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ABSTRACT

A model has been developed to predict the performance and NOy emis-
sion of the Texaco stratified charge engine, This complete engine cycle
program starts from engine geometry, valve and fuel injection timing,
fuel characteristics and operating conditions and includes the following
phases: valve overlap, intake, compression, combustion, expansion and
exhaust,

The fuel mixing process is described by a jet mixing model and the
equations are solved in a cylindrical coordinate system with a non-uniform
pressure field. The jet shape changes were calculated for the jet impinge-
ment effect against a solid wall., The air motion inside the cylinder is
determined by a detailed model to specify the field for the fuel jet.

During combustion fuel jet is divided into many elements and the com-
bustion process of each element is analyzed as a mixing process between
the jet and surrounding air, entrainment into a flame front and subsequent
combustion,

For heat transfer the walls of the combustion chamber are divided
into five regions; intake valve, exhaust valve, cylinder head, cylinder
wall and piston top. Each region is assumed to have a different tempera-
ture and different gas velocity.

Nitric oxide emissions are calculated by using the extended
Zel'dovich kinetic scheme, with the steady state assumption for the N
concentration and equilibrium values used for H, O, O2 and OH concentrations.

The model computes combustion rates, heat transfer and NOy based on
the same jet mixing assumptions without appeal to separate mixing processes
at each stage.



Comparison of the model prediction with the available experimental
data shows reasonably good agreement,

Thesis Supervisor: Joe M, Rife
Title: Lecturer, Department of Mechanical Engineering
Manager, Sloan Automotive Engine Laboratory



ACKNOWLEDGMENTS

I wish to express my sincere appreciation and gratitude to my
advisor, Dr. Joe M. Rife, for his stimulating guidance, advise and
criticism throughout the course of this project, and for his remarkable
insight into the problem at hand.

Next, I would like to thank Prof. John B. Heywood, Prof. James C.
Keck and Dr, David P. Hoult for their many helpful suggestions along
the way.

A particular note of thanks in appreciation for Mr. G.W. Fly for
his experimental work on the TCCS engine. Mr. K. Radhakrishnan's
suggestion on a combustion model was very helpful. It has been a
pleasure to know everyone associated with the Sloan Automotive Laboratory.

The excellent typing of the manuscript was done by Ms. Sharon
Richardson.

This research was supported by the U,S. Army Tank-Automotive Systems
Development Center via subcontract to M.I.T. from Texaco, Inc. under
contract number DAAEQ07-74-C-0268. I thank the program supervisor, Mr.
Martin Alperstein of Texaco, Inc.

I would like to acknowledge Komatsu Ltd., for financial support and
thank Mr. Hajime Yui, Director of Technical Research Center.

Finally, I would like to thank my wife Yoko and daughter Naoko for

their patience and understanding during these years.



TABLE OF CONTENTS

TITLE PAGE..ceeeecsoesassassssssssassasnsecsscssansscssasasssosssssncsl
ABSTRACT ¢ oo oeeeocccssossasccssssososossssosassossssssssssssssscsassscoscssel
ACKNOWLEDGMENTS e ¢ coseeeoccessacanonssosssssssascsssassscnssssncoseanssht
TABLE OF CONTENTS. ceeeoccosasososasconssossoncscccccccasocnsossoscsscoscnoscess)
LIST OF TABLES ¢ ecescosecescssssssacsncessssssccsssssssssanasscccsoeal
LIST OF FIGURES seeevcccscscccososacsoassccssscassssassanosssseaasasnsssssd
SYMBOLS | .iuieeescessessossccccesoccscssscsssosssssncsssssssssccscscsssll
I. IntroduCtiONisiececececesescscsccccsnsssssccccccsascsccsassosesell
II. Direct Injection Engine Simulation Model,....ceeveesececceceaaald
1. Background.seessessesscesesssessceasaossscssossssnsasssscsnceasalbd
2., The New Model...eossesoccccasssccscccsssssscsossasssassccceld
3. Systems and Thermodynamic EquationS...eeeceeccccccccccccccsel?
4, Jet Modeliuesessessescsesssossnssoscansssasssssessssasscssseeld
5. Air Motion Surrounding the Jet..eeeeceevescsncecsscscscssaneeld

6. Combustion Mode]-..Q‘...............Il'...'.............C.l.36
7. NOX MOdel.........'.............C.Q.Cl...l.......'..l...l.l39

8.. Heat Transfer Mode].....loonoo.coocOQ!CO00000.0001000000000041

III. Comparison of Simulation Predictions with Experimental Data
and COHC]'uSiorlS............l....l.....‘..............ll...l.'. 43

REFERENCES..................l............'..............I......‘... Z*6

49

TABLES.................................Q............l.l.......'..l.

FIGURES...........‘....‘....'.'...........O.................I'....Il 52

AppendiXA Gas EXChange Process...'........................I.....C 75



Appendix B
Appendix C

Appendix C

Friction LOSSeeecesesscecssccsccacssscsccscccsocsssnanall
Thermodynamic Properties (Hydrocarbon-air Combustion)..80
Computer Program....ceceecececececsccccccscscenscscscse 80
Program Listing.eseeccecsssssescsccscssosscscscnsccanas 87
Sample INpuUtseesssceasecsscccssascasccssscsssnsscasaseslt

Sa.l'l'lple Outputc.lo.'.o....l..o.......ol.000000000...0..163



Table

Table

Table

Table

Table

1

2

3

LIST OF TABLES

Engine SpecificationSeeeecsecsceccscccsssscssccscsncacssstd
Summary of InstrumentatioN..sscsee seesseescsscssssseeasdl
Summary of Fuel PropertieS.ccececececccscscecesscscnansedl
The Coefficients for SpecCieS.ieceecescssccsccccsscscssesB2

Coefficients for Polynomial Fit to Thermodynamic
Properties.................‘.......0..................I.83



Figure
Figure
Figure
Figure

Figure

Figure

Figure

Figure

Figure
Figure
Figure
Figure
Figure
Figure

Figure

Figure

Figure

Figure

Figure

10

11

12

13

14

16

17

18

19

LIST OF FIGURES
Texaco Controlled Combustion System (schematic).........52
System Model...eeesececesccccscsnsosssssssscscscsasonsssdd
Jet Model with SWirleeeeieescsesescsssescncsosssasasosesdd
Jet Cross Cut Shape when Contacting with Wall....,......54

Calculation Results of Jet Modeleeeeeeeovecosnnscasasesesdd
(First Jet Element Trajectory)

Model of Air Motion CalculatioN...eceecesecscoccscscscssessibd

Air Motion by Calculation (Radial and Axial
Component)‘.............................-................57

Air Motion by Calculation (Radial and
Tangential Component)...ceeeeeseccccces

.0.0-.0....0.0.0.58

The Schematic of Ignition Model

...l.............l.....l.sg

Heat Transfer Model.-.'...............I........‘D‘......60

The Schematic of Nox Modelseisososacscsccasacssossaacnaabdl
Mass History of One Element (prediction).c.eeeeccececsecss.62
Valve Flow Coefficient for the Intake Valve..,...eseseees63
Valve Flow Coefficient for the Exhaust Valve...........6%

Comparison of Calculated and Experimental Burned
b'1avss Frac-tion’ ei = 200 BTDC...' 000.-....»..-.0.0...000065

Comparison of Calculated and Experimental Burned
Mass Fraction, ei=300 BTDC......'......l....l...'..l..66

Comparison of Calculated and Experimental Log P-Log V
Diagram’ ei = 200 BTDC""000toocoo...onoocoo-oooo-ooooo67

Comparison of Calculated and Experimental Log P-Log V
Diagram’ ei = 30 BTDC""' .00.-0..0000..0.0.0u.ooooooocn68

Comparison of Calculated and Experimental NO versus
Injection Timing...... ......0....'.............‘........69



Figure

Figure

Figure

Figure

Figure

20

21

22

23

24

Comparison of Calculated and Experimental
Volumetric Efficiency, Indicated Mean Effective
Pressure and Peak Pressure versus Injection Timing......70

Comparison of Calculated and Experimental Exhaust
Temperature versus Injection Timing...eeeeeececsscesssas/l

Comparison of Calculated and Experimental NO versus
Equivalence Ratio'.........“..I................000000.072

Computer Simulation of NO concentration Histories
in Elements.....l....'........"'.........ll.........l..73

The Effects of Swirl Ratio on Indicated Mean
Effective Pressure and NO ConcentrationN..ceccecececosscesll



10

SYMBOLS

A = heat transfer area

Bore = cylinder bore diameter

b = jet radius in free jet

bC = jet radius when contacting with wall
Cp = specific heat at constant pressure
E = internal energy

H = gpecific enthalpy

h = distance from cylinder head to piston
Lcnr = length of connecting rod

M = mass

N = engine speed

Nu = Nusselt number

P = pressure

Q = heat transfer to system

R = radial distance of jet location

RC = radius of piston cup

Re = Reynplds number

Rg = gas constant

R.p = radius of piston

R.Cr = radius of crank

s = distance along the jet trajectory
Se = plume surface area

T = temperature

u = jet velocity

top
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turbulent eddy entrainment velocity

volume

piston cup volume

parallel component of cross flow to u
normal component of cross flow to u

radial component of jet (swirl) velocity
vertical component of jet (swirl) velocity
angular velocity of jet (swirl)

work done by system

mass fraction of fuel in jet

axial distance of jet location

entrainment parameter for the parallel flow
entrainment parameter for the normal flow
density

equivalence ratio

tangential component of jet location

fuel injection timing

jet contacting angle with wall (see Fig. 4)
crank angle (0 at top dead center)

Taylor microscale

characteristic reaction time for the microscale
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Subscripts

i = element number i

in = inflow_,",—”“///.”

out = outflow

e = entrained gas in the plume
b = burned gas in the plume

u = unburned gas in the plume

© = the gas surrounding the jet
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I Introduction

The name, Texaco Controlled Combustion System (TCCS) is used to
describe a spark ignited, direct injection, stratified charge engine.
The combustion chamber is a deep cup in the piston; relatively higher
air swirl is used. This engine may be thought of as a cross between
the homogeneous charge,‘spark-ignition gasoline engine, and the
heterogeneous charge, compression-ignition diesel engine. However,
since combustion timing is controlled by fuel injection rates; the combustion
process more nearly approximates that of an open chamber diesel engine.
This engine ~oncept appears to have the well controlled, soft combustion
of the spark-ignition engine and, thereby, the lightweight structure of
the gasoline engine. The TCCS concept also demonstrates excellent fuel
economy, broad fuel tolerance, (multi-fuel capability) and relatively
low emissions. The basic couceptual details behind the Texaco Controlled
Combustion System are described below while additional hardware details

can be found in the references on the TCCS engine (1-4).

TCCS Engine Description

The Texaco Controlled Combustion System, as illustrated in Fig. 1,
requires coordination of air swirl, fuel-injection and positive ignition.
The high air swirl is obtained from a shrouded inlet valve and is

amplified during compression by being forced into a deep narrow
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combustion chamber. The combustion chamber is essentially a cup having
a cylindrical upper section with toroidal bottom cast into the head of
the piston. The diameter of the cup is approximately one half of the
cylinder diameter.

The high pressure injection system is based on standard diesel
practice and uses a special version of a standard Roosa Master Pencil
Nozzle., The distinguishing feature of this nozzle is a special flat
seat and a single-hole orifice instead of the more usual conical seating,
multi-hole sac-tip design. Valve opening pressure is usually set at
1500-2000 psi. For full load, fuel injection duration corresponds approxi-
mately to the time for one air swirl and the overall fuel-air ratio is
near stoichiometric. At lower loads, obtained by decreased fuel in-
jection duration and quantity, the operation is lean of stoichiometric
and over all air to fuel ratio approaches 100:1 at idle conditions.

The usual diesel engine problems of long ignition delay, high rates
of pressure rise and high peak pressures with low cetane fuels are
avoided in TCCS operation by providing a positive ignition source. The
Texaco Ignition System (TTIS) is a high energy, multi-spark unit with
controlled duration. The ignition is triggered near the start of in-
jection and continues through part or all of the injection process. The
problems of spontaneous ignition and octane requirement associated with
conventional gasoline engines is eliminated with TCCS since the residence
time of combustible fuel-air mixtures is extremely short.

The TCCS mode of operation thus results in unique characteristics;
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high part-load thermal efficiency at lean mixtures and inherently low
hydrocarbon and carbon monoxide emissions resulting from excess air
operation and controlled combustion rates. In addition, with the high
pressure injection system, a wide range of fuel volatility can be
tolerated. High compression ratio and/or inlet super charging can be
used to produce good operation and performance on low cost fuels. These
characteristics, in addition to quick warm-up and excellent driveability
are significant factors in achieving an automotive engine with good
performance and low exhaust emissions.

The purpose of the research work to be described in the following
pages has been to develop a model to predict the performance of the TCCS,
stratified charge engine given the engine geometry, operating parameters
and the fuel properties. Once the model is shown to be effective in
predicting the performance and Nox, it can then be used as a design tool.
With the brief description of the geometry and the mode of operation of
the engine given above, we will now proceed to a discussion of the

model.
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IT. Direct Injection Engine Simulation Model

1, Background

In the direct fuel injection engine, a distribution of temperature
and equivalence ratio exists inside the combustion chamber. Since
formation of NOx is very much dependent on the local equivalence ratio
and temperature, the key problem for this engine simulation is to define
the spacial and temporal distribution of these parameters.

Early diesel engine combustion models include work by Lyn (6) and
he developed an empirical calculation of the heat release rate by using
triangles to simulate mixing and combustion of successive burned elements.
Shahed,et., al. (7) intz:grated this idea with assumptions that have been
widely used in spark ignition engine models (8,9) to compute NOX. In
this model, the fuel is assumed to mix with a stoichiometric amount of
air before combustion and the mixed gas is divided into many packaged
elements which are not mixing with each other. The temperature dis-
tribution inside the combustion chamber was explained by the different
combustion time of each element. Bastress (34) took into consideration
the distribution of equivalence ratio inside the combustion chamber, but
this model is not based on physical mixing and combustion processes.

Following this work much effort was placed on developing physical
arguments to compute the heat release rate proposed by Lyn. Shipinski (10),
Whitehouse (11) and Bracco (12) have explained this delay by using fuel

droplet evaporation models. But it is apparent that the combustion
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process in direct injection engines cannot be predicted only by
evaporation time,

Spray formation and mixing in engines was studied using continuum
models by Adler (13) and Rife (14). Rife concludes that the motion
of the fuel jet can be satisfactorily analyzed with such a modei, but
this model was not integrated into a combustion calculation.

Hiroyasu (15) made a complete heterogeneous mixture combustion model
by assuming a simple cone shaped spray model and a more extensive jet
mixing model, which included the effects of cross flow and jet tip
shape, was developed by Chiu (16). These models do not include any
adjustments of the fuel jet on the wall of the combustion.

Much of the work on heterogeneous combustion is based on gas turbine
engine models., Stochastic techniques appear to be a powerful method (17,
18) for including the mixing phenomena in a statistical way. Further,
the mixing rates have a physical basis. However, the models lack the
geometric detail required for design and consequently have somewhat
limited utility. In addition, these models require an enormous computing
time in the case of reciprocating engines because of the way the com-
bustion chamber air motion changes with crank angle. It is allso possible
that air motion inside the reciprocating engine is complicated enough
to require more than a single mixing parameter.

In previous work, a model of the TCCS engine was developed by

Jain (19). In our first extension of this model to compute NOX, the
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combustion chamber is divided into two areas; one a hot burned gas
area, the other cold air. Each zone was considered to have uniform
equivalence ratio and temperature, NOx was calculated by using extended
Zel'dovich equations. Values for the (NOX) concentration obtained from
this calculation are very low and this result was assumed to be due to
the following reasons:
a) During the rapid combustion process, fixed equivalence ratio
(1.4) for the combustion zone was assumed. (NOX) concentration and
one way reaction rates decrease sharply as equivalence ratio goes

above 1.1 ~ 1.2,

b) The model assumed temperature constant inside the plume thereby making
the (NOx) concentration even lower, when compared with the actual

case where a temperature distribution is known to exist.

Consequently we focused our attention on a new model that would
include the mixing process through appeal to the equations of motion for

a turbulent jet.
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2., The New Model

The model divides the complete engine cycle into the following

periods:

i)
ii)
iii)
iv)
v)

vi)

valve overlap period
intake period
compression period
combustion period
expansion period

exhaust period

Also the engine cycle is divided into the following items based on physical

phenomena :

i)
ii)
1id)
iv)
v)
vi)

vii)

gas exchange

heat transfer

air motion inside the cylinder
fuel jet dynamics

heat release

NOx formation

friction loss

The great benefit of this program is to be

able to calculate the jet
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dynamics coupled with the surrounding air motion, as a basis for
calculation of the heat release rate, the NOx formation and heat transfer

between jet elements and combustion wall.

The computer program is based on the following assumptions;

i) Temperatures in the cylinder are functions of time and location.

ii) Pressures in the cylinder are functions of time only.

iii) The charge is assumed homogeneous during intake, compression and
exhaust process. (During combustion, the fuel jet is divided into 7-15
elements and each element has a different location and different equiva-
lence ratio.)

iv) The individual elements in the gas mixture are homogeneous but
each has two different temperature zones, i.e., burned and unburned mixture.
The unburned gas is composed of a low temperature mixture of air, non-
reacting fuel and residual gases. The combustion zone is composed of high
temperature unburned mixture and combustion products.

v) There is mixing between jet elements and their environment, but
no mixing between jet elements themselves.

vi) Quasi-steady adiabatic and isentropic flow is assumed for mass
flows past the valves.

vii) The intake and exhaust manifolds are treated as infinite plenums
having specified pressure and temperature histories, except during
reversed flow past the intake valve, when plug flow is assumed to

occur.
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viii) Heat transfer is pr-edicted with a model based on concepts
introduced by Woschni(20) that have been extended to use local
velocities in the combustion chamber.

ix) Thermodynamic Characteristics of gas are based on a model
proposed by Martin and Heywood(21).

x) Nitric oxide emissions are calculated by using the extended
Zel'dovich kinetic scheme, with the steady state assumption for the
N concentration and equilibrium valves used for H, O, 02, and OH con-

centrations in the adiabatic core.
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3. Systems and Thermodynamic Equations

The early complete engine cycle simulation by Borman(22) assumed

that the combustion gas as one uniform mixed element.

In our model air

and fuel are divided into many elements and every element has the same

set of system and thermodynamic equations.

shown in Fig. 2.

i) State equation:

igi i
° \Y M T
P i_ i i
Pty "u T T,
i i i
R i
g 8 interval

ii) Mass conservation:

M, = M, - M
i in out,
i i

iii) Energy conservation for open system:

i

pae

*All symbols are defined on pages 10 and 11.

Every element is viewed as an open system,

= R i(Ti’P ,¢i) - constant during each computing

E, =Q -W, + H, - H
Qi i Mini in Mout:.L out,

A schematic of our model is

(3-1)

(3-2)

(3-3)
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iv) Internal energy equations:

e ]
"

M,H, - PV,
ii i

L] .

MH, + MH, - PV, - PV, (3-4)
11 1 1 1 1

=
n

v) Work definition:

Wi = PVi (3-5)

vi) Enthalpy definition:

@]
1

Cpi(Ti’P ¢i) _ constant during each computing (3-6)

i .
P ’ interval

vii) Volume copstraint:

+ +oooo. = -
Vl V2 Vn \ (3-7)

viii) From geometry:

. (R /L )2x sin6 L ¥ cosH r
V=R xsind +L __X .cr cnt < = (3-8)
cr cY

cnr —
1-(K _ x sinb /L )2
cr cr' enr

9 de
T cr
x Bore X ’z; X —_dt
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Values of éi’ Mini and Mbut. are given from several subprograms in
advance before these differential equations will be solved. Total

number of unknowns is N elements x 6 values (éi, ﬁi’ ﬁi’ 61, &i and ii) +
2 (é and 6). Since the total number of differential equations is N
elements x 6(Eq.(1) ~ Eq.(6)) + (Eq. (17) and Eq. (8)), these dif-
ferential equations can be solved.

In the computer program these differential equations are solved

according to the following procedure:

We get Vi from Eq. (1) ~ Eq. (6)
. Vi .
Vi T M T, QMg Bin 7 Moue oue, T Myp T M HD)
ipii i i i i i
Mini-Mouti Vi Vi .
+ M, Vit G - pf (3-9)
i ipi'i
Substituting Vi in Eq. (7) by Eq. (9), we get
P = (V -A)/B (3-10)
where
n Vi .
A=3] (Q +M H - - M, -M__)H)
=1 MiC iTi i ini in, outi outi i 1 outi i
Mini - Mouti
+ -
M Vi (3-11)
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Vi Vi
B Y G - ) (3-12)
91 ipii

4. Jet Model

From the study of diesel combustion in a rapid compression machine
by Rife and Heywocd(14), it can be concluded that the fuel jet breaks
into droplets near the nozzle orifice and the relative velocity of
droplets in the jet flow is small. This means the mixing between packaged
jet elements themselves is not important and only mixing between
jet elements and surrounding air is taken into consideraticn. From the
characteristics lengths analysis by Jain(l9) he concluded that most of
the droplets can evaporate before reaching the spark plug. Thus the
model that fuel ignition is initiated by the spark plug and heat re-
lease is controlled only by mixing is now justified.

The mixing model is based on the turbulent entrainment assumptions
of Hoult and Weil(23). The rate of entrainment forAturbulent plumes
introduced by Hoult and Weil have been modified to include the
effects of large density variations, as suggested by Ricou and
Spalding(24) and Escudier(25).

For the application of these turbulent entrainment theories to

reciprocal engines, three more new aspects were added to them.
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1) The NOx value is not determined only by the present gas
characteristics, but also it is very much dependent on the previous
histories of gas characteristics. For this purpose jet model is
solved by using the packaging method in order to identify every jet

element at any instant,

2) All the previous jet models were set in a two-dimensional
cartesian coordinate system. However, a cylindrical coordinate system
is much more appropriate for reciprocal engines. The most important
difference between these two systems is that the pressure field is not
constant any more in the cylindrical coordinate system, especially
in high swirl ratio engines. Jet elements, thus, are affected by the
surface forces from the non-uniform pressure field and these surface
forces have the same magnitude but opposite direction of the centrifugal
forces when the jet elements have the same density and angular velocity

as the surrounding air.

3) Restrictions of the combustion wall were taken into account.
The cross section geometry of the jet was assumed to be in the
shape of a D (Fig. 4) when it is contacting with the wall with the
same centerline position and cross section area of the cylindrical jet.
This consideration proved to have a good advantage for determining
jet trajectory and heat transfer rate between jet elements and the com-
bustion wall.

Let us consider a jet element "1" into a quiescent atmosphere of
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element "=" in the absence of any chemical reaction (Fig. 3). Then,

the general equations of the jet model reduce to the following.

i) Conservation of mass

when jet is not contacting with the wall

1 1/2
d

S

dt

: —i;(mrbzu) = (/o)™ o, 2mb(afu-v | + B|v_|) (4-1)

when jet is contacting with the wall

0
1 .1 2 1/2 j
I TP W = (/o) e, 2mb (1- 50 (alu=v | + 8lv_]) (4-1)
dt

ej: jet contacting angle with the wall (see Fig. 4)
Max. of 6, =7
J
ii) Conservation of angular momentum
d 2 _ d 2 2
dt(pnb uRw) = RwS dt(p'ub u) - prb u v W (4=2)

we angular velocity of swirl

panuer: coriolis force
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iii) Conservation of radial direction momentum

4

d, 2 . 22 2 2
dt(pnb qu) = pmb uRw  -p_mb uRwS + VR@ T

pﬂbzusz: centrifugal force

pmnbzuszz force arising from pressure gradient swirlimg flow

iv) Conservation of vertical direction momentum

d 2 _ d 2
dt(pﬂb uvz) =V, dt(pﬂb u)
v) From geometry
dv dv
du _ g2 dw 2 dR _x _z
e TRV PR et et 1@
drR _
dt vr

vi) Conservation of fuel
d 2
dt(p1rb qu) =0

vii) Jet is in the combustion chamber

Jet location (R, 6, Z) < combustion chamber

(pﬂbzu)

(4-3)

(4-4)

(4-5)

(4-6)

(4-7)

(4-8)
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viii) For contacting angle ej

2
2 2 %5, . P
7 = ﬂbc x (1 - 2“) +-—E— sinBj (4-9)

5. Air Motion Surrounding the Jet

Calculation of gas velocity surrounding the jet is required to
define the jet trajectory and mixing ratio between the jet and gas. A
first order calculation was made by M. Martin(2l). This model is
limited to the regions close to the cylinder wall or piston by the as-
sumptions and the model can be extended to the whole region inside the
cylinder for our purpose. Since an exact solution including viscous
effects dis difficult and time-consuming, several assumptions are

necessary for simplification of this model.

i) The combustion chamber is divided into three regions (Fig. 6);

Inside each region, axial velocity is uniform on the same
horizontal plane, radial velocity and angular velocity is uniform

on the same radius.

ii) In region (3) there is no radial velocity.

This assumption is necessary in order to avoid a large
velocity discontinuity at the piston cup edge due to a large area

discontinuity there,
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iii) Boundary conditionms.
Axial velocity = 0 at cylinder head,

radial velocity = 0 at cylindar wall,

and axial velocity is the same as piston at piston surface.

iv) Swirl at bottom center is solid body rotation.

v) Angular momentum is not conserved.

After precisely checking the pictures (26) of the rapid com-
pression machine it was found that the swirl amplitude (the ratio of
swirl at TDC to swirl ét BDC) decreases when swirl magnitude goes up.
Under normal Texaco engine operation (swirl retio is 3.65 x rpm at BDC),
this swirl decaying is about 10%. The following equation is used for

estimating swirl decaying:

swirl momentum decayed _ c_ x w2 x Time
initial swirl momentum DE

CDE: swirl decaying factor 6.5 x 10_6 for Texaco engine
w: angular velocity (rad/sec)

Time: time since intake valve closes (sec)

(1) Calculation of Radial Velocities (Fig. 6)
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(a) Rc<r<R
ffg = - Efl = 2nrhpy (5-1
dt dt TERPY,. 1)
2 2
M = 1r(Rp - 1) hp (5-2)
M. = (rr’h + V)o (5-3)
2 c

M.: the mass in control volume i
t: time
p: density of the charge

V : piston cup volume

Combining (5-1), (5-2) and (5-3)

\j
(nrzh + Vc)p' + ﬂrzph = - n(Rs - r2) (h'p + p'h)
h'
! = _(—
1
Vc
when Kl = T3 (5-5)
R
P
Let X = (5-6)

o
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Then solving for p in terms of initial conditions at time t yields

X(to) + 1
p(t) = p(t)) C;zzs—qjj[ ) (5-7)

From Eq. (5-1) and (5-2) we have

dM

1 - 2_ 2 ' '
_ It m(R - xr)(hip + p'h)

Ve T Zurhp 2nrhp

Using (5-4) and letting

vp ='%% = piston velocity (upward velocity has negative sign)
We find

_ PR v (£)

v (r,t) = - 5@;?[(r2) - U 5w axeo) (5-8)
(b) O<r<Rc

The radial velocity inside the piston cup is assumed to be zero.

M, . aM

dt dt (5-9)

]

|

L]
N
=
=
=3
©
<1

=

(5-10)

=
]
<
0
~
~
=3
=
oON
~
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2 2 2 2
Tr(Rp - 1) hp +1r(Rc -r) sz

= w(h + k2)r2p

Combining (5-9), (5-11) and (5-12)

n(h + kz)rzp' + nrzph' = - n(R§ - rz) (h'p+ hp')

p'=_

(
ky

+ h

)p

2 2 ,
1T(RC - 1) kzp

From Eq. (5-9) and (5~12) we have

(2)

(a)

;r(r’t) = (2

r

k)
CEI - 1) vp(t)

1

) XD (1 F X))

Calculation of Axial Velocities

0<Z<h

(5-11)

(5-12)

(5-13)

(5-14)

(5-15)

(5-16)
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2
M2 = prp(h—Z) + ch

We assume
- <p<
\ ] (Z’t) - Vv Z/h fOI R r R

From (5-15), (5-16), (5-17) and (5-18) we have

R 2

3 - Py L1
sz(Z’t) = vpz/h 1 - (Rc) X0 F D)

(b) h<z

=
i

TR> h + TR2(Z-h)
p c

2
ch(kZ—(Z-h))

=
]

From (5-20), (5-21) and (5-22) we have

kl - k2 + Z

k1+h P

Gz(z,t) =

for 0<r<R
c

(5-17)

(5-18)

(5-19)

(5-20)

(5-21)

(5-22)

(5-23)
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(3) Calculation of Angular Velocity

The gas angular velocity inside the cylinder is assumed to be a

solid body rotation.

From momentum equation

R h 2« R k 2w
P c 2
f f jperdezdr + f ff pwr3d0dzdr
0O o o o o o
momentum in region (1) momentum in region (2)

R h 27 R k 27

: c 2
= (1 - DECAY) x jffpwr3dedzdr+fffperdOdzdr
o0 (e B e
(o] o

(o] (o] (o] (o]

'\/"\’"\

initial momentum

DECAY: swirl decaying ratio

From Eq. (5-24)
+ h R4
oPp

w
+ he’ °
P

o} k.R
(1 - DECAY) x p—° x —2

sz

w(t)

0 &~ &

+ h R4
op

+ hR4
p

) k,R

sz

(h + kl
X
(h0 + kl)

(1 - DECAY) x

0 O

i

(5-24)

(5-25)
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Figure 7 and Fig. 8 are the calculation results using these
assumptions. At -50 BTDC gas movement is dominatca by the piston
velocity and swirl. The radial velocity is almost negligible. At - 30
BTIDC, the radial velocity begins to grow as the gas in the squish area
is forced into the piston cup. At =10 BTIC, the piston is almost
stopped and the radial velocity, especially at the edge of the piston
cup, is very high. Squish effect can be computed from this study.

This more detailed study in general confirms the basic conclusions of
Martin but provides more detailed specification of the flows for jet

mixing analysis.

6., Combustion Model

From the observation of pictures in the rapid compression machine
it was found that the unburned gas mixture hitting the spark plug has
a small plume first and this plume grows,entraining surrounding un-
burned gas mixture. The main flame can be seen a little bit down-
stream from the spark plug and this ignition deiay time is about 0.7 -
0.8 msec at 2000 rpm. These phenomena are also verified by log P-log V
diagrams shown in Marsh thesis{27). A mixing and chemical induction
time seems to be associated with this delay and the order of magnitude
is similar to the delay in a spark ignition engine.

To explain the combustion delay mentioned above, an analytical

model for combustion reaction time was developed. In this model a fuel-air
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element starts to burn when if hits the spark plug but the fuel in the
jet element dcesn't burn instantaneously because of finite flame speed
and a typical induction period. In the early stages of combustion
growth, this burning nucleus 1is so small that this stage can be treated
as if there were no combustion. The schematic of this model applied to

the TCCS engine is shown in Fig. 9.
i) Entrainment of unburned mixture

'The entrainment of the surrounding gas mixture into the burning
nucleus has been treated with an analysis based on the work of Blizard
and Keck(28) which relates the turbulent eddy entrainment velocity to
the engine speed.

The mass rate of entrainment of surrounding gas mixture can be

given as

dM
&=/ °.Ph *Se*Ue (6-1)

dt
where Se is plume surface areaand Ue the turbulent eddy entrainment
velocity. In the Blizard and Keck model, the entrainment velocity is
based on the velocity of tle inlet jet. However, in the TCCS geometry,
entrairment into the spark nucleus is dominated by the velocity of the

fuel jet

Ue 7 0.22u (6-2)
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ii) Combustion delay

Tabaczynski(29) computed a characteristic reaction time (1) for
a large eddy using a characteristic reaction time (rc) defined for an
eddy of the order of the turbulent microscale. The rate of mass burned
in an individual eddy is assumed to be proportional to the mass of un-

burned gas that exists in the plume

T T
Cc

T O
dt
c
M : entrained gas in the plume
M burned gas in the plume
M : unburned gas in the plume
T = A/Se characteristic reaction time for the microscale

A: Taylor microscale

intake valve lift
compression ratio

A=0,17 x (Ref. (28) and (30))

Se: laminar flame speed (Ref. (28))
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7. NO Model
X

The NOx formation model is based on the same model as combustion
mentioned before which is composed of unburned gas mixture outside
flame front, burning zone and burned gas. But the temperatures of
these zones are defined by only two typical temperatures: burned and un-
burned gas temperatures, by decoupling the burning zone into these two
temperature zones. Figure 12 shows the mass histories of these zones during
the period from the fuel injection to fully developed plume. As can be seen,
the burning zone is very thin and disappears quickly, and this zone is proved
not to have much effect on NOx amount by computer simulation. This model
also calculates the transferred amount of NOx between elements by mixing.
The NO formation model described by Lavoie, Heywood and Keck (32), and
Komiyama and Heywood (8) is used, i.e., NO formation is governed by the

extendeg Zel'dovich mechanism:

K+1

->
N+ NO N2 + 0 . (7-1)

N+0 :NO+O (7-2)

N + OH NO + H (7-3)
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The hydrocarbon oxidation reactions are fast relative to the
NO formation process and a reasonable approximation is that the species
0, O

H, OH and N, are in equilibrium. A steady-state assumption is

2° 2
made for [N]. The rate of change of NO mass fraction {NO} due to

chemical reaction;

2
2 (1 - ({NO}/{NO} )DIR

d{NO}_ (7-4)
dt _ p (L + K{NO} /{NO})
{NO} = NO mass fraction
= molecular weight of NO
no

p = gas density

Rl B K+l (O)e (NZ)e - K'—1 (N)e (No)e
( )e = mole concentration in equilibrium
R K _ (NO)
K = 1 -1 e

R, + R, K,(0)) "+ K _(OH)



41

8. Heat Transfer Model

Heat transfer calculation of the TCCS engine seems to require a
more complicated model than that of the spark ignition engine, because
the heterogeneous mixture causes a large temperatum distribution inside
the combustion chamber, and also heat transfer between the jet and
piston top has an important effect on the early stage of combustion like
the impingement effect. The wall inside the TCCS engine, thus, is
divided into five regions as many diesel engines are so, i.e., piston
top, cylinder wall, cylinder head, intake valve and exhaust valve (see
Fig. 10). These temperaturr.s are estimated as GSOOK, 6000K, 6500K,
500°K and 700°K respectively. Each wall of the combustion chamber is in
contact with the hot, burned gas plume while the remaining are in
contact with relatively cold unburned gas mixture.

