000 2.220-01 0O_DOO
S __P.EPD-C3 __ 6.00040C __ R.100202_ _ 0.000 2.320-D1___ C.0pn
18  1.Coc-02 0,000 2.100+02 p.0CO 2.320-01 G.D00
T R N? R KO vISC ENTLPY
1 teppc_ ___ 0.004Q 2660+00 __1.715-05 _~4,676+06
2 1.314-03 0.000 2660400  1.715-05 -4.676+06
3 1.059-03 0.000 2060300 14715-05_ ~4 676206 .
4 2.277-03  O,000 2.560+00 1.715-05 <-5.676+06
5 3791703  7.6B0-C1_ 1.776%00  1.T715-0S5 - 5.383+05
6 S54898-03  Teg60-01  1.736400 1.715-05 5.383+05
T 670103 7.680-01 736400 __ 1.715-05 _ 5.383:05 &
8  T.747-03  7.680-01  1.7326*00 1.715-05 5.383+05
.2 BaP2p~p3_ Tep80-01__ 1e736+00__ 1,715-05___5.383:05
10 1.000-02  7.6B0-03 1.736200 1.715-05 5.387+05
R e L CHEHICAL-EQUTLIBRIUN SolLuTIan P S PP
T R ta €02 H H2 H20
A 0.000 . 0.000 24000 0.000 0.C00 02000
2 1.314-03 D.00D N.J00 Dalillg 0000 D.0O0
3 1405903 0.080 L.C.R0D  8.000___D.000__ _ _0.000
4 7.277-03 0.000 0.000 0.0D0D ge.ono 0.000
5 3.7°1-03 _B.0Cp __00GO 8,086 0300 0.0R0
& S.655-03 0.000 c.0C0 0.000 £.0on C«000
7 £.701-C3  0.000 £.300 0.0D0 0.300 0.000
8 T«747T-03  O.000 “n.000 0.000 0.000 0.000
_ 9 8.820-03  0.000_  0.000 ___0.000______0.000_ _ __0.NOD
T 7 7'1g  t.c0o0-02 0 B.DOO 0100 0.000 0.000 0.000
i R 0 “oH
1 n.cog ._O.0D0 0.100
2 1«314-8B3 0.000 0.000
e ..3 _1a859-03  D.DOD ___ _ C.OqQ.
4 2.277-03  D.000 g.009
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_—1

6 5«.6%90-03 0,000 . PO 404 1 | & B - - R—
7 (‘0701'03 O-DDD D-UUU
8 1747-03 0.000 Celgp . - — — . e e e
9 A.820-03 0.000 t.p0o0
0__1.000-C2__ 0,000 B.00n0

_=tmted=tog . CHEMICAL-KINETICS SOLUTION.. .. #~tbeb—todbe .

—e_. 1. RN NO. ... NOZ __ ON20__ _ e
1 D 0600 D.000 Ne300 D000 0.000
2 . 1.314-03__0.000 o.000 C.D00 0.000
3 1.859-03 G.000- 0.000 0,000 0.000
4 24277-C3 D000 _._..__.D.D0C ._. 0.000 ._.. Nl020
5 3.791-03 0.00g G000 0.000 n.nog
e b 5.£98-03_ _DCL.ODD_____ D300 D.UUD _ . __D.000_
7 6.701-03 D.DUO EUDDQ U-DBU D.GQU
8 JTalu7-03 0000 04000 3.008 CL.000
9 8.820-03 0.00UC 0.000 0.000 fi.000
—— ... 3D 1.C0p-02 . 0002 Be0DD .D.000_.__ _03.000
%A XS 1.000-D1 _IX= 2 DXz _1.500-0% —
PPRESSD= -1.112-05
L S J = 1 2 3
UFLUXS 2.582-03 FLUX{JIZ 1.998+02 1.049-05 1.049~05
DAL= =3.998-03_ 0822 2.074-04
X R U MIL TEue C_FUEL_______OXYG £
1 0,000 5.240400 Ge3H 3402 1.720-01 1.921-01 1.720-01
.2 S5.196-08_ _ 5.240+D0__ _ 6.343402 __ 1.720-01__1.921-01_ __1.720-01_
3 T«343~04 5.301+00 6.430402 1.606-01 1.947-01 1.609-01
b Ba9B3-0h_ S.361+00C __ 64519402 1.500-01__ 1.972-01 1+5C0=01
5 1.798-03 5.8131+400 7310402 6+639~02 2.166-011 ¢6u40-02
: 6. He595-03 _ 5,936200 __ 7,802402__ _2.607-02___2.259-01__ 2.607=02
7 52797-03 5.840430 7951402 1.617-02 2.282-01 1461702
8. T7eD29-D3__ S5.623+400 _ B.061+02 1.049-02 _2.296-01 __1,049-D2
Ba327-03  5.195+00 Balbti+0i2 T«263~03 2.3032-01 T266-03
10 9.599-03 0,000 R.600202 70263=03 _ 2.303=-01___ T266=03
1 ..’ . __N2__ . _ RWO __ _ _vISC______ _ENTLPY
1 J0.000 60359"01 1«949+0 3.0“3-04 -3-552"05
L 2 519604  £§4359-01 1.749%00 3.043-04 ~3.55210%
3 7.343-04 6.404-01 1.93p400 I.043-08 -2.972+05
— B49R3-04_ _ 6.578-01__ 1.926+00 _ 3.083-04 -2.400*05
g 1,798-03  7.170-01 leB827+00 3204304 1962405
- 4 .C9C=03  Te4BC~-D0)  _ J1«7646+30  3.C43-04_ _ 4.084205
7 5.797-03  T7.556-01 1745600 3.043-04 4.623+05
.8 _ TeC29-B3 _ T.599-01. 1e73C+00_ . T«719-D4 _4,956+05
G f4327-03 Te624-01 1.713200 2.395-D4 5.190+05%
.10 9+999-E3  T.624-01  1.713200_ - 2.933-05

__CHERICAL-EQUILIBRIUM_SOLUIICN

S.685+n5

ST R -




-

T ] co co? H HZ H20
1 @p.DAo 6.341~-15 7.610-06 8.172-21 1.745~1% 6.230-06 __ _ . ___ .
i 2 Se19p-04% 6.3431~15  7,510-86 44172=-21 1.745-15 6 ,230-06
3 7.343-D4 6240515 T.6B87-06 Ge214-21_ 1.762-15 6a293-06__ . .
I * f.983-04 6.469-1%5 T7.7L3-D6 5425621 1.780-15 ba356-06
L 1 276673 6#843-15  Ba211-D6__ 4e502-21__ 1,BP3-15__ 6.723-06
& L500-03  B.00N5-15% 9.606-N6 S5.266-21 Z4262-15 7.865-06
L T 5 797-0C3  8.200-15 _ 9.841-0b6 _ 5.395-21 _ 2.256-15 _ B84U57-06_____ —
TTTT8 7.029-03  B.253~1% 9.904-06 5.430-21 2.271-15 £.109-06
9 0.327-03  8.406-15 _ 1.009-05 5.530-23 _ 2.313-15 __ 8,258-06_ 1
TTTTTTIDT 9.999-03 0 Ba406-15  14309-05 54530-21 2.313-]15 8e.258-08%
1 ] 0 oH
1 ge.CDR __ 2168719 _ 3.721-14
2 5.196=08 2.168-19  3,721~14
3. 7.343-04 _ 2.190-19___3.758-14
y L a983-04 2221219 3-796'1"
5 _1.798-03 2,339-19  4.015-1%
b Ga590-C3 2.737-19 144697-14
-3___5_._797_‘03_ 2 BﬂS 19 -812—1‘1
B 7.G29-03 2.821-19 u B43-14
9 £0327-03__ 24B73-19 _ 4.932~14
10 94999=~LC3 2.873-19 #4.932-14
—— =t bt CHE¥ICAL-KINETICS SOLUTION e et Tl
I R M “NOD NO2 N20
.} betoo_______ 1 401-29___1.B55~16 3.983-20__ 1.296-16
27 5.196-04& 1.401-29  1.855-16 3.983-20 1.296=-16
2 T.343-04 1,401-2¢ 1.661~16___3+750-20 1.285-16
7 E.983-C4 1.401-29 1.372~16 3.351-20 1,278-16 e
5  1479€~03_ 1.481=29 _ 6.810-17 2.317-20 1 1.202 i6
T 4 W80r<p3 1.401-29 2a122-17 2.010-20 1.276-16
7 5.797~0G3 __1,401-29 2416117 __ 1.880-20_ 1.315-16
& 7.029-037 T 1.u01-29  1.502-17  1.654-20 1.304-16 8
.9 84327-03 1.801-29  1.080-17  1.362-20  1.267-16
< I 94999-03  1.4D1-29 1.040-17 1.362-20 1.2u47-16
wkk A= 6.300-01 TXz= 13 OX= 5.000-03
e ____.PRESSD=_~2.563-05 '
Jd =z 1 2 3
L UFLUXT _ 14293-03 FLUX(J}=  2.564402 1.048-05 9,958-06
DAL= —2,121-D3 DA2= 2.951-04
1 R U VEL TEHP FUEL OXYG F
o _g_m,u CO0______ 28834000 7,298+012 __ 2.166-02 2226-01___2.270-02__
2 Ee02u-04  2.883+00 9e298402  2.166-02 2 2+226-01 2.270~02
3 1413°-03 2.8R3400_ 9.298402  2.106~-02 _ _2.226-01 2+269-02
Yy 1.39G0-03 2,BR2+400  ".299+02  2.166-02 2.226-01 2.269-02
5 2.807-03_ _2.877400 | 9.304+4012  2,.165-02 2.226-01__ 2.269-02
6 T.244-03 2.8304+00 9347402 2.157-02 2.224-01 2,.266-02
) 7 9e146-03 _  2.B05+400  9.371402 _ 2.153-02 | 2.223-01. 2.264-02 .
8 1.104-D2  2,777400  9.4C1+0N2  2.149-02 2,222-01° 2.263-02
e 9 129502 2.747300. . _9.43€902_ 2.345-02__ 2.22G-01 24263-02
10 1.600-02  0.000 1.130403 2.145~02 2.220-01 24263-02 %
1 R ne RHO visc  ENTLPY
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¢ —— s —