All the necessary data for the heat transfer calculation like the
heat transfer area of the jet elements and gas velocity at the wall are
provided by the jet model calculation.

The conventional engine heat transfer correlations of Woschni(z0)
have been used to model the heat transfer process. The Nusselt number is
expressed as;

0.8

Na = 0,035 R, * (8-1)
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Using Woschni's relationships for gas velocities, density, viscosity
and thermal conductivity, the convective heat transfer coefficient is

expressed as;

VT 0.8

.53 o ,.
[C1 + 100C (P-Pis)+ C3VS] (8-2)

_0.2 0-8 _0
PG 2PV
oo

re

=
n

7014 B
o

L
1

CpA(T - Tw) (8-3)

B ¢ bore
P: pressure
T: temperature
A: heat transfer area
N: engine speed
V: total volume
vs: swirl velocity
Po’To and Vo: pressure, temperature and volume when intake valve closes
Pis:when compression and expansion are isentropic
S
3

wall in his equations but the swirl velocity has a much higher magnitude

Woschni used an average piston speed C—%) as a gas velocity at the

than the piston speed for the Texaco engine and the swirl velocity term
(Vs) was added to them. Heat transfer is not assumed to occur between

jet elements and air.
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III Comparison of Simulation Predictions with Experimental Data
and Conclusions

Experimental works were performed on a TCCS engine by Marsh (27)
and Fly (33). A 3-7/8" x 3-7/8" single cylinder engine designed by
Texaco has been set up at the Sloan Automotive Laboratory at MIT to
carry out experimental investigations on the TCCS, stratified charge
concept. A brief description of the engine set up and cross-cut
distillate fuel characteristics are given in Table 1-3. Additional
details regarding the engine set up, data taking and data reduction can
be found in their theses (27) (33).

The following comparisons of calculation results with experimental
data were conducted while changing injection timing and equivalence
ratiog

i) Mass fraction burned (Figs. 15,16)

ii) Cylinder pressure (Figs. 17,18)
iii) NO versus injection timing (Fig. 19)

iv) Volumetric efficiency, indicated mean effective pressure
and peak pressure versus injection timing (Fig. 20)

v) Exhaust temperature versus injection timing (Fig. 21)

vi) NO concentration histories in each element (Fig. 23)
(prediction only).

vii) Swirl effects on indicated mean effective pressure and NO (Fig. 24)
(prediction only).

As shown in these figures, every parameter except exhaust

temperature was predicted accurately by this simulation model. The
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major conclusions which have been drawn from this study are:

1, 1Ignition delays were calculated successfully by the travelling

time from fuel nozzle to spark plug and induction time of unburned

mixture to the burning zone.

2. The burning rate was accurately predicted by the jet mixing

process based on turbulent entrainment assumptions,

3. Good agreement in cylinder pressure during compression and ex-—
pansion process means that the heat transfer amount between gas
and wall was accurately estimated by the model, which calculates the
local gas velocities and jet contacting areas with the wall based on the

Woschni correlations.

4, NOx values were predicted within practical errors. NOX concentration
is very sensitive to the mixing process. The figure of NOx concentration
histories in each element shows that exhaust NOx can be reduced

drastically by rapid mixing after the spark plug.

5. The model predicted higher exhaust temperatures than actual data.
Heat transfer calculations from gas to port seems to be necessary for

precise exhaust temperature prediction..
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6. Higher swirl ratio has a good effect on NO concentrations at high
equivalence ratios due to the rapid cooling of burned gas. At low
equivalence ratios, however, higher swirl ratio has an unfavorable
effect on NO concentration due to the coincidence of higher gas

temperatures and peak cylinder pressures.

7. Some more detailed calculation. about air motion inside the cylinder
is recommended to get more accurate NO prediction over wide range

engine operations.

8. It is recommended that this model be applied for calculating

another size engine performance to check this model validity.
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TABLE 1

Engine Specifications

Dimensions
bore
stroke
connecting rod

clearance volume

Valve Timings

Opens
inlet valve 10 BTCD (1)
0 (25
exhaust valve 55 BBDC (1)
45 (2)

(1) at 0.006 in, valve lift

(2) wvalve face flush with head

3.875 in.
3.875 in.
6.625 in.

4.570 in.3

Closes
55 ABDC (2)

45 (1)

10 ATDC (2)

0 (1)




Air Oxifice Iniet

Air Inlet

Water Inlet
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TABLE 2

Summary of Instrumentation

Temperatures

Water Outlet

Exhaust

Crankcase 0il

Instrument - All Points

Chromel - Alumel Thermocouple

Omega DS - 500 Digital Readout

Resolution 10F

Inlet Air
Crankcase Vacuum
0il Pressure
Exhaust
Dynamometer Load

Injection Line

Combustion
Chamber

Pressures
Method
Water Manometer
Water Manometer
Panel Gage
Mercury Manometer
Mercury Manometer

Kistler 601 Piezoelectric
transducer, Kistler 504E

Charge Amplifier

Kistler 609A Piezoelectric
Transducer, Kistler 503D
Charge Amplifier

Bearing 0il
Fuel Inlet

Fuel Returns

Resolution
.1 in.
.1 in,

2 PSI
.1 in.

.1 in.

30 PSI*

.2 PSI*%
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TABLE 3
Summary of Fuel Properties

Cross—-cut Distillate

Molecular Wt. n125
H:C Ratio 1.825
Specific Gravity .80
Boiling Point °F 106-648
Lower Heating Valve (Btu/lbm) 18038
Stoichiometric F/A Ratio - .0694
FIA - 7
Aromatics 29.5
Olefins 3.0
Saturates 67.5
Octane No. RON 76.6

Cetane No. 28.3
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INJECTOR
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- Fig. 1 TEXACO CONTROLLED COMBUSTION
SYSTEM (SCHEMATIC)
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Fig. 2 System Model
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Jet Velocity Uj = Uj(vR,w,Vz)

Air Velocity U Uw(va,wS,Vzm)

Fig., 3 Jet Model with Swirl

wall Gj = contacting angle

Fig. 4 Jet Cross Cu'. Shape When Contacting with Wall



injection

Engine Speed
Swirl Ratio

Fig. 5 Calculation Results of Jet Model
(First Jet Element: Trajectory)

2000 rpm

3.65 x Engine
Speed (at B

0.545



56

= % $|

I | £
Zo IR I Zone "2"

| !

| |

| h

|

I =R

Fe— ¢ —>

' Y

Fig., 6 Model of Air Motion Calculation
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SCALE 20 m/s - 1 cm
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Fig. 7 Air Motion by Calculation
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piston 4

piston

Contacting area
of jet element (1)

Fig. 10 Heat Transfer Model

Intake Valve 500°K
Exhaust Valve 700°K
Cylinder Head 650°K

Cylinder Wall 600°K

Piston Top 650°K
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Fig. 13 Valve Flow Coefficient for the Intake Valve
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Fig. 14 Valve Flow Coefficient for the Exaust Valve
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Injection Start
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Injection Start = 30° BTDC
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Fig., 18 log P - log V Diagram ((-)i = —300)
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Fig. 19 Exhaust NO
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Appendix A
Gas Exchange Process

During a discussion of exhaust and intake phases in the model
description, it was seen that a knowledge of discharge-coefficient and
the effective flow areas for both exhaust and intake valves were re-
quired. In this section, the experimental data on engine port steady
flow tests (obtained from Texaco) will be reported.

Figure 13 and 14 shows the results from the tests mentioned above fc~
the intake and exhaust port in the form of a plot of flow coefficient vs.
valve lift to effective valve diameter ratio (L/D).

The mass flow rates through exhaust and intake valves have been

treated as quasi-steady flow through a rescriction. The governing

equations can be written as follows: 1/2
.
Yy Ll
. RT_ 2 P, 2/y P, 2(y-1)
M = CVAVCEZ—) (YRT) {.Z/CY-li} (5;‘) - (539

P .
-9 éiile’l
P 2

s

and
\1/2

. P 1/2 GAL)

_ oc 2 2(y-1)
M CVAV(RT ) (YRTO) ) [(y+1)] Y
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where Cv = valve dischage coefficient
Av = valve flow area
Po’To = upstream stagnation pressure and temperature
P2 = downstream static pressure

The logic to take care of the reverse flows through the valves has
been put into the computer program. When there is reverse flow into
the intake system (during valve overlap), the mass that flows past
thé intake valve is recorded. Its composition and temperature while
in the intake system are assumed to be the same as those in the com-
bustion cham?er gas when intake valve opens. It has been assumed that,
before any fresh charge can enter the chamber, all the mass that left
the chamber during reverse flow is pulled back in first. For NOx cal-
culation NOX mass transfer through the intake valve is taken into

consideration.
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Appendix B

Friction Loss

The following procedure for determining FMEP for a conventional
spark ignition engine is taken from Bishop(33). The equations
have been empirically correlated with data from engines ranging from
single to eight cylinders, 4:1 to 17:1 compression ratio, and 0.75 to

2.5 bore to stroke ratio.

. o = 0.39(N/1000) "7
' misc & pumps
_ 1.75,.2
2, FMEPcam gear = [30-(4N/1000)]GH /B”S
3. FMEPbearing = (KB/S)N/1000
4, FMEPcrank case = ¥ Eqns. 1,2.3
_ 1/2 0.4
(0.49 + 0.015 RC) (N/1000)1.185]
6. VP/lOOO = SN/6000
7. FMEPviscous piston = (21.93M/BS) VP/IOOO
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- 2.11 s /B?
n

8. FMEPstatic ring tension

- 2
9. FMEP | = [(p-P,)/14.2](2.35 S/B"][0.088 R+
ring gas pressure

0.182 Rc(1.33—(0.121 VP/1000))]

10. FMEPtotal = ¢ Eqns. 4,5,7,8,9

Symbols

B: cylinder bore diameter (in)

C: number of cylinder

D: total engine displacement (in3)

G: number of intake valves per cylinder

H: intake valve head diameter (in)

K: journal bearing size coefficient

M: equivalent length of piston skirt (projected area of skirt *
cylinder bore diameter)

N: revolutions per minute of crankshaft

P : dry atmospheric pressure (psia)

P: intake manifold vacuum (positive, when less than atmospheric
pressure) (psig)

R : compression ratio

S: piston stroke (in)
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Vp: mean piston velocity (ft/min)

n: total number of piston rings per cylinder
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Appendix C
Thermodynamic Properties (hydrocarbon-air combustion)

The thermodynamic properties of the unburned and burned gases must
" be determined continuously during the entire cycle analysis. In most
cases, the assumption of local chemical equilibrium can be justified and;
in principal, for a given pressure and temperature, the mass action
equations could be solved directly for species concentrations from
which the desired thermodynamic properties could be derived. Alternatively,
the speciés concentration which minimized the Gibbs free energy of the
system could be calculated. Both approaches are quite involved and the
calculations are expensive and time-consuming.
Our calculations use a computational method which is based on
curve fitting data obtained from detailed thermochemical calculations
to a functional form obtained from a consideration of carbon-air com-
bustion.
This method was developed by M. Martin(21) and additional work
done by S.D. Hires(34).
The following effects are taken into consideration by this method:
i) TFuel vapor coefficient for unburned, air and residual gas

mixtures.

ii) Chemical dissociation effect above 1000°K for burned gases.
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I Composition

. unburned gas
i) fuel vapor
ii) burned gas (residual gas)
iii) air

. burned gas

i) burned gas

ITI Combustion reaction equations (hydrocarbon-air, under lOOOOK

i) lean mixtures (¢<1)
s¢CHy + o2 + ¢N2 > e¢002+ 2¢(1- e)H20 + (1—¢)02 + ¢N2 (c-1)
ii) rich mixtures (¢>1)
e¢CHy + 02 + ¢N2 -> e¢C02 + 2(1—e¢)H2 + 2(¢—1)H2 + wNZ) (C-2)
and water gas reaction

CO + H, O g co, + H2 (Cc-3)
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This reaction is in equilibrium with equilibrium constant K(T).
"c" is obtained by solving the following equation for its positive

root.

(1-K) c? + 2[1-e¢ + K(¢-1 + €¢)]C -2Ke¢p(¢-1) = O (C-4)

K(T) is determined by curve fitting JANAF Table data(35) over the

temperature range 400-3200°K and is given by:

In(K(T)) = 2.743 = 1.761/t - 1.611/t + 0.2803/t> (C=5)

where

t = T/1000 (T = °K)

The coefficients for species are shown in Table C-1.

TABLE C-1
i Species $<1 ¢>1
1 co, € e¢-C
2 H0 2(1-€) o 2(1-€d) +C
3 Cco 0 C
4 H, 0 2($-1)-C
5 02 1-¢ 0
6 N2 v "

sum (1-e) + 1 + ¢ (2-e)p + ¥
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the molar N:0 ratio of the product

the molar H:C ratio of the fuel

4/ (4+y)

the fuel-air equivalence ratio

III Grams of product per mole of 02 reactant

N

M =¢(8et+4) + 32 + 28y (C-6)

IV Specific enthalpy and specific heat at constant pressure

Yo -3 42 (a,. 57 4 /t?) (c-7)
(¢} —iz-__ X j= a, . asj

i,
(aij t'/j - aSj/t + aﬁj) (C-8)

The coefficients a__ are obtained by curve fitting JANAF Table

ij

data to the above functional form. The values of aij are given in

Table C-2. The resultant Cp is in cal/g - °k and h is in Kcal/g.



TABLE C-2

Coefficients for Polynomial Fit to Thermodynamic Properties

Coefficients for 100°K<T<500°K

i Species

*#%
7 C8H18

a1

4,7373
7.8097
6.9738
6.9919
6.2957
7.0922

- .55313

a2

16.653
- 420235
- .82383
.16170
2.3884
- 1.2958

181.62

Coefficients for 500°K<T<6000°K

i Species

1 CO2

2 H20

3 Co

*%k
7 Cglig

a1

11.940
6.1391
7.0996
5.5557
7.8658

6.8078

352

2.0886
4,6078
1.2760
1.7872
.68837

1.4534

.55313 181.62

243

-11.232
3.4187
2.9420

- .21821

- 4031479
3.2069

-97.787

8413

- .93560
- 28775

- .28813

.031944
- .32899

-97.787

*picked to give enthalpy datum at 0%k

a

i4

2.8280
-1.1790
-1.1762

.29682
- 32674
-1.2022

20.402

a4

.037363
.066695
.022356
.019515
-.002687

©.025610

20,402

445

.006767
.001436
.0004132
-.016252
.004359
~-.0003458

-.03095

345
~.58945

.03358
~.15987

.16118
-.20139
~.11895

-.03095

**The coefficients apply to 2,2,4 trimethyl pentene (iso-octane).
equations may be needed for different fuels.

a
i6*

-93.75793
~57.0800
-27.196

- ,11819

.103637

.013967

-60.518

2i6%
-97.1418
-56.6259
~27.7346
.76498
- .89346
- .33184

-60.518

Different
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V) Molecular weight of the burned mixture

n
) {M/((l—e)m W) esl
M=

N
M/ ((2-€) ¢+ V) $>1



APPENDIX D Computer Program
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o/

Program Listing

PPCPPCC’CCCCCCCCﬁCCCCCCCCCCCCfCCCCCFCCCCPF:CCCCCCCCCCCCCCCCCCCCFCCCCCPCPCCCCCCCP

¢ c
¢ eas  PREDICTINA THE DFTATLFD PERFNRMANCE AND SMISSTION CHARACTFRISTTICSu#®® c
¢ was  OF THE TFXACH COMT2NL)| Z0-COMRUSTIONSTRATIFIEN CHARGF EMGTINF XA o
» C
¢ oon  THIS PROARRAM HAS RFEFN JEVELORPFED IN URDER TO PRENICT THE ot C
¢ wow#s DETAILED PEPFOIMANCF aND THF NOX FVIgSION CHARACTERTISTIFS NF THF  ## o
¢ we#  TCCSe STOATIFIFD CHARGE ENGINE. RIVEN ENGINE GENMETRYs FUFL PROPFRTIES C
¢ «ows  AMD THE "PERATING cNNNITIONS, C
~  wan THE NETAILS 0OF THE THENRY C
¢ woaw AND ANY ATHFR IMFORATTION RFGARNING THIS PROGRAM CAN BE HAD FROM C
C wan 5a8(H) e~ 1R4KT43)1=15%, 253-238A4 wo e C
C C
Coss Al RIGHTS 2FLATEN TN THIS PRAOGRAM ARE RESERVEN RY SLNAN AUTOMNTTVF

Cans LAQOPATQQYO 4elaTe

P

CosuWARNINGe#e T41S ORNIGRAM IS NOT FINAL VIRSION, THIS PROAGRAM WILJ
gF CRANGED WITHOUT NOTICTNG IN FUTURFE.

INPUT VARTARLFS
ser INPUT SURINDUTIMNF

nYTPHTS
AMGLE= CRANX ANGLE DFEG
PPRESS= CYLTNDER PRFSSIHRF ATA
opMm= NOX CONCENTRATION PP :
WMNO= NOX MASS G#1N8%A
NUM=ELEMENT NUMPFR
#=1 NOT YET sSU3INED
? PLUMF IS NEVELOPING
3 PLUME HAG FULLY NEVFLNZED
TeT AV= TEMPSRATIRE OF THE €LEMFNT
ITEM= UNRURNED TEMIERATURF X (FOR JET EL_EVENT)
QTF= BURNED TFUDERATIIRF K(FOR JET F_EMENT)
upacegz TNTAL VWASS NF THE ONI ELEMENT MG
PMASS= PLUME MASS MG (FDR JET FLFMENT)
RMASS= SJUPNEN GAS MASS M5 (FIR JET ELZMENT)
vV = VOLUME CMea3
FNAUT= ENIVALENCF RATIN
€P= SPECIFIC HEAT AT CONSTANT PRFSSURE CAL/G ¥

FNTU= ENTHAL2Y CAL /G

opM= NO CONCENTRATION P9
WNO= *“ASS 0OF MO G#)lNavg

o= JFT LCCATTION RANTAL CcHv
7= JET LNCATION AXTA) CM.

nEG= JET LOCATION  TANGFNTIAL DFEG

ypne= HFAT LNSS CAl

QATTN= PIPNFN MASS FRACYINN

pe= OUTPUT PAWER TATAL ITMCZE INTAKE va.vE 32845 .PS
AFFT= IMTAKF EFFECTIVF FLN4 AREA  CM#w?

YW= INTAXE vASS FLOW 6/5

AEFF= EXHAUST EFFECTIVE FLOW ARFA CM#¥e

GWE= EXHAUST 4ARS FLOW G/S

61RRAUTIMES RENUTREN
1. OIGE

2, NPFRA

1. T_D]DOD

4, FXPOR

O~357()035f)017f)3fﬁfiOtﬁ()0(50(1fﬁﬂf)ﬁfﬁf)ﬁfﬁf)ﬁtﬁf)5:’9'5()0:37)0(70



ODOOOODOOIDNOONDINDIIHONOIDODOHONND

O

5.
f.
7.
a,
a,

10,

M.

,?.

1.

14,

15,

15,

17.

18,

10,

2n,

.

22,

27,

P4,

1
1
1

1

HEATR
THPUT
CALLCY
DELTA
nCaL
FT
VGAS
CONT
FNT
voLCy
HPRID
CLOPRD
NERIVS
nMooT
FOT13
TWODTM
HPRJP
PTCHEM
NXMSOL
FRICT FRICTINNS

COMMON/ZEPRNP/ TECHF (10N) sEFUEL (100) «TANGL(100) «FMUT(100) o
NDHFUEL (100) «DHLDS(1NN) «ITEMAS(100) ¢ JUFMAS(100)
FRGAS(10N) «ECP(100) +FEMTH(RGINN) «FMASS5(Re100) EENIUT(R4100) @
FVOL (K¢10N) «ETEMP (34100} +PCYL (R) !
COMMON /STATF/ ANGLF1<AMILE« JCONDGASTEDGNSTEPGIF
COMMON /STATL/Z POPMJLAST eMJZT «PHINGF 3¢
COMMON /TI“156/ AINTOWAZXTOWAINTCeAFXTC4eAFUZ| S<AFUFLE
COMMOM /GENMT/ STRNKF (RNRE sCONL s VELF AR (VCUD JRCUP 4 CYLN
COMMON /SUv1/ STGINT«STARIXTWSTNFXT
CNMMON /HETOSZ NATVINGTMITAL(10) «NHTRC(10) 4aRF(10)
COMMON /HETR1/ PRASK ¢TRASFE e VRASF4CNHTLaCOHT24CNHT«RHR (10)
COMMON /SUu2/ TTAINT G TTRIXToTTNFXT«TTUHTR(1N) « TAHTR(10) o P<
COMMON /FUSLP/ FUELWFYCA_sZMa7ZNePSTeSAFCeVACAL
COMMON /JFTS/ RIET(GN) dHIET(SN) «AJFT(2N) «BIET(SN) s THFD(S0) 4
VRJIET(SD) VZIFTLSN) «WIFT(S50) « VJET(SN) s AINJ(SN) 4 RHIFT(SO) o

2 PITCH(SN)

1
]
1

ANMUOr /PLIIME Y PYAGG (5(0) «BYAGS (50) «R2LUM(SN0) «HRMASS (GN)

COMMON ZUETNAT/Z ASWIRNA(A_PHAGRFTAIHGAS

COMMON /SUPGRAS/Z FSWIRWSAIRISNECAY

CAMMON/COM=/ PRLUMNA GFNTIIRsRLFSP4ASPAR ¢ TSCALF

coaMMON /OSTPE/ LPTINPGLINECO WL INFST«ITELSLTTEL

COVMOLN /NOYSP/ CONNN(1NAN) «POUNN(100) +4NO(10N) «SHUMAIM(]1N0) «PPMEXT

DIMENSION 740FR(5) « TMSPT (1009

OFAL %4 MdAD

COMMON /FUSL/ AF LAY FMY4TXyHYaNZ QLN ER
COMMON/ZOLDANT/XT/CHMPSTN/ X (1) «MRAR

COMMOMN/CONTLYZ ASTINGAGTC-+ASTCRIASTFXeASTOV,PRININGPRTINCL +PRTNFY,
PRINNVY

COMMOM/THFI.N/ NINEFXTNFT(20) o YINFF(20) dARTIND ¢PINT o TINToRINT.
FOUINT ¢ ARTTINT « XINV )

COMMONZFEXFT O/MFXFF «XFYFF (20) 4 YEXEF(20) d ARES XN« PEXT o TEXT 9 GFXT,
IGLEFTTLEFTWOFE LT OF) DweELEFT«AREFXT e XEXV

COMMON /A2 TE/ TAMARDAVRA

COMMON /F21NT/ REKTOT JFrIE ¢ ATMNANGFUFE2(10)

NIMENSTINN HATFMP (50) «PLTIMP (5N) ¢ 2| FNT(50)

NDIMENGINN yTE»D(10) 4Yr2(10)

NIMEMNSTINM ¥RYU(P) s YRIM (D)



89

C NDATA OF SPECIFIC WEAT AT CNANSTANT PRFSIJRE VS TEMPFRATURF
~ NnATA NF TFHMPERAT!RF
DATA XTFMP/
1 :no..lonn..lqno..?nnn..2250..?5nn..2750..3000..3?50..1500./
NATA NF SPECIFIC HFAT AT rIOMSTANT PRFGSURE
NATA YCP/
1 0.?6.0.300.34c0.3700.41'0o5100o7900-3“0102601.6/

e}

e Fe K]

CARD RFADER AMD LINE PRINTER
INP=5
LeT=6

JCNNN=1 VALVS OVFRLAP PFRTID

IroMD=2 INTL<FE PRNCESS

JCOMND=3 COMPRFSSTON PFRTON

JCOMD=4 COM3NSTTINN ANN FXPANSION PERTOD
JCOMD=5 EXHAIST PRNCFSS

DOHAOOOOD

Q00N CNAMTINUF
AQTEP=200
PSl1=3,76

INTTTALIZE CO“RBUSTION CONNTTION

IFCHE=] NNT YET RUYIMED
IFCHE=? DLUMF 1S NFEVELIPING IN THE JET
IFCHE=3 SLUME 1§ FULLY NEVELNPED
npn 1010 I=14100
IFCHE(T) =1
cnuMO (1) =0,

1010 CNANTINUF
Eo:4aX=10.
MAXTTS=15
JLAST=1
LITFL=1
RESFRK=0.

O0OOOHOD

INPUT SURRNUTINE

DO

CcAlLL INPUT

MACHIL =0 PERFNIMANCE ONI Y

NOCUL=] (HOY CALCULATINN 4ILL RF DONF
NNRCUL=1 !

NN YNU WANT NNX CALCULATTION?
REAND(TNP s 3IN2) MOCUL «PPUFXT

o Xe TN o] ODOHO

CALCHLATINN STARTING CRAMS ANGLE AND EMIING C2ANK ANGLE
REAN(INP.23) ANGLES.AL AST
NFL=ZN/ZM
FFUFEL (1) =n,
FMTINI=FNT (TINTFNUTNT L SAFC)
1¢=1
AMGLE=ANGLFS
AMGLEY=ANGLES
cal k. vﬁLCY(AunLE.Fanla.l).Dvch.ﬁTDOKE.BOQEoCONL-VCLFAP.VCHD)
veYLO=FVOL 12+1)
FrMTH(?.I)rFVT(ETE"D(?.I)-EEQUI(EQI)-SAFC)
ENTIMZ2=EENTA(?e])
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CALL HPAOD (PCYL.{?) «FTFMP(24]1) o FFQUT(291) oDEL «PSTeDUMaNUMeNUMoNUM,
1 NUMGDUMFUWT (1) oERPGRAS (1) «CVAGNUM)
Fro(l)=ERGAS(1) /4] ,443+CVHG
CUASS (241) =PCYL(2)RFVNL (241) Z (FRGAS (1) #FETEMP(241))
c
C INTITIAL CONDTITION
190 TYSINT=N,
TTOHFXT=0,
TTNFAT=04
IALFFT=0
THAX=(,
PMAX=N,
ps=0.
PSTN=0.
pPRFX=0,
JAOND=0
FNTINT=FENTTINZ
200 CONTINUFE
NO 10 I=1,MDIVID
TAHTR (1) =0,
10 TTOHTR(I)=n.

)

C SWIRL DECAYINA FACTOR FSwl=le AT THFE TIME OF INTAXE VALVE FLOSINA
FaWlF=1,
3000 COMNTINUE
PCYLO=PCYL (?2)

O

CALL OPERA

C

o RUMNAE KUTTA METHND
Cal.L PUNGF (ENTTINT)
AMGLE1=ANGLF 1 +ASTEPR
TTOINT=TTGINT+STHIMTSASTIP
TTOFXT=TTH=XT+STAFXTH#AGT IS
TTOFXT=TTA=XT+QTIEXT#ASTIP
NnO 3900 I=1NDIVID

2900 TTOHTR(I)=TYTQARTR([) +TNAT (1) #ASTFD

c

€ CHECV THE TNTAKE FLOW
TF(JCOD6G543) 6D TN &7N
IF(TTGINT.AT.N.) GO TO 372

r

€ THMTAvF FLOW IS RFSINUAL RAS
EMTINT=FNTIN?
50 TO S70

r

C THMTaxF FLOW I FLFSH AIR

5§72 FMTINT=FNTIN]

S7n COMTIMUE
CALL VOLCY (ANGLF1sVCYI NeDVCYL W STROVE «3DRF « CONL + VCLEARVCHIP)
NPS=( (PCYL(P)+PCYLN) /2 ,=->8M3) # (VCYILN=VCYLO) #CYLN#RPM/Q0n00n0,
VrYLO=VCYLY
pPR=PS+PS
1F(JCONNMN=2) SFENSRN[Q0

68N BGIN=PSIN+ RS
6N TO 530

5an TF{JCAMN=5) 51045954530

595 DSFX=LSH L+0§

S3n NN 16 I=]1,4vDIVID

14 TYOUTA(L) =TT IHTH(]) «TAATR(]) #ASTFP
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IF (IGLFFT) 500.500,51n
500 GLFFT=GLEFT=STAEXT
IF(GLEFT) 52045204510
§20 [6LFFT=]
§10 CNANTIMUF
IF (JCONDCNF.6) 67 TO 4500

COMARUSTION RONTINF

onnN

FSTIMATE THE SLUMF TEMPERATJRE
NN 3700 I=1«IF
IF(IECHE(T1).EN,2) G0 TN 3400
HRTFMP ([)=FTEMD (2,41)
PLTEMP (T) =ETEMP (Pe 1)
PLENT(I)=EFNTH(?41)
G0 TO 3700
3800 FMTJET=FEMTH(?.1)
CALL TWODIM(INGXTEMPZYCPsPLTEMP () P_CP1)
PLCP=PLCP] -
ENTPL= (EENTH(2« 1) #FMAGS (23 ) =ENTUET# (EMASS (2 1) =PMASS(T) )Y/
1 PMASS(])
NDPLT=(ENTPL-PLFNT (1)) /2| .CP
DN 3820 J=1.3
PLT=PLTEMP (T) +nPLT
TRUMZ=PLTEWP (1) +DPLT /3,
TRUM3=PLTEMP (T) +NPLT#2,/3.
TOUM4=PLTEUP (T) +DPILT
CALL TWODTIY(1N«XTEMPYCPeTOUMP CPNM2)
CALL TWODIV(1NXTEMPAYCPsTDUMICPNIMI)
CALL TWUNDIU(]1N(XTEMD aYCPeTDUMG CONDYMS)
NPLT=(ENTPL=PLENT(T))#(1e/PLCP142,/C20UM2+2,/CPNUMI+1,/CPNUM4) /A,
9820 CANTINUF
PLENT (1) =FNTPL
PLTFMP (1) =2LT
1700 COMTIMFE
IF (NOCULFN.0) GN TN 45093
r
C CALC'M ATION OF NOX CHANGF RY MASS TRANGFER
- r
nn a4N12 I=2.1F
COMNO (1) =COANNO(T) «CANND (1) #SUMNM(T) /(EMASS(241) =SUIMDM(]1))
41?2 COMTINUF
COMNO (1) =CONND (1) «CANMD (1) #SUMDOM (1) Z (EMASS(241)=SUMDM(]1))
nn 4010 I=1.41F
TMSPI(I)=FvASS (2« 1) ZEMWT(])
TF(IECHE (1) .EN,1) GO TH %020
TFITECHE(I) LEQ.I) 6N TO %040
B SPI=PMASCS(I) /EMWT (D)
6O TO 4350
4a046n PILSPI=TMSPTI(T)
4050 CONTINUF
CALL FQIR(DLTFMP (1) «OCY._(2) 4FFAUT(2+1) o IFLAGe7ZMOFR)
IF(PLTFMP (1) AT2400,Y AD TO 4n2?2
TTNOV=]
GN T0 4024
anN?? TINOM=4
4024 ASTND=ASTED/FINAT (1TNOM)
NN 4C02A TIMN=] TN
AL CHNDT(PLTIFHM2(T) «2CYL (2) «PLSPE «ZMOFRGTIFLAGCCONND(T)
1 NCONNN)
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CﬂﬁNO(I)=C0“N0(I)ODCOMVO“ASTNOI(QDMGS.)
an>a COMTINUF
4020 PAMNO(T)=1000000,#CANM0 (1) /TUSOT(T)
wHO (1) =30.#CONNO(T)
40l1n CNMTINUF
: TWSPI=n,
TAONNO=0.
TTMSPI=0.
TW'0=0,.
DN 4030 I=1.1F
TCONMO=TCONMMO+CONNO(T)
TTMSPI=TTMGPI+TMSPT (1)
THMO=TWNO+wWNI (T)
4070 CNUTINUE ’
TOPM=1000000.¥TCONNN/TTMSPI
4500 CONTINUE
LINECO=L INFCO-1
1F(LINECO) 200042000,2010
r
¢ POINMT OUT
© 2000 GO TO (2100o2?00~2100-2600o2500)oJCOVO
c
¢ VALVE OVERLAP PERTON
2100 AANT=STGINTHCYI N#6,#9PM
GAXT=STREXT#CYL N#A  #RDOM
HTRS1==TNHTR (1)
HTRS2==TTNATR (1)
WRITE(LPT+2900) ANGLF ] +PCYL (2) oETFMP(241) o TVOL (P91) 4PSo
1 FMASS(2+1)+HT2ST «HTRS2 +AREINT ¢ 5GNT 4 AREEXT « GGXT
GO TO 9100
C
C IMTA%E PPOCESS
2200 AAMT=STRIMNTHCYI N#6H,#DOM
HTRS1==-TOHTP (1)
HTRS2=-TTA4TR (1)
WRITE(LPT+291M ANGLF ) «POYL (2) «FTEMP(241) 9EVOL (P9 1) 9PSy
1 FMASS(24+1)4HTRS] WHTRSZ - «ARFINTaGNT
GO TI 9100
. c
C CnMPRESSINN PINCESS
2300 SPAT=WSWIR#180,/(3,1616#5.%R0M)
HTRSl==TAHTR(])
HYRS2==-TTNATR(1)
WOITE(LPT42920) ANGL€1.DCYL(a)-FTEwP(Z.l).EVOL(?ol).DQ.
1 EMASS(2+1) 4HT2S dHTRS52 +FSWIRWSRAT
60O TO 9100
f.
€ coveysTIind PFRIOD
€ ExPanSION PERTND
2400 CONTINUF
1F(IE.ENe1) GO TN 2300
HTRPS1==TNHTR(1)
HTRG2==TTN4TR (1)
TRATBII=N.
NN 2410 I=2.1F
2410 TOATSU=TRATAU+HIMASK(T)
T2ATAU=TRATRY/FUSL
SPAT=LSWIRHLIAN /(3414 1A25.#IOM)
IF(MACH.«FNed) B0 TN €0Y0
TWMOXX=TuNNR]1N 86
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WRTTE(LPT2930) ANGELFE14PTYL(2) sPS4FSHIQReSRATHIHTRS?
WRITE(LPT«233]1) TRATRIIGVIYLNGPHINGTPA2MTWNIXX4HTRS]
AN T 5015
EN1N WRITE(IL.PT2930) ANAGLFY ¢PZYL(2) «PSeFSAIRSRATIHTRS?
WPITE(LPT429372) TRATAINWIYLNGPHIO, HTReS1
6015 NN S020 I=)1eIF
HULOS=0HLOS (]
IF(NOTUL.FN.0) GN TN &022
IF(T.FQ,1) GO TN Son24
c .
C NNX AND JET ELFMFNT
AJF=AJET(I)®1IRN, /73,1416
ACO=THER(T)®*1RN, /3. 1416
FMASMG=EMACS (2. 1) *1Nn00,
PMASMG=PMAGS(T)#100N,
BRMASMG=AMACS(])#100n,
RATBU=HRMASS () /FFUFL(T)
WNOMMG=WNO (T) 210, %86
WRITE(LPT92936) T4IFCHE(I) sETEMP (2 1) 2L TEMP(T) +RATHBU .