7.506-01

2.009-02

1 0 0008 : l 48500 5.“731‘05
L 2 8.00u-04 71,506-01 1485400 2.049-02 f.47Pe0s - -
3 1e135-03 TesNe~-01 leupseCO 2.049-02 S .UT7A4(O5
______ 4 1.39C-N3 7506-03 l.4E5+00 2.00%-02 el TS e
5  2,807-03 7+5p6=-01 lanBren0 Z2.049-02 S.URZ+05
_ 6 Te2u4-03__ TaS06-01__ l.87¢+D0 _ 2,009-02___ %5.,513405
7 ®ellt- rs 7.506~01 1.4THeDQ 2.049-02 5.530+05
. .. & 1,104-C2 7.506-01 1.4£9+30 2a049-02 5.551405 _ o -
9 1.295-02 7.506-01 l.hbh+np 2.Du9-02 5.575+05
w10 1.600702  Te506-01 le46u4+0D  3,332-05__ _7.621+05
—4 =t =gt CHEMICAL-EQUIL JRRIUM SOLUTION P Ty
1 R £o . €02 MW __ __ M2 _ . HZO
1 D.C0D 3.082-11 " z.845-03 belbl-17 S.660-12 2.329-03
o 2 B.G2a-08_  3.082~11  2.845-03  6.164-17 _ _5.660-12 _ 2.329-03
I 1.135-D3 3.086-11 7.846-D3 bal74-17 Sebb6-12 2.330-03
4  1,396-n3 3.090~11 _ | 2. B4 7-03 ﬁ.1ﬂ1ﬁyzu_“§,&73¢;g___z.ﬁzlggs
5 2.£07-0% 3.145-11 7.,P61-03 6.332-17 5.763-12 234703
B Te2u4-C _ 3.681-11  P.9B4-03 _ 7.673-17__ _6,563-12__ 2. 443-03
7o e -3 3.959-11 T.056~03 B8e565-17 T.070-12 2.502~03
_ 8 1.10u-02 4.373-11_ 3.143-N3__ 9,761~17_ _Ta722=12 __ 2.573-03
8  1.295-02 4.903-11 3,245-03 1.135-16 fBe5H7-12 2.656-03
10 1.630-02 4.903-11 3e285-03 1135=16 8,547-12 2.656-03
1. R 0 . OH
1 0.00g J.244-15 1.345-10
2 8..07u-04 3.244-1% 1.385-10
3 1.135-C3 3.250-15 1.347-10
4 1«390-03  3,256-15  1,388-i0
S 2.8C7-03 3.333-15 1.371-10
& Te2uy-03 _ 4.0u42-15 1.568-10
7 9 1“5‘53 LT.SIII“IS 1.69‘#“1[]
£ 1.104-02  5.14R-15  1.8E6-10
9 1le295-02 5,990-15 2.063~10
10  1.€00-02 5.990-15 2.063-10
e CHEMICAL-KINETICS SOLUTION o=t ==
L R L __NO__ Noz . N20
1 O.Ca0 1.401~-29 AR.584-13 6.686-10 1.523-12
L 2 Ba024-D4  1.401-29 e_sau 13 Gbaglg-i4 1+523-12
’ 3 T14135-C3  1.401-29 55712 1.214-13 1.917-12
.4 1e390-DR3 1, 901:2?‘,;3-29G:IZ,__ngﬂ3rl%“,_2pb“0:12
5 2.827-03 1.u01-29 1338~11 1.059-12 S.738-12
6 T.208-p3  1.401-20__ 2.94B-11 _2.282-12 _9.7T42-12
T T Te 14603 1.543-29 4.39n-11 3,152-12 1.151-11
& ILIQ"—CZ 1,973-29 6:_16;!:)1 tl_c__?E\‘l"-lz 1.383-11
9 1.295-G2 Z2e620-29 o.f29-11 T.364-12 1.667-11
10 1.600-D2 2.670-2%  9.429-11 Ta364-12 l1a667=11
%% XT  6.350-01 Ix= 1y DX= 5.000-03
i T PRESSD= -2.305-05




- —————— L

_ J = 1 2 3 :
UFLp¥zs  1.193-03 FLUXUJIS 2562402 1.087-0% . 9456706 o
DA1ZS =5.878-03 DAZ= B.276-0#
R u VEL TEHP FUCL 0XYG g7
1__DaDND  __ 2,650¢0D0 _ P.613402___2.0R6-02 __2.196-0L._.. R.2066~02
2 E.510-04 2.650+00 G.b13402 ?2.0r6-0G7 2.196-01 226602
. 23 1a700~G3 2.650+4D0_ __ 9613402 .  2.0R&-02 . 2+1%6-0} . 2e266-~02 __ . _
5 1.874-03 2.65n+00 9.614¢402 2.086-07 2.196-01 2.266+-02
&% ?e977-03 2,.64%5400D 9.620:02 2,DA5-02 24195-01 226602 . __
&  7.680-03  2.6nT4GD Q.571+02 2,075-02 Z.192-01 2.264.02
7 9.694-03___2.5F7+00__ 9.701+02 __2.,070-02___2.190-01___2.263-02
) 1.170-02  2.564+00 9.737+02  2.064-07 ?W.1BP-0O1 2+263-02
e 9 1.372-02 0 2.579400 __ 9.779402 . 2.056-02 .2.185-01_ 2.262-02____
10 1.899-02 OBeppop 1«110+03 2+056-02 2,185-01 2.262=02
i f NZ Ryo0 vIscC TENTLPY
1 0.000 TeS06-01 144327400 _ 1.943=02 __ 5.,488+05
2 s10-04 7.506-01 1437400 1.943-32 5.488405
3 1«204~D3__ Te506-01___ 1.837+00 _ 1.9483-02 _. 5.488#05
u 1.474-03 7.506-01 1.4 37400 1.943-12 5.489+05
5 2«5TT-03 . TeSN6-01 _ 1.436+00 _ 1.943-02 | S.492+05_
6 7.600-03 7.506-01 1.,428+0D 1.942-02 5.515+05
7 T«694-03 7.506-01_ _J.429400 __ 1+943-02 __5+.528405
8 1.17G-02 7.506~01 1418400 1.9483-02 54543405
9 1e372-02  T.506-01__ 1.u41Z2400D 154202 5.561405 _
1a 1.699-C2 7.506-D1 1.812+20 3.332-05 7.189+05
—t=t— b =d CHEMICAL-EGUILIBRPIUM SOLUTION R S
1 ® co coz H H2 HZ20
1 D000 _1e124=10__ #.531-03__ _3.,119-16 __1.838-1%__ 4.037-p3_____
. 8.510~C4 1.128-1C $4,931-03 J.119-16 1.838-11 4.,037-03
3 1.204-03 __ 1.126-10__ Be932-03_ 3.124-16 _ 1.840=11_ _ 4.D38-03
g Teq79-03 1a127-10 5,934-D3 3.130-16 l.8452=-11 4.039-03
* 3 24877- Qéh_.J:!4?‘19.__&:?é&:ﬂ}_,_jgzﬂﬂzlb___LJQIE:IA___ﬂJQQU:DS
6 Te6EL D3 1.345-10 EL.1B0-N3  3.952-36 «155~11 4e241-03
Yo 9.£94-03  1.474~30_  54311-03___ 8457-16 2 o336-11 _ H.349-03
: 8 1.170-C2 Tept2-10 C.H70-03  S.143-16 2.572-11  4.479-03
9 1.372-02 _1.861-10 _ _5.8656-03  6e067-16  _2e873-11_  _ 4.631-G3
10 1.659-02  1.861~10 S+656-03 G.067-16 2.673-11 4 631~03
I R 0 aH
1 p.0ooD_ _  1le852-14  8.522+10
2 8510 -04 l.652-14 4.522-10
.3 1«204-03 _ 1le655~14 __ 9.521—1Q
4 1-474-03 1et53-14 4,533-10
g 2+977-C3 1.,790~14  4.6312-10
) 7T«6L80-03 2.097-14 5.,335-10
.1 9..694-03 - 2,366-14  S5.802-10
8 1.170-62 2.733-24 fetf;12-10
% 1e372-02 . 3.227-14_ 7.193-1D0 .
io 1.699-02  3.227-14 T-193-10
e e e CHEMICAL-KINLCTICS SOLUTION e e
1 R NO2Z NZ20