1 FMASMG WPMASMG  4BUASMG  JEVOL (P 1) oFEUT (PN «ECP (D)
? EENTH(241) oPPMND () o WNOMMGIRIFT(T) o HJET (1) ¢ AJESBIET(T) 4 ACOWHHLNS
6N TO 56020 '

(of
C NOY AND ATR
5024 FMASMG=L£MARS(2.1)%100n0,
WNIMMG=WNO (]) =10, %84
WOITE(LPT42937) T9IFCHE(I) «ETFUP(241)

1 FMASMG, EVOIL (2¢ 1) 4EEMIT (24 1) 4ECP(]) &
2 EENTH(?41) «PPMNN () « WNNYMG, ] HHLOS
60 TO 5n20

C

C PERFORMANCFE ANMD JFT

65022 IF{(T«F2.1) GO TO 5076
AJF=AJET(IV®#]1RNL/3.1415
ACN=THER(T)#18n,/3,.1416
EMASMG=F"AcS (2] =1000,
PMASMG=PMACS(I)*100Nn,
RMASMG=RMAGS () #100nNn,
RATRU=HRMACC(T) /FFUIFLI(T)

WOITE (LPT92034) ToIFCHE (D) +ETEMP(241) +PLTEMP(T) 4ATBU .
1 EMASHG sPMASMG  «RMASYG  GFVOL(2e[)4EEQUT(241)4ECP(T)
?2 FEMTH(241) o RIFTIT) «AJET(I) AJECBIZT (1) s ACOIHHLNS

GNH TO 5020
c
C PFOFARMAMCE AWN AR
S02F FMASMA=FMAGS (P.T)#100N,
WRITE(LPT42938) T4IFCHF(T) JETEMP (241) s

1 FMASMG. FVOL (P« [)EENIT(P«I) sECP(I)
2 FFMTH(241) 4 HHLOS

&02n CNOMTINUF i
GN T G100

(ot
C FYHAIIST PRNCEcS
2500 ARXT=STOLATHOYI_NRA, #DDM
HTRS 1 ==Tu=TR(])
HTRG2==TTNATR(])
WRITE(LPTe2G40) ANGLF1«PCYL(2) oFTEMP (2al) «5VOL (P9]) «PS,
1 PSS (2e1) aH4TRS) «HTD52 CARFEXTaRGXT
AN TO 3150
290N FAS AT (11 oFS.1
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1 1XaF A2 e 1Y oF5.001XaFAN0elXeFhaPe2XoFB,.30

1 : E1l1e3  «E11e7 I XaFA201 X0 Te292XeFAh2elXaFT7.2)
291Nn FNORMAT (1H 4FS,1e

1 1X aFBe2niYeF9e 00l XaF6,00lXaFba2e2XeF8,3

1 F11.3 Flled  o1XeFA2¢1XeF7,2 )
2920 FOPMAT (1H oFSaels )
1 1XeFARe2elYeF%09lXeFbeNalXeFhaP?e2XeFB8,30
1 F11e3eF11.301Y4FAe3e1Xe"hel)
293N FNPMAT (/91X eF G, 142YetP5S3S =0 eF6,201XetPS=0,FA,101Xe'FSWIR=0,FA,3,
1 1Xe'S RT=1eFAhFalXa?'SUMeHGRF J=14FQ, 3)
2931 FORMAT (22X «SHTOTAL 014X eF7e3021Xa2FT7.2014XeF7,04F7.0430%XeF9.2)
P97 FORMAT (2K« SHTOTAL e 14X aFTe3921Xe2FT7 214Xy 44X E9,2)
2934 FORMAT(2XeT241X9T2e2F7a00F Ta303FT7e102F7e2057a30FTaleltay '
1 FALLaFRe2eFB.NeFB,4FK,NsETF,2)
293R8 FNPMAT (PXeT2 s 1XaT2e2F7eNoF 7030 Tals2FT7e2eF57¢3eFTe1eFT,0eFTc2,y
1 FARLLFEa24eF6.NaFB.3eFh.N9EF,2)
2937 FNRMAT (PXaTPel1X0T2s FTeN0l4XeFTalolaXe2FT7e24FT7439FTelaFTeNy
1 F?q‘)’ IBXQI?XOFQ.?)
2930 FNRMAT(P2XaT2e1¥eT120 F7eNol4XgFToleoltXe2FTa24FT7e3eFTals
1 2% 412XeF2,2)
2940 FNARMAT (1H «FS,.1
l lXQF‘\.?.Olv.rsoo.lx0F60001x0F6.?02K9F8.30
1 F11e30 Fl1led  21¥aFRPe1X9F7,.2)
9100 CONTINUE
LINFCO=LINFST
2010 IF(PMAX~PCYL(”)) 7n0n0.7030.7030
7000 PMAX=PCYL(>)
DMAYAN=ANGL F )
7030 COMTIMNUE
(o
C T1F THE TEMOERATIRFS OF EVERY ELEMFNTS ARE BELOW TEMLOW(AROUNN 1700K) .
C THERFYWILL RE N0 CHANGF TN NI VALNF,
C WE WILL CONSINER ONLY ONF AVERAGE ELFEMENT,
TEM| Ow=22nn,
IF(JCOMDMELG) G TN 7300
AAN=ANGLEY - (AFNFELE+30,)
I"(AAH.LT.O.) A0 TO 770N
IF({IELFNLY GO TN 730n
IF(FTEMD(242) JGT.TFMLNW) 60 TO 7300
IF(ETEMP(241E) GTLTFUL %) GD TN 7300

c

C CALCULATE THF TOTAL MASc AND  ENTHALPY
TFHTA=0,
TvASS=0,

nn 7320 I=V1.1F .
TEMTH=TFNTH+FFNTH (2, ])#F4:55(2.1)
TUASS=TMASQ+EMASS (2. T)

7320 CONTIMUF

o
C CALCHIATF THE AVERAGF ENT=A_FY
AVFMT=TFNTA/T4ASS
c
€ CALCILATFE Tr& AVEQAGE TFUPFRRATURF
r~ F1OST FIMN YT THF SLFMFHT 4n[CH FNTHALRY IS CLOSF TN THF
C AVYFDRAGE F::THA: AY

NEMTVM=1090,

TT=)

nY 732345 I=V.1F

NENT=ARG (AYENT=FENTH(241))
TF(NENTSLTLIFMTY 0 TH 7330
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NEHNTM=NENT
T1=1 :
7330 ~AMTIMUF
C
C NEFINME THE MEwWw PRAPERTIS
ETEMP (P24 1) =FTEMP (2eT1) + (AVENT=FFNTH(2TI))/FCP(TI])
FEQT (241) =PHIN
FEMTH(2¢1) =AVFNT
FUASS(241) =TYASS
CALL HPRON(ZCYL (P} «FTFMP (291) o FFQUT(2+1) «DF 1 «PSTENTHLP+CRURP,
1 CSUSTRHNDGORHONT «NRHNDPIEMAT (1) «FRGAS (1) s CVARGWFBGR)
FCP(1)=FRGAS(1)/6]),44+CVHG
FUDL(?«1)=vCYLN
1e=1
WRITE(LPTL736¢0)
WRITE(L.PTo7342) OPCYIL(2) «ZTEMP (24 1) ¢EZUYT(2e1) «FFNTH(241) s
1 FMASS(2.1)
IF (MOCUL.ED.N) GN TN 731l
C
C NOX AMNUNT wItL RF NDEFINFD,
(o1 FXHAUST NOX NN MASS RASFE
ANOXEX=TwWNAIRTTARINT/TUASS®YPM/]) 20,
WRTITE(LPT 4 7450) TPPMANNXEX
7331 CNOMTINUE
WRITE(LPT7420)
WRITE(LPTS7430)
7340 FORMAT(//910Xe12a2FXPANSION PROCESS IS CALCULATFED AS ONE FLEMFNTa#s
1#9)
7342 FNRYAT (15X 4 1 BHPRFSSIJRF = oFl10e2¢*ATA 4/
] 15X« 18HAV, TFMPERATIIRE = oF1N.)1at% DEGY./a
?. lSXoIBHAV. FQJI. QAT‘3 = .“-10.39,'
K 15x413H2V. ENTHAL PV = oF10.24%CAL/GY /0
4 15¥«18H4TNTAL. MASS «FlIN 4ot GN)
T420 FNADMAT (/22X ¢GHTHF NI g6 P 93X 44H T ¢3Xebd  V «3X44HWNRK.

1 IXe7HCYL MASH 1. ‘I HEAT  TRAMGFFReTXg4HFSGWR 4 IX 9 4H4S . PT)
T430 FORMAT (24 JuHNFG 93a044ATA 33X e4H K 42X eSACMB#T 43X 44H PS
1 3I%e7H G «IXe1SH CAL/A caL 1 11Xe3X,448R0M)

T4G0 FNRMAT (// 410X 1 #2FYHAIIST “0Xa#tt e/,
1 15X+ 15HU0X NOMCF . = oFl0,1a00Pu /0
2  15X.15HTOTAL, MAGS = 9E12.43406G4)
7300 CONTINIF
IF(ANGLE1=ALAST) 7040.705047050
7040 <) T 3000
7080 CONTIMNUFE
1TFXT=1 .
QUANTI=TTOEYT/TTGEXT
TEXT=700.
7240 NN=FNT(TEXTeFFNUT(241) «SAFC) =NMANT
eN=ND/GMANT
1€ (ABS(RU)=0.NN3) 722Nn4722047230
7230 TF(ITFXT=2) 7200721047210
720N ITEXT=2
XPNM(1)=7nn,
YRN“(1)=R)
TCXT:»'.()!].
AN TN 1260 :
2210 CALL COMT(TFXTaRVeNeoNy e XEOUGYRPOMGTTIAT)
17EXT=ITEXT ]
TE(TITFXT=27) 7240722047220
7220 AN TR
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TTEL=ITFL+
WRITL (LPT42N90) TEXT
60 T3 7000

7070 CNNTINUE
IC(QITFL=-LITEL) T72A04,7260+70460

724N AMGLEL=ANGLEL=-T720,
50 TI 100

7080 CNNTINUE
VSTROK=30RT#RNORESPSTROIXE/4.23,1416
calL FICT
WRITE (LPTeu082) FMFR(2)«"™MEP (3) oFMEP(4) 4FMEP (R) o FMEP (6)
) FMEP(7) oFUFP (R) JFMFI(])
ATMFRzPS/VSTROV#75000N00,7(RPM/120,)
PIMEP=PSIN/VSTRO<*7560NN0/ (PPM/Y2N,)
PFMERP=PSFX/VSTROK#T750A0NND ./ (RPM/120,)
RMEP=AIMEP-FMER (1)
RHP=RMEP®YQTINK/TSNHNON0, * (RPM2120.,)
AISFC= FUEIL#3ANN./PS®RPM/L20,
PSFC= FUEL®60N,/RHP#DOM/]120,
WRITE (ILPT+200N) 2IMFPPSIN
WRITE(LPT«20N10) PEMFP.PSIX
WRITEL(LPT«a020) AIMEP.PSWAISFC
WRITE(LPTR030) 'AMFP4RHP +ASFC ;
QHERE=TTUWHTR (1) Z(FUFL# (F<CAL=VACAL))
PFRMI=CYLN#PPM//,
NN 17 I=lenDIVIN

17 TTOHTR () =TTOQHTR(]) #PFRMI
WRITE(LLPT.a08S5)
WRITE(LPT«RN3K) (TTAHTR(I) 9I=14NDIVID) 4RHERF
WRITE(LPT«RO0TN) PMAXPMAKAN
27 FOPMLT (RF 1N, 0)
3N] FARMAT(12)

30?2 FORMAT (124F10.0)

ANND FAPMAT (///410«'PIMFR21 TR 24 1G/CUaa2Y 4GX e tDSIN= FAR P, 1HD )

AN FOARAAT (IR 10X tPEMEDRZ (FF 24 1R/CME02T (G IPSFX=14FH P4 tHDE)

RO2N FAQMAT (1H o/ ¢]1DXJVATUED = 4F B N tG/CMPT21 45X o 1 THP=14FR Py tpPe,
1 SXGVAISFC=1aFRPeVG/THP MR

Q030 FOPMAT (IH o/e10Xe " AMFP=1eFB N4 1G/CUBEP 15X 4 1RHP=1,FA, 2 1HP Y,
] SXe?' RSFC=1eFR, P4 1G/OHD4HRY)

Q08S FNAIMAT(1H o//410XeVHFAT F JECTTON= CalL/MINY)
ROSA FNOMAT(IH o« 9X«1SHTNTAL e RFJ = Fl0, 447,

1 10x 15H0YL, LTMER =eF10eto/0

? 10¥4154PISTOM TOP ZeF1Nebye /0

3 10X 18HPTISTON CUR =eF10etho/n

4 10X 15HAYL . HIAD . =4F1ebo/0

s 1NXe15HINT, VALVE =eF10etbog/0

A 10x,154F x4, VALLVE SeFllietg//,

7 TXW1RARFAY RF J/FUFL =e"10.3)

RNDT7N FNARMAT(IH 4//+10%X¢10Fp< CYL PRFSS=1 4F104letATVFS,14'NEG, CAY)

R0ON FOPMAT(1h /10X« tEXHAIIST TEMPFRATIIRF =Y 4FR 14 'KNFGY)
aNQ2 FNAPHAT(//«v#8PRFICTINN IF THE FRICTION LOggeur,/,
SX4l6HAISA, AMD PyMmDC=z Fl2e3aTHR/Z A8 24/
SXe)AHCAY GEAD Fl2¢3e¢THG/CHw 20/
SY lAXAEL AT IN FlPeReTHA/IV #2246/,
EXelA-Rl neay Fl12e3e7THG/ 20024/,
SXelAAVISADUS BTISTON Fl2e307HNR/Z8%24/,
BYelAHIIMY TFYUSTON Fl2.3¢TRG/T "#024/,
BY 41442105 GAS PRFSS FlP2ee?THR/TH0824 /7,

R U, B LT TN S 2

1 SXolAAdTT1 8L 1.0SS Fl2e3eTHA/ S0 2)

— o ol g gt

Hnouwunuu

t &« o o & @ o o

1]
)



NNy
010
A0NN
ANSN
ANRN
Qnno

FARMAT (20 42]Pe7E12,0)

FORMAT (//F10.1)

FARMAT (2X4212eQF12,4)

FAPMAT (Pr]12.,4)

FAIMAT (AF1N,242F10,043F10.4)
PFAD(INPINL) MNFXTAH
IF(NEXTN.EN.1) 60 TO annl
catLl EXIT

(2]a]

97
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S1RROUTTNE OCAL

(o
(>
C CALCHULATIOM OF HEAT LFLFASF FOX FACH E{ ZMENT

COMMOM/FPRNP/ TFCHF (1N0) «EFJEL (10N) « ZaNGL (100) o FMWT(100)

1 NHFUEL (100) oDHLNS(100) 4 DJIEMAS(10N0) « DOEMAS(100) o

1 FRGAS(100)4ECP(100) +FENTH(RBGINN) FMASS(RG10N) ¢FENUT(RLL0ON),

1 FVNL(8410N) 4aFTFEMP (Re1NN) +PCYL (R)

COMMON /STATE/ ANGLF1«ANSLE s JCNNDGASTED JNSTFP G IF

COMMON /STAT1/ POMy JLASTeMNJET 4OHINWF 3%

COMMON /FUSLP/ FUEL«F¥YCALsZHeZNePST SAFCeVACAL

COMMON /JETS/ RUFTISN) ¢HIET(SN) «AJFTIH0) BIYFT(SN) « THER(50) »

1 VRUET(S0) JVZUFT(SO) +wIFT(S0) ¢VIFT(S0) AINJ(S0) ¢RHIETIRN) o

2 PITCH(S0)

COMMON /PLUME/ PMASK (80) +HMASS (50) +R2LUM(S50) +HRMASS (5N0)

COMMON /7 JFETDAT/ NSWIRNGALPHARFTALRHGAS

COMMON/COMA/ QPLUMNOGENTIIR ¢ RLFSPyASOARK 4 TSCALF

NFL=ZN/7M

IF(IELEN.1) 5N TN 300

PN 100 I1=2.1F

AJE=AJET(I)#1RN,/3,14616
C HFAT PELFASE =0 UNLFSS SPFCIFIED LATFR

DHFUEL (1) =n,

C CHFECK WHETHER THE FUEL ELEMINT REACHES THE SPARPK PLUG OR NOT.
IF(AJELLT.ASPARK) GO TO 100
IF(PMASS (1) 4GT.1.E=7) GO TO 400

C SET THE INTTIAL PLUME MASS AND GURNEN M&SS
PPLUM(T) =RaLUMN
PMASS (1) =RAJET (1) #4,/3,#3.141A%#RP|UMN*a]

o
C SCALF FACTOR
PHASS (1) =PTTCH(I) /2, ,#PUASS(])
BMASS (1) =PuASS (1) &2/,
IFCHE(T) =2
4n0 NN 410 TP=1.10
C

C TURRULENT ENT2AINMENT PATE
UP=FNTUR®V JET (1)
DPMASS = SORAT(RHIFT(TIRIHIET(T) ) #4,#3, 141 60RPLUM(T) #6202
DPMASS=DPMASSHASTED /(A ,4WM) /1N,
c
C <GCALF FACTOR
DOMASS=NPMASSEPITCH(T) /7.
o
C FFFECT OF FLAME CNMING RACX
IF(TECHE (2).eNF.3) 6N TO 402
DPMASS=NPMAGSHD,
402 CONTINUE
PMASS (1) =PUASS (T) ¢DPMASS
IF(PMASS(T) WLT.FMAGS(2.])) 530 TO 420
PMASS (1) =EVASS(?e1)
IFCHE(T) =3
420 TCHA=TSCALS/RLFSD
DRMASS= (PMASS(T) -BMAGS (1)) /TCHA®ASTF?/ (6.%3PM) /10,

AUASS (1) =BMAGS(]) +NRYAGS
C MFXT EQUATION TNCLUNES THE SCALFE FACTNR AROUT CALCULATINONM PITTCH
RPOLUM(T)=(DMASS(T) 23, /2TTCHIT) Z(RHJFT(T) 4 ,#3,14)1R) ) 480,323
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410 CONTINUE
caLl UDQOP(PCYL(l)-FTFMD(]01)vFFOHI(£0I)oDELoPSIon.oEVTAI°o
1 DUMsDUMDUM ¢ DM DUM ¢ NUM s NUM ¢ DIIM)
cari HPDOD(PCYL(])-FTfMD(lvl)cFFQHI(2~I)oDELoPSIoFMTGASo
1 PUMsDUMD Mo DM o GCIM DUV DUMDUM 4 NHM)

(o . .

C  INMCLUNDING THE FORMATINN FNTHALPY
xx=(ENTAIQ-FVTGAQ)“lnﬂn./FKCAL/FEOUI(2.1)“(§AFCOEFQUI(901))
IFIXX=14) 630¢a4NbtD

44n xXx=),.

430 HIUASO=HRMASS (T)
HEMASS (1) =7FUFI (1) #RMASS () /FMASS (P, 1) #XX
DHFUEL(I):(HQMASS(I)-HQMASO)GFKCAL/ASTEP

TBR“ASS=TRUASS+HIMASS ()

TNRMAS=TDRVAS+NBVAGS

1NN CONTINUE

300 DHFUEL (1) =n,
RF TURM
END



100

SURROUT INF INPUT

COMMON/EPRNP/ TECHF (100) «EFJEL(100) ¢ ZANGL (100) sEMWT(100) »
1 DHFUEL (100) «DHLDS(100) JIEMAS(100) (DOEMAS(100) _

1 ERPGAS(100)+45ECP(100) «FFENTH(R4100) 4F:AASS(Bes100) +FENUTI(R410N)
1 EVOL(R4100) 4FTEMP (R410N) «PCYL (A}

COMMON /STAT1/ PPMeJLASTeNJET«PHINWK IR )

COMMON /TIMIG/ AINTO.AFXTOJAINTCIAFXTC AFUELSAFUEL

COMMON /GFNMT/ STROKE 4B8NE « CONL s VCLF AR 4VCUP ¢RCUP 4 CYLN

COMMON /HETRS/ NDIVINGTUITAL(1N) +NHTAC(10) ¢ARFE(10)
" COMMON /STATE/ ANGI.F1¢ANSLE s JCONDGASTERWNSTEP G IF

COMMON /FUFLP/ FUEL «FKCAL «ZMy7NePST4SAFCeVACAL

COMMON ZJETSZ RJIET(SN) «HIET(S5N) «AJET(S0) «BIET(S50) o THER(S0) o

1 VRUET(50) «VZJETI(S0) «WIET(S50) ¢ VIET(S0) yAINJ(S0) ¢RHIET(S0) &
2 PITCH(S0)

COMMON /PLUME/ PMAGS(S0) 9+BMASS (50) 4R2LIIM(50) «HRMASS (50)
COMMON /JETDAT/ WSWIRN,ALPHAGRFETAGRHGAS

COMMON /SURGAS/ FSWIRASWIR,SDFCAY

COMMON/COMR/ RPLUMNGFMTUIRIRLFSPeASPARS«TSCALE

COMMON /0SNPE/ LPTWINPWLINECOWLINFSTSITELILITEL

RELL®4 MBAR

COMMON /FUSL/ AF (6) «FNWeCXoHY N2 eNLOWVER
COMMON/OXDANT/XT/CMPSTN/X(7) «MRAR

COMMON/CONTL/ ASTINGASTC.sASTCRIASTFX+ASTOV4PRININGJPRINCL +PRINF X
1 PRINOV

COMMON/ INF) 0/ NINEF «XTINFT{20) o YINFF (20) s AREIND4PINToTINTHRINT,
1 FQUINT¢ARFINTXINV

COMMON/E XF1 O/MEXEF ¢ XEXEF (20)  YEXEF (20) s AREEXD 4PEXT o TEXToGFXT,
1 IGLEFT«TLFFT «QEXTQFLNOWIELEFTWAREEXT 9 XEXV

COMMON /AMRIFE/ TAMR,DAMRA

COMMON /HETR1/ PRASETRASEyVRAGE «CNHT L1 4COHT24COHT 4 ~HR (10)
COMMON /FRTDT/ RSKTRTFrIE+RINGNFME2(]10)

DIMENSTON YINLT(20) oXCOZI(20)«YCOFI(20)eYEXLT(20) ¢ XCOFE(20) 4
1 YCOEE (20)

INP=5S

|.PT=6

RFSFRK=00

DEL=2ZN/2M

WRITE(LPT4+3000)

- 3000 FORMAT (1H] (2X et #2CYCLF SIMULATION FORX DIRECT INJECTION ENRINF##®

1VFRSION l#auwv)

READ(IMP,3110)

WRITE(LPT010)

3010 FORMAT (R0H
1 )
WRITE(LPT+3020) . :
302N FORMAT(1H +//7¢1H +33Xe*TABLE OF INPUT NDATA AND INITIAL ENGINE COND

TITIONS® o/ 4SXe120(1H#))

RFAD AND WRITE THF NATA NOF INGINE GEOUETORY

STROKE=STROKE (C™M)
CONL=CONNFCTING POD(CM)
VCLFAR=CLEARFNCF VOLUME ( FXCLUDING CUP VOLUME CM##3)
VCHP=CUP VOLIIME( Cuweq)
2CHP= CUP RPANTUS (NM)
CYLN= NUMBER OF CYLINNER
REAND(INP423) STROKF (ANRF ¢+CONL ¢ VCLFARSVCUPSCUPCYLN

RFAD AMD WRITF THE NATA 0F VALVE AND FUIL INJECTION TIMING

DO OHDOHODOOOON

I I
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AINTO=INTAKE VALVFE STARTS TO 2OFEN(CRANS NEGR=TFs AROUND -10)
AFXTO=FEXHAUST VALVE STARTS TO NPFN (a<0UND 520)
AIMTC=INTAKE VALVF STARTS TO CLOSF (ARNJUND 200)
AFXTC=EXHAUST VALVF STARTS TO CLOSE(ARIUND 10)
AFUELS=FUFL INJFCTTON STARTS (ARNUND 330)
AFUELE= FUEL INJECTION FNDS (AROIND 355)

READ(INP+23) AINTOLAFXTNSAINTC.AEXTCeAFUELSAFUELF

RFAD AND WRITE FUFL PRNOFRTIES

7M= CHEMICAL FORMIIRA. NUMARZIR OF H
7N= CHEMICAL FO3MIIRAs MUM3ER 0OF C
SAFC= CHEMICALLY CORPFCT AIR=FyUF|. RATID
FKCAL= LOWER HEATING VALUF OF THE FUEL
VACAL=LATENT HEAT VALUF (TAL/G)

RFAD(INPs23) ZMe7N¢SAFCe"KCAL«VACAL

rx=7ZN

HY=7M

QLOWER=FKCAL/100N,

AF (1) ==0.5R3

AF(2)=1R2.

AF (3)==97,.8

AF(S)==0.0309

AF (6)==60,5

X1=3.76

ENW=0,

07=0.

READ AND WRITF THF DATA OF THE ENGINE 02ERATING CONDITION

FUEL=TOTAL FUFL AMOUNT/ 1 SHOT (GRAM)

RPM=ENGINF SPFEN (RPM) '

EGP:EXﬁAUST GAS RECIRCUI ATION
READ(INPs#) FHELJRPM(EGR

HOW MANY REGIANS WILL YOl TAKE FO® HEAT TRANSFER AREA?(NNIVIN=K)
NDIVID=6

EI EMENT 1 IS FOR TOTAL .
NDIVID=NDIVID+] ’

RFAD AMD WRITF THE DATA NF THE TEMPERATJRE INSIDE ENGINE

TR= TEMPERATURE NF PISTON TOP/
TINT= TEMPEPATUPE NF INTA<Z VALVE
TEXV= TEMPERATURF NF FXHALIST VALVF
TW= TE4PERATIRE OF CYLINDER WALL
TCYLH= TEMPERATUPE OF .CYLTNNER HFAD

READ(IMP123) TP, TIMVGTEXVsTH,TCYLH

TMETAL () =TW A

TMETAL () =TP 7

TMETAL (4)=TP

TMETAL (S) =TEYLH

TMETAL (A)ZTINV

TMETALé? =TEXV

CALCULATINNS £0R THF DISTAMCZES FRNOM THE CENTER POINT
THESE DATA WTLL RE USFND TN CALCULATE THE VELOCITIFS AT THE WALL
RPUR (2)=RORT/2.
PHR(3) = (BNIF/2,+CURP) /2,
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RYR (4) =RCY>

PHR (5) =RORF/(2.%1.414)
RHR (6) =ROR= /4,

PHR (7) =RORE /4,

HFAT TRASFFR COEFFICIENTS

COHT1.,COHT2= HEAT TRANSFER COEFFTICIFNT
COHT1=2,28
COHT2=0.,0072
COHT=ADJUSTING TOTAL HFAT TRANSFER AMOUNT (MAYRF 1)
READ(INP423) COHTL4COHT2+COAT

READ AND WRITE THF DATA OF INITIAL JFT CONDITIONS

AIN.JV=JET DIRFCTION ANGIF “ROM VFRTICA. LINE (DEGREE)
AINJT=JET DISETTON ANGLF FR0OM TANGENTTAL LINZ (DEGREE)
DINIT= JET RADIAL LOCATTON WHEN FUEL TS INJECTED (CM)
RINIT= JFT INITIAL Rantus (CM)

READ(INP+23) ATNIVAINMJTSRINITLRINTT

AINJV= AINJV®I 14167190,

AINJT= AINJT#3,14167180,

PFAD AND WRITF DATA OF ATR INTRAINMENT 2ARAMETER

WSRATO0= SWIRL RATID AT RNDC (#3PM)
ALPHA= ENTRATNMENT PAPAMETEIR FOR PARARELL VELOCITY DIFFERENCE
(0.11 TS RICOMMENDED)
RETA= ENTRAINMENT SARAMFTF FOR NORMAL VELOCITY DIFFERENCE
(8FETA=0.A IS RRECOMMENDZD)
PHFUEL= DENCTTY OF FUFL (GRAM/CM#23)
PHGAS= DEMCITY OF SURROUNNIMG GAS (GRAV/CM##7])
GNDECAY = SWIPL DFCAYING FACTOR (R.5F-6 IS RECOMMENDED FOR
TCCS FNGINE)
READ(INP2) WSRATN Al PHAIBETARHFUE . 9 2HGAS s SDECAY
WSWIRN=3.1416/180,#RDM#4, #{SRATN

RFAD DATA OF COMBUSTION PARAMETER

ePLUMO= INTIAL PLUME RANTUS(CM)

ENTUR= TUPBUL ENCF FNTRATNMEINT PARAMETER

RLFSP= LAMINAR FLAME SPFED{CM/SFC)

ASPARK=GPARK PLUG LOCATTON FRIM FUEL INJECTION NO7ZLE(DEG)
READ (INP+23) RPLUMNGFNTLIR4RLFS24ASPARK

DATA OF INTAKE AND FXHAUST SYSTEM
NIMV= DIAMETSR OF INTAXF VALVE
CINV=MAXIMUM LIFT NF TNTAKZ VALVF
Y INV=NUMBER NF INTAKF VALVZ
NFXV= DIAMETER OF EXHAUST VALVE
SEXV= MAXMUM LIFT OF FXHAI'ST VALVFE
XEXV=MUMRFR NR FYHAUST VALVE
READ(INP+27) DINVeSINVeNIXVISEXVaXINVXEXV
APETNN=3.1416#NTINVESINYEXINY
APFFEXD=3.14164NEXVEQFXVEXEXV
ARF(3)=3141A/4,% (RNRF&ADIPE=QCIIP#RCLIP*4,)
APE (4) =vyCUD>#2,/9CUP
ARE(A)=3.1616/74,8#NTNVEDTVV
ARE(T)=3.1616/4,#NFXVENFXY
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ARE(5)=3.1416/64,*RNRFESRNIF=ARF (6) =ARI(T)

NnatTa OF FRICTTONS
QSKIRT= EQUIVALFENT LENGTH OF 2[STON SKIRT( PRNOJECTED ARE OF SKIRT
/ CYLTNDER RBORE NTAVETER)

FCNE= JOURNAL BFARING ST12F COEFFICIENT

RIMNGN= TOTAL NUMRER OF PISTON RINGS PER CYLINDER
PFAD (INP+2?) RSKIRTSFrNF «RINGN

RFAD DATA OF wALVF LIFT vS. NOIMALIZED ~RANK ANGLE FOR INTAKF VALVF
READ(INPe3n1) NIVEF
READ(INP«30n1) NINCO
READ (INP+273) (XINEF(I)eT1=1sNINEF)
READ (INP+213) (YINLIC(T) «I=1aNINFF)
READ (INP423) (XCOET(T)«I=1sNINCO)
READ(INP+23) (YCOEI(I)s1=19NINCO)
DO 1000 I=14NINEF
VLIFR=SINV#YINLI(I)/NINV
CaLL TWODIV(NINCO ¢ XCOF T+ YCOET 4 VLIFR 4 ZOEF)
YINEF (1) =YTINLI (1) ®COEF

1001 CONTINUE

RFAD DATA OF VALVE LIFT VS, NORMALIZED CRANK ANGLE FOR EXHAUST VALVE
RFEAD(INP43N01) MFXEF
READ(INPs301) NEXCO
READ (TMP423) (XEXEF (1) e T=1 9o NFXFF)
READ(INPs21) (YEXLT(T) 4 1=19NEXFF)
READ (INP+23) (YCOEF(T)41=14NEXCO)
READ(INP423) (YCOEE(T) «T=1+NEXCO)
D0 1010 I=1eNEXEF
VLIFR=SEXV=YEXL. T (1) /ZNEXVY
CALL TWODIM(NEXCDsXCOFE « YCOEE+VLIFR4COEF)
YEXEF (1) =YEXLI(I)*COEF

1010 CONTINUE

HOW MANY EILEMENTS DD YOU waNT TO DIVIDE THE INJECTFD FUEL INTO ?
10 ELEMENTS ARE QECOMMENDED
READ(INP«3N01) MJET

AMRIFENT CONDITION

TAM3= AMBIENY TFVPERATURE

PAMAR= AMRBRIENT PRESSURF
READ (INP+273) TaM3.PAMA

INTAKE AND EX-HAUST PRESSURF
PINT=INTAKE P2RESSUSFE (ATA)
PEXT=EXHAUST PRFESSURE (ATA)

PEAND(INP423) PINTPFYT,TINT

COMPUTING INCIEMENT
READ(INP+23) ASTINGASTCL+ASTCR,ASTEX+ASTOV

PO INT CONTROL DATA
DEAD(INP427) PRININGPRINCLIPRINEXPRINAY

INTTIAL ENGINT CONDITION
DEAN(INPe23) PCYL(2)4FTEUP(241) oEFQUT(241) 4 TEXT
ELEFT=FEQUT (Pe})}
TLEFT=ETEMO(241)

COMPRESSION 2ATTO
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NISP=3,141¢480RE#RNDF 74 #STINKF
CR=(VCLFAR+VCUP+NISP) / (VCUP+VCLFAR)

TAYLOR MICRO SCALF

TSCALE=SINV/CP2N,17

VINIT= FUFL/RHFUEL/(,1%16#BINTT#a2% (AFUELE-AFUELS) ) # (6, #RPM)
WRITE (6452n0)
WRITE(6,5210) VINIT

S200 FORMAT (2Xe v INITIAL IET S2FEDY)
5210 FORMAT (10Xe*'VINIT=04F12,19CM/SFC?)

c
C SET THF INITIAL CONNITIOMS “OR ALL JET ELEMENTS

ASTCB=(AFUFLE-AFUELS) /FLIAT(NJFT)
ASTEP=ASTCA

NMJET=NJET+])

NO 100 I=2.NNJFT

BJFT (1) =BINIT

THFR(I)=0,

VJET(I)=VINTT

WJET(I) =VINIT#GIN(AINJV) #COS(ATMNJIT) Z/RINIT
VRJIET (1) ==VINITH#SIN(AINIV) #SIN(AINIT)
VZJET(I)=VINIT#COS(ATINJV)
RJFT(II=RINIT

HJET(1)=0,

AJET(T)=0,

RHJET (1) =RHFUFL

RPLUM(T)=R2LUMN

PMASS(I)=0.

BMASS (1) =0,

HRMASS (T)=n,

AINJ(I) =AF'JELS+FLOAT(T=2) 2ASTEP

C NEXYT ASSUMTION( FFQUI=3. ) WAS MANE FOR GETTING APPROPRIATF

c

c

THERMODYNAMIC PROPERTIES

FFOUVI(2,1)=3,

ND=AFUELE= ((FLOAT(T)=1,) #ASTERP+AFUELS)

IF(ND.LT.0.) GO TO 90

EMASS (241)=3,1416%BINTT##2,2VINIT#ASTED/ (6, #RPM) #RHFUEL
EFUEL(I)=EVASS(?.])

PITCH(T)=ASTEP

60 YO 100

9N EMASS(2+41)=3,141A%RINTTE#2,#VINITS (ATUELE=((FLOAT(T)=2,) #ASTEP+

1 AFUELS) ) Z(A.%RPV) #RHFUF _*ASTFP
EFVEL (1) =EVASS(241])
PITCH(I)=AFUELE~((FILOAT (1) =2, )“AGTFO‘-rUELQ)
GO TO 110

100 COMTINUE
110 CONTINUE

C CALCULATION OF INTAXE AIR PROPERTIES

FOUINT=FGR#FLEFT#SAFC/ ((le=EGP)# (ELETT+SAFC) +FGR&SAFC)
WRITE(LPT+70n20)
WRITE(LPT47010) STROKF 4AINTD W7V, TP,
CONL o 8FXTOeZNsTWe
ROPF ¢ AINTC s SAFCTOYL o
VOLFARGAZXTC4FXCALTINY
wRITE(LnT,7011) VCIIP ¢ AFUISLSeVACALCTEXV,y
AFIIF|LF 4« RIFUZL

)] w ) -

WRITE(LPT«7020)
ATNVV=ATMNJy#]1RNA,/3,1616
ATNTT=ATHJUT#]1AN, /31416
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WRITE(LPT.7030) WSRATNRP2LUMN

1 AINVVFNTUR,

1 AINTT (AL PHAWRLFSP,
3 BINTT3FTA.ASPARK,
4 RIMIT«RHGAS

WRITE(LPT,,7031?
WRITE(LPT.7020)
WRITE(LPT«7040) RPMPTINT+ASTOVPRINOVS
1 FUEL o TINTCASTINGPRINING
2 EGREQUINTCASTCLPRINA L
WRITE(LPT47041) ASTCR.PRINCL,
1 PAMBoPEXT<ASTCL ¢PRTNCL »
2 TAMRSITEXT+ASTEX «PRINMEXS

QACIIP «SDFCAY 9 TSCALE

21
&020
60130
6049
6051
6069
6070

301
700N
701N

3 FELEFT

1
?

1
Fd
4
S
6

WRITE(LPT,702M)
WRITE(LPT«7050)
SINVARF(T)
XINV,ARE (3)
WRITE(LPT,47051)
DEXV 4 ARF (5)
SEXVe
XEXV
WRITE(LPT«7020)
WRITE(LPT,7060)
FCOE»

RINGN
WRITE(LPT.7020)
WRITE(LPT.7100)
WRITE(LPT.7110)
WRITE(LPT+7000)
WRITE(LPT.712M)
WRITE(LPT«7000)
WRITE(LPT+7140)
WRITE(LPT47110)
WRITE(LPT.7000)
WRITE(LPT.7120)
WRITE(LPT.700N)
RETURN
FORMAT(RF1N,.0)
FORMAT(SE12.4)
FORMAT (AE12,4)
FORMAT (4E12,4)
FORMAT (2E12.4)
FORMAT (12)
FORMAT (10E12.4)
FORMAT (12)

DINVeARF(6) 4PCYL(2) o
sCOHTFTEUP (241)
sCOHT1FFAUT(241)

ARE (4) oCOHT2,TEXT,

RSKIRT,

(XINEF (1) 9I=14NINEF)

(YINFF(I)oI=14NINFF)

(XFEXEF (1) eI=14MEXFEF)

(YEXFF(T)s1=14NEXEF)

FORMAT(10X410F LN, 3)

FORMAT (32H

ENGINF GEJUETRY

1 32H TIMING #*,
4 36H FHEL PROPFRTIES

3 30H FSTIMATF TIMPERATURES o/
4 2X912HSTRAKE =9F10,348-CM #y

S 1TH INT.VAL.NPEN =4FQsl46HNFG &,

6 19H 7ZM(NN, OF H) =9 104147H S

7 18H PISTON TOP(TP) =e “10el1elHKe/e

R 2Xe12HCON,ROD =eF10.72e84CH LX)

9 17H  EXHVALNPEN =, FIel9RHNEG ¢

1 19H 7N(NN. OF C) =¢ F10.147H e

2 1RH CYL.WALL(TW) ze "10a101HYo/,

3 2X s 12HRIRF &y

=¢ Fl0e3eBHCH
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17TH  INTVALWCLOISF =4 FI414KHNFG

18H CYLJHEAD(TCYLH) =,
2Xe12HCLEARVNL ¥
17TH EXHVALCLOSF =4 FIel49&HNFG
19H LOWEQ HEATING
1RH  IMT,vaLVF(TINV) =4
7011 FORMAT (22X,
12HCUP VIL.
17H  FUEL INJ.START=4F9.1+5HDEG

NI DNIIPAS

32X
17H  FUEL INJ.END
lgH DENSI.I'Y =9

PNOPAD WN

p Y
7030 FORMAT (42H
44K

43H PLIUME MONFL
2Xs20HJET DIRECTION®#
27H SWIRL RATIO AT RDC

2X+20H ANGLE(VERTICAL)Y
27H AIR FNTRAIN. OARAMITER )
23H FNTRATM, PARAMFTFR

27TH  ALSHA
23H LAM, FLAME SPEED
22H JET RADILS
27H BETA :
23H SPARK PLIIG LOCATION
22H JET LOCATIONM(R)
27H DEMSITY OF SURRQNUN. GAS
BXs19H(F0M TNJ. NOZZLE) )
7031 FORMAT(

R 22H PISTON U)o RADIUS

9 27H SWIRL DECAY FARTOR

1 23H TAYLOR MTCR0 SCALF
7040 FNORMAT (2Xy31H ENGTNE
31H INTAKE CONNITIONS
31H rOMPUTING INTERVALS
31H PRINT CONTRO.
2X 4 15HENGTNE SPEFN
15H PRFSSURFE =
15H VALVE OVERLAP=,
1S5H VALVE OVERLAP=,
2X1SHFUEL AMNUNT
154 TEMPEOSATURE =,
15H INTAKF .

NPALWN= = OQDNINH WY~

Se

=
FR.3+84 ATA
FR.2e
FB.298X4¢/4
X ) :SQSQ

FB.,2484 K
FB.2¢84 DFG

19H SAFC(STOTCHA/F)= o Fl0,1e7H
Fl0a191HKy 7/,
=¢ FlNe2¢RHCUBS]

= FIOOEOQHCMG’B

Ze FgolOanFG
FO.3¢7THG/C##E83 o 1H#®)
7020 FORMAT (2Xe128Hemeccccccaas- ——eecmme-

l---------—-—-—-—--- -------- L T T

)
INITIAL JUFT DATA
JET MIXING PARAMFTFR

=9 Flo.
=4F10.5+10H CM

=. F10,
=+ F10.
=eF1NeSeTH G/CC #,

S rloo

S Flo.
CONDITION

F8e03AH RDM

8H NEG

LX)
#y

LX)
LX)

=e F10,0.7H CAL/G%
10,14 1HK)

LX)
#q

19H VAPORIZIMG HFAT =« Fl0,0674H CA_/Gt,
18H EXH VALVE(TEXV)I=eF1l0elalHKe /o

#*e

-—-— e, o e e L L X K T X T L Y R P
#*q

#y
o/

s 10X g 1H#,
=oeF10e347448#20M

23H INITTAL PLUMF RADTIJS =4F 10,4474 CM

=sF1N0.24104 NEG

®y
e/

e
16X 1H%,

=9 F10,349Xe1H*e/,
2X920H ANGLFE (TANGENTIAL)= «F10.2,104 DEG

t#y
F10e3e6Xg1He,
2el0H CM/SEC #®,4,/,
#y
F10e3e6Xe1Ht,
?.104 DES ®e/0
34104 Cm L8

3,104 CM L
E10e3e6Xe1HE,
44104 CM )
#y
#q
#q

’/0
*q
LX)

*y

8H G/S-H0T#,

e
LY

15H INTAKF

2X 4 15HFGR

15H EAul, RATIO

15H COMPRESSTINN

5 1SH COMPRFSSION

7041 FORMAT (2X+
A 31H AMBTFNT
7 31H  EXHA'IST €OMD
R 1SH COMBUSTION

ASWV= DO RANDWN

=e FR,2e8Xe/0
Te TB.347Ye1HH,
=eFR,TeTXo1H#,

=4 FR,2484 DFG  #e
=4 FR.?2 )

CONDPTITIONS o
ITTONS (ASSUvF) &,
=« FB,2484 DFG #q



1 2X+18HPISTON SKIRT =

?2 2X415HJDU,
3 2X+15HMO,
7100 FORMAT (1H14//42Xs

BEAR,

NF RINGS =
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o FOa347H €M #y/
s FOua3ehXglHe/,
4791 ¢6X91H)

CNF=

9 1SH COMAUSTINN =y FB,248Xe/0
9 2X e 1SHPREQKURF =e FEBL248H ATA LX)
9 1SH PRESSIRE =: FBR,2+84 ATA &
2 15H EXPANSION =¢FR.2¢8H DEG #e
3 1SH EXPANSION =¢FR,20UXe /0
42X ¢ 1SHTEMPFERATIRF =q4 F3e298H K LI
S 15H TEMPFOATURE = FB8,2+84 X L
6 1SH EXHAUST =¢ FBR.2:3d NFG e
7 1SH FXHAUST =y FB2¢8X e/
4 32Xe1lH#
S 1SH EQUI. RATIN =4FA,3¢7Xe1H*)
7650 FORMAT (2Xs11H INTAKE VALVF L
1 31H HEAY TRANG, AREA L
2 31H HEAT TRANS, COZFF L
3 31lH INITIAL CONNITION o 7o
4 2Xe1SHDIAVETFR =e "94347H CM e
§ 15H INTAKF VALVE = oF 9,347+ CMu#u2x,
6 31H (WOSCHNIS £Nn,) &
7 15H CYL. PRESS. =eFQ,297H ATA o/
8 2Xe1SHLIFT =¢eFFe397H CM L)
9 1SH EXHAIST VALVE= «F 9,374 (MUB8#Pa,
9 15H CORT =eFQ,Se6X9 1 Hty
1 15H CYLe TEMP, =4.F0,1¢7H DEG o/
2 ZXQISHNUMOFQ =.F9.106X.1H*.
3 1SH PISTOV TOP =4FQ, e TH CMan2%,
4 15H CNHT1 =eFO,596X0 1 H®y
S 1SH CYL. FQUI, = +F9,.3)
7051 FORMAT (2Xe31H FXHAUST VALVE &y
1 15H PISTON TOP = «F9,3e7H Cusion,
2 15H COHT2 =eFQ,596Xe1H®,
3 1SH EXHAUST TFMP,=e¢FQ,197H DEG #4970
4 2X+1SHDIAVETED = ¢594347H CH e
S 1SH CYLe HEAD =oFQ,397TH CMuu20,/0
6 2X+1SHLIFT =¢FI.39y7H CM ty
7 154 CYLe #ALL =47%¢G4VARTARBLES® o/
, R 2X+1SHNUMRER =9F e 19hAXy1HY)
T0A0N FORMAT (PXe31H FRICTION 1.0SS Be/y

1 YINTAKF VALVF-=fFFECTIVZ FLOW AREA VS, CRANK ANGLE?)
7' FORMAT (SXeVNORMALI7FD CPANK AMKLF )
2120 FORMAT (SXe*NORMALTIZFD EFFECTIVE FLNW AREAY)
7140 FORMAT(// 42X ‘
1 *FXHAUST VALVE=--EFFECTIVE FLOW AREA VS, C2ANK ANGLE?)
END
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SUARJUTINE RUMAGF (FNTINT)

~
T TalS 2RDGWAM JAS MAOF FND N2ERATING QUNDIE<KUTTA MFTHON
COMUUNZFEPRABYZ TECHE(1NN0) «EFJEL (1NN) o ZANGL (1N0) «FMWT (1NN)
1 DAFUEI LLIN0) «DHLNS(1NN) « JIEVASIINN) «DIEMAS(10N0)
1 FRGAS(]INN) ¢ZCOLINN) oFENTH(F4100) FUASS(Be100) oEENUT(RG1ON) o
1 SVAL(RL0N; «FTEMP(L.1N00) «PCY] (R)
CO0M /TIMIG/Z AINTNGEXTUAINTCVAFXTC AFUSI S« AFUFLE
CNAMMON /STATE/ ANGELF) ¢ AMILE ¢ JENND W ASTED yNSTEP L IF
COAMMUL /STAT1/ ROMILAST eNJZT«PHINGFSI®
COMMON /GFRAMT/ STROKE ¢ANIE sCONLIVCLF 1R VCUD,RCUPCYLN
COMMON /AETRS/ NOTVINGTHITAL(10) «NATRC(10) ARF (10)
COMMIN /HETR1/ PRASF ¢« T3ASE ¢ VRASFEF «COHT]1 qCOHTP 4 COHT « RHR (1 0)
COMMON /S / STARIMY o STAZIXToSTNAFXT
COM0r /SUM2/ TTRIMTaTTRIXT o TTNEXT«TTUHTR(10N) 4 TQATR(1N) 4PCS
COMMUN SFUTLP/ FUFLFYCA_eZUM4ZMePST4SACCoVACAL
QF_AI_,‘".’. M A
COAMMOLL ZFUSLZ AF(6) oFNWeTXyAY o N7 o NLDAER
COMAONZOXDANT /X T /CMPSTN/ZX (7) MRAR
COMMON ZJETS/Z PUETISN) oHIET(S0) o AJFT(S0) «BIFT(S0) ¢ THER(S0) o
1 VDJET(GO).VZJF?(SO).WJFT(SO).VJET(SO’oAINJ(SO).?HJET(SO).
2 OITCH(50)
CNMMON /2L JME/ PMASS(4N) «+B8MASS (S0) 4RALUM(S0) «HIMASS (50)
COMMUN, ZUETNAT/ JSWIRNGA_FHAJRETALOHSGNS
COMMUN /SUURGASZ FSWIRWWSAIRWSNDFCAY
COMMUNZCUMA/ OPIUMN G EMT24RLFSP 4 ASPAITSCALE
COMMON/TINFLN/ MINEF «XTNFT(20) o VINEF (2U)  ARSINDGPINT o TINT oA INT,
1 FQUINTWARTINT XINY
COYMON/FAFIL D/NFXZF (XEXEF (20) ,YFXEF (20) AREEXD yPEXT o TEXT 9GFXT,
1 IGLEFTaTLEFT 4 NEY T «NFLOWNIELEFTARFEXT o XEXV
COMMON /NOYGDYy COANNN(T10R) «PRUND(100) «¥NO(10N) 4 SUMNDM{]INN) «PPUFXT
ATHUENSTON QUMKHT (30)
NEL =/N/7%
STAINT=0,.
STHFAT=0,
STOFAT=0,
H51'T=n,
G T=0n,
.']f XT=“.
PESFRe=0),0
LeTEP=])
1FE=1E+)
Ny 3] I:IQTFE
SUs=T (Ly=n,
] COIT [rgE
024 I=levNIVIN
2a TWT=I(I)=0,
ANOLE=ANGLS)
A TJ(2N62Na22428027) o Yrdnid
22 CalL VOAS(Ne0N1eN NN oRPMyANGLF ] 4DUMsU JMeWSW IR ¢NUMGFSWIRY
FQulr=FSvl2=-SNFCAYSWSHIPYWSAHIREACTFR/ (4, #RDM)
T A
ShE )z,
va [~ sSNT 90
)] "'-""I i; ,“'
JFal ey Nau)y G) TH 2
ST 4N
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SOMCILATION NF JFT MODFL IM URDFR TO GFT THFE ENTRATNMENT AR
Y LR vasS (1) =0,
C=FCy WwARTHER NEW FUFL FLEMINT IS INJECTEN OR NOT
MR =N T
IF(Ic=rMJET) 10104102041020
VLN AXXsAFUELF«10,
IF(ANGLF «OTLAXX) GO TO 40
1F=Te+1l
EYTNP (2« [EV=ETEMI(241)
CALL UPHUD (PCYI (P) JETFUD(26TE) oFENYT (2 IE) 4NEL oPST
1 IFSERE GEFMTH(?P 4 TE) « CSUR2 e CSURT ¢ RHN 4 IRHODT 4 NRHONP < CHI »
? FEWAS(IF) (CVARB)
FRNTHI{2E)=EFMTH(2,TF) #1000,
EvdT(1E) =42AR
FCO(IE) =EPRAS(TF) 76) ,6463¢CV3G
FUOL(CeTEY =FMASS (24 TE) #FIGAS(TR)#FTRMP (2415) /PCYL (2]
1020 COMTINUF
NN 32 [=241F
FFQUIO=FENYI (241
EMASSO=FMASS (2.1)
IF(EMASS(2e]1) LT, 0,040) 50 TH 135
IF(EMASS(241) AT, DNFVMAS(L1)) GO TO 37

al1, AIR HAS BTEN ENTRAINFD 3¢ JEY
35 ALPHA=ﬂt
HETA=N,
37 COMTINUF
IF(SJFT(L).LTeNne?) GO TN 220
1F(RJET(I) LT.1.0) 6N TN 222
JSTFP=y
Y 1O 2230
222 JQTEP=R
6573 TO 230
220 JSTFP=3D
730 CALL JET(RUET(T) «HJFTITI) «AJET(T) WRUFTUI) «THER(T) 4 VRUFT(I) &
1 VZ2IETUT) awJET(I) o TNOMGEMASS (24 1) s ASTIP o USTEP ¢ ROMGANGLF 4PITCH(T) W
1 FSUIRWSWTR)
VIETUI)=SNT(VRJIFT (T #a2eVZYET(I) 242+ (QUET () #WIET (1)) #82)
VOL=(R4i41ARR JFT ()88 (] o=THFEC (1) /(2e#3,141A) ) «3IET(T)#8#D
VORSTN(THER (T /2.1 4vJeT (D) #PTTrH(T) /(6 #RPW)
SHGET (1) =FYASS(24]) /VAL
FERUIT(2e1)=FFUFL(T)# (SAFC+EZIIT (P4 1) )/ (EMASS (2 T)=EFUFL(T))
1 +FFanl(es)
FEMII(IeD)=(SFNUT(2-T)=FZQUID) /ASTFP
NIEMAS(T)=TNM/ASTER
CUMHW(]):TWM
nNNEraAS(T)=n,
DAFMAS(]) =INIMAS (1) «NTFMAS(T)
F*iaSs3(24]) =Fvassn
Framj(2«l)=FE0n1N .
> CANTINUF
SHMNV(])==INEMAS (] ) #ASTF?
nNYkEvas(l)=r,
FTitl (1. l) =0,
AN GO INGFE
eV ) =ROvI_L?)
(N1 T=1.78
PGS (el ) =FVAGR (24 T)
FEal (e =FENNT (241
=valtlef)=zud (241
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TrEM2 (1) =%
FENTA(Le ) =F
100 CONTINUF
AMSLE=ANGLT
CALL CALCIINVCYLSFHTINT)
CALL DELTA(DVOYLENTINTY
STRINT=STOINT+AINT /A,
STOF AT=STGEXT+REXT /A,
STAF XT=STNEXT+NFXT /A,
N 120 T=21N0TvDD
1729 TAHTR (1) =TAHTR (1) +NHTRC (1) /6,

TFARP (24 1)
EMTH(241)

SFECOND STE®

NCTFP=NSTF 2+
PCYL (4)=PCYL (N #ASTF?
PCYL (1) =PCYL (2) +2CYL (4) /2.
nn 200 I=leIE
FaASS (4eT) =FVMASS (34 T) #aSTEP
FEOUL(AI)=FENUT (34 T) #ASTEP
FVAML (64 T) =CVOL (30 1) #AGTF?
ETFHQ(A-I):FTF"D(B.I)"AQTEP
FENTH (44 I)=FEMTH (34 T) #ASTEP
EMASS(I.l):FMA§§(2‘I)+FWASS(a-!)/?.
SEOULI (1o 1) =FENMIT(Z21)+EEIUTLGT) /2,
EVOL (141)=7VOL (24 1) +FVOL (49]) /2,
ETEMP () o L) =FTEMO (24 TV +ETIMP(44T) /2,
FEMTA(L 1) =FENTH(24T)+FFENTH(4T) /7,
IF(IECHE(T) LENLTY GN TO 210
caLL HPQUD(DCYL(l).FTer(l.I).fFQUI(loI)-DQL.DGI.FvTHLD.
] rSUaP.CSUuT.PHO.DDHODT.)RdDDP.EWwT(l).E”GAG(I).CVBG.FRG))
50 TO P12
211 Cal L UDOOP(PCYL(\).FTFwoflol).FFQUI(IOI)-D?L.PQIoQESFQKoEMTHLPn
1 CSUnb.CSUGT.qu.DﬂunnT.)VHODP.CHI.FQGAS(I).CVRG)
FreaT(])=wisR
> O T THOE
Cro([)=FERGAS(T) /6] ,460+0VE0
SH”HT(I)=SJ“%T(I)-0HL0§(I)/5.
20 GO T LNUE
anGlL E=ANGLT) +ASTFP/2,
CalLL CALCUIDVCYL «ENTIMNT)
CalLL DELTA(DVOYL «ENTIMT)
SIGIUT=STHIMT+AINT /R,
STAFAT=STGEXT+GFXT /3,
STNTAT=STNEXT+NFEXT /R,
A0 225 1=1MD19ID
2245 TOHTH(I)=TOHT°(T)*QHTOC(I)/3.

"N
-
)

THIRY STEP

PCYL (G)=PCYL () #ASTFP
PEYL L)1) =PCYL (2) ¢2CYI (5) 72

an o300 I=1W7F
?"ﬁ%3(%.1)=7“ﬂcq(?.!)ﬁﬂcrtp
F:HU[(%01)2FE“”I‘101)”5qrﬁp

P ASe])=TVOL (e T)ACTF?

Elcre (he ) =F TF 2 (34T) #AQTEP
ForTa({me) =sFMTH (A T) #aCTER

EoranG (1« [)=TMASS (24 T) +FVASS(G4T) /2,
ol (Yo D) =FTmT (241145720l (541172,
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FUN_ (1o I)=V0L (P ) eCunNL (30]) /2,

FITDP (1 e])=FTEMP (2411 +ETIMP(S,T) /2,

FEITR(1al) =FENTH(PaT) ¢oENTH(GGT) V2,

IF(1eCHF (DY 4 EN, 1) A0 T 310

CrLL »PR0N(PCYI (1) aFTFUP (1 aT) «FFQNTI(1eT) sDEL «PSToFNTHLP,

1 ZSUnPGCRURT o PHNGDRHANT o IRHODP ¢EVWT (11 ¢EXGAS (1) «CVARGFRGR)Y

nY T 312
31 CALL W= ROUP(PCYL()) «FETFUR () o T) «FFQUI(10]) «DTL oPSTeIESFRKyENTHLP

1 CSUAPGCSIIRT 4RO DRUANT ¢ IRHINDP ¢ CHT +F2HAS (1) 4 CVRAB)

EauT () =mBa~
312 CONTINNF .

CCH(1)=FROAS(T) /6] ,640+0VHG

SUART (1) =SuMHT (1) =nHLNS (1) /3,
3Inn CAMTINGE

AMGLE=ANGLF1+AQTFP /2,

CLlL CALCUINVEVE JENTTMT)

Call. DELTA(DVOYL ENTTNT)

STOINT=STOHINT+RINMT /3,

STGEXT=STG=XT+REXT 2,

STHFXT=STOSXT+NFXT /3,

Na 320 I=1,M01vIND
320 TORTR(I)=TAMHTIR(I) enRnTRC(T) /3,

FOiRTH STED

PCYL (&) =PCYL () #ASTFD
OrYL (1) =RPCYL (2) +2CYL (A)
noosun I=1.1F
FUASS (A el) =FVMASS (I T) ASTEP
FEMI(AI)=FENT (3 T)=ASTER
FUDL (Ael)=EVOL (34T)*ACTEPR
FTIEMP (he [) =FTFMP (347)#ASTEP
EENTA(Es L) =FFNTH(34T) #AQTEP
EA8SS (1) =FMASS(24T) +EUASS (K T)
TEANI(La Y= FEMIT(2a1) 455 )T (AW T)
Ol (Lel) =Rl (2eT) 70 (A1)
ETF P (1ol =FTFVP(2,T)+ETIMD(R,GT)
FOMTA(1¢])=EFMTH(PaT)+5CNTH{ALT)
IF(TEAHC(TYaf0 1) GN T 4]0
Crrl =RRON(2CYEL (1) WFTEMD (Lo 1) «FFQUT (T oT) oDTL «PST4FNTHLP,
1 FSUZRGCSHUIT o RHN (DORINT ( IRHINP L EMWT (1) JERGAS (T) «CV3G+FRGR)
" TS alé
LI0 CALL PROP(PEYI (1) oFTEUP ()41 ) oFFNUT (1 9T) oD s PST o REGFRKyENTHLP
1 COURP W CSHUAT ¢ RHNGDOHINT ( IVHINP (CHT o F*0AS (1) 4 CVRB)
Frvwr (1) =-8a°
al? oY IMyF :
Ero (1) =FRGAS(T) /41,4630 VH5 .
SIMAHT (1) =S4T ([)=nHINS (1) /3,
4nn ronT IMUE
ANGILE=AMNGL S +AQTEP
CAlLL. CALCUINVNYVE oENTTINT)Y
Coll BFLTAIDVOVL «FNTINT)
STHTT=STRINT+RIMT /A,
STHZAT=STHXT+AFXT /A,
QYW AT=SiexT+rTxTre,
Conn Ay Tl 001D
620 TRATR(T)=TIATR(IY+nuTRA(T) /6,

FIETo STED
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DY (/) =2CYL (N OASTFD
Ole(Pl:PCvL(?lo(HCYL(Q)’H.°°CYL(§)¢?~°PCYL(6)OPCYL(7))/6.
~A €00 [=1.18 '
FUASH (74 [) =FUAGS (T 1) #ASTER
FEnU] (7411 =FENAIT (7)) 28STEP
Fyml (Pel)=Funi, (el eeslin
ETFM2 (7,1} =FTFMP (3, T)eacTEP
FEMTA(T 1) =FEMTH(DT) #ACTEP
Eﬂh%b(?.l):Fvnss(?.?)~(‘“ASS(Q.I)o?.“twASS(R.I)~2.°EMA§S(A.I)
1 +EMASS(TaT)) /A
rrcwl(2.1)=F€nult?.l)o(FEQUI(h.I)o?.“EEOUI(R.I)oa.GEEOUI(ﬁ-I)
1 oSNl (1Te1)) /K,
FUOL (Pel)2FVOL (2411 +iEVOL (4eT)+2,#EVOL (SeT)+2,#EVOL (AWT)
) sHVOL (1eT)) /A,
ET#N#(D.I):FTEMP(?.I)o(FYEWD(a.I)*7.”ETEMP(€oI)42.4ETFWP(6.I)
1 sFTCmp(laT)) 2F,
FVHTH(P'I)uFEMTH(2.I)‘(FENTd(a.I)0?.*iENTH(5-I)02.“EEMTH(6-I)
V +FFNTH(TT) ) /A,
IF(IECHE(D) LENL1Y N TO 510
calL HDUUO(DCYL(]).FTF“D(I.I)oFFQUI(lvl)-D?LoPQIoEMTﬂLDo
1 CﬂﬂHPoCSUaToQHO.DPHOWT.JPHODPqEWWT(l).EPGAS(I)oCV%GoEBGP)
AN TO 512 . .
S10 Cold. UPWOP(PCVL(1).FTFMD(I»I).FFQUI(IvI)oDFL'PGI'QESFQK.ENTHLP.
) CQU%“;CSUQT-PHﬂoQQHﬂﬂT.)RHODPcCHIoEDUAS(I)oCVﬂG)
FwuT (])=MRAR
512 COMTINUE
Fro(l)=FRGAS(T) /61,4674 CVRG
ONLOS(I)=(§U“HT(T)—0HL0§(I)/6.)*A§TF3
509 COMTIMUE :
¢ T1IECTFY FUEL HAS SAMF TEMP AND ENTHALPY AS AIR.( THIS ASSUMTION IS
c MECFSSARY FAR THE ACFUDATE CALCULATIONs BECAUSE THE MASS JUST AFTER
e THIECTER 1§ 0 sMaLl THaT IT wWwiLl cayse A LARPGE AMOUNT OF FRROR,)
1F (LOLF «GTLAFIIFLF) 60 T S3n
IF (I eFNe1) GO TO 830
ETEnP (2, IE)=FTFMI2(241)
ErnTA(P«[EVSFFMTH(241)
S5an COMTINOF
= Tuleet
0
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SUBROUTINE CALCU(DVCYL +FNTINT)

C THIS SUBROUTINME IS TO SET T-E DATA FOR SJSROUTINF RUNGE
COMMON/ERRNP/ TECHE(100) «EFUEL(100) sZANGL(100) «EMWT(100)

1 DHFUEL (100) «NHLOS(1N0) ¢ JTEMAS(100) JD0FMAS(100) )

1 FRGAS(100) +ECP(100) +FENTH(B4100) «FMASS({Be100)+EEQUTI(RL10N),

1 EVOL(84s100) +FETEMP (Bo100) +PCYL (R)

00 06 on

OO0

c

(s Xe]

oOon

COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON

/TIMIG/ AINTOWAEXTOGAINTC,AEXTCoAFUELS AFUELE
/STATE/ ANMGLF14ANGLE«JCONDGASTEPNSTEP,IE

/GENMT/ STROKE ¢ANIE»COML 9 VCLEAR ¢« VCUP ¢RCUP4CYLN
ZHETRS/ NNIVINGTMEITAL(10)«QHTIC(10) 4ARF (10)

/HETR1/ PRASF 4TBASE +VBASE+CNOHT1«COHT24COHT «RHR(10)
/SUM27 TTGIMT o TTRIXTTTOFXTSTTAHTR(10) ¢ TOHTR(10) oPS
/STAT1/ RPMyJLASTeNJETSPHINLESR

/FUSLP/ FUEL «FKCAL+ZMyZNWPST«SAFCsVACAL

ZJETS/ RJIET(S0) JHIET(50) o AJET(50) 4BIET(5N) s THER(50) o

1 VRJUET(S0) ¢VZUFT(50) «WIET(50) ¢ VUET(S0) ¢ AINJ(57) «RHIET (50) «
2 PITCH(S0)

COMMON
COMMON

/PLUME/ PMASS (R0) «BMAGS (50) 4RLUMIS0) ¢ HRMASS (50)
/JETDAT/ WSWIRG+ALPHAWBETA,RHGAS

COMMON/TNFLOZ NINEF ¢XTNEF (20) o YINEF (20) s ARZTNNDPINTs TINT9RINT,
1 FQUINT4ARFINT4XINV

COMMONZEXF1L O/MFXEF o XEXEF (20) s YEXEF (20) s AREEXD ¢PEXT« TEXTvGFXTy
1 IGLEFToTLREFTNEXT+QF I OWeELEFTSAREEXT o XEXV .
COMMON/COMR/ ROLIMN4ENTURWRLFSP9ASPAIK 4 TSCALE

CYLINDER VOL'IME
CALL VOLCY (ANGLE ¢VCYL+DVCYL9sSTROKE ¢BIRE 9 CONL ¢ VCLEAR$VCIIP)

HEAT TRAMSFER
CALL HEATR

NN HEAT RELEAGE FOR ELFMFNT ‘1 (ATR)
NHFUEL (1) =n, .
GO TO (10042004300+4004600) 4 JCOND

WHEN THE INTAXE. AND EXHAUST VALVE OPEN
INTAKE PORT CALCULATION
100 CALL INPOR
DIEMAS (1) =GINT
IF(GINT) 7n047104710

INTAKE FLOW Ic FROM PORT TN CYLINDER

710 EEQO=EEQUI(1.1)
EEQN=(EMASS(141) *EFOQUT(19)) # (FAUINT+SAFC) +GTNTH#EQUINT#
1 (EEQUI(141)+SAFC) )/ (FMASS(141)# (EQUINT+SAFC) +GINT*(EFQUI(141)
2 +SAFC))
EEQUI(341)=EEQN-FEQOD
QFLOW=GINT#FNTINT
60 7O 720

INTAKE FLOW Is FROM CYLINDEX TO PORT (BACK FLAW)
700 EFQUTI(341) =0,
QFLOW=GINTSENT(ETEMP (141) +EEQUT (141)9PCYL (1))

FYHAUST PORT rALCULATION

72n CALL EXPOR
DOEMAS (1) =-GEXY
EMASS(341)=RINTeGFXT
QFLOW=0FLOW+GEXTAFENTH(1e1])
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GO TO 2000

WRFN THE INTAxE PROCESS CALCULATION
INTAKE PORT CALCULATION
200 CALL INPOR
DIEMAS (1) =GINT
IF(GINT) 8n0+8104810

IMTAKE FLOW I FROM PORT T0O CYLINDER

810 FEQO=EEQUI(1.1)
EFEQN= (EMASS(141)#EEOUT(101) # (FAUINT+SAFC) ¢GINTR*EQUINT# )
1 (EEQUI(le1)+SAFC) ) Z(FMASS(141)2(ENUINT+SAFC) «GINT#(EFOUI(141)
2 +SAFCH)
EFQUI (34 1) =EEQN-EENO
QF LOW=GINT#FNTINT
GO TO B20

INTAKE FLOW 1S FROMCYLINDER TO PORT (BACK FLOW)
‘800 FFOUI(3,1)=0,
OFLOW=GINT4EENTH(141)
820 GEXT=0,
CEXT=0,
EMASS(341)=GINT
GO TO 2000

COMPRESSION AND EXPANSTON
300 EEOUI(3,1)=0,

EMASS(3,1)=0.