N NO

256



1 0.000 181328 74280712 6.937-13  7.136-12
L .2 B.E1G-DY 1.413-28 7.282-12  5.937-13  7.136-12 — S -
3 $200-03 1.418~20 lel51-11 9.420-13  a,359-12
.4 1.474-03  1.423-28 Z.086-Y%1 1.7220-12 1.047-11 e
5 -177-01 l ‘lq3 2(! [".957"]1 5.“”9“12 1.1188-11
_ 6 T.tAD-03  2.219~2F__ 1.820-10 _ 1.129-11_ 2.898-11 o
7 9.694-D3  2.790-28  1.831-10 1.459-11 3.307-11
I 1.370-02 3.668-28 2.553-10 2.023-11 E29:3 ED B S e
g 1.372~-G2 5.034-28 T 625-10 2.,802-11 4.414-51
_____ 10 1.599-02 5.034~28 _ 3.625-10_ 2,882-11_ 4.414-1} L
. ¥ T L44ED-01  IX= 15 bBX= _5.000-03 _
PRESSDZ -2.101-05
J = 1 2 3
UFLUYXS 1.175-03 FLUXCJS§= Z.540+02 1.047-05 8.923-D6
DAI= 1.371-p3 DAZ=  5,798-D4
IR U vEy TEMP L FUEL . oxXYL _ _  F
1  C.0CO 2.489+00 1.0104072 1.956-02 2.1496-01 2.263-02
2 _9.C00-C4  2,489+00 14030403 31.958-G2_ 2,146-01_ 2.,263-02
3 1.273-63 2.489+00 1.010+03 1.958-02 2.746-01 2.263-02
4 1a.5E9-03__ 2.489400  _ 1.01C+n3 _ 1.9%E-02_ 2.146-01 _ 2.263-02
g Tal4p=03  2,485400  1.311+03  1.957-02 2.145-01  2.263-02
. _b_ 8.119-C3  2.455+0C _ 1.017+03  1,942-02  2.139-01 __ 2.-262-02
T 1.025-07 2.439430 12021403 1.%933-52 2.136-0D1 2«262-02
8 1.237-02 2.821400  1.026+02_ 1.923-02  2.132-01 2.261-02
) 1.450-02 2,.401400  1.031+03 1.9316-02 2.127-01 2.261-02
o 10 1.759-02  0.00p 1.110+03 1,900z 2,127-01 2.,261-D2 _
1 R N N2 RHO visc __ _ENTLPY
i 0.cno 7<506-01 1.368+30 1.849-02 5464205
2 92.0n06-08  7,.506-01 1.768+00 1.849-02  Ga464405
3 1.273-03  TesOg-01 1.368+00 1,809~02  S5,.464+05
e M 1eE559-03 T7.506-01_  1.368+400 1.849-p2  Se.ugy4+ds —
S 3.148-03  7.506-01 Te3pT7+00 1.849-02 5.466+05
B Bel119-03_ 7.506-01 _ 1.35P400  1.849.32 _ 5,.478+05
7 14C25-C2 7.5G6-01  1.35390C 1.889-02  5.485+05
— 8 1.237-C2 7.506-01 14347300 1.849-02 S.4924p5
g 1.450-02 7.506-01  1.340+00 1.849-02 5.500+05
10 1.799-pp 7.556-01 1.3qu+ou 3.332-05  6.476+05 .
. A A et d cHsnxan—ruuxLxcnxuu SOLUIION t=tepmdat
1 R co co2 H HZ H20
1. pe.oDng 5+329-10 8.379-03 Z2.328~15 T 426-11 b.860-03
2 ©.000-04_ 5.329-10_ P.379-P3 2.32B-15 _ 7.426-11___6.860-03__ _
- 37 1.273-037  S5.335-10 L«380-03 2.332-35 Tey3u-11 6+P61-03
y 1.559=C3 5.343~10_ Re383-N3 2.,337-15__ 7.444-11__ £.B64-03 .
TTTTTTST 3.14p-03 7 5.451-10 8,426-03  2.400-15  7.577-11  6.899-03
_ b 8.119-D3. 6.474-10 Q&QQZfDQ“__S.0}7m1§___ﬁea?2:j}__“j 211-03
7 1.,025-02  7.1%1-1Q0 -nzr-ns 3.445-15 %.634-11 7.397-03
o .8 1.237-02 . 8,052-1D_ 9.312-03  4.035-15 __ 1.070-10  _7.£24-03 )
- 9 1.850-027  9.229-10 .638 03  4,B41-15 1.2n7-10

7T.891-03




S e

10 1.799-02 9.229~1q 9:638~-03 Hegli}=~15 1»207-10 7Te071~03
1 R 0 oB
- 1 0,000 1,248-13 1921-09 .. - ——— U S PPN VOO
2  9.00C~-T4 1.248-13 1.921-09
e 3 1273703 1,.250-13 ._ 1.923-n9_
; 4 1a4579-p03 1.283-13 1-926-09
.5 3.l4R=03  1.2A7-13  1.962-09 e — =g
6  A.119-D3  1.621-13 2.300-09 .
1 1.025-02 _ 1.853-13 . 2.521-pn9 __ M__”‘__&__PRIGINAI} PUAQ-‘{GEI‘T.‘Y““ ,,,,,, -
B 1e237-02 2.173-13 2.812-09 OF POOR QUAL
a_ _1e450-02. 2,610-13___3.190-0%
10 1.799-02 2.61p-13 3.1990-D9
B L R T CHEMICAL-KINETICS SOLUTION AR Ak o)
1 R N NO NO? N20
1_ n.too 54875+27 8, 783~11__ 4,152=12.....2.084=11
2  9.00G-0H  5.875-27 4eT8Z-y)] g4els-12 2e886-11
3 12273=03___ 5.892-27 __€a7RE=~]11_ 5.900-17 3.170~11
6  1.556-03 §5.917-27 1.084=10 9.497-12 3.56846-11
— 5 3.148B-03 _ 6,236~27 Te019-10 Ze660-11 5.828-11 _ _
& B.119-p3  9.751-27 £a513=10 B4.547-11 T.410-11
7 1,025-G2 1426426 6.BUE-10.  5,659-11  8.202-13
8 1.237-02 1,723-26 B.943~j0 Te257-11 9.196-11
e __...% _le4%tp-p2 2eyg5-2¢.___.lele2-N9__ 9 . 560-11_  1,040-10
10 1.799~D2 2.,465-26& 1.192-09 9.56g5-1] 1+040-10