QFLOW=0,

GINT=0.

GEXT=0,.

QEXT=0.

GO 10 2000

COMBUSTION AND FEXPANSION PR0CESS
400 CONTINUE
IF(IE.EN.1) GO TN 300
IF(NSTEP.GE.2) GO TO 410
CALL DCAL

THE EFFECT OF PUSHING THF FJEL ELEMENT INTO CYLIMDER
IF (ANGLE.GF ,AF1IELE) GO TJ 410
DOV=EVOL (1.1E) /ASTEP

410 CONTINUE
QFLOW==NOEMAS (1) #EENTH(1+1)
GINT=0.

GEXT=0,

QEXT=0,

IF (ANGLE.GF ,AFUELE) 60 T 420
DVCYL=DVCYL-DDV

420 CONTINUE
GO TO 2000

EXHAUST VALVE O2EN

600 EFAUI(3e1) =0,
CALL EXPOR
DOEMAS (1) ==GEXT
EMASS(341) =GEXT
OFLOW=GEXTSFENTH(1e1)

200n RFETIRN
END
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SUBROQUTINE FRICT

CALCULATION OF THE FRICTTON LOSSES

THIS PROGRAM wAS NRIGINALLY MADE RASFD ON IN.-LB UNITS.
COMMON /STAT1/ R2M, JLASTINJET4PHIN,FS5R
COMMON /GENMT/ STROKE +«RNIE«CONL 9 VCLEAR¢VCUP4RCUP4CYLN
COMMON/INFLO/ NINEFJXINFZ(20) o YINEF (20) o ARETNDWPINT s TINT9GINT,
1 FQUINT4ARFINT 4 XINV
COMMON /AMRTE/ TAMR.PAMR
COMMON /FRTDT/ RSKIRTFCIESRINGNFME(10)
FAC1=2.54
FAC2=1000.714.2
BNREX=BORE /FACI
STROX=STRO<E/FAC]
RSKIX=RSKIT/HAC]
CR=(3.,1416#RORF#RORFE#STRIKE /4, +VCUP«VCLEAR) /7 (VCUP+VCLEAR)

MTSCELLANEQOUS AND PUMPS
FMEP(2)=FAC2%0.39%(RPM/]1000,)%#]1,5

caM GEAR
DINTV=SQRT (AREIND®4,/(3,14162XTNV)) /7AC]
FMEP(3)=FAC2% (0.~ (4« #RPY/1000,)) #XINVEDINTV##],75/ (BOREX*ROREX
1#STROX)

BEARING ‘
FMEP (4)=FAC2% (FCOE#30REX/STROX) *RPM/1000,

B81.0WBY
XX=ABS (PAMR~=PINT)
IF(XXelLTe0,) XX=0,
FMEP(S) = FACZ“SQRT(XV)G(I.72“CR““0 4=(0,49+0,015%#CR) #(RPM/1000,) ##
1 1.18%)

VISCOUS PISTOw
FMEP (6) =FAC2#%(21,93#RGK X/ (30RFX®STRIX) 4STROX#RPY/6000,)

STATIC RING TENSION
FMFP(7)‘FA”2“? 11#STROX#JINGN/ (BORF X #HOREX)

RING GAS PRESSURF
FMEP (R)=FACP2#XX#® (2,35#STWX/ (RNREX#RIREX) ) #(0,08R#CR¢,1879CRe#
1 (1.33~(G.121#STROX#RPU/5000,)))

TnTAL FRICTION LOSS
FMEP(1)=0,
nO 100 [=2.R
FMEP(1)=FMFP (1) +FMFP(T)
100 CONTINUF
RETURN
END
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nggS?g{INE VGAS(RUET+HJUETs RPM, ANGLE«VRGASsVZGASIWSWIRsVPIS,

CALCULATION OF THE GAS VFLOCITY SURROUNING THE JUFT
COMMOM /GENMT/ STROKF (RNIE +CONL 4 VCLEAR,VCU2,RCUP,CYLN
COMMON /JETDAT/ WSWIRNJALPHAJRFTA

RIET=JET RADINS FROMY CFNTER(CM) (GIVEN)
HJET=JET VERTTICAL LOCATINN FROM CYLINDER HEAO (GIVEN)
PpM= ENGINF. SOFED (GIVEN)
ANGLE= CRANK ANGLFE (DFG) .TDC=3560 (GIVEN)
VRGAS=VELOCITY COMP, OF RANIAL DIRFCTION (GIVEN)
V7GAS=VELOCITY COMP., NF VERTICAL NDIRECTION (GIVEN)
WSWIR=ANGULAR VELNCITY(RAN/SEC) {GIVEN)
VPIS= PISTON SPEFD(CM/SEC) ' (GIVEN)
FSWIR=CONSERVATINN ATIO OF SWIRL (GIVEN)

STROKE +BORESCONL«VCLEARGVCJIPRCIIPyWSWTR0 ARE GIVEN IN CHOMMON

(SEE THE INPUT ROYTINE TO CHECK THE MIANINGS OF THESE VALUFS)
ND SUBROUTINES ARF REQUIRED

RCYL=BORE/>,

AK1=VCUR/ (3,14)A#RCYL#RCYL)

AK2=VCUP/(3.1416%RCIIP&RCIP)

ANG=ANGLE®3,1416/18R0.

ANG0=3.1416

PISTON HIGHT FRO THF PTSTON TO THE CY_INDER HEAD
HIGH=SQRT (1.~ (STROKF /2, #SIN(AMG) /CNN_) #22 )
HIGH=VCLEA?/(3,14164BNPE*BORE/44) +STROKE/2,9(1.=-COS(ANG))
1 +CONL#(].=-H[NH)

PISTON HIGHT AT RDC
HIGHO=SORT (1=~ (STRNKF /2, #STIN(ANGN) /CINL) ##2 )
HIGHO=VCLF AR/ (3.141A%ROPI¥BORE/4,) +STRIKE/2,# (1 ,-COS(ANGN))
1 +CONL#(],~HIGHN)

PISTON SPEFD
VPIS=SQRT (CONL4#CNNL-STRNSE#STRNKE /4, *STIN(ANG) #SIN(ANG))
VPIS=STROKF/2#STIN(ANG) +STROKE®STROKE 74 ,#SIN(ANG) #COS (ANG) /VPTS
VPIS=VPIS#3,1416/180,#RP1#6,
XX=HIGH/AK)
1F(RJETLLT.RCUR) 6O TN 100
IF{HJETLLT.HIGH) GN TN 200
VZGAS=0,
VRGAS=0,
60 TO 400

GAS VELOCITY COMPANFENTS ARNVE THE PISTON( FLAT PART)

200 VRGAS=RUET/(2.#A4<]1) #(RCYLPRCYL/(RJETHRIET) =] oY #UPTS/ (XX# () o+XX) )
VZGAS=HJET /HIGH#VPTS
GO TO 400

100 IF(HJETLLT.HIGH) 6N TH 300

GAS VELOCITY ~OMPNONENTS INSIDE THE cue
VRGAS=n,
VZGAS= (AK]1 -AK2+HJFT) Z(AK1+HIGH) #VP]S
GN TO 400
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C GAS VFLOCITY nOMPNONENTS ARIJVE PISTON CJP

300

c

VRGAS=RUET /(2. #AK1)# (1,-8K2/AK]1) /7 (XX* (XX+AK2/AK]))
VRGAS=~VR(GAS®#VYDIS
VZGAS=(1+=3CYL®RCYL/ (RCUAHRCUPH (XX+14)) ) ¥H JET/HIGHEVDTS

C GAS VELOCITY (TANGENTIAL COMPONENT)

400

1n

20

39
40

Sn
60

WSWIR= (HIGHeAKY) / (HIGHN+AK] ) sWSWIRN® (AK2RRCIIPHB 4,
1 +HIGHO#RCYL®##4,) / (AKPHRIUN® 84, ¢+ HIGHHRCYL 244 )
WSWIR=WSWI2#FSWIR

RETURN

END

SUBROUTINE CONT(XXeYYeX)19Y0sXsYoeN)

NDIMENSION Y (2),Y(2)

IF(M=2) 10,20,30

X{1)=xXx

Y(1)=yY

XX=XX+X1]

N=2

RETURN

X(2)=XX

Y(2)=YY

N=3

GO TO 60

IF((Y(2)=Yn)#(YY=Y0 })) 40450450

X(1)=xX
Y(l)=yy
GO0 T0 A0
X(2)=XX
Y(?)=YY }
XXZAY0=Y (1)) #(X(2)=X (1)) /(Y (2)=Y(1))+X(1)
RETURN |

END
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SURROUTTINE JET(RJEToHIET9AJET o RIETTHERWVRIETeVZIET o WIET 9 TDM,

1 AMUET oASTFP ¢ JQTEP ¢RPMANGLE 4PTITCHeFSHWIRIWSWIR)

O0N

COMMON /GENMT/ STROKE RNIE s CNHNL « VCLE LR 4VCUP 4RCUP 4 CYLN
COMMON /JETNAT/ WSWIRNGALPHALRFTALRHGAS

STROKE +sROREsCONL « VCLEARGVCIP s CUP +WSWI0 4 ALLPHA+RFTARHGAS APF
GIVEN IN cOMuON
(SEE THE INPUT ROUTINE T0O CHECK THE MZIANINGS OF THFSE VALUFS)
SURROUTINFE RENUIRFD:
VGAS
CONT
DIMENSION YX(2)4YY(?)
RCUP=2,463R
PCYL=BORE/?,
TO“h:o.
AASTEP=ASTECP/FI.NDAT (.ISTEP)
C1=ASTEP/ (A, #RPM)
C2= AASTEP/(6h,#RPM)
‘C3=1e/ (64 #20V)
VIET=SORT (VRIFTHE2 +V7JFTHE2 + (RJIFTHAJIFT) #4D )
N0 3000 I=1,JSTFP
RHJET=AMUET/ ((R, 14184 JFT#828 (1 ,=THF 2/ (2.%3,1416) ) +RJFT##D
1 SSIN(THER) /2, ) #VIJFTHPITZH/ (6#QPMY))
ANGLJU=ANGI.F+FLNAT (1) #AA<TEP
AMG=ANGLJU®#3.141K/)1RAN,
HIGH=SQRT (1.~ (STRROKF/2.,2SIN(ANGR) /CONL) 822 )
HIGH=VCLEAR/ (3, 141A2B0RF#BOXIE/4 ) +STIOKE/2,4 (] 4 =CNS (ANG))
1 +CONL#(]14~HIGH)

C RJFT=RADTAL JFT LNCATION FRIM CENTFR(CM) (GTVEN AND RETURNFN)
C HJET=VERTICAL JET LACATION FROY CvlL. HEAD (GIVEN AND RFETURNFN)
C AJET=TANGFN. IFT LOCATTION FI0M NO7Z7LFHEAD (GIVEN AND RETURNFDND)
C AJFT=TANGEN. JFT LOCATION FR0M INJECTION NO7Z. (GIVEN ANND RETURNFN)
C RJET=JET RADINS(CM) (GIVEN AND RETURNFD)
C THFR=CONTACTING ANMGLE (RPAN) (GIVEN AND RETURNFN)
C VRJUET=JETVELOrITY OF RANTAL DIRECTION(CM/SEC) (GIVEN AND RETURNFD)
C V7JET=JET VEL, VFOTTCalL NIRZCTION(CM/SEZ! (GIVEN AND RETURNFD)
C WJFT=JET ANGULAR VELOCITY(RAD/SEC) (GIVEN AND RETURNFD)
C TNM=ENTRAINED MASS(5/GIVFN TIME) (RETURNEDN) .
C AMJET=JET MASS(G) (GIVEN AND RETURNFDND)
C ASTFP=CALCULATION INTERPVAL JF MAIN PROGRAM(DES) (GIVEN)

C JSTEP=HOW MANY TIMES NN YOI WANT TO CALCULATE TN ONE CALCULATION

C INTERVAL NF MAIN PROGRAM (GIVEN)

C RPVM=ENGINE SPFED(RP4) (GIVEN)

C ANGLE=CRANKANAGLE (DEG)«TNC =340 (GIVEN)

C PITCH=PITCH OF JFT ELFMEFMT(SIVEN INPUT WUTINE (GIVEN)

C FSWIP=CONSERVATIOM RATIO 0OF SWIX (GIVEN)

(o

Cc

(o

(of

c

Cc

c
C GAS VELOCITY SURRNI INDING THZ JET

THIS SUBROUTINF IS FOR GFTTING JUFT TRAJZCTORY AND AIR ENTRAINMENT

CALL VGAS(PJETHJIET +RPM, ANGLJsVRGASsVZGAS«WSWIR VPTG FSWIR)

1111 FORMAT(7E12.4)

(o

C CALCULATION OF THFE PARARFLL VELOCTTY COMPONENT TO THF JET
VI=SORT (VR IFT#42 + (RIFTHNJET I #82 +y2JUsTeuD )
VIZ(VRIFTHYRGAG+IJFT#u?  HWSWIRUWIFT+VZIFTHYZGAS) ZVT

c

C CALCULATION OF THF NORMAL VILOCITY COMPINSENT TO THF JFT
VN=VRGASHED + (RJCTHWSW]R) ##2 +y7GaG8 42
XXXzVA=V i
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IF(XXXeGToNe) GO TO SN
VUN=0.
60 TO A0

60 VM=SQRT (VN-VI#a#2)

an CONTIMNUF

CHANGES OF MA&S AND VFINCITY COMPANENTS OF THE JET
CHANGE OF MASS(0)
DM= VJET°SQPT(QHJFT/QHSAS)9PHGA§“°ITCH/(S.“QDM)
DM=DMﬂ?.“3.lalﬁ“qJFT°(AL’HA“AHG(VJFT-VI)*B?TA#ARS(VN))
DM=NM# (1 o =THER/ (2,23,1415))
DM=DM#C?
TOM=TDM+OM
AAJET=AMIET+NM
CHANGF OF VERTICAL VELNCTTY
DVZ:DM/A“JFT“(VZGAS—V?JFT)
CHANGE OF RADTAL VFLOCITY
NDVR=AMJUET#2JET# (WJET#=2 “HHGAS/RHJFTHWSWIR##? )
nNVR=DVR*C?
NVe= (DVR= (VRJUFT=VRGAS) #N1) Z/AMJFT
CHANGE OF ANGILAR VELNCITY
Dw=((WSWID—NJET)“RJET”DV'E.°AMJET“VDJET*WJET“C?)/(AMJFT”QJET)
CHANGF OF TOTAL JFT VELOCITY ]
DV= (RJETHS#2 , #W IETHOWSRIF THWIET 82 BYIJFTPCR+VRIETEDVR+VZIFTHOV?)
nV=NV/VJET

NEW STATE CONNITIONS OF THF JET
VJET=VUET+nV
WIET=WJIE T +nu
YPJET=VRJET+DVR
V2JET=VZJIET+NV?
RIET=RJIET+VRIFTHC?
ALJFT=VJETHPITrH/ (A, 8POM)
VOLJE=DM/RHGAS+ (AMJF T=DM) /RAJFT
.JET PADIUS WITHOUT CONTACTTNG ANY WALLL
BJFTN=SORT(VOLJE/ (3. 141A%ALJET))
HJET=HJET+V7JET®C2
AJFT=AJET ¢ JETHC?

CALCULATION OF THF JET CONFIGURATION
¥1=RJIET+BJYFTO
X2=HJET+BJFTO .
XS=HIGH+VCIIP/ (3. 141A#PCLI2#RCHP)
IF (HJFTGT.HIGH) GO TN 100
IF(RCYL.GT,Xx1) GO TN 20n
IF(RCYL.GT.RJFT) GO Tn 305

JFT 1S RESTRIGTEN RY THE CY_INDER WALL (VR IET=0,)
VOJET=0,
RJFET=1.4144RJFTN
THER=3,.,1414
RJIET=RCYL
6N TO 2090

JFT 1S CONTACTING WITH THE CYLINDFR WAL .
30 NN=0
X =P JFT
Xe=RCYL
a0 .TO 1500
200 IF(X2.LT.HIGH)Y GD TO 40N
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IF(X1.LT«R"HY2) GN TN ann
IF(RJETLT.RCUP) GO TN 500

JET 1S CONTACTING WITH THF 2ISTON HEAD
NN=N
XA=HJET
X4=HIGH
GQ TO 1500

JET IS NOT CONTACTING

400 RJUET=RIETO
THFR=0,
GO TO 2000

100 IF(RJIFT.LT,RCUP) GO TN /00
SL=ABS(HJET=-HIAH)
SR=ABS(RJET=RCUIP)
IF(SL.GT.SP) GN TO 700

JFT 1S RESTRICTED RY THE PTSTON HFAD(V7JET=VP1s)
VZJFT=VPIS
RJET=1.4142RJFTN
THFER=3,1416
HJFET=HIGH
GO TO 2000
700 IF(HJETGT.X5) GO TN ANN

JFT 1S RESTRICTEN RY THF PISTON CUP(VRJET=0,)
VRJET=0,
RJET=1.41468 JFT0O
THER=3,1414
RJUFT=RCUP
60 TO 2000

JFT 1S RESTRICTED RY THE PTSTON CUP £NGI(VRIET=0. AND VZJIFET=VPIS)
RON VRJUFT=0,

VZJUET=VPIS

RJET=RCUP

HJFT=X5

RIFT=1,4148RJFTN

60 TO 2000
600 IF (RCUPLLT.X1) 6N TN 9nn

TF(X5.LT.X?) GO TO 1000

JFT IS IN THE PISTON CUP WITHOJT AMY RESTRICTION
RJUFT=RJFTO
THEP=0
GO TO 2000
1000 IF(XS.LT.HJET) GO TO 1100
JET 1S CONTACTING WITH THE 2ISTON ROTTO“

MN=0
X3=HJET
X4=X5

60 TO 1800

JFT 1S RESTRIATEN 8Y THE PTSTON ROTTOM
1100 QUET=]1.4148RJFTD
THER=3,1416
HIFT=XS
VZJET=VPIS
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GO TO 2000
900 IF (RCUPL.LT,RJET) GO Tn 1200
o
€ JFT 1S CONTACTING WITH THE 2ISTON CUP WALL
sNNn NM=0
X3=RJIFT
X4=RCUP
G0 TO 1500
(o
C JFT 1S RESTRIGTED RY THF PISTON CUP wAL.
1200 RJET=1.41448JET0
THER=3.141A
RJET=RCUP
VRJFT=0,
GO T0 2000
C
C SNLVF THE CONTACTING ANGLE
1500 ITEL=1
1550 IF(RJET.GT.(X4=X3)) 50 7D 1600
RJET=X4=-X3
160, ANG1=2.#ATAN(SNRT (RJFT#RIFT=(X6=X3) # (X4=X3) )/ (X4=-X3))
THER=ANG]
AQEA1=3.1616“RJFT*PJFT#(l-—AMGl/(2.63.1416))*(XQ-X3)“SIN(ANGI
1 /2.)%RJET
AREA2=3.14)16%RIETO®RIFTN
ERRN= (AREAY=-ARFA?) /ARFA?
IF (ABS(ERRN) L T.0.005) 6D TO 2000
Y0=0.
XNEXT=0.1
CaLL CONT(RJET.EDDO.XMEXToYO.XX.YY.Nv)
1992 FORMAT (2E12.4)
ITEL=1ITFL#+
IF(ITFLL.GT.30) GO TN 19400
GO TO 1550
1990 WRITE(6H41909)
1999 FORMAT (1STNP DUF TN THE JVER ITELATIONY)
2000 CONTINUF
3000 CONTINUE
RETURN
END
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SURROUTINE (OPFOA

THIS SUBROUTINF IS FOR NPERATION nF FACH PROCESS

COMMON/EPAP/ TECHE (100) «EFUFRL(100) o TANGL (100) 4FMWT(100) »
1 DHFUEL (100) «DHLOS(YNN) ¢ JIEMAS(100) ¢ JOEMAS(100) &
1 FRGAS(100)+ECP(100) «FENTH(B,10N) ¢F1855(Bs100)+FENUT(RS10N)
1 EVOL(84100)FTEMP(R41NA) «PLYI_{R)
COMMON /STATE/ ANGLF1+ANGLE s JEONDCASTEDGNSTFP, IF
COMMON /FUFLP/ FUEL+FY¥CALWZMe7NePST«SAFCeVACAL
COMMON /TIVIG/ AINTOAFXTOWAINTCAEXTCoAFUSL SV AFUFLE
COMMON /0SNPE/ LOPT4INPL L INECOCLIMESTITELSLITEL
COMMON/CONTL/ ASTIMASTOLeASTCRB4ASTFXeASTOV4PRININGPRINCL «PRINFEYX o
1 PRINOV
COMMON /STAT1/ ROM4JLASTeNJETPHIN,F SR
COMMON /HETR1/ PRASF +TBASE ¢ VBASF +COHTL4COHT24COHT«HR(10)
COMMON /GENMY/ STROKF ¢aNE ¢CONL W VCLFARGVCUP 4RCUPICYLN
COMMON /SUv2/ TTGINT TTREXToTTOFXT«TTOUHTRI(1N) «TAHTR(10) 4P
COMMON/INFI 0/ NINEF ¢XTNFT(20) ¢ YINEF (20)  ARZINDGPINT 4 TINT4GINT,
1 EQUINT AREINT «XINV
COMMON /AMRTE/ TAMR,PAMB
COMMON /NOXS2/ CONNO (10N} +PPMNN(100) eWNO(100) « SUMNM(100) « PPMEXT
ANGLE =ANGLE +ASTE?
IF (ANGLE-ASXTC) 10041204120

100 IF(JCOND=1) 1104900049000

11n IF(JLAST.EN.1) GO Tn 112

SET THE LAST COMPUTING STEP
ASTEP=ATNTN=(ANGI_E~-ASTER)
ANGLE=AINTN
JLAST=]

G0 TO 9000

INTAKE AND EXHAUST VA|VE 9P:IN
112 JCOND=1
JLAST=n
ASTEP=ASTOV
LINFST=IFIX(PRINIV)
LINECO=0
WRITE(LPT«7000)
WRITE(L.LPT47010)
WRITE(LPT,7020)
WRITE(LPTA7030)
GN TO 9000
120 IF (ANGLE-ATNTC) 13041404140
137 IF(JCOND=2) 150,9000.9000
150 1F(JLAST.E2.1) GO TO 152
ASTEP=AFXTC~ (ANGLE=-ASTEZ?)
ANGLE=AEXTC
JLAST=1
60 TO Q000

TNTAKE VALVE NPENS

152 JCOMD=2
JLAST=n
ASTEP=ASTIN
L INFST=IFIx(PPININ)
LINECO=0n
WRITE(L.PT4720N)
WRITE(LPT«7010)
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WRITE(LPT,7220)
WRITE(LPT+723M)
GO TO 9000
140 IF (ANGLF=AFUELS) 1604170+170
160 IF(JCONN=3) 1R0+5000,9000
180 IF(JLAST.FA.1) GO TG 1A2
ASTEP=AINT(C- (ANGLE=-ASTEP)
ANGLE=AINTC '
JLAST=1
GO TO 9000

COMPRESSINON PROCFESS
1R> JCOND=3
JLAST=0
ASTEP=ASTC!,
LINEST=IFIX(PRINCL)
LINECO=n

" CALCULATE THE OVERALL FNUIVALENCF RATTO

PHIO=N,5

DO 172 I=1.6

FRES=(FMASS(24¢1)=TTGINT) #PHIN/ (SAFC+14)

FEGR=TTGINT#PHTIO#EGR/(SATC+1,)

PHIO= (FUEL+FRFS+FEGR) / (EMASS(241) =FRIS+FEGR) #SAFC
172 CONTINUE

CALCULATE THE VOLUMETRIC EFTICIENCY
NEL=2ZN/7ZM

CALL UPROP (PAMR ¢ TAMR 4N 4 s JEL +PST 40, sDIMeDUMDUM 4 DUM 9 DUM, DUM,

1 DUMsRGASOUM)
DISP=3.141A/64 ., #BORF#RNRE #STRNKE
THMASS=PAMR#DTSP/ (RAASHTAMB)
EFFVOL=TTGINT/THMASS

CNPRECT THE ENUIVALENCF RATIO OF CHARGFD AIR
FEQUI(241) = (FRFS+FFGRR) / (IMASS(2e1)-FRRES-FEGR) 8SAFC
TRASE=ETEM>(241)

PBASE=PCYL (2)
VAASE=EVOL (24 1)

NOX CONCENTRATION FNR CHARGEID AIR
CONNO(1)=(FMASS(241)~TTARINT) ZEMWT (1) #PPMFXT/1000000.
1 +TYGINT#FAR/EMWT (1) #PPUIXT/1000000,
PPMNO (1)1=1000000,2COMNND (1) #ZUWT (1) /FVASS(2,41)
WNO(1)=30,2CONNO(])
WRITE(LPT,&100) PHIN
WRITE(LPTss120) TFFVNDL,
WRITE(LPT4R140) ZFOYT(241)
WRITE (LPT+4160) OPMNO(1) +WNDJ(1)
WRITE (LPT,7400)
WRITE(LPTZ7010)
WRITE(LPTs7420)
WRITE(LPT«7430)
<0 TO 9000
170 IF (ANGLE=AEXTN) 16N«?0n0,?00
180 IF(JCONN=4) 21N04192,19Q°7
192 [F(ANGLF=AFUFLF=20.) 9nn0+900n4194
194 ASTFP=ASTC!
50 Y0 900N



124

210 IF(JLAST«F1.1) GO TO 212
ASTEP=AFUELS=(ANSGLF=ASTF?)
ANGLE=AFUELS
JLAST=1
GO TO 9000

(o
C FUEL STARTS Tn BF INJECTFD
C CNOMBUSTION ANN EXPANSTION

212 JLAST=0
JCOND=4
ASTEP=ASTCR
LINFST=IF 1Y (PRINCL)
LINFCO=n
WRITE (LPT+7600)
WRITE(LPT,7010)
WRITE(LPT.7620)
WRITE(LPT«7630)

GO 70 9000
200 IF (ANGLE=AINT0N=720,) 22n+230,230

2720 1F (JCONN=5) 2404300049000

240 IF(JULAST.EN.1) 6D TO 242
ASTEP=AEXTN=-(ANGLE-ASTEP)
ANGLE=AEXTN
JLAST=1
GO TO 9000

(of
C FXHAUST VALVE OPFNS

242 JCOND=S
JLAST=0
ASTEP=ASTEY
LINFST=IFIxXx{PRINFX)
LINECO=0
IF(IE.EQs))Y GN TN 244

Cc

C CALCULATE THE TOTAL MASS AND ENTHALPY
TENTH=0,
TMASS=0,
no 7320 I=1.IF
TENTH=TENTH+EFNTH (2, 1) 8FUASS (2, 1)
TMASS=TMASS+EMASS (2,4 1)

7320 CONTINUE

(g Xe]

CALCULATE THE AVFRAGE FNTHA_PY
AVENT=TENTH/TMASS

CALCULATE THE AVERAGE TEMPFEATURF
FIRST FIND OQUT THE ELFMENMT AHICH ENTHALPY IS CLOSF TN THFE
AVERAGE ENTHALPY
NFENTM=1000,
11=1
00 7330 I=1.1F
DENT=ABS (AVENT=FENTH(?41))
IF(NENTM.LT.DFNT) GO TO 7330
NDENTM=DENT
11=1
7330 CONTINUE

OoOO0ON

c

C DEFINE THE MEw PROPERTIS
ETFMP(2¢1) =FTFHUP (2¢1T) + (AVENT=FFNTH(?+TT1)) /FCP(TI)
FFQUI(2.1)=PHIN
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FENTH(241) =AVFNT
FMASS(241)=TMARS
CALL HPROD(OCYL (2) 4FTFMP (241 «FFAUT(201) +DT1 o« PST4FNTHLP4CSURP,
1 CSUST 4RADDRHANT 4 NRHNDP sEMAT (1) oFGAS5(1) s CVBGLFEBGR)
ECP(1)=FRGAS(1)1/4]1,.4643+CVBG
EVOL (241)=VCYLN
1E=1
C
C NOX AMOUNT WTILL RF NEFINFD,
C FXHAUST NOX 0ON MaASS BASF
ANOXEX=TWNN®TTRINT/TMAGRHRPM/120,
WRITE(LPT«740)
WRITE(1.PT47342) SCYL(P) 4 ZTEMP (241) «FZNUI(241) «FFENTH(Z241)
1 EMASS(2.1)
WOITE(LPT+7450) TPPMeANNXEX
7340 FORMAT(//410X,t2a0rxPANGION PRNCESS IS CALCULATED AS OME FLEMFNT##
1#¢)
7342 FORMAT (15X« 1 BHPRFSSURF = oF10e20'ATAY 9 /0
. 1 15X,18HAV, TFMOERATURF = «F10a14t< DEG*4/a
? lSXsleHAV. FOUI. QATIJ
3 15X418HAV, FNTHALPY
& 15X+ 18HTOTAI. MASS
2464 CONTINUE
WRITE(LPT,7R00)
WRITE(1.PT«7010)
WRITE(LPT.?820)
WRITE(LPT4+7230)
GO TO0 9000
23n JCOND=S
900Nn ANGLE=AMGLF-ASTEP
RE TURM
A100 FORMAT (//+10XetOVERALI FIUIVALFNCE RATIO =9.F172.3)
A120 FORMAT (10X 'VOLUMETRIC FFFICIFNCY=147172,3)
6140 FORMAT (10X 'CORRFCT CHARSED AIR PHT ='.F12.3)
6160 FORMAT(10X.*INNUCEN AT AND RFfG. GAS MOX'e/,
1 15X« *PPM =0 F12.]145X4¢¥ASS =04F12,3¢G")
2000 FORMAT (1H1 «5Xs*INTAKE AMD EXHAUST VA_VE OPENY./)
7010 FORMAT (lH «'0OUTSUT NDATA?')
7020 FORMAT (2X «4HTHED e 3IXebH P 93X 46H T «e3IXebd V +3IXGHWNRK,
1 3Xs7HCYLMASe3IXa16H HEAT  TRANSFFP +6Xe4HAEFT4a3Xe4H GWIsSXe
2 4HAEFF «3Xe4H GWE)
7030 FORMAT(P2X o4HNFG o3XeLHATA ¢43X44H X 12X e SHCMU##I43INsGH PS
1 IXs7TH Kn +3IXe15H CALZA CAL  «3X4SHCU#E? 43X e4H R/SelX,
2 SHCM##243Y44H G/S4/)
7200 FORMAT (1H]L «SXe v INTAKFE VALVE OPFNY,./)
7220 FORMAT(2X «4HTHEN ¢3XeaH P 93Xe4H T +3Xedd4 V e IX s 4HWNRK
1 IXe7HCYL480S43X415H HFAT  TRANSFFR45X44HATFTe3IXeb4 GWT)
77230 FORMAT (2K «4HDFG ¢3X44HATA 43XebH K 92X eS5HCME#343XelH PS
1 IXTH G «IXS1GH CALZA cap 05X 4 SHCU##2 43X 3 4H (/Se/)
7400 FORMAT (1H]1 45X« 'CIMPRFSSTIN® ¢ /)
7420 FORMAT(2X (4HTHEDe3IXe6H P 93Xe4H T ¢3X24+4 V +3X¢4HWNRX
1 3X47THCYL MASeIXe15H HFAT TRANSFFReTX34HFSUR¢3X44HSRT)
7430 FORMAT(PX o6HNFG « WX G4HATA 43Xe4H K 92XeSHCMP#3 43X e4H PS o
1 3X«7H G «3Xe18H CA_/A AL «11Xe3X4GrHERDV)
7450 FORMAT(//« 10X v #EEXHAIIST NOX#att e/,
1 15X 4 1SHMOX CONCFN, = 4FIN 14'PDVI /0
? 15X 41SHTNTAI MASGS = 92)12,360710)
7600 FORMAT (1H1.SX < ¢COMRUSTTINN AND FXPANSION? /)
7AP0 FORMAT (PXeG4HTHFN ¢3X ¢ PORFESS T g QX ¢ tPG1 g 7X e IFSHTRE 47X IS, RTI 47Xy
1 'PPUI(OX 4NN e/ e]Xe

eF10,3470
F10.2,'CALZGY,
«F10.4416")
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1 1““”"lKQ?HQ“n3!0“HT.AVQ3Xt4H?TEW.3XQAHR.QT;
1 IXeGHMASS 4 IX44HOMAG s AX e 4HBMAS e AXes4  V ¢ IX44HFQUT 93X 44H  COy
2 INGHHFNTH3IXeaH PPMyIX G SH WANDG 11X, 184 JET LOCATINNS (R R
1 GHRJET e 1XeS5HCGANG 42X e4dH.T, )

7630 FORMAT( 6Xe4XoetH K s AXWSH K 43XelX e3XeaH MG $3X4H MG
1 3Xe4H MG 42X SHOMBR3, TXe2X ¢ SHCAIL /R e 2XeSHCAL /G e2X s 4H PPM,
?2 IXe7THGR1088A 41 XSHR (M) o 1XeGHZ (CM) o 1 X4SH DEG +2Xe4H CM +2Xs
3 4H DEGe2Xe4H CAL)

7800 FORMAT (1H1.5X¢1EXHALIST VALVE NPEN'./)

7820 FORMAT(2X J4HTHEN 3Xe4H P 43Xe4H T tIXe4H  V e INGGHWNIRK
1 3IXe7THCYL «MAS,3Xe15H HEAT  TRAMSFERGSXL4HAEFE 43X e 4+ GWF)
END
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SUHROUTTNE FXPNOR

EXHAUST PORT raLCULATINN
THIS PROGRAM WAS OR[LGINALLY MADE USING METER-KG UNIT

COMMON/FPRNP/ IECHF (100) «EFJEL (100) « TANGL (100) +EMWT(100)
1 nHFUEL(lon)'OHLOS(IOO).JIE%AQ(lOO)o)OFMAS(IOO)c
1 FPGAS(IOO)qECD(IOO).FFMTH(qolnn).FMﬂSS(RoIOO).FEOUI(R.lon).
1 EVOL(BQIOO)QETE“p(ROIOn)OPCYL(R)
COMMON/EXFLO/NFXFF.XFYEF(?0)QYEXEF(ZQ)QAQEEXDODEXTOTEXTOGFXTQ
1 IGLEFTOTLQFT.QEX?QOFLOW'ELEFTCAQFFXT'XEXV
COMMON /STATE/ ANGLF 1 ¢ ANSLE « JCNRD ¢ ASTEP WNSTEP W IFE
COMMON /TIMIG/ ATNTNaFXTOWATNTCAFXTCOAFUSI 5« AFUELE
COMMON /FUFLP/ FUEL «FKCA-92Me7MaPST o SAFCeVACAL
COMMON /STAT1/ ROM,.ILASTeNJETWPHINGESR
IF (PEXT=PCYL (1)) 5N45NekI
EXHAUST FLOW 15§ FROM CYLINDZIR TO EX, PORT
P VALUE DNESM'T CHANGE MucCH.
50 CEXTz-l 3
PHIGH=FRGAS (1) #9,AR
PHIGH=PCYL (1)®#10000,
PREX=PEXT/PCYL (1)
EHIGH=FEQUT (1+1)
IF(IGLFFT) 51451457
IGLFFT=1 THFRE IS RFESINUA. GAS
IGLFFT=0 THFRE 1S NNT PESIDUAL GAS
52 THIGH=ETEMP(1l.1)
aAKCYL=1,34
AKHIGH=AKCYL
GO TO 100
S1 THIGH=TLEFT
PHIGH=FRGAS(]) #9,8
AKLEF=1.34
AKHIGH=AKLEF
~0 70 100
FYHAUST FLOW IS FROV FX,. P0RT TO CYLTINDER
6n PHIGH=ERGAS(1)%#9,.8
CEXT=1.
FHIGH=FFAQUT (141)
DHIGH=CFXT#1N0NN,
PREX=PCYL (1) /PFXT
THIGH=ETEMD (141)
AKEXT=1 .3‘0
AKHIGH=AKEYT

CALCULATE THE EFFECTIVF FXHAUST FILOW ARZIA

100 JF(ANGLE=360.) 150415n0,160

150 ANAE=(ANGLV-(AEXT0-7?0.))/(AEXTC-(AFxTﬂ-720.))
G0 TO 200

140 AMAF= (ANGLE~AFXTN) Z(AFXTI-AEXTN+T720,)

200 CALL TWODIM(NEXEF 4XEXFF ¢ YEXEF ¢« ANAE$AREFAC)
ARFEXT=AREFXD#ARFFAC
APFFEXT=ARESXT/Z1000DN,
PRCRIT= (24 /(AKHTGH+] ) ) ## (AXKHTGH/ (AK-ISH=1,))

CHFCK WHFETHER FLOW IS CHNAKFD OR NOT
1F (PRCRIT=-0PREX) 300¢3004310

CHNKED
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310 PPEX=PRCRIT
c .
C NFXT FOUATION IS RASEN ON MITER -wG UNTT
300 GEXT= 6NRT (ARG (2. 2AKHIGA#G .8 /RHIGH/THIGH
1 Z7(AKHIGH=1.)# (PREX#® (2, /AK-HIGH) ~PRFX“& ((A<HIGH+1,)
2 /ZAKHIGH) ) )) ’
GEXT=OHIGH®ARFFXT/A/RPPUBGEXT
GEXT=CEXT#GFXT
GFXT=GEXT#1000.
AREFXT=AREFXT#10000,
IF(CEXT) 410446104400
410 TMANI=THIGH#PREX## { (AKHTSH=1,) /AKHTGH)
OEXT=GFXT#ENT (TUANT JFHIGHSAFC)
GO-TO 1000
400 NEXT=GEXTRENT(TEXTWFHIGHeSAFC)
1000 RETURN
END
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SUBROUT INE VOLCY(ANGLF.VCYL.DVCYLoST?OKEcBDPEoCONLoVCLFAR-VCUP)
PAI=3.141593
ANGRAD=ANGLE®PATI/1R0N,
HSTROK=STRIXE/2,
DFLTA VOLUME CALCULATTION
DVCYL:PAI°QOPE¢G?/Q.“(HQTRO(“S‘N(ANG?AD)0HSTQOK““?“SIN(ANGQAD)
1 “COS(ANGDAO)/SQRT(COVL““Z-HSTROK¢¢2“SIN(ANGQAD)“’2,)GPAT/lﬁﬂ.
VALUME CALCULATION
DISTTB:CONL“(!.-SOQT(I.-(HSTQOK/CONL)““29SIN(ANGQAD)¢¢2))
1  +HSTROK® (]1.-COS(ANGRAN))
VCYL=VCLEA90VCHP¢PAI”ROQE”BORE/&.“DISTTB
RETURN
END
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SHURROUTINE TWONTM(NGXeY o XINsYOUT)
DIMENSION x(1)aY(])
XPDUMMY=XIN
IF (XDUMMY=X (1)) 51048104810
S1n xDUMMY=X (1)
ARl1n COMTINUFE
IF (XDUMMY=x (N)) B20+8204520
S20 XDUMMY=X (N)
820 COMTINUE
J=0
3 J=J+)
S IF(XDUMMY=X (1)) 1243
2 YOUT=Y(J)
GO T0 ¢
1 YOUT=Y (J) = (X{J)=XDUMMY) Z(X(J)=X(J=1)) 4 (Y (J)=Y(J=1))
4 RETURN
END
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SURRIUTINE HEATR

HOAT TOANMNGFFD CALCHLATTOM
CN AMNN/FPDADY chHr(Inn).EFJrLflnn).=hﬂGl(lnﬂ).?MWT(IGO).
1 NHFUFL (100) «NHLAS(10N) JITEMAS(INN) (IUEMAS(INN)
1 FQGAc(lﬂO).ECO(lnn).erTH(R.lﬂn).fvuss(n.lnn).FEOU!(Q.IOh).
1 FVIAL(RelNDN) ¢FTFUR (ARGINAN) «PCY (R)
COMUON /STATF/ ANGI F14aNSLE . JONNDGASTED JNSTFP, TF
cnmuaQN /STeT1/ ROM, JLAST eMJZToPHINGF5R
N0 /GENMT Y/ QTROKF AN ¢ CONL s VCLF ERGVCUD4RCHP4CYLN
COVMON /HETRS/ MGIVID.TVETAL(ID).OHT?C(ID).APF(IO)
aoMuny JJFTS/ DJETIGN) dHIET(G0) «AJETISN) sRJFT(G0) « THER(50)
1 V“JET(G").VZJFT(SO)oWJfT(5O)oVJST(SO)oAI"J(SO).QHJET(GO)o
? PITCH(SN)
COYMON /SUDARAS/ FSUIO(WSAIRISNECAY
CAAMOL ZHETR1/7 PRAGF (TRASFE ¢ VBASF ¢CNHT L COHT24COHT RHR (10)
DIMENSTION J4TCNZ(10) (HTT(10)
ANGRAN=ANGI E#3,141A 7180,
ralL VOLCY (ANGLE «CYLV 3y N1IMe STRNXF ¢RNRZ s CONL 4 VCLF AR, VCUP)

GFT THF H.T. 89Fa OF CYLINNDIP WALL

ARF (?) =(CYLV=VCiIP)#&4,/RIRE
no 200 1=1."MIvIN
NHTPC (1) =0,
200 CONTINIF
nn 202 1=1.T1F
nHI_NS (1) =0,
202 CONTINUE
HTCON]:COHY’?OIQ.°90°F¢u(-0.2)#PCYL(I)auo.q/(?,]solo,aoauoomq
-0 T0O (210021092709?209?10) s JONNMD

1SFMTRNAIC TEARERATHYRF
22n PISFN=PRAST# (VRASE /CY! V) #3#] 432
HTCQN?=C0HT]“(QT?OKFODDM/30o)+100.@C3ﬁT?“CYLV“TRAQE/(DRASf
1 #VRASF) #(2CYI (1)=PTSFN)
6N TH 230

FNAD PPNCFSS ~-INTAXCFY=AST AND VALVF JVERLAD
210 PISFN=2RYL(T)
HTCOM?:COHT]o(qTQQkF&DDu/JQ,)
230 COMTINGF
no 300 T=2.M01vIN

n,a 1S AN ADJISTING FarTnd

HTIFO2 (1) = (ATCNM2+WSWIReRAM ([) 8N b)) anlieR
0N COMTIMUE

IFILL="

IF(IF.FN.1) GN T 100N

TADFa=0,

nn 24900 J=t.I1F

1=1F+1=~)

IF(]«FN,]1) RN T 212N

TIHF ADFA OF J=T CAMTACTIMAG FITH wapl
APFATH=R JET (T)OSTH(THER (1) /72) 82,8y aZT (1) #2TTOH(T) 7 (A, #RONM)
TAWFA=TARFAADPCATH

FuFre WRETSS TAF STSTAN 112 IS FulL 91T4 JFT FLEMFNTS 00 NOT
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IF(TAREALGTLAPF (4) ) AN TH 2090
OTAREAZARF (P) +ARF () ¢ ARE(S) ¢+ 4RF (A) ¢ A (T)

PISTNY CUP IS NOT FTILLFN WrTH JFT FLEUFNTS
DHLOS(I)=HTCONTRETFMO (1 1) #2(an,53)#-4TCO2 (4) #AQFATH®
1 (FTEMD(141)=THUETAL (6))
NHTRC(4) =0T (4) +DHILNSL])
AHTRC (1) =NUT20 (1) +nHILNS ()
O TN 2900

e le]

[
€ PISTON CUIP IS FILLED WITH 1T EZLFEMENTS
202n IFILL=1
2100 AA=ARFATHH#ATCONMIHETFUP (1) #8(=n,573)
OTAREA=ARE (2) +ARE () +ADF (S) +ARF (K) +4E(T)
211/ NN 2110 JJ=?«NDIVIN
IF(IFTI LeFNeN) 6N TN 2112
IF(JJFN4) 50 TH 211N
2112 HTT(JJ) =AA#ARF (J)) /RTARZA#ATAN2 (SN H(ETEMI (1o 1) =TUETAL(J)))
QHTRC (SN = HTRC (1) +HTT (JD)
NHLOGS () =NSLNS(IT) +HTT () 1)
OHTRC (1) =04TRC (1Y +HTI (.40)
2110 COMTIMUE
A0 TO 2900
.
C FNR FIFEMENT 1
2120 XX=AQF (4)
IFUIFILL«FNeN) 6Y TN P11 %
BA=(ARF (2)+A0F () +ANE (4) +ART (R) +ARF (S) +ARE(T7) =TARFA) #HTCOM #
1 FTEMP(1+4]1)##(~N,513)
PTAREA=ARE (P)+ARE () +ARF (S5) +aRF (R) +ARE(T)
. 6N TH 2116
2114 RTAOEA=ARE (?) +ARF (3)+ARF (S) +ARF (6) +A2E(7) *ARE (4) =TARFA
XYSARE (4)
APF {4)=ARE(64)~-TAJFA
AA=OTARFASATCONL®FTFMP (1e]) #2(=-0n,573)
50 TO 2114
2900 COMT INye
ARF (4)=XYX
nN TN qangQ
1900 RTICOL I =HTCAM]I#FTEMP (] ,]) ##(=0,53)
- NN 1900 I=2NDIVIN
OHTRC(T)=HTCON1#<4TCN2 (1) R (ETFMP (1 41) =TUFTAL (T) ) #ARE(T)
NAHTPC (1) =N=TRC (1) +NHTRC (D)
1200 COMTINYF
DHLNS (1) =N=<TRC(])
apgnn RFTUPN
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QURBOUTTHE NELTA(DVAY! «EFNTINT)
FOMMON/ZERRAP/Z TECHE (10N) EFJFE (100 ¢TANGE (100) 4FMUT(100),
1 DHFUFL (100) oNHLNS (100 ¢DJTEMAS(10N) IVFMAS(INN) o
1 FOGA<(100».=PO(100).fENTH(H.lon).runsq(ﬂcloo).FEour(R.lnnl.
1 FVOL(B4100) oFTEWP (R4100) sPCYL (A)
COMMON Z/STATEZ ANGLFY «ANGLE s ICONDGASTER (NSTEP G TE
COMMON/FXFLOIHFX?F-XEXEr(20)oYFXEF(?ﬂ)-AQEFXDoDEXToTEXToG‘XTo
i IGLEFT.TLtFT.OFXT-OVLQW-FLEFT.ADFEXToXExV
AIMFNSION NO(1NN) «HFNTH(1C0)
AJ=‘0?.6R
NN S0 I=1l+TE
DOCT)=NHFUSL(T)=NHI NS ()
HFMNTHIT) =FEEMTH(Y W I)
SN COMTINUF _
FHTAYL=HENTH(1)
AA=DQ(1)Y+QTLOY -(DTEMAS()) -
1 DOFMAS (1)) aHFNTH(Y)
hA=AA°€V0L(]9])/(E“AQQ(]'l)”ECD(l)“ETEWQ(lol))‘(D‘EMAQ(])
1 =DOEMAS(1)) /FMASS(141)2ZVOL(141)
RP=€VOL(1~])“FVOL(lol)/(iMASﬁ(lal)*FCP(l)“ETFMD(l.I)*Al)
1-FVOL(1e1)/7PCYL (1)
IF(IE.LT«?) GO TH 200
Nnn 100 I=2.1%
AA=AA0€VUL(loT)/(EMA§<(l'I)“ECD(!)QFTEup(I.I))*(DO(I)
1 +DIEMAS(I) #AFNTH(]) «NIEMAS () SHENTH(T) <~ (NTEMAS(T)
7 =NOCMAS (1)) #HFNTH(T)) + (DIZMAG(T) =NIEMAS(T)) ZEMASS(1.T)
3 #FVOL(1s 1)
AR=B5+EVOL (14 T)#FVM (1,T1) /7(EYASS (1. 1) #ECP(T)
1 #FTEMP (1o 1) #8 1) =EVOL (1. DD /72CYL (D)
100 CONTINNF
2nn PCYL (3)=(DvCYI -A4) /H7
FVOL(3o])=?V0l(lyl)/(fMASS(lnID“FCD(l)*ETEWD(qu))
] #(NDQ (1} +N=L O™ -(NDIFMAS(])
2-NAFMAS (1)) #4ENTH (1Y )+ (DIEMAS (1) =NIEMAS(])) /FMASS(1.])
3 BEVOL (191)+ (FVNL(1e1)#EVOL(141) Z(FM?SS(1a]1)#ECP (1) #FTFMP(141)
4 #4801 =FyDL (1)) /72CYL (V)Y RPCYL ()
ETF“D(39])=:TEWD'10])“(D:YL(3)/pCVL(]’*EVOL(?QI)/anL(lol‘
v = (NIFAAS(1)=NAOFYAS (1)) /IMAGS(14]1))
FMASS (1) =NTFMAS(]) =NOF4aS(1)
FFMTH (31 ) =FOR (1) #FTEwP (341)
IF(TF 1. Te?) 5N TH 400
N 3nn 1=2.1F
VV“L‘?-!):CVOI(l-I)/(C“ASS(l.!)“ECD(I)*ETEwp(lo!))
18 (NN (1) +NTEMAS (1) #HFNTHIL)  =NNEUAS (1) #HENTH(T) -(NIFMAS(T) -
2 ANFUAS(I)Y#ATMTU(T)Y + (VIEMAS(T)=NNTYAS(T) ) /FMASS (], T)
3 “FVUL(1~I)O(FV0L(1.IIGFV”L(I.Y)/(FMhSS(l-Y)*ECP(!)*ETFM°(1.l)“AJ)
4 =Fval (Yo /2Cyi_(1)y#ory_(7)
FTFMP (34 [) =FTFMD (1 41) 8 (O YL () /PCYL (1) +EVOL (34 T) /FVOL (V0T =
1 (NTEMAS(IV=DOFMAS(T)Y/FU0SS(1aT))
FUASS (4 1) =NIFUAS(T)=NNFVAS(T)
FEMTH(341) =ECP (L) #ETE~2 (3 ])
190 CONTIHNF
4ann CETIFY
Frn
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FUHCTIOM ENT({TeFeXXX)

TN CALCULATF THE FNTHAL®Y N7 GAS AT LW 2RFESSUYRFE (T<1A00 K)

T41S SUALONTINF IS JSFN FNO CALCHLATING THE ENTHALPY OF IMITTAL GA<
TMSINF THE CYLINDE2. INTAKI AIR ANND FY48,)ST 54AS,

1T 1S RECHMENMAFND THAT M, 4aRTINe& PAINGRAEMS BE YSEN FNRI HTGH PRFQQURE
Nno HIAH TFMPFRATIIRE GASFS,

SAFC=14,4

IF(FLTL2.01) GO TN 100

AF=SAFC/E

a0 TO 200

1nn aF=0.
200 CNMTINUF
IF(T=-P00.) 10410420
10 FMT  ==0,405671 40, P2633538#T =0, 1H45NRF=4aTaap +0.157984F =7

1 #T88340,25317T2E=1NeT884 =0,1797AT7T-134Twees

IF(AF) 99429440

40 FNT  =ENT  +(14.9607 =0.125357#T +0,769710F-32T48#2-0,5175R5F -4
1 #T#%7 +0,505961F=10aT¢%4 40, RIAITTFE=-132T#8S )/ (AF+1.)
RETURMN
20 FNT  =11e317% +0.190755#T +0,AITAPSF-48T##2 =0 ,182]173F-78T84]
1 +0, 2234455~ 14Tustb
IF(AF) 99,09430
30 FMT  =ENT  +(=62.2372 +0.199R8924#T +0.871213F~4aT8a2 +0,A0NARAF-7
1 oTe#l  =N,20054GF-)NnaTu#s +n,30]AR57F=14aTunG )/ (AF+1.)
99 RFTURN
EMN
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Coanpnsosnbtanotaanns VERSTOM 1.0 #ow# §/297174 LYY YT 2 2 L2 L a0 2 2
SURROUTINE HPROD

PURPOSE @
TO CALCULATE THE SPECIFIC ENTHALPY OF THF PRODUCTS OF HYDRO
CARRON-ATR COMBUSTTON AS A FUNCTION OF TEMRERATURE AND PRES
SURE. USING AN APPROXIMATE CORRECTION FOR DISSOCIATTION. _
THE PARTIAI DERIVATIVIS OF H WITH RESPECT TO THESK VARTARLFS
ARE ALSN CALCULATEN, ALONG WITH THE GAS DENSITY AND ITS PAR
TIAL DESIVATIVES

USAGE:
CALL HPROD(PoToPHIJDELIPSIWFENTHLP +CSURP «CSURTsRHO«DRHONT »
PRHONP)
DFSCRIPTION OF PARAMETERS:
GIVEN:
P - ABSOLUTE PRESSURE OF PRONJCTS (aTM)
T ~ TEMPERATURE 0OF PRONDUCTS (JEG K)
PHI - EQUIVALENCF RATIO (FUEL/ATR RATIO DIVIDED BY THE
CHFEMICALLY CORIRECT FUEL/AIR RATIO)
NEL - MOLAR C:H PATIO OF THE PRIDUCTS
PS1 - MOLAR N:0 RATIO 9F THE PRIDUCTS
RETURNS:

ENTHLP~ SPFCIFIC ENTHALPY OF THE °PRODUCTS (KCAL/G)

CSUBP - PARTIAL NERIVATIVE OF ENT-HL® WITH RESPECT TO T
AT CONSTANT P {CAL/G=DES ¥)

CSUBT - PARTIAL NFRIVATIVE OF ENTHLE WITH RESPECT 70 P
AT CONSTANT T (ccrsG)

RHO - DENSITY OF THI PRODUCTS (G/cc)
DRHODT~- PARTIAL NERIVATIVE NF RHO WITH RESPECT TO T AT
CONSTANT P (6/CC-NEG X) ‘

DRHONP- PARTIAL DFRPIVATIVE OF RHD WTITH RESPECT TO P AT
CONSTANT T (G/CC-ATM)

REMARKS:
1)  ENTHALPY NATUM STATE IS AT T = 0 ABSOLUTE WITH
02.M2+H2 GASFOUS AND C SOLTN 3RAPHITE
2) IN CASE NF PRORILEMS CONTACT MI<E MARTIN AT 253-2411
(ROOvw 3-339 D)

SUBROUTINES &NN FUNCTTON SU3PRNGRAMS REQUIRED:
DERIVS,CLDPRN

METHOD:
SEE MARTIN K HEYWOND 'APOROXIMATE RELLATTONS FOR THF THFRMO-
DYNAMIC PROPERTIES OF HYDROCARBON=-AIPR CHOMRUSTION PPODUCTS?t

5000GOOOOGOO0000(’)0000000000000000OOOGOOOOQO()OOOOO

OQQ#QQG##“ﬁ&#i‘#&G##QQQ##GQO“&“GQ“#“G%#GGO“"“Qﬁaﬂﬁﬂﬂﬂ Y221 AL

1

c .
SURROUT INE HEROD (P4 ToPHTsDEL +PST4FNTHLP ¢CSJRP s CSURT 9 RHO 9 DRHONT o
1 DRHODP 4 AMWT 4 RAVG«FVAVG e ENFRGY)
LOGICAL RICHeLFANSNOTHOTeNOTWRMeNOTC D

C

C INITIALTIZE PARAMFTFRS USED IN THE CA_CULATION

c

DATA AHFCOP¢AHFH?NAHFCN/~93,9454=574103¢-274200/
NPATA ROVR?2/,.9Q145F =3/
NATA TCOLN.THOT /1000,¢1100.7



DOO

O oO0oo0on

OoO0ON0

O

O0O000

1n

2N

136

RICH = PHI OGEO l1en
LFAN = ,NOT, RICH

NOTHOT = T .LT. THOT
NOTCLD = T .6T. TCOLN
NOTWRM = .NOT. (NOTCLD .AND. NOTHOT)

EPS=(4,2NEL) /(1e + 4 ,#NEL)
HUSF SIMPLE ROUTINE FOR LIOW TEMPERATURE MIXES

IF (NOTCLDY GN TN S

CALL CLOPRN(PeTePHTWNFL¢>SIsENTHLP,CSURP+CSURT yRHO+DRHODT s
DRHODP ¢ IER ¢ AMWT)

GO 70 30

CALCULATE FAUILTISRIUM CONSTANTS FOR DISSOCIATION.
(NOTE THAT UNTTS ARF TNVIRSE PRESSURZI TO THE 1/2 POWER)

AK1
AK2

«39E-4 # EXP(~,3#F3S + 34000,/T)
0145-3 #* EXP(I.3“F’5 * 29000./T)

CALCULATE as Xs Ys AND U AS IN NOTES

A = ((2.- FPS ¢ PST1)/(4,%P*AK1#AK])) ##(,33333333)

T1 = 2.- €95 + PS]
T2 = 1. 4 2.7}
T3 = EPS*®A

X = A#(3.8T] & T28T3) /(3% (1,¢ 2,8T3)¥T] ¢ 2,#T28#732T3)

2 = (1.- Pal)/x
IF (RICH) ¥ = X/(le= R4%Z + ,3047482)

IF (LEAMN) ¥ = X8(),+ 7 ¢+ J3687882)/(1, ¢ ,36%7) = (1, = PHI)

U = (2. =~ TPS ¢ PSTI#(1,= 2e#FPSH#X)/(4,8AK)#AK2H#P#X)

CALCULATE THE FNTHALPY 0OF FORMATION “0R THIS APPROXIMATE
COMPOSITION

ENTFOP = 1n00,#RNVR2&( (117, + 30,#FPS)8Y + 135,8EpSey)
XH20 = 24%(le= FPS)#PH]

Tl = 7.84PST 4 §,8Y + ,8)

T2 = PSI = 3.%#Y = 1)

IF (LEAN) GO TO 10

RCVT = 24 ¢ 2e%(7e = 4,#ZPS)BPHI + T)
RCVV = 44 ¢ (24~ 3,#FDS)#PH] « T2
XCO2 = 2¢~ (24= FPS)&PHT

XCN = 2,#(2H] =~ 1.}
ENTFOR = EMTFOR = 1000,#0VI2413,# (P4l - 1,)/FP..
GN TO 20

RCVT = 7. + (9, = R,#FPR)#PHT + T
RAVYV = 1a ¢ (Se= 3,#FPS)HOHT « T2
XCO = n,

XCN?2 = FPSuPHY

ENTFOR = FMTFAR & (XCN2#AHFCO? + XHR2)*AHFH20 + XCN®AHFCO)

AND IN TRANSLATIONALVIARRATINNAL. AND R0TATTONA|. TERMS TO GFT
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TOTAL ENTHALPY

TV = (3000.~ 2000.#F0S + 300,40SI)/(le~ «58EPS & L09#PST)
TV = TV/L FX2(TV/T) = 14)
AMCP = (B.9EPS + 4,1#PHT + 32, ¢ 2R, 4PS1

ENTHLP = (POVR?#(RCVTeT ¢ RCyyaTVE2,) « ENTFOR) /84CP

CALCULATE AVERAGE MOLFCU-AR WETGHT, aND GET DENSITY BY
USING THE OFRFFCT GAS LAW

IF (LFAN) AMWT AMCPZ(le ¢ (le- EPS)I#PHI & PST ¢ Y + U)
IF (RICH) AMWT = AMCP/((2.- EPS)#PHI + PST + ¥ ¢+ U)
RHO = .012187%AMWT#P/T

GET PARTIAL DFRIVATIVFS 3Y WAY OF A SURROUTINF CALL

CALL DERIVQ(P.T.PHIoEPSo’SIvoXoYvUvA“NT.CSUBP;CSUQT.DQHODTo
1 NRHNDP)

IF CALCULATING FOR aN INTERMEDTATE TEZMPERATURE. USE A WEIGHTED
AVFRAGE OF THF RESULTS FR0M THIS ROUTINE AND THOSE FROM THE
SIMPLE ROUTINE

IF (NOTWRM) GO TO 30 .

CALL CLDPRW(P;T-DHIcDFLo’SIoTHcTCPoTCToTRHOoTDRT.TDRP.IER.AMNT)
W) (T = TCOLN)/Z(THOT = TCOLM)
NZ 1.0 - v]

n

ENTHLP = WI#ENTHLP w2eTH
csuRsP W1#CSURP + w2eTC?
csusT W12CSURT + w2eTCT
RHO = W1H#R4D + W2#TRHN
DRHODT W1#DRHNDT + WP=TDRT
NRHODP = W1#DRHNIP + W2#TDR2

RAVA=R2,057/4MWT
CVAVG=CSURD=1,93/7AMUuT
ENEPGY=1000.“EHTHLP-1.QR“T/AMWT

RF TURN
END
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Covapoponatanoddanss VFRSTON le]l #eo
SUJRROUTINE. CLDPRN

PURPOSF 2
TO CALC'ILATE THF SPECIFIC FNTHALPY OF THE PRODUCTS NF HC=-AT9
COMBUSTTON AT TFMPFRATURES aAND PRISSURES WHERE NISSOCIATION
OF THE DRODUCT GASFS MAY RF IGNNRID, THE DFENSTTY OF THE
PRODUCT GAS 1S ALSN CALCJI ATED. AS ARE THF PARTIAL
DERIVATIVES OF ROTH 07 THFSF QUAMTITIES WITH RFSPECTY TO
PRESSURE ANN TEMPERATJRE,

IJSAGE :
CALL CLNPRD(PTPHT4NZL ¢25T 4FNTHL P+ CSUBDCSURBT s RHODRHNDT,
PDRHNNP, TZR)
NESCRIPTION OF PARAMETERS:
GIVEN:
p - ABSOLUTE PRESSURE OF PRODJCTS (ATM)
T - TEMPERATURF nNF PRIDNUCTS (JEG K)

PH1 - FQUTVALENCF RATIO (FUEL/&IR RATIO DIVIDED RY THE
CHEMICALLY CNRRECT FUFL/AIR RATIMN
DEL - MOLAR C:H RATIO OF THE PRIDUCTS
PS1 - MOLAR N:Nn PATIO OF THE PRIDUCTS
RETURNS:
ENTHLP=- SPFCIFIC FMTHALPY 0OF THF 534S (KCAL/G)
CSUBP - PARTIAL NFRIVATIVE OF ENT-LP WITH RESPECT TN T
AT CONSTANT P (CAL/G=DES K)
CSUBT - PARTIAL NERIVATIVE NF ENTAHLP WITH RESPECT Tn P
AT CONSTANT T (0C/6)
RHO - DENSITY OF THZ MIXTURE (G/ZC)
DRHODT~- PARTTIAL NFRIVATIVE NF RHND WITH RFSPFCT TO T AT
CONSTANT P (G/CC=-DFNR X)
DRHONP- PARTIAILL NFRIVATIVE OF RHN WTITH RFSPECT TO P AT
CONSTANT T (G/CC=ATM™)
1ER - FLAGs SFT TN 1 FO2 T<1InNo JEG K
2 FOR T> ANN0 NEG «
0 OTHFOWISF

REMARKS
1) FNTWHALPY NATUM STATE 1S AT T = 0 aRSOLUTF WITH
024MN24H? SASFONS AND C SOLIN SRAPHITF
?) IN CASE NF PRORBLEMS CONTACT MI<E MARTIN AT 253-2411
(RNO4 3-333 N) :

SURROUTINES AND FUNCTTON SU3PROGRAVS NEEDED: NONF

MFETHOD ¢
DESCRIBFD IN APPENNIX IV OF WRITFJP

2 XsNelsXeNeXe Xz NzXe X2 XeXsXe X2 X X2 Xe X Rz X2 Xz s Nz s s Re Ko e e Ne Re Ne o e Ne Ne No NeXe o Ne Xe Ne NeNe Ne Ne N Nol

BB A L RN RN NR IR E AR ORORANIRRRRORERAVOBRORIVRRBONNE BBy
SURROUTIME CLDPRI(PToPHIWDEL «PST4FNTHLP+CSUIRP4CSIBT4RHO
1 DRHODT +DRHODP 4+ ITReMRAR)

LOGICAL RICHJLFAN
DIMENSION A(ReAe?) X (R)
NIMENSINON MY (3A) 482 (R)
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DO

OHOOD

O

1n

2n

an
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EQUIVALENCT (AT1(1)eA(1ele1))o(A2(1) 98 (10l02))
REAL#4  MRARWX

INITIALT7E PARAMETFRSs AND CHECk TO SEE IN WHAT TEMPERATURF
RANGE WF ARF SO THAT THE CORRECT “ITTED COFFFICTENTS WTLL R
USEN. FLAG TEMPFRATURIS Ton RIG O TON SMALL

DATA A1/11.9407342.0885A14=0,470294,0373634-,5R94474=97.141R,

1 %¢13909644.607834=,935A009¢,04669693¢,0335R8N1+-56,625R8

2 7.099556.1.2750574-.2R774574.0223554=,159860964=27,73464,

7 5.555680,1.7871914-,2R813642,,01951547+41611828, ,76498,

4 T.86586746RR37194-,031944,-,0026A7084-.20138734~.893455,

S 6.80777141.6536064-,328985,.025610354=-,1199462,-,331835/

DATA A2/6.737305416.652R34=11,.23249,2.8280014.00676702.=93.75793,
7.8096724=e2023519¢2,41870R¢-1.179013¢.00143629,-57.08004,
6.973934-e823831942,962062,-1.1742394.0004132409.-27,19597,
6.9918784e1A17N64e=,21820714,29681774-.016252344-.1181A0,
6.295715.2.3883875=,031678R4~,3267%334.00435925,+,103A37,
7.0921994-1.295R25,3,20688,=1,2022124=20003457938,-.013967/

t>200N

RICH = PHI GT. 14N
LEAN = oN.')T. QICH
EPS = 4,%DFL/(1e + 64%#DF.)
IFR = 0

IF (T .GT. 6000.) IFR =
=1

IF (T LTe 500,) IR = 2

2

GET THF COMPOSITION IN MOLES/MOLE OxYGFN

IF (RICH) GO 7O 1N

Y1) = FPSuPHY

X(?2) = 7Pe®(le~ EPS)#DOH]
X(3) = 0.