T " — i sy T S —

——————— . o

e S S T T i S~ A T -

i — ——— — ————— . -

¥ X= 6.450-0F 1Ix= 16 BX= s5.000-03
PRESSG= ~1.939-05 :
g = 1 2 3
UFLUX=  1.094-03 FLuxtJddz_ 2.4%4+02  1.046-05 _ 7.500-06
: DA1= 2.151~03 DAZ=  9.039-04
& iy R U VEL TEMP FUEL 0XYG F
¥ 1 Degpg_ 2406400 __ 1,385403 _ 1.755-02 _ 2.065.01 __ 2.261-02
- 2 9.4839-04  2.406+00 1.085+N3  1.755~-02 2.065-01 ?.261+02
. 3__1e342-03 2.405400_ 1.08S403_ _1.755-02_ _2s-C65-01___2s261-02
. y 1,684~-03  2.,4p5+q0p 1.0g5+03 1+755=C2 2.065-01 2.261-02
' _5_ 2.319-03  2,403+08 _ 1.086203 1.752-02_ ___2.g64-01 2e261-02
& B.558-03  Z.38q4an 3154403 1,729-02  2.,15E8-01 Z2.260.02
_ _ 1 1.080-02 2368400 1a.10G+03 _ 1.716-02 2.050-01___2,260-02
T BT U.mm3-p2 T 2.35540C 1.106+403 1.699-02  2.043-g1 2e260-02
9 laS27-02 2,341+QC_ 1.133+03 _ 1.579-02.___?.035-01__ 2.259-02
' 1D 1.897-g2 D«000 1.110+03 1.,679-02 2,.03%-01 Z2.259-02
I R N2 RHO VISC ENTLPY
e 1 BaCO0 __ _ T.Spb-0l1_.. 1«273+N0_. 1.763-02 _5,400+D05
2 o.ugg9-04 7.506~01 1.273+00 1.763-02 5..400+05
—— 3., 334203 7.506-03_ T.273+0C____ 1.763-C2 _ _5.40p0%05
4 l.E44-03  T7.506-01 1.273400 1e763-02 5.400+05
25 3.319-03 1 7506-DF __ 14272400 | 1«763-02._.. 5.400+05
- & B+558~03 7.506-01 1.262+00 1.763-C2 5.396+g5

258



ORrg g

7 1«0PR=02 TeS06~D1 1.256+00 1.763-02  5.392¢05 ePPO{) QU EE
~ B 1.303-C2  7.506-01 _ 1.289+00  3.763-02  5,3heens o WUALmmy
9 152702 T«500-21 le2014ND 1n7fl3"0? %.373005
1o 1.,859~07 Te506-01  1.281+400 3.332-0% 54342405 e
ke B ek St CHEXRICAL-EQUILYQRIUH SOLUTION Rt Bt s ot o
S R co. __ . €02 .. . .. H ... H2 . H20 e
1 n.cna 2.4721-09 1.390-02 ?.T45-18 3.270-10 1.138-02
. 2 9.4B9-CH _ 3.421-09 _ 1.390-012 2.TH5=-18 . 3.B70-10 1.138-n2 . ——
3 1.342-03  3.424-09 1,390~-02 2.7HE~14 3en73-10 1.138-D2
. 4 1obtiy=0n3 3a829-09 __ 1a391=02__ _2.753-14__ 3.87R-10___}.139-02
5 3.319~03 3.501-09 1.398-02 2.831-14 3.95p-10 1e144-02
& BoS5R-03  4.200-09 . l.464-07 I+616—14 _4et3R~10 1.195-02 —
7 l1.CEO-02 1.670-09 1.497-112 4,172-14 S.094-10 1.226-02
B 1o3D3-02 _ 5.302-09 _ 1.5453-02  _B.949~18 _ S.69F-10 | 1,263-02 ___ .
9 1.527-02 6.137-D9 1.597-002 &.02B~14 6.485-10 1«308-02
10 1.899-02 6,137-09 1,597-02___ 6.028-1% 6.885-10___ 1.308-02
I R 0 .—0R
1 D.CO0 150212 1.376-08
2 9.489~08_ 1.503=12 _ 1.076-08
3 1.342-03 1,505-17 1.077-08
_4%  1.6448703  1.5P8-12 __ 1.079-08
5 3«319-03 1,551~12" 1,099-08
b BaS55B-03__ _1.986-12_ __ 1.301-D¢ L
" 7 1.0R0-02 Z.204-12 1.436~08
_ B 14303-C2  2.727-12  1.615-08
T8 1e527-02  3e328-17 1.849-08
10 1.899-02 3.328~12 1.249-08
s Sk Bk CHEMICAL-KINETICS SOLUTTON o Rt Rt oy o
b1 R N NO NG2 NZO
1 0 .050 T«368-25 2.555-1D Z.453-11 1.,034-10
2 DeH409-Cl 736825 2,555~18 Zs853-11 1=034-10
3 1.342-C3 7«3R7-25 333210 3e158~11 1.076-10
B le648-C3__ 7.4517-25_ 4.501-1D__ 4.538-11__ 1.151-10
5 3.319-03 7.889-2C 1+134-R9 1.040-10 1.427~-10
B BetsB=03_ 1,287-24 __ 1.E59-09___1.617-10 ___1.725-10
7 1.080-C2 1.718-24 - 2.200-09 1,869-10  1.654-10
LB 1,302-02 2.433-24  2e713-09 2422510 _2a039710
9 1.527-02 3.627=-24 3.425-09 2.697-10 2.298-10
10 1489902  3,627-24_ _3.425-0%__ 2.6%7-10_ _2.298-10

-

- T e Bk e e e o e il A e e s ey i S . . B R, Y . R M B i . v A e e e e ke S A T T S e e Al o W S e S b

#$%F XS  6.500-01 I¥= 17 _Dx= _ 5.000-03
T TTTTTTUPRESSD= -1.006-05
— - s e - -...‘.]._.:___.'_ - i SR e 3
UFLUX= 1.097-03 FLUXIJIT - P.42102 :.uu;-n5 6a 350-06
DA1=  1.326-03 D423 -2.162-04
I F___ T wyvCL_____TEMP _____FUEL __ __ _OXYe ____ _F
..1  0.000 2.401+680 1,199403 . 1.443-02.  1.941~01 . 2.259-02
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94988 -8 2401400

2 1.199+03 1e443-D2 1.001~01 2.250-02
- . 3. 1.412-03 2400400 1.190403 J.443-02 1.941-01 2e259-02 .
L] 1.730~03 2.400¢00 I1.1%99#+n3 Jeq43~02 1941011 2.259-02
- —— 5. 3.‘]9‘!“E3 2.3'?8"‘0[: la201403 1.439-0102 1.9‘!0-[!1 228902 .t e ®
& o.00R-03  2.382+00 1.212+03 1.406-C2 1.927-01 2e2%8-02
o 113602 _2e3THA0D _ 1221803 __ 1e385-pp . . 1.939-D1 __2.258-02
8 1.370-012 2.36%4NN 1.,226403 1.360-02 1.908~01 2+258-002
— .9 1.505=C2 . 2,357400 . 1.236+03 1.329-02 1.896-01 . 2.258-02 .z
10 2.000-G2  0.0D00 1.12p+03 14 329~D2 1,.896~D1 Z.258-02
1 ] N2 . RHO Visce ENTLPY
1 o.G600 TeS07-DI1_____14151+00____1.686-D2__ 5.295:05
2  9.988-D4 7+5C7~01 1.151+00 1+686-07 £.295405
e 03 1.413-03 . T.507-01 . 1.151+t00 . 1.686-02 5,.295+05
4 1.730-03 7.507-01 1.151400 le£86~07 5.290405
B 3.494-03 _ 7.577-01._. 1e15C*00.__ 1.686-02 5291405
6 9.0N4-03 7.507-013 1.140+00 1.686-02 54265405
T 1e136-02_ . T45CT7T-01._ 314134400 ___1.686-02__ S.246+05
8 1.370-C2 7.507-01 1.126200 lobfe-02 5.221405
9 1.605-D2. .. T.5D7-D1__.1.117°00 _ . 1l.8686-02 5.190+08
10 Z2.000-02 7.507-01 1.117+00 3.332-05 3.630405
—4 et g CHEMTCAL-CCUILIBPIUM SOLUTION Lt TR LR S
I R co toz H H2 ‘H20
. 1. D.000_ _  2.870-08 _ 2.242-02___8.904-13 . 2.,527-09. __ _1.836-02 SO
2 9.%988-04 2.870-0& 2,2u2-02 4,9n4-13 2.527-09 1.836-~02
3 1481303 2.B72-0PF _ 2.242~02 .__.4907-13 . 2.528-09__ 1l.F836-02
1 1.730-03 2.875~08B 2,243~02 4§,915-~13 2.531-09 1.836-02 v
5 3.494-03 2e931-08__ 2.253-02 5.085-13 . P2.574=092.  1.844-02
6 .004-03 3e894-0f  2.343~C2 6JUG7-13 3.006-09 1.919-02
Y 1e136~02___ _3e879-08.__ Pe399-02.__ . Te388-13 . 3.297-0%9__1.964-02
8 1.370-02 4,403-08 2.469-D2 Be778-13 3.688-09 2.022-02 i
e .9 1.605-D2  5,104~0D8__ 2,553-02_. 1.074-12  2.203-02 _._._2.090-02 —_— .
10 2 <000 -2 S.104~08 Z2.553~02 1.074-12 4.203-09 2.090-02
1 R 0 oy
._.__..‘...}_'.__ U'UDU_,___.-__ZG-{R;’"_J ]_ ,___7.752:08 e
3 1e413-D3 _ 2.783-11 __ T.756-=D8 e
I 1.730~D3 2.788-11 Ta764-08
S 32494803  2.863-11__ 7.905-0a
6 9.00u-C3 3.649~11 ©.312-08
7. 1.13¢-02_ 4.216~11___1.027-p7
2 137002 5.023~11 1.156-07
9. 1.6D5-02 b.161=11__ _1.,327-07 _
10 2.000-02 bel61-11 1232707
R e CHEMICAL-KINFTICS SOLUTION R e
I R N NG NO2 N20
1 0.B00 __  2.782-22___1,168~09 _ 1,214-10. __3.396-10
2  9.988-D4 Z2.7R2-22 1.168-09 1.214-10 3.396-10
3 1e413-03.__2e786-22__ 1.427-N%_._ 1433-10__ .. 2.812-10 p
4y 1«730-03 2,795-22 1.855-09 1.839-10 3.4B89-10
.5 3.494-03 _ 2.953-272_ _ 3.861-Ng___ 3.327-10_ . _3.758=10.
6  9.004-p3 Ga870-22 5.548-09 4.531-10  4.169-10




ORIGEYAL-PA:

7 1«136-02 be565-22 E.247~010 5.097"'10 B«384~10
R - 1.370-02  ©0.426<27 T#290-019 S«569-10 4.7724-10 OF POOR Q[-I__
9 1..05-02 1,4839-21 £.771-09 6e153-10 5.269~10
10 Z.CDRO-CZ 1.439-231 _ 8,771-Ng 6.153-10 _5.269-10 o .
%2 X= 6.550-01 IX=_ 1B DX= 5.000~03 . L
PRLSSOT ~14.714-05
J = 1 . 3
UFLUX= 1e134~03 FLUXCJ) = 2.324202 1.064~05 4.226-06
. DAl1=__2.054-03 DbA2z -3.446-04 . _
e R _ B VYEL __ _ TEWP ~ _FUEL ___ _OXYG ___ F___
1 ©.D00 2.471+0D 1.363+03 9.997-03 1.765-01 2.257-02
2 1.049=03  2.471400  1.363+03 9,997-03 1.765-0% 2.257-02
3 1oU84-D3 24471400  1.363+03 9.997-03 1.7p5-01 2«257-02
8 1.P18-03  2.471400  1.363+03 9.994-D3_ 176501 2.257-02
5 3.670-63 2.,469+00 1.364403 9.954-02 1.763-01 2.257-02
L 6 9.452=-03  2.457+00  1.375403 9.561-02 1,748-01 . 2.256-D2
7 1.192-02 2.451+00 1.382+03 9.31G~D3 1.738-01 Z«256-~072
B 1837402 2.405300 1391403 £.989-03 2 1.725-01  2.256-(2
9 1.683-02  2.439+00  1.402403 Ba5pE-03 1.709-01 Z2.256-02
1D 2e1C0-02  O.poo 1.110403 BaS86~03F  1.709-01__  2.256-02
- 1 R L.N2 RHO _ visc ENTLFRY —
1 0.000 7.507-01 1.013+00 1.615-G2 5150405
2 1.069-03  7.507-01__ 1.2123+00  1.615-02 5.150+05 -
3 1.084-03 7.507-01 1.013+00 1,615-02 54149405
B 1.8B18-D3__ 7.5C7-01___1.013400 __1.615-02__ 5.149+05
) 5 3.670-03 7.507-01  1.012+00 1.615~02  Salu42+05
B . 9e452-03  7,507-01 __1.004+0C__ 1.615-02  _S.pBA+05 B
7 121922027 7.507-01  9.992-p11 l1.815~02 5.,051+05
8 1437-02  7.507-01_ __ 7.929-01 1.615-02 5003405
9 1.6683°02 ~7.507-01 9.852-01 1.615-02 4 .5940+D5
_ 10 2.100-02 7.507-01 852701 _3.332-0S5 _ 1.324%+05
— Thoboder e CHEMTCAL-ECUTLIBRIUM SOLUTION A s s
1 R co coz H HZ H20
1 0.09c 2e6b5-07 TL4E6-02 1.052~11 «785-08 Z .830-02
2 1eB49~03  2.645-07 3 ,4%56-02  1.0%2-11  1.785-08 _ 2.830-02
TTTTT T 1.484-03 2.6u44-07 348602 1.052-11 1,785-08 2.230~-07
3 1.815-03 2.645-07 24ET-D2 1.052-11 1e78g~0g _  Z.830-02
T s 3.670-03  7.6P1-07 3 468=-02 1.072-11 1.807-08 2.839-p2
6 %452 -03 3.069~07 2.575-02 1.291-11 2.03P-08 _ 2.927-02
7 1.192<C2 3.339-07 3.643-02 1ai69-11 2.196=-08 2.983-02
8 1.437-02 3.708~07 _ 3.731-02  1.674-11  2.410-08 __ 3,055-02 .
T 87T 1 .683-02 T 4.212-07 3.841-D2 1.995~-11  2.£99-08 I.144-02
180 2.3100-02  4.212-07  3.,841-02  1.995-11 2.599-N8___ 3.144%-02
by R o oH
1 0.000 6«298~1C 6e194~-07
2 1e089-03 _ _6e.298~10_ _ Fl19u-B7_
3 148403 6.295-10  6.192-07
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"

s min b ¢ b e s ——————— o

g JeL1R-D3 6e299-10 6.195-07
e e D 3es70-03 6e419-10 .. 6275~07 . .. __. —_— -
6 Celh2 13 TeT60=10 Te13p-07
—_ 7 1+192-02 Be731=10 7.720~N7 3 e e e e e e e e e
[ 1.437-02 1,012-09 8.525-07
9 Jebfa=02__12210-09% +62C-072
10 2.100-C2 1.210-09 9.620-Dn7
—F—t—tabat CHEMICAL-KINETICS SOLUTION e L a
1 R N NO NO2Z N20
1 0.00C 1e563=-19 5.037-D9 _. 2.6%€-10___1.065-09
ry 1.049-G3 1.963-19 5.037~0% 2epsf-10 1.065-09
.3 1440403 __1.960-19 ___ 5.8C3-09 3,067-10.__ 1.063~09.
g 1u£18-03 1.963-19 7.170-09 3,7h5~10 1.068-09
5 3.67D0-03 _2.042-19 _1.241-08 6+279-10__ 1,0B1-~0%
[ 9.452-03 3.035-19 1.525-D8 Te306-10 1.3160-09
7. __1.192-02 38R2-19 . 1.627-08_ . _T«551=10___1.212-09
8 1e437~C2 Ge278=19 1,793-~08 7.941-10 1.281-09
.9 1683702  7+670-19_ _2.046-n8 Betji72-1D _ _1.375-D9
10 2.100-02 Te670~1% 2.046-0g Beli72~10 1.375-09
- skE  XT  beGDO-B1 IX= DXz 5.070-03
PRESSD= —1.681-05
o 1 2 3
UFLUXS _1.159-03 FLUXIJ)= 2.212+02 1.043-05 2.068-06
DA1= 2.389-0C3 DAPT -4.098-04
1 R U VEL TEMP FUEL axyYg F
1 0.030 . 2453000 __ 1.583+403 5.082-03__ 1.569%-D1  2.255-B2
2 1.104-03  2.530400 1.543+03 £.08g-03 1.569~01 2.,255-p2
3 1.561-03 2.530400 1.583+03__ 5.090-03 _ _1.569-01 Ze255-012
4 1e511-63 2,.,529+00 1.543+03 5.090-G3 1.569-01  2.255-02
5 _3«858-03  2.528400__ 145832403 5.067-03  1.569-01__ 2.255-02
- 6 ©.927-03 2«516+00 1.587+03 4.B04-03 1.558-01 2.254-02
7 _1.2%0-02  2.509+0C _ 1.550+403 _4.622-03 _ 1.551-g)  2ep54-02 __
- & T 1.s06-02 2.501+00 1.554+n3 4e377-03 150101 2.254=-02
9 12762707 24491400 1.559403 _4,044-03 _ 1,528-01  2.254-02
10 220002 0.000 1eii0403 4.0u4-03 1.528—3% 2e254-02
I B NZ RHO yISC ENTLPY
1 D«00C _  7.507-01_  8.952-01 _1.551-02 _ _4.973:05
z 1.1064-03 T-56G7-01 B.952-01 1.551-G2 4,973+p5
g 1,911-03 7.507-01 fe953-01 1.551-D2 %.971405
5 3eBgE-03__ 7e507-01 _§,952-N1 1,551-02 . 4.961+05
6 0.952~03 T507-01 8.931-p1 1e551-072 Y.p78+05
?_ I-ZED‘DZ’ 7.507—[]1 8-915-01 1.5‘:1-02 . Ya823+05
T8 180g-N2 7,507-01 8.092-01 1.551.02 4.750+0S
G 1.762-02 72507-01 AeBOD~01__  1.5%1~B2__ H.656+05
10 2.200-02 . 7.507-01 5.860-01 3.332-55 =-9.028+04
L e T CHLHICAL-EQUTLIBRIUM SOLUTION $mtmymgmpm
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2.425400C