X(4) = 0.

X(5) = le= PHI

GO TO 20

7 = 1000./7

K = EXP(2.763 + 728(=1,761 ¢ Z2#(=1.611 + 7%,2803)))

ALpHA = lo - K

BETA = (2e#(le~ FPSEPHI) ¢ K8 (2.,#(PHI = 1) + FPS®PHI))
GAMMA = 2,8K#EPS#PHI# (PRI - 1.)

€C = ( -~ BETA + SORT(AFTA®BETA + 4, #A_PHARGAMMA) )/ (2.8ALPHA)

X(1) = FPS«pH]l - C

X(2) = 2e%(ls = EPS#PHT) + C
Xx(3) = ¢C

X(4) = 24%¢PHT = 1,) = €
X(S) = 0,

X(h) = PST

CONVERT COMPOSITION TO MOLF FRACTIONS ANN CALCULATE AVERAGF
MOLECUL AP WFIGHT

IF (LEAM) TMOLFS = 1. + 2SI + PHI®().=FPS)
1F (RICH) TMOLFS = PST + PHI®(2.~FPS)
NN 30 J = 16
X(J) = ¥x(J)/THOLFS
MBAR = ((R.#EPS + 4,)8PHL ¢ 32, ¢ PR.UDST) /TUNLFS
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CALCULATE H, CPy AND CT AS IN WRTITEUP« USING FITTED
COEFFICIENTS FRNM .IANAF TARLFS

FNTHLP = 0,
CSURP = 0,
CSURT = 0,
ST = T/100n,
DO 40 J = 146

TH = ((( A(GeJeIR) 764,%ST + A(3eJeIR)/Fe ) 8ST

+ A(24JeTR)I /2. I1HST & A(1eJelR) )T
TCP = (( A{GeJseIRI®ST + A(34JeTR) ) asST
+ A(P2eJeIP) )®GT ¢ A(19JsIR)

TH = TH = A(SeJeTRI/ST + A(hsJeIR)
TCP = TCP A(S¢JeIR) /STEup
ENTHLP = FNTHLP + TH#X(J)

CSURP = CSURP + TCIP#X(J)

ENTHLP = FENTHLP/MBAR
CSURP = CS!yRP/uMBAR

NOW CALCULATE RHO aND ITS PARTIAL DERIVATIVES
USING PEZRFECT GaS L AW

RHO = ,N12187#4BAR®P/T
DRHODT = =2HI/T
DRHODP = RHO/P

aALL DONF
RFETURN
END
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SUBROUT INE DEQIVR(P-T.DHIvEPS'DSIqA.XoY.UoAMNT.CSU%P-CGUBT;
DRHONT ¢ DRHNNL)

LNGICAL RICHJLFaAN

DATA ROVR2/.99345/

NDATA SCALF /41 ,292R7/

PHI .GE. la0N
+NOT. RICH

0
—
O
X
(1]

(117. + 30,#EPS)=1000.
1.35ER#EPS

2.0 ~ FPS + PSY

Sel = Pe2FPS + 2.“95]

O
&
nunnhn

NUDTPX
DUDPTX
DUDXPT

6,3E4%1)/Taud
~11/°
“UZ (X8 (1. = 2.%IPS5#X))

it non

DADTP
DADPT

(3,4E492,/73, )87/ T#82
=A/(5.%P)

3
3.%#CS
= TS#(TS + 2.8C6#AP)/(TS#(1s + 2.#AP) « 2.4CO#APRR2) a2

> i

DXnN

Z = (e = 2HIN /X
IF (LEAN) NDYDX = (1. ¢+ oT2%7) /(16 + e 3R%7) a2
IF(RICH) DYDX = (la= 1.2%%Z « c9047872)/(1,-064%7 + 3eZuu2)an?

DYDTP = DYNX&#NXDA®NADTP

DYDPT = DYNX#DXDASDADPT

DUDTP = DUNXPT=DXDA=NADT> + DUDTPX
DUDPT = DUNX2T=NDXDA%#DADPT + DUNPTX
DHFDPT = Ca#DYNPT + Ca#NJOPT
DC?DPT = ".’(1.’DYDDY + DUDDT)
DC1DPT = S,8DYNPT + 3,8nJDPT
NHFDTP = C3 # DYDTP + C4®DUDTP
DE2DTP = =2,.#(3,2DYNTE + DUITP)
DCINDTP = S,#DYNT2 + 3,#NJDT?

TVO = (3000. - 2000.2FPS + 300,%0ST)/(1e = JSHEPS + JNG#PST)
FARG = FXP(TvosT)

TV = TVO/(TARG - 1)

DTVDTP = TYO®EARG/(TH#(FARG = 1,))e#2 #TVO

AMCP = (BJ8FPS + 4,)#PH] + 32, + PR,4PST
cl = T 2PST ¢ Se2Y + 1.°J

C2 = 2.#(PST = 3,8y « )

1F (LEAN) 1 Cl1 ¢+ 7. + (9, = R #FPS)#PHI

IF (RTCH) C1 = Cl ¢ 2, ¢ 2.%(74 = G,REPS)#DHI
IF (LEAN) (G2 = C? + 2.%(le ¢ (Se = 3#FPS)#PHI)
IF (RICH) (2 = C2 + 2.,%(%s ¢ (2. =~ 3.%EPS)2PHI)

CSURP = ROVR2/AMCP2(C1 « T#DCINTO + (2#DTVHTP + TV#DC2NTP
1 + DHFNATD)Y
CSUBT = RNYR2/AMCP# (TaDCIDPT + TvenCc2DAT + DHFDPT) #SCALF

le ¢+ (1.=F2S)8#PHT + PSI + ¥ + U

1F (LFAN) 5
" (Pe= FOPQ)#2HI & PST + Y + U

IF (RICH)
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6 = -AUCP/ns8e&)
DMDTP = G2 (DYNTP + NUNTP)
DMDPT = Ge(NDYNPT + DUNPT)

DRHODT = (n121R7#P/T#(DUDTP - AMWT/T)
DRHODP = .Nn121R7/T#(AvVWT ¢+ 24DMDPT)
RETURN

END
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SURROUTINE TNPNR

IMTAVE PORT CALCULATIOM

THIS PROGRAM WAS NIGINALLY MANF USING METER-KG UNJT
COMMON/ZEPRNAP/ TECHF (100° oEFJEL (100) ¢ ZANGL (100) 4EMWT(100) »
1 NHFUFL (100) ¢DHLOS(100) ¢JTEMAS(100) ¢ JOEMAS(100) o
1 FRGAS(100)+ECO(100) FENTH(84100) FMASS(ARs1N0)EENUI(ALLON)
1 EVOL(R,10N0) «FTEMP(R41NN) sPCYL (R)
COMMON/ZINFLN/ NINFF XTNFZ(20) ¢ YINEF (20) s ARTINNDGPINT o TINTLRINT,
\ EAUINT ARFINT S XTINV
COMMON /STATE/ ANGLF1<ANSLE ¢« JCOND,ASTEP(NSTEP, TE
COMMON /TIVIG/ AINTOAEXTOWATINTCoAEXTCIAFUTLSeAFUELE
COMMON /STAT1/ RMeJLASTeNJETPHINGEGR

IF(PINT=PCYL (1)) 50450440

INTAKE FLOW IS FRPOM CYLINMDER TO PORT (84Cx FLIW)
50 CINT=-1,

RHIGH=FRGA<(1)¢9,.8

PHIGH=PCYL (1) *#10000,

PRIN=PINT/2CYL (1)

THIGH=FTEMP (141)

AKHIGH=1.35

GO 7O 100

INTAKE FLOW 1S FROM PORT TN CYLINDER
P VALUE DOESN'T CHANGF MUCH.
60 RINT=FRGAS(1)#9,.8
CINT=1.
RHIGH=RINT
PHIGH=PCYL (1) #1000N,
PRIN=PCYL (1) /PINT
THIGH=TINT
AKHIGH=1435

CALCULATE THE FFFFCTIVF INTAKE FLOW ARFA

100 AMAT= (ANGLE-AINTN) / (ATNTC=AINTD)
CALL TWODIM(NIMEF oXINFF4YINEFJANAT4AREFAC)
AREINT=ARE IND#ARFFAC
AREINT=ARETINT/10000,

NFXT EQUATION 15 RASEN OM METER~KG UNTT

GINT= SNRT(A3G (2 #AKHIGH#9.a/RHTIGH/THIGH
1 Z(AKHIGH=1.)#(PRIN®8 (2« /AKHIGH) =PRIN®#& ( (AKHIGH*1,)

2 /AKHIAGH!)Y))

GIMT=PHIGH®ARFINT/6,/RPMBGINT

GINT=GINT#~INT

GINT=GINT#1000,

ARCTINT=AREINT®#10000,

RF TURM

END
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SUARROUT INE
PURPOSE ¢

14y

UPRNP

TO CALCULATE THE ENTHALPY AND DFNSITY OF A HOMNGENNUS MIXTURF

OF AR,

QESTINUAL GASe AND FUFL AS A FUNCTION OF

EQUIVALFNCE RATIOs TEMPERATURE, AND PRESSURE

USAGE:

CALL UPQOP (PoeTyPHT «DFLePST+RPESFRK¢ENTHLD4CSURP«CSURTRHO

DRHODT «DRHODP 4 CHI)

NESCRIPTION OF PARAMETERS:

GIVEN:
P -
T -
RESFRK~-
PHI -

ABSNOLUTF PRESSURE nfF PRODJCTS (ATM)

TEMPERATURF 0F PRNDICTS (JES5 K)

RESTIDUAL GAS “RACTION

EQUIVALFNGF RATIO (FUEL/AIR RATIO DIVINED RY THE
CHFMICALLY CNRRECT FUE|Z/ATR RATIO)

GIVEN IN COMMNRN AQFA /FJEL/:

AF(TY -

ENW -
CX -
HY -
0z -
QLOWER-
X1 -

PETURNS:
DEL -
PSt -
cHI -

ENTRHLP=-
cSuBP -

csusT -

PHO  ~
NRHODT-

DRHODP-

£. DTMENSIONMAL VECTOR OF ENTHALPY COEFFICIENTS SUCH
THAT THF ENMTHALPY OF FIEL VAPOR AS A FUNCTINN
OF TEMPFRATURZ ( T NEG « ) IS GIVEN RY:
H(T) = AF(1)9ST + (AF(2)%STR¢2) /2 + (AF () #ST#43)/3
+ (AF(4)8SToB4) /76 = AF(S) /ST + AF(6)
WHERE ST = T/1000 AND HI(T) = <kCAL/MOLE>

IPRP
UPRP
P3P
UPRP
UPRP
UPRP
PP
{IPRP
UPRP
tpPRP
UPRP
LIPRP
1)1PRP
UpPRP
yPRP
UPRP
UPRP
UPAP
YPRP
uPRP
UPRP
uPRP
uPQP
UPRP
UPRP

FOR MOST AP2L ICATIONS THE ENTHALPY FUNCTION H(T) SHOULDUPRP
BE VALIN NVER AT LFAST THI FOLLOWING TFEMPERATURE RANGE:UPRP

300 < T < 1no0 )
ENTHALPY DATUM STATF 1S AT T = 0 ARSOLUTE WITH 02.N2,
AND H? GASFOUS AND C SOLTD GRAPHITF,
AVFRAGE NUMBFR OF NJTROGFN ATOMS PER FUFL MOLECULE
AVERAGE MUMBFR 0OF CARPANN 8TNMS PFR FUEL MOLECWE
AVERAGE NUMAFR OF HYDROGEN ATOMS PER FUEL MNLECULE
AVERAGE NUMBER OF DXYGFN afOMS PER FUEL MOLECULE
LOWFR HFATTING VALUE (XCAL/G)
MOLAR N:0 RATIO OF THE OXIDANT (FOR AIR XI = 3.76)

MOLAR C:H RATIO OF THE PRJULUCTS

MOLAR N:0 RATIO OF THE PRIDUCTS

FQUIVALFNCF RATID OF THE °2R0DUCTS FOR aN ENUIVALFNT
HYDROCARRON-OXIDANT COMBUSTION

SPECIFIC EMTHALPY OF THFE 2RODUCTS (KCAL/G)
PARTIAL NERIVATIVE NF ENTHLP WITH RESPECT TO T
AT CONSTANT P (CAL/G=NF3 x)

PARTIAL NDERIVATIVE OF ENTHL® WITH RESPECT TO P
AT CONSTANT T {(CC/6)

DEMSITY OF THI PRONDUCTS (G/cc)

PARTIAL DFRIVATIVE NF RHN WITH ESPFCT TO T AT
CONST NT P (G/CC-NFG X)

PARTIAL NFRIVATIVE OF RHO WITH RESPECT TO P AT
CONSTANT T (G/CC~ATM)

RETURNS IN COMMON ARFA CHMPSTN:

X(1)
X(2)
X(3)
X (4)
X(5)
X(6)
x(7

CARRON DINXINI MOLF FRACTION
WATFR VAPOR MILE FRACTION
CARRON MONNXIJE MOLF FRACTION
HYDROGEN MNLF FRACTTON

OXYGEN MOLF FRAaCTION

NTTROREN MNLF FRACTTON

FUFLL MOLE FRACTION

upeP
UPRP
UPRP
UPRP
UPRP
uPIP
LPRP
UPRP
yere
1IPRP
HIPRP
UPRP
uPRP
UPRP
UPRP
UPRP
uPRP
UPRP
UPRP
UPRP
PP
UPRP
1)PRP
uUPRP
UPRP
PRP
PP
UPRP
yPapP
1JPRP
1IPRP
UPRP
1PRP

170
180
190
20n
210
220
23n
2640
250
2A0
270
29n
290
300
31n
320
330
340
asn
isn
37n
390
a0n
41n
420
430
a6n
450
460
470
480
490
50n
510
een
53n
540
550
540
570
580
59n
600
610
620
63n
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c MBAR - MOLFCULAR WETISHT OF UNRUJRNED MIXTURE JPRP K40
o UPRP 650
o REMARKS UPRP 660
c 1)  FNTHALPY NATUM STATE IS AT T = 0 ABSOLUTE WITH uPRP 670
c 024N2+H? GASFOUS AND ¢ SOLIN 3RAPHITF UPRP 640
c 2) THIS IS A MONDIFIED VERSTON NF MIKF MARTIN'S SURPOUTINE UPRP £90
c UPRNP, IN CASF 0F POBLFMS CINTACT COLIN FERGIISON AT UPRP 700
C 253-534R8 (RNOM 31-158) UPRP 710
(o uPRP 720
c SUBROUTINES AND FUNCTTON SU3PROGRAMS NEEDED: NONF uUPRP 7730
c HPRP 740
c METHOD YPRP 750
(o DESCRIRED IN APPENNIX A OF HIRFS ZT ALe SAE PAPER # 760161 UPRP 740N
c HUPRP 770
Condatabdotonpiipatonooinatpoattdtosaanonnbignttppaasnaontesataanennse (JP- 780
SURROUTINE UPRNP (PeTePHIeDELsPSIsRESTRK«ENTHLP +CSUAP+CSURTIRHO» UPRP 790

C DRHODT+DRHODP4CHI4RPAV54CVAVG)
COMMON /FUSL/ AF{6) +FNWsCXoHY s NZeQLOWER UPRP A1N
LOGICAL RICHJLFAN UPRP R20
DIMENSION a(Ae74?) UPRP R3N
DIMENSION A1(42)4A2(62)TABLE(T) UPRP R4
EQUIVALENCE (A1(1)eA(10191))4(A2(1)0A(1s1s2)) UPRP 850
REAL®4 MBAR K JPRP BAKO
. COMMON /0XNDANT/ X1 /CMPSTN/ X (7) sMRAR UPRP RA70
Cc \IPRP R8N
Cc INITIALTZE PARAMETFRSs AND CHECw TO SFE IN WHAT TEMPERATURF UPRP #90
c RANGF W& ARF &0 THAT THE CONORECT “LVTED COFFFICTENTS WTLL RE UPRP <0n
C USED. FLAG TEMPERATURZIS TOO RIG 0 TOO SMALL UPRP 910
c HPRP 920
DATA A1/11,9403342.0RRSA1+=0,470294,0'7363.-,589447,-97,1418R, 1IPRP 930
1 6.13900444,607835-,935600946,5AF49RZ~0(2¢.0335801,-56.A258R, HPRP 940
2 7.09955641.2759574¢=2R774574,07223550=,159RA9R¢=27,73464, UPRP 950
I 5.55568Ne1.787191=.2R8134241.,951547F=02,,1611872, ,7hA4OR, UPRP 960
4 T7.865847..6RR3719¢=,N11944,-2,6R7085=03e=,20138734-.R93455, HPRP 970
S 6.80777141.4534064~,378985,2,561035%-024-,11894624~.3312335, 1)PIP 98N
& 620,0/ 1JPRP 990
DATA A2/4.737305,16,652R34-11,73249424R28001¢6.76702F=03+4=93,7579311PP100N
T 07.809072.-e202351947.61870R¢=1.17901341443A29F=03¢~57.02004, UPRP1010
B 6,97393¢-.58238%1942.9420424-1.175623944.132409F=044=-27,19597, {PRP1020
9 6.991878..1A017044¢=,21320714,29AR81974~14525234F=02+-,11R1R9, 1IPRP1030
R 6.295715,2.3R83R74~,0314788,4=,32743344,35925F=034.103637, 1)PRP1040
= 7.092199,-1.29582543,20688,=1,202212¢=3,45793RE=04e¢~,013967 HPRP1050
s 60,0/ 1HPRP1 060
DATA TABLE /=l.9lcelae=1090040.90.7/ UPRP10T70
(o LIPRPI0RD
Cc ENTER INTO ARRAYS Al AND A2 THE FJEL PARAMETERS UPRP1090
o 1PRPY1ON
DO S I=146 . UPRP1I110
- AY(] + 36)=AF(T) ypPRPY120
S A2(1 + 36)=AF(Y) 1PRP1130
PICH = PHI .GT, len HPRPY140
ILEAN = «NNT. RICH PRP116N
W = ENW/CX HPRP1140
7 = 0z/Cx PP 70
DEL = CX/HY HPRPY1AN
EPS = 4,%DFL/(Ve + G4.,#DFL = 2,#DEL®*7) UPRP119n
c IF@ = n UPRPYI 20N
Cc IF (T .GT. 6000s) IFR = 2 1IPRPY220
IR = 1 1IPRP1230
IF (T «LTe SN0.) IP = 2 HUPRPL 24N
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s NeNeXe]

GE

PCTRE
PCTNE
IF (R
X1
x(2)
X(3
X{4)
X (5)
DCOT
GO 10
10 77 =
x = E
DKOT
ALPHA
RFTA
RETA
GAMMA
c =
peoT
neoT
X(1)
x(2)
X(3)
X(4)
X(5)
20 X (k)
X(7)

co
MO

IF (L

+
IF (R

+
nn 30
3n x(
MBAR
MBAR

CA
co

ENTHL
CSurP
csusT
ST =
no &40
TH

TC

TH

TC

EN

40 CS
ENTHL

146

T THE COMPOSITION TN MOLFS/MOLF OXYGEN OF OXTNANT

S RFSFRK
N l.o - QESFDK

ICH) 60 TN 10
= EPS#PHI®#PCTRFES

(2.%()s = EPS) « ZPpSe7)ePHI®PZTRES

0.

0e

(le = PHI)®PCTQES ¢ °PCTNEW

0o
20

1000, /7
XP (2,743 o« 7T8(=1,751 « ZT8#(=1,511 +« 77%,2R03)))
= ~Ke7T®8(=)1,761 ¢+ 72T#(=3,222 + 7T4,9409)) /7

= len =
= 2% (le= EPSEPHT) ¢ K#(2,#(PHT = 1.) + EPS®#PHI)
= RETA + FPQ#PHI®#7

= 2.0KRFPSePHI# (PH] ~ 1,)
~BETA + SORT(RETA®RITA 4 BALPHARGAMMA) ) 7 (2. %ALPHA)
~DKNTH(C?C + (P 2 (PHI = 1.) ¢ EPSH#PHI)#C = GAMMA/K)
NDCOT/(2.#ALPHA®C * BEYA)

(EPG#PHT - C)*#PCTRES

(2e0® ()1, - FPSuPHI) + EPSH#PYIRZ C)&#PCTRES
C#PrTRES

(2.0 (PH] - 1,) = C)®PCTRES
PCTVEW

X1 + EPSaOHI®W/2,%PCTRFS
PCTMEW # FPS#PHI/CTX

nuwunn

0o oo n

MVERT COMPOSITION TJ MOLF FRACTIOVé AND CALCULATE AVERAGE
LECULAR WFIGHT -

EAN) TMOLFS = ¥I + (le + EPS#DHI/CX)#DCTNEW

{YPRP 125N
uPRP1250N
YPRP1I2TN
1JPRP1280
yPRP1290
1IPRP1300
PIP1310
UPRP1320
1JPRP1330
WPRP1340
UPRP11350
YPRP1 360
1PRP1370
YPRP1 380
UPRP1390
UPRPYIGON
PRP1410
UPRPYI&20
UPRP1430
UPRP1460
{[IPRPY G5O
LIPRP146N
UPRP1I4TD
UPRP14R0O
UPRP1490
JPRP1ISON
yrPRP1510
HPRP1520
yYPRP1530
UPRP1540
HWPRP1550
yPRP 1540
WPRP1570
PRP1YISAN
UYPRP1590

¢ (1a ¢ (la= FOS)2PHI + EPSH#PHI®(7 « W/24))#PCTRESUPRPIANN

ICH) TMOLES = XTI + (1o ¢ FPS#PHI/CX)#2CTMEW

e ((P. = EPS)#PHL + EOS#PHI®(7 + W/2,))*PCTRFS
J
J)

1e7

X (J) /TMOLFS

= EPSePHI® (12, + 1./DEL ¢ 16,97 ¢ 14.0W) ¢ 32, + 2B,.4X1
= MBAQ/TMANLFS

LCULATE He CPe AND CT AS TN WRITEUPs USING FITTED
EFFICTFNTS FROM JANAF TARLFS

P =0,
= 0.
= 0.
T71000.
J = 17
= ((( AlbeJdelP)Z76.%ST + A(3eJeIR)/3s )#ST
+ 8(Pe)e12)/2.)4ST & A(1e.)elR) )#ST

P = (( A(Ge JoTRI®ST + A(34JeTR) )eST
e A(P9)eTR)) 88T ¢ A(1eJeTR)
= TH = A(S5eJeT2)1/ST ¢+ A(ReJeTR)
P = TCP « A(S5eJelR)/5T0u?
THLP = FNTHILP « TH#X(J)
URP = CSU3P  + TCZPe#X(J)+ 10NN#THEICOTHPCTRES#TABLE())

P = FNTHLLP/VMRAR

JPRP1ALD
UPRP1AH20
|JPRPYI 63N
PRP1 64D
HPRP1650
YPIP 1660
YPRP1IATO
UPRP16HRN
HPIIPI630
UPRP170N
UPRP1710
yPaP1720
1JPRP1 7130
YPRP1740
PRPY 750
UPRP1740
UPRP1I7TN
PP 1780
yPP1790
LPIPLAON
UPRP1A1N
PRP1IAZ2N
YPRP1A3N
HPRIPIR4GD
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CSURAP = CSURP/MBAPR

NOW CALCILATE RHN aND ITS PARTIAL DFRIVATIVES
USING PFRFFCT GAS { AW

RHO = ,N]121R87#uBAR#P/T
NRHODT = «QHO/T
DRHODP = RHN/P

CALCULATE P<I AND CHT FOR RIRNED 35ASES
PSI = (X] + EPS#PHI®W/2.,)/(1, + EPSHZ®DHI/2,)
CHI = PHI®# (1, « EPS®7/2.)1/(1, + EPS#Z2%DHI/2,)
RAVG=82,057/14R4AR
CVAVG=CSUB>-]1,9R/MRAR

ALL DONF

RETURN
END

1YPRPIASNH
yPRP186K0O
UPRP1ATN
UPRPIRAN
WPRP1KHYN
tIPRP1IAON
UPRP191n
1WPRP1920
UPRP1G30
UPRP1940
UPRP1950
UPRP1940
UPRP1970

PRP19ARN
UPRP1990
HPRP2000

1JPRO201
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SURROUTINE FOIR(TTTTPPO2«PHIC,IFLAGsZ)
(of
C VADTARLES LIST
Cc
QEAL®8 NDPPATUNPTEMP NENTB s XUNFR
DIMENSTION NFQIR(4) ¢XMNFR(14) ¢ YMOFR(14)42(5)
C CALCULATE RATINS OF H/CeN/CsJ/CoaAND C/C WRERE C=1.
TEMP=TTTT -
PATM=PPPP
SLR=1§.1
ERURN=1,/P4I1C
IF(TEMP,.LT.1800.,) GO 7O 101
1FLAG=0
WHY=(12.%S R=13744) /(=51 3+.25#137,4)
XWHY=] o ¢ e 2R8WHY
DFNIRB (1) =WHY
DENIB(2)=1,
NERIB (4) =2, #XWHYHRERIIRN
DEOIB(3)=3,764%#NDEQIR(4)
(of
C CALCULATE N AND NO EOIR. AND EQIB. MOLEFRACTIONS
DPPATM=PATM
DPTEMP=TEMD
CALL PTCHEM (DPTEUP «NPPATMDENTR s XMOF e 1SENT)
DO 100 I=l.14
YMOFR(I)=XVOFR(T)
100 CONTINUF
G0 7O 103
101 IFLAG=1
nO 102 J=1l.16
102 YMOFR(J)=0,
103 Z(1)=YMOFR(?)
2 (2)=YMOFR(S)
2 (3)=YMOFR(8)
7 (4)=YMOFR(9)
Z(5)=YMOFR(14)
QF TURM
END
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SUAROUTINE DNODT(TTTT 4P Py TOTMOL « ZMIFR 4 TFL AGe XNO«F)

VARTABLE L1IST

F FINAL EVALUATION NOF R.HeSIDE MATFE EQUATION
WeXeYoZ DUYMMY vARTA3SLES

VoL VOLUMF OF E_EMENT

XNO AMOUNT NF NITRIC OXINE

RCIF RATE CONSTANT FOR FIRST REACTTION,FORWARD
RC1R RATE CNHNSTANT FOR FIRST REACTIONGRFVERSE
RC23 RATE CONSTANT FOR SECOMD REACTTONGFORWARD
RC2R RATF CONSTANT FOR SECONDRFACTTONGREVERSE
TEMP TFMPERATIRFE OF E|FMENT

RTEMP RF.CIPROCAL OF TEMP

DIMENSION 7MOFR(5)

TEMP=TTTT

PATM=PPPP
VOL=B2.,064TFUP#TNTMOL /PATM
IF(TEMP,.LT,.1800,) GO TO 2000
IF(IFLAG.GT.0) GO TN 2000
IF(TOTMOL.LF.0.0)Y GO YO 2000

4.COMPUTE RATF CONSTANTS (“UNCTIONS OF TEMPERATURF ONLY)

RTEMP=1,9R37#TFMPD

RCIF=T7,6E+13%EXP (=75460,/RTEUP)
RCIR=1.6E+13

RC2F=6.4E+NGHFXP (~6255,/TEMP) s TEMP
RC2R=]1,5E+nNG#EXP (=3R720,/RTEMP) #TFuP
RCOH=4,1F+13

TMOLNO=7MOFR (4) #TOTMOI
TMOLN=7MOF 2 (3) #TOTMOL
¥MOLCO=7M0FR (1) i

S.CALCULATE NNO/DT=F (VOI_ ¢+ TEMP +PATMsERUIN ¢ ZMOFR s XNO)

7ZR=RCIR#ZMNFR (&)
WR=RC2F#ZMNFR(5) +RCOHEZUMIFR (2)
CAPL=7R/WR

ALPHA=XNO/TMOLNO

TFERMI =2, #RC1R#TMNLN#TMOLNO/VOL#®# (1,~-A_PHA#ALPHA)
TERM2=1,+AIPHASCAPL :
F=TERM1/TE>M2

GO TO 3000

2000 F=0,
3000 CONTINUE

RF.TURN
END



2 EeNo N o NeNeNeNoNoloNo N No No No Yo Ro RoNo e o koo e Xo Re R R Ra Ne Xe Xe No Ne Yo Na Ne Ne Ne e Ne

e} [ Ee el

N - O

150

SUAROUTINE PTCHFM ( TuP, PRS, Ne X40FR, ISENT )

THE ORIGINAL MTT EQUII TRIIUM PTCHFM SURRDUTIWNE HAS REFN RFDUCED
AND IS DESTGNED TO PROCFSS & FILEMENTS & 14 SPFRTES

ARRAY D CONTAINS RATINS IF ELEMENTS -s Cs No O RESPECTIVE! V3
EoGn' DATA D / 1.430 lgn' 13.00 3.46 /

ARRAY XMOF2 CONTAINS MOLZ FRACTIONS OF EACH SPECIFSS
SYMROILS OF FACH SPECIFS 1 TO 14 (HEX'Ev) AQF AS FOLLOWS:®

YHCO e CN Yy 'CO2 0, 1+ fe INH 1y TH2 9,
'H20 Y9 N e IND vy ND2 vy IN2 1, INPO 0,
0 'ty N> vy
INPUT @ ( DOURLE PRFC, )
™P = TEMPERATURF ( DEGRFFS K )
PRS = PRESSIURF t ATMOSPHERES )
D = ARRAY(4) ( RATIO. &4 ELEMINTS )

OUTPUT: ( DOUARLE PRFC, )

XMOFR
ISENT
0

ARRAY (14) ( MOLE FRACTIONSs 14 SPECIFS )
ERROR CONFE:

NO FRR0R

TEMP TOO HIGH

TEMP TOO LOW

{ UMUSEN )

T00 MENY TTFRATIONS, RFSULTS DOURTFULes LOOK UP NU
TON MANY TTERATIONS

THERE ARF *10 3ASES PRESFNT

CHFCX IF THERZ ARE FMOUGH SPECIES

TO0O MANY TRIFS FOQ T

oo e nnnn

PNIN S Wi~

AUTHOR: DaAN DANTZFR LATESY REVISION 12/14/72
ADAPTED FO2 USF WITH HPCHEM RY TOM MIXKUS? CURRENT TO §/23/74

IMPLICIT RFAL#R(A=H40=7)

EQUIVALENCF ( ITNTSP, M )
EQUIVALENCF ( TTOTaP, M) )
FEQUIVALENCE ( MELEM 4 N )
ENQUIVALENCE ( G(1+41)e CMN(]1) )

DIMENSION N (1)« XMOFR(1)
DIMENSION A(4e16)s 7( (1%98)
NIMENSTION 7L1(5K)s ZL2(55)

NIMENSION <2(2)

NIMFNSION 2TP(5)

FOLLOWING ARRAYS ARF tNILEMt IN S172

NIMENSION NN(&) s XMU(L) s XNJ(L) s F(4)e F(444)

n0001370
nOONI3R0
n0001390
a0N014600
00001610
0n001420
nONN1430
NOND] 440
00001450
nONNL4A0
nN0016T0
00001480
nN001490
n0001500
nooOON1S10
00001520
00001530
00001540
00001550
n0001560
n0001570
NND01580
00001590
NODN1L4S0N
N0001A10
00001620
00001630
00001640
00001550
nOD01560
n0001670
00001580
nN00N1590
n0001700
nNO001710
00901720
n00N1730
n0001740
00001750
no001760
noon1770
0O0N0YTRO
nO0D01790
n0001800
nONO1IBIN
nO00IH2D
nODN1R3N
00001240
NOON1RSN
nON01850
nO001870
00001980
NOON1H90
no001900
nN001910
no001920
noo0N1930
nNO013GN
OLIAREL
nO001960
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FOLLOWING AIPAYS ARE *NILEMe +2 = *INXNSL?
NIMENSION R(6), G(HA)

FOLLOWING ARPAYS ARF ¢TTOTSP?

DIMENSION rMN(14) 6 CP(14)s CPT(14) 4 X(14)s XMAX(14)
DIMENSION “©0RT(14)s SR(1%)s C(14)

DIMENSION YHORT (14)

COMMON 7/ HOPT 7/ HORTSM¢SUDHDT ¢ XMURT 2+ SUMNY

NSAME = INITIALTZATINN FLAG
NFLEM = N2 OF ELEMENTS INVOLVED
ITOTSP = THATAL NR nfF SPECIES INVOLVED

DATA NSAME / 0 /

NDATA NELEM 7/ 4 /

DATA INXNS. /7 6 /

DATA 1TNTS» 7 14 /

DATA DDsXNiJsEWF 7 2820,030 /

DATA Ry G / 42 & 0,0n0 /

DATA A, CPe CPTe Xeo XMAX 7/ 112 # 0,000 /

CMN IS NOT INTTIALIZEN WHEN IT LIFS WITHIN AR2AY G

ARRAY ZL(KeJ) CONTAINS THE HI-TEMP DATA FOR EACH OF 14 SPECIES

K
J

SPERTES N2 (1 = 14 )
DATA ( Y - R EACH SPECIFS )

DATA WAS TAKEN F20M NRIGIMAL DATA SET ( CARNS) . ARRANGED TN
ROWSCOL (14+R)y RUT NATA STATEMENT INTERNALLY STO?ES

RY COL.ROW: THFREFNRF, DATA MUST RZI REVERISED FOR PRNG EXFC.
ORTGINAL DATA ARRANGMFNT MAINTAINEN SO0 CONVENIENCE IN MAKING
CHANGES T0O SPFIEZES DATA,

NR OF CONTTNUATION CA®DS LIMITED Tn 19
CONTINUATIAN CNOL #A CNNTAINS THE HEYIDECIMAL SPECIFS NP

DATA 7L) 7/
9.3434439D 00e 2.6512196D 00.-6.7088366D0~01. 5.09019420-02,
~4,116407770=014-6.9903495D 00y 6,2395554D 0l 2.3009987D 00,
7.0995644D0 00+ 1278955920 00.=2.87747440-014 2.27561230D~024
=1.598A955N=N] ¢~2,.9N23636D 01. 5.4823700D 01, 1.2890015D 00,
1.19403310 01« 2.NRASARIIND N0e=64,7029203D-01¢ 3.7363116N=-02,
=5.8044768D-N]¢-9.,94A8736N 0l, 6,2207169D0 0ls 2.326Q09490 N0,
4.5679995N NNe=-5,967R716D~13, 1,93452190-13,~1,R7321957~14.
~7,6194935D~14¢ 5,0619217D 01s 3.3604419D0 01 1,01199250 00,
5.61978150 A0 . 1.95ARG46D NN=3,RA%517AD-N1. ?2.73645157-02,
1.3418680D=-N14 B,.N9235290 00« 5.0777405D 01, 2.0483398D 0N,
5.56568030 00 1.7971914D 00e-2,82134160-01 1.95154700=02,
1.611R270N=0)+=1.7590139D0 n0e 3.8126053D 01, 2.02399R3ND 00,
6.1390944D NNe 4.ANTR2IID ONe=9,3550094D-01, A.ARF6I7SN=02,

N SNRIARRAND D DWW

DATA 71.2 7/

R 5,16320230 00e¢-1,R89774870=-014 3,6021006D-02+ 3.62411050-07,
8 -3,2718154N-02, 1,1141570 02+ 4,2733066D 01+ 1.,0359793D 00,
9 7.5180624N NN, 1,0265209D 004-2.3033735D-01¢ 1,7326A71D=02,

9 -1.93A9543N=0A1s 1,8756R21D nl, 5.83782960 0l 2.07239710 00,

3.3580098N=N2,-5,96R7856D 01s 5.,16456772D 014 1.05199A5D 00 /

00001970
00001980
00001990
00002000
n000>010
00002020
70002030
00002040
n0002050
00002060
00002070
noo0NPNA0
n0002090
anno21lon
nono”110
00002120
n00602130
00002160
00002150
00002160
00002170
00002180
00002190
00002200
no002210
nn002220
00002230
n0002240
no0N2250
nono2260
00002270
L LEL-LL)
n0002290
n0002300
nnno2310
00002320
nNnon233n
00007360
no602350
n0002360
nono>370
n00N02380
n0002390
no0N2400
nonNnN2410
n0002420
nn002430
n0002440
n0002450
nOON2460
an002470
0n0N02480
00002490
n0002500
non02510
noNn2%20
n0002530
n00025640
00002550
nno02560
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1.2123282N N1 1.2564093N ONe=-3,0117296D-n1,
-6,225628aD=01y P.,3839598D 00+ 5.RR10359D 01,
6.807769°N N0e 1.4536035D 00e-3.,2RIBSTSN-N1.
=1,1894610N~N]¢=2.4N038353D 0N, 5.3155161D 01,
1.23659610 01s 1.7261732D 0Ne=6,052BR4E6D-01,
~5,8120877N=01« 1.4105570D 01e 6.4331467D 0l,

2.3A58749N=02,
3.,11009R20 00,
2.5610346N=07,
2.07199R60D 00,
1.164184135N-02,
3.1099997D 0N,

S.100630°D NNs-1.5177220D=01, 4.8953138D-02,~-7.88163529-03,

R,929941R8N=NTe S,RNRNC48D 01« 4.47525480D ni,

1.03799440D 0N,

7.8658457D NNe 6,RRITIIND=014-3,1944100D0-024-2.6R70R17D=03,

~2,013R72AN=019-2,9AR45%4D 00« 5.,7424637D 0le 2,07499R9D 00 /

IF (NSAME) 2000200042006

NSAME=1
AP=1.,9872600
ITMAX = S0n
ITW = 400
DIF = 18.0N0
DIF1 = DIF
T = 1,000
TLUB = 6000.
XN=N
TOol.l = ,01NO
TOL3 = ,00001N0
TOLS = 1.0n=5
TOLA = ,1Dn
TOL7 = 10.0D0

ARRAY A(Is«) CONTAINS N2 OF ATOMS PZIR ELEMENT ( IN SPFCIFS )

1 ELEMENTS He Ce No O RESPECTIVEILY

K SPECTIES NR?
A(l.l) = l.
A(le8) = l.
A(le5) =1,
A()’b) = 2.
All,7) = 2,
Al241) =1,
A(2e2) = 1.
A(2e3) = 1,
A(308) = l.
A(309) = l.
A(3.100)= 1,
A(3.11)= 2,
A(3,12)= 2,
A(4,]1) = ]o
&(402) = lo
A(443) = 2,
A(“OS) = lo
Al4TY = 1,
AlLe9) = ],
Aldsl0)= 2,
Al4sl2)= 1,
Al4413)= 1,
A(Gy14)= 2,

ILOAD DATA TNTN SOFCTFS ARRAY 7L

00002570
00002580
00002590
nno02500
n0002610
00002620
nnno2530
AN002640
nON02650
n0n02660
nnoo2570
A0002ARD
00002590
00002700
no0N2710
00002720
60002730
00002740
00002750
00002760
n0002770
00002780
00002790
00002900
n0002]10
nonoPR2n
n0002R30
000028640
00002150
nO0NPBA0
00002870
n0NO2R80
00002430
n0002900
n0002910
00002920
nonoo02930
nno02940
nnN0295n
nONN2960
noo0n2970
000029830
ANO02990
n0003000
n0003N10
n0003020
A0003IN30
n0003040
n0003050
00003060
n0003070
n0007080
nNOO03N9N
nono03lnn
nnon3l1n
anonlzo
noonN3130
nn00314n
nnonalso
n00n3160
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11 =0 nONO3ILTH

NO 1050 K = 17 nonn3180

1 =K« 7 nno019n

DO 1650 J = 1s B n0003200

11 = 11 + 00003210
ZL(KeJ) = 7LIC(TT) 00003220

1060 ZL(IsJ) = 7L2(ID) 00003230
DO 3010 I = 1N 00003240
XMU(I) = 0,0 00003250

3010 CONTINUF 00003250
n0003270

000013280

END OF ONE-TIMF INTTIALTZATION ANO03290
nOON3IIO0

2004 IF ( TMP = 200.0 ) 2112+ 2112, 2355 00003310
2355 CONTYINUF H0003320
IF ( TMP - TLUR ) 2017, 2012, 2009 an0n3330

2009 ISENT=1 n000137340
0 TO 5000 n0003350

2112 ISFNT=2 00003360
GO TO 5000 000013370

2012 CONTINUF 000013380
TK = TMP / 1,0N+3 00003390

XLP = DLOG ( PRS ) no003400
no003%10

START OF ORIGINAL ftHS* SJBROUTINE 00003420
n0003430

DO S004 K10 =1+ M N00034640

1IF ( 7L(K10+1) ) 5003, 5002, 5003 n0003450

5002 HORT(K10) = 0.1111111100 00003460
SR (K10) = =1.,006 AONOSGTO

GO TO 5004 n0003480

G0N HORT(KIN)- = (((( ZL(XINe%) # Tk / 4,970 + ZL(K1043) 7 3,000 ) = A00N0490
1 TK + ZL(XK1042) 7 2,00 ) # TK + 7L(K10,1) ) # TK - ‘ nO003S0N

? ZL(K104G) 7 TK + 7L(<10s4R) ) / ( LR # TK ) n0003510
SR(K10) = ( ZL(K10a1) # ILOG(TK) « T< # ( 7L(K1Ne2) + 00003520

1 ZL(K)043) & 0,500 & T< + 7L (K1044) & TK ##2 7 3,00 ) = n0003530

2 ZL(K10+5) & G.SN0 7 T< o8 2 + 70L(<10,7) ) / AR no0nN13I5640
5004 C(K10) = HORT(K10) - S(<I0) + XLP nNO0ISSH
n0003560

END OF ORIGINAL *HS' SURROUTINF noo0n3S70
A0003S]0

ISFEMNT=n n00o003530
ITER=0 nno0n1I500
ITTRPDG=0 nonn3Isc1n

TOLG = 04100 00003520

YMAX = 0. nNo0N3IS3N

DO 412 " J=14¥] nnO03~40

XMAX (J) = 1.0D10 nnon3650

DO 412 T=1.t. ANONF60

IF (A(14J)) 4124412,613 An0NN3IGTO

413 IF (D) ZA(1eJ) =XMAX(J)) 41444124412 nON03ISAN
414  XMAX(J)= D(TIV/ZA(T. ) OLDREED
41?2  CONTINUE Aoon370N
X0=0,00n nnoo3710

DO 90 I=1.N no00N3720

9n X0=X0+N(T1) noN03730
AVD = XN / XN a0003740
Y0=0,000 nonNI7SN

N0 93 J=laM ' 00003760
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917 YO0=Y0+ ¥MAX())
X0= DMIN1(Xx0sY0N)
X0=x0#1,05n0
DO 825 J=1.M1
R?2S XMAX ( J) =XMAX (J)#1,05D00

CAUTION#®w ASS!IMPTINN: THAT FACH ZLEMENT MOLFE QATINn DIVINED AY
THE SuUM OF THF RATINS WTLL 3E GREATE2 THAN 0.01:
IF = OR < n.N1e THEN MUST USF FOLLOWING ROUTINFS
TeEse REMOVE THE tCt COMMENT FROM CO. 1 FROM HERE TO LABEL $130 &

FROM LARFL 503 TN 475
NOTE: ARRAY k2 1S NDIMENSTONED (2)

SUM IS NOT DEFINED IN ORIGINAL PRNGRAM
syM = 0,0
DO 525 1 = 1M
525 SUM = SUM + D(T)

L1=0
NGOS=1
RATIO = .01DO
DO &26 T=1eN

IF (D(T)/SUM = RATION ) S27+527+526
s27 Ll=L1+1

K2(L1) =T
5256 CONTINUE

NL= L1}

IF  (NLL) S2R+52R,529
6528 NGOS =1

GO TO 530
529 NGOS5=2
530 CONTINUF

I1TER4=N
NGOA=1
RH2=1.0D0

END OF ENTRY INITIALIZATION & CHECKING OF TEMPERATURE

REGINNING OF MAIN PRNGRAM .00P

g9 NGO=1
ITERZ2=n
IF (I1ITE® = 1) 472,4734074
474 RH2=DSNRT (HP)
RH2=DMIN1 {(3H2«1.0D0)

473 NGO1=1
Do 101 J=1.M1
SUM= c ()

DO 1n02 1=1.M
1002 SUM=SUM+ XMU(T)®#A(TeJ)

101 CP(J)= cuv
No 1012 J=1.u1
1012 CPT(N)= CP(J)

Do 1007 TI=14N
1001 nMmT)= d(I
L1= 0
SUMEX=n,0Nn0
DO 102 J=1.M

nO0N3TTO
00003780
00003790
N0003400
n0003810
A0N03R20
nON03RIN

.00003%60

DEREN
nonn1860
no003870
n000RBO
nN003IBI0
0063900
n0003910
70003920
NNG03230
0003940
n0D0950
n0003960
no003970
00001980
n0o003990
00004000
n0004010
00004020
00004030
00004040
00006055
n00040S0
00004070
0000460R0
n0NNLNY0
ooooalon
20004110
non0al20
n0N0G130
an004140
nnnnselso
00004160
nonnalTNn
n0n004lRN
no0N4190
no0NL20N
n0004210
00006220
nn004230
nO0N4240
ANDN4250
nonNoL260
nON04270
n00NG2R0
pOONAZAN
oonnaann
nonnallo
nnN0NGL320
noN043I3N
nNN006340
n0004350
000043560



(e Xe N3]

10?2

107
104

105
104

420

6422
423
107
416

10R

110
109

112

113
123

13
132

43N

43

437
44k
2356
2353

433

Ji=J

IF (L2T(J)+ 30,0N0) 42044204 621
421 xJ=DEXP(=C2T(J)) '

SUMFX=SIIMF X+ X J
xX{J)=XJ
IF (SIMEX=1,0N0=TOL1#R42)

10341034107

IF (SUMEX=1,0D0+TNL14#R42) 112+10%9104

L1=1
no 106 T:1eN

SUM=0.0

No 195 J=1ev

SUM=SUM+ a(TeJ)eX(J)
F{lsl) = SUm

YMAX = X0
60 TO 1”3

CPT1l = CPT(JD)

nn 423 J=1eM
J1= J

CPT2 = CPTIU -CPT

IF (rPT2 +30.0N0) %2044204422

X(J) =DFXP(=CPT2)

CONT TNUE

SUM=0,000

Nno 416 J=1eM
SUM= SUMe+ X (1))
SUM= X0/8UM

DO 108 J= 1M

X(J)=X(.)) #StM

Nno 109 I=1sN

SuM= DN(1)

DO 110 J=1.v

SUM = QUM =A(T+0)#X(J)
DP(I)= SUM

GO TO 123

Do 113 J=leM
X(Jy= n.0DO

L=0L1

0 OR 1 ONLY

IF (L) 1311314 200

Do 13> T=14N

XNU(T)==ND(T)

GO TO 23

DO 431 J=1¥1
CMN(JYy= 0,000

D0 431 TI=1.M
CMN(JYy=CHMN(J) +XNU(T)I*A(T W)

COMP=TNI 54 TNLS/H?

XNUN=0.000

DO 43?7 T=1eMm

XNUD= XNUD« XNUY(T)en(I)
H= =¥AlN

1TTROG=TTTING+
IF(ITTPNG=5000) 235R4235R+2354
TISENT = A

60 TO S000

CONTINUF

Do 437 J=1eM
CPT(J)= CP(J)+ TYoOMN(J)

o

nonNo06370
n00063RN
nNN04390
n0004400
n0004610
no00GH2N
no004430
0006440
nNON0GLSH
nNo00L4L60
00006470
Nn00044R0
noNN4LASD
n0004500
nononas10
60006520
00004530
00004540
00004550
00004560
00006570
n0004580
nnonas5900
00004500
00004610
00004620
0nnnas30
00004640
00004650
00004660
nonoanvTN
nNO0046RN
n0N04590
n0006700
00004710
nnoou72n
noona73o0
noo0u740
nOONGT50
no004750
00014770
noN0G7R0
noo0Nae79y
noNN4RON
AD00%H10
noOVNHGLR2Z0
non04230
NN004R40
nONO4RSN
n0NO4RS0D
009046870
n0N04AAN
ADNNLRIN
0nnn4av0n
noo0N4Y1Y
no00NLA?20
nNnna9a3n
noo006a940
AnNNLYS0
ANN0GYH0



[eNeXe]

SN
510

S1A
S17
513

519
521

522
443

457

448
908
458
459
46N
452

453
454

200

n
10

11
6472

amNn

12

156

ExMIN=  1,0010
00 SI0 =] eM
IF (COT(J) = FYXMIN) 51145104510
CONTINUE
FEXMIN= CPT(J)
CONT TNUF
SUMEX =0,0N0
DO 513 d=1eM
IF(COT I 1 -FXMIN=DIF])
G0 T0 S13
X(J) =DEXP(EXMIN =CPT(.J))
SUMEYX =SUMEX X (J)
CONT INUE
IF  (FXMIN ) 521,321 , 519
IF (SUMEX#NEXP (=EXMIN) =1,000) 44345214521
PRON = X0 /SUMFYX

no S72 =) M
H= He PRND® X (J)#CUN(J)
CONTINUF
IF (H) G5R.458,457
T0=T
HO0= H
GO TO (44R4659) o "GO
T= TeT
IF (T = 1.0N15 ) 44bs 445, Q0R
ISFNT = 7
GO TO 5000
T1=T
NGO=?

IF (DARS (H/H2) =TOL3) 45344534460
IF ((T1=T0}eeP-COVYP) 453,4534452
T=0.5002(TN+T1) '

N0 454 1=1.\
XMU(T) = XMU(T) « T# XNU(T)
GO TO a9

L = 1 AT THIS POINT

shuM = 0.0N0
SUM = 0.0N0
0021=lo\‘
SDUM = SDUM + F(T41) & F(Is1)
SUM = SUM + F(ls1) & DI
E(1) = SUM / SNUM
Gllel) = 0.0D0
vi = 0,000
721 = 0,0D0
SUM = £.(1) + G(lsl) # 271
IF ( SUM )10« 10. 1
71 = 0.000
GO TO R
IF ( SUM -~ YMAX ) 471 %71s 472
71 = YMAX
60 TO R
71 = SUM

IF ( DARS( 71 - Y1 ) = T3OL3 ) 15, 15« 13
vl = 71
GO 7O 71

51745174516

noN0G970
nN0049A0
00006990
00005000
noons010
00005020
00005030
00005040
no0NNSNS50
n000S0R0
n000s070
nN0OSNAN
nono0sSN90
n0N0S100
90005110
nooos12n
00005130
n0005140
quOSISO
00005160
n0005170
00005180
n0005190
nonos20n
noons210
n0005220
9000q230
Qoons240
nonns’sn
00005260
00005270
00005280
n0ONS290
nonns30n
noN0sS310
00005320
n0005330
noo0s5340
nonN05350
00005360
n000S370
nnnos38N
nn005390
no00s%40N
noo05410
nonns5420
nnons43n
nn005440
An0NS4S50
n000S460
nnnos470
nN0054%80
nnoNs4Q0
nOn05500
nn0005510
nonnsS20
nnno0s5530
nnonssaen
ANNNSSSNH
LD ERTY



[ XzXe]

0o oOoo0on

15
164

19

23
26
25
551
Al4
552
550
26

503

474

532
SN

S4n
541
542
RONO

S413

47%

330

670

Kk

157

NN 16 I =1« ™
XMU(I) = =nn(1) ¢ F(I.1) ¢ 21
PO 19 J =14 ™
X(J) = X(J) & 71

L =0 OR 1 BELOW THIS PNINT

Do 24 T=1eM
IF(DARS(XNU(I)) = TOL& @ AVD) 24426425
CONTINUE
NGO =2
GO TO 230
GO TN (550551)« NADA
ITER4=ITFRG+)
IF (L) 55045504814
IF (ITER4=20)550,552.5857
ITER4L=0
NGO1=2
GO TO 330
HO=0.,0DN0O
D0 26 T=1eN
HO=HO+XNU(T) =##2
H2= HO
T0=0.0n0
T=1.,00Nn
GO0 TO 330

SEE COMMENTS ABOVE ( LARZIL 327 )
COMTINUE

GO TO (4T754.476) «NAOS
K = ITEP = ( ITFR / N ) ® N
IF  (K) 531453243531
K=N
NO 5S40 L1=1NL
IF(K2(L1)-K) S4NeS414540
COMTINYE
GO T0 475
IF (DABS (XNUI(K) ) =TOLS#N (X)) 475,475,542
TF(NARS(XN!J(K))=1.N=15)4754475,8000
SUM=XNUJ (K)
DO S43 I=1sN
XNU(T)=0,0N0
XMU(K) =SUM
HO=SUMeSUM
DIF1=1n0.0N0
H2=HNn
T0=0,nD0
T=l.000
GO TO 430
DIF1=DTF

GO TO 4130
ITER= TTER+)
IF (ITF? = TTW) 331:670,A70
ISFNT = &
60 70 5079

GN T2 (503+45n0) 4M301

n0005570
n00055A0
00005590
NO0BOS600
n0005610
00005620
an005630
n0005640
nN00S65N
00009660
nNNoNs67T0
00005680
00005690
n000S700
nonos710
n0005720
nN00N5730
no0NST740
00005750
N000S5760
nno0s770
n000STARD
00005790
n0005500
n000%A10
n00NSB20
n0005430
n0005840
NOOOSASN
NNO0OSRGN
nNODOSBTO
00005480
nONNSRI0
nn00590n
AnnnNS910
00005920
N000S930
nN0005940
00005950
nonNos9s0
60005970
ANDOSHRO
0005390
anpos00n
n000&010
n0N0sKN20
000050730
n0004NG0
AN004150
n000RNAD
nooonsnNTN
n000&NR0
nOO0~N3N
nnnoalon
npansllo
00004120
nnnnal3n
noonNsl4n
ADNCS150
nON0DAKLAK0



500
829
A1
5n2

750
701

705

425
704

707

709
706

71N

T2R

127

9na

R2?

8213

801

ANNY

4A/S

)
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NTOT =N+,
DO 820 T=1eN
DO(I)=xMULT)
DN A21 J=1.M1
CPT (N =X(J)
IF (L) T727.727+502
x8A2=271
1TERE = 1
{F (XBAR) 727+ 7274 70
G(N+1sN+1)= 0,0N0
DO 706 w=]M
SiM==- C(K)
DO 705 I=1.N
SUM=SUM=XMY (T)#A (] «K)
IF  (SUY =3n.0N0)a254727s 727
X(K) = XBAQ#DEXP (SUM)

CONTINUF
DO 70s I=1eM
SuUmM=0,000

DO 707 K=1eM
SUM=SUM +A(TeK)HX (K)
SUM=SUM/XRAR
G(Ie«Ns+1) =SUM
G(N+1.]) =SUM
R{1) = D(1)=SuUv#x3aR
DO 704 .=1.N
SuM= 0,000
DO 709 K=z=]l.M
SUM=SHM = A(TeK)®A(JsK) #X(K)
G(I4J)=SUM
SUM=-X3ARQ
DO 710 x=1l.M
SUM=qUM+ X (X)
R(N+1) =SUM/XRAR
NO 728 I=1,M
IF(DARS(R(T)) = TOL6®AVD) 728,728.777
CONTINUF
G0 T 730
DO 903 T=1.N
1IF(DARS (XN 1{1))=TOLS#N (1)) 903+,903.R01
CONT TMUE
D0 8’22 T=1eN
XMy(r)y=nn(r)
N0 R23  J=1.M]
X(J)=cPT ()
G0 T0 8179
TOL4=0.1208T0OLG
NGOA=?
H2=l .000
GO T0 99
TPP=NXNSOL ( INXNSL4NTATsR)
IF(IPP=2)RAN]1 47274800
ITER2=ITER?+1]
N 4h5  T=leN
IF(DARS(R(T)) =TNL7) 4H54465,727
CONTINUE
N0 731 T=1.NT0T
IF(DARS(R(T)) - TNIS) 731s 731. 739
CONTTNUF

nnnoRl70
noonalnn
n0005190
nood0n0s200
nONOKZ2LN
n0N0AR220
n0005230
nONOR2GLN
nn00A250
n000A24N
n000k2T70
n0N0AR2R0O
no000R290
000067300
00004310
90006320
000067330
Nnon06340
n000s350
n0D0AR3ADH
no000R37N
n000~380
n000A390
noNNAR400
n000s410
nonN0AL2N
nonoa410
00008440
AOCNS450
nB00KRLAD
nonNR470
N000A%8D
00006490
n000ASON
nONOSS1N
nnooRS2n
n000AS3N
no005540
nO00ARSSNH
nN006560
nonN6aS70
n000KSRN
00N0ASHN
nonossNN
nnnnaasl1n
nD00RAZN
nOODNAAIN
NO00KR6HLD
nND0&6S0
n000A%60
n000ARTN
n000AS8BD
n0NORSI0
0nnno0a700
nnoana7lon
noonaT20
ANONATIN
n0005740
nOONARTSO
00006750



GO 70 7
733 DO 734
734 XMU(1) =
XBAR =XR
GO TO 750
739 CONTTIN
IF (ITeR
T4n ISENT=S
GO 70 S5n00
c
c TEST IF X
c
137 Do 470
IF  (x¢J
414 CONTINUE
c

c END OF MAIN P
C
5079 SU4NI =0.0Nn0
N0 S010 71
SUMNI = SUuN
5010 CONTINUE
IF (SUMNI
752 ISENT=6
60 TO 5000
751 CONTINUF
no SO011 v
5011 XMOFR(1) =

NOTE :
IN RTP & ROP

[sXeXs e Xe Ko

NP11 = N « 1
DO 6000
DO 6000
G(I,J) = 0,0
DO &00n
G(IeJ) = G(1
6000 CONTINUE
DO 6001
G(Ts MPYID)
G(NP11¢ 1)
DO «00?
G(ls NP1}
G(NPl1e 1)
6007 CONTINUE
G(Is NP1D)
G(NP11« I)
60N} CONTINUE
G(NP11+NP1Y)
XBAR = SUM\Y

"nn

YHPRIM = 0,0
HORTSM = 0,0
nn s010 I =

RTP(I) = 0.0
€010 CONTINUE
nn £030 K =

YHPRIM = XuPR[M + X(X) & ( ((7L(Xs6)8TX ¢ ZL(KeNIBTK & 7L (Ke?))

159

37

I=1«N
XMI{T)+Q(T)
AR+ R(N+])

UE
2- ITMax) 73347404740

(J) NFGATIVE
J=14u1

)) B01+4700470

ROGRAM LNAP

= le M

I « x(D)

)} 7514 782, 751

= le M
X(1) 7/ SUMNT

ROUT INF Td CHECk FOR A SINGULAR DERIVATIVF MATRIX

AQRAYS HAS 3EEN RFMOVEN,

ANNITTIONAL CALCULATIONS RENJIRED RY HPCHEM:

I= 1N

J= 1N

Do

K= IQM

9J) = A(TKIBA(JWK)# X(K)

T = 1N
0.0N0
0.,0M0

K = ]M
G(le NP1Y) A(ToK)# X(%)
GINPI1s 1) ¢ A(T.K)# X(X)

*

G(le NPYY) / X3AD
G(ND211, T) 7/ X3aR
= 0,0

1M

1em

n0n0s7T70
no0nNs780
no0NKT90
n000s8BON
nonos810
no006820
n0006830
00006840
nONNKRBSO
00006850
n000ABTO
n0N005B80
nN0NSABIN
NO00AR30N
nNN0AR91N
00004920
00004930
00006940
00006950
n0006960
n000K970
00004980
00004590
00007000
00007010
nooo7020
no007030
00007040
00007050
0007060
nonorN7o
00007080
nnn07090
anonrioon
nooo7lln
noon7120
nnoo713n
no007140
nnnon7lso
00007160
nooo7170
nonNO7180
n00n7190
no0o7200
nonn7210
n0007220
nONN7230
00007240
nonn72s0
nonn72%0
noon7270
nonn727%s
nonnNT2R0
noo0n7290
00007300
nnDON7310
noNN7320
nonn7330
nonn7340
nnnn7350



020
AN230

6040

A0S0

~0A0

o000 O

5000
5100

160

# Tk ¢ ZL(Kel) + ZL(K4S)/7(TK#TK)
XHORT(K) = X(K) @ HORT(K)
HNRATSM = HARTGM + YHOPT (<)
Do 6020 1 = leN
RTP(I) = RTP(I) = A(T4X) # XHORT(X)

CONTINUE

CONTINUE

RTP(NP11) = -HNRTSM / YRAR
NPl = N ¢ L

DO 6040 I = 14NPL

RTP(I1) = RTP(I) /7 TwmP
CONT INUF

IPP = NXNSOL (INXNSL sNPL e 5eRTO)
chBP = 0."

DO AN60 K = 1M

RTPA = 0.0

NO A0S0 T = 14N

RTPA = RTPA + RTS(T) # A(I4K)

COMT IMUE .

CSUBP = CSIUBP + (HORT(K)/TMP — RTPA)#XHORT (K)

COMNT INUF

SMDHDT = XHPRIM ¢+ AR®TMP®(CSURP + RT2(NP11) #HORTSM/SUMNI)

RETURN

FRROR: SET MOILE FRACTIONS TO 0.
N0 S100 I = 14 TITOTSP

XMOFR(I) = 0.

RETURN
END

£0007360
00007370
n0007380
00007390
00007400
00007410
00007420
00007430
00007440
00007450
00007460
00007470
00007510
00007540
00007550
00007560
00007570
00007580
00007590
00007600
00007610
00007620
00007630
00007660
00007650
00007660
A0007570
00007680
00007590
00007700
00007710



16l

FIINCTION NXNSOL (TMeINeALT)

CNXNSOL

IMPLICIT RFAL#Q(A=H¢N=7)
DIMENSION A8(2)R(2)
INTEGFR XRNW

" XROW(KNOOFX 4KNNLFX) =XN01]TX*UaMeK NN OF X

12

26

33

37
18
41

43
44

11

17

4R

sn

S4

Mz=IM
N=1TN
N1=N=-]
DO 44 J=1.N1
K=.
Jl=Je+]
JI=XROMW (Jo )
WS1=DARS(A(JN))
LOOP TO FIND LARGEST
DN 11 L=Jl.N
LJ=XROW (L s J)
WWS1=DARS (A (LJ))
IF (WS1-WWS1) 12411411
WS1=WWs1
K=L
CONTINUE
IF (J=K) 13.31.431
$ IF DIAG NOT LARGFST INTERCHANGE ROWS

no 26 L=1eN
JL=XROW (JoL)
KL=XROW(KsL)
WS1=A(JL)
A(JL) =A(KL)
A(XL)=wS1
WS1=B(J)
B(J)=R(K)
B(K)=WS1
no 33 L=Jl«N
JL= XROW(J.L)
IF(A(JI)) 3354433
A(JL)= A(JL)Z7A(J)
R(JY=R(U)78(J)
nn 43 L =1aN
IF (L =J) 37443437
LJ = XROW(L +J)
non &4} L2=J1«N
LL2= XROW(L +L>)
JL?= XROVI( 1eL?)
A(LL2) = A(LL2 )-A(LJ Y#4(JLD)
R(L) = BILY=A(LJ)*R())
COMTINUF
CONTINUE

LAST COLIMN HAS NNT BFEZN DONF YFT
MN= XROW(NWN)
IF (A(MN)) 64K.84446
B(N)= B(N} /A (NN)
NO S0 L=1,v1
LN= XROW (L «N)
|8(LL)= B(L)= A(LN)*#R(\)
NYNSOL =]
RFTUIRMN
NYMSOL =2
RFTURN
FND

00007720

n0007730
00007740
00007750
nn007760
00007770
noon7780
nooor?o0
n0N0780n
noNN7810
no007820
n0007830
nn007840
nONO7850
n0007850
noon7870
n60o788n0
nono7890
00007900
00007910
n0N07920
00007930
00007960
00007950
nONO7960
00007970
A0007980
00007990
po008NNN
n600R010
n000RN20
n00O0RN3O
n0008N40
00009050
n0008NEK0
N000RNTO
noonansn
0000RNI0
00008100
0n000A11D
no00R120
nonosl13n
nn008140N
n0008150
nN00815KN
n0NOR170
nNN0R1ARN
nO0ORL90
noNNR200N
0n000R210
n0o0NA220
no00nA230
nODOR240
no0NAR250
n0ONR260
noo0N8270
nNONNARZAN
nN00R290
0000R30N
noo0R310
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NS
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162
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12.7
le.
10020,

500.
0.02227
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1.625

56404

0,173
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