1.434-01

R co €02 H H2 H20
0 <000 1«711-0¢ 4, 00-02 1e4%0~10 9.065-08 1,930-02
110403  1.711-06  4.RO0-02 1.850-10 9 _265-08 3.93n~g2
1.561-0'3 1.709-0¢ 4479902 1.447-10 9+253-0p 1.929-02
1.,911-03 1.708-0¢ 4,799-N2 1.445-10 ©@.248-08 1.909-02
 Tefi5g-03 __1e711-06___ 4,AC5-N2 _ ],489-10_ _5.266-D8 3.934-02
€ e522=P3 1.789-06 4.877~n2 1e517~10 0.t L=D8 3.993-02
1.250-02 1.8486-p6 492602 1.604-3D 5.926-08 4,033-02
leSNp=02 1.929-06  4.9%2-07 1,701~10 1.033-07 4 NBEB-02
1762-02 2.053-06_  5.085-0(2 1.851-10 1,092-07 4.162~p7
2.200-02 2.053-36 8,004=02 1.851-10 1.092-D7 §al62~02
R 0 oH
o} pa.tDC 9,228-09 _ 3.630-Dé
1.104-03  9.228-09 2.630-06
_ 1,561-03__ 9,208-09  3.625-06 .
1.912-03  9.199-09 3.623-N6
3.P58~03  9,222-09  3.630-06
9,922-03 9.79%~-09 3.788-06
_ 1.250-02__1.,023-08 _ 3.905-g6 _
1a505-02 l.087-02 4,073-06
_1a.762-02___1,185-08__ _8,.,324-06
?.200-02 1.185-08 4e324-06
B e — CHEMICAL-RINETICS SCLUTION N
R [ NO NO?Z N20
_C«p00 ____ _S5.588-17 2.184-08___ 4.735-10  2.8£13-09
TT1.104-03 5.508-17 2.184-08 4e4T3G-10 2.813-09
. 1e561-03 5.562-12 7e362-0B  £,120-10___ 2.810-0%9
1e911-C% 5,550-17 2.707-08 5.867-10 2.81p-0%
34858-03  5,576-17 T.795-08  £.214-10___2.814-09
9.922-03  6o.285-17 T.8c3-08 8¢172-10 Z.895-09
 1.250-02_ 6,852-17 _ T.BE72-08 _ B8a090-10_ _ 2.954-09
1.506=062 74731-17 4.005-0¢ 8,197-10 3.037-09
1.762-02 9.195-17 4.302-c8__ B8e548-10 __ 3.156-09
2 2200~02 9+195-317  4.302-0F 8,548-10  3.156-09
$%%F  X= Le&5S0-01 IXC 20 pX= 5,.,000-03
PRESSD= -1,550-0S : - : :
J = 1 2 3
CUFLUXS  1.125-03 FLyuxlJi=_ 2095302 1.042~05 _ 7.905-067
DAL= 1.977-03 DAZT ~3.457-04
I R T “TEMP FUEL . DXYG F
1 0a0B0  __2e465+00 _ 1.652+03  1.937-03  1.444-01  2.253-D2
77T 14156-03  2.465+0C 1.652¢03 1.937-03  1,444-D1 2.253-02
3 1.635-03 _ 2.465400  1.652403  1.940-03 __ 1.444-01___2.253-02
y 7 .003-03  2.,465+00  1.652+03 1.941-03 - l.444-01 2425302
5 Be042-03 2,464400  1.653+403  1.978-03__ 1.444-01__ 2.253-02
6  1.C38-02 2.448+00 1a6054p3 1.858-33  1.441-01 2.252-02
7 14307-02 - 2.439+00 | 14642403 1.7PE~03 1.438-D1__ 2.252-02_
8 1e 57q—02 1.639+03 1.683-03 2.252-02




s ——— rm e m s [P JE—— [P e -

. A 2 . - e —— a8 8 o e ———

9 1.840-02  2.408+00  1.636+03 3,521~03  1.028-01  2.252-02

... 10__ 2.300-D2 0.000 1.110+03  1.521-03  1.428~01 . 2.252-02 . __._.

S S N2 AT yIsc ENTLPY Lo i
i 0..CO0 T.507-01 !‘.3{:5-01 ].u"?-ﬁ? 4.776+05
2 _14156-D3.__.Te507-01.. _.8.365-01 . 1.892702... 4776405 :
3 1463503 7.507-D1  P.366-01 1.492-02 4,774+485 ()

e % 24C03-03 . 7.507-01 . Ba367-01 1.492-02 4.773+05.. E%ggm&LL'AIHI"”““”‘
5  4.042-93  T.507-01  R.372-0)1  1.4%2-02  4.760+D5 IIE-POCEz v IS

e .6 1403502  T¢507-D1  P,399-p1  1.492-07  4.651+05 L QUALENY . e
7 1.3G7-02  7.507-01  R.434-p)  3,492-02 4 _5RO+0S

e B 14574202 7.507-01.__ Be430~01 _ 1.492-02___Y.488405
9  1.862-02  7.507-01  8.444-D)  1.492-02  4.371405
10___2.300-02 _7.507-01 _ P.444-p1  3.332-C5 .-2+135+05 ___ -

. e ~-CHEHICAL=EQUILIBRI UM SOLUTLION, R —
I B o o2 H H2_ H20_ —
I C.CO0 4.573-06 5.660-02 5.857-10 2.210-07  4.634-02

2 . _1el5E=P3  _4.573-06&___S«660-02 5.857-10 2.210-07.._4.634-02

3 163503 H.565-06 Ge659-02 .0842-10 2.207-07 4, 633-02
_ 4 2.D03-D3_ H.559-0¢& ___ S«.65°-N2 Se832-10 _ 2.205-07__ 4e633-02 .
5 n.042-03 4,527-06 £ 659-02 Se770-1D 2.191-07 4 4633-02
& 1e038=p2_  _4e367=0F ___SebEB1-02_.. . 5.454=10__ 2.125-07 4.651-02
T 1.307-02 U4.2B9-06 5e699-02 5.300-10 2.094-07 4e666-02
8 1.574-D2  4.213-0€ _ 5,728-2 Se146-10 2.063-07___ 4.689-02
qQ

leF4n -0z 4s159-0¢ 5.772-02 5.026-10 2.,42.07 4,725-02

10 __ 2.300=E2 ial159-0E& 5772-02. 5.026-31D__ 2.642-0G7 5 ,125=02 -
I R G OH
1 0.CO00 JeBaE-08 Fu2B1-06
2 . 1e156-03  3.868-08__ 9.28i-0D6 —
3 1.£35~03 3.858-0p 2e265-06
._..__-_....mg_ _2e003-63  __3«851~-08___F«255-D6 . —————
5 h.042-03 3.809-08 9.194-D6
8 102802  3.594-08__. E«B8T7=N6 -
7 1367-C2 3.48%9-08 8473806
e § _1eS74-02 3 384-0f____ B.594-016
9 1.840-02 3.302-0D8 L.49]1-06
1o 2.300-02  3.302-08 __ P.491-06 -
bt s CHE MICAL =K TNETICS_SOLUTION s=gmsopmss
— i R M . N0 NO2 _____ .. _N20_
1 ‘0000 l.044~15 9.673-08 1.311-09 S.024-09
_ Z 1.156-03_ 1.0448-15__ 9.5673-08  1.311-09 _5,.,024-09
3 I2£35-D3 1.038-1% 9.738-08 1,321-09 S5.019-09
e 2.TD03-03 1034715 1.016-07 _1.375-09 S.01e-0%

5 yeE42-03 1.011~1% 1.043-07 1.420-09 4,995-09
o ..B . 1038-02 _Be®F1-16  SeG583-M8 __ 1.201-09. 4.904-09
7 J«307-02 Bslluli=16 B.?23Iy~08 l1.1188-09 4 .,064-09
. B 1l.574-D2 7.869-16 7.964-08  1.118-09 _ 4.827:-D%
9 1.880-02 7.450-16 T«949-08 1.122-09 4 BEpB-09

10

2230062 7.450-16  7.959-08__. 1e122-09 . . 4.B08=09
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D% X 6L TCO-01  Ixc- 21 DXz $.000-D3
—— PRESSDZ -1.048-05 = e e e ————— e o e e e
) J = 1 é
L UFLUXS  1.082-03 FLUXEJIS _ 1.981402  _3.0531-05 2.755-07
DAl=  1.179-g3 OA2T ~2.109-0%
I R U VEL TEMP FUEL oxX Y6 F
.Y _ p.oon . ze318+0D 1.6R6403 6.5~ 1-08 _ 1.394-0} Z.2%1-02___
2 1.204~03 2.318+00 16586403 6e561-01 1.398-01 2.251-02
_ 3 1.703-03__ 2.31840Q0 Y1bBEEH0T__ 6.576=04%___ _1.394-01 __ 2.251-02
8 2.086-03 2.3318400 1.685403 GeHAS-DY 13945-01 Z2e.251-02
.5 4,711-03 2.,316+00 _ le6Au+N3 6« 600-04  1.394=-01 2.283y-02___
& i.C82-02 2.297+00 1ob74903 6at75-0U 1.394-0} 2.250-02
. i62-02 2.2P4330  1.66G+03 La2R1~DU _ 1.,393-D1 2a.250-02_ ..
B 1.639-072 2.267400 1.662403 50927-0U4 1.392-01 2.250-02
_ 9 1.%1&-C2 2.244+400 1654403 5.313-04 1.389-01_ _ 2.250-p2
10 2.400-02 0.000 1.11C+03 5.313~04 1.389-01 2250-02
I R N2 RHO visc ENTLPY
o 1 N.000  ___ . 7e507-01 _ T.199-01_ 1.437-02__ 5.56940S
2 1.204-03  7.5G7-01 ”.199-01 1.437-02 4.56940%
_ 3 1.703-03  7.507-01 _ R,200-01 1 437-02__ 4.567405
Y 2.006-C3 1.507-D1 R.200-01 1.437-02 4,566+05
5  4.211-03_ 7.507-D1.  ®.207-0C1_ __1.431-02 4.550405
[ 1.082-02 7.507-03 B.254-01 1.437-02 4.421405
. 7 1a382~02 _ Tes07-01__ Re282~01__ J,437-02 __ 4.338#05
8 1.639-C2 7.507-01  £.316-01 1.q37-nz 4.233405
g la%1¢-02 74507-03)  8.35¢-01 1.437-02 4103405
1D 2..400-02 7.507-01 fa356-01 3.332-05 24612405

e 1 e ettt

P N prr e

CHEMICAL-EQUILTBRIUM SOLUTION

bt =

I R co coz H H2 HZ20
.1 C.o00  6.208-06 ___ 6.006-02__ 9,015-10  2.901-07 _ 4.917-02 ]

- TR 12204~03  6.208-06  £.006-02 9«015-10 2.901-07 u.917-02

3 1.703-03 6.199-06 6.005-02 _ 8.996-10_ 2.898-07_ _ 4.917-02
) T Ty z2.086-03 a 192-06  &.,00t-n72 8.981-10 289507 4,917-02

5  #44211-03  6«132-06_ £,306-02 _ B.B51-30 _ 2.871-037  4.916-02
TUTTTTTTE T 1.pea2-02 "'s 7ie-06 e GO7-02 7.962-10 2.703-07 4.918-02

J_ _1.32362-02 5.489-0¢& 62312-02  Tou82-=10_ 2.809-07 __4.972-02

8 i.528-02 §,225-06 6.0D22-N2 be947-10 Z.502-07 4,930-D2

] 1e516-52  42949-06 __ 6aG28-02 _ 6,3R6-10  2.388-07__ 4.943-02
T 107 244C0-02 4.949-06 2 6.G38-02 ba3IP6-10 Z.388-07 4.943-02

1 R o OH

1 0.000 6,020-08 1.244-05

2 1.204-C3  6.02G-08 1.284-05

z 1.703-03 6.007-08  1.242-05
- 7 z.0Re-03  5.996-08 1.241-05

§  4.211-03 5,908-08_  1.230-0S _ 5
"' e 1.0A2-02 5.297-0¢F 1.151-05

T 14362-C2 _ 4.9t8-08__ 1.107-05
o ! 1.639-02 4.60D2-08 T 1.057505

9  1.914-02 4.220-08 _ 1.004-DS
TTTTT 10 2.4bo-p2  4,220-08 1.0048-05

2B5



! L i N LR KIS T T
omeny M‘%GET‘?—
’ oF POOF
-ttt dmd ot CHEMICAL-KINECTICS SOLUTTON t=tmt b=t
I 8 N NO NO2 NZ2O
I 1 0 .000 . 2.012-15% 2«282-07 2+675~09 Beld =00 oo e e - -
2 1.204-03 2.512-16 2.282-07 2.615-09 6.143-09 .
_ 3 1.703-03 2.500-]5 ___2.282-07  2.629-09.__ 5.138-0%
y 2.CR6-~03 2.492-)F 2.242-017 2.631-09 6.133-09
B 4,?211-0B3 . 2.41B-15_  1.989-07 _ 2.344-09.. 6.098-09 _—
6 1.082-02 1.936-15% 1.4R86-D7 1.806-09 S.R55-09 P
7 ...14362-02 | 1.,658-1% __1.360-07_. 1.683-09 . 5.719-09
8 1.039~-07 leysi-1%5 1.263-07 1.5907-0% S.566-N9
9 1,916-02 1,213-1% _1.207-01% 1.563-09___5.423-09
10 2.400-02 1.213-1% 1.2007-07 1.563-09 S.403-09
w%k  ¥T  ba7S50-01 IX= 22 DX= 5.000-DZ
PRESSDZ_~1.355-05
J = 1 2 3
. UFLUX= _9.724-04 FLUXCJIIZ _ 1,874+402  1.040-B5__ 9.499-08 - -
DAI= 1.881-03 DA2T  T.502-04
i ] U VEL TENP FUEL 0XYG F
1 0eBOD ___ 24153+00 __1.686403 _ 2.186-08 . 1.377-D1___2.2589-02
2 1.25C-C3 2.15340C  leb6B6403 Z+1Bp~0Y 1.377-01 2.249-02
3 1,768=03 __2.153+00_ 14686203 2.193-04%  1.377-01 _ 2.249+02
4 2 165-C3 2.153+010 1.656403 2.197-0% 1.377-01 2e249~D2
> =37C-G3__ 2.,151*00  1£64+03_ _ 2.211-04 _1.377701 __ 2.249-02
& 1 123-~02 Z2.128+400 1.673403  2.223-0% 1.377-01 2.248-02
7 1.414-02  2.112400 __ 1.666403__ 2.175-04 _ 1.377-0]1__ _2-248:02
a8 1.I03-D2 2.093+00 1.658+n3 2.063-Gt4 1.377-01 z 2ug~-02
_ 9  1.991-g2 _ 2.068+0D_ 1-648+03 _ 1.,847-08 _ 1,376-01  2.248-02
10 Z.h4o9- -0z 0.000 1.110403 1.847-04 1.376-01 2+248-D2
i R NZ RHO vIscC ENTLPY
1 0eBO0_ | T.507-01 _ 8.197-01__ 1.387-02 4362405
o frd 1.250-03 7.507-0F R.197-0C1 i.387-02 it 362405
3__ 1-758"‘93" 7 50?"'0! Pl]"?-ﬂ]_ 1e¢387-02 . b4«361%085
TR T2 .105-03 7.507-01 9.193 o1 1.387-02 4.359+05
§  14.370-03  7.507-01 __ R.205-01__ 1.387-02  4.34)+05
3 14123-02  74507-01 Pe260-01 1.387-02 4,198+05
7 lafil4-pz  Tes07-01__ Be294-01_ _1a3R7-02  4.109:05
- “§ "1.03-D2 7.507-01 P.336-01 1.327-02 3.997205
9% 1.991-02_ 7,507-0% _ R.38T-D1 __ 1.387-02  3.859:05
v iG 2.u99-uz “7.507-01 8.387-01 3.332-05 <~2.772+05
e et S CHEMICAL-EQUILTBRIUM SOLUTTON D
- i R co “toz H . H2 H20
1 DeDDO . _ 6038706 __6.3121-02 _ 9.234-1C  2.965-07  5.011-02 _
TTTTTT2TT 14250-83 6.347-D6 tal21-02 9.234-10 2 .565-07 5.011~qp
3 1.766~C3 6.380-06  he121-02__9.217~10 2-%62-071 5e.0311=02 3
4y 2.165-03 6.333-00 6«120-D2 9.202-10 2.959-07 5.011-02
5. pe370-03 _ 6+266-06 6,120-02 _ 9.056-10__  2.932-07._ _S.011-D2
[ 1.123-02 5«771-06 £.119-n2 7.998-10 2.,731-D7 5.010-02
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7 1.H14-02  S.u00-06  6.120-02 T 917-10  2.616-07  5.01i-02
) 8 1.703-02 S.l64-06  £.123-07 6.761-10 2.481-n7 5.013-02
g 1.991-02 4,803-056  b.1p8=07 5710 7e331-07 5.017-02
R 1 2499~02 4.803-0& _ bel128-02 6,057T-10  2.331-07 S.N37-07 B
X R Q e Ol’..,.. o .
2 1.250-03  6.167-08 1. 272-05 o .
T3 7 1.768-03 6,156-08  1,27p~p5 ORIGINAT, PAGE 19
e 4 2614713 belus~-08R 1.269-05 op POQ IS_ o
5  4.370-03 6.045-08 1.256-05 R-QUALITY
[ 1,123-02 54319-08_ 1.162-05
I AR B R B,922-08 1.ig8-05
8 1,703-02  4.474-0P  1.CH6-~05 L L
T g T 1499102 7 3.995-08  9,.763-06
—._. 30  2.499-02  3.995-08 %.763-D&___ , — .
~p btk b CHEMICAL-KINETICS SOLUTTON Gmbmymt—t=
. S _ N _ N N02 _N2O
I T©.Coo 2.619-1% 3,0EB~07 3.5731~09 6«273-09
. 2 _14250-D3  2.619-15___ 3.085-07__ 3e571-09 _ 6.273-09
3 1.768-03 2.609-15 3.032-07 3.508-0% 6£.769-09
oy 2 »2165-03  2.600-1%  3.017-07__ 3.492-D9 _ 6.264-09
£ T70503 2451515 2.667-F7  3.171-09 6.225-09
B 6 1 12’uu;-w 1+938-15_ 1.962-07 __ 2.366-09 _ S.531-09_ .
o 7 1.4149-02 1a650-15 1.779-07 2.193-09 S5.764-09
&8  1.703-C2 _1.363-35_  1.639-17_ _ 2.076-09__ S5.568-09
9 1:991-32  31.076-1% 1.554-07 Z2+033-09 5.350-09
_ 10 2.499-C2 1.076-15% 1.554-07 2.,033-09 5+350-09
2% XS  6,000-01 IX= 23 0XS 5.000-03
T PRESSDZT 1L, 2TE-05
J = 1 4 3
TUFLUXSTTELSES-CY FUORTIY S T i1 76402 i.080-0% 3.,328-08
we._DAl= 1.359-03 0822 S5.509-04 -
I ) U VEL _ TEMP_ FUFL DXYG F
R | 0 .000 1 99i+300 1,676+03 741605 J 37201 2.247-37
2 1.2%-03 _ 12991900 _ 14676403  7.416~G5_ 1.372-01  2.247-02_  __ _ _  _
T3 1.832-63° 1 991400 1.&75»'\3 T 7.442-05 1.37‘*-01 2e247-02
y 2.244 -03 1.,991+00 1.675403 7+458-0%  1.372-C1__ 2.247-02 R
T8 agS83p-n3 T T 1.$8240D0 1-67u+n3 7.530-05 1.372-01 Z.287-02
& 1e165-02 1.963+00 1.662403  7.752-05 _1__§72-m _ 2.247-02
T 1Ju670Z  IL94E40G 14655403 Teb43-0EF 1.372-01 Z2o?U6~02
] 176702 1,92642C 1.646403 7 o2R9-CS 1.372-01 _ 2.246-D2
T 9T 206702 7 14900400 T 1.635+03 6,5327-0% 1.372-01 2.246-02
10 2.599-C2  0.000  1.110403  6.537-p5  1.372-01 __ 2.246-02 ' _
1 f N2 RHO __  WISE. ENTLPY
1 n ooo 7.507~01 W2 UE D1 1.340-02 4.162+05
2 «296~03 74507 01 .2au=.~mw 1.390-02  4,162+05
T i ”1 £32-03  7.507~01  #.2459-01 1.340-07 w.le0405

267



y Ze244-03 7.507-01 R,250-01 1+340-02 4.1590405
5  8,530-03 7«507-01 Re257~01 1340-02 4.,1u40e05 ____
'3 1e1065-02 7.507-01 f.316-01 1.340-02 3.9914p5
R { 1.467~02 7.507-01 B.352-D1 1,390~82 3.899¢DS5 ____ . . ___ S
8 1-767-02 7507-01 Ra397-01 1.340-02 3.784405
9 Re0CT =02 . Te507-0)1___8.452-D1__ 1.300-02 __3.605+05%
10 2.599-G7 7.507-01 8.452-01 3.332-05 <-2.822+405
e Rt S P CHCHICAL-ECUILTBRIUM SOLUTION L S T e
I R co co2 H H2 H20
1 1,000 Se910-06___ _64156-02_ B.267=3i0..__2,790-07._._5.040-02
2 1.296-03 5.910-0 & £.156-12 8.267-1D 2.790.07 5.040-02
e 3 1e832-C3 _ 5.902-06& _ 6.156-02 Be252-10. 2.787-07_._ 5_D40-02
4 2.244-03 S.897-06 6.155-02 B.239-10 2.785-n7 5.040-02
. .5 4.530-P3  5,.833-06__ _6,155-02__ 8,105-10 2.759-07___ 5.039-02
6 1.165-02 5.349~n6 €el5y~02 7.112-10 2_560-07 5.038-02
7 Je861=C2 _ S.07u-06__ 64154=-02__ 6.586=10 Z,446-07 _ 5.038-02
a8 1.767-G2 4.752-06 6.155-07 Se946-10 2.311-07 5.039-02
9 2.C67-02 . 4392-06___ 6.156-02_  5.200~10 . 2.159_07 __ S.0u3-D2 _
18 2e599-02 4.392-06 6=156-02 S.280-10 2.159-07 5,040-02
I R 0 o
1 C.E00 S.502-06__ _1,.189=05
2 1.296-03 50502-08 lalﬁg"‘ﬂs
) .3 1aF?2-03_ _ 5.4092-08 _ 1.188-05 __ L
L] Ze2u4-03  S.483-0p 1.186-05
—— . .5 H.530-D3  5.391-08__ 1.174-05
6 1.}165-02 be712-0¢p 1.082-05%
? 1e467-02  &.34C-0R 1.029-05
2 1.767-C2 3.920-0p¢8 9.L68-06
9 _2.067-02 3.467-08___ 8.572-06 :
10 2.599-C2 3.467-08 9.972-06
R D S Y g CHEMICAL-KINETICS SOLUTION Pt pm
. I R N NO NO2 NZ0
g _1_  DeBCO__  __ 2.073-15_ _3.295-07 _ 3.926-09  6.030-09
TTTTTTT TR 1.296-C3 2.073-15 3.295-07 3.926-09 6.030-09
. .3 1aB32-03  2.G65-15_  24252-07 3.877-09_ 6.026-09
y 2.244-13 2-058~15 3.249-07 3.876-09 6.022-09
— 5 4e530-C3___1.9BEC1S 2.9€9-D7 ___3.558<09___ S.984-09
[ 1.165-02 1.510~-15 T2t i-n7 2¢791-09 5,.693-09
7T 1.487-C2  14275-15 _ 2.045-07___ 2.608-09 5.526-09
a 1+767-G2 1.033-15 1.698-07 2.4%3-09 5.329-09
.9 2e067-02  8.010-16_ 1.813-07  2.468-09 5.106-09
A 1 ;] 2.599-02 8.010-16 1481307 2.468-09 5.106-09
